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Résumé :

Ce travail apporte de nouvelles contraintes sur les interactions entre déformation et
processus d’hydratation et de percolation de magma ou de fluides dans le manteau a I'aplomb
d'une zone de subduction et leurs implications sur les propriétés sismiques dans le coin
mantellique. Il se base sur 1’analyse de péridotites a spinelle provenant du massif de Ronda
(Espagne) et deux séries de xénolites issues de zones de subduction actives (Kamchatka,
Papouasie-Nouvelle-Guinée). L’étude structurale, pétrologique et géochimique de ces
¢chantillons montrent qu’ils ont subit une percolation réactive de magma ou de fluide
synchrone d’une déformation de haute température basse contrainte cohérente avec les
condition PT de la base de la lithosphére ou de 1’asthénosphére. Cette percolation réactive est
responsable d’un enrichissement en pyroxenes, qui est souvent localis¢ dans des bandes
paralléles a la foliation. Cet enrichissement est associ¢é a une dispersion de l'orientation
cristallographique de I’olivine. Les systémes de glissement dominant dans I’olivine sont dans
tous les cas {0kl}[100], ce qui implique que la direction de polarisation rapide des ondes S
dans la partie supérieure du coin mantellique est parallele a la direction d’écoulement dans le
manteau. La décroissance de I’intensité des OPR de 1’olivine associée a I’enrichissement en
pyroxénes a pour conséquence une réduction non négligeable de 1’anisotropie sismique qui
peut induire jusqu’a 33% d’erreur sur I’interprétation de l'épaisseur de la couche anisotrope.
Un enrichissement en orthopyroxene peut aussi entrainer une baisse du rapport Vp/Vs, mais
ne peut expliquer les rapports Vp/Vs <1,7 cartés dans certains avant-arcs. Cependant de telles
valeurs peuvent étre expliquées si I’anisotropie des péridotites du coin mantellique est prise
en compte. Les analyses par spectroscopie infra-rouge montrent que les olivines des deux
séries de xénolites étudiées contiennent moins d’eau que la saturation théorique calculée pour
leurs températures d’équilibre dans le domaine du spinelle. Ces faibles concentrations en eau
sont similaires a celles observées dans les olivines des péridotites a spinelle des autres zones
de subduction. Elles enregistrent probablement la faible solubilité¢ de 1’eau dans 1’olivine a des
pressions relativement basses et la déshydratation au cours de 1’exhumation des xénolites. Ces
teneurs en eau mesurées ainsi que les estimations de la saturation théorique ne sont pas

suffisantes pour changer la direction de glissement dominante dans 1’olivine de [100] a [001].

MOTS CLES: olivine, pyroxéne, déformation, OPR, subduction, coin mantellique,

percolation réactive, fluides, magma, propriétés sismiques.



Abstract

This work provides new constraints on the interactions between deformation and
percolation of melt or fluids, as well as on the implications of these processes for the seismic
properties of the mantle wedge. It is based on the analysis of spinel peridotites from the
massif of Ronda (Spain) and two xenolith suites from active subduction zones (Kamchatka,
Papua New Guinea). A coupled structural, petrological and geochemical study of these
samples shows that they underwent a reactive percolation of melts or Si-rich fluids, which
was synchronous to a deformation event occurring under high temperature and low stress
conditions, consistent with the PT conditions at the base of the lithosphere or in the
asthenosphere. This reactive percolation is responsible for enrichment in pyroxenes, mainly
orthopyroxene, which is often localized in bands parallel to the high-temperature foliation.
This enrichment is associated with grain size reduction and dispersion of the crystallographic
orientation of olivine. The dominant slip system in olivine is {Okl}[100], which results in fast
S-wave polarization parallel to the flow direction in the mantle. The decrease in the intensity
of the olivine crystal preferred orientations associated with the enrichment in pyroxene results
in significant decrease of the anisotropy that may induce an underestimation of the thickness
of the anisotropic layer by up to 33%. The observed orthopyroxene enrichment also lowers
the Vp/Vs ratio, but cannot explain Vp/Vs < 1.7 mapped locally in the fore-arc mantle in
Japan and the Andes. Such low Vp/Vs ratios may however be explained by considering the
intrinsic anisotropy of the peridotites, which is generally ignored in large-scale Vp/Vs ratio
mapping of the mantle wedge. Infrared analyses show that olivine from the both xenolith
collections contains less water than the theoretical saturation calculated for their estimated
equilibrium temperature in the spinel stability field. These low water content are similar to
those observed in spinel peridotites from other subduction zones and probably record both the
low solubility of water in olivine at relatively low pressure and dehydration during
exhumation of the xenoliths. These measured water contents as well as theoretical saturation
estimations are not sufficient to change the dominant slip direction of in olivine from [100] to

[001].

KEYWORDS: olivine, pyroxene, deformation, CPO, subduction, mantle wedge, reactive

percolation, fluids, melt, seismic properties.



Chapitre 1

Introduction



1.1. Introduction générale

1.1.1. Subduction et tectonique des plaques

La subduction est un processus fondamental de la tectonique des plaques qui témoigne
de I’activité interne de la Terre. Le terme “subduction” désigne 1I’enfoncement d’une portion
de plaque lithosphérique sous une autre. Dans plus de 80% des cas, la plaque subduite est
d’origine océanique, on parle alors de “subduction océanique” qui différe en de nombreux
points de la moins fréquente “subduction continentale”.

Au cours de son accrétion, la Terre a emmagasiné une immense quantité de chaleur et
elle continue a en produire principalement par la présence d’¢léments radioactifs dans les
roches du manteau. Cette chaleur interne est évacuée de différentes manicres : conduction,
convection et radiation. Dans le manteau terrestre, la température est assez importante
(d’environs 700 °C a 30 km de profondeur a 3500°C a 2900 km de profondeur) et les vitesses
de déformation faibles (de 10™" a 10" s™) ce qui induit la déformation ductile des minéraux
du manteau. A I’échelle de plusieurs millions d’années, le manteau peut donc étre considéré
comme un fluide visqueux. Ce comportement mécanique et la différence de température entre
la surface (quelques degrés Celsius) et la base du manteau provoquent une évacuation de la
chaleur interne par convection. La couche limite supérieure de ce systéme, ou le transfert de
chaleur se fait par conduction, est la lithosphére. Comme la viscosité des roches dépend
exponentiellement de I'inverse de la température, cette couche supérieure a un comportement
mécanique rigide; elle constitue les plaques tectoniques. Les panaches mantelliques qui
forment les points chauds observés en surface correspondent aux courants convectifs
ascendants et I’enfouissement des plaques lithosphériques par subduction représentent les
courants descendants des cellules de convection. Le processus d’accrétion lithosphérique aux
dorsales océaniques reste localis¢é dans le manteau supérieur, correspondant ainsi a une
remontée passive compensant le flux descendant dans les zones de subductions dans un
systéme avec une source de chaleur interne di a la production radiogénique dans le manteau

convectif (Fig. 1.1).



Figure 1.1 : Schéma illustrant la structure interne de la Terre avec les courants de convection affectant

I’ensemble du manteau.

Au méme titre que les failles transformantes et les dorsales océaniques, les zones de
subduction sont donc des fronti¢res de plaques. Cependant, la force exercée par la descente de
plaque subduite dans le manteau serait au moins deux fois supérieure a I’extension au niveau
d’une dorsale océanique (e.g., Forsyth & Uyeda, 1975; Schellart, 2004). Les forces associées
aux zones de subduction constituent donc le principal moteur de la tectonique des plaques.
Ces zones concentrent la majeure partie de 1’activité sismique sur Terre dont les séismes les
plus violents ayant des conséquences directes ou indirectes, comme les tsunamis, sur les
hommes et leurs habitats (Fig. 1.2.). Les zones de subductions sont également le lieu d’une
intense activité volcanique et concentrent aussi les éruptions les plus violentes et les plus
destructrices. Elles jouent d'ailleurs un role essentiel dans la formation des continents (Stern,
2002). Les zones de subduction permettent enfin le recyclage des plaques océaniques et
I’enfouissement a des grandes profondeurs d’une partie des sédiments transportés par ces
derniéres dans le manteau; contrdlant le cycle de I'eau et du carbone dans la Terre. Toutes ces
caractéristiques font des zones de subductions un sujet primordial étudié par tous les

domaines des sciences de la Terre, que ce soit dans un but sociétal ou purement fondamental.



1.1.2. Structures des zones de subduction océaniques

Une zone de subduction est formée par trois domaines: les plaques lithosphériques,
supérieure et inférieure (celle qui est subduite), et le coin mantellique. Ce dernier correspond
a la partie convective du manteau supérieur (1’asthénosphére) serré entre la plaque subduite et
la plaque supérieure (Fig. 1.3.). En surface, une subduction se caractérise par la présence
d’une fosse océanique pouvant atteindre une dizaine de kilometres de profondeur (~12 km
pour la fosse des Mariannes) et par la formation d’un prisme d’accrétion dii & ’accumulation
des sédiments tractés par la plaque inférieure contre la plaque supérieure. Cette derniére porte
généralement un arc volcanique situé entre 100 et 500 km de la fosse en fonction de la
géométrie de la subduction (Lallemand, 1999). Une subduction en contexte compressif
provoque, sur la plaque supérieure, la formation d'une chaine de montagne, alors qu’en
contexte extensif se forme un bassin d’arriére-arc, souvent caractérisé par un centre

d’accrétion de lithosphére océanique au niveau d’une dorsale (Fig. 1.3.).

Figure 1.2. : Localisation des séismes de magnitude > 5,5 dans les zones de subduction depuis 1976, ainsi que
les zone de rupture pour tous les séismes de magnitude >8 depuis 1900 (ellipses noires et rouges). Les fléches

bleues correspondent aux vitesses de subduction. Figure d’aprés (Heuret et al., soumis).



Les roches de la plaque océanique inférieure, c’est-a-dire, la crolite océanique et une partie du
manteau lithosphérique, ont été hydratées depuis leur création a la dorsale. Lors de leur
enfouissement, un métamorphisme de basse température et haute pression provoque la formation
de nouveaux minéraux dont la structure cristalline plus dense ne permet plus I’intégration de
fluides, ceux-ci, en partie composés de H,O et OH", sont donc expulsés. Cette réaction de
déstabilisation induisant une déshydratation se produit massivement entre 70 et 300 km de
profondeur, en fonction du gradient géothermique de la plaque subduite. La présence
d’hydrogéne dans une matrice rocheuse abaisse son solidus (Yoder & Tilley, 1962), ce qui
provoque la fusion des péridotites de 1’asthénosphére formant ainsi les magmas qui vont donner
naissance aux arcs volcaniques. Ces derniers sont positionnés parallélement a la fosse et situés a
une distance qui dépend de 1’angle de la plaque plongeante, ce qui corrobore l'influence de la
libération de H,O par la plaque subduite sur la fusion partielle dans le manteau. La présence de
fluides ou de magma dans une matrice rocheuse affecte également les mécanismes de
déformation et donc sa rhéologie, ainsi que d'autres propriétés physiques, comme la conduction
¢lectrique. De nombreuses ¢tudes expérimentales ou numériques ont analysé ces interactions et
leurs impacts sur la dynamique mantellique (Blacic, 1972; Mackwell et al., 1985 ; Karato et al.,
1986; Hirth & Kohlstedt, 1995a; Hirth & Kohlstedt, 1995b ; Mei & Kohlstedt, 2000a; Mei &
Kohlstedt, 2000b; Honda et al., 2002; Mei et al., 2002; Gerya & Yuen, 2003; Zimmerman &
Kohlstedt, 2004; Arcay et al., 2006; Cagnioncle et al., 2007; Currie et al., 2008). Ce mémoire,
basé sur I’étude d’échantillons naturels, discute 1’effet de la percolation de fluides et de magmas
sur les mécanismes de déformation du coin mantellique supérieur, a 1’interface lithosphere-

asthénosphere, et son impact sur les propriétés sismiques du coin mantellique.
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Figure 1.3.: Coupe schématique d’une zone de subduction intra-océanique d’aprés Stern (2002). Le régime

tectonique de la plaque supérieure est en extension.

1.1.3. Les outils d’étude du coin mantellique

Le coin mantellique des zones de subduction peut étre étudié par différentes
approches/méthodes. Beaucoup d’entre-elles sont indirectes et les observations directes
restent rares. La sismologie est la méthode la plus efficace pour observer, imager et
comprendre la structure et la dynamique du coin mantellique a petite comme a grande échelle.
C’est par exemple par I’observation d’une bande de sismicité inclinée dans le manteau
supérieur, le plan de Wadati-Benioff (Wadati, 1928; Wadati, 1935; Benioff, 1949), que le
processus de subduction a en partie ét¢ démontré. Par I’observation des anomalies de vitesses
sismiques, des mesures d’atténuation ou des rapports de vitesses des ondes de compression et
cisaillement, les méthodes de tomographie permettent d’imager la structure thermique d’une
zone de subduction, les anomalies de densité, et la présence de fluides ou de magma dans le
manteau. L’étude de 1’anisotropie sismique permet de carter les flux mantelliques et d’étudier
la déformation du manteau a grande échelle. Les fluides ayant une forte influence sur les
propriétés physiques des roches du manteau (voir les chapitres 1.2.2 et 1.2.3), 'interprétation
des observations sismiques dans le coin mantellique reste toutefois délicate. L'analyse des
laves issues du volcanisme d’arc constitue un autre moyen indirect de contraindre la
composition du coin mantellique et les caractéristiques des fluides responsables de la fusion

de I’asthénosphere. En effet, la composition de ces laves dépend de la composition de la



source mantellique, de la nature des fluides responsables de la fusion, mais aussi des
processus d’interactions pétrologiques et chimiques entre le magma et les roches qu’il a
percolées. Enfin, les échantillons d’ultra-haute pression exhumés (éclogite) dans les zones de
sutures des chalnes de montagne fournissent aussi d’importants renseignements sur les
réactions métamorphiques qui se produisent lors de I’enfouissement de la plaque subduite,
ainsi que sur les mécanismes d’expulsion des fluides. A toutes ces méthodes indirectes, il
faut aussi ajouter I’apport de la pétrologie, géochimie et déformation expérimentale, ainsi que
les résultats des modélisations numériques et analogiques.

L’un des moyens direct de comprendre le coin mantellique est 1’étude des xénolites de
roches mantelliques remontés par les magmas d’arc dans des zones de subduction. Ils
permettent d’étudier directement la composition chimique et minéralogique ainsi que la
déformation du coin mantellique. Cependant, ces roches sont rares, généralement petites (au
maximum plusieurs dizaines de centimetres) et surtout elles ne sont pas « en place ». Tout
cela pose donc le probléme de la représentativité de ces échantillons ponctuels du coin
mantellique.

Tous ces outils d’observation ont des avantages et des inconvénients. Ils apportent
tous des informations importantes, qui, une fois combinées, permettent d’établir des

interprétations robustes sur la dynamique du coin mantellique.

1.2. Les processus d’interaction fluide-roche dans le coin mantellique.

1.2.1. Les fluides, magmas et réactions dans le coin mantellique.
Déshydratation de la plaque plongeante et hydratation du coin mantellique

Le magmatisme d’arc résulte en partie de I’hydratation du coin mantellique par les
fluides aqueux expulsés par la plaque subduite. L’eau interstitielle contenue dans les pores et
les fractures va étre évacuée par simple compaction des les premiers kilometres
d’enfouissement de la lithosphére dans le manteau. L’augmentation de pression et de
température lors de I’enfouissement va ensuite provoquer une série de réactions de
déshydratation successives. Les premiers minéraux hydratés qui vont se déstabiliser sont le
talc, la chlorite et I’amphibole contenus dans la crolite océanique métamorphisée, ils se
déstabilisent au-dela de 5 GPa (Fig. 1.4; Poli & Schmidt, 2002). Le phlogopite subsiste a plus

grande profondeur, et se déstabilise entre 6,5 et 11 GPa selon le régime thermique de la



plaque plongeante (Kawamoto, 2006). Une partie de 1’eau issue de ces réactions de
déstabilisation peut serpentiniser les péridotites de la base du coin mantellique qui sont
entrainées par la plaque subduite. On retrouve donc dans ces péridotites, ainsi que dans celles
de la plaque plongeante altérée, un phyllosilicate trés riche en eau: 1’antigorite (12 poids %
d’H,0). Elle se déstabilisée entre 2,5 et 6 GPa selon la température (Kawamoto, 2006). La
plaque subduite devrait donc étre presque totalement déshydratée entre 175 et 300 km de

profondeur selon le régime thermique du coin mantellique.

Figure 1.4 : Schéma d’une subduction “chaude” montrant les domaines de stabilité des minéraux hydratés et

la zone supposée de fusion partielle. D’apres Poli & Schmidt, 2002

Le transport d’eau dans le coin mantellique est fortement dépendant de 1’angle di¢dre
de mouillage entre le fluide aqueux et les cristaux. Si cet angle est inférieur a 60°, une
percolation diffuse est possible (Figure 1.5). L’angle dieédre entre 1’olivine et un fluide aqueux
change de >60° a <60° a 1 et 3 GPa pour des températures de, respectivement, 1200 et
1000°C (Watson et al., 1990; Mibe et al., 1998; Mibe et al., 1999). Cette variation est due au
changement de composition du fluide aqueux en fonction de la pression et de la température

(Mibe et al., 1998; Mibe et al., 1999). A haute pression, les fluides issus de la déshydratation



vont donc pouvoir circuler verticalement, alors qu’a plus basse pression, ils vont étre bloqués
et participer a la cristallisation de minéraux hydratés. Les fluides aqueux seront ensuite
relachés lorsque ces phases, entrainées par le flux mantellique descendant (entrainement par
le mouvement de la plaque plongeante), seront a leur tour au-dela de leur champ de stabilité.

Ce processus est appelé le transport d’eau latéral (Davies & Stevenson, 1992).

Figure 1.5 : Schéma de la distribution du magma (melt sur la figure) dans une roche partiellement fondue pour
des énergies d’interface isotropes. (a) 1’angle diédre 6 est compris entre 0 et 60° ; le magma mouille tous les
joints triples et quadruples. (c) I’angle diédre 6 est supérieur a 60° ; le magma est confiné au dans les joints
quadruple. (b) et (c) sont des coupe au niveau des joints triples pour, respectivement, les cas (a) et (b). Figure

d’apres Riley & Kohlstedt (1990).

L’eau expulsée dans le coin mantellique par les réactions de déshydratation
successives qui affectent la plaque plongeante et les péridotites de la base du coin mantellique
peut donc étre stockée de trois maniéres différentes : (1) par la serpentinisation de la partie
avant arc du coin mantellique, (2) par la cristallisation de minéraux hydratés néoformés et (3)
par I’intégration d’hydrogeéne en infime quantité (quelque ppm) dans les minéraux « dits »
anhydres (NAMs : nominally anhydrous minerals). La cristallisation de minéraux hydratés
néoformés dans les péridotites du manteau supérieur ne se produit que lorsque les NAMs sont
saturés en hydrogene. Il reste alors de 1’eau libre contenu dans les fluides supercritiques ou
des magmas hydratés qui va pouvoir former de I’amphibole (pargasite) ou du phlogopite en

fonction de la composition et des conditions de pression et de température.



Une partie de cette eau sera évacuée vers la surface dans les magmas d’arc.
L’hydratation d’une péridotite abaisse son solidus (Yoder & Tilley, 1962), ce qui implique la
formation d’une zone de fusion partielle au-dessus de la plaque subduite dont I’extension
verticale est contrdlée par le régime thermique dans le coin mantellique. La zone principale
d’hydratation du manteau et donc de fusion partielle se situe alors au-dessus de la plaque
subduite entre 75 et 125 km de profondeur (Fig. 1.4). La fusion hydratée des péridotites du
coin mantellique produit en grande majorit¢ des magmas de composition tholéithique ou
calco-alcaline. Les premiers sont caractérisés par un enrichissement continu en fer depuis les
basaltes jusqu’aux termes intermédiaires (andésites), alors que les seconds présentent une

décroissance précoce et continue de la concentration en fer au cours de la différenciation.

Percolation de magmas dans le manteau
La migration des magmas dans le manteau se fait par différents processus physiques.
Un premier processus est la fracturation hydraulique, qui entraine la formation de dykes
(Weertman, 1971; Nicolas, 1986). Cependant, le volume minimum de magma doit d’étre
important afin que la pression hydrostatique devienne supérieure a la pression lithostatique
(e.g., Spence & Turcotte, 1985; Spence et al., 1987; Sleep, 1988) et provoque la fracturation
des roches sus-jacentes. Ce processus se produit logiquement dans la lithosphere plus froide
et plus rigide. A plus haute température, dans ’asthénosphére, le magma percole par flux
poreux diffus a travers une matrice polycristalline visqueuse. Dans ce régime, du fait de la
relaxation des contraintes de la matrice par des processus de fluage de haute température, les
forces imposées par le magma ne sont jamais suffisamment importantes pour produire de la
fracturation (Kohlstedt & Holtzman, 2009). Ce type de migration peut aboutir a la
ségrégation des magmas. Cette derniére peut résulter de trois processus différents:
(1) des vagues de compaction-décompaction induites par le couplage entre déformation
viscoélastique et porosité du solide et flux de fluide, qui produit une alternance de zones
a haute et faible porosité (e.g., Drew, 1983; McKenzie, 1984; Ribe, 1986; Spiegelman,
1993; Connolly & Podladchikov, 1998; Connolly & Podladchicov, 2007).
(2) un déséquilibre chimique entre le magma et la matrice rocheuse menant a une réaction.
Si cette réaction produit une augmentation de porosité, elle peut mener a une instabilité
qui grandit jusqu’a former un chenal de haute perméabilité¢ (e.g.,McKenzie, 1984;
Richter and McKenzie, 1984; Kelemen et al., 1995; Kelemen et al., 1997).
(3) une interaction entre la migration des magmas et la déformation de 1’agrégat cristallin.

Le liquide est alors ségrégé et auto-organis€ en bandes riches en magma dont
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’orientation et géométrie est guidée par le champ de contraintes (e.g.,Stevenson, 1989;
Hall & Parmentier, 2000; Holtzman et al., 2003a; Holtzman et al., 2003b; Holtzman &
Kohlstedt, 2007; King et al., 2010).

Le métasomatisme

Le coin mantellique des zones de subduction est le lieu d’une intense percolation de
fluides aqueux ou de magma. Ces liquides n’étant pas forcement en équilibre chimique ou
pétrologique avec la péridotite encaissante, cette percolation peut produire un métasomatisme
cryptique ou modal. Dans le premier cas, il se produit seulement un échange d’éléments
chimiques, alors que dans le second cas, I’échange est si important qu’il produit une
modification de la composition minéralogique de la péridotite. C’est ce dernier qui nous
intéresse particulicrement dans cette étude. Un premier exemple de métasomatisme modal
correspond aux réactions entre les fluides aqueux et les roches du coin mantellique entrainant
la formation de minéraux hydratés comme la phlogopite et I’amphibole. L’¢tude des xénolites
extraites par des volcans d’arc montre que le métasomatisme modal dans les zones de
subduction se traduit essentiellement par un enrichissement conséquent en orthopyroxéne,
clinopyroxéne, et, de fagon mineure, en amphibole et phlogopite (e.g.,Arai and Kida, 2000;
Gregoire et al., 2001; Mclnnes et al., 2001; Arai et al., 2003; Grégoire et al., 2007; lonov et
al., 2007; Ishimaru et al., 2007; Ionov, 2010). La cristallisation de pyroxénes aux dépens de
l'olivine dans ces péridotites est due a la réaction entre les péridotites réfractaires du coin
mantellique et des fluides aqueux riches en SiO; ou des magmas siliceux riches en H,O (aux
pressions du manteau il n’est actuellement pas possible de différencier les deux, (Kawamoto
et al., 2004). Ces fluides peuvent aussi contenir selon les cas, des teneurs variables en Al, Ca,

Na et/ou K.

1.2.2. Effets sur la rhéologie et les mécanismes de déformation du coin mantellique
Dans la section précédente, nous avons vu que le coin mantellique dans les zones de
subduction est affect¢ par un grand nombre de processus pétrologiques allant de la
déshydratation du matériel subduit a I’hydratation et la fusion partielle des péridotites, ainsi
qu’aux réactions entre ces fluides et les péridotites percolées. Dans ces zones, le manteau
asthénosphérique est aussi soumis a des mouvements convectifs, les roches du coin
mantellique sont donc intensément déformées. Cette section propose un bref résumé de 1’état
des connaissances sur 1’effet de la percolation de magma et la présence d’eau sur la rhéologie

et les mécanismes de déformation du manteau.
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Effet sur la rhéologie
L’olivine est le minéral dominant dans le manteau supérieur, il est généralement admis

que sa rhéologie contrdle celle du manteau supérieur. Pour un agrégat cristallin, elle peut étre

décrite par une loi de puissance semi-empirique ou la vitesse de déformation (&) est

dépendante de la contrainte déviatorique o (Hirth & Kohlstedt, 2003):

. E*+Pv*)
é=Ac"d” fH,0'e e KT (1)

A est une constante pour le solide donné, n est I’exposant de la contrainte, d est la taille de
grain, p est ’exposant de la taille de grain, fH,O est la fugacité d’eau, r est I’exposant de la
fugacité, ¢ est la fraction de magma, o est une constante, E* est I’énergie d’activation, V'* est
le volume d’activation, P est la pression, R est la constante des gaz rares, et T est la
température absolue. La déformation ductile des cristaux se fait selon deux mécanismes : le
fluage diffusion et le fluage dislocation. Pour des conditions thermodynamiques données, la
rhéologie d’un agrégat d’olivine correspond a la combinaison des lois de ces deux
mécanismes de déformation. On écrit alors la relation suivante :

é= édiﬁ‘usion + édislocazion (2)

L’équation (1) permet d’identifier I’effet des différents parameétres thermodynamiques
sur la rhéologie de 1’agrégat cristallin. Cette équation prédit une baisse de viscosité lorsque la
fugacité d’eau, la proportion de magma ou la température augmentent ou que la pression ou
taille de grain baisse. Pour cette ¢tude, ce sont principalement les effets de la présence de
fluides et d’eau sur la rhéologie du manteau qui nous intéressent.

Des ¢études expérimentales sur la déformation des péridotites montrent en effet que la
présence de faibles proportions de magma et I’incorporation d’eau dans l’olivine baisse
significativement la résistance mécanique des roches du manteau supérieur de plusieurs
ordres de grandeur (Blacic, 1972; Mackwell et al., 1985; Karato et al., 1986; Hirth &
Kohlstedt, 1995a; Hirth & Kohlstedt, 1995b; Mei & Kohlstedt, 2000a; Mei & Kohlstedt,
2000b; Mei et al., 2002; Zimmerman & Kohlstedt, 2004). Des expériences en laboratoire
montrent également que 1’incorporation d’eau dans NAMs tels que 1’olivine (Hier-Majumder
et al., 2004; Demouchy et al., 2007; Costa & Chakraborty, 2008), ou la présence d’une faible
proportion de magma interconnecté favorisent les processus contrdlés par la diffusion ionique
comme la restauration des dislocations (Karato et al., 1993), la recristallisation (Avé-

Lallemant & Carter, 1970; Jung & Karato, 2001b) et la croissance de grains (Karato, 1989).
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Ces résultats sont cohérents avec les études récentes sur des xénolites de péridotites ou des
massifs péridotitiques, qui suggerent que la percolation de magmas en conditions statiques ou
dynamiques modifie les microstructures et la distribution de la déformation dans les
péridotites (e.g., Vauchez & Garrido, 2001; Tommasi et al., 2006; Le Roux et al., 2008;
Tommasi et al., 2008).

Effet sur les orientations préférentielles de réseau (OPR) de [’olivine

Lorsque I’olivine se déforme par fluage dislocation dans les conditions de pression et
température du manteau supérieur les systeémes de glissement activés sont {Okl}[100] et
{hk0}[001]. Cependant l'activation préférentielle d’un de ces systémes par rapport aux autres
dépend des conditions de pression, température, contrainte déviatorique, fugacité d’oxygene
et de la présence de magma. Dans le manteau supérieur, sous condition anhydres et sans
magma, a basse (<1000°C) et a haute température (>1000°C) ce sont, respectivement, les
systémes de glissement avec des vecteurs de Burgers [001] et [100] qui dominent (Durham et
al., 1977; Bai et al., 1991). Dans 1’asthénospheére et la base de la lithosphere, les axes [100] de
I’olivine auront donc tendance a s’orienter parallélement a la direction d'écoulement dans le
manteau. Cependant, des études expérimentales suggérent que la présence d’eau ou de magma
peut provoquer un changement de 1’orientation préférentielle de réseau (OPR) de I’olivine qui
montre un alignement préférentiel des axes [001], au lieu des axes [100], dans la direction de
fluage (Jung and Karato, 2001a; Holtzman et al., 2003b; Jung et al., 2006). Dans le premier
cas, cette variation résulte d’un changement de direction de glissement dominante (Jung et al.,
2006), alors que dans le second cas elle est due a un phénomene de partitionnement de la
déformation entre les domaines riches et pauvres en magma (Holtzman et al., 2003b).
Quoiqu’il en soit, ces variations d’OPR dues a la présence d’eau ou de magma n’ont jamais
¢té concrétement observées dans des échantillons naturels. Des OPR qui peuvent résulter de
l'activation préférentielle de systémes [001]{hkO} ont été décrites dans plusieurs études
(Mizukami et al., 2004; Skemer et al., 2006; Tasaka et al., 2008) et attribuées a une
déformation dans des conditions hydratées. Cependant, elles sont toujours observées dans des
péridotites a grenat associées a des éclogites, donc le changement de systeme de glissement

peut aussi résulter de 1'augmentation de la pression (e.g., Mainprice et al., 2005).
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1.2.3. Effets sur les propriétés sismiques du manteau

La percolation de fluides ou de magmas et ’hydratation des péridotites dans le coin
mantellique ont un impact important sur la composition du manteau et sur sa déformation.
Ces processus peuvent avoir un effet non négligeable sur les propriétés sismiques du manteau.
La compréhension de cet effet est donc essentielle pour l'interprétation des données
sismologiques en termes de structure du coin mantellique. Cette section résume les effets de
la présence de magma ou de fluide, d’eau et des variations de composition sur les propriétés

sismiques du manteau.

Effets sur les vitesses sismiques et sur [ ’atténuation

Des expériences sur des péridotites a haute pression et température ont montré que les
vitesses des ondes P et S baissent fortement dés qu’un faible pourcentage (2%) de magma est
présent (e.g., Sato et al., 1989). Cette réduction est bien plus importante pour les ondes S que
pour les ondes P impliquant des rapports Vp/Vs élevés dans les zones de fusion partielle. Ces
variations sont aussi dépendantes de la forme des inclusions magmatiques dans 1’agrégat. Du
magma, méme en tres faible quantité, organisé sous forme de films micrométriques ou selon
de fines fractures orientés produit une réduction considérable de la vitesse des ondes S, alors
que des inclusions de forme sphérique ont un impact plus faible (O'Connell & Budianski,
1974; Mavko, 1980; Schmeling, 1985; Takei, 1998; Takei, 2000).

L’atténuation sismique mesure la décroissance d’amplitude des ondes sismiques due a
I’absorption d’énergie dans un milieu anélastique. Elle augmente en présence de magma,
cependant pour des faibles fractions de liquide (<5%), elle reste moins significative que si
I’on a des anomalies de haute proches du solidus (Schmeling, 1985; Hammond &
Humphreys, 2000). La présence de faibles quantités d’eau dans les minéraux composant les
péridotites augmente aussi fortement leur anélasticité, ce qui provoque une hausse de
I’atténuation et une baisse des vitesses sismiques (Karato and Jung, 1998; Karato, 2002). Les
anomalies de hautes températures ou la présence d’eau peuvent provoqué la méme
atténuation. Par exemple, entre 50 et 100 km de profondeur, une augmentation de température
de 100 °C ou [I’incorporation d’environs 30 ppm en poids d’OH dans I’olivine augmente
I’atténuation d’un ordre de grandeur. La présence d’eau a un effet similaire sur les ondes P et
S; elle n’a donc que tres peu d’influence sur les rapport Vp/Vs (Jacobsen et al., 2008). Enfin,
les variations de composition ont un effet tres limité sur ’atténuation et les vitesses sismiques
(Sobolev et al., 1996), mais elles sont détectables en utilisant les rapports Vp/Vs, car elles

affectent de fagon différente les ondes P et S (e.g., Wagner et al., 20006).
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En conclusion, les anomalies de température, la concentration en I’eau, ou la présence
de magma produisent toutes une décroissance des vitesses sismiques et une augmentation de
l'attenuation. Pour identifier une zone de fusion partielle dans le manteau, il faut donc
combiner différents observables sismiques, plus particulierement ’atténuation et les vitesses
sismiques des ondes P et S. Le magma a un effet plus important sur les ondes S que sur les
ondes P, et un trés faible impact sur I’atténuation selon la proportion de phase liquide. Les
zones de fusion partielle montreront donc de forts rapports Vp/Vs et de forte atténuation dans

les zones de fusion partielle, mais elle sera plus faible dans les zones de transport de magma.

Effets sur ’anisotropie sismique

L’anisotropie sismique définit la dépendance entre les vitesses des ondes sismiques et
leur direction de propagation ou de polarisation. Elle peut avoir différentes origines: une
alternance de différentes couches isotropes (e.g., Backus, 1965), des fractures orientées
remplies par du magma ou des fluides (e.g., Crampin & Booth, 1985; Kendall, 1994), ou
I’OPR des minéraux anisotropes, tel que 1’olivine dans le manteau (e.g., Hess, 1964; Nicolas
& Christensen, 1987; Silver & Chan, 1988; Mainprice & Silver, 1993; Ben Ismail &
Mainprice, 1998).

Les données d’anisotropie sismique dans les zones de subduction, principalement
obtenues a partir de 1’analyse de la biréfringence des ondes S, montrent que la direction de
polarisation de l'onde S rapide est soit perpendiculaire soit parall¢le a la fosse (Figure 1.6).
Ce travail étant focalisé sur le coin mantellique, nous allons réviser ci-dessous les processus
produisant une anisotropie sismique dans cette région du manteau.

Dans I’asthénosphere, un agrégat d’olivine se déforme en acquérant une OPR ou les
axes [100] ont tendance a s’orienter parallélement a la direction de fluage du manteau. Les cas
ou les directions rapides de propagation et de polarisation des ondes sismiques sont
perpendiculaires a la fosse peuvent donc étre expliqués par la déformation du coin

mantellique di a la subduction.
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Figure 1.6 : Direction de polarisation rapide moyenne des ondes S (doubles fleches) au niveau des zones

de subduction péri-Pacifique. D’aprés Lassak et al. (2006).

Pour les directions rapides paralleles a la fosse, plusieurs explications sont possibles:
Si la plaque en subduction a des bords libres et qu’elle est soumise & des mouvements
horizontaux (retrait ou avancée), I’asthénosphére est alors soumise a des mouvements
toroidaux pouvant étre localement paralléles a la fosse (e.g., Buttles & Olson, 1998;
Peyton et al., 2001; Funiciello et al., 2003; Levin et al., 2004).

Le changement de systeme de glissement de 1’olivine di a la présence d’eau (Jung et
al., 2006; Karato et al., 2008) ou de magma (Holtzman et al., 2003b) menant & une
orientation des axes [001] et des axes [100], respectivement, parallélement et
perpendiculairement a la direction de fluage du manteau.

La présence de magma ou de fluides dans des dykes, fractures ou chenaux alignés
parall¢lement a la fosse (e.g., Greve & Savage, 2008; Greve & Savage, 2009).

La géométrie de la plaque en subduction joue un réle important sur le fluage du coin
mantellique. Kneller & van Keken (2008) ont démontré que, pour un faible pendage
(>15°) ou un courbure importante de la plaque subduite, un flux de manteau oblique

ou normal a la fosse pouvait créer des linéation dans le manteau parall¢les a la fosse.
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Ceci induit donc une direction de propagation et de polarisation rapide des ondes
sismiques parallele a la fosse.

- La flexion de la plaque subduite provoque la formation de fractures sub-verticales
dans sa crolite et son manteau supérieur. Ces fractures sont scellées par des minéraux
trés anisotropes (serpentines, talc). L’orientation de ces fractures ainsi que les délais
de temps de temps d’arrivé des ondes S provoquées par ce modele concordent avec les
données d’anisotropie sismique mesurées dans de nombreuses zones de subduction
(Faccenda et al., 2008).

- Lors de I'hydratation de la plaque en subduction et du coin mantellique, de I’antigorite
cristallise aux dépens de 1’olivine. L’antigorite cristallise en formant des lamelles
orientées parallélement au plan (100) de I’olivine. Etant donné que I’olivine, dans le
manteau déformé, montre le plus souvent une OPR ou les plan (100) sont paralleles a
la linéation. Les lamelles formant le réseaux cristallin de 1’antigorite cristallisent alors
préférentiellement perpendiculairement a la direction de fluage. Dans ’antigorite, la
direction de polarisation rapide des ondes S est parallele a ces lamelles. Cette dernicre
sera alors parall¢le a la direction longitudinale de la fosse dans les zones de subduction

et ’anisotropie sera corrélée au degré de serpentinisation (Boudier et al., 2010).

1.3. Objectif de la thése et structure du mémoire

L’objectif de cette étude est de comprendre comment les processus d’hydratation et de
percolation de magma ou de fluides affectent la déformation et les propriétés sismiques du
coin mantellique a partir de I’analyse d'échantillons naturels: un massif de péridotites (Ronda,
Espagne) et deux séries de xénolites issues de zones de subduction actives (Kamchatka,
Papouasie-Nouvelle-Guinée). En effet, jusqu'a maintenant cette question a été abordée
presque uniquement par 1’intermédiaire d'études expérimentales. La présente étude se base
donc sur I’observation des structures et microstructures de ces péridotites, ainsi que sur la
mesure d’orientations préférentielles du réseau cristallin (OPR) et de la concentration en eau
des minéraux qui les composent (olivine et pyroxeénes). Les propriétés sismiques de ces
¢chantillons ont ensuite été calculées pour quantifier les effets des réactions minéralogiques
associées au transport de fluides ou de magma sur celles-ci, ainsi que pour contraindre les
relations entre anisotropie sismique et direction d'écoulement dans la partie supérieure du coin
mantellique. De plus, cette étude montre que les échantillons de cette partie du manteau ont

subi des réactions minéralogiques liées a la circulation de fluides. Or les travaux
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expérimentaux qui traitent des interactions entre déformation et percolation de magma
utilisent le plus souvent des fluides en équilibre avec la matrice solide. J’ai donc réalisé une
série d’expériences afin de mieux comprendre si une percolation réactive peut expliquer les
incohérences observées entre les résultats expérimentaux et les échantillons naturels.

Ce mémoire est présenté sous la forme de 6 chapitres. Il comporte trois articles publiés
dans des revues internationales (Journal of Petrology et Geophysical Research Letters) et un
article en phase finale de rédaction (soumission a Tectonophysics).

Le chapitre 2: “Interactions entre fusion partielle, transport de magma et
déformation a la limite lithosphére-asthénospheére” présente une étude pétro-structurale et
géochimique des tectonites a spinelles du massif de Ronda situé¢ au sud de 1I’Espagne publi¢e
dans Journal of Petrology (Soustelle et al., 2009). La zone d’étude est située en amont d’une
limite lithosphére-asthénosphere fossile. La partie asthénosphérique était partiellement fondue
et une partie des magmas ont percolé la zone sus-jacente. Cette étude montre que cet
événement a provoqué une refertilisation du domaine des tectonites a spinelle qui constitue la
base de la lithosphére et qu'il était synchrone d’un épisode de déformation. Le but de ce
travail fut donc de caractériser les transformations chimiques et minéralogiques associées a la
percolation réactive de magma dans le manteau, et d’identifier les relations avec la
déformation. Cette étude présente un avantage majeur comparer aux suivantes, elle permet de
faire des observations a I’échelle du kilometre.

Le chapitre 3 : “Effets des interactions fluides-roche sur la déformation et les
propriétés sismiques du coin mantellique : exemple de la subduction du Kamchatka” est
constitué¢ de deux parties. La premicre est une étude de 23 xénolites de péridotite a spinelle
exhumées de la base de lithosphere par les laves du volcan Avacha, situé au sud-est de la
péninsule du Kamchatka. Ce travail publié dans Journal of Petrology (Soustelle et al., 2010)
se base sur des observations microstructurales et des mesures des teneurs en eau et des OPR
de I'olivine et l'orthopyroxene dans ces péridotites. Il a pour but de contraindre I’effet de la
percolation réactionnelle de fluides enrichis en silice sur les mécanismes de déformation des
roches du coin mantellique. La deuxiéme partie analyse 1’impact de cette percolation sur les
propriétés sismiques du manteau situé au-dessus d’une plaque subduite. Les résultats ont été
publiés dans la revue Geopysical Research Letters (Soustelle & Tommasi, 2010).

Le chapitre 4 : “Effet des interactions fluides-roche sur la déformation et les
propriétés sismiques du coin mantellique: exemple de la subduction de Papouasie-
Nouvelle-Guinée” est une étude basée sur 8 échantillons de xénolites de péridotites a spinelle

provenant de la base de la lithosphere et transporter par les laves de deux volcans sous-marins
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proche de I’ile de Lihir situé dans le nord-ouest de I’archipel de Papouasie-Nouvelle-Guinée.
Ce travail compléte 1'é¢tude précédente sur les xénolites du volcan Avacha; les mémes
méthodes ont été appliquées et les résultats obtenus sur ces deux collections sont cohérents.
Ils sont détaillés dans un article actuellement en phase finale préparation pour Tectonophysics,
qui forme le corps de ce chapitre.

Le chapitre 5 : “Caractérisation des interactions entre déformation et transport
réactionnel de fluides enrichis en silice par une approche expérimentale” décrit une série
d’expériences menée dans la presse Paterson du laboratoire Géosciences Montpellier. Elles
consistent a déformer un agrégat d’olivine en présence d’un fluide riche en silice a des
températures similaires a celles du coin mantellique. Le but est de caractériser I'impact de ces
fluides sur la déformation et de tester si ces fluides réagissent avec l'olivine entrainant la
cristallisation d’orthopyroxene, et ainsi mieux contraindre les hypothéses faites a partir des
¢échantillons naturels. Ce chapitre détaille les résultats préliminaires de ces expériences.

Enfin le chapitre 6 ‘Conclusions et perspectives’ synthétise I’ensemble des résultats
obtenus sur les interactions entre déformation et percolation réactionnelle de fluides ou de
magma et leurs implications sur les propriétés sismiques du coin mantellique. Ce chapitre
expose aussi les nouvelles questions induites par ces résultats et suggere des moyens d’y

répondre.
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Chapitre 2

Interactions entre fusion partielle,
transport de magma et déformation a la

limite lithosphere asthénosphere.

Le massif de péridotites de Ronda situé¢ dans le sud de I’Espagne présente une limite
lithosphere-asthénosphere fossile définie par un front de recristallisation bien marqué (Van
der Wal & Bodinier, 1996; Lenoir et al., 2001). Celui-ci sépare un domaine asthénosphérique
ou la lithosphére a subi un événement de fusion partielle et de recristallisation de grande
ampleur d’une zone lithosphérique ou elle est “préservée” (Van der Wal & Bodinier, 1996;
Van der Wal & Vissers, 1996; Garrido & Bodinier, 1999; Lenoir et al., 2001; Vauchez &
Garrido, 2001). C’est un événement d’érosion thermique, li¢é a un amincissement
lithosphérique qui est responsable de la configuration actuelle du massif. Une étude en cours
montre que des pyroxénites, qui se sont formées dans la lithosphére “préservée” durant la
formation du front de recristallisation, ont une signature isotopique caractéristique de
sédiments océaniques (C. Marchesi, communication personnelle, 2010). Ceci montre que la
source des magmas parents de ces pyroxénites été alors située a I’aplomb d’une subduction.
Le massif de Ronda est donc un lieu idéal pour étudier, a 1’échelle kilométrique, les relations
entre transfert de chaleur, percolation de magma et déformation dans le manteau lors d’un
processus d’érosion lithosphérique au-dessus d’une zone de subduction.

Le travail présent¢ dans ce chapitre se base sur 1’étude pétro-structurale et
géochimique d’une zone d’environs 2.5 km® s’étendant du front de recristallisation aux
mylonites qui marquent la bordure ouest du massif. Les observations pétrographiques et les
donnés géochimiques montrent que les magmas produits dans la partie asthénosphérique ont

percolé¢ de manicere hétérogéne la lithosphére et qu'ils ont réagi avec les péridotites
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lithosphériques entrainant la refertilisation de la base de la lithosphére sur une distance
d’environ 1,5 km. Cette réaction est responsable de l’alternance plurimétrique de roches
mantelliques fertiles (lherzolites) et réfractaires (harzburgites) dans le domaine lithosphérique.
On observe également la présence de pyroxénites a grenat partiellement fondues sur une
distance d’environ 800 m en avant du front. Ceci est dli au fait que les pyroxénites ont un
solidus plus bas que celui des péridotites. Les magmas résultant de leur fusion ont aussi pu
contribuer a la refertilisation du domaine lithosphérique.

Un travail de cartographie structurale de détail, I’analyse des microstructures ainsi que
les mesures d’orientations préférentielles de réseau (OPR) des minéraux constitutifs des
roches mantelliques ont permis de mettre en évidence les interactions entre transport
réactionnel de magma et déformation, ainsi que 1’effet du gradient thermique sur ces deux
processus. Le parallélisme observé entre le front de recristallisation, les limites
compositionnelles et les structures de déformations (foliation, linéation), ainsi que les
intensités de déformation variables des pyroxénes et spinelles, suggérent que le transport de
magma était syn- a tardi-cinématique, et qu’il était guidé par la déformation et le gradient
thermique. Les péridotites les plus fertiles présentent des intensités d’OPR de ’olivine trés
variables, ce qui suggere une contribution plus importante des mécanismes de diffusion dans
ces derniers et constitue donc un argument supplémentaire pour [’hypothése d’une

déformation en présence de magma.
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The Ronda peridotite massif in Southern Spain shows a well-
defined ‘recrystallization’ front that separates a large-scale partial
melting domain _formed at the expense of the continental lithospheric
mantle from a preserved’ lithospheric domain. To investigate the pro-
cesses allowing a transient lithosphere—asthenosphere boundary to
propagate in the lithospheric mantle, we performed a joint petrostruc-
tural and geochemical study of an ~2-5km’ zone extending from
the melting front to the mylonites that mark the western limit of the
massif. This study emphasizes a feedback between heat transfer,
melt  percolation, and deformation in the lithospheric mantle.
Petrographical observations and geochemical data show that hetero-
geneous reactive percolation of melts produced in the underlying par-
tual melting domain led to refertilization of lithospheric peridotites
up to 1-5km ahead from the melting front, producing metre-scale
layering of fertile and refractory mantle rocks. Within 800 m _from
the front, pre-existing garnet pyroxenite layers were partially molten
and the resulting melts probably contributed to the refertilization pro-
cess. Detailed structural mapping and analysis of the microstructures
and crystal preferred orientations highlight the relations between
reactive mell transport and deformation, and the control of the tem-
perature gradient on both processes. Parallelism between the recrys-
tallization ~ front, compositional boundaries, and deformation
structures, as well as variations in the deformation intensity of pyr-
oxenes and spinels, suggest syn- to late-tectonic melt transport con-
trolled by both the deformation and the thermal gradient. Variations

*Corresponding author. Telephone: +33-(0)467143941.
Fax: 4-33-(0)467143603. E-mail: vsoustel@gm.univ-montp2.fr

in the strength of olivine crystal preferred orientations as a_function
of the modal and chemical composition of the spinel tectoniles point
to a higher contribution of diffusion to deformation in the most fertile
rocks, corroborating the hypothesis that deformation occurred in pres-
ence of melt. Finally, the systematic dispersion of olivine [100] and
orthopyroxene [001] axes in the foliation plane suggests a dominantly
transpressive deformation regime.

KEY WORDS: asthenosphere—lithosphere boundary; — deformation;
lithosphere; mell percolation; microstructure; olivine; CPO; mylonites;
partial melting; peridotite; refertilization; transient heating

INTRODUCTION

The processes leading to thinning of the continental litho-
sphere are still poorly understood. Analysis of lithosphere
strength envelopes constructed using laboratory-based
flow laws (e.g. Kohlstedt et al., 1995) shows that plate-
tectonic or plume-related forces do not suffice to deform a
100 km thick lithosphere. Numerical models of the interac-
tion of a mantle plume with a moving lithospheric plate
highlight that enhanced small-scale convection in the
plume impact zone results in a high transient thermal gra-
dient at the base of the lithosphere, but has no effect on

© The Author 2009. Published by Oxford University Press. All
rights reserved. For Permissions, please e-mail: journals.permissions@
oxfordjournals.org
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the shallow, higher strength mantle lithosphere (Thoraval
et al., 2006).

Seismic anisotropy measurements in the East African
rift indicate that magmas play an essential role in the rift-
ing process at all depths (Kendall ez al., 2005). The presence
of melt results in significant decrease of the mantle viscos-
ity (e.g. Hirth & Kohlstedt, 19954). Weakening of the litho-
spheric mantle by a combination of melt percolation and
thermo-mechanical erosion of the base of the lithosphere
atop an asthenospheric upwelling is thus a good candidate
to account for the deformation of an initially 100 km thick
lithospheric plate.

Reactive melt percolation in the lithospheric mantle has
been described in several peridotite massifs, such as
Horoman, Lherz, or Lanzo, where it resulted in refertiliza-
tion of an ancient, refractory lithosphere (Saal et al., 2001;
Muntener et al., 2005; Le Roux et al., 2007) and controlled
the strain distribution (Kaczmarek & Mintener, 2008; Le
Roux et al., 2008). However, these massifs expose only the
‘refertilized’ lithosphere. In contrast, the Ronda peridotite
massif in Southern Spain contains a well-defined ‘recrystal-
lization’ front that separates a large-scale partial melting
domain formed at the expense of the continental litho-
spheric mantle from a ‘preserved’ lithospheric domain
(Van der Wal & Bodinier, 1996; Van der Wal & Vissers,
1996; Garrido & Bodinier, 1999; Lenoir et al., 2001
Vauchez & Garrido, 2001). The Ronda recrystallization
front represents lithosphere—
asthenosphere boundary. A detailed petrostructural and
geochemical study of a ~2-5 km?” zone in the southwestern
part of the massif, extending from the melting front to the
mylonites (Fig. 1), allows us to study the extent of melt infil-
tration and the relations between melt percolation, heat
transfer, and deformation above a partial melting domain
in the mantle. Detailed structural mapping and analysis
of the microstructures and crystal preferred orientations

an exhumed transient

highlight the relations between reactive melt transport
and deformation, and the control of the temperature gradi-
ent on both processes. In addition,
observations and geochemical data allow us to constrain
the contribution of reactive melt transport to the develop-

petrographical

ment of compositional heterogeneities in the lithosphere.

GEOLOGICAL SETTING

The Ronda peridotite is the largest (~300km? orogenic
ultramafic massif cropping out at the Earth’s surface. It is
located in the western part of the Betic Cordillera
(Southern Spain), which forms the northern part of the
Gibraltar arc (Fig. 1). This orogenic system is the western-
most segment of the Alpine belt in Europe and contains a
of large wultramafic massifs (Ronda, Ojén,
Carratraca in the Betics, and Beni Boussera in the Rif).

series

The Ronda peridotite massif is characterized by kilo-
metre-scale petrological, geochemical and structural
zoning (Obata, 1980). Van der Wal & Vissers (1996) reinter-
preted Obata’s (1980) zoning, defining three tectono-
metamorphic domains (Fig. 1), which they interpreted as
recording the thermal evolution of the lithospheric mantle
during the late stages of extension in the Alboran Basin,
aborted by the final emplacement of the massif'in the crust.

(1) The spinel (£garnet) tectonite domain is the oldest.
It is divided in two sub-domains: the garnet—spinel mylo-
nites that mark the northern and western boundaries of
the massif and the foliated spinel tectonites. They corre-
spond respectively to Obata’s garnet lherzolite facies and
ariegite subfacies. Both spinel tectonites and mylonites dis-
play a pervasive steeply dipping foliation that trends
almost parallel to the melting front and a shallowing dip-
ping lineation (Fig. 1).

(2) The coarse-granular peridotite domain roughly coin-
cides with Obata’s Seiland subfacies. It is located in the
central part of the Ronda peridotite and is separated from
the spinel tectonites by the recrystallization front (Lenoir
et al., 2001). Structural and geochemical data imply that
the coarse-granular peridotites were developed at the
expense of the spinel tectonites by partial melting and
annealing (Van der Wal & Bodinier, 1996; Van der Wal &
Vissers, 1996; Garrido & Bodinier, 1999; Lenoir et al., 2001,
Vauchez & Garrido, 2001). The coarse-granular peridotites
display a mainly northward, steeply dipping. foliation and
a shallowly dipping lineation (Fig. 1).

(3) The plagioclase tectonite domain, which corresponds
to Obata’s (1980) plagioclase lherzolite facies, is the young-
est of the three structural domains. It formed at the
expense of the granular peridotites during the emplace-
ment of the massif in the crust. It constitutes the largest
part of the massif and is exposed in the southern and east-
ern part of the Ronda peridotite.

More recently, detailed structural and petrological stud-
ies of the garnet- and spinel-bearing mylonites indicate
that the spinel (dgarnet) mylonites formed during a
decompression and cooling event in the lithospheric
mantle from 1150°C and 2.7 GPa to 900°C and 1.9 GPa
(Garrido et al., 2006). Based on these data, Precigout et al.
(2007) proposed that the petrological, geochemical, and
structural zoning of the Ronda massif records thinning of
an old sub-continental lithospheric mantle accommodated
by ductile shear zones. This thinning was followed by a
thermal event resulting in the propagation of a partial
melting and recrystallization front (Lenoir e al., 2001). For
Van der Wal & Bodinier (1996), the recrystallization front
represented a permeability barrier for basaltic melts,
which accumulated in the coarse-granular peridotites.
However, Lenoir et al. (2001) suggested that a strong ther-
mal gradient existed across the Ronda massif during the
formation of the recrystallization front. This gradient
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Fig. 1. Simplified geological map of the Ronda peridotite massif (Southern Spain) showing the location of the study area in the westernmost
part of the massif, the tectono-metamorphic domains, and the recrystallization front mapped by Obata (1980), Van der Wal & Vissers (1996)

and Lenoir ¢t al. (2001). Lineations and foliations from Darot (1973).

allowed small melt fractions to percolate up to a few hun-
dred metres ahead of the melting front, reacting with the
spinel tectonites.

FIELD OBSERVATIONS:
LITHOLOGICAL RELATIONS AND

DEFORMATION STRUCTURES

We performed detailed structural mapping of a 2-5km?
area in the westernmost part of the massif, including,
from east to west, the transition between granular perido-
tites and spinel tectonites, the spinel tectonites, and the

garnet—spinel mylonites (Figs 2 and 3). In the studied
zone, lherzolites are dominant. They enclose discontinuous
harzburgite bodies, 15-90 m thick, elongated in a north—
south to NNE-SSW direction. Lherzolite—harzburgite con-
tacts occur as a metre-scale transition characterized either
by alternating decimetre-scale lherzolite-harzburgite
layers (Fig. 2a) or by alternating harzburgites and
centimetre-scale olivine websterite layers (Fig. 2b).

In the spinel tectonite domain, both harzburgites and
lherzolites display a penetrative, steeply dipping foliation
(65°W to 75°E) that trends N350E-N40E, and a shallowly
dipping lineation (0—30°S) marked by the alignment of
spinel and pyroxene aggregates (Iig. 3). These orientations
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Fig. 2. Geological map of the studied zone showing the samples location. Inserts are photographs of representative lherzolite-harzburgite

contacts: (a) 07RVI13; (b) 07RV3.
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Fig. 3. Structural map of the studied domain and photomicrographs showing the evolution of the microstructure as a function of the distance to

the recrystallization front.

are consistent with the foliations and lineations reported at
the scale of the massif (Darot, 1973; Van der Wal, 1993; Van
der Wal & Bodinier, 1996; Van der Wal & Vissers, 1996;
Vauchez & Garrido, 2001; Precigout et al., 2007). Variations
in the foliation orientation are gradual, occurring at the
tens of metres scale, and may result from either strain het-
erogeneity or large-scale open folds. Crosscutting relations
between mylonites and spinel tectonites have not been
observed. A clear change in the orientation of the deforma-
tion structures is observed only within the garnet—spinel
mylonites, where the foliation progressively rotates from
parallel to the spinel tectonites’ foliation to N70E-50°NW

at the western boundary of the massif. The orientation
of the foliation and lineation does not change across
lherzolite-harzburgite contacts.

In addition to the centimetre-scale olivine websterite
layers that underline the lherzolite-harzburgite contacts,
lherzolites also contain decimetre- to metre-scale garnet
and spinel pyroxenite layers. These pyroxenites correspond
to the types A and B from Garrido & Bodinier (1999),
respectively. Spinel pyroxenites are observed within 800 m
from the front, whereas garnet pyroxenites occur farther
away from the front within spinel tectonites or garnet—
spinel mylonites (Fig. 2). A composite layer a few metres
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wide formed by garnet pyroxenites enclosed in spinel pyr-
oxenites occurs at ca. 400 m from the melting front. These
observations are in agreement with the interpretation of
Garrido & Bodinier (1999) that type B spinel pyroxenites
result from partial melting of type A garnet pyroxenites.
Both pyroxenites and olivine websterites form bands paral-
lel to the peridotite foliation. However, the pyroxenites
are boudinaged and show sharp contacts with the perido-
tite, whereas the olivine websterites usually do not display
boudinage and their contact with the peridotites is irregu-
lar and diffuse.

It is worth noticing that all tectonic structures (foliation,
lineation), pyroxenite layers, and lherzolite-harzburgite
contacts are parallel. In the eastern part of the mapped
area, they are also parallel to the recrystallization front
(Fig. 3). To investigate the relations between partial melt-
ing, melt transport, in this fossil
lithosphere—asthenosphere performed
coupled petrological, microstructural, and geochemical

and deformation
boundary, we

analyses on four series of 4—7 samples collected along
metre-scale transects across lherzolite—harzburgite contacts,
at variable distance from the recrystallization front, as well
as in a few additional samples remote from any lithological
contact (Fig. 2). To refine the lithological mapping, addi-
tional major-element analyses of whole-rocks and minerals
were performed on smaller samples collected on a roughly
~50 m scale grid, depending on outcrop availability.

MICROSTRUCTURES

Deformation-related microstructures

At the thin-section scale, the lineation and foliation are
marked by alignment of spinel and pyroxene aggregates
and by the elongation of olivine crystals. From the western
border of the massif to the recrystallization front, we
observe a continuous increase in grain size (Fig. 3). This
variation in grain size agrees with that observed at the
scale of the massif by Van der Wal & Bodinier (1996) and
Vauchez & Garrido (2001). Those workers showed that a
further increase in grain size occurs across the recrystalli-
zation front in the coarse-grained peridotites. In the east-
ernmost part of the studied domain, close to the
recrystallization front, the spinel tectonites have a coarse-
grained porphyroclastic microstructure. Fine-grained por-
phyroclastic microstructures dominate in the central part
of the spinel tectonite domain. In the westernmost part of
the studied zone, the microstructure is mylonitic. A weak
variation in the microstructure is also observed across the
harzburgite—lherzolite contacts in the coarse-grained por-
phyroclastic domain: harzburgites display on average coar-
ser olivine grains than lherzolites.

The coarse-grained porphyroclastic microstructure is
characterized by a heterogeneous olivine grain size ran-
ging from 1 to 15mm. Olivine crystals display irregular
shapes with sinuous grain boundaries, undulose extinction

and well-developed subgrain boundaries (Fig. 4a).
Subgrains are more commonly observed in large grains
than in small ones (Fig 4b). Olivine crystals are usually
elongated parallel to the lineation with aspect ratios vary-
ing between 1115 and 1:2, but reaching 1:10 for the largest
grains. Pyroxenes occur either as isolated crystals or form
aggregates often aligned parallel to the lineation trend.
Orthopyroxenes (opx) are 0-5->mm in size. They have
irregular shapes and may show undulose extinction and
kink bands (Fig. 4c). Clinopyroxene (cpx) grain-size distri-
bution is bimodal. Coarse cpx crystals (0-5-2 mm) usually
form clusters with opx and display the same deformation
features, whereas small interstitial cpx crystals (0-1-1mm)
show no evidence of deformation. Spinels display heteroge-
neous grain sizes (0-1-2 mm) and shapes. Small grains are
sub-euhedral, whereas coarse grains have irregular, holly-
leaf shapes, and are often aligned parallel to the lineation
(Fig. 4d).

The fine-grained porphyroclastic microstructure is simi-
lar to the coarse-grained porphyroclastic one, but olivine
crystals are on average smaller (<2 mm). Some coarse oli-
vine porphyroclasts up to 10 mm long and 2 mm wide elon-
gated parallel to the lineation are nevertheless preserved.
Olivine crystals display irregular shapes with sinuous
grain boundaries, undulose extinction and closely spaced
sub-grains (Fig. 4f). The pyroxene and spinel microstruc-
tures are similar to those in the coarse-grained porphyro-
clastic peridotites.

Mylonites are characterized by a bimodal olivine grain-
size distribution with few relict porphyroclasts (0-5—1mm
long) elongated parallel to the lineation (aspect ratios gen-
erally around 1:5). Olivine porphyroclasts are surrounded
by a matrix of small recrystallized grains (~200 pm),
which are also elongated (aspect ratios of 1:2) parallel to
the lineation. Both porphyroclasts and recrystallized
grains present irregular shapes with sinuous grain bound-
aries, closely spaced subgrain boundaries, and undulose
extinction (Fig. 4g and h). Opx and cpx occur essentially
as isolated crystals; grain sizes range from 01 to 1mm.
Some opx crystals have been highly stretched parallel to
the lineation, attaining aspect ratios of 110 or higher.
They display undulose extinction and well-developed kink
bands. Spinels are similar to those in the fine-grained por-
phyroclastic peridotites, but smaller (0-1-1mm).

Olivine websterites are constituted essentially of pyrox-
enes 0-5-2 mm across that have irregular shapes and sinu-
ous grain boundaries. Most opx grains display undulose
extinction, as is shown also by the coarser cpx crystals.
Olivine crystals are relatively small (<1mm) and show
undulose extinction and subgrains. Spinels are larger than
in the peridotites and can up to 3 mm in size. They display
holly-leaf shapes. At the thin-section scale, the boundary
between peridotites and websterites is sinuous and charac-
terized by a gradual increase in pyroxene content (Fig. 4e).
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Fig. 4. Photomicrographs illustrating the variation in microstructures in the spinel tectonite domain from the coarse-grained porphyroclastic
peridotites close to the front to garnet—spinel mylonites. (a, b) Coarse-grained porphyroclastic microstructure with (a) widely spaced subgrain
boundaries in olivine grains in a lherzolite (07RVI2D) and (b) closely spaced subgrain boundaries in olivines in a harzburgite (07RVI2Ce).
(c) Kink-bands and coarse clinopyroxene exsolution in an opx crystal (07RVI2Bc). (d) Trail of holly-leaf spinels in a coarse-grained porphyro-
clastic spinel tectonite (07RV3C). (e) Lherzolite-websterite contact (07RVI2Be); S marks the pervasive foliation. (f) Fine-grained porphyroclas-
tic microstructure with closely spaced subgrain boundaries in olivine (07RV6). (g) Garnet—spinel mylonite RX8 from Lenoir ¢/ al. (2001)
showing olivine porphyroclasts with clear (100) subgrain boundaries (indicated by dashed lines) and undulose extinction surrounded by small
recrystallized grains. (h) Closely spaced polygonal subgrain boundaries in an olivine fragment from a serpentinized (low-relief domains)
spinel mylonite (MRV7); FSE orientation contrast image obtained using the CamScan X500FE CrystalProbe at Geosciences Montpellier.
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Garnet pyroxenites (type A pyroxenites) have a por-
phyroclastic microstructure characterized by large por-
phyroclasts of cpx (&£ opx, gt) in a fine matrix of gt and
cpx crystals. Spinel pyroxenites (type B pyroxenites) pres-
ent a granoblastic microstructure and do not show evi-
dence of deformation (e.g. Garrido & Bodinier, 1999, fig. 3).

Melt—rock reaction-related microstructures

Melt-rock reactions in the mantle may lead either to
consumption of pyroxenes and olivine crystallization
during incongruent partial melting or interaction with
Si-undersaturated magmas (Kelemen et al., 1992), or to
crystallization of pyroxenes (Zspinel or garnet or plagio-
clase) at the expense of olivine during refertilization reac-
tions (Lenoir et al., 2001; Dikstra et al., 2003; Le Roux
et al., 2007, Bodinier et al., 2008; Kaczmarek & Miintener,
2008). Analysis of pyroxene morphology and deformation
thus provides information on the reactions that affected
the peridotites.

Spinel tectonites show dominantly 0-5-5mm wide opx
grains characterized by irregular shapes that occur either
isolated or in opx—cpx—sp clusters. Some of these pyroxenes
display concave grain boundaries filled with olivine
(Fig. 5a and b), suggesting the occurrence of melt-rock
reactions that consumed pyroxenes and crystallized oli-
vine. These opx crystals usually display undulose extinc-
tion and kink bands, implying deformation by dislocation
creep. However, the secondary crystallization of opx is
also suggested by rare, undeformed opx forming over-
growth rims on isolated crystals (Fig. 5¢). Undeformed
opx 1s also present as small (<0-5 mm) interstitial crystals
along olivine—olivine grain boundaries (Fig. 5d).

In harzburgites, cpx occurs essentially as isolated inter-
stitial grains (0-1-1mm wide), which located along oli-
vine—olivine grain boundaries or at triple junctions,
sometimes forming large poikilitic crystals (Fig. 5e).
Lherzolites also show isolated interstitial cpx, but most
Cpx occurs in opx—cpx—sp aggregates where cpx is predom-
inant (Fig. 5f). These aggregates are sometimes flattened
in the foliation plane, but show no intracrystalline defor-
mation features. We interpret the interstitial pyroxenes
and the aggregates as formed by secondary crystallization
of pyroxenes from percolating melt, suggesting that most
lherzolites in the study area result from refertilization reac-
tions. Similar microstructures were described by Lenoir
et al. (2001) in the lherzolites located a few hundreds of
metres ahead of the recrystallization front; they were simi-
larly ascribed to igneous refertilization.

CRYSTAL PREFERRED
ORIENTATIONS

Olivine and pyroxene crystal preferred orientations (CPO)
were determined by indexation of electron-backscattered
diffraction (EBSD) patterns using the SEM-EBSD facility

at Geosciences Montpellier. EBSD patterns are generated
by interaction of a vertical incident electron beam with a
carefully polished thin section tilted at 70° in a scanning
electron microscope (JEOL JSM 5600). The diffraction
pattern is projected onto a phosphor screen and recorded
by a digital CCD camera. The image is then processed
and indexed in terms of crystal orientation using the
CHANNELS) software from Oxford Instruments HKL.
Tor each sample, we obtained crystallographic orientation
maps covering almost the entire thin section (usually
20 mm x 35 mm) with a sampling step ranging from 30 to
100 pm. Indexation rates in the raw maps range from 30
to 60% depending mostly on the extent of serpentiniza-
tion. Post-acquisition data treatment allowed a further
increase in the indexation rate by (1) filling the non-
indexed pixels that have up to eight identical neighbours
with this orientation, (2) repeating this operation using
respectively seven, six and five identical neighbours, (3)
identifying the grains (i.e. continuous domains character-
ized by an internal misorientation of < 15°) and (4) within
each olivine crystal, searching and correcting for system-
atic indexation errors related to the olivine’s hexagonal
pseudosymmetry, which results in closely similar diffrac-
tion patterns for orientations differing by a rotation of 60°
around [100]. At each step, the resulting orientation maps
were verified by the operator to avoid over-extrapolation
of the data.

The studied peridotites show clear olivine and pyroxene
crystal preferred orientations, implying a significant con-
tribution of dislocation creep to deformation (Fig. 6). In
all samples, olivine [100] axes are dispersed in the foliation
plane with a well-marked maximum within 10° of the
lineation, and a strong concentration of [010] almost
normal to the foliation. The [001] axes are more dispersed,
but they present a weak maximum normal to the lineation
within the foliation plane. It should be noticed that in
most studied samples [010] axes are more concentrated
than the [100] axes, characterizing well-developed [010]-
fibre patterns (Bunge, 1982).

In the spinel tectonites, opx [001] axes are dispersed in a
plane close to the foliation with a weak maximum close to
the lineation and [100] axes are concentrated close to the
normal to the foliation. The [010] axes have an almost
random repartition (Fig. 6). Cpx displays a very weak
CPO, which is related to the opx CPO, but with a larger dis-
persion. In garnet—spinel mylonites (Fig. 6), cpx and opx
show similar CPO patterns, although weaker for the cpx:
[001] is either dispersed in a plane at low angle to the folia-
tion or concentrated close to the lineation and [010] tends
to be oriented at high angle to the foliation (Fig. 6).

The observed olivine and opx CGPO imply deformation
by dislocation creep with dominant activation of the high-
temperature, low-stress (010)[100] and (100)[001] slip sys-
tems for olivine and opx, respectively (Tommasi et al.,
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Fig. 5. Photomicrographs (crossed polarizers) showing the variation in pyroxene morphology in the studied samples. (a, b) Corroded ortho-
pyroxenes (opx), corrosion embayments filled by olivine (ol), samples 07RVIOA and 07RV3C, respectively; (c) opx crystal with fine clinopyrox-
ene exsolution and undulose extinction and an exsolution-free overgrowth at the expense of an olivine (ol) crystal (sample 07RVI2Cw);
(d) undeformed interstitial opx (07RVI3A); (e) undeformed interstitial cpx in an olivine matrix (07RVI3B); (f) undeformed aggregate of cpx
and opx with granoblastic texture (07RVI3A), S marks the trace of the foliation.

2000). Moreover, the systematic dispersion of olivine [100]
axes and opx [001] within the foliation and the small oblig-
uity between the olivine [100] and opx [00l] maxima and
the lineation are characteristic of transpressional deforma-
tion (Tommasi et al., 1999).

Analysis of the intensity of the olivine CPO, character-
ized by the dimensionless J-index (Bunge, 1982), as a func-
tion of the modal proportion of -clinopyroxenes
allows investigation of the relation between deforma-
tion and melt-rock reaction (Fig. 7). The J-index is the
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Fig. 6. Olivine, orthopyroxene, and clinopyroxene crystal preferred orientations (CPO) in representative lherzolite and harzburgite samples of
the spinel tectonites domain and of the mylonites. Lower hemisphere, equal area stereographic projection in the geographical reference frame.
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types (<8% cpx), in contrast, display a large variation in

volume-averaged integral of the squared orientation densi-

the J-index in the range of 3-8-5 with a bimodal distribu-

ties. It has a value of unity for a random CPO and infinity

for a single crystal. Most natural peridotites show values

between 2 and 20

tion: one population has very weak olivine CPO, with a
J-index <4, and the other has rather strong olivine CPO,

(Ben Ismail & Mainprice, 1998;

, harzburgites and ~ with J-index >6. At the scale of a single lherzolite—

display a rather homoge-

In the study area

2000).
cpx-poor lherzolites (>8% cpx

>

Tommasi et al.

harzburgite contact, one may observe either an increase

)

or a decrease in J-index from the harzburgites to the

neous J-index ranging from 4-5 to 6-5. The more fertile
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Fig. 7. (a) J-index of the olivine CPO as a function of the clinopyroxene modal content in the sample. Cpx-rich lherzolites and harzburgites/
cpx-poor lherzolites are indicated by filled and open symbols, respectively. Data from this study are given as large circles; previous measure-
ments by Vauchez & Garrido (2001) are indicated by small squares. (b) Histogram showing the variation of J-index in the cpx-rich lherzolites

(in black) and in the harzburgites and cpx-poor lherzolites (in white).

lherzolites. For instance, at the contact 07RV3 (Fig. 6) the
harzburgites have a J-index around six and the lherzolites
between 6-3 and 7.7, whereas at the contact 07RV13, the
J-index decreases from 5-9 in the harzburgites to 3-9 in the
lherzolites. The observed short-scale variations in J-index
may be explained by strain gradients or by a higher contri-
bution of melt-enhanced diffusion processes that result in
a weaker CPO (Tommasi e/ al., 2000).

MAJOR- AND MINOR-ELEMENT
COMPOSITIONS OF WHOLE-
ROCKS AND MINERALS

X-ray fluorescence (XRF) analysis of major and minor
transition elements (Ni, Cr) in whole-rocks was performed
at the CIC (Scientific Centre) of the
University of Granada (Spain). Data are reported in

Instrument

Table 1. Major-element compositions of olivine, pyroxenes,
and spinel were determined by electron microprobe analy-
sis (EPMA) using a CAMECA SX100 at the ‘Microsonde
Sud’ facility, University of Montpellier 2. Analytical condi-
tions were an accelerating voltage of 20 kV, a 10 nA focused
beam, and counting times of 20-30s.

The studied spinel tectonites show a wide range
of major-element contents from highly refractory
(44-67 wt % MgO, 027wt % Al,Og, 018 wt % CaO) to
very fertile compositions (33-73wt % MgO, 455wt %
Al O3 39wt % CaO; Table 1, Fig. 8). The observed
values encompass the whole range of compositions
reported for the Ronda peridotites (Frey et al., 1985; Van
der Wal & Bodinier, 1996; Lenoir et al., 2001). However,
some lherzolites in the study area tend to be even more

fertile in term of Al, Ca and 'T1 contents than the most fer-
tile compositions reported previously (Fig. 8).

Al, Ca, Ti and Na decrease, and Ni increases slightly
with increasing Mg content from fertile lherzolites to harz-
burgites (Fig. 8). These element co-variations coupled with
the modal changes are typical of the majority of peridotite
suites worldwide. However, in the studied peridotites these
co-variations are linear. The Na and Ti variations are
therefore inconsistent with those produced by partial melt-
ing (Fig. 8). Cr shows a more complex variation, marked
by almost constant content in lherzolites and decreasing—
although scattered—concentrations with increasing Mg
contents in harzburgites (Fig. 8). Decreasing Cr contents
in refractory peridotites have been observed previously in
orogenic peridotites, including the Ronda massif (Frey
et al., 1985; Van der Wal & Bodinier, 1996) and the Lherz
massif, where Le Roux et al. (2007) ascribed the Cr varia-
tion to refertilization processes.

Significant variations in mineral compositions as a func-
tion of whole-rock modal and chemical compositions are
observed only for the Mg-number [ Mg/(Mg + Fe) cationic
ratio] of silicates and the Cr-number [Cr/(Cr+Al) catio-
nic ratio] of spinel (Table 2). The olivine forsterite content
(Fo) or Mg-number decreases from 0-92—0-91 in the harz-
burgites to 0-91-0-89 in lherzolites and olivine websterites.
Similar variations are observed for the Mg-number of
orthopyroxenes and clinopyroxenes. The Cr-number in
spinel strongly decreases from 0-67-0-17 in the harzburgites
to 0-25-0-07 in the lherzolites and 0-07-0-03 in the
websterites.

To investigate small-scale heterogeneity in mineral com-
positions, we performed detailed EPMA analyses of pyrox-
enes in two samples: the harzburgite 07RVI3B and the
lherzolite 07RVI2Cw (Table 3). These samples were
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Table I: Whole-rock major-element and modal compositions of the studied Ronda peridotites and websterites

Rock type: Lherzolite
Sample: RTR- RTR- RTR- RTR- RTR- RTR- RTR- RTR- RTR- RTR- RTR- RTR- RTR- RTR-
V2 V4 V5 V7 V9 V12 V13 V14 V15 V36 V37 V39 V40 V43
wt %
SiO, 39-80 43-61 4417 43.76 42.75 41-69 43.96 43.73 42.77 42.75 38.47 43.47 41.91 42.81
TiO, 0-10 0-17 0-23 0-04 0-07 0-06 0-18 0-18 0-12 0-14 0-05 0-17 0-06 0-16
Al,O3 290 3-68 4.48 166 2.42 217 394 384 302 337 1.75 3.75 2.31 3-656
Fe,03 8.16 881 9-15 839 8.44 877 864 878 874 8-66 8562 876 8.46 8.47
MgO 35-18 35.50 33.73 40-27 3800 37-60 35.59 34-41 36-74 37-62 39-42 3466 38-27 36-45
Ca0 2.36 313 3.65 160 2:31 1-81 357 333 2.37 3.02 117 3.04 224 3.04
Na,O 0-14 0-26 0-31 0-07 0-14 0-11 0-28 0-28 0-20 0-24 0-08 0-26 0-13 0-25
K0 0-01 0-01 0-01 0-01 0-00 0-01 0-01 0-03 0-01 0-00 0-01 0-01 0-01 0-01
MnO 0-13 0-14 0-14 0-13 0-14 0-14 0-14 0-14 0-13 0-13 0-13 0-14 0-13 0-13
NiO 0-27 0-32 0-24 0-28 0-30 0-30 0-26 0-26 0-28 0-24 0-26 0-25 0-26 0-23
Cr,03 0-34 0-33 0-33 0-43 0-35 0-33 0-38 0-34 0-36 0-36 0-42 0-33 0-36 0-37
LOI 11.562 4.92 4.84 4.64 6-11 7-82 4.10 5.563 6.27 4.39 10-54 6-45 6-58 5.44
Total 100-91 100-87 10129 10128 10104 10083  100-94  100-84  101-02 10092  100-81 101-30 10070  100-99
Mg-no. 89-61 88-96 88.05 90-57 90-01 89-566 89-29 88-68 8937 89-68 90-25 88.78 90-05 89-569
wt %
Ol % 62:5 54.8 485 67-5 53.0 66-2 53.6 51-8 63.5 61-3 778 55.2 66-8 58.0
Opx % 239 285 314 26-8 278 25.2 27-2 30-4 236 22:4 15.0 28-0 22.0 25.2
Cpx % 121 15-1 177 5.1 177 79 17-3 16-2 115 14-6 5.4 14.9 10-4 14.8
Sp % 15 16 2:4 05 15 0.7 19 16 15 18 17 19 0-8 2.0
Rock type: Lherzolite
Sample: RTR- RTR- RTR- RTR- RTR- RTR- RTR- RTR- RTR- RTR- RTR- RTR-
V46 V47 V48 V52 V19 V24 V26 V29 V30 V31 V32 V34
wt %
Si0, 43-13 42.56 41.93 43.75 44.29 43-80 40-52 43.25 43-09 42.47 42.49 4371
TiO, 0-16 0-14 0-15 0-15 0-24 0-19 0-12 0-15 0-09 0-04 0-15 0-16
Al,03 341 334 318 316 4.55 382 1.84 327 2.05 121 314 330
Fe,03 8-66 855 863 865 856 9.22 8.05 862 9-06 7-98 907 875
MgO 36-61 37-03 37-19 37-92 33.95 35-63 39-24 35-80 37-44 38-37 36-50 3712
Ca0 2.87 2.85 2.63 278 390 329 153 2.66 145 1.05 2.54 2.83
Na,O 0-25 023 0-21 0-22 0-33 0-29 0-14 0-19 0-14 0-08 022 0-24
K>,0 0-01 0-01 0-01 0-02 0-01 0-01 0-01 0-02 0-01 0-01 0-02 0-01
MnO 0-14 0-13 0-13 0-13 0-13 0-14 0-12 0-13 0-13 0-12 0-13 0-14
NiO 0-25 0-24 0-26 0-24 0-23 0-28 0-26 0-26 0-27 0-27 0-27 0-24
Cry03 0-34 0-35 0-35 0-35 0-33 0-32 0-35 0-33 0-26 0-30 0-30 0-31
LOI 5.08 5.46 6-43 41 4.70 4.27 8.81 6-69 7-26 882 5.98 4.50
Total 100-88 100-87 101-11 101-40 101-21 10117 100-99 101-28 101-25 100-72 100-81 101-31
Mg-no. 8943 89.65 89-60 89-86 8881 88.51 90-69 8925 89-20 90-58 88.95 89-45
wt %
Ol % 60-7 616 63-8 61-8 47-2 55-8 71-8 55-8 64-6 65-6 63-6 60-7
Opx % 23-6 227 216 235 315 264 20-4 30-9 29-9 277 22-3 242
Cpx % 14.0 14.0 13-0 13-3 18-9 15.9 6-9 12.2 55 6-6 12.4 13-6
Sp % 18 18 1.8 14 23 19 0-9 11 0-0 0-0 17 15
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Rock type: Iherzolite Harzburgite
Sample: RTR- 07RV- 07RV- 07RV- 07RV- 07RV- RTR- RTR- RTR- RTR- RTR- RTR- 07RV-

V35 3A 3C 10C 12C 13A V11 V21 V23 V38 V49 V51 3B
wt %
SiO, 42.53 41.87 41.59 41.04 42.27 42.564 41.63 42.09 42.07 39-14 39.93 41.82 41.35
TiO, 0-14 0-12 0-09 0-04 0-07 0-14 0-03 0-08 0-01 0-05 0-04 0-03 0-05
Al,O03 2.86 2.93 314 1.88 1.50 3.08 0-57 158 1.05 070 0-70 0-93 0-79
Fe,03 864 830 7-30 913 811 880 8.37 818 8.43 837 7-563 7-85 752
MgO 36-93 38-21 38-46 38-17 41.87 36-73 40-28 41.21 40-20 40-62 41.04 4171 41.02
Ca0 2.23 2.64 2.75 1.52 140 2.56 0-45 1.37 0-81 0-48 0-50 0-85 0-47
Na,O 0-19 0-19 0-15 0-11 0-11 022 0-05 0-12 0-05 0-06 0-06 0-07 0-06
K20 0-01 0-00 0-00 0-01 0-00 0-01 0-01 0-00 0-01 0-01 0-01 0-00 0-00
MnO 0-13 0-13 0-12 0-16 0-12 0-13 0-13 0-12 0-13 0-10 0-12 0-12 0-12
NiO 0-25 0-24 0-24 0-28 0-26 0-26 0-39 0-27 0-27 0-27 0-26 0-27 0-27
Cr,03 0-26 0-34 0-35 0-32 0-35 0-29 0-27 0-34 0-28 0-20 0-30 0-31 0-27
LOI 6-58 5.79 6-98 847 511 5.63 912 5.39 8.00 10-94 10-22 6-66 8.58
Total 100-74 100-75 101-18 101-11 10117 100-40 101-29 100-75 101-31 100-94 100-71 100-62 100-49
Mg-no. 89-63 90-21 91-34 89-32 9117 89-30 90-69 90-97 90-561 90-66 91.60 91-40 91.60
wt %
Ol % 64-4 61-8 60-6 70-3 76-4 61.7 76-8 7.7 76-0 772 82.7 80-3 76-4
Opx % 235 24.2 24.4 22:4 17-6 24.8 214 233 19-6 20-6 14.4 15.0 21-3
Cpx % 10-8 12.8 13-6 6-6 55 12.3 15 4.3 32 17 2.0 36 16
Sp % 13 12 14 07 06 12 0-3 08 12 0-4 0-9 11 0.7
Rock type: Harzburgite Websterite
Sample: 07RV- RTR- RTR- RTR- 07RV- 07RV- 07RV- 07RV- 07RV- 07RV- 07RV- 07RV- 07RV-

3D V3 V6 V8 10A 10B 10D 12A 12B 13B 13D 13E 13C
wt %
SiO, 40-74 4393 42.71 42.31 40-56 40-80 42-85 41.05 40-99 40-27 39-71 39-11 43-15
TiO, 0-02 0-06 0-04 0-04 0-02 0-03 0-07 0.03 0-08 0-05 0-04 0-03 0-26
AlLO3 0-64 0-99 0-83 113 0-61 149 1.77 0-26 110 0-68 0-56 0-42 7-48
Fe,03 7-14 853 821 834 8.05 8.67 831 7-60 853 8.06 8.04 7-95 811
MgO 40-93 41.07 4014 39.25 42.21 41.60 4117 44.67 43-35 42.53 41.59 40-43 29-66
Ca0 0-44 0-51 0-66 0-77 0-63 110 1.45 0-18 0-565 0-63 0-57 0-39 6-10
Na,O 0-05 0-08 0-06 0-05 0-06 0-10 0-14 0-05 0-08 0-06 0-06 0-05 0-44
K20 0-00 0-01 0-01 0-01 0-00 0-01 0-00 0-00 0-00 0-00 0-00 0-01 0-01
MnO 0-12 0-12 0-13 0-13 0-12 0-13 0-12 0-11 0-13 0-12 0-12 0-12 0-13
NiO 0-26 0-30 0-29 0-29 0-27 0-27 0-26 0-29 0-27 0-27 0-28 0-27 0-17
Cr,03 0-29 0-32 0-33 0-34 0-29 0-39 0-33 0-20 0-19 0-34 0-32 0-25 0-46
LOI 10-28 4.92 712 8.04 841 6-83 5.21 6-65 6-33 7-06 8.01 1074 463
Total 100-90 100-84 100-52 100-69 101-14 101-43 101-67 101-09 101.58 100-08 99-29 99.76 100-60
Mg-no. 91.98 90-60 90-73 90-40 91-29 90-56 90-84 92-16 91.04 91-34 9118 91.05 87.97
wt %
Ol % 77-0 777 731 67-3 84.4 76-2 69-7 88-2 82-6 82-6 81-4 817 25-6
Opx % 210 196 23-6 284 126 19-2 252 1056 153 139 15.4 165 377
Cpx % 15 18 24 4.0 1.8 36 4.4 0-4 1-6 24 2.3 14 312
Sp % 05 1.0 09 0-3 13 1.0 0-8 09 04 12 09 0-4 54

The modes were reconstructed by mass-balance of whole-rock and mineral major-element compositions, using the total
inversion method of Tarantola & Valette (1982). LOI, loss on ignition; ol, olivine; opx, orthopyroxene; cpx, clinopyroxene;
Sp, spinel; Mg-number =Mg/(Mg + Fe) cationic ratio.
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Fig. 8. Covariation diagrams for major (CaO, AlyO3) and minor (NayO, TiOg, CryO3, NiO) elements vs MgO (wt %) in the studied perido-
tites, compared with major- and minor-element compositions in the entire Ronda peridotite massif (Frey et al., 1985; Van der Wal & Bodinier
1996) and with the evolution predicted by batch and fractional melting models (Gast, 1968; Shaw, 1970). Primitive upper mantle composition

from McDonough & Sun (1995).

selected because they show unambiguous evidence for
coexisting primary and secondary pyroxenes, hence allow-
ing a search for chemical variations related to interaction
with percolating melts. No significant variation was
observed between the various pyroxenes types. The only
small-scale variations observed within and between grains
are those classically ascribed to cooling, notably the oppo-
site core-to-rim variations of CaO in opx and cpx.

RARE EARTH ELEMENTS IN
CLINOPYROXENE

In situ trace-element analyses of clinopyroxenes were per-
formed by laser ablation induced coupled plasma mass
spectroscopy (LA-ICP-MS) on thick (¢. 150 pm) sections
at the AETE facility, Geosciences Montpellier, using a
single-collector double-focusing sector field Element XR
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Table 3: Major- and minor-element concentrations (in wt % ) in pyroxenes as a function of their texture in one lherzolite
Ul Y2 2

and one harzburgite

07RV12Cw; |herzolite

Group: Primary Secondary
opx1(c) opx1(r) opx2 cpx1(c) cpx1(r) cpx2(c) cpx2(r) cpx3l(c) cpx3(r) opx1 opx2 opx3 cpx1 cpx2
SiO, 55.24 55.67 55.60 51.98 51.36 51.78 52.98 51-65 52.03 55.62  55.07 56-09  51-80 51.76
Al,O3 4.05 37 399 6-00 5.79 5.69 375 6-26 5.30 4.08 4.18 326 5.96 6-10
Na,O 0-09 0-03 0-05 143 1.16 1.34 0-90 153 1.22 0-04 0-07 0-04 1.31 1.32
MgO 3241 32.93 32.77 14.64 15.15 14.90 15.95 14.55 15.28 32.37 3250 3317 14.89 14.82
MnO 0-15 0-17 0-14 0-08 0-07 0-10 0-09 0-09 0-09 0-16 0-16 0-13 0-08 0-09
FeO 5.84 5.81 5.95 215 2.07 1.97 2.08 2.09 2.08 5.93 5.83 5.86 230 1.94
K20 0-02 0-00 0-00 0-00 0-00 0-01 0-00 0-00 0-01 0-00 0-00 0-00 0-01 0-00
Ca0 0-84 0-58 0-65 21.55 21-42 21.77 22.72 21-39 21-82 0-85 0-95 066 21.65  21.98
NiO 0-04 0-05 0-07 0-02 0-02 0-04 0-03 0-05 0-06 0-08 0-11 0-06 0-06 0-03
Cry03 0-61 0-50 0-61 1.47 1.31 1.46 0-91 1.57 113 0-63 0-66 0-57 131 1.47
TiO, 0-11 0-09 0-12 0-43 0-43 0-47 0-27 0-46 0-41 0-13 0-09 0-10 0-62 0-48
Total 99-40 99.64 99.95 99.75 98.75 99.63 99.67 99-64 99-42 99.79 9961 99-94 9989  99.99
07RV13B; harzburgite
Group: Primary Secondary
opx1(c) opx1(r) opx2 opx1 opx2 cpx1 cpx2
Si0, 56-64 57.02 56-63 56-59 5679 52.81 53-12
Al,03 232 1.93 2.16 2.1 218 2.82 285
Na,O 0-03 0-00 0-03 0-04 0-04 0-83 0-85
MgO 33.37 33-86 33-64 33-64 33.72 16-48 16-26
MnO 0-12 015 0-14 0-15 0-16 0-08 0-08
FeO 5.76 5.74 5.87 5.86 5.90 2.26 2.15
K>,0 0-00 0-00 0-01 0-00 0-00 0-00 0-00
Ca0 0-93 0-66 0-84 0-85 0-70 22.52 22.76
NiO 0-08 0-08 0-07 0-08 0-06 0-06 0-03
Cry03 0-65 0-51 058 053 0-561 1.38 1.22
TiO, 0-07 0-05 0-06 0-05 0-04 0-13 0-12
Total 99-99 100-00 99.94 99-80 100-12 99-37 99.45

‘Group’ indicates textural group; c, core; r, rim.

(eXtended Range) high-resolution (HR-) ICP-MS system,
coupled with a Geolas (Microlas) automated platform
housing a ArF 193nm Compex 102 laser from
LambdaPhysik. Measurements were conducted in an abla-
tion cell of ¢. 30 cm” in a He atmosphere, which enhances
the sensitivity and reduces inter-element fractionation
(Gunther & Heinrich, 1999). The helium gas stream and
particles from the sample were mixed with Ar before enter-
ing the plasma. Data were acquired in the fast E-scan

mode at low resolution (M/DM =300). Signals were mea-
sured in Time Resolved Acquisition (TRA) mode, devot-
ing 2min for the blank, and Imin for cpx analysis. The
laser was fired using an energy density of li")l]/(:m2 at a fre-
quency of 5Hz and using a spot size of 77 pm. Oxide
level, measured using the ThO/Th ratio, was below 0-7%.
*Ca was used as an internal standard and the concentra-
tions were calibrated against the NIST 612 rhyolitic glass
using the values given by Pearce et al. (1997). Data were
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subsequently reduced using the GLITTER software (Van
Achterbergh et al., 2001) by carefully inspecting the
time-resolved analysis to check for absence of het-
erogeneities (inclusions or fractures) in the analysed
volume. Representative mineral analyses are reported
inTables 2 and 4.

Although fairly constant within samples, rare earth ele-
ments (REE) in cpx show extreme variations between the
different samples, in the range 2-100 times chondritic
abundances (IFig. 9). There is no significant correlation
with modal and major-element compositions, but two
compositional groups are clearly distinguished on the
basis of REE abundances, particularly the light REE
(LREE) contents.

The first group (samples 07RV3C, 07RV6, 07RVI10B,
07RVI2Bc, 07RVI2Cw and 07RVISA—referred to as
‘normal-type’ clinopyroxenes in the following discussion)
has REE concentrations below 10x chondrite and LREE
(La—Ce) below 5x chondrite. This group shows nearly
constant LREE concentrations (chondrite-normalized La
content, Lax=2-3-3) and more variable heavy REE
(HREE) concentrations (Yby =2-5-9). The most HREE-
enriched clinopyroxenes display the ‘MORB-type’ (mid-
ocean ridge basalt type) REE pattern that is typical of
whole-rock and clinopyroxene compositions in the vast
majority of orogenic lherzolites and several suites of
spinel-bearing mantle xenoliths worldwide (McDonough
& TFrey, 19894). HREE-depleted clinopyroxenes show
convex-upward (‘hump-shaped’) REE patterns, a signa-
ture that is commonly ascribed to metasomatic enrichment
of relatively refractory (HREE-depleted) peridotites
(Bodinier & Godard, 2003; Bodinier et al., 2008).
Variations of HREE at nearly constant LREE content
have been previously observed in orogenic peridotites,
both in whole-rocks and clinopyroxenes (Fabries et al.,
1989; McDonough & Frey, 1989a; Downes et al., 1991).
In most cases, however, these variations are coupled with
modal changes from lherzolites (high HREE) to harzbur-
gites (low HREE). Such a relationship is not observed in
our dataset; the most HREE-enriched clinopyroxenes are
from two lherzolites (samples 07RV6 and 07RVI3A), but
very similar REE contents were obtained for clinopyrox-
enes from the harzburgite 07RVIOB. Moreover, the most
HREE-depleted clinopyroxenes are from lherzolites (sam-
ples 07RV3C and 07RVI2Cw).

The second group (samples 07RV17, 07RVI3B, 07RVI13C
and 07RVI3D—referred to as ‘enriched-type’ clinopyrox-
enes subsequently) has REE concentrations generally
above 10x chondrite and LREE (La—Ce) above
25x chondrite; that is, more than 10 times higher than the
LREE content of ‘normal-type’ clinopyroxenes. The
‘enriched-type’ clinopyroxene patterns nevertheless resem-
ble the former group in terms of their relatively narrow
range of LREE variation (Layx =26-57), compared with

HREE (Yby=10-5-100). This group also shows a subtle,
but significant positive Eu anomaly. The selective enrich-
ment of LREE and middle REE (MREE) observed in
the harzburgites 07RVI3D and 07RVI3B has been fre-
quently reported from mantle xenoliths, where it is gener-
ally ascribed to metasomatism by volatile-rich (e.g.
carbonated) small-volume melts (e.g. Tonov et al., 2002).
However, the overall REE enrichment observed in samples
07RV13C and 07RV17 and the selective LREE enrichment
are rare in orogenic peridotites. A noticeable exception is
the Lherz massif (French Pyrenees) where both types of
enrichment have been observed and interpreted as mark-
ing melt percolation fronts both at small scale, in the vicin-
ity of alkaline veins (Bodinier et al., 1990, 2004), and at
larger scale, at the transition between harzburgites and
lherzolites (Le Roux et al., 2007).

Clinopyroxenes in sample 07RV], a clinopyroxene-poor
lherzolite from the coarse-granular domain analysed for
comparison, show the MORB-type REE pattern typical
of ‘normal-type’ clinopyroxenes (Fig. 9). This sample is,
however, more depleted in LREE than any of the clinopyr-
oxenes from the study area (Laxy=13, compared with
2-3-3 for the ‘normal-type’ clinopyroxenes).

DISCUSSION

Melt-rock interactions

The present study highlights that, in the study area, the
Ronda spinel tectonite domain is predominantly composed
of lherzolites containing elongated bodies of harzburgite,
metres to tens of metres wide, and centimetre-scale web-
sterite bands (Fig 2). Metre-scale lherzolite-harzburgite
intercalations similar to those observed in the Ronda
spinel tectonites have been described in other orogenic
peridotite massifs, notably in Horoman and Lherz. These
alternations were ascribed to compaction—decompaction
of partially molten peridotites (Obata & Nagahara, 1987),
partial melting followed by convective mingling of fertile
and residual components (Toramaru et al., 2001), focused
melt flow (Bodinier et al., 1988), mingling of asthenospheric
and lithospheric components (Bodinier &
Godard, 2003), or refertilization of a refractory lithosphere
by basaltic magmas (Saal e al., 2001). The last hypothesis
has been corroborated by a recent joint petrostructural
and geochemical study of the Lherz massif, which con-
firms that igneous refertilization via reactive melt percola-
tion is a very effective process to produce metre- to
hectometre-scale compositional heterogeneity in the litho-
spheric mantle (Le Roux et al., 2007).

Whereas partial melting and olivine-forming reactions
spinel and produce
(£olivine), the refertilization reactions are characterized
by olivine dissolution and pyroxene (%spinel) crystalliza-
tion. Petrographic evidence for refertilization reactions is

mantle

consume pyroxenes and melt
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Table 4: REE average contents (in ppm) in clinopyroxenes from the most representative samples

Group 1
Sample: 07RV3C 07RV6 07RV-10B 07RV-12Bc 07RV-12Cw 07RV-13A
n=>5 SD n=10 SD n=5 SD n=7 SD n=9 SD n=10 sD
La 0-92 0-04 1-10 0-06 092 0-02 0-84 0-07 0-86 0-10 1.07 0-03
Ce 363 0-25 4.06 0-18 2.94 0-06 362 0-25 353 0-39 4.05 0-10
Pr 0-64 0-04 0-76 0-05 0-51 0-01 0.72 0-05 0-66 0-07 0-75 0-02
Nd 362 0-17 4.70 0-34 2.99 0-09 4.45 0-28 3-80 0-42 4.57 0-10
Sm 112 0-03 1-81 0-06 1.26 0-05 1.76 0-12 1.37 017 184 0-04
Eu 0-45 0-02 0-76 0-03 0-54 0-01 0-74 0-06 0-66 0-07 0.76 0-02
Gd 1.31 0-04 277 0-14 2.20 0.07 2.54 0-15 1.93 0-20 2.76 0-05
Tb 0-20 0-01 0-51 0-02 0-42 0-01 0-44 0-03 0-33 0-03 0-50 0-01
Dy 1.34 0-04 3656 0-22 325 0-08 3-06 0-14 2.26 0-17 369 0-09
Ho 0-25 0-01 0-80 0-06 0-71 0-02 0-61 0-03 0-45 0-03 0-80 0-02
Er 0-68 0-02 2:34 0-08 2.08 0-08 1.68 0-07 119 0-08 2.31 0-08
Tm 0-10 0-00 0-34 0-02 0-30 0-01 0-23 0-01 0-16 0-01 0-33 0-01
Yb 0-63 0-02 224 0-15 1.96 0-05 147 0-08 1.01 0-06 223 0-07
Lu 0-09 0-00 0-32 0-02 0-27 0-01 0-20 0-01 0-14 0-01 0-32 0-01
Group 2
Sample: 07RV13B 07RV13C 07RV13D 07RV17 07RV1
n=3 SD n=7 SD n=4 SD n=6 SD n=6 SD

La 11-39 1.04 21-27 114 9-88 0-33 18-33 0-94 0-49 0-06
Ce 37.71 2:32 6984 4.33 30-28 2.83 5864 332 191 0-19
Pr 7-30 0-30 1113 0-89 5.82 0-15 10-13 0-563 0-37 0-04
Nd 45.35 1.72 62-35 6.22 3871 2.07 61-93 310 2.35 0-30
Sm 14-18 0-54 20-09 2.58 12.39 0-76 24.03 173 111 0-12
Eu 5.24 0-20 832 1.04 4.40 0-21 10-70 0-57 0-46 0-06
Gd 12.00 0-38 2158 3.74 9.05 0-80 3244 1.38 189 0-25
Tb 161 0-06 37 0-58 112 0-07 6-27 0-35 0-36 0-05
Dy 871 0-22 24.54 359 5.51 0-33 42.75 1.56 276 0-36
Ho 144 0-04 5.02 0-52 0-90 0-08 913 0-33 0-60 0-08
Er 3-48 0-12 13-86 119 2.29 0-12 25.78 0-97 1.76 0-25
Tm 0-53 0-03 1.98 0-17 0-38 0-02 3.67 0-14 0-24 0-03
Yb 347 0-13 1352 114 2.87 0-15 24.83 0.77 1.65 0-22
Lu 0-59 0-01 1.98 0-14 0-48 0-05 358 0-14 0-23 0-03

n, number of analysed clinopyroxenes. SD, standard deviation.

common in the studied peridotites, in the form of unde-
formed interstitial opx and cpx in harzburgites and
cpx-poor lherzolites and/or cpx—opx—sp aggregates in lher-

zolites (Fig. 5).
Geochemical data also display characteristics that are
not consistent with simple evolution as a result of partial
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porous melt flow, as follows.

melting and are more readily explained by reactive

(I) The concentration of minor elements in whole-rocks,

such as Ti, shows a dispersed linear correlation with

fertility markers, such as Mg contents (Fig. 8) or the
modal proportion of cpx (Fig. 10).
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Fig. 9. Chondrite-normalized REE patterns (Sun & McDonough, 1989) of clinopyroxene in nine representative peridotites and one websterite
from the spinel tectonite domain and in a peridotite from the coarse-granular domain at the eastern limit of the study area.

(2) HREE contents in cpx are highly variable, in contrast
to nearly constant LREE concentrations (Fig. 9).

(3) Some peridotites (group 2—VFig. 9) show abnormally
REE-enriched cpx compositions.

We propose that percolation of melt and melt-rock reac-
tions may account for these geochemical particularities.
Numerical simulation of Ti and REE variations involving
a wide range of melt—rock interactions indicates that the
following processes were active in the study area, with
decreasing order of importance from (1) to (3):

(I) melt percolation associated with refertilization reac-
tions; that is, melt-rock reactions at decreasing melt
mass that involve olivine dissolution and pyroxene
(Espinel) precipitation;

(2) further percolation of variably reacted melt without
significant mineralogical reactions;

(3) percolative fractional crystallization of interstitial pyr-
oxenes reflecting the final solidification of evolved,
small melt fractions after the main refertilization
reaction.

Igneous refertilization
The predominance of the igneous refertilization process in
the studied peridotites is illustrated by the dispersed

linear correlation between Ti contents and cpx modal
proportions (Fig. 10). 1o compare the effects of melt-
consuming, refertilization reactions with those of partial
melting, we first modelled the variation inTi content and
cpx modal proportion using batch and fractional melting
models (Gast, 1968; Shaw, 1970). As shown in Fig. 10a, par-
tial melting models yield curved trajectories for the Ti vs
cpx co-variation that do not fit the dispersed linear corre-
lation observed in our samples.

To simulate igneous refertilization, the Plate Model
of Vernieres et al. (1997) was used in a configuration where
a percolation column made of discrete reaction cells is
affected by a pyroxene-forming, melt-consuming reaction.
The reaction is monitored by the parameter R that stands
for the mass ratio of newly crystallized minerals to infil-
trated melt (see Bodinier et al., 2008, for further details).
Minor- and trace-element variations in solid and melt are
controlled by the combined chromatographic effects of
melt transport (Navon & Stolper, 1987) and the source—
sink effects of fractional melt crystallization (Godard
et al., 1995; Bodinier et al., 2008). We consider a low-Ti,
highly refractory harzburgite from the study area (sample
07RVI3E) as the protolith and the theoretical melt in equi-
librium with the cpx from the coarse-granular peridotite
07RV1 as the infiltrated melt composition. This model
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Fig. 10. Ti content in whole-rocks vs Cpx modal proportion for the studied samples, compared with: (a) batch (continuous lines) and fractional
(dashed lines) partial melting models calculated with two lherzolite sources [samples 07RVI3C from this study and RX8 from Lenoir ¢f al.
(2001)], and (b) igneous refertilization models calculated with the ‘Plate Model’ of Verniéres et al. (1997) and four different initial porosity
values (®p), from 0-075 to 0-2. The results of the refertilization models are shown for the entire, 40-reaction cells columns used in the experi-
ments. Cpx modal proportions and melt/rock ratios (r) increase from top to base of the columns; the maximum r values reached at base of
each column are given. The refertilization reaction is given in the text; the melting reaction was fixed after Niu (1997). Mineral/melt partition

coefficients (K4) are from Wood & Blundy (2003).

assumes that the melt responsible for refertilization of the
spinel tectonite domain was infiltrated from the nearby
partial melting domain represented by the granular peri-
dotites. This assumption is consistent with the suggestion
by Lenoir et al. (2001) that the spinel tectonites were

extensively refertilized up to a few hundred metres ahead
of the melting front. We cannot exclude the possibility that
partial melting of the garnet pyroxenite layers, as observed
by Garrido & Bodinier (1999), also contributed to igneous
refertilization in the spinel tectonite domain. Silica-rich
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Fig. 11. Sketch illustrating the variations of (a) pyroxene modal proportion in the peridotite, (b) Ti content in the percolating melt and (c) Ti
content in whole-rock peridotite along the 40-reaction cells column used for simulating igneous refertilization for R (mass ratio of precipitated
pyroxene to infiltrated melt) =0, 0-2 and 0-5 (see text for further explanation).

melt issued from the pyroxenite layers is indeed expected to
react with the host peridotites and precipitate pyroxene
(Yaxley & Green, 1998). The actual Ti content in the infil-
trated melt is therefore poorly constrained. It should be
noticed, however, that the infiltrated melt composition
has virtually no effect on the results in the case of moder-
ately incompatible elements such as Ti, compared with the
drastic effects of the refertilization reaction.

The effect of igneous refertilization on the evolution of
the Ti content in the melt and in the peridotites is illu-
strated in Fig. 11 that compares two models involving a
refertilization reaction with different R values and a pure
percolation process (R=0). Percolation produces only
subtle Ti variations associated with a chromatographic
front (noticeable on melt composition at cells 35-37 in
Fig. 11b). In contrast, the reactive process leads to substan-
tial Ti enrichment in the percolating melt, which reaches
a maximum immediately upstream of the chromato-
graphic front (up to two times the original melt composi-
tion for R=0-5, cells 25-35 in Fig. 11b). Ti enrichment in
the percolating melt is decoupled from the modal enrich-
ment in pyroxene in the peridotite that is higher in the
lower part of the column (cells 0-20 in Fig. 1la). The Ti
content in whole-rocks is controlled by both the degree of
Ti enrichment in the melt and the amount of pyroxene
added to the peridotite by the reaction. The highest Ti con-
tents in the peridotite are attained between the

chromatographic front and the base of the column (cells
20-30 in Fig. 1lc).

Because of field evidence for heterogeneous melt percola-
tion (alternation of lherzolites, harzburgites and olivine
websterite bands), we ran the refertilization model for dif-
ferent initial porosities @ (0-075-0-2). For R=0-51 and a
ratio of precipitated cpx to opx consistent with that
observed in the fertile lherzolites and websterites, the refer-
tilization reaction is as follows (note that spinel is
neglected in the modelling because of its low proportion
in peridotites):

0-74 Liq,+0-26 ol — 0-62 Liq,

1
+0-18 opx + 0-20 cpx. M

In a Ti in whole-rock vs cpx modal contents diagram
(Fig. 10c), these models yield convex-upward trajectories
including: (1) a predominant, nearly linear segment that
fits reasonably well the Ti-cpx co-variation observed in the
studied peridotites and (2) a subordinate segment invol-
ving 11 decrease at nearly constant cpx content that may
account for some of the data scatter. Models with high ini-
tial porosity values (P =0-15-0-2, Fig. 10b) reproduce the
whole observed range of Ti contents and modal composi-
tions, from the Ti-poor depleted harzburgites to the
Ti-rich lherzolites and olivine websterite. Simulations
using lower initial porosities (®,=0-075-0-1) yield simi-
lar trends, but produce less fertile compositions; these
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lower-porosity models may explain the variations in Ti
content at a given cpx proportion observed in the harzbur-
gites and cpx-poor lherzolites.

Further melt percolation

The igneous refertilization model based on reaction (1)
can also reproduce the compositional range observed for
other moderately incompatible elements such as HREE
(e.g. HREE in cpx in I'ig. 12a). However, this model fails
to reproduce the variations observed for more incompati-
ble elements such as the LREE. The analysed cpx have a
narrow range of LREE contents, compared with HREE
(e.g. samples 07RV3C, 07RV12Cw and 07RV10B from the
‘normal-type’ samples; Fig. 9), whereas the refertilization
models show extreme LREE variations; LREE range
from 5 to 560 times the chondritic values in the refertiliza-
tion model with ;=015 (Fig. 12a).

Variable HREE concentrations at nearly constant
LREE content in whole-rocks and/or cpx such as those
observed in the present study have been reported in several
orogenic peridotites and in some mantle xenoliths suites
(see reviews by McDonough & Irey, 1989¢; Bodinier &
Godard, 2003). In whole-rock, this feature may be partly
accounted for by entrapment of small-volume melts as
micro-inclusions in minerals (Bedini & Bodinier, 1999;
Garrido et al., 2000; Bodinier & Godard, 2003). However,
melt inclusions cannot explain the HREE variations in
cpx, which are better explained by chromatographic effects
associated with porous melt flow (Godard et al., 1995;
Bodinier & Godard, 2003). According to the chromato-
graphic theory (Navon & Stolper, 1987), mantle rocks sub-
jected to porous melt flow are traversed by LREE
chromatographic fronts that move almost as fast as the
melt itself because of the strongly incompatible behaviour
of the LREE. In contrast, because HREE are less incom-
patible, their chromatographic fronts are slower and
require much higher melt/rock ratios to rise significantly
through the porous-flow domain. The HREE and LREE
contents are therefore strongly decoupled from each other.
The HREE contents in percolating melt and peridotite
minerals are governed by the composition of the initial
peridotite and its subsequent variations as a result of
melt—rock reaction, whereas the LREE contents are con-
trolled by the percolating melt and remain roughly con-
stant, in both melt and minerals (Godard et al., 1995;
Vernieres et al., 1997; Bodinier et al., 2004).

To investigate this effect, we used the Plate Model of
Vernieres et al. (1997) to simulate a process whereby the vir-
tual peridotites obtained with the refertilization model
based on reaction (1) (Fig. 12a) were further percolated
without additional reaction, either by an unreacted melt
(equilibrium melt calculated from cpx of the coarse-
grained peridotite 07RV1) or by a reacted melt (weighted
average of melt compositions obtained with the refertiliza-
tion model illustrated in Fig. 12a). Both simulations

MELT TRANSPORT, RONDA MASSIF

satisfactorily reproduce the HREE variations at nearly
constant LREE contents observed in cpx from the
‘normal-type’  samples  (‘hump-shaped’ patterns  of
Fig. 12b). We note that the percolation of unreacted melt
yields LREE contents in cpx slightly lower that the
observed values whereas the percolation of reacted melt
results in slightly higher LREE and MREE contents.
Although inferences on the precise composition of the per-
colating melt are hampered by the uncertainty in the
mineral/melt partition coefficient values, these results
suggest that the actual LREE content of the melt that
percolated thought the study area was somewhere in the
range defined by the two extreme compositions used for
modelling.

Final crystallization of interstitial melt

Igneous refertilization involving reaction (1) or similar
reactions at decreasing melt mass can generate extreme
enrichments in LREE and other highly incompatible ele-
ments in evolved small melt fractions and equilibrium
minerals (Fig. 12; Bedini et al., 1997; Ionov et al., 2002;
Bodinier et al., 2004; Le Roux et al., 2007); however, this
reaction cannot produce the overall REE enrichment in
cpx locally observed in the study area (‘enriched-type’
samples from the lherzolite-harzburgite contact 07RV13
and 07RV17, Fig. 9). Reaction (1) leads to enrichment of
moderately incompatible elements such as Ti in the melt
that does not exceed a factor two (Fig. 11b) and may even
result in a depletion of the less incompatible HREE. This
is shown, for instance, by comparing the reacted and the
infiltrated melt compositions for Ho to Lu in Fig. 12a. An
enrichment factor of about 15 relative to the melt in equi-
librium with coarse-granular peridotites or the normal-
type peridotites from the study area is, however, required
to account for the HREE composition measured in cpx
from samples 07RV13 and 07RV17.

Modelling experiments conducted to investigate the
HREE behaviour upon reactive porous flow indicate that
olivine dissolution is the predominant factor responsible
for the depletion (or limited enrichment) of moderately
incompatible elements in reacted melt and equilibrium
minerals. In fact, the observation of undeformed aggre-
gates of secondary pyroxenes (Fig. 5) suggests that intersti-
tial crystallization of cpx+opx without concomitant
dissolution of olivine has occurred, at least in a late stage
of the porous flow event. To simulate this late process,
equivalent to the ‘percolative fractional crystallization’ of
Harte et al. (1993), we used the Plate Model in a configura-
tion where crystallization of interstitial cpx and opx from
the percolating melt was not accompanied by dissolution
of olivine. A best fit of the cpx REE composition for the
‘enriched-type’ samples was obtained with the reaction
scheme

I Liq, — 0-83 Liqy+0-078 opx +0-092 cpx  (2)
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Fig. 12. (a) Results of an igneous refertilization model calculated for
REE with the ‘Plate Model’ of Vernieres et al. (1997). The model
involves a 40-reaction cells peridotite column infiltrated by the theo-
retical melt in equilibrium with the cpx from the coarse-granular
peridotite (sample 07RV1). The initial peridotite composition (proto-
lith) is that of a residual peridotite obtained after 20% incremental
melting of the lherzolite 07RVI3E. The initial porosity value (®) is
0-15. The dashed lines show the results obtained for cells 1, 9, 17, 25,
and 40, which have melt/rock ratios of 0-94, 0-93, 0-92, 0-84 and 0-16,
respectively. (b, ¢) Results of porous flow models (40-reaction cells
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where R, the mass ratio of crystallized minerals to infil-
trated melt, is 0-2 (Fig. 12a). The infiltrated melt composi-
tion is the same as that employed for the refertilization
model using reaction (1). Because this process is considered
to have occurred in a late stage of the porous flow event,
after the main refertilization, the protolith composition
was fixed from the average of the ‘normal-type’ cpx REE
compositions. The results reported in Fig. 13 represent the
compositions obtained in four experiments run with dis-
tinct initial porosity values. The variation from overall
REE enrichment in samples 07RV17 and 07RVI3C to
selective LREE enrichment in samples 07RVI13B and
07RV13D is accounted for by the decreasing values of the
initial porosity @, from 0-2 to 0-05. After reaction, poros-
ity values in the range 0-003—0-0009 are observed in the
cells yielding the REE compositions shown in Fig. 13.

Interactions between reactive magma
transport and deformation

The similar kinematics, the continuity of the deformation
structures, and the progressive variation in recrystallized
grain size from <200 pm in the westernmost mylonites to
1-15mm in the coarse-grained spinel tectonites close to
the melting front (Fig. 3) suggests continuous deformation
under decreasing stress conditions. Decrease in deviatoric
stress may result from deformation under increasing tem-
perature. A strong thermal gradient across the spinel peri-
dotite domain is corroborated by the partial melting of
garnet pyroxenites and their replacement by spinel pyroxe-
nites within 800 m from the front. It is also in agreement
with the temperature conditions inferred from the min-
eral assemblages in the coarse-grained peridotites of the
asthenospheric domain (1250°C, Lenoir e/ al., 2001) and
those estimated for the final stages of the deformation
in the garnet—spinel mylonites (850-950°C, Garrido et al.,
2006).

In addition, structural data at macroscopic and micro-
scopic scales point to syn- to late-tectonic reactive melt
transport in the spinel tectonite domain. Lithological con-
tacts at all scales, from the recrystallization front to the
centimetre-scale websterite bands, are parallel to the defor-
mation structures (foliation and lineation), but diffuse.
A close analysis of the centimetre-scale olivine websterite
bands that often mark the harzburgite-lherzolite contacts
allows us, in particular, to constrain the relations between

column) whereby three peridotite compositions obtained with the
igneous refertilization model (cells 1, 25, and 40: dashed lines) are fur-
ther percolated, either by (b) the same melt as used for the refertiliza-
tion model or (c) the weighted average composition of reacted melts
calculated with the refertilization model. The symbols allow compari-
son of the results (continuous lines) with the initial peridotite compo-
sitions. Olivine and opx melt/mineral Ky values are from Kelemen
et al. (1993); the cpx Ky values are from Hart & Dunn (1993). The
grey field shows the chondrite-normalized REE patterns of the
‘normal-type’ clinopyroxenes (Fig. 9).
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Fig. 13. Results of a ‘percolative fractional crystallization’ model calculated for REE with the ‘Plate Model’ of Vernieres ez al. (1997). The simula-
tion involves interstitial precipitation of pyroxene through four 40-reaction cells peridotite columns. The composition of the percolated perido-
tite (protolith) was fixed from the average REE composition of ‘normal-type’ cpx. The infiltrated melt has the composition of theoretical melt
in equilibrium with cpx from the coarse-granular peridotite 07RV1. The results are shown for cell 18 in the four columns, distinguished only
by their initial porosity values, ®, ranging from 0-2 to 0-05. They are labelled according to the porosity values (in %) observed in cell 18
after reaction. The mineral/melt Ky values are the same as for the igneous refertilization and porous flow models (Fig. 12). The upper and
lower grey arrays show the chondrite-normalized REE patterns of the ‘enriched-" and ‘normal-type’ clinopyroxenes, respectively (Fig 9).

Chondrite normalizing values after Sun & McDonough (1989).

deformation and melt percolation. As in Lherz, these thin
olivine websterite bands are interpreted as marking melt
segregation horizons (Le Roux et al., 2007, 2008; Bodinier
et al., 2008). They are parallel to the peridotite foliation,
but have highly convoluted limits at the millimetre scale
(Fig. 4). Pyroxenes in these bands show variable deforma-
tion degrees; deformed olivine and pyroxenes coexist with
undeformed pyroxenes and spinel. Similarly, in the lherzo-
lites and harzburgites, corroded opx systematically displays
clear intracrystalline deformation features, such as undu-
lose extinction and kink bands, but secondary cpx and spi-
nels, although forming aggregates aligned in the foliation,
often preserve clear interstitial shapes and show no inter-
nal deformation (Fig. 4). In the garnet—spinel mylonites,
opx and cpx do not show microstructural evidence of
melt-rock reactions or partial melting. They are elongated
parallel to the lineation, display undulose extinction and
kink bands, and have a clear CPO.

Analysis of olivine CPO in lherzolites and harzburgites
also supports the suggestion that deformation occurred in

the presence of melt. Harzbugites have a rather constant
olivine CPO intensity, whereas the olivine CPO in the
lherzolites has variable strength, being either stronger or
weaker than in the harzburgites (Fig. 7). Variations in the
CPO intensity may result from either a gradient in strain
or a change in the contribution of diffusion to deformation.
High instantaneous melt fractions favour diffusion-
accommodated deformation and lead to a decrease in
CPO intensity (Hirth & Kohlstedt, 19954, 19954;
Holtzman et al., 2003). In contrast, at very low melt frac-
tions, melt is essentially confined at triple junctions and
cannot act as an interconnected fast diffusion path. It may
nevertheless reduce the contact area between grains, lead-
ing to a local increase in stress (Hirth & Kohlstedt,
1995a). Higher stress may enhance dislocation creep and
CPO development. Therefore, the observed variation in
J-index in the lherzolites may result from deformation in
presence of different instantaneous melt fractions.
Together these observations support the idea that defor-
mation in the coarse-grained spinel tectonites took place
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in the presence of melt. In this context, one may specu-
late that the parallelism between lithological contacts,
websterite layers, and the foliation may result from defor-
mation-controlled melt transport related to an enhanced
permeability parallel to the foliation, as observed experi-
mentally in rock-analogue systems by Rosenberg &
Handy (2000) and Takei (2003). A strong feedback between
melt transport and deformation has indeed often been
suggested based on field observations and microstructural
studies for both crustal and mantle shear zones (e.g.
Tommasi et al., 1994; Kelemen & Dick, 1995; Brown &
Solar, 1998; Rosenberg, 2004; Le Roux et al., 2008). In addi-
tion, although an effect of the thermal gradient cannot be
excluded, stress-driven melt-segregation may also have
played a role in the formation of the websteritic layers
(Holtzman et al., 2003; Le Roux et al., 2008).

Constraints on the Ronda peridotite
tectono-metamorphic history

Structural and petrographic observations from the field to
the thin-section scale are consistent with deformation
under increasing temperature conditions and syn- to late-
tectonic reactive melt transport. The inferred thermal gra-
dient (Iig. 14) is in agreement with the contrast in P-7
conditions recorded by the coarse-grained peridotites at
the partial melting front (¢. 1250°C and 14 GPa, Lenoir
et al., 2001) and those estimated for the final stages of the
deformation in the garnet—spinel mylonites (850-950°C
and 19 GPa, Garrido et al., 2006). Based on these observa-
tions, we suggest that reactive melt transport in the spinel
tectonites is linked to the formation of the melting front.
This interpretation is corroborated by the analysis of the
REE and Ti compositions of the spinel tectonites, which
are well explained by refertilization models in which the
percolating melt has a composition in equilibrium with
the coarse-granular peridotites (Figs 10, 12 and 13).

The consistency of the deformation structures (foliation
and lineation) from the mylonites to the melting front
implies that the spinel tectonites and the mylonites have
recorded similar kinematics and thus shared the same
deformation, although under significantly different stress
conditions. Propagation of the melting front led to an
enhancement of the thermal gradient, melt percolation,
and local partial melting in the close vicinity above the
melting front. This situation may have resulted in a pro-
gressive transfer of the deformation from the mylonites
towards the hotter, melt-bearing domains just above the
melting front and, further, to the partially molten
domain. Absence of deformation in the last melt—rock reac-
tion products suggests nevertheless that deformation ceased
before cooling of the domain, leading to re-equilibration
of the microstructures in the coarse-granular peridotites
under static conditions (Vauchez & Garrido, 2001).

In summary, the Ronda massif records a continuous his-
tory of exhumation of a section of the lithospheric mantle.

The initial stages of this exhumation were accommodated
by the garnet—spinel mylonites that recorded the progres-
sive exhumation of the Ronda peridotites from ca. 100 km
to ca. 60 km depth (Garrido ez al., 2006). This was followed
by the propagation of an asthenospherization front
through partial melting of the lithospheric mantle, form-
ing the coarse-grained peridotites, in response to an
enhanced heat flow at the base of the lithosphere (Lenoir
et al., 2001). We propose that the thermo-mechanical evolu-
tion recorded in the spinel tectonite domain is the ‘missing
bridge’ between these two events. Continued exhumation
and lithospheric thinning in the presence of a strong tran-
sient thermal gradient maintained by the large-scale par-
tial melting in the asthenospheric domain may indeed
account for the decrease in equilibrium pressure from 19
GPa in the last stages of deformation in the mylonites to
14 GPa in the coarse-grained peridotites of the astheno-
spheric domain (Fig. 14).

Although the present-day orientation of the foliations
and lineations in the Ronda massif may have been modi-
fied by rigid-body rotations during the late stages of exhu-
mation, hindering the direct interpretation of these
structures in terms of mantle kinematics, analysis of the
CPO in these peridotites allows constraints to be made on
the deformation regime (Tommasi et al., 1999). In all stud-
ied spinel peridotites and mylonites, ol [100] and opx [001]
axes show a systematic dispersion within the foliation
plane with weak maxima at <10° to the lineation marked
by the olivine and pyroxene elongation (Fig. 6). This pat-
tern is typical of transpression, since an association of
simple shear and shortening normal to the shear plane is
necessary to produce both the dispersion of the glide direc-
tions in the flattening plane and the weak obliquity
between their maxima and the lineation (Tommasi et al.,
1999). Olivine and orthopyroxene CPO displaying the
same deformation regime are observed in mylonites in the
northern part of the massif (Precigout ez al., 2007) and in
a larger scale study that compared the olivine CPO in the
spinel tectonite and in the coarse-grained domain
(Vauchez & Garrido, 2001). This suggests that the present
observations do not record a local variation in strain
regime (i.e. at the scale of the studied zone) but the general
strain regime that affected the lithospheric mantle during
the exhumation of the Ronda peridotites.

CONCLUSIONS

Our observations show that the spinel tectonite domain in
the Ronda peridotite massif records deformation and syn-
to late-tectonic melt percolation in a narrow zone,
¢. 15km wide, at the base of the mantle lithosphere. Heat
transfer from a neighbouring large-scale partial melting
domain (or ‘asthenospherized’ mantle) results in an extre-
mely high thermal gradient in this domain, which controls
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both the deformation distribution and the melt migration
ahead of the partial melting front.

The observed co-variations of minor elements (Na, Ti,
Cr) in whole-rocks with cpx proportions indicate that
melt transport was accompanied by a near-solidus peritec-
tic refertilization reaction involving precipitation of pyrox-
enes and spinel from percolating melts, combined with
olivine dissolution. Field evidence, consistent with previous
work on Ronda mafic layers, suggests that i situ partial
melting of pre-existing aluminous pyroxenites probably
also contributed to the reactive melt fraction. REE pat-
terns in cpx reveal that a second-order melt process was
locally superimposed on the predominant refertilization
process: circulation and interstitial crystallization of small
residual melt fractions. This is consistent with the observa-
tion of undeformed interstitial pyroxenes and spinel.

Structural highlight the
between melt transport and deformation. The parallelism

observations Interactions
between deformation structures and diffuse lithological
contacts at all scales (from kilometre to millimetre) sug-
gests that deformation controlled magma transport. On
the other hand, the variation in olivine CPO intensities
implies that the presence of melt results in a higher contri-
bution of diffusion to deformation, leading to a slower
CPO evolution.

The consistency of the deformation structures (orienta-
tion of the foliation and lineation) from the mylonites to
the melting front implies that the spinel tectonites and the
mylonites have recorded similar kinematics and thus
shared the same deformation, although under significantly
different stress conditions. In addition, the olivine and
opx CPO in the mylonites and the spinel tectonites high-
lights that transpression played a fundamental role in the
exhumation of the Ronda peridotites. Finally, the present
study highlights that reactive melt transport in the litho-
spheric mantle ahead of the partial melting domain
played a fundamental role in the thinning of the Alboran
lithosphere, as it enhanced its fertility, facilitating the
propagation of the transient lithosphere—asthenosphere
boundary represented by the partial melting front.
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Chapitre 3

Effets des interactions fluides-roche sur
la déformation et les propriétés
sismiques du coin mantellique : exemple

de 1a subduction du Kamchatka

Ce chapitre présente une étude pétro-structurale sur 23 xénolites de péridotites a
spinelle extraites de la base de la lithosphére par le volcan Avacha qui est toujours en activité
au sud-est de la péninsule du Kamchatka. Les échantillons ont été récoltés dans des tufs datés
a ’Holocene, ce qui signifie que ces péridotites échantillonnent le manteau actuel au-dessus
d’une zone de subduction active.

La premiere partie intitulée “les interactions entre déformation et percolation réactive
de fluides dans le manteau supra-subduction” a fait I’objet d’un article publié¢ dans Journal of
Petrology (Soustelle et al., 2010). Ce travail traite des interactions entre déformation et
percolation réactive de magma ou de fluides dans le coin mantellique. Il est basé¢ sur des
observations microstructurales et des mesures d’OPR et de teneurs en eau des minéraux de
ces péridotites. Les xénolites étudiées sont des harzburgites a spinelle montrant une texture
porphyroclastique a gros grain. Les olivines ont des microstructures caractéristiques d’une
déformation par fluage dislocation avec une forte contribution des processus de diffusion. Ces
microstructures sont cohérentes avec une déformation sous de faibles contraintes
déviatoriques (< 13 MPa), ce qui est confirmé par différents paléopiézometres de ’olivine.
L’analyse des OPR montre que les systemes de glissement dominant de l’olivine et de
I’orthopyroxéne sont, respectivement {0kl}[100] et (100)[001]. De nombreux échantillons
montrent des bandes millimétriques enrichies en orthopyroxene orientées parallélement a la
foliation, ainsi que de gros cristaux d’orthopyroxéne allongés selon la linéation contenant de

petites olivines en inclusions sur leur bordure. Ceci indique la cristallisation d’orthopyroxenes
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aux dépens de I’olivine en réponse a la percolation d’un fluide ou d’un magma riche en silice
durant la déformation. On distingue deux groupes de xénolites: (1) les harzburgites enrichies
en orthopyroxéne montrant de faible mais homogene intensité d’OPR, et (2) les harzburgites
“normales” ou I'intensité des OPR de I’olivine est forte mais variable. L’ enrichissement en
orthopyroxéne meéne donc a une décroissance de la taille des cristaux d’olivines et de
I’intensité¢ de leur OPR, mais les systémes de glissement dominants des deux minéraux ne
sont pas affectés. De plus, la moiti¢ des échantillons contiennent des agrégats
d’orthopyroxene aciculaires communément associés a une “matrice” a grain trés fin qui est
composée de grains d’olivine arrondis ne montrant aucune structure de déformation
intracristalline, d’orthopyroxenes, de spinelles et d’amphibole. Cette “matrice” se localise de
facon diffuse aux joints de grains, forme des lentilles millimétriques de forme irréguliére ou
des petites veines organisées en réseau anastomosé recoupant les gros cristaux ainsi que leurs
structures de déformation. Ces orthopyroxeénes aciculaires et la “matrice” a grain fin sont
interprétés comme résultant du transport réactif de fluide riche en eau sous des conditions
statiques, probablement alors que les échantillons faisaient déja partie de la lithosphere. Les
analyses par spectroscopie infrarouge montrent que les olivines contiennent de 1 a 8 ppm en
poids d’H,O. Ces concentrations d’eau sont similaires a celles observées dans d’autre
xénolites de péridotites a spinelles de zones de subduction (e.g., Demouchy, 2004; Peslier &
Lubhr, 2006; Falus et al., 2008). Elles résultent probablement de la faible solubilit¢ d’H,O dans
I’olivine a basse pression (2- 0,5 GPa) et dans les conditions oxydantes du coin mantellique,
mais il n'est pas exclu qu'elles aient ét¢é un peu abaissées par déshydratation durant
I’exhumation des xénolites (Demouchy et al., 2006). Les orthopyroxénes ont des
concentrations en eau trés variables (25-506 ppm en poids d’H,O) qui pourraient refléter les
interactions spatialement hétérogénes avec les fluides ou les magmas, ainsi qu'un déséquilibre
compositionnel. Ces péridotites enregistrent des processus de percolation évoluant d’un flux
poreux diffus a de la fracturation suggérant une histoire en refroidissement. Cette observation
confirme la déformation sous des conditions de haute température enregistrée par les
échantillons alors, que les températures d’équilibre estimées a partir de la thermométrie sur
pyroxenes sont de l'ordre de 800-900°C. Ces xénolites ont donc été¢ déformées dans
I’asthénosphére puis ont été accrétées a la  lithosphére probablement suite a un
refroidissement du coin mantellique. Durant toute leur histoire, ces péridotites ont été
percolées par des fluides riches en silice ou des magmas enrichis en eau. Cette interaction

avec des fluides a favorisé¢ les processus de diffusion durant la déformation ductile.
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Cependant la direction de glissement dominante dans I’olivine n’évolue pas de [100] a [001]
contrairement aux études expérimentales.

La deuxieéme partie intitulée “Implication sur les propriétés sismiques du coin
mantellique” correspond a un article paru dans Geophysical Research Letters (Soustelle &
Tommasi, 2010), qui analyse ’'impact de la percolation réactionnelle durant la déformation
sur les propriétés sismiques des xénolites de péridotites de I’Avacha. La présence de fluide ou
de magma n’a pas affecté la direction de glissement dominante dans 1’olivine, car tous les
¢chantillons montrent une OPR de I’olivine de type axiale-[100]. Ceci implique que la
direction de polarisation des ondes S rapides, dans la partie supérieure du coin mantellique de
la subduction du Kamchatka, est parallele a la direction d’écoulement du manteau.
Cependant, la percolation réactive de fluide riche en silice a entrainé un enrichissement en
orthopyroxéne associé¢ a une décroissance de I’intensité des OPR de 1’olivine, ce qui a pour
conséquence une réduction non négligeable de 1’anisotropie. Si cette réduction n’est pas prise
en compte, elle pourrait induire une sous-estimation de la couche anisotrope d’au maximum
26%. L’enrichissement en orthopyroxene est aussi invoqué par certains auteurs (c.f., Wagner
et al., 2006) pour expliquer les faibles rapports Vp/Vs (< 1,7) observés localement dans le
coin mantellique des zones de subduction comme le Japon ou les Andes (Zhang et al., 2004;
Wagner et al., 2005). Nous avons donc calculé les variations de rapport Vp/Vs impliquée par
un enrichissement en orthopyroxéne similaire a celui observé dans nos échantillons. Les
résultats montrent que la réduction de rapport n’est pas assez importante pour expliquer des
rapports Vp/Vs inférieur a 1,7. Cependant, ce travail montre que part la prise en compte de
I’anisotropie des ces péridotites, en considérant la géométrie de la déformation et les
directions de propagation des ondes P et S dans le coin mantellique, il devient possible

d’obtenir des rapports Vp/Vs < 1,7.

3.1. Les interactions entre déformation et percolation réactive de fluides

dans le manteau en supra-subduction
Soustelle, V., Tommasi, A., Demouchy S., lonov, D. (2010). Deformation and fluid-
rock interactions in supra-subduction mantle: Microstructures and water contents in

peridotites xenoliths from the Avacha volcano, Kamchatka, Journal of Petrology, 51(1-2),
363-394.
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Soustelle, V., Tommasi, A. (2010). Seismic properties of the supra-subduction
mantle: Constraints from peridotite xenoliths from the Avacha volcano, southern Kamchatka,
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Deformation and Fluid—Rock Interaction in the
Supra-subduction Mantle: Microstructures and
Water Contents in Peridotite Xenoliths from
the Avacha Volcano, Kamchatka
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The mantle above a subducting slab is the site of complex interac-
tions between deformation, partial melting, flurd migration and
magma transport. To constrain these interactions and their effects on
olivine deformation, we analyze microstructures, crystal preferred ori-
entations, and water contents of peridotite xenoliths entrained by
andestles of the Avacha volcano, southern Kamchatka arc. These
xenoliths are refractory spinel harzburgites that have coarse-grained
microstructures with widely spaced subgrain boundaries and sinuous
grain boundaries in olivine, consistent with deformation by disloca-
lion creep under low deviatoric stress ( <I3 MPa) and with a signif-
tcant contribution from diffusional processes. Analysis of crystal
preferred orientations (CPO) indicates dominant activation of
high-temperature, low-stress {Okl}[100] slip systems in olivine and
of (100) [001] in orthopyroxene. In most samples, coarse opx crystals,
elongated parallel to the lineation, enclose small olivine grains in
crystallographic continuity with newghbouring crystals, indicating
crystallization of orthopyroxene at the expense of olivine as a result
of reactive percolation of Si-rich fluids coeval with the
high-temperature deformation. Secondary crystallization of intersti-
tual orthopyroxene led locally to development of opx-rich lenses par-
allel to the foliation, characterized by a decrease in olivine grain
size and dispersion of the olivine CPO without changing the domi-
nant slip systems. Half of the samples also show acicular
orthopyroxene aggregates with which is associated a fine-grained
matrix composed of rounded strain-free olivine, orthopyroxene,

*Corresponding  author.  Telephone:  +33-(0)467143941.  Fax:
+33-(0)467143603. E-mail: vsoustel @gm.univ-montp2.fr

spinel, and rare amphibole crystals. This matrix occurs pervasively
along grain boundaries or forms millimeter-scale irregular lenses
and anastomosing veinlels that crosscut the coarse crystals and their
ductile deformation structures. Both acicular orthopyroxene and the
Sine-grained matrix are interpreted as resulting from reactive trans-
port of HyO-rich fluids under static conditions, probably in the
lithospheric mantle. Infrared analyses show that olivine contains
1-8-6 ppm by weight of water. These low water contents are similar
to those observed in spinel peridotites from other subduction zones
and probably record both the low solubility of water in olivine at
low pressure and dehydration during exhumation of the xenoliths.
Water contents in orthopyroxene are highly variable (25-506 ppm
H50), probably recording spatially heterogeneous interaction with
Sluids or melts and compositional disequilibrium in the studied
samples. Change in the dominant percolation mechanism from
porous flow to fracturing suggests cooling, consistent with the low
temperatures estimated from pyroxene thermometry (< 800—
900°C). The Avacha xenoliths therefore record pervasive deforma-
tion of a region of the mantle under asthenospheric conditions,
Jollowed by its accretion to the base of the lithosphere, probably
as a resull of cooling of the mantle wedge. Percolation of Si-rich
Slurds or hydrous melts is recorded at all stages; this probably
enhanced diffusion and lowered deviatoric stresses during ductile
deformation, but did not change the dominant slip direction in

olivine from [100] to [001].

© The Author 2010. Published by Oxford University Press. All
rights reserved. For Permissions, please e-mail: journals.permissions@
oxfordjournals.org
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INTRODUCTION

The dynamics of subduction are the result of a complex
force balance in which the rheology of the mantle wedge
plays an essential role. The supra-subduction mantle is
also the site of a series of petrological processes, ranging
from dehydration of subducted material to partial melting
in the wedge. Because both the presence of small melt frac-
tions and the incorporation of water in olivine strongly
reduce the strength of upper mantle rocks (Blacic, 1972;
Mackwell et al., 1985; Karato et al., 1986; Hirth &
Kohlstedt, 1995; Mei & Kohlstedt, 2000a, 20005; Mei
et al., 2002; Zimmerman & Kohlstedt, 2004), the mantle
wedge rheology depends on interactions between these pet-
rological processes, migration of the resulting fluids and
melts, and deformation of the solid peridotite matrix.
Numerical models show that changes in mantle wedge
rheology as a result of the presence of melt or water may
enhance small-scale thermal convection in the wedge,
leading to the erosion of the overriding arc and back-arc
lithosphere (Honda et al., 2002; Arcay et al., 2006;
Cagnioncle et al., 2007; Currie et al., 2008), or induce the
development of partially molten diapirs in the mantle
wedge (Gerya & Yuen, 2003).

Experimental studies show that incorporation of water
in nominally anhydrous minerals (Hier-Majumder et al.,
2004; Demouchy et al., 2007; Costa & Chakraborty, 2008),
such as olivine, or the presence of interconnected small
melt fractions also enhance diffusion, favouring recovery
of dislocations (Karato et al., 1993), recrystallization
(Avé-Lallemant & Carter, 1970; Jung & Karato, 20016),
and grain growth (Karato, 1989). This is consistent with
recent studies of mantle xenoliths and peridotite massifs,
which suggest that melt percolation under both dynamic
and static conditions may significantly modify the micro-
structure of mantle rocks (e.g. Vauchez & Garrido, 2001
Tommasi et al., 2006, 2008; Le Roux et al., 2008; Soustelle
et al., 2009). Reactive melt transport may also change the
modal mineralogy (Le Roux et al., 2007) and produce Fe-
or pyroxene-enrichment, changing the density and reduc-
ing the seismic velocities of mantle rocks (Lee, 2003;
Tommasi et al., 2004). Finally, the presence of trace
amounts of water may also result in a change of the domi-
nant glide direction in olivine and consequently modify
the crystal preferred orientations (CPO) formed during
deformation by dislocation creep (Jung & Karato, 2001a),
with direct implications for the interpretation of upper
mantle seismic anisotropy in terms of flow geometry.

The actual fluids or melt content and distribution in the
mantle wedge above a subduction zone and their effect on
mantle wedge deformation are, nevertheless, still poorly
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constrained. Direct samples of the mantle wedge are
brought up to the surface by subduction-related calc-
alkaline volcanism; however, these samples are extremely
rare. Moreover, previous studies of subduction zone
mantle xenoliths have focused on geochemical and petrolo-
gical processes rather than on their deformation histories
(e.g. Arai & Kida, 2000; Grégoire et al., 2001; McInnes
et al., 2001; Arai el al., 2003; Ishimaru et al., 2007; lonov &
Seitz, 2008). Here we present a detailed microstructural
study, including an analysis of dislocation structures, as
well as measurements of crystal preferred orientations and
water concentrations in olivine and orthopyroxene from
23 spinel harzburgite xenoliths from the Avacha volcano
in the southeastern Kamchatka subduction zone. These
data are used to investigate the relationship between defor-
mation, fluid or melt percolation and hydration in the
supra-subduction mantle.

GEOLOGICAL SETTING

All the studied xenoliths were collected from Holocene
tuffs of the active Avacha (Avachinsky) volcano (53°15'N,
158°51'E; summit elevation 2741 m) located near the south-
eastern coast of the Kamchatka peninsula, 200 km NE of
the Kurile-Kamchatka trench (Fig. 1). The Kamchatka
peninsula is located in the northwestern corner of the
Pacific and has been the site of continuing subduction
since the Oligocene (Avdeiko et al., 2002). The peninsula is
the older
(Oligocene) Sredinny range in the west and two younger

composed of three volcanic fronts (Fig. 1)

volcanic fronts in the east, of which only the easternmost
is currently active (Tatsumi e/ al., 1994). The present tec-
tonic situation results from the collision of two volcanic
arcs 5—7 Myr ago as a result of the closure of the Vetlovka
basin, which separated two opposed subduction systems
that were active between the middle Eocene and the
Late Miocene (Konstantinovskaia, 2001). This collision
resulted in an eastward displacement of the active volcanic
Eastern Kamchatka
been active

front and the formation of the
volcanic front, which has
(Konstantinovskaia, 2001) in response to the fast subduc-
tion (~8 cm/year) of the old Pacific plate (~80 Myr old).
Avacha is one of the most active volcanoes in the central

since 5 Ma

part of the eastern volcanic front. The depths of the Moho
and of the upper surface of the subducting slab beneath it
are about 37 km and 120 km, respectively (Gorbatov et al.,
1997; Levin et al., 2002). Seismic tomography shows low
P-wave velocities in the mantle wedge beneath the eastern
arc, which is consistent with melt generation and the
locus of volcanic activity (Gorbatov et al., 1999; Manea
et al., 2005). Seismic anisotropy measurements using local
shear waves show trench-normal fast polarizations in the
fore-arc and arc domains in southeastern Kamchatka (i.e.
below the Avacha volcano) but trench-parallel polariza-
tions in the back-arc (Levin et al., 2004). This observation
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Fig. 1. (a) Simplified geological map of the Kamchatka peninsula
showing the two ancient volcanic ranges (contours from
Konstantinovskaia, 2001) and the active volcanic front (VF)
(Tatsumi et al., 1994); circles mark major active and extinct volcanos;
Avacha is indicated by a full circle. (1) Volcanic ranges, (2) active
and major extinct volcanoes, (3) active and former volcanic fronts.
(b) Contours of the Wadati-Benioff zone beneath southern
Kamchatka (Gorbatov et al., 1997; Ishimaru et al., 2007).

suggests that two-dimensional corner flow in the mantle
wedge does not extend inland beyond the volcanic arc
(Levin et al., 2004). Beyond this, the anisotropy is inter-
preted as recording asthenospheric flow around and
beneath the disrupted slab edge at the Aleutian junction
(Peyton et al., 2001).

The Avacha volcano formed in the late Pleistocene, and
the last eruptions occurred in 2001. Large Holocene erup-
tions have produced ash-falls and pyroclastic flows, with
compositions varying from low-K andesite to basaltic
andesite, dated using '"C from 7200 to 3700 years Bp
(Braitseva et al., 1998). The xenoliths studied here are angu-
lar blocks (10-40 cm in size) collected in volcanic ash on
the western slope of the volcano (Ionov, 2009).

MODAL COMPOSITIONS AND
GEOCHEMICAL DATA

All studied xenoliths are fresh peridotites with no second-
ary alteration. The majority (AVI to AV17) are homoge-
neous at the hand-specimen scale, but some samples
(AVI8 to AV23) are crosscut by millimeter-scale
pyroxene-rich veins or pockets. These peridotites have
been the subject of a detailed petrological and geochemical
study (Ionov, 2010), including petrographic descriptions
and major and trace element analyses of whole-rocks and
minerals. These data are summarized below. The composi-
tions of the pyroxene-rich veins have been discussed in
Bénard & Ionov (2009).

The Avacha peridotites are spinel harzburgites com-
posed of 67-79% olivine (ol), 18-30% orthopyroxene
(opx), <1% spinel (sp), 1-3% clinopyroxene (cpx), and
<1% amphibole (amph); the mass proportions of minerals
were calculated from whole-rock and mineral major oxide
compositions. Cpx and amphibole are always interstitial.
Coarse-grained orthopyroxenes show widespread unmix-
ing and core-rim zoning in Ca and Al indicating
cooling from sub-magmatic temperatures to 900—1000°C.
Late-stage acicular or fine-grained interstitial orthopyrox-
ene exhibits a broad range in Ca contents, possibly as a
result of cooling to <800-900°C followed by heating
shortly before the eruption. The Avacha peridotites are
highly refractory, with >44% MgO and very low Al,O3
and GaO (0-4-0-9%), TiOy (<0-01%), Nay,O (<0-03%),
K,O and P,O5 (below detection) contents in whole-rocks,
hich Mg-number [Mg/(Mg 4+ Fe),] in olivine
(0-907-0-918), high Cr-number [Cr/(Cr + Al),,] in spinel
(0-53-0-65), and very low AlyO3 (<2:1%) in orthopyroxene
and NayO (011-0-3%) in clinopyroxene. These composi-
tions are consistent with up to 30-40% of melt extraction
at <1-2 GPa, leaving no clinopyroxene in the peridotitic
residue.

Compared with refractory peridotite xenoliths in conti-
nental basalts, the Avacha harzburgites tend to have
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higher orthopyroxene (and SiO,) and lower clinopyroxene
contents. These features may indicate either fluid fluxing
during melting in the mantle wedge or post-melting
enrichment in SiOy as a result of reactive percolation by
Si-rich fluids leading to crystallization of orthopyroxene
at the expense of olivine. This silica enrichment is
restricted to peridotites with abundant coarse orthopyrox-
enes and is not related to late-stage processes.

Abundances of rare earth elements (REE) in the Avacha
peridotites are very low (>10 times lower than in primitive
mantle). All the studied xenoliths show depletion in the
light and middle relative to the heavy REE, suggesting
that partial melting was not followed by subsequent meta-
somatism by basaltic magma or low melting degree
products.

MICROSTRUCTURAL

OBSERVATIONS

Most of the studied xenoliths have coarse-grained porphyr-
oclastic microstructures characterized by olivine and
orthopyroxene crystals up to 5mm wide (Fig. 2). These
coarse porphyroclastic samples display a well-developed
lineation marked by spinel trails and by the elongation of
coarse olivine crystals that show aspect ratios ranging
from 1:4 to 1:2 (Fig. 2a and b). Some coarse porphyroclastic
show aligned discontinuous opx-rich
lenses, up to 1em thick, which are characterized by finer
olivine grain sizes (<0->mm on average, Fig 2a). Both

xenoliths also

coarse- and fine-grained olivine crystals have curvilinear
grain boundaries that locally evolve into more polygonal
shapes, forming 120° triple junctions (Fig. 2b and c).
They usually display undulose extinction and widely
spaced subgrain boundaries. In the coarse grains, the
latter tend to be normal to the crystal elongation (Fig. 2b).
An exception is sample AV3, where subgrain boundaries
are parallel to the elongation of the olivine crystals. Both
the orientation of the subgrains and the crystal elongation
in this sample are, however, normal to the lineation
marked by the spinel trails, suggesting that the elongation
of the olivine crystals in this sample is a ‘false’ lineation
formed by rotation recrystallization along (100) subgrain
Although this has
previously been described in both peridotites and quart-
zites (Bouchez et al., 1984; Tommasi et al., 2001). Finally,
neighbouring olivine crystals intercalated with ortho-
pyroxene in opx-rich lenses often show similar crystallo-

boundaries. rare, phenomenon

graphic orientations and intracrystalline deformation
features suggesting that they were originally part of a
single coarse olivine crystal that was partially replaced by
orthopyroxene (Figs 2e and 3). Inclusion trails crosscutting
several olivine crystals are common. They may represent
healed fractures.
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The coarse porphyroclastic peridotites display two types
of orthopyroxene.‘Coarse’ orthopyroxene occurs as isolated
grains or in aggregates (Fig. 2a). Grain sizes vary from
02 to 5mm, but millimeter-sized grains dominate. The
coarser opx crystals (>lmm wide) often have a turbid
aspect as a result of the presence of a large amount of
minute fluid inclusions (Fig. 4a). Exsolution lamellae of
clinopyroxene and spinel, undulose extinction, and kink
bands are common in the central parts of these large
orthopyroxene crystals (Fig. 4a and c). Both isolated
grains and aggregates have irregular shapes indenting
and sometimes enclosing olivine crystals (Fig. 4a and c).
Within an aggregate, orthopyroxene grain boundaries are
straight and tend to form 120° triple junctions. Olivine
relicts within large orthopyroxene crystals often show the
same extinction angle as neighbouring coarse olivine crys-
tals, suggesting that they were derived from a single
coarse olivine crystal that was progressively replaced by
orthopyroxene (Fig. 4a). Smaller isolated orthopyroxene
crystals, <0-5mm wide, (referred to as ‘interstitial’ ortho-
pyroxenes in the following discussion) are locally observed
in olivine triple junctions and along two-crystal bound-
aries (Fig. 4b). These smaller orthopyroxene crystals usu-
ally do not show intracrystalline deformation features.

The second type of orthopyroxene (referred to as
‘acicular’ orthopyroxene subsequently) is characterized by
aggregates of fine-grained prismatic to acicular grains,
<50 pm in width and <100 pm long, with a similar crystal-
lographic orientation; these are probably inherited from
precursor coarse orthopyroxene (Fig. 4d). Acicular ortho-
pyroxene aggregates are 1-5 mm wide and often surround
coarse orthopyroxenes and olivine crystals with ‘corroded’
shapes (Fig. 4c). These acicular orthopyroxene aggregates
are probably equivalent to the ‘recrystallized orthopyrox-
enes’ described by Arai et al. (2003) from a different suite
of Avacha peridotite xenoliths. Acicular orthopyroxenes
are usually associated with a fine-grained ol-opx—spinel
matrix made up of equant olivine and orthopyroxene crys-
tals <50 pm in size (Figs 2f, h and 4c—e) with minor
amounts of interstitial clinopyroxene, amphibole, oxides
(Ionov & Seitz, 2008), and glass. This matrix occurs in all
samples, but in variable proportions. In most samples, it
occurs as thin films along olivine and orthopyroxene
grain boundaries (Fig. 2¢ and g). However, it may also
locally form large (>l mm) irregularly shaped pockets
(Fig. 2d, f and h). Larger matrix volumes are usually
observed along the opx-rich lenses parallel to the foliation
or around acicular orthopyroxenes. The fine-grained
matrix also fills thin anastomosing veinlets (50—500 pm
wide) that crosscut coarse olivine crystals and their inter-
nal deformation features (subgrain boundaries) without
any evidence of displacement (Fig. 4d). These veinlets
often enclose small (<300 um) strain-free polygonal olivine
grains with strong misorientations relative to the coarse
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Fig. 2. Photomicrographs in plane-polarized light (a) and cross-polarized light (b—g) illustrating the typical microstructures in the Avacha
peridotite xenoliths. (a) Coarse-grained peridotite AVI2 showing a lineation (L) marked by the alignment of spinel (white arrows) and ortho-
pyroxene (opx) aggregates (black arrow). (b) Same sample in cross-polarized light showing elongation of coarse olivine crystals parallel to the
lineation and olivine grain refinement within opx-rich bands. (c¢) Subgrain boundaries (white arrow) and 120° triple junctions (black arrow)
in olivine in sample AVI2. (d) Fine-grained ol-opx—oxides & amph & cpx & glass matrix along grain boundaries and in a millimeter-scale
band in sample AV. (e) Detail of an opx-rich band in coarse porphyroclastic peridotite AV15 showing pervasive distribution of the fine-grained
matrix along grain boundaries; white arrows highlight subgrain boundaries and polygonal grain boundaries in olivine. (f) Strain-free polygonal
olivine and thick pocket of ol-opx—oxides & amph & cpx % glass matrix in equigranular peridotite AV16. (g) Detail of (e) showing interstitial
orthopyroxene and thin films of the fine-grained matrix along grain boundaries. (h) Fe distribution map in the fine-grained matrix of sample
AV5; scale bar represents Imm. Olivine (light gray) is abundant in the matrix; it forms subhedral grains that appear to be in textural
equilibrium with orthopyroxene (medium gray), cpx (dark gray), and amphibole (darkest gray).
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Fig. 3. Microstructure and crystallographic relations in opx-rich lenses. (a) Sketch of an opx-rich lens in sample AV12; black rectangles mark
the location of cross-polarized light photomicrographs (b) and (c), which show the interstitial shapes of orthopyroxene (opx). In (c) a late
vein-like structure filled by the fine-grained matrix is also observed. (d) Equal-area lower-hemisphere stereographic projections of the orienta-
tion of the [100], [010] and [001] axes of olivine crystals 1-11 in the thin-section reference frame (EBSD measurements) highlighting the crystal-
lographic continuity between neighbouring olivine crystals separated by interstitial orthopyroxene.

host crystals (Fig. 4e). When the veinlets crosscut an ortho-
pyroxene, they tend to lose their vein-like structure, form-
ing diffuse reaction
crystallization of acicular orthopyroxene (Fig. 4d).

A single sample (AV16) has a fine-grained equigranular
microstructure (Fig. 2f). The olivine crystals have polygo-
nal shapes and are on average <0-5mm wide. They are
entirely free of intra-crystalline deformation features and
often show 120° triple junctions (Fig. 2f) that may contain

zones characterized by the

an isotropic phase that probably corresponds to glass. All
the orthopyroxenes are acicular. This sample is particu-
larly
matrix, which occurs as large millimeter-scale irregular
pockets (Fig. 2f).

Lastly, the coarse-grained porphyroclastic peridotites
AV20 and AV2l are crosscut by linear millimeter-scale
orthopyroxenite veins. These veins have a magmatic tex-
ture, characterized by equigranular strain-free orthopyrox-
enes (100-500 um) with irregular shapes.

rich in the ol-opx—oxides=®amph =+ cpx +glass

CRYSTAL PREFERRED
ORIENTATIONS
Analytical procedure

Olivine  and  orthopyroxene  crystal  preferred

orientations (CPO) were determined by indexation of

electron-backscattered diffraction patterns (EBSD) at the
SEM-EBSD facility at Geosciences Montpellier. The
EBSD patterns were generated by interaction of a vertical
incident electron beam with a carefully polished thin sec-
tion tilted at 70° in a scanning electron microscope
(JEOL JSM 5600). The diffraction pattern was projected
onto a phosphor screen and recorded by a digital CCD
camera. The image was then processed and indexed in
terms of crystal orientation using the CHANNELD soft-
ware from Oxford Instruments HKL.

For each sample, we obtained crystallographic orienta-
tion maps covering almost entirely the thin section (usu-
ally 35 mm long and 20 mm wide) with sampling steps of
100, 75, or 50 um, depending on the grain size (Iig. 5).
Indexation rates in the raw maps range from 50 to 80%.
In general, indexation rates are lower for orthopyroxene
than for olivine. Acicular orthopyroxenes, because of the
fine grain size of the crystals composing the aggregates
and poor polishing, were particularly poorly indexed.
Very low indexation rates (<20%) were also obtained
for the fine-grained ol-opx—oxides =+ amph +cpx % glass
matrix.

Post-acquisition  data allowed us to
increase further the indexation rate by (1) filling the
non-indexed pixels that have up to eight identical neigh-
bours with this orientation, (2) repeating this operation

treatment

368

63



SOUSTELLE et al. SUPRA-SUBDUCTION ZONE MANTLE PROCESSES

1 mm } 1 mm

ol

ol
opx

ol

(a) (b)

1 mm (c) 0.5 mm (d)

1 mm 1 mm

(e) (f)

Fig. 4. Photomicrographs in cross-polarized light of typical orthopyroxene morphologies and microstructures. (a) Coarse orthopyroxene (opx)
elongated parallel to the lineation with well-developed kink bands (black arrow) that fills corrosion embayments in neighbouring olivine (ol)
crystals and encloses olivine relicts (long white arrow); deformation-free orthopyroxene overgrowth is marked by a short white arrow.
(b) Interstitial orthopyroxene in an olivine triple junction. (c¢) Detail of an opx-rich band, showing corroded olivine crystals surrounded by
orthopyroxene with well-developed kink bands subparallel to subgrains in neighbouring olivine as well as crystallization of the fine-grained
ol-opx—oxides & amph £ cpx = glass matrix in films along grain boundaries and in intergranular pockets (white arrows). (d) Acicular orthopyr-
oxene (ac opx) surrounded by polygonal olivine crystals in equigranular peridotite AV16. (¢) Anastomosing veinlets filled with the fine-grained
ol-opx—oxides &= amph =% cpx & glass matrix in continuity with an acicular orthopyroxene in coarse porphyroclastic peridotite AV20. (f) Small

polygonal strain-free olivine grains within anastomosing veinlets crosscuting intracrystalline deformation features in coarse olivine crystals in
sample AV1.
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Fig. 5. Crystallographic orientation map and equal-area lower hemisphere stereographic projections in the thin-section reference frame of
[100], [010], and [001] axes of olivine and orthopyroxene. Data are from samples AV7 and AVI2. Greyscale in the maps indicates the angle
between the orientation of the [100] olivine axis or the [001] orthopyroxene axis and the lineation indicated by the elongation of coarse olivine

crystals.

using respectively seven, six, and five identical neighbours,
(3) identifying the grains (i.e. continuous domains charac-
terized by an internal misorientation <15°), and (4) within
each olivine crystal, searching and correcting for system-
atic indexation errors caused by the olivine hexagonal

pseudo-symmetry, which results in similar diffraction pat-
terns for orientations differing by a rotation of 60° around
[100]. At each step, the resulting orientation maps were
verified by the operator to avoid over-extrapolation of
the data.
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Because the foliation and lineation could not be deter-
mined macroscopically in most samples, most thin-sections
were cut in random orientations, rather than parallel to
the lineation and normal to the foliation. To allow a
straightforward comparison between the CPO of the dif-
ferent samples, all the CPO measurements were rotated to
have the maximum concentrations of olivine [100] and
[010] axes parallel to the east—west and north—south direc-
tions, respectively. When the lineation is clearly marked
by the elongation of olivine or alignment of spinels, the
latter is indicated in the pole figures (Fig. 6). Well-
developed foliations are never observed in the studied
Avacha peridotites, but when opx-rich bands are present,
their average orientation is also plotted. To avoid
over-representation of large crystals, CPO are plotted as
one measurement per grain (average orientation of the
crystal).

Results
The studied peridotites show strong olivine CGPO (Figs 5
and 6). An exception is the fine-grained peridotite AVI6,
which has an almost random olivine CPO. Olivine CPO
shows well-developed axial [100] patterns characterized
by a strong point concentration of [100] axes. When
observed, the mineral lineation is always sub-parallel
to the maximum concentration of the olivine [100]
axes (Fig. 6). [010] and [00l] axes show girdle distribu-
tions normal to the [100] maximum, with two weak
maxima roughly normal to each other. The [010] maxi-
mum is usually stronger than the [001] one, but this rela-
tion 1is reversed in samples AV10, AV1l, AVI8 and AV23
(Fig. 6).

The CPO strength or intensity can be defined by two
dimensionless indices, as follows.

(1) TheJ index, which is the volume-averaged integral of
the squared orientation densities (Bunge, 1982). It has
a value of unity for a random CPO and tends to infin-
ity for a single crystal, but most natural peridotites
show J-index values between two and 20, with a peak
around eight (Ben Ismail & Mainprice, 1998;
Tommasi et al., 2000). The J index of all samples was
calculated for both the full orientation dataset from
the EBSD maps and the mean orientation for each
grain using the Super]7x program by D. Mainprice
with a 10 degree Gaussian half-width, data at 1
degree bins, and truncation of the orientation distri-
bution function (ODF) at degree 22.

(2) The M index (misorientation index), which corre-
sponds to the difference between the observed distri-
bution of uncorrelated misorientation angles and that
predicted for a random fabric (Skemer et al., 2005). It
has a value of zero for a random CPO and unity for
a single crystal.
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J and M indices show a good linear correlation
(R*=0-88, Fig. 7), indicating that both indices correctly
represent the CPO strength of the studied samples.
Because most published CPO data for natural peridotites
and experimental aggregates have their strength expressed
as ] indices, we chose to use this index in the following dis-
cussion as it is widely used not only in geology, but also in
material sciences.

In the studied peridotites, the J index ranges between 95
and 2. This variation in J index is correlated with the
olivine grain size distribution (Fig. 8a). The lowest J index
is observed in the fine-grained equigranular peridotite
AVI16. In the coarse porphyroclastic samples, two beha-
viours can be discriminated: samples with >10% vol. of
fine-grained olivine (<0-5>mm) show weak olivine CPO
(J<5), whereas the remaining samples have J indices
between 5 and 10. These two groups may also be
distinguished on the basis of their modal composition:
weak olivine CPOs are associated with an enrichment in
orthopyroxene (Fig. 8b). Within a group, no clear correla-
tion between J index and fine-grained olivine or orthopyr-
oxene contents can be established. Analysis of the J indices
calculated for different grain size populations in a sample
(Fig. 9) shows, however, that fine (<0-5mm) and
intermediate-size grains (0-5-1mm) have lower ] indices
(i.e. more dispersed orientations) than coarse olivine crys-
tals in a sample. The fine-grained population has therefore
a strong influence on the estimation of the sample J index
if the latter is calculated using one measurement per
grain, as fine grains are more numerous on a given ana-
lysed surface. Comparison of J indices calculated using
one measurement per grain and using the full orientation
dataset from the EBSD map that take into account the
surface of the crystals shows that the former method under-
estimates the intensity of the GPO (Fig. 10). This observation
highlights the problem of estimating the CPO intensity in
samples exhibiting strong grain-size heterogeneity. The use
of one average orientation per grain overestimates the con-
tribution of the fine grains, whereas by using the EBSD
map data a higher weight is given to coarse grains. The
choice depends on the type of study performed. Use of one
measurement per grain allows relation of the CPO to the
microstructure, as in the present study, whereas
surface-weighted CPO should be preferred when calculat-
ing CPO-induced anisotropy of physical properties.

The symmetry of the olivine CPO may be defined by the
relative proportion of point, girdle and random compo-
nents for each axis distribution (Fig. 11). This diagram is
constructed using the eigenvectors of the orientation
matrix for each crystallographic axis (Vollmer, 1990). The
weak CPO of the equigranular peridotite AVI16 is
expressed by a dominant random component in all three
axes distribution. In contrast, coarse-grained porphyro-
clastic peridotites show a variation in the [100] and [010]
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Fig. 6. Olivine and orthopyroxene crystal preferred orientations. Lower hemisphere, equal-area stereographic projections, contours at one mul-
tiple of uniform distribution. All data were rotated to have the olivine [100] maximum in the east-west horizontal direction and the [010] max-
imum close to the north—south horizontal direction. N, number of measured grains. Orthopyroxenes were not contoured when fewer than 100
grains were measured. Lineation, when observed, is marked by a star. Compositional banding, when observed, is indicated by a continuous
line; when parallel to the projection plane, it is marked by a black arrow showing the circle of the pole figure.
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Fig. 6. Continued.

distributions symmetry with increasing proportion of

fine-grained olivine crystals (Fig. 11). This evolution is cor-
related with a decrease in the J index. The [100] distribu-
tion evolves from point symmetry towards a weak girdle

(points plot at the transition between the random and the
girdle fields). The [010] distribution evolves from girdle
symmetry to random. Except for AV2, which has a stron-
ger concentration of [001] than of [010], all samples show a
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higher dispersion of [001], characterized by a dominant
random component. Together, these observations show
that the olivine CPO evolves from a strong axial [100] pat-
tern to a weak orthorhombic pattern with increase in the
volume of fine grains.

In most studied peridotites, orthopyroxene CPO is more
dispersed than the olivine CPO (Fig. 6). The multiple
maxima observed in some pole figures result from the
poor indexation of orthopyroxene during the automatic
mapping. Because of bad polishing or reaction rims,
many large orthopyroxene crystals were incompletely
indexed and were recorded in the maps as multiple isolated

10

1 L L L L L L L

0 0.05 0.1 0.15 02 025 03 035
M-index

0.4

Fig. 7. Strength of olivine crystal preferred orientation in the studied
samples characterized by the J and the M indices (see text for defini-
tions). The high correlation coeflicient (R indicates that these two
measures of the CPO strength are consistent.

(a)

(b)
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patches with a similar orientation. This leads to an over-
representation of the weight of this orientation and hence
to a maximum in the pole figure when the latter is plotted
as one measurement per grain. The same problem occurs
with the acicular orthopyroxene aggregates, which form
large areas with similar orientations that are very poorly
indexed because of their fine-grained nature. The real
orthopyroxene CPO patterns are thus partially obscured
by these indexation problems, but the major features
remain visible. The [001] distribution is usually character-
ized by a single or double maximum with, in some samples,
a tendency to form a weak girdle normal to [100]. Ten sam-
ples have a maximum concentration of the orthopyroxene
[001] axes close to the olivine [100] axes maximum (AV3,
AV4, AV6, AV7, AVY9, AVI], AVI2, AVI3, AVI8, AV23),
(Fig. 6).
Another 10 xenoliths have the orthopyroxene [001] maxi-
mum that differs by more than 45° from the olivine [100]
one (AV2, AV5, AVIL, AVI5, AVI6, AVI9, AV20, AV2l,
AV25, AV27). A few samples (AV8, AVI0, AV14) exhibit a
double maxima of orthopyroxene [001] axes with one
direction at 30—40° to the olivine [100] maximum and the
other almost normal to it. Orthopyroxene [100] axes are
usually more dispersed than [001] one and their orienta-
tion varies greatly from sample to sample. In samples
AV3, AV14 and AVI5 the maximum concentration of
orthopyroxene [100] axes is close to the olivine [001] axes
maximum, whereas in AV4, AV7, AV9, AVI2, AV13, AV18,
AV2] and AV23 it is close to the maximum concentration
of the olivine [010] axes. Orthopyroxene [010] axes are

but with a systematic angular shift (<30°)

generally more dispersed than [001] and [I100], except in
samples AV9 and AVI14. where the orthopyroxene [010]
maximum is at a low angle to the olivine [010] maximum.
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Fig. 8. ] index for olivine calculated using one orientation datum per grain versus (a) the proportion (vol. %) of fine-grained olivine
(6 <0-5mm) and (b) the modal proportion of olivine and orthopyroxene in each sample.
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Deformation mechanisms and dominant
slip systems in olivine and orthopyroxene
The well-developed olivine and orthopyroxene CPO imply
that the coarse-grained Kamchatka peridotites deformed
mainly by dislocation creep. Under pressure and tempera-
ture conditions appropriate to the upper mantle, the dom-
inant slip system in orthopyroxene is (100)[001] (Doukhan
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Fig. 9. ] index for various olivine grain size populations vs J index of
the whole-rock. Stars, coarse grains (¢ >1mm); open circles, interme-
diate grains (o between 1 and 0-5mm); black circles, fine grains
(0 <0-5mm).

J (1 measurement/grain)

—_

J (map)

Fig. 10. Comparison of the olivine ] index calculated using the raw
crystallographic data from the EBSD maps with that for one orienta-
tion datum per grain.
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et al., 1986). Olivine deforms essentially by slip on the
{0£{}[100] and {#£0}[001] systems; the relative strength of
these systems depends on the temperature, pressure, devia-
toric stress, and water fugacity conditions that prevail
during deformation (Durham et al., 1977, Mackwell et al.,
1985; Bai et al., 199]; Jung & Karato, 200l¢; Couvy et al.,
2004; Jung et al., 2006; Raterron et al., 2007).

The correlation between shape and crystal preferred ori-
entation is a reliable tool to constrain the dominant slip
systems in olivine and orthopyroxene, as these minerals
display few slip systems with highly variable strengths.
This results in alignment of the dominant slip direction
with the shear (or maximum stretching) direction and of
the normal to the slip plane with the normal to the shear
plane (or foliation) in simple shear (or pure shear) defor-
mation (Zhang & Karato, 1995; Tommasi et al., 1999;

G

Fig. 11. Olivine CPO symmetry expressed as the proportion of point
(P), girdle (G) and random (R) components calculated from the
eigenvalues (A;, Ay, As) of the normalized orientation matrix for the
three principal crystallographic axes: [100], [010] and [0Ol].
P=x—X, G=2(k — A3), R=3As
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Bystricky et al., 2000). In xenoliths, however, the foliation
and the lineation cannot always be easily identified and
other observations are needed to constrain the dominant
slip system. In this case, information on the active slip sys-
tems may be derived from the analysis of the following
factors.

(I) The relative concentrations of the three main crystal-
lographic axes in agreement with polycrystal plastic-
ity modelling of CPO evolution that shows that the
slip direction and the normal to the plane of the dom-
inant slip system tend to orient faster than the remain-
ing crystallographic axes (e.g. Tommasi et al., 2000).

(2) The relations between the olivine and orthopyroxene
CPO.

(8) The rotation axes accommodating low-angle (<15°)
misorientations within a crystal, because variations
in crystallographic orientation within a grain or
across a low-angle grain boundary (subgrain bound-
ary), as well as the orientation of subgrain boundaries,
are directly related to the dislocations forming the
boundary (Frank & Read, 1950; Amelinckx &
Dekeyser, 1959). Misorientation axes data should nev-
ertheless be used with caution, as the dislocations
stacked in the subgrain boundaries may not be repre-
sentative of the most mobile and, hence, most active
slip systems.

In all coarse-porphyroclastic xenoliths, olivine displays a
well-developed axial [100] pattern (Fig. 6) characterized
by a strong point concentration of [100] axes subparallel
to the lineation, when the latter can be observed, and sys-
tematically normal to the average orientation of the sub-
grain boundaries. This that [100] is the
dominant slip direction for olivine. This interpretation is

indicates

corroborated by the predominance of (100) subgrain
boundaries in the crystallographic orientation maps
(Fig. 5).

Dominant [001] slip in orthopyroxene is in agreement
with the observations that in most coarse-grained perido-
tites, orthopyroxene [00l] axes are more concentrated
than [100] or [010] and that in half of the studied xenoliths
the orthopyroxene [00]] maximum is at a low angle to
both the lineation and the olivine [100] axes (Fig. 6). The
poor orientation of orthopyroxene [100] and [010] axes hin-
ders a clear determination of the slip plane, but there is a
predominance of [010] rotation axes for low-angle misor-
ientations (5-15°) in orthopyroxene crystals that is consis-
tent with subgrain boundaries formed essentially by
(100)[001] edge dislocations (Fig. 12).

Obliquity between the olivine and the orthopyroxene
CPO is common in naturally deformed peridotites
(e.g. Tommasi et al., 2004, 2006; Le Roux et al., 2008). It is
usually interpreted as resulting from lower finite strains
in stronger orthopyroxene crystals (Mackwell, 1991)

NUMBERS 1 & 2 JANUARY & FEBRUARY 2010

at a given macroscopic strain. Many Avacha peridotites,
however, display an obliquity between the olivine and
orthopyroxene CPO that is too strong (>20°) to result
from variations in finite strain between the two minerals.
We propose that this obliquity results from late to
post-kinematic crystallization of part of the orthopyrox-
enes. This process may also explain the higher dispersion
of the orthopyroxene CPO relative to the olivine CPO.
The girdle distribution of olivine [010] and [001] axes
suggests activation of multiple {04/} slip planes. The folia-
tion is poorly developed in the studied peridotites. To deter-
mine the dominant slip plane, we therefore analyzed: (1)
the relative concentrations of olivine [010] and [00]] axes,

represented by the ratio between the maximum
Orthopyroxene misorientations
2-5° 2-10°
[001] 010] [001] [010]
" .. . ] N0

AV7

[100]

Avi2 F -

AV13

AV27

[100]

[100]

Fig. 12. Rotation axes accommodating misorientations <10° within
orthopyroxene crystals in an EBSD map. Inverse pole figures in the
crystal reference frame. N, number of measurements. Predominance
of [010] rotation axes is consistent with dominant activation of the
[001] (100) slip system.
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concentration of these two axes; (2) the rotation axes
(in the crystal frame) accommodating low-angle
misorientations (<10°) within olivine crystals; (3) the
relative orientations of orthopyroxene [100] and olivine
[010] and [001] axes for the nine samples where
the slip directions of orthopyroxene and olivine were
subparallel.

Analysis of Figure 13 highlights that these three indepen-
dent criteria do not always provide consistent information.
Most samples show a stronger concentration of [010],
suggesting dominant slip on the (010) plane. However,
[010] and [001] have similar concentrations in samples
AV2, AV9, AV25, and AV27, suggesting equal activation
of the two planes. Finally, in samples AV10, AV1l, and
AVI8 the stronger concentration of [001] implies dominant
glide on (001). On the other hand, comparison between oli-
vine and orthopyroxene CPO highlights that sample
AV18, similarly to AV7, AV12, AV13, and AV23, has the oli-
vine [010] maximum subparallel to the orthopyroxene
[100] maximum, implying dominant glide on the (010)
plane. In contrast, in samples AV3, AVI19, AV25, and
AV27, the comparison between olivine and orthopyroxene
CPO favours dominant glide on the (001) plane.

Analysis of lattice rotations across all low-angle bound-
aries in olivine within a map (Fig. 13) highlights that the
rotation axes are mainly normal to [100], with two
maxima parallel to [001] and [010]. Predominance of rota-
tion axes close to [010] indicates a higher density of
[100](001) edge dislocations in the subgrain boundaries,
even in those samples where the analysis of the two other
criteria clearly indicates dominant slip on [100](010).

We also compared the olivine and orthopyroxene CPO
with the orientation of the opx-rich lenses when the latter
were present (Fig. 5). The opx-rich lenses always contain
the olivine [100] and the orthopyroxene [00l] maximum
concentrations. They are normal to the olivine [010]
maximum concentration in sample AV7 and to the [00]]
maximum in AV12, suggesting dominant slip of [100] dislo-
cations on the (010) plane in the former and on the (00l)
plane in the latter. However, both samples show girdle dis-
tributions of [010] and [001], suggesting that multiple {04/}
planes were activated. In conclusion, all the observations
converge towards activation of multiple [100]{0k/} slip
systems in olivine, with predominance of (010) or (00I)
planes depending on the sample.

DISLOCATION STRUCTURES

Sample preparation and analytical
procedures

1o observe the dislocation structures, sections of three
coarse porphyroclastic peridotites and of the equigranular
peridotite were decorated using the method described by
Kohlstedt et al. (1976b). This method consists in annealing

SUPRA-SUBDUCTION ZONE MANTLE PROCESSES

a polished sample slab for 30 min in air at 900°C (oxi-
dizing conditions). A standard 30 um thin section is pre-
pared with the previously polished face in contact with
the glass slide. Observations were made using both an opti-
cal microscope in natural light and a scanning electron
microscope (SEM). Electron backscattered images were
obtained using a FEI Quanta 200 SEM at the acceleration
voltage of 15kV and currents up to 2 pA in a low-vacuum
chamber. Under these conditions, the interaction thickness
is ¢. 450 nm. Slabs of the porphyroclastic peridotites were
cut based on their CPO in order to have, for the majority
of the crystals composing the rock, two of the main olivine
crystallographic axes: [100] and [010] or [100] and [00]] in
the plane of the section. The orientation of the analyzed
crystals was checked by EBSD.

Observations

Coarse olivine crystals in the porphyroclastic peridotites
display low dislocation densities ranging from 0-5 x 10" to
4x10"m™? (Table 1). This allows easy observation of the
dislocation structures both in transmitted light (Fig. 14)
and by electron back-scattered imaging (Fig. 15). Some
rare crystals yield much higher dislocation densities that
cannot be characterized by optical observation. A large
variety of dislocation structures is observed. In crystals
cut parallel to (010), the most pre-eminent features are
straight dislocation walls normal to [100] that crosscut the
whole crystal (black arrows in Fig. 14a, b and e). They rep-
resent subgrain boundaries that are spaced at 10-55 pm.
Free dislocations with lines roughly parallel to [100]
branch from these (100) subgrain boundaries (Iig. 14a, b
and e). These dislocations are classically interpreted as
screw dislocations with a [100] Burgers vector (Nicolas &
Poirier, 1976). However, some of these dislocation lines
have festoon shapes (white arrow in Fig. 14b) suggesting
pinning by defects while moving in the [001] direction;
they might represent edge dislocations with a [00]]
Burgers vector. A second family of dislocation walls,
which is in a plane oblique to the thin-section plane but
containing [100] (i.e. parallel to a {0k} plane) is also
locally observed (white arrows in Fig. 14a). Finally, the
presence of open dislocation loops (Fig. 14b) suggests
activation of cross-slip.

Olivine crystals in the fine-grained equigranular perido-
tite AV16 are almost devoid of dislocations (Fig. 14¢). Rare
dislocations are observed around inclusions. Extremely
low dislocation densities also characterize small olivine
crystals (<500 um) within a 5 mm wide vein filled by the
fine-grained ol-opx—oxides = amph % cpx & glass matrix
that crosscuts the porphyroclastic peridotite AV1 (Fig. 14d
and f). In contrast, the dislocation densities and structures
of coarse olivine crystals outside the vein are similar to
those in other porphyroclastic peridotites (Fig. 14e). A
steep transition between the two dislocation structures
takes place at the vein wall. However, the dislocation
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Sample Correlation Relative concentra- Rotation axes Sample Correlation Relative concentra- Rotation axes
between ol & opx  tion of olivine [010] between ol & opx tion of olivine [010]
CPO & [001] axes CPO & [001] axes
Not enough
[001]opx
AV1 pr r'neasur'ed 1.29 § AV14 not // [100]ol 1.89
in thin section MD =9.92 MD = 12.18
N =5941 N =5886
[001Jopx 0.99 AVI5 (001 Jopx 1.25
AV2 not // [100]ol : A not // [100]ol ’ £ — 1207
N = 11084 N =10208
[100]ol // [001]opx [001]opx : :
1.49 AV16 1.21
AV3 100170l // [100]opx not // [100]ol
MD = 15.52 FMD = 1.86
N=1933 N - 4635
[100]ol // [001]opx [100]ol // [001]opx
AV4 [010jol // [100Jopx ~ 1+1© AL [010]ol // [100]opx Bt
MD = 8.26 MD = 10.81
N =3642 N=11533
Not enough
AV5S Opx measured 1.57 AV19 (001 ]opx 1.73
in thin section MD =8.19 not // [100]ol MD = 11.33
N=4219 N=11051
Not enough [001]Jopx
AV6 Opx measured 1.06 AV20 not // [100]ol 1.22
in thin section MD =9.79 MD =9.30
N =4853 N =11063
[100]ol // [001]opx [001]opx
AVT  [o10jol /[100jopx 04 AV21 not /(10001 119
=9.70 'MD = 10.56
N=21201 N = 4462
[001]opx [100]ol // [001]opx
AV8 not // [100]ol 1.50 AV23  [o10Jol // [100Jopx 033
MD =831 'MD =7.34
N = 7664 N = 6707
[001]opx [001]opx
AV9 not // [100]ol 1.01 AV25 not // [100]ol  1-09
MD = 10.50 MD = 11.26
N=9190 N = 12286
[001]opx 0.89 AV27 [100]ol // [001]opx 1.02
AV10 not // [100]ol ’ [001]ol // [100]opx :
MD =9.82 'MD = 9.87
N =12535 N=11156
[001]opx
AVl not // [100]ol 0.86
MD =529 | [001] [010]
N=3689 MD = Maximum of density
in MUD*
[100]ol // [001]opx 1.04 Contours at 2 MUD* intervals
LAV [001]ol // [100]opx ’
MD = 14.43
N =16296
[100] N = Number of measurements
[100]ol // [001]opx
AVI3 (o100l //[100Jopx 132
A = 10.40| *MUD = Muiltiple of Uniform Distribution
N =5944

Fig. 13. Comparison of various parameters used for identifying the dominant slip plane in olivine: (1) correlation between olivine and orthopyr-
oxene CPO, (2) relative concentrations of olivine [010] and [001] axes, and (3) rotation axes accommodating misorientations <10° within olivine
crystals. Samples highlighted in grey have correlated olivine and orthopyroxene CPO; that is, the angle between the maximum concentration
of [100] olivine axes and [001] orthopyroxene is <20°. For these samples, the comparison between orthopyroxene and olivine CPO may be
used to identify the dominant slip plane in olivine. Relative concentrations of olivine [010] and [001] axes are quantified by the ratio of the den-
sity maxima of the [010] and [001] axes. Rotation axes are represented as inverse pole figures in the crystal reference frame; for sample AV16

they are represented as points instead of as density contours at two multiples of a uniform distribution because they are almost random.
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Table I: Deviatoric stresses estimated from free dislocation density

Sample Number of Dislocation density Standard deviation Average stress Minimum stress Maximum stress
analyzed (x10""m™2) (x10""m™?) (MPa) (MPa) (MPa)
grains

AV1 4 337 0-45 58-05 54-04 61-81

AV3 4 167 0-91 40-87 2757 50-79

AV23 3 2:06 0-99 4539 3271 5523

density in the coarse olivine crystals in contact with the
vein tends to be lower than that in grains several millime-
ters away from it (Fig. 14g). The observed decrease in the
dislocation density suggests that diffusional processes were
enhanced within and around these veins.

FTIR ANALYSES OF WATER
CONTENTS IN OLIVINES AND
ORTHOPYROXENES
Analytical procedure
Unpolarized Fourier Transform infra-red (FTIR) spectros-
copy measurements were performed using a Bruker
Vertex70 spectrometer coupled with a Bruker Hyperion
microscope at the Laboratoire Magmas et Volcans
(LMV) in Clermont-Ferrand (Irance) and using a Bruker
IFS66v coupled with a Bruker IR microscope at the
Laboratoire des Colloides, Verres et Nanomateriaux
(LCVN) in Montpellier (France). Both microscopes were
equipped with all-reflecting Cassegranian optics, a con-
denser, and a 15xobjective. Analyses were made at room
pressure and temperature. Mid-IR measurements were
performed using a Globar light source, a KBr beam split-
ter, a high-sensitivity DTGS (deuterated triglycine sulfate)
at the LMV and a high-sensitivity MCT (DTGS) at the
LCVN, both cooled by liquid nitrogen. Spectra were
acquired with a resolution of 4 cm™" and at least 100 scans
were accumulated for each spectrum (Table 2). As these
were open-air analyses, a background correction had to
be performed on each measurement to remove the contri-
bution of the vapour phase. This was done by always per-
forming two analyses, one without and another with the
sample; the difference between the two yields the spectrum
used for the determination of the water contents in the
minerals. This background correction and the baseline cor-
rection were carried out using the OPUS software.
Unpolarized FTIR absorption spectra of olivines and
orthopyroxenes were obtained on doubly polished sections
with a thickness of ~500pum. Thinner sections, 250—
150 pm thick, were used for measuring water contents in

fine-grained olivines in the equigranular peridotite AV16
and in the coarse porphyroclastic samples AV10 and AV15
(Table 2). The detection limit at the lowest sample thick-
ness 1s 1 ppm. The sections were left in an acetone bath
for at least 12h to remove any residual glue.
Measurements were performed in selected crack- and
inclusion-free grains (optical observation) using a square
or circular aperture at LMV and LCVN, respectively,
with a diameter between 90 and 105 pm as a function of
the analyzed grain size (Table 2). Measurements in ortho-
pyroxenes were hindered by the large amount of inclusions
in the coarse crystals and by the fine-grained texture of the
acicular aggregates. Most measurements were performed
at the grains’ core, which should be least affected by late,
extraction-related water loss (Demouchy et al., 2006).

The water concentration in the analyzed minerals was
calculated by integrating the absorption bands according
to the calibration of Paterson (1982):

K(®) _
150g 3780 — 1)

OH = (M
where Coy is the hydroxyl concentration (in H/10® Si or
ppm wt HyO), ¢ is an orientation factor (/3 for unpolar-
ized measurements), and £'(V) is the absorption coefficient
in cm ™! for a given wavenumber . X; is a density factor;
its value for olivine and orthopyroxene is 2695 and
2769 wt ppm H,O, respectively [see Bolfan-Casanova et al.
(2000) for calculation method]. The calibration of
Paterson (1982) underestimates the water concentration in
olivine compared with the calibration proposed by Bell
et al. (2003). However, the Bell et al. (2003) calibration
may be applied only to olivine spectra dominated by high
wavenumber (3650-3450 cm ™) OH  absorption bands.
This is not the case for olivine in the studied Avacha peri-
dotites, whose spectra are dominated by low wavenumber
absorption bands (Fig. 16). Moreover, the calibration of
Paterson (1982) has the advantage of allowing direct com-
parison of water contents in olivine and pyroxenes
(Bolfan-Casanova et al., 2000). Errors on the absolute
water contents are, however, of£30% (Kohlstedt et al.,

1996).
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Fig. 14. Photomicrographs (plane-polarized light) of decorated dislocations in olivine. (a, b) Dislocation structures seen on two olivine crystal
cut on planes close to (010); black arrows indicate the dominant (100) subgrain boundaries. In (a) the white arrow marks a subgrain boundary
oblique to the section plane, which is formed by dislocations of two slip systems with perpendicular Burgers vectors, probably [100] and [001].
In (b) the white arrow shows festoon-like dislocation lines that may represent pinned edge dislocations with [001] Burgers vectors. (c¢) Small oli-
vine crystals totally free of dislocations and displaying an open triple junction in fine-grained peridotite AV16. (d) Lower enhancement image
of sample AV1 showing the change in dislocation structure and density between olivine crystals that form a coarse porphyroclastic microstruc-
ture and small polygonal olivine crystals in a vein filled by the fine-grained matrix; the white line marks the edge of the vein. Black rectangles
show the location of photomicrographs (e—g). (h) Variations in dislocation densities between neighbouring olivine crystals with different
orientations in coarse porphyroclastic peridotite AV 20.
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Fig. 15. Backscattered electron (BSE) image of dislocations (white
lines or points as a function of the angle between the dislocation line
and the observation surface) in olivine crystals from coarse porphyro-
clastic peridotites AV1 (a), AV23 (b), and AV3 (c). Densities esti-
mated using the intercept length method are 3-86 x 10", 192 x 10",
and 0-55 x 10" m ™2, respectively.

SUPRA-SUBDUCTION ZONE MANTLE PROCESSES

Results: IR spectra and water solubility
Figure 16 shows typical unpolarized FTIR spectra for oli-
vines and orthopyroxenes in xenoliths AV], AV3, AVIO,
AV15, AVI6 and AV23. The olivine spectra are rather
homogeneous. The major O—H absorption bands are at
3354 and 3328 cm™". In contrast, the band at 3574 cm ™,
where the maximum O-H absorbance is often observed
in natural peridotites (Miller ez al., 1987; Bell ez al., 2004;
Demouchy, 2004; Demouchy et al., 2006; Peslier & Lubhr,
2006; Grant et al., 2007), displays only a minor peak. The
observed spectra are nevertheless similar to those of oliv-
ines in peridotite xenoliths from Mexico, Kenya, and the
Carpathians (Miller et al., 1987; Falus et al., 2008) and of
olivine (Mg gFe(.9Si04) in equilibrium with orthopyrox-
ene in the experimental sample of Berry et al. (2005).
Water contents in the studied samples range from 1 to
8:3ppm HyO by weight (Table 2). The water content
varies as a function of the grain size: coarse (>l mm), inter-
mediate (0-5>-1mm) and fine (<0-5mm) olivine crystals
show on average 61, 3-4 and 2-4 ppm H,O, respectively
(Table 2). These values are in the same range as the water
contents in olivine from spinel-peridotite xenoliths
sampling the continental lithosphere above the western
North America, Patagonia and Carpathian subduction
zones (Demouchy, 2004; Peslier & Luhr, 2006; Falus et al.,
2008).

Orthopyroxene spectra are characterized by major O-H
absorption bands at 3596, 3543, and 3520 cm™" and by
broader minor peaks around 3420, 3317 and 3070 cm ™
(Fig. 16b). This pattern is typical for orthopyroxene from
mantle xenoliths (Peslier et al., 2002; Grant et al., 2007).
Water contents are however very heterogeneous, varying
from 25 to 506 ppm (Table 2). Although there is a clear
variation in water contents from sample to sample, strong
heterogeneity is also observed within samples (Table 2).
Orthopyroxenes in coarse-grained porphyroclastic perido-
tite AVI> and in equigranular peridotite AVI6 have
abnormally low water contents (25-128 ppm) for subduc-
tion zone xenoliths (Peslier & Luhr, 2006; Falus et al.,
2008). AVIO has the most water-rich orthopyroxenes
(218-506 ppm). The latter value (>500 ppm HyO) repre-
sents an abnormally high water content for spinel perido-
tites; however, the spectra of the two orthopyroxenes are
consistent and do not show evidence for contamination of
the measurements by water-rich inclusions or amphibole
lamellae (typical peak at 3900 cm ™).

There is a weak positive correlation between the average
water contents in olivine and orthopyroxene in each
sample. Concentration ratios (R.) calculated using the
mean water contents in olivine and orthopyroxene in each
sample are 18:6 in AV15, 20-9 in AVI16, 39-5 in AV3, and
76 ('Table 2) in AV10. These concentration ratios, although
extremely variable, are within the range of published
values of water partitioning coefficients between olivine
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Table 2: Water contents in olivines and orthopyroxenes

Sample Mineral Laboratory Number of Aperture Section Water Water Grain Peridotite
accumulated size (mm) thickness (cm) content*® content* size (mm) type
scans (wt ppm H,0) (H/10° Si)

AV1 ol-1 LMV 300 0-1 0-0552 51 78-438 >1 CG

AV1 ol-2 LMV 300 01 0-0552 8 123-04 >1 CG

AV3 ol-1 LMV 300 0-1 0-0580 2:3 35374 0-5-1 CG

AV3 ol-2 LMV 300 01 0-0580 72 110-736 >1 CG

AV3 opx-1 LMV 300 01 0-0580 188 289144 - CG

AV10 ol-1 LCVN 300 0-09 0-0252 7 107-66 >1 CG

AV10 ol-2 LCVN 300 0-09 0-0252 4 61-52 0-5-1 CG

AV10 ol-3 LCVN 300 0-09 0-0252 4 6152 0-5-1 CG

AV10 ol-4 LCVN 300 0-09 0-0264 4 6152 <05 CG

AV10 opx-1 LCVN 300 0-075 0-0252 218 335284 - CG

AV10 opx-2 LCVN 300 0-09 0-0300 506 7782-28 - CG

AV15 ol-1 LCVN 300 0-09 0-0184 4 6152 >1 CG

AV15 ol-2 LCVN 300 0-09 0-0184 3 4614 <056 CG

AV15 ol-3 LCVN 300 0-09 0-0184 3 46-14 <05 CG

AV15 ol-4 LCVN 300 0-09 0-0184 2 3076 <05 CG

AV15 ol-5 LCVN 300 0-09 0-0184 2 3076 <056 CG

AV15 ol-6 LCVN 300 0-09 0-0184 2 30-76 <05 CG

AV15 ol-7 LCVN 300 0-09 0-0184 4 6152 >1 CG

AV15 ol-8 LCVN 300 0-09 0-0184 3 4614 <05 CG

AV15 ol-9 LCVN 300 0-09 0-0184 3 4614 <05 CG

AV15 ol-10 LCVN 300 0-09 0-0184 5 76-9 >1 CG

AV15 ol-11 LCVN 300 0-09 0-0184 5 769 >1 CG

AV15 opx-1 LCVN 300 0-09 0-0184 55 845-9 — CG

AV15 opx-2 LCVN 300 0-09 0-0184 128 1968-64 - CG

AV15 opx-3 LCVN 300 0-09 0-0184 35 538-3 - CG

AV15 opx-4 LCVN 300 0-09 0-0184 25 3845 - CG

AV16 ol-1 LCVN 100 0-09 0-0163 3 4614 <056 FG

AV16 ol-2 LCVN 100 0-09 0-0163 2 30-76 <05 FG

AV16 ol-3 LCVN 100 0-09 0-0163 3 4614 <05 FG

AV16 ol-4 LCVN 200 0-105 0-0163 1 15-38 <05 FG

AV16 opx-1 LCVN 200 0-105 0-0163 47 722:86 — FG

AV23 ol-1 LMV 300 01 0-0552 66 101-508 >1 CG

AV23 ol-2 LMV 300 0-1 0-0552 73 112-274 >1 CG

AV23 ol-3 LMV 300 0-1 0-0552 83 127-654 >1 CG

CG, coarse-grained peridotite; FG, fine-grained peridotite. LMV, Laboratoire Magmas et Volcans, Université
Clermont-Ferrand. France. LCVN, Laboratoire des Colloides, Verres et Nanomatériaux, Université Montpellier 2, France.
*Calibration of Paterson (1982). Water contents have+30% error.

and  orthopyroxene (Daﬂfé;}]) in  spinel-lherzolites:

40-7£19-8 (Grant et al., 2007). Because the water contents
in olivine vary as a function of grain size and because
water contents in the orthopyroxenes are extremely hetero-
geneous, the R, values calculated using single olivine—
orthopyroxene pairs show an even greater dispersion,

varying from five in AVI5 (oll0—opx4) to 126-5 in AVI0
(ol2-opx2). These extreme concentration ratios are not
pertinent to equilibrium water partitioning between
mantle minerals, but rather reflect the heterogeneity of
water distribution in orthopyroxene and compositional
disequilibrium in the studied samples.
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Fig. 16. Unpolarized IR spectra for the most representative olivine
(a) and orthopyroxene (b) of each sample. As the water content in
orthopyroxenes is highly heterogeneous, even within a single sample,

we plotted the two spectra corresponding to the two extreme values

measured for each sample (Table 3). Spectra are normalized to | em ™.

DEVIATORIC STRESS ESTIMATES

In deformation by dislocation creep, the density of disloca-
tions (p) in a crystal depends on the applied stress
(Poirier, 1985):

p=0b"*(c/p)’ 6))

where o is a non-dimensional constant of order unity, b is
the Burgers vector, © is the stress and p the shear modulus.

SUPRA-SUBDUCTION ZONE MANTLE PROCESSES

Analysis of the microstructure of experimentally
deformed olivine-rich rocks highlights that the applied dif-
ferential stress is proportional to the free dislocations den-
sity (e.g. Kohlstedt & Goetze, 1974), to the average
subgrain size (e.g. Raleigh & Kirby, 1970; Karato et al.,
1980), or to the average recrystallized grain size (e.g.
Mercier et al., 1977, Karato et al., 1980; Van der Wal et al.,
1993). However, these microstructural parameters have dif-
ferent stabilities relatively to annealing or changes in
stress. Iree dislocation densities are easily reduced by post-
kinematic annealing. They also readily re-equilibrate in
response to changes in the stress field, in particular to a
stress increase, even if the associated strain is very small.
Subgrain and recrystallized grain sizes are more stable fea-
tures that need long annealing times (or high tempera-
tures) or significant finite strains to be modified. In the
following discussion, we compare the stresses estimated
using these three paleopiezometers for the Avacha
peridotites.

Free dislocations density

To estimate the free dislocations density we used the
method described by Hirsch et al. (1965), which consists of
measuring the total dislocation lines length in a unit
volume of the crystal. The total dislocation lines length in
a crystal was estimated by the intersection analysis
method (Ham, 1961) applied to the BSE images (Fig. 15).
The density of dislocations A is defined as

A =2N/Lt (3)

where VN is the number of intersections, L is the total length
of lines composing the random network, and ¢ is the thick-
ness of the observation zone (2450 nm, which is the BSE
interaction depth in the present case).

During plastic deformation, crystals are submitted to
variable stresses according to their orientation and to het-
erogeneity in the deformation between neighbouring
grains. These stress gradients may be high for
low-symmetry minerals such as olivine that show a high
plastic anisotropy (Bai et al., 1991), leading to highly vari-
able dislocation densities within a rock sample. Such vari-
able dislocation densities are observed in the decorated
sections of the coarse-grained Kamchatka peridotites
(Fig. 14h). In the present study, we selected optically three
or four representative olivine crystals (i.e. displaying an
‘average’ dislocation density) in coarse-grained porphyro-
clastic peridotites AV], AV3 and AV23. Dislocation densi-
ties estimated using both optical and SEM observations in
these crystals range from 05x10" to 4 x10"m™?
(Table 1). Based on the stress vs dislocation density relation
given by Kohlstedt ¢t al. (1976a), these observed dislocation
densities record deviatoric stresses ranging from 28 to
62 MPa.

As discussed above, a major inconvenience of this
paleopiezometer is that the free dislocations density is not
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stable against variations in stress or annealing (Poirier,
1985). The preservation of highly variable dislocation den-
sities within a sample suggests limited annealing. One
cannot exclude, however, an effect of a weak, low-
temperature, high-stress deformation in the lithosphere
or during extraction on the observed free dislocation
density.

Subgrain size

Karato et al. (1980) obtained the following relationship
between stress and the subgrain boundary spacing in oli-
vine single crystals deformed under high-temperature
conditions:

d; = 280557 4)

where d is the subgrain boundary spacing in pum and G is
the stress in MPa. The spacing between adjacent (100) sub-
grain boundaries measured in 25 olivines from four deco-
rated coarse porphyroclastic peridotites varies between 10
and 150 pm (Fig. 14a and b), with an average at 32:5pm
(the median is at 30 pm). The mean values correspond to
paleo-stresses of 43:5MPa, and extreme values range
from 130 to 2-5 MPa, respectively.

The average subgrain size should vary rapidly with
increasing stress, but remain stable under decreasing
stress conditions. This paleopiezometer should therefore
be representative of the maximum stress experienced by a
crystal (Poirier, 1985). As discussed above, during deforma-
tion, crystals are submitted to variable stresses according
to their orientation and to the heterogeneity of deformation
between neighbouring grains. This may partially explain
the high variability in subgrain boundary spacing rec-
orded in our samples. However, 50% of the measured sub-
grains are spaced by 20 to 40 pum. This implies that the
mean value of the stress (43-5MPa) obtained by this
method could be representative of the maximum stress to
which the studied samples were exposed.

Recrystallized grain size
All empirical relations between recrystallized grain sizes
and deviatoric stresses follow a power law:

D, = Ac™" (5)

where D, is the recrystallized grain size, & is the differen-
tial stress, and 4 and n are empirical constants obtained
by fitting experimental data. In this study, we used (1) the
calibration of Karato et al. (1980), which is based on single
crystal deformation experiments, (2) the calibrations of
Van der Wal et al. (1993), and (3) those of Zhang et al.
(2000), which are derived from deformation experiments
on olivine-rich polycrystals, and the calibration of Jung &
Karato (20014) derived from deformation experiments on
hydrated olivine (Table 3).

NUMBERS 1 & 2 JANUARY & FEBRUARY 2010

Table 3:  Parameters for equation (5)

Paleopiezometer A n

Karato et al. (1980) 8300 118
Van der Wal et al. (1993) 15000 133
Zhang et al. (2000)* 3544 1-23
Jung & Karato (2001b)* 67103 1-45

*Calculated by regression through their data.

Grain sizes in the coarse-grained porphyroclastic peri-
dotites were estimated from the EBSD maps. Measured
mean intercept lengths were multiplied by a geometric
factor of 12 to convert the grain size in thin section to a
three-dimensional grain diameter (Van der Wal et al.,
1993). An inconvenient aspect of this technique is that the
minimum observed grain size is limited by the EBSD mea-
surement step size. This leads to some bias in the estima-
tion of the smaller grain sizes, even if all maps were
obtained with measurement steps at least four times smal-
ler than the initial (optical) estimation of the average
grain size.

In coarse-grained porphyroclastic peridotites, such as
the studied Kamchatka xenoliths, that show a continuous
grain size distribution (Fig. 17), the main difficulty, how-
ever, 1s to discriminate between porphyroclasts and recrys-
tallized grains. For all coarse-grained porphyroclastic
xenoliths, more than 75% of the measured olivine grains
are smaller than 750 pm, whereas 75% of the thin-section
area 1is occupied by grains larger than 750 pm. We cannot
discriminate the porphyroclasts from the recrystallized
grains, but we assume that the majority of the latter have
a grain size lower than 750 pm and choose to use the
mean grain size in a sample as the recrystallized grain
size. Average grain sizes range from 300 to 800 pum
(Table 4). In this grain size range, the Van der Wal et al.
(1993) and Zhang et al. (2000) calibrations give the maxi-
mum and minimum stress estimates for dry conditions,
respectively (Table 4, Fig. 18). Recrystallized grain sizes of
307-797 pum  correspond to stresses of 9-18 MPa or
3—11 MPa. Higher stresses (2141 MPa) are estimated for
deformation under hydrated conditions, consistent with
data suggesting faster grain growth under hydrated condi-
tions. However, this latter estimation should be used with
caution, because water contents in the Kamchatka olivines
(Table 2) are much lower than those in the Jung & Karato
(20016) samples (50 wt ppm or 800 H/10° Si).

The recrystallized grain size is the most stable paleo-
piezometer and could reflect the last high-temperature
deformation episode. However, uncertainty in the determi-
nation of the equilibrium recrystallized grains size hinders
its use. Moreover, in the studied Kamchatka xenoliths,
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Fig. 17. Olivine grain size histograms for samples AV16 and AVII.

olivine grain sizes were also modified by reaction with per-
colating fluids that led to crystallization of orthopyroxene
at the expense of olivine (Figs 3 and 4a) and, in the
opx-rich bands, olivine grain growth may have been lim-
ited by interstitial orthopyroxene. Grain sizes in these
bands are thus probably minimum values, leading to over-
estimation of stresses in the opx-rich samples.

DISCUSSION

Thermo-mechanical history of the Avacha
spinel-harzburgites

Peridotite xenoliths from the Avacha volcano are highly
refractory spinel harzburgites. Primary cpx is absent, and
secondary cpx (<3 vol. %) occurs only as interstitial crys-
tals in the fine-grained matrix (Ionov, 2010). Modal and
whole-rock chemical compositions suggest therefore that
these xenoliths are the residues of high-degree (30-40%)
partial melting at shallow depths (<l to 2 GPa, Ionov,
2009). On the other hand, widespread unmixing and
core—rim compositional gradients in coarse orthopyroxene

SUPRA-SUBDUCTION ZONE MANTLE PROCESSES

crystals record slow cooling to temperatures <900°C
(Ionov, 2010), indicating that these peridotites were part of
the lithospheric mantle at the time of their extraction by
the host andesitic magmas. The analysis of microstructures
and crystal preferred orientations in the xenoliths implies
that they underwent a complex history involving deforma-
tion and fluid and/or melt percolation at variable tempera-
ture conditions. Unravelling the chronology of the
thermal, chemical and deformation events recorded by
these peridotites is essential to determine if these events
are related to the subduction process.

Except for one sample, the Avacha xenoliths exhibit
coarse-grained porphyroclastic microstructures character-
ized by a lineation marked by coarse elongated olivine
crystals with sinuous grain boundaries, widely spaced sub-
grain boundaries, low free dislocation densities, and
well-developed olivine CPO. These microstructures are
characteristic of deformation by dislocation creep under
high-temperature, low deviatoric stress conditions, where
dislocation glide is assisted by diffusional processes, such
as climb and grain boundary migration. These deforma-
tion conditions are consistent with the measured olivine
CPO that implies dominant activation of the high temper-
ature, low-pressure {0£/}[100] slip systems with dominant
activation of the (010) and (00l) planes. The activation of
multiple {04/} slip planes may have been favoured by
decreasing temperature conditions (Durham et al., 1977)
or by deformation under moderately hydrous conditions
(Mackwell ez al., 1985; Katayama et al., 2004). Hydrous con-
ditions also enhance diffusion rates, lowering the viscosity
of mantle rocks (Blacic, 1972; Mei & Kohlstedt, 2000a)
and favouring recrystallization and grain growth (Karato,
1989; Jung & Karato, 20014) and, hence, development of
coarse-grained, well-recovered microstructures, like those
observed in the studied xenoliths, at lower temperatures.
Taken together, the microstructural observations and the
CPO suggest that the major deformation episode recorded
by these xenoliths took place under low-stress conditions
like those that probably prevail in the asthenosphere or at
the base of the lithosphere. Later deformation under
higher stress, lower temperature conditions is consistent
with the higher deviatoric stresses (2862 MPa) estimated
from dislocation densities. A cooling history is also consis-
tent with the brittle character (veins) of the late fluid
transport structures (Fig. 4e and f) in the Kamchatka
xenoliths.

Comparison of the paleo-stresses estimated from free
dislocation densities and recrystallized grain sizes with
rheological profiles (Fig. 19) calculated using a geothermal
gradient for a mature volcanic arc, such as Kamchatka,
and empirical flow laws for dry and wet dunite (Chopra
& Paterson, 1981, 1984) allow discussion of the rheological
behaviour and strain rates and location in the
supra-subduction mantle. For a regional surface heat flow
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Table 4:  Deviatoric stresses estimated from recrystallized grain sizes

Sample Recrystallized Corrected (3D) Stress (MPa)

grain size recrystallized

(um) grain size (;zm) Karato et al. (1980) Van der Wal et al. (1993) Zhang et al. (2000) Jung & Karato (2001)
AV1 476-0 5712 97 17 4-4 26-9
AV2 362-0 434-4 122 143 55 325
AV3 5836 700-3 81 10-0 37 234
AV4 5120 614-4 91 11:0 42 256
AVb 307-8 369-3 14-0 16-2 6-3 36-4
AV6 632-1 7586 76 9-4 35 221
AV7 501-2 601-4 92 112 42 260
AV8 424-9 509-9 106 127 49 291
AV9 462-3 554-8 99 119 45 276
AV10 352:3 4227 125 14-6 57 332
AV11 664-8 797-8 7-3 91 34 21-4
AV12 500-7 600-8 93 12 42 260
AV13 558-4 670-0 84 104 39 241
AV14 412:6 4951 109 130 50 297
AV15 395-8 4749 13 13-4 51 30-6
AV16 1575 189:0 247 268 109 578
AV18 4435 5322 10-3 12-3 47 28-3
AV19 2559 3071 163 186 73 41-4
AV20 349-4 4193 12:6 147 57 334
AV21 4826 579-1 95 116 44 267
AV23 6171 7405 7-8 96 36 225
AV25 348-0 417-6 12:6 14-8 57 334
AV27 409-1 491-0 110 13-1 50 299
of 88 mW/m? (Currie & Hyndman, 2006), the base of the 1000
lithosphere, which we assume to be defined by the 1200°C .
isotherm, is located at ¢. 70 km. Furthermore, temperatures L % %\ 1.‘.4_
of 900°C, which correspond to the maximum estimates - kY
from two-pyroxene thermometry, are reached at ¢. 45 km —_ - % %\ +§.
depth. R R *

For strain rates of 107*s™" (107°57") and a dry perido- & © ce "

tite flow law, stresses equivalent to those estimated from z -Paleo-piezometer' 2 o *
the free dislocation density and recrystallized grain size g 0 Zhang et dl. 2060
are obtained for depth of 47-42km (38-43km) and @ Van der Wal 1993 o) e ¥
50*64 km (4.5*38 km), re.spectl\/f:ly. The last stage§ ofdetjor- & Karato ef al. 1980
mation, which control in particular the free dislocation
density, may thus have occurred in the upper part of the * Jung & Karato 2001b
lithospheric mantle, from where the xenoliths were 100 1 — “;0 — .100

extracted. However, the recrystallized grain sizes record
instead a deformation in the lower lithosphere, below
45-50 km. However, the reaction forming orthopyroxene
at the expense of olivine may have modified the olivine

Stress (MPa)

Fig. 18. Deviatoric stresses estimated using different paleopiez-
ometers vs average olivine recrystallized grain size for all studied
samples.
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Fig. 19. Rheological profiles of the lithosphere beneath the Kamchatka active volcanic arc considering a dry (a) or a wet (b) mantle. We
assumed a granodioritic crust with a thickness of 35 km (Zhuravlev & Antipov, 1993; Kharakhinov, 1996), a surface heat flow of 88 mW/m?
(Currie & Hyndman, 2006), and a constant thermal conductivity of 2-51 and 3:35 W/m K for the granodiorite and peridotite layers, respectively
(Philpotts, 1990). The brittle upper crust strength was estimated using Byerlee (1978) and the lower crust strength by using a dry granodiorite
power law (Ranalli, 1995). The mantle strength was calculated using either the dry or the wet dunite flow laws of Chopra & Paterson (1981,
1984). £ is the strain rate given in s~ . Light and dark grey bands indicate deviatoric stresses estimated from the average recrystallized grain

sizes and free dislocation densities, respectively.

grain size distribution (Fig. 3), leading to an underestima-
tion of the mean recrystallized grain size and an overesti-
mation of the stresses.

The stresses estimated using the ‘wet’ paleopiezometer of
Jung & Karato (20016) are similar to those obtained from
the free dislocation density. Tor a wet dunite flow law and

a strain rate of 107!

, these rather high stresses are
attained only just below the Moho and in the crust (Fig.
19). Strain rates of 107" s~

of 20-60 MPa in a wet mantle. These results are consistent

1
are needed to produce stresses

with the IR spectroscopy data which show that olivines
in the studied samples have rather low water contents.

Evidence for fluid—melt percolation

and consequences for the olivine
microstructures and CPO

All coarse-grained Avacha xenoliths present clear micro-
structural evidence of reactive percolation of Si-rich fluids

leading to crystallization of orthopyroxene at the expense
of olivine. This evidence includes the following: (1) large
orthopyroxenes elongated parallel to the lineation enclos-
ing small olivine grains in crystallographic continuity
with neighbouring olivine crystals (Fig. 4a); (2) corrosion
embayments in olivine crystals filled by interstitial ortho-
pyroxenes that may show kink bands subparallel to the
olivine subgrain walls or be undeformed (Fig. 4c); (3) con-
centration of interstitial orthopyroxenes in lenses parallel
to the foliation (Figs 2a,b, 3 and 5). The latter observations
also indicate that the reactive fluid percolation is synkine-
matic to the main high-temperature deformation.
Concentration of interstitial orthopyroxenes in lenses par-
allel to the foliation may, for example, result from
deformation-controlled fluid segregation, similar to melt
segregation in simple shear experiments using olivine—
spinel-basalt aggregates, where melt-rich bands tends to
form parallel to the shear plane (Holtzman ez al., 2003).
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On the other hand, the absence of intra-crystalline defor-
mation features in most interstitial orthopyroxenes
(Fig. 2g and 3b) or in small crystals filling corrosion
embayments in olivine (Figs 3b and 4c), as well as the
stronger dispersion of the orthopyroxene CPO relative to
the olivine CPO (Fig. 6), implies that reactive fluid perco-
lation probably continued after the deformation slowed
down. Finally, because it led to orthopyroxene crystalliza-
tion, the fluid percolation must have occurred at tempera-
tures below the hydrous orthopyroxene solidus, which is
1360°C and 1270°C at 1GPa and 2 GPa (Kushiro e/ al,
1968), respectively. This is consistent with a fluid percola-
tion occurring during the main deformation at the base of
the lithosphere and/or in the shallow asthenosphere
(Fig. 19).

Although olivine CPO patterns are rather homogeneous
in the studied peridotites, the intensity of the CPO
decreases with increasing volume fraction of fine-grained
olivine crystals. Within a sample, the J index is 2-4 times
lower for fine-grained olivine crystals than for coarse ones
(Fig. 9). These fine-grained olivine crystals, which domi-
nantly occur in opx-rich bands parallel to the foliation
(Fig. 2b and e), are either undeformed or display deforma-
tion microstructures similar to the coarse olivine grains,
such as subgrains or undulose extinction. Dynamic recrys-
tallization may explain both the grain size reduction and
the dispersion of the CPO. However, crystallographic con-
tinuity between neighbouring olivine crystals separated
by interstitial orthopyroxene (Fig. 3) suggests that they
were originally part of a single coarse olivine crystal. We
propose that the dominant mechanism for olivine grain
size reduction in these bands is the reactive percolation of
Si-rich fluids leading to olivine replacement by orthopyrox-
ene. A similar phenomenon has been described by
Dijkstra et al. (2002) in the Othris peridotite massif
(Greece).

Concentration of fluids or melts within the bands may
have favoured the activation of diffusional processes and
grain bo