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ABSTRACT

The generation of earth-like plates implies efficient strain localization in
the lithosphere for long times-spans. In this thesis, I quantified the contribution
of viscous anisotropy due to crystal preferred orientations (CPO) of olivine in
the lithospheric mantle on strain localization at the plate-scale. First, I
performed numerical experiments using polycrystal plasticity models (e.g.,
VPSC) to evaluate the magnitude and controlling parameters of olivine-induced
viscous anisotropy at the rock-scale and compared their predictions to
experimental data to validate the model results. Then, a parameterization based
on these models has been developed and implemented in a 3D finite-element
geodynamical code to study structural reactivation and deformation regime
associated with fossil lithospheric shear zones. The aim is to investigate the role
of intrinsic (olivine CPO) viscous anisotropy on the development old
lithospheric shear zones and its possible relation with the onset of linear
seismicity in intraplate settings.

The results show that activation of 2" mechanisms at the rock scale
greatly contributes to reducing the magnitude of viscous anisotropy in mantle
rocks, resulting in maximum contrast of <6 in stress (for a constant strain rate).
Imposed boundary conditions regulate the CPO-induced viscous anisotropy at
both rock- and plate scale, mainly due to the 3D (out-of-plain) strain and stress
components that develops. The presence of olivine CPO in the lithospheric
mantle lead to strong directional dependence of the strain localization within the
mantle shear zone, which, if well oriented to be reactivated, induces strain
localization in the entire lithosphere. Deformation regime in the crust follows
the one in the mantle. The mechanical feedbacks between both rheological
layers, which are affect by the isotropic (composition) and anisotropic (CPO)
parts, greatly affect strain localization in continental plates.
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RESUME ETENDU (en Frangais)

La génération de plaques tectoniques implique une localisation efficace de
la déformation dans la lithosphere sur de longues périodes géologiques. Dans
cette these, j'ai quantifié la contribution de l'anisotropie visqueuse due aux
Orientations Préférentielles du Réseau (OPR ou texture) cristallin de l'olivine
dans le manteau lithosphérique sur la déformation continentale a 1'échelle de la
plaque. Tout d'abord, j'ai réalisé des expériences numeriques en utilisant des
modcles de plasticité polycristalline (e.g., ViscoPlastic Self-Consistent — VPSC
- models) pour évaluer la magnitude et les parametres de contréle de
l'anisotropie visqueuse induite par OPR d'olivine, et j'ai comparé les prédictions
de modeles aux données expérimentales pour valider les résultats du modcle
VPSC. Ensuite, une paramétrisation de l'anisotropie visqueuse a ¢té¢ développée
et implémentée dans un code géodynamique 3D a éléments-finis pour étudier la
réactivation structurale et le régime de déformation associ€¢ aux zones de
cisaillement lithosphériques fossiles. L'objectif est d'¢tudier le role de
'anisotropie visqueuse intrinseque a 1'échelle de la roche (i.e., OPR d’olivine)
sur le développement des anciennes zones de cisaillement et sa relation avec la
sismicité lin€aire dans les domaines continentaux intraplaques et la formation de
nouvelles limites de plaque.

Les résultats montrent que I'activation de mécanismes secondaires a
I'échelle de la roche contribue considérablement a réduire la magnitude de
l'anisotropie visqueuse dans les principales roches du manteau, les péridotites,
ce qui se traduit par un contraste maximal d’un facteur 6 en contrainte pour un
taux de déformation constant (viscosité anisotrope entre cisaillement simple
suivi par extension normale). Les conditions aux limites, que dans le cas
anisotrope représentent le dégrée de liberté de la déformation cisaillant induite
par la texture, régulent l'anisotropie visqueuse a I'échelle de la roche et de la
plaque, principalement en raison des développements a composantes 3-D de
contrainte et de déformation. La présence d’OPR d’olivine dans le manteau
lithosphérique produit une dépendance non négligeable de la localisation de la
déformation en fonction du champ de contrainte, qui, s’il est bien orienté, peut
produire une localisation de la déformation dans toute la lithosphére. Le régime
de déformation dans la crolte suit celui du manteau. Les interactions
mécaniques entre ces deux couches rhéologiques, qui sont en fonction des
parties isotropes (compositions) et anisotropes (OPRs) de la lithospheére,
affectent considérablement la localisation des déformations dans les plaques

continentales.
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Chapitre 1 - L’introduction générale du sujet d’étude.
Les tectoniques sont constituées de vastes segments relativement rigides

séparés par des fronticres étroites et meécaniquement faibles (Kreemer et al.,
2003). Un ¢lément clé des plaques tectoniques est donc cette localisation de la
déformation dans des zones de cisaillement qui se déforment a plusieurs ordres
de magnitude plus rapide que le milieu externe (Bercovici et al., 2000, Tackley,
2000). C'est une caractéristique unique de la dynamique de la Terre. La partie la
plus profonde et la plus chaude des plaques - le manteau lithosphérique - est
composé¢ de péridotites, une roche riche (>60%) en olivine. Ainsi, les propriétés
mécaniques du manteau lithosphérique dépendent fortement des propriétés
meécaniques de l'olivine. Une caractéristique remarquable des cristaux d'olivines
est leurs fortes anisotropies visqueuses, autrement dit, la variation de la viscosité
en fonction de la direction dans laquelle elle est mesurée. Dans des roches (i.e.,
agrégats de cristaux), I’anisotropie mécanique se produit lorsque les cristaux
d'olivines deéveloppent une OPR au cours de la déformation plastique (Nicolas,
A., & Christensen, 1987).

L'anisotropie sismique a grande €chelle associée aux structures régionales,
constitue ¢galement une évidence de texture d’olivine (fossile ou active) dans le
manteau lithosphérique (Vauchez et al., 2012). L hypothese de base dans cette
thése est que l'anisotropie mécanique produite par I'OPR d’olivine fossile dans
ces zones mantellique peut conduire & une sismicité linéaire intraplaque ou
l'apparition de nouvelles limites de plaques (Knoll et al., 2009, Tommasi et al.,
2009). Ici, je m'intéresse aux effets de l'anisotropie mécanique produite par la
fabrique d'olivine sur la déformation des domaines continentaux intraplaques.
Quelle est 'amplitude et les paramétres déterminants de l'anisotropie mécanique
induite par ’OPR a I'échelle de la roche? Et a 1'échelle de la plaque?
L'anisotropie mécanique de l'olivine dans le manteau lithosphérique peut-clle
localiser la déformation dans la crolte et modifier la déformation dans
I'ensemble de la lithosphere? Quel est le role de 'OPR d’olivine sur ’héritage
structural de la lithosphére? La présence de ’OPR fossile dans le manteau
lithosphérique explique-t-elle la sismicité linéaire associée a d’anciennes zones
de cisaillement mantelliques intraplaques? Quelles sont les différences
fondamentales en anisotropie visqueuse associe a des zones de cisaillement
mantellique avec des OPR formées dans des cinématiques passées distinctes? Ce
sont 1a quelques questions clés qui seront abordées dans cette thése.

Chapitre 2 — Les concepts fondamentaux.
Ce chapitre résume briévement les connaissances actuelles en matiére

d'anisotropie visqueuse des cristaux d'olivines, des polycristaux et ses
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effets sur la déformation des plaques tectoniques. Des concepts de base comme
la mécanique du continu et la théorie de la plasticité polycristalline, qui sont
fondamentaux pour comprendre la recherche présentée dans cette these, sont
aussi revisités de facon breve. Je termine le chapitre en rappelant,
chronologiquement, les expériences numériques qui ont exploré l'effet de
I'anisotropie mécanique dans le contexte de la déformation du manteau
lithosphérique ou géodynamique.

Chapitre 3 - Prédiction de 1'anisotropie visqueuse des polycristaux
d'olivines.

Ce chapitre fait partie d'un article publi¢ dans la revue Physics of the
Earth and Planetary Interiors (PEPI). Dans le cadre de cette thése, les
implications de l'anisotropie visqueuse induite par I’OPR sur la déformation
intraplaque sont étudiées en utilisant une approche de paramétrage basé sur les
prédictions des simulations viscoplastiques auto-cohérentes (VPSC). Pour ce
faire, 1l est nécessaire de tester d'abord si le modele VPSC peut simuler
correctement l'anisotropie visqueuse mesurée lors de la déformation des agrégats
d’olivines en laboratoire, puis d'évaluer la magnitude possible de l'anisotropie
produite par l'olivine OPR dans les péridotites en condition du manteau
lithosphérique, et aussi les parametres de contrdle a cette échelle (i.e., roche).
Ces questions sont abordées dans ce chapitre.

Les polycristaux d'olivines déformés expérimentalement en torsion puis
en tension normale au plan de cisaillement précédent ont des contraintes de
tension en facteur <2 supérieures a celles de la torsion (Hansen et al., 2012).
Ici, nous comparons aux données expérimentales les réponses viscoplastiques
des polycristaux d'olivines prédites par les approches Tangent et Second-Order
du mod¢le viscoplastique auto cohérent du VPSC, et aussi par les modéles basés
sur 1'équilibre des contraintes (Lower Bound). Ces modéles de plasticité
polycristalline, dans lesquels seul le glissement de dislocation est considéré
comme prenant en compte la déformation, reproduisent qualitativement
l'anisotropie viscoplastique observée en laboratoire, mais surestiment son
intensité pour les roches a forte texture. Le modéle Lower Bound se rapproche
davantage des résultats de laboratoire, ce qui suggere que l'écart entre les
expériences de laboratoire et numériques provient des modeles imposant la
compatibilité des déformations dans les polycristaux d'olivines qui ne peuvent se
déformer que par fluage de dislocation.

Les données expérimentales sont tout de méme bien reproduites par le
modele VPSC Second-Order modifié pour permettre la contribution des

mécanismes de déformation isotrope supplémentaires. Ces résultats
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corroborent le fait que d'autres processus, en plus du glissement de dislocation,
contribuent de maniere significative a la déformation viscoplastique dans des
conditions de laboratoire, réduisant ainsi la magnitude de I'anisotropie
mécanique mesurée. Dans la nature, des tailles de grains plus grossicres des
péridotites entrainent probablement une activité réduite de ces processus de
déformations supplémentaires. Nous proposons donc que les modeles VPSC
Second-Order, standards et modifiés pour accommoder déformation isotrope,
fournissent une bonne prédiction de la gamme possible de l'anisotropie
viscoplastique induite par la texture d’olivine dans les domaines du manteau
lithosphérique.

J'ai aussi comparé la prédiction VPSC avec les expériences de laboratoire
de Hansen et al. (2016), qui consistaient en un cisaillement orienté
normalement a D’extension précédente qui a formé I'OPR d’olivine. Cela
consiste a appliquer une cinématique de deéformation opposée a celle des
expériences rapportées dans la section précédente (de Hansen et al,. 2012), ce
qui résulte a des textures et des géométries de charge considérablement
différentes par rapport a I’OPR. En accord avec les résultats précédents, les
modeles VPSC Second-Order sous-estiment l'anisotropie visqueuse des agrégats
d'olivines qui ont une faible OPR. Cependant, ces résultats ne peuvent Etre
expliqués en utilisant la méme philosophie de modé¢lisation que celle de
Mameri et al. (2019), dans laquelle la plus faible anisotropie mécanique
mesurée en laboratoire était expliquée en termes d'activation d'un processus de
déformation isotrope en plus du fluage de dislocation dit a la taille des grains
réduite des échantillons de laboratoire.

Pour compléter I'é¢tude sur les paramétres de contrdle de I'anisotropie
visqueuse induite par les OPR d’olivine a I'échelle de la roche, des simulations
VPSC ont été effectuées pour différentes OPR, les plus communes sont a haute
température, dominées par le glissement [100]. Elles ont été créés
numériquement sous différentes déformations finies (i.e., intensité de texture) et
différents régimes de déformation (i.e., symétrie d’OPR). Les résultats montrent
que de fortes variations de magnitude d'anisotropie sont prédites en fonction de
l'intensité de 'OPR, alors qu'une variation relativement faible est prédite pour
différentes symétries (orthorhombique, axial-[100] et -[010]) mais avec
l'intensité équivalente. Le pattern de l'anisotropie par rapport a la géométrie de
la charge dépend de la sollicitation mécanique (cisaillement simple,
extension...). Ce pattern peut €tre modifi¢ par les conditions aux limites
imposées. Par conséquent, en dehors de l'activation des processus de
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déformations secondaires, l'anisotropie visqueuse induite par I’OPR dans les
polycristaux d'olivines se déformant a haute température est contrdlée - au
premier ordre - par l'intensité de I’OPR, les conditions aux limites imposées et la
symétrie de I’OPR.

Chapitre 4 - Paramétrage de l'anisotropie visqueuse prédite par VPSC et
son implémentation dans le code géodynamique ADELI3D.
Ce chapitre fait partie d'un article soumis au Journal of Theoretical,

Computational and Applied Mechanics (JTCAM). Nous décrivons le formalisme
mathématique et I’implémentation d'une paramétrisation efficace de
l'anisotropie visqueuse des matériaux orthorhombiques produits par des OPR qui
peuvent étre intégrées dans des codes de géodynamique ou des sciences des
matériaux. Ici, l'approche a ¢été appliquée pour caractériser l'anisotropie
visqueuse du principal constituant du manteau lithosphérique de la terre,
I’olivine. Le paramétrage est basé sur le critere de plasticité anisotrope de Hill
(1948). Les coefficients que décrit le tenseur anisotrope du matériel sont calibrés
en se basant sur des tests numériques effectués a l'aide du modele VPSC. La
paramétrisation a ¢ét€¢ implémentée dans un code éléments finis thermo-
mécanique 3D développé pour modéliser les écoulements geéodynamiques,
combinant des comportements ¢lastiques, visqueux isotropiques et
anisotropiques non-linéaires. L'implémentation a été validée par comparaison
avec les résultats de la solution analytique et du modéle VPSC pour le
cisaillement simple et la compression axiale d'un matériau anisotrope
homogéne. Une application permettant d'examiner l'effet de I'anisotropie
visqueuse induite par ’OPR sur la réactivation des zones de cisaillement du
manteau intraplaque met en évidence des couplages mécaniques entre la
localisation de la déformation controlée par les variations d'orientation et
d'intensité d’OPR d’olivine dans le manteau lithosphérique et le comportement
mécanique de la crolite élasto-visco-plastique sus-jacente. Le temps de calcul
n'augmente que d'un facteur 2-3 par rapport a la rhéologie viscoélastique
isotrope classique de Maxwell.

Chapitre 5 - Modélisation de l'anisotropie visqueuse dans les zones de
décrochement fossilisées de la lithospheére.
Ce chapitre fait partie dun article publi¢ dans Geophysical Journal

International (GJI). Nous proposons que la localisation de la déformation a

l'intérieur des plaques tectoniques, telles que les ceintures linéaires de sismicité

a ’intérieur des continents, peut résulter de variations spatiales de l'anisotropie

visqueuse produite par la texture d'olivine héritée des épisodes de déformation

antérieurs du manteau lithosphérique. Pour quantifier cet effet, nous modélisons
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la déformation d'une plaque constituée d'une zone de cisaillement fossile dans le
manteau a différentes orientations par rapport a un raccourcissement impose,
mais sans hétérogénéité initiale dans la crolte. La zone de cisaillement fossile
est caractérisée par une orientation et une intensité différente de I’OPR d’olivine
par rapport au manteau environnant, qui est isotrope dans la plupart des
simulations.

L'anisotropie de la viscosité produite par I’OPR, qui reste fixe tout au long
des simulations, est décrite par la fonction d’anisotrope de Hill paramétrée sur la
base de modeles viscoplastiques auto-cohérents (VPSC). Les résultats indiquent
que les variations latérales de I’OPR, ainsi de l'anisotropie visqueuse, dans le
manteau lithosphérique affectent la distribution de la déformation dans
I'ensemble de la lithosphere, i.e., crolite et manteau. La réactivation de la zone
de cisaillement fossile du manteau et la localisation de la déformation dans la
crolite au-dessus de celui-ci se produisent pour une compression horizontale a
35-55° par rapport a la zone de cisaillement verticale du manteau, avec un
maximum a 45°. La localisation de la déformation dépend (i) du contraste de
l'anisotropie visqueuse et, par conséquent, de l'orientation et de 1'intensité de la
CPO dans les domaines du manteau lithosphérique, (i1) des conditions aux
limites, i.e. comment la plaque accommode la déformation 3D (hors du plan)
induite par la texture d’olivine, et (iii) des feedbacks entre la déformation ductile
du manteau et de la crolte. Pour une intense OPR d’olivine, lorsque les
conditions aux limites n'entravent pas le cisaillement paralléle a la zone de
cisaillement du manteau, les taux de déformation a l'intéricur de celle-ci sont
jusqu'a un facteur 30 plus ¢élevé que dans un manteau adjacent isotrope, ou
jusqu'a un facteur 200 plus élevés lorsque le manteau adjacent est aussi
anisotrope. Ce qui se traduit par des taux de déformation jusqu'a un facteur 10
ou jusqu'a facteur unl00 plus élevés dans la crolte au-dessus de la zone de
cisaillement fossile, respectivement.

L'affaiblissement par réduction de la friction dans les failles de la crotite
augmente la localisation de la déformation dans toute la colonne lithosphérique.
Les contrastes de contraintes élevés entre le manteau lithosphérique et la crotite
ductile entrainent un couplage moins efficace, avec une localisation forte dans le
manteau et la crolite inférieure, mais faible dans la crotite supérieure fragile. La
diminution du contraste de contrainte entre le manteau et la crolite améliore le
couplage mécanique plus efficace et produit une distribution plus homogéne de
la déformation en fonction de la profondeur, ainsi qu'une évolution de la
localisation de la déformation en fonction du temps. La comparaison des

16



données sur l'anisotropie sismique, les contraintes régionales et les mécanismes
focaux dans des zones de cisaillement intraplaque, comme New Madrid - USA
et Armoricaine - France, avec les prévisions de nos modeles corroborent le fait
que I'OPR d’olivine préservée dans les zones de cisaillement lithosphérique
fossile pourrait étre la clé du développement de telles structures.

Chapitre 6 - Comparaison de l'anisotropie visqueuse induite par la OPR
d’olivine dans les zones de cisaillement lithosphériques fossiles avec des
différentes cinématiques passées.

L'analyse de la déformation des massifs de péridotites ainsi que les

données geéophysiques suggerent la présence de zones de cisaillement
deécrochantes et en extension (ou en compression) dans le manteau
lithosphérique (revue dans Vauchez et al., 2012). Dans ce chapitre, j'ai effectué
des simulations de plasticité viscoplastique (SO-VPSC) et d'¢léments finis-3D
thermomécanique (ADELI-anis) pour caractériser les différences fondamentales
de la réactivation structurale anisotrope produites par I’OPR qui se développe
dans ces zones de cisaillement mantelliques. J’ai comparé leurs réponses
meécaniques pour différentes orientations du strike et dip du plan de cisaillement
fossile par rapport a la déformation appliquée, en utilisant des conditions aux
limites et OPR équivalents. L'objectif est d'établir les caractéristiques du premier
ordre de la localisation et du régime de déformation induite par 1’anisotropie
d’olivine dans des zones de cisaillement lithosphérique décrochantes et
extensives (ou compressives).

Des différences significatives peuvent apparaitre dans le comportement
mécanique des zones de cisaillement du manteau lithosphérique anisotrope en
fonction de I'orientation et direction du plan de cisaillement fossile par rapport a
la nouvelle déformation imposée. Les zones de cisaillement fossiles formées en
extension horizontale ont le potentiel de localiser la nouvelle déformation
imposée dans une plus vaste gamme d’orientation de sollicitation mécanique par
rapport aux zones de cisaillement mantellique de type strike-slip; cependant,
pour le cas plus faible (c'est-a-dire a 45°), la localisation de la déformation dans
ces derniéres est plus efficace. La localisation de la déformation dans la zone de
cisaillement fossile est plus efficace lorsque la nouvelle déformation est en
extension, car dans ce cas, les forces gravitationnelles s'ajoutent aux forces
tectoniques. Si les strike et dip dune zone de cisaillement fossile s'écartent de la
géométrie de charge optimale, il est peu probable que la localisation de la
déformation se produise. La réactivation d'une zone de cisaillement en extension
est moins sensible a l'angle d'inclinaison du plan de cisaillement fossile. La

relation d'orientation entre zone de cisaillement fossile (et ainsi OPR
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d’olivine) et la déformation imposée affecte le degré d'épaississement (ou
d'amincissement) de la lithosphere pendant une nouvelle compression (ou
extension) imposée. La présence d'une zone de cisaillement fossile dans le
manteau lithosphérique a pendage modéré et une linéation d'étirement parallele
a la concentration maximale d’axes [100] (et ainsi de la direction d’extension ou
compression) pourrait favoriser un épaississement (ou amincissement). Ces
résultats sont encore I'objet d'une enquéte plus approfondie.

Ces prédictions peuvent apporter une lumicre sur les rares évidences de
réactivation structurale des zones de cisaillement du manteau par
chevauchement (Bastow et al., 2007) par rapport aux ¢évidences relativement
nombreuses de réactivation des zones de cisaillement décrochantes (Vauchez et
al., 1998, 2003, Tommasi et Vauchez, 2001, Storti et al., 2003). De plus, des
variations dans les relations d'orientation pourraient expliquer, en partie, la
distribution spatiale discontinue des zones de cisaillement réactivées, méme si
les données d’anisotropie sismique semblent indiquer la continuité de la
fabrique du manteau pour de longues distances. Dans l'est des Etats-Unis et au
Canada, par exemple, la sismicité lin€aire s'est répartie dans une série de zones
de cisaillement relativement discretes (<100 km), malgré la présence a grande
¢chelle (>500 km) d’OPR d'olivine fossile cohérente et continue dans toute la
région. Les prévisions présentées dans ce chapitre peuvent également contribuer
a la réflexion sur I’effet de la fabrique d’olivine sur le taux d’exhumation de
roches du manteau dans des failles lithosphérique.

Chapitre 7 - Conclusions, limitations et perspectives futures.
Dans ce chapitre, les résultats de mes recherches et quelques questions

ouvertes sont mises en ¢évidence. Les limites de 1'étude sont présentées, et les
perspectives d'avenir pour le sujet sont discutées. L'objectif est de contextualiser
les découvertes de cette thése doctorale et de proposer des lignes de recherche
dans 1'¢tude de I'anisotropie viscoplastique dans les roches et de ses
conséquences pour la déformation a grande échéle (géodynamique). Cette
recherche a des implications sur (i) le contraste maximal du taux de déformation
induit par l'anisotropie visqueuse de l'olivine, (ii) les facteurs de controle de
I'anisotropie et de la localisation de la déformation, (iii) ainsi que sur
I'importance de 1'olivine fossilisée dans le manteau pour la mémoire structurale
des plaques tectoniques et (iv) sur la réactivation structurale des zones de
cisaillement du manteau, comme par exemple la sismicité linéaire intraplaque.
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THESIS CONTEXT

This thesis is part of the European project Complex RhEologies in Earth and
industrial Processes (CREEP). The CREEP is a platform for career development of young
scientists funded by the Innovative Training Network (ITN) EU-H2020 Marie Sktodowska-
Curie actions. The network focuses on rheology of geological and industrial materials by
means of numerical and laboratory experiments. The research in the present thesis was design
to investigate intrinsic anisotropy of olivine at the rock- and plate-scale numerically, as part of

the workpackage ‘Numerical modelling of complex rheologies’.
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In the scope of this thesis project, I had enrolled in an industrial internship in
collaboration with APERAM-Isbergues, France, in collaboration with Dr-Eng. Francis
Chassagne and Dr-Eng. Jessica Delacroix , in order to work on recrystallization of a given
steel manufactured for Liquefied Natural Gas Container (LNGC).

A internal scientific-technical document was produced on the matter, Modelling grain
growth in Imm-thick cooled rolled NM2(0, which reports thermal treatment in a metal alloy
used in the LNGC. The goal was to parameterize the kinetics of grain growth using the
acquired experimental data and applies this data in a grain growth model. The approach
allowed obtaining a predicted grain size of the alloy for given thermal cycle imposed during
the manufacturing processes. This research subject was not directly related to the topic of

thesis, and therefore the study will not be included in present thesis.
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I acknowledged here the importance of this internship for my scientific growing
during my thesis. By doing more than 60 experiments (for the first time in a systematic
manner), | came across the ‘human’ aspect of the laboratory-experimental work. After this
project in APERAM, I became more enthusiastic and confident to follow a post-doc position

on experimental rock-deformation.
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CHAPTER 1

GENERAL
INTRODUCTION

The mind seemed to grow
gicfcfy Ey [ooﬁing Y0, far into
the aﬁyss of time.

Sir James Hall
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1 Introduction

1.1 Why study olivine viscous anisotropy in the lithospheric mantle?

Tectonic plates are the uppermost expression of mantle convection (Coltice et al.,
2017). They consist of large and relatively rigid segments separated by narrow and weak
boundaries (Kreemer et al. 2003). A key element of earth-like plates therefore is the
localization of the deformation in rapid creeping shear zones (Bercovici et al. 2000, Tackley,
2000) (Figure 1.1). This is a unique feature of Earth dynamics. Despite this, why and how the
strain is localized in otherwise stable continental plates remains enigmatic. The deepest and
hottest part of the plates - the lithospheric mantle - is composed of peridotites, an olivine rich-
rock. Thus, the mechanical properties of the lithospheric mantle depend on the mechanical

properties of olivine.
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Figure 1.1: Global strain rate map derived mainly from geodetic data. Rigid plates in white
separated by coloured rapid deforming boundaries (adapted from Kreemer et al., 2003).

A remarkable feature of olivine crystals is its high anisotropy of viscous properties,
that is, the variation of the viscosity as a function of direction in which it is measured, in this
chapter called mechanical anisotropy. Heterogeneity of mechanical (anisotropic) properties is
a major property of the lithosphere controlling plates-scale strain localization (review in

Tommasi et al., 2015). The basic principals of mechanical anisotropy can be easily
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understood by considering a box containing two springs with different elastic constant (i.e.
strength), coupled to a central mobile ring that can move under an external force F and thus
deform both springs (Figure 1.2. based on lecture by A. Tommasi). Two outcomes can be
outlined from this thought experiment: (1) the magnitude of the force required to equally
displace the ring varies depending on the direction of the applied force; (2) to apply an
oblique displacement relative to the axis connecting the springs, the force has to be applied in
a different direction from the target obliquity. These effects scale with the relative strength of
the springs, which might change if the springs setup change, for instance, if the spring 1 lies

perpendicular to the spring 2.
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Figure 1.2: Thought experiment: concept of mechanical (elastic) anisotropy illustrated with
springs (1 and 2) with different strengths. (Left) In order to impose the same amount of
displacement, the force F applied in the direction of the spring 2 is different from F in the
direction of the spring 1. (Right) To displace the ring at 45° to the horizontal direction F must
be applied at an angle different of 45°.

In mantle rocks (as in others polycrystals), mechanical anisotropy might occur when
preferred orientation olivine crystals (CPO) are developed during plastic deformation
(Nicolas, A., & Christensen, 1987, Hansen et al., 2012). The anisotropy at this scale depend
primarily on the CPO symmetry and intensity (Knoll et al., 2009), which may vary as a
function of dominant slip system (relative strength and number), finite strain, and the
interplay between diffusion and dislocation creep to accommodate strain in the polycrystal.

At larger-scale, an important constraint for sustaining the plate-tectonic mode of
mantle convection is that it requires lithospheric softening mechanisms that may act over
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relatively long periods of time. A good candidate therefore is the fossil mantle fabric in
continents. Once olivine CPO is formed, it might be modified by subsequent deformation
events but not destroyed, as indicated by laboratory (Boneh et al., 2015) and natural
observations (Falus et al., 2011 Michibayashi, & Mainprice, 2004). This is corroborated by
the widespread coherent seismic anisotropy far from active plate boundaries (Figure 1.3),
which is interpreted in most of the cases as froze-in past mantle deformation (Mainprice et
al., 2007). Thus, large-scale lateral variations in fossilised olivine CPO in the lithospheric
mantle might contribute to the long-term strain localization required for maintaining global

tectonics.

05 10 15 20

Figure 1.3: Seismic anisotropy database available online at http://www.gm.univ-
montp2.fr/splitting/DB/. SKS splitting waves map with most of the delay time > Is. The
splitting is interpreted as mainly controlled by olivine anisotropy in the mantle (Mainprice,
2007) (source: http://www-udc.ig.utexas.edu/external/becker/sksdata).

Coherent seismic anisotropy associated with large-scale deformed regions comprise
complementary evidence, together for instance with Moho offsets imaged by seismic
reflectors (Wittlinger et al. 2004), for the presence of deep shear zones down to lithospheric
mantle (Vauchez et al., 1997, 1998, 2005). Mechanical anisotropy produced by fossil olivine
CPO in these mantle shear zones may result in linear seismicity in otherwise stable continents
or, in the onset of new plate boundaries subparallel to old mantle fabric (Knoll et al., 2009,
Tommasi et al., 2009), as corroborated by the remarkable correlation between mantle and

crustal deformation in old fault systems worldwide (Figure 1.4).
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Figure 1.4: a) Reconstruction of the opening of the Central and North Atlantic oceans
(adapted from Tommasi and Vauchez, 2015). b) Ongoing break-up of Eastern African Rift
(adapted from Vauchez et al., 2005). ¢) Reconstruction of the opening of the South Atlantic
Ocean (adapted from Tommasi and Vauchez, 2001). SFC stands for San Francisco Craton.
The red two-sided arrows show the fast-axis direction of shear waves from the SKS splitting
database (source: http://splitting.gm.univ-montp2.fr/DB/), which commonly follows the trend
of reactivated lithospheric shear zones.
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In this thesis, I am interested in the effects of mechanical anisotropy produced by the
fossilized olivine fabric on deformation far from active plate boundaries (i.e. intraplate
domains).

Some of the key questions that will be addressed are:

* Which is the magnitude and governing parameters of CPO-induced
mechanical anisotropy at the rock- and plate scale?

* (Can olivine mechanical anisotropy in the mantle localize deformation in the
crust, and modify the deformation pattern in the entire lithosphere?

* What is the role of olivine CPO on the long-lived structural memory of the
lithospheric mantle?

* Does the presence of fossilized olivine CPO explain the onset of linear
seismicity associate with old, intraplate strike-slip mantle shear zones?

* What are the fundamental differences in CPO-induced structural reactivation

of fossil mantle shear zones formed in distinct past kinematics?
1.2 How olivine mechanical anisotropy is study in this thesis?

Modelling the effects of mechanical anisotropy in the deformation of the lithosphere is
a multiscale problem (Figure 1.5). The approach requires quantifying the possible range of
CPO-induced mechanical anisotropy in olivine-rich rocks, and its controlling parameters
relying on experiments on single crystal (Bai et al.,, 1991; Durham & Goetze, 1977). The
feedback between dislocation creep and others deformation processes needs to be accounted
to modulate the CPO (symmetry and intensity), and consequently, of the resulting mechanical
anisotropy. This was examined by performing viscoplastic self-consistent (VPSC) simulations
modified to account for isotropic processes (Detrez et al. 2015). The approach is presented in
the chapter 3.

In order to explore the effect of the presence of olivine CPO fossilized in the
lithospheric mantle and the associated crust response, as well as the their mechanical
interactions, the resulting mechanical anisotropy need to be implemented in a geodynamical
model. This is fundamentally a three-dimensional problem, since the full viscosity tensor of
olivine might induce non-parallelism between the principal stress and strains components,
which can be challenging in terms of computational cost. In this thesis, we aimed to isolate
the effect of olivine CPO on intraplate deformation, therefore, we do not explicitly account

for the effects of grain size reduction or transient thermal states, but our models
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predictions can be used to make inferences on the role of these processes for long-term strain
localization.

The novelty of this thesis is that the large-scale problem was tackled by describing the
mechanical anisotropy of olivine CPO through parameterized equations (Hill, 1948),
calibrated based on second-order VPSC simulations (Lebensohn et al., 2011), which has the
advantage of accounting for the response of olivine polycrystals relying on rigorous physical

bases and at relatively fast computation time.
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Figure 1.5: The approach consists of accounting for (1) the intrinsic mechanical anisotropy of
olivine crystal in polycrystals plasticity models in order to calculate the CPO-induced
mechanical anisotropy at the rock-scale, while considering implicitly the effect of intra- and
intercrystaline mechanism to rock bulk viscosity (2). The resulting mechanical behavior is
parameterized in a geodynamic model to study the effects on (3) lithospheric shear zones

1.3 Objectives and work hypothesis

The aim of this thesis is threefold: better understanding of CPO-induced mechanical
anisotropy in olivine-rich rocks (1), and of its consequences for the mechanical behavior of
textured lithospheric shear zones in continental tectonic environments (2); the development
of a physics-based (3) parameterized description of mechanical anisotropy derived from
viscoplastic self-consistent (VPSC) models, which can be incorporated into geodynamical and
material science codes.

The central hypothesis of the thesis:

v" Fossilized crystallographic preferred orientation of olivine in the lithospheric
mantle, formed during past tectonic events, controls the location, orientation,

and style of strain localization in intraplate settings.
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For the first time this hypothesis is tested by performing 3D geodynamical numerical
experiments that take into account the feedbacks between CPO-induced mechanical

anisotropy anisotropic in the mantle and the resulting deformation in the crust.

1.4 Organisation of the thesis

The present thesis is divided in seven chapters. Chapter One comprise the present
introduction. Chapter Two summarize the current knowledge on olivine-produce mechanical
anisotropy, from the crystal to the plate, and some fundaments concepts on continuous
mechanics. Chapter Three present a comparison of polycrystal plasticity models against
laboratory experiments and also a non-published comparisons and a parametric study using
VPSC simulations. Part of this study is presented in the form an article, published in the
journal Physics of the Earth and Planetary Interiors. Chapter Four details the methods used
to parameterize the CPO-induced viscous anisotropy together with the validation of the
numerical routines implemented in the geodynamical finite-element model. Part of this
chapter was submitted to the Journal of Theoretical, Computational and Applied Mechanics. 1
co-authored the work. Chapter Five investigates the implications of CPO-induced
mechanical anisotropy in fossilized strike-slip mantle shear zones for strain localization and
patterns in the lithosphere. This work is accepted - in press - in the journal Geophysical
Journal International. Some non-published materials (Appendix figures) are also presented.
Chapter Six report the anisotropic response of mantle shear zones with different past
kinematics (fossil extensional and strike-slip CPOs) to a new extensional or compression
deformation event at different orientaion of strike and dip of the fossil shear zone. The results
are part of an manuscript being further improved to be submitted to a scientific journal.
Chapter Seven summarize the main conclusions and limitations of the models, discuss some

open questions and give some future perspectives.
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CHAPTER 11

AN (BRIEF) OVERVIEW OF
OLIVINE VISCOUS ANISOTROPY

Qf 7 look at me ﬁ’om a distance, 'm a dot.

ﬂf 7 look at me up too close, 'm but a blur.

le 9 look at me from within, 7’m chaos in order.

le 7 ook within from the outside, 7’m order in chaos.

le 7 just stop [ooﬁing, Im who 1 want to be.
A fluid.

Unknown author
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2 Introduction

This chapter briefly summarize the current knowledge in the matter of viscoplastic
anisotropic of olivine crystals, polycrystals and of tectonic plates. Basic concepts of
continuum mechanics and polycrystal plasticity theory that are fundamental to understand the
present thesis research is revisited. I finish by recalling, chronologically, numerical

experiments that explored the effect of mechanical anisotropy in the context of geodynamics.

2.1 Olivine mechanical anisotropy: from crystal to plate

2.1.1 Anisotropic rheology of the single crystal

Plastic deformation of olivine, and consequently its mechanical anisotropy, depends
primarily on the crystallo-chemistry of the crystal. Most of naturally occurring olivine crystals
comprise a complete solid solution between an Mg-rich end-member, called Fosterite
(Mg>Si0y), and a Fe-rich end-member, called Fayalite (Fe,SiO4). The olivine structure is part
of the family of the nesosilicates, meaning that the tetrahedrons sites of anions [SiO4]" are
not directly connected to each other. Instead; they are linked to to interstitial divalent cations
(Mg2+ and Fe** )placed in two distinct octahedral sites (M1 and M2, respectively, in Figure.
2.1). The strength of the bond Si-O is significantly higher than the (Mg, Fr)-O bond due to
the covalent nature of the first and the ionic nature of the former (Bragg and Brown, 1926.

Deer et al. 1997)

Edge-sharing
octahedra

Si0,
tetrahedra
—

Figure 2.1: a) Structure of olivine crystal showing the M1 and M2 sites relative to the silicon
tetrahedron in blue. b) Representative elementary arrangement of olivine octahedral and
tetrahedral sites.
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. The crystal structure however is not perfect arranged. Point and line lattice defects
work together to allow the crystal to deform plastically. Point defects allow transport of
matter, while motion of dislocations, a crucial line defect, promotes coherent slip of lattice
domains in specific directions. Dislocations are characterized by a direction of dislocation line
and a Burgers vector, which describes the magnitude and direction of slip. Slip occurs after
reaching a critical stress on planes containing the highest density of atoms.Hence,
intracrystalline plasticity it is primary dependent on the spatial arrangement of the crystal-
lattice

Olivine crystal crystallizes in the orthorhombic symmetry with a hexagonal close-
packed (hep) array of oxygen ions (Birle et al., 1968). This results in lack of slip plane and
directions (i.e. slip systems) available to ensure arbitrary plastic strain (Von Mises, 1928).
Olivine deform restricted to [100] and [001] directions only (Poirier, 1975), which have
profound consequences for the anisotropy of physical properties of olivine crystals (and of

aggregates and tectonic plates).

1 .
b (010)[100]
102 fO2 = Ni-NiO buffer (001)[100]
P =300 MPa
(010)[001]
104
o 106
2 108
b
%) [101]e
[010] | e 010
) g & (011}
’f;ol - ) L 1 L 1
2 <F 10 100 1000
[001] Deviatoric stress (MPa)

Figure 2.2: a) Common slip systems available for plastic deformation of olivine. [100] and
[001]-axes in a are two dominant slip directions in olivine. b) Laboratory deformation
indicates that at high temperature and moderate pressure the main activate slip system are
(010)[100], (001)[100] and (010)[001]. At this experimental conditions, slip on the [100] of
olivine might be a factor of 100 times faster than in the [001] direction.
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The worked by Durham and Goetze, (1977) and Bai et al. 1991 showed olivine
might display >100 times contrast in strain rate depending on the direction of the applied
stress (Figure 2.2 and 2.3). Durham and Goetze, (1977) showed indeed that the dominant
slip planes vary as function of temperature and differential stress, which may shift from
dominant glide [100] at high temperature and low stresses to dominant glide [001] when

temperature is low and differential stresses are high.
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Figure 2.3: Variation of the dominant slip systems as a function of temperature and
differential stresses. Glide in olivine is significantly mechanical anisotropic (different strength
of slip systems) for the whole range of variable space temperature (Durham and Goetze,
1977)

2.1.2 Anisotropic rheology of the polycrystal

During plastic deformation of olivine, grain rotation in only 3 dominant slip systems
may produce sharp Crystallographic Preferred Orientations (CPO) (Carter and
Ave’Lallemant, 1970. Chopra and Paterson, 1981). CPO is characterized by the alignment
of the crystal at a stable position relative to the imposed stress; CPO development transfer
crystal anisotropy (or a portion of it) to the rock-scale, and larger. Due to the limit number of
available slip systems, diffusion- and grain boundary-related deformation mechanism must
assist dislocation creep, modifying the olivine CPO, and consequently the anisotropic

rheology associated to it.
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For instance, it has been argued that the activation of other deformation processes in
addition to intracrystalline glide might explain the (1) relative fast steady-state CPO intensity
and reorientation during simple shear deformation (Signorelli and Tommasi, 2015), (2) the
formation of axial-olivine CPOs (Warren et al., 2008), and (3) the CPO weakening during
static (Boneh et al., 2017) and dynamic recrystallization (Falus et al., 2011). Moreover, CPO
evolves different depending on the deformation history. Transient CPO symmetries and
intensities can be formed as a function of the preexisintg CPO and deformation regime
(Boneh and Skemer, 2014. Boneh et al. 2014, 2015), which further complicates revealing

past deformation events.
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Figure 2.4: Laboratory experiments on mechanical (viscous) anisotropy of olivine
aggregates by Hansen et al. 2012, which an olivine CPO created in torsion was further
deformed in torsion and tensional deformation. The loading-geometry relative to the olivine
CPO is shown in the bottom right.

On the basis of laboratory experiments, Hansen et al., 2012b showed that torsion

parallel to a previous torsional deformation, which formed the initial olivine CPO, display <2
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lower equivalent stresses (for a constant strain rate) than tension perpendicular to the shear
plane (Figure 2.4). At the conditions the experiments were performed (high temperature,
moderate pressures and very fine [um] grain sizes), the plastic deformation was interpreted to
be mediated by a combination of dislocation creep and grain boundary-related processes
(Hansen et al., 2012a). The measured viscous anisotropy in laboratory experiments is
influenced by the activation of these additional deformation processes, which reduced the
magnitude of the anisotropy in more than a factor of 3 times compared to viscous anisotropy
produced only by dislocation creep (Mameri et al., 2019, article presented in chapter 3).

In another series of laboratory experiments, Hansen et al., 2016 investigated the
viscous anisotropy rising from olivine CPO deformed in axial extension followed by torsion
perpendicular to the previous deformation. As in Hansen et al., 2012a stresses did not
surpass a factor of 2 times (at constant strain-rate) despite the considerably different olivine
CPO symmetry, intensity and deformation history. Both sets of experiments will be further
explored in a comparison against viscoplastic plasticity models, presented in the chapter that

follows (Chapter 3).

2.1.3 Anisotropy in the lithospheric mantle

Olivine is not only viscous but also elastic anisotropic (Liu et al., 2005), as evidenced
by polarized seismic waves in the upper mantle (Silver and Chan, 1991. Savage, 1999
Karato et al., 2008. Lev, 2009). Both present and past mantle deformation can be constrain
from the difference in arrival times between the polarized shear waves (8t: delay time) and
from the azimuth of the fast polarized direction (¢p), which can be used to estimate the
thickness of the anisotropic medium, and the orientation of the anisotropic structure,
respectively. The delay time beneath continents is of tern >1s (Wiistefeld et al., 2009), which
is commonly interpreted as anisotropy at mantle depth. Delay times <0.5s are interpreted as
crustal signal (Silver et al., 1999).

During plastic deformation of the mantle by shear, the [100] and [010] axes of the
olivine CPO align respectively parallel and perpendicular to shear plane. The faster axis of
propagation in olivine crystals is the [100] (Mainprice, et al., 2000), hence, the CPO, as well
as the foliation and lineation directions in the mantle, can be inferred from the anisotropic of
seismic waves. This is a central assumption in the present thesis. I use seismic anisotropy
measurements to infer the first-order orientation of the mantle fabric associated with

lithospheric shear zones (Figure 2.5).
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Split shear waves

ivine erystallographic fabric
(1064 [010] [001}

Lithosphere

Polarized incoming
shear wave

conipiited seisniic properties

Figure 2.5: Schematic representation shear wave splitting in a strike-slip shear zone (A) and
the associated orthorhombic olivine CPO (B). The seismic properties are show in (C). Vp
shows the highest P-wave velocity. The Vs the contrast between fast and slow split S-waves.
The PP the orientation of the fast S-wave polarization plane (from Vauchez et al, 2012).

Mantle xenoliths and exposed mantle rocks in peridotites massifs suggest that the
presence of olivine CPO is common in the lithospheric mantle (Ismail and Mainprice,
1998). Therefore, the lithospheric mantle is very unlikely to be mechanical isotropic, as
usually take for granted. Large-scale lateral variations in seismic anisotropy patterns
corroborate this hypothesis, and further suggest that the anisotropy in the lithosphere
mechanical is not homogeneously distributed either (review in Tommasi and Vauchez,
2015).

2.2 Modelling fundamentals

2.2.1 Continuum mechanics basics

The following mathematical formalism on continuum mechanics are mainly based on
the books Numerical Geodynamic Modelling by Gerya, T. (2009), Geodynamics by Turcotte
and Schubert (1982), and Introduction to Tectonophysics by Rey, P. (2018).
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Plastic (rock) deformation can be approximated as a continuum process. This means
that the material fills completely the space and that the material behavior can be described by
continuous equations rather than discrete ones, once the field variables might vary at every
space-point the continuous body. Together with scalars quantities, vectors and (higher)
tensors quantities are important field variables in continuum/fluid mechanics, and they
comprise the ‘keystones’ in quantitative/modelling geo-mechanics. Stress, strain and strain-

rate are second-rank tensor, classically defined as:
Stress

Stress can be defined as force per unit area, in which the stress is directly proportional
to the applied force and inversely proportional to the area in which the force is exerted.

Consider an infinitesimal cube inside a body under an applied net force (Figure 2.6).

011 O12 Oy3

Q
I

ij = | Y21 O22 O3
O3y Ogp 933
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Figure 2.6: Normal and shear stress components of the stress tensor o;;acting in an

infinitesimal cube submitted to external forces.

The force can be decomposed in components acting perpendicular to the surface
(normal stress, 074, 05, 033) and those components acting parallel to the surface (shear stress.
012,021, 013,031 033, 032). In 3D, this can be written in the form of a stress tensor, comprising
nine components defined as a 3 x 3 matrix that characterize the state of stress in a given point.

The stress components need to counteract each other to maintain equilibrium force

42



balance, then oy, = 0,4,013 = 031 and 0,3 = 03,, resulting in six independent stress
components.
In rock deformation, we are often interested in the deviation of stresses (i.e. deviatoric

stress ai’j) relative to a mean stress state (i.e. hydrostatic stress P), which can be written as:
O-i’j = O-ij + P(SU

where &;j(Kronecker delta) = 1 when i=j and §;; = 0 when i # j, i and j are coordinate indices
in the 3D space (X, y, z), and P is the hydrostatic pressure as a function of depth (y) and
density p(y), defined as:

P(Y) =Py +g [ p(dy

where P, is the pressure at the earth surface and g the acceleration of gravity.
The sum of the diagonal deviatoric stresses comprises the first invariant of the stress
tensor (i.e. trace of stress tensor). The second invariant of the deviatoric stress tensor give the

local stress deviation in the continuous rock relative to the lithostatic stress state, as follow:

where i and j indexes stands for summation over the stress components.
Cauchy law of stress tensor

Since the stress tensor is symmetric g;; = 0j;, given the stress components o;; and the

normal unit vector (n = n;e;) in an arbitrary plane, the traction (i.e. force) vector (t™ = t;e;)

acting on that plane can be determined using the Cauchy's law in the form:
ti = O'L'jnj

where i and j indexes stands for summation over the stress components. The Cauchy’s law
can be illustrated graphically using a tetrahedron representation, where just the positive stress

components are shown (Figure 2.7).
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Figure 2.7: Cauchy’s tetrahedron. The traction vector acting on a plane can be determined by
giving the stresses tensor and the normal to the plane.

Strain

Stress result in deformation. The amount of changing in the distance separating
elements in the body during deformation is represented by the dimensionless quantity called
Strain. Strain describes the deformation of the body by means of relative displacement, which
can be perpendicular to the face where stress was applied (normal strain) or parallel to it
(shear strain).

Consider a rectangle with initial length L in which an applied deformation change the
initial length in a given amount AL (Figure 2.8). The normal and shear strain can be defined

in 1D as €:

In the case the shear strain is expressed as the angular relation between the lines before

and after the deformation, strain is defined as:

y = tand

a] v ~ [b] _w FAL

L y
1 ! /
| 1 (D /I /
| ! L /3 /
1 | / /
1 ! / /
| 1 / /
I I / 4
| - |

Figure 2.8: Sketch of a) axial and b) shear strain of a square deformed by AL.
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Likewise the stress tensor, the strain tensor for incremental deformation is defined in

3D by nine components, comprising three normal strains components (€xy, €y, €,,) and six
shear strain components (€xy, €yx, €xz, €zx, €yz, €5y). These components are defined in terms
of the gradient of displacement field u in the three principal directions x,y and z relative to the

original position:

ou, _ Ouy, _ 0y,
Cox T gy 0 TGy fm T g,

1(0u, OJu, 1/0u, Ou, 1 ou, OJu,
co=en =3\ G0t 5o ) e e =3(G T = =3 GE D

The strain is calculated by integrating the deformation over the entire deformation history.
Strain rate

The change in displacement field (strain tensor) over time is given by the strain rate
tensor (€), that is, the rate in change in the distance separating elements in the body. The
strain rate tensor is defined in 3D by the nine components of time derivative of the gradients

of the velocity field v, also separated on normal (€yy,€,y,€,,) and shear components

(Exy: €yxr €xz) €zx €Eyz) 6-zy):

v, | _avy. .0y,

Cxx 6x'6yy_6y' €2z = 5,

4 )_..__16vz+6vy__
0z T ax) T =Gt ) =

1(%;”&

€xy =3 dy ax>:éyx; €xz =3

1 (6vx av,
The strain rate is given as inverse of time (s"), and describes the local change in
deformation state at each incremental time, therefore, it is related to an infinitesimal
deformation rather than a finite one. Strain rate can be obtained by subtracting the non-
diagonal components (i.e. rotation rate) of the velocity gradient v.
The first invariant of strain rate tensor define the isotropic part of this quantity, which

represent the rate in change of volume. The second-invariant is the shear strain-rate, given as:
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. 1.,2
€n = ’Zeij

where i and j indexes stands for summation over the strain rate components.

Viscosity

. . . ] . .

The viscosity relates the shear strain-rate (é) to the applied shear stress (7), thus it

has the dimension (Pa.s). It characterizes the resistance to flow of the body. In the form of the
] Dl . . . . oy

newton’s second law (F = ma—:), and considering an incompressible and isotropic fluid, it

can be written as:

v
T:na

If n = 1, the relation of shear stress and the rate of shear strain is linear, and the fluid is
called Newtonian). The implemented anisotropic viscosity induced by olivine fabric in the

present thesis is described by a fourth-rank tensor (7;jx;), and in most of the simulations

characterize a non-Newtonian fluid flow (n # 1).
Finite Element Modelling and Lagrangian Framework

The geodynamical code ADELI use a Finite-Element Method (FEM) to discretize the
studied domain into nodes in which the numerical solution of partial differential equation can
be interpolated over the parameters space. In our approach, we used four-node tetrahedral
elements (i.e. 3D mesh), where temperature, velocity and displacement field are calculated in
each node. Given the partial derivatives of the velocity and displacement field, the strain,
strain rate, and tress tensors, is defined in each finite-element of the tetrahedron.

ADELI use a Lagrangian scheme to solve the continuity equations, which implies in
advection of the elements of the mesh with the field variables. A material point is always
related to the same (Lagrangian) point independent of time; in this case one might define a

‘fluid’ reference frame. This formulation can be written mathematically in the form:

D
D—i +pdiv(¥) = 0
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where % is the Lagrangian time derivative, p is the local density, ¥ is the local velocity and
div(?) is a scalar function defined in 3D as follows:
ov, dv, 0,

div(v) = 9% + 3y + P

This expression characterize the direction of the material with flow relative to the
Lagrangian points, being divergent, convergent or neutral vector or scalar field (Figure 2.9).
If the flow is diverging (a) there is a net flow out of the volume element, and if is converging

(b) the net flow goes into the volume element.

LR
|

(b) l (c)
®

l

0 div(v)=0

l

div(v) > 0 div(7)

Figure 2.9: Types of divergence field around a point

In the geodynamic code ADELI the fluid in considered incompressible, meaning that
the time derivative of density is equal to zero, in other words, the density (i.e. volume) does

not change over time. In this case, the divergence of the velocity field is neutral, div(v) =0

2.2.2 Rheology and flow laws

The lithospheric strength in its coldest part is supported predominantly by elastic-
brittle strength, whereas in the hotter lower crust and mantle the lithospheric strength is
supported mostly by elastic-viscous strength (review in Burov, 2011). Thus, a widely
accepted model of lithosphere strength profile comprise an upper crust with increasing brittle
strength as a function of depth (i.e. pressure) that change to thermally activated creep at the
lower crust and upper mantle (Figure 2.10a). The strength profile depends on the details of
each tectonic setting, such as thermal structure, rock composition, and fluid-pore pressure. In
this thesis the deformation of both the mantle and the crust was modelled, which implies

considering visco-elasto-plastic rheologies (Figure 2.10b).
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Figure 2.10: a) Strength envelope for a lithosphere deforming at constant strain-rate of 10~ "*
s”'. The dashed grey line indicates the continental geotherm, with Moho temperature at
650°C. The solid lines show brittle and viscous strength of crust and mantle. b) Sketch of

flow curve in the stress and strain space. Below the yield stress (o%*) the rock behaves
elastically and above it plastically.

We are interested mainly in large deformation responsible for the long-term localized
plastic strain in lithospheric shear zones, far beyond the elastic domain. In order to model
these constitutive relations, a yield criterion must be defined, which characterise the critical
stress (0*) in which the rock might deform permanently (i.e. beyond the elastic behavior),

either by breaking or creeping (Figure 2.10b).
Yield Criteria

Consider a yield surface in the stress space in its classical sense, i.e., from elastic to
plastic behavior. Three types of yield criterion were explored in our models: one pressure-
dependent ascribed to the upper crust, called Drucker-Praguer (1962) criterion, and two
pressure-independent, an isotropic called Von Mises (1913) criterion ascribed to the lower
and upper mantle, and the Hill (1948) criterion that characterize the anisotropic yield criterion
in the lithospheric mantle when olivine fabric is present. The mathematical formulation of the

yield criterion is:
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flo,a) =0

where ¢ contains the six independent components of the stress tensor, and a represent the
material parameters. In our approach, the parameterization of the anisotropic viscosity is
performed via the parameter space a, which in the Hill yield criterion is represented by six
coefficients. The yield criteria and the method to calibrate the Hill’s parameters will be
described in detail in the chapter 4.

A general mathematical description of the yielding problem is represented by a

function f in the form:

f < 0,elastic
f = 0,plastic
f > 0,inadmissible

This yield function can be defined graphically by a surface in the stress space. The
actual state of stress of the rock is given by a point either inside (i.e. elastic) or on the yield

surface (i.e. plastic), where the boundary f = 0 define the permissible stress limit (Figure

2.11):

|

[ > 0 — inadmissible

elastic

<0

Figure 2.11: General plastic yield surface.
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Elastic (isotropic) deformation

The elastic behavior occurs as soon as the stress is applied to the rock, which then
recovers its original shape when stress is relaxed. The analogue of this behavior is a spring.
As the stress o increases the elastic strain € increases linearly proportional to the elastic

moduli E (i.e. the slope of the curve in th stress strain space).

oco=Fe¢e

. AL . . . . ) .
where € is — - as previously defined. In 3D it can be written in the general tensorial form in

two parts, a volumetric €, and a deviatoric strain tensor €;; that are related directly to the
magnitude of the applied deformation:

O-ij = Aé\ijekk + 2#61']'

where A and p are elastic constants, the bulk and shear modulus, respectively, and depends on

the material properties and deformation conditions (T and P).
Plastic (brittle) isotropic deformation

Once plastic yield is reached irreversible deformation occurs. The brittle Drucker-
Praguer criterion that is used in the geodynamic code ADELI is a smooth version of the sharp

yield surface defined by the Mohr-Coulomb criterion:
T = otan(¢) + c,

expressed in the form of a linear relation between normal (o) and shear stresses (7). Failure
occurs after that the cohesion ¢ and the internal frictional angle ¢ of the material is overcome.

The larger the normal stress, which depends on lithostatic pressure, the more shear
stresses the rock can sustain (Figure 2.12). For relatively small shear stress the rock strength
increase with the normal stress and is slightly dependent of the characteristic roughness of the
failure surface. For high shear stresses, the rate of increase in rock-strength decreases and

becomes independent of rock type (Byerlee, 1978).
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Figure 2.12: Shear and normal stress for a variety of rock-types (after Byerlee, 1978).

Plastic (Viscous) isotropic deformation

If cohesion in the material is maintained, the rock may deform irreversible by flowing
without failure. At long time scale the lithosphere deform by viscous creep, which depends on
many factors such as rock type, grain size, temperature, strain rate, fluid content...The
simpler viscous behavior is the Newtonian fluid mode, which relates linearly the shear stress

0xy and the shear strain rate €, through a material constant proportional to the viscosity 7.

Oxy = 2n 6:xy

The mechanical properties of the lower crust and upper mantle can be approximated as
a Non-Newtonian viscous fluid through a constitute law calibrated relying on experimental
rock-deformation deforming by most by dislocation creep. This is modelled in ADELI using a
power-law relationship, so called due to dependence of strain-rate on the stress raised to the
power n, which leads to an apparent viscosity that is neither constant nor linear. In terms of

strain-rate €, as a function of deviatoric stress g, the viscous power-law relation is:
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éa = A (o0)exp (~

where 4 is a material constant (Pa™ s™), n is the dimensionless stress exponent defining the
sensitivity of strain rate on the differential stress, O is the energy barrier of the creep
mechanism, also called activation energy (J.mol™), R is the Boltzmann constant (J.mol™ K™),
and T is temperature (K). In the case that the controlling mechanism is Diffusion creep, # is
equal to 1 and a grain-size dependent variable must be added to the equation.

This relation indicates that the flow is thermally activated and that temperature and
differential stress play a fundamental role on the rate of the viscous flow. For a constant
stress, an increase in temperature either increases the strain rate or decrease the stress required

to produce a given strain rate.
2.3 Modelling olivine polycrystalline plasticity

There are two classes of widely used approaches to models plasticity of aggregates
(review in Lebensohn et al., 2011): Full-field and Mean-field models. The Mean field
models are based on statistics of the microstructure in which the exact shape and position of a
grain in relation to neighbouring grains is unknown. The Full-filled approach, such as Finite
Element Method or the Fast Fourier Transforms - FFT (Lebensohn, 2001), requires to
explicitly defining the microstructure, leading to more accurate calculation but also requires
considerably more time of computation, which have implications for the size of the
investigated microstructures. In this thesis, the Mean-field models were use to relate olivine
CPO to its anisotropic (mechanical) properties. In the next paragraphs, I will focus on this
class of models (mean-field), revising chronologically the classical papers that establish the
bases for their development. I do not intend to exhaustively revise the physics behind
polycrystal plasticity models. Instead, the fundamentals improvements of the mean-field
approach until the second-order self-consistent approach we use. Some new developments
and capabilities of polycrystal plasticity simulation can be found in (Pokharel et al., 2014, and
references there in)

The pioneer work by Sachs (1928) and Taylor (1938) has established the bases for
Mean-field models. Their models, called lower- and upper-bound models, respectively,
allowed calculating the effective behaviour of the polycrystal without taking into account the

interactions between grains. In the lower-bound the grains are subjected to the same stress
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that the polycrystal, whereas in the upper-bound the grains are subjected to the same plastic
strain that the polycrystal. The lower-bound model is suitable for materials with few slip
systems because under uniform stress only grains well oriented to deform are expected to
accommodate strain. This might result in underestimation of the effective behavior of the
high symmetry materials. On the other hand, the upper bound is well adapted to materials
with abundant available slip systems because under uniform strain all grains, despite their
orientation, will be forced to accommodate the same amount of strain. This approach might
result in unrealistic high effective stress if the material has low symmetry (high anisotropy).
Based on the Eshelby’s inclusion theory (Eshelby, 1957) the self-consistent scheme
was introduced in the Kroner and Budiansky-Wu models (Kroner, 1961, Budiansky and
Wu, 1962) to account for grain interaction with a Homogenous Equivalent Medium (HEM),
leading to intermediate mechanical behavior compared to the lower- and upper-bound
approaches. A linearization scheme of the constitutive relations is required to approximate the
non-linear solution of the grain. The properties of the polycrystal (i.e. HEM) are determined
by considering the average properties of the single crystal and of the polycrystal, related by
inclusion-matrix interaction tensor M. Solving the equilibrium equation for the ellipsoidal
inclusion (strain rate € and stress s) embedded in an effective medium (strain rate E and stress

S) leads to an (interaction) equation in the form:
E—E=-M:(s—95)

where M is characterized by a term, B, depending on the inclusion geometry and matrix

rheology, a compliance tensor M, and an interaction term n, sy, written as:
]\’;t = neff(l — @)_1: g =M

The difference of the strain rate in the grain relative to the polycrystal average strain
rate is given by the interaction term n.zr. When n,rr = 0, the crystal strain rate is the same
of the average one independent of stress (Taylor model). When ngsr = o0, the stress
difference in the grain relative to the polycrystal average is zero (Sachs model).

The first self-consistent models accounted only for elastic deformation, therefore, it
were applicable for small deformation. Hill (1965) extended this approach by accounting for
an elastic-plastic coupling using the concept of constraint tensor, a fourth rank tensor. Hill

considered the HEM as an anisotropic medium that depended on elastic plastic stiffness of the
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single crystal and on the geometrical features of the ellipsoidal inclusion. Hutchinson (1976)
proposed an extension of these models by considering a small, incremental, effective
viscoplastic behaviour using a secant linearization procedure (n.rr = 1) to account for the
non-linear the constitutive relation of the polycrystal.

Molinari et al. (1978) proposed a non-incremental approach based on a tangent
(TGT) linearization procedure (n.sr =n) that led to a softer grain-matrix interaction and
allow considering large deformations. Lebensohn and Tome (1993) generalized this
formulation to account for low symmetry materials, such as ice (Castelnau et al., 1996,
1997) and olivine (Tommasi et al., 1999, 2000). Intermediate behavior can be obtained by
considering an affine linearization procedure (Masson et al., 2000. Castelnau et al., 2008b),

which has n,r between the secant and tangent (Figure 2.13).

non-linear
response

Sachs [ Tangent
: Secant

Strain rate

Stress

Figure 2.13: Linearization procedures in the stress strain rate space

The self-consistent predictions were significantly improved by the so-called second-
order approximation. This approach account for average field fluctuations inside the grains
(Ponte Castaiieda, 2002), and allow better predictions of the effective stress and strain rate
of the polycrystal, notably for those that are formed by highly anisotropic crystals, such as
olivine. Castelnau et al. (2008) has shown that the mechanical response of olivine
polycrystals calculated with the second-order viscoplastic self-consistent model (SO-VPSC),

display similar results compared to more sophisticated solutions given by Full-field
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simulations (Figure 2.14). In the present thesis, I use SO-VPSC to sample the viscoplastic
yield-stress space of olivine polycrystals and parameterize their anisotropy to be used in a

geodynamical model.

|a]  FFT Stress field [b]  Effective Stress

o
o

o

Effective stress 6,4/ 1

Anisotropy parameter M

Figure 2.14: a) Stress field calculate by Fast Fourier Transform (FFT) in olivine polycrystal
b) Comparison between FFT-based solutions and several mean-field approaches (SO: second-
order linearization. AFF: affine linearization. TGT: tangent linearization) for different values
of plastic anisotropic parameters M (adapted from Castelnau et al., 2008). FFT and SO-
VPSC show remarkably similar responses.

Signorelli and Tommasi, (2015) extended the TGT-VPSC to account for dynamic
recrystallization by subgrain rotation in olivine aggregates and simulate the fast steady-state
olivine CPO evolution and weakening of the aggregate at relatively low shear strains. This
work used a recrystallization criterion based on the internal energy and strain threshold. In
this thesis, we developed an alternative approach to relax strain compatibility in the
polycrystal using the most recent SO-VPSC formulation (presented in the next chapter in the
form of a published article. The results obtained are comparable to those by Signorelli and
Tommasi, (2015) with considerably less computation cost. Our new routine was used to

constrain the magnitude and governing parameters of olivine viscoplastic anisotropy.

2.4 Viscous anisotropy in geodynamics

The first studies on mechanical anisotropy in the context of geodynamics used

simplistic parameterizations of the anisotropy to investigate its consequences on mantle
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convection. Richter and Daly (1978) and Saito and Abe (1984) derived analytical solutions
to study length-scale of convection in an anisotropic viscous fluid by considering a constant
horizontal layer with shear flow easier than normal flow. These authors, without explicitly
defining the physical mechanism generating the anisotropy, found that the presence of a
mechanical anisotropy layer affect the wavelength of the convection cell.

Honda (1986) and Christensen (1987), as in the previous work cited, also used a
hexagonal anisotropy characterized by constant contrast in shear and normal viscosity
(transverse isotropic). They included 2D stress-strain rate relationships to investigate the
anisotropic mantle convection. Honda (1986) considered anisotropy from partial melt zones
and used a fixed anisotropy in the spatial coordinated. Christensen (1987) accounted for
anisotropy rising from compositional layering and crystal alignment, which anisotropy carried
out by the convective flow. These studies suggested that the presence of anisotropy layer
affect the style of thermal convection.

Schmeling (1987) investigated the feedbacks between mantle convection and glacial
rebound flow and found that the superposition of non-Newtonian fluids give rise to apparent
anisotropic viscosity, which indeed influence the orientation of small-scale convection cells
under a moving plate. The interaction of anisotropic flow and glacial rebound was also
investigated by Christensen (1987) and Han and Wahr (1997), in which the latter has
extended previous works to consider transverse isotropic viscous-elasticity and spherical
geometry (3D). These works suggested that viscous anisotropy do modified the geoid
response, flow geometry and the relaxation time during post-glacial rebound. By considering
a fourth-rank anisotropic viscosity tensor applied to the cubic symmetry of Ringwoodite
crystals, Pouilloux et al. (2007) corroborate previous studies and suggest that viscous
anisotropy may induce even more significant modification on mantle convection style and
post-glacial rebound than predicted the previously.

Hearn et al. (1997) relying on higher thermal diffusivity and lower shear viscosity
produced by crystal preferred orientations aligned with the flow direction, developed a model
for cooling and deformation of the oceanic upper mantle. The study showed that viscous
anisotropy might also affect the thermal structure of the oceanic lithosphere. Lev and Hager
(2011) using a 2D finite element model (FEM) investigate the relation between transverse
isotropic viscosity induced by crystal alignment in the mantle and the resulting thermal
structure of subduction zones. By tracking the evolution of crystal preferred orientations

(CPO) in the mantle wedge as a function of strain and considering viscosity as a temperature
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dependent parameter, this work found that anisotropic viscosity change the thermal structure
of subduction zones.

Using 2D-FEM with transverse isotropy viscosity defined as a scalar, such as in their
work in 2011, and also through analytical solutions, Lev and Hager (2008) studied the role
of viscous anisotropy in density instabilities and showed that viscous anisotropy modified the
spatial and temporal distributions of dropping instabilities. Recently, Perry-Houts and
Karlstrom (2018) re-examined this problem and confirmed these results, further suggesting a
non-trivial relation between viscous anisotropy and the rate at which the gravitational
instability develop.

Using a FEM approach, Becker and Kawakatsu (2011) performed 2D and 3D
calculation to study the role of anisotropic viscosity in an asthenospheric flow driven by a
distant downward plate. Viscous anisotropy was defined using a transverse isotropic
symmetry characterized by the ratio of the asthenosphere and background viscosity tensors.
This work concluded that viscous anisotropy affect the instantaneous flow, but that the trade-
off between isotropic and anisotropic viscosity variations may hinder the effect of anisotropic

viscosity.
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Figure 2.15. a) Normalized strain rate as a function of the orientation of the tensional stress
relative to the [100]-axis maximum of the preexisting LPO. b) Conceptual anisotropic model
showing the plume radius (black circle) and ¢) the pre-existing olivine CPO coherent with
fossil strike-slip shear zones (adapted from Tommasi and Vauchez, 2001).
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Castelnau et al. (2008) investigated a corner-flow scenario, where significant
feedbacks between flow pattern and viscous anisotropy are expected to occur due to rapid
change of rock texture. Viscoplastic self-consistent (VPSC) simulations and upper bound
models of olivine crystallographic preferred orientations and flow stresses were coupled with
a 2D flow modes. Their model indicated that viscous anisotropy influence the pattern of flow
and the magnitude of flow stress in plate boundaries. Tommasi and Vauchez (2001) used
polycrystal plasticity models to calculate the instantaneous elastic stresses of natural and
numerical olivine CPOs typical of strike-slip shear zones for different orientations-relations
between stresses and CPO. Although they calculated stresses expected to develop above an
upwelling mantle plume (axis-symmetrical), their predictions are also valid for two-
dimensional tensional stress field expected from plate tectonics-related forces. The models
suggested that strain localization in textured shear zone depend on the orientation of the
applied stress relative to the shear zone fabric; shear zone is most likely to be reactived when
stresses are oblique stresses. The reactivation of the textured domain is controlled by parallel-
strike deformation regime (Figure 2.15). Their findings have implications for the understating
of the systematic continental rifting parallel to ancient collisional belts.

Knoll et al. (2009) and Tommasi et al. (2009) explicitly coupled VPSC models to a
finite-element code to study viscous anisotropy due to the presence of coherent olivine fabric
in plates. The first considered the deformation of a homogenous anisotropic plate and the
second the deformation of a heterogeneous anisotropic plate containing a strike-slip shear
zone (Figure 2.16). These models, which accounted for the full viscosity tensor of olivine
(3D) and also for its evolution with time/strain (evolving CPO), concluded that the presence
of olivine CPO in a homogenous plate leads to non-parallelism between stress and strain-rate
eigenvectors and to strain localization in an heterogeneous plate that is strongly dependent on
the orientation of the olivine CPO relative to the direction of the mechanical solicitation.
Moreover, Tommasi et al. (2009) showed that CPO-induced reactivation of the shear zone
modified the associated toroidal flow.

The effects of mechanical anisotropy due the development of foliation and CPO on the
evolution of shear zone and porphyroblast in the rock and was investigated recently by
Griera et al. (2013), DeRiese et al. (2019) and Han et al. (2019). They used a full-filed
approach to model viscoplastic yielding of the polycrystal; therefore I will briefly comment
an important outcome. The authors found that fabric development and mechanical anisotropy

affect the vortices of rotating minerals and the magnitude of strain localization in shear bands.
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The authors highlighted that intrinsic mechanical anisotropy has no characteristic length-

scale, and therefore, must also influence large-scale structures.
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Figure 2.16. a) Plate deformation and evolution of olivine CPO in models where a
homogeneous plate with different initial CPO (random: Case Isotropic. and Case 45°:
Anisotropic) is submitted to a constant extensional stress. b) 3D model setup and shear-strain
distribution in a model with an ‘inherited shear zone’ at 45° of the imposed extension
direction. The initial (top left) and final (bottom right) olivine CPO are shown (adapted from
Knoll et al. 2009 and Tommasi et al. 2009).

The recent work by Kiraly et al. (2020) investigated the effect of olivine viscous
anisotropy in the asthenosphere for the change in plate kinematics and structural reactivation.
They used the pseudo-Taylor approximation described in Hansen et al 2016 and derived from
olivine polycrystal deformed in extension and simple shear, in order to estimate the stress
tensor for a given strain rate in the slip systems. A constitutive power-law relation was used to
link the 3D strain-stress state in the aggregate with olivine CPO to the fluidity (viscous
rheology). The study found that the magnitude of shearing and the deformation components

in the asthenosphere depends significantly on the olivine CPO that is developed. They
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deduced that the contrast in viscosity due to the evolution of viscous anisotropy in the

asthenosphere could favour (or hinder) the onset of lithospheric scale structures.
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CHAPTER 111

PREDICTING VISCOUS
ANISOTROPY OF TEXTURED
OLIVINE POLYCRYSTALS
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3 Modelling CPO-induced viscoplastic anisotropy in olivine-rich

rocks

In this thesis, the implications of CPO-induced viscous anisotropy on intraplate
deformation are investigated using a parameterization approach based on the predictions of
viscoplastic self-consistent simulations (VPSC). For doing so, it is necessary first to test
whether the VPSC model can simulate viscous anisotropy measured in laboratory
experiments, then, evaluate the possible magnitude of anisotropy produced by olivine CPO in
mantle peridotites, and the controlling parameters at this (rock)-scale. In this chapter, these
issues are tackled.

Part of the results, a comparison with laboratory expeirmntes by Hansen et al., 2012,
was published in the journal Physics of Earth and Planetary Interiors (PEPI) and is presented
in section “Article #1”, together with the published “Supplementary Material”. After the
article section it is also reported and discussed non-published VPSC simulations where I
compared the model predictions against laboratory experiments by Hansen et al., 2016.
Moreover, I also performed a parametric study exploring the the effects of CPO symmetry,
intensity and boundary conditions for typical (numerical) olivine CPOs and for simple shear,

axial extension/compression on the predicted viscous anisotropy.

3.1 Article #1

Physics of the Earth and Planetary

s N0 Interiors
SEVIEL Volume 286, January 2019, Pages 69-80

Predicting viscoplastic anisotropy in the upper
mantle: a comparison between experiments and
polycrystal plasticity models

Lucan Mameri ® 2 &, Andréa Tommasi * 2 &, Javier Signorelli , Lars N. Hansen ©

Show more

https://doi.org/10.1016/].pepi.2018.11.002 Get rights and content
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ABSTRACT

Viscoplastic deformation of mantle rocks produces crystal preferred orientations (CPO or
texture) of olivine and, by consequence, an anisotropic mechanical response for subsequent
deformation events. Olivine polycrystals deformed experimentally in torsion and then in
extension normal to the previous shear plane have ex- tensional strengths <2 times higher
than the torsional ones. Implementation of this viscoplastic anisotropy in geodynamic codes
depends nevertheless on the predictions of polycrystal plasticity models, since the full range
of orientation relations between applied stresses and the broad range of texture types observed
in upper mantle rocks may only be tested numerically. Here, we compare instantaneous
viscoplastic responses of olivine polycrystals predicted by tangent and second- order
viscoplastic self-consistent (VPSC) and stress equilibrium-based models to experimental data.
These polycrystal plasticity models, in which only dislocation glide is considered to
accommodate strain, reproduce qualitatively the viscoplastic anisotropy observed in the
laboratory, but overestimate its magnitude for rocks with strong textures. The lower bound
model better approaches the laboratory results, suggesting that the discrepancy between
laboratory and numerical experiments arises from the models forcing strain compatibility in
olivine polycrystals that can only deform by dislocation creep. The experimental data is
indeed well reproduced by the second-order VPSC model modified to include additional
isotropic deformation mechanisms, which accommodate the deformation components that
cannot be produced by dislocation glide but do not produce plastic spin. These results
corroborate that other processes in addition to dislocation glide contribute significantly to
viscoplastic deformation under laboratory conditions, reducing the magnitude of anisotropy.
In nature, coarser grain sizes probably result in lower activity of these additional deformation
processes. We therefore propose that standard and modified second-order VPSC models
provide a good prediction of the possible range of texture-induced viscoplastic anisotropy in

upper mantle domains deforming by dislocation creep.

Keywords: olivine; crystal preferred orientation; mechanical anisotropy; dislocation creep.

mantle deformation; rheology
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3.1.1 Introduction

The lithospheric mantle is predominantly
composed of olivine, a mineral that displays
highly anisotropic elastic and viscoplastic
mechanical  behavior (Kumazawa  and
Anderson, 1969. Bai et al., 1991). Upper mantle
deformation by viscoplastic processes produces
crystallographic preferred orientation (CPO or
texture) of olivine (Nicolas and Christensen,
1987). These CPO result in anisotropic behavior
at the scale of the rock (cm- to m-scale) and
larger, as indicated by observations of coherent
seismic anisotropy patterns correlated with the
tectonic fabric of continental plates at the scale
of hundreds of km (cf. review in Tommasi and
Vauchez, 2015). Large-scale olivine CPO in the
upper mantle has therefore been proposed as a
source of structural memory in the upper mantle,
leading to strain localization along shear zones
formed during previous tectonic events
(Vauchez et al., 1998. Tommasi and Vauchez,
2001).

The consequences of upper mantle
viscoplastic anisotropy on the deformation of
both the plates and convective mantle have been
analyzed in a variety of numerical models. Many
of these models used a simplified description of
this anisotropy by imposing a constant difference
between 'shear' and 'mormal' viscosities and
reorienting the viscosity tensor in response to
flow based on a director vector approach (e.g.,
Honda, 1986. Christensen, 1987. Lev and
Hager, 2008, 2011). These models, which tested
normal to shear viscosity ratios of 10-100,
concluded that viscous anisotropy does change
mantle flow patterns by stabilizing the boundary
layers and enhancing strain localization. Most
recent models have coupled polycrystal
plasticity simulations into finite-element models.
this allows the follow-up of the evolution of the
orientation and intensity of the full viscosity
tensor (e.g., Chastel et al., 1993. Knoll et al.,
2009. Tommasi et al., 2009. Castelnau et al.,
2009. Blackman et al., 2017). These more
sophisticated models support the early
conclusions on the role of viscous anisotropy on
the stability of convection (Chastel et al., 1993),
and corroborate that the olivine CPO formed
during preexisting deformation episodes and

subsequently frozen into the lithospheric mantle
may explain the reactivation of ancient
continental-scale structures to form new plate
boundaries (Knoll et al., 2009. Tommasi et al.,
2009) and change the mantle flow pattern
beneath spreading ridges (Castelnau et al.,
2009, Blackman et al., 2017). However, at the
time most of those calculations were carried out,
no experimental data existed for corroborating
the predictions of the polycrystal plasticity
models.

Recently, laboratory experiments
demonstrated that olivine aggregates with
textures formed in torsion are ~2 times weaker
for further deformation in torsion than for
extension perpendicular to the previous shear
plane (Hansen et al., 2012a). These experiments
provided the first quantitative data for validating
the predictions of viscoplastic anisotropy in
olivine-rich rocks by polycrystal plasticity
models. This validation is important because the
use of geodynamical models to study the effects
of an anisotropic rheology on Earth dynamics
depends directly on our ability to predict the
anisotropy of viscoplastic behavior associated
with any combination of CPO and loading
geometry. Only polycrystal plasticity models can
test in a physically consistent way the full range
of orientation relations between applied stresses
and the broad range of texture types observed in
upper-mantle rocks.

In this work, we test how well different
polycrystal plasticity models simulate the
viscoplastic anisotropy of olivine polycrystals
measured in the laboratory by calculating the
instantaneous mechanical response in simple
shear and axial extension for polycrystals with
the same CPO as the experimental samples and
comparing these predictions to (1) the final
stresses measured in the torsion experiments that
produced the CPO and (2) to the peak stresses
measured in axial extension experiments
subsequent to torsion. The comparison between
the polycrystal plasticity models and the
experimental data allows us to quantify the
contribution of other processes to the
deformation of olivine polycrystals under
laboratory conditions and propose modeling
approaches that predict the possible range of
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texture-induced viscoplastic anisotropy in upper
mantle domains deforming by dislocation creep.

3.1.2 Methods

Modeling viscoplastic behavior and texture
evolution

We tested the capability of different
polycrystal plasticity models to predict the
viscoplastic behavior of textured olivine-rich
rocks at high temperature and moderate pressure
by simulating the torsion and ex- tension tests of
Hansen et al. (2012a). Hansen et al. (2016a)
presents complementary results (extension
followed by torsion), but a heterogeneous
distribution of strain in the initial extension
experiments resulted in large variability among
textures and stresses. For testing the different
polycrystal plasticity models, we require higher
precision data. Therefore in the present study,
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we focus solely on simulating experiments from
Hansen et al. (2012a) in which torsion was
followed by extension. To do so, we calculated
the instantaneous mechanical response of four
olivine polycrystals that have precisely the same
CPO as those measured in the experimental
samples. We also applied the same loading
geometries as in the experiments: simple shear
parallel to the previous shear deformation that
created the texture or axial extension parallel to
the previous torsional axis (Figure 3.1). The
employed models are viscoplastic and include no
elasticity. This simplification is justified by full-
field simulations of polycrystalline materials
performed in the elasto-viscoplastic regime that
demonstrate that the viscoplastic behavior
controls the mechanical response of the
polycrystal even at very small strains (< 1%,
Lebensohn et al., 2012).
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Figure 3.1. (a) Stress-strain curves for torsion experiments by Hansen et al. (2012a). (b) CPO produced by the
torsion experiments and used as initial textures in the extension experiments and in the polycrystal plasticity models.
(c) Stress-strain curves for extension experiments by Hansen et al. (2012a). Instantaneous stresses predicted by the
models in simple shear and extension are compared to (a) final stresses in torsion and (c) peak stresses in extension,
respectively. The stresses in extension are averaged values normalized to a constant strain-rate of 2 x 10™*s". The
number of grains in each CPO is indicated by the value n, and the CPO intensity by the value J (J-index). Pole
figures are contoured as multiples of uniform distribution. the same contour range limits are applied to all pole

figures for easy evaluation of variations in CPO strength.

The viscoplastic mechanical response of
the olivine polycrystals to the imposed
extensional or simple shear deformation has
been modeled using three polycrystal plasticity

models: the uniform stress (lower bound)
approach (Sachs, 1928. Chastel et al., 1993),
the tangent VPSC model (Lebensohn and
Tomé, 1993), and the more recent second-order
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formulation of the VPSC model (Ponte
Castaifieda, 2002. Lebensohn et al., 2011). The
three approaches differ in the way the crystal
interactions are modeled. The lower bound
assumes constant stress in all grains and
disregards strain compatibility. In the VPSC
approach, each grain is represented as a
viscoplastic  inclusion embedded in and
interacting with a homogeneous viscoplastic
medium that represents the average polycrystal
behavior. Stress equilibrium and  strain
compatibility at the aggregate scale are obtained
by approximating the macroscopic strain rate
and stress to the average of strain rate and stress
at the grain scale, respectively. The second-order
(SO)- and tangent (TGT)-VPSC models differ in
how the non-linear behavior of the material is
estimated. Both formulations are based on the
same linearization scheme, which considers
heterogeneous stress and strain rate within the
polycrystal. However, only the second-order
formulation accounts for intragranular strain rate
fluctuations to predict the effective polycrystal
behavior (Ponte Castafieda, 2002. Lebensohn
et al., 2011).

In all three approaches, individual
crystals deform only by dislocation glide on a
finite number of slip systems, which are a
function of the crystal structure. The relative
strength of these slip systems, that is, the critical
resolved shear stress (CRSS) needed to activate
dislocation glide on each system, depends on the
temperature, pressure, and stress. For technical
reasons, the experiments of Hansen et al.
(2012a) were performed using olivine crystals
enriched in iron (Fo5() relative to typical mantle
olivines (Fo9(), for which mechanical data are
not available for creep of single crystals. In the
present study, we use CRSSs (Table 3.1)
derived from deformation of natural olivine
single crystals (Fo9() at high temperatures and
low pressure (Bai et al., 1991). The choice of
these CRSSs, although arbitrary, is justified by
the analysis of the CPO produced in the torsion
experiments of Hansen et al. (2012a), which is
consistent with the dominant activation of the
(010)[100] slip system. We also examined the
effect of setting equal the values of CRSS for the
(001)[100] and (010)[100] slip systems, as used

in previous VPSC models studying olivine CPO
evolution at high temperature and low pressure
(e.g., Tommasi et al., 2000), and we observed
negligible variations in terms of mechanical
behavior compared to the present model setup.
Laboratory experiments and atomistic modeling
suggest nevertheless a change in the relative
resistance between the different slip systems,
favouring glide of dislocations with [001]
Burgers vectors relative to those with [100]
Burgers vectors at high pressure (e.g., Durinck
et al., 2007. Raterron et al., 2007). Comparison
of the seismic anisotropy predicted by
polycrystal plasticity models with high and low
pressure CRSS sets with seismic anisotropy
observations suggests that the CRSS data used in
the present study are representative of
deformation in the upper 200-250 km of the
mantle (Mainprice et al., 2005).

Table 3.1
Slip systems parameters used in the VPSC simulations.

Slip Systems Critical Resolved Shear Stress Stress exponent
(010M100] 1 3

(00 1)1 00] 1.5 1}
(010)001) 2 3
(1ooool) 3 1

(01 1) 00) 4 3
(1100 01] 6 3
{1111 10) 8 3
(1113011 g 3
{111}<101) a4 <]

* Lower bound simulations only consider the first four slip systems.

* Adimensional values; normalized by the flow stress of the (0 1 0)[1 0 0] slip

system.
Dummy slip systems, which represent additional strain accommodation
processes and do not contribute to plastic spin.

The shear strain rate in each slip system
is proportional to the resolved shear stress on the
slip plane in the slip direction normalized to the
CRSS of the slip system raised to the power n.
The iron-rich olivine polycrystals display a stress
exponent n of 4.1, whereas typical mantle
olivine has lower n values (e.g., 3.5, Bai et al.,
1991). We tested n equal to 3 or 4 and observed
little difference in terms of magnitude of
anisotropy (cf. supplementary material, Figure.
S3.1). In the following we focus on the results
for n = 3 in order to agree with most laboratory
and previous numerical experiments on olivine
polycrystals, which usually find stress exponent
n=3+0.5.
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A major challenge in modeling viscoplastic
anisotropy of a rock (i.e., an aggregate of
crystals with different orientations) is that
traditional polycrystal plasticity models only
account for deformation accom- modated by
dislocation glide. Since olivine has fewer than 4
independent slip systems, deformation processes
other than glide are required to ensure strain
compatibility. To simulate the contribution of
these other processes, Detrez et al. (2015)
modified the SO-VPSC model by adding an
isotropic deformation process. In the present
study we build on this already validated
development. To close the yield surface and
simulate  the contribution of isotropic
deformation processes to plastic deformation, we
add three fictitious pyramidal slip systems in the
VPSC models: {111} (110) {111} (011)
and {111} <101) , here referred as dummy slip
systems. These slip systems were defined such
that they may accommodate any imposed plastic
strain, but do not contribute to plastic spin. They
mimic therefore isotropic strain accommodation
mechanisms, which do not contribute to CPO
evolution. The contribution of the dummy
systems to the total viscoplastic deformation is
varied by changing their CRSS by a factor B
(Table 3.1). Thus, the present implementation
differs from previous VPSC model applied to
olivine polycrystals, referred thereafter as
‘standard’ VPSC model, since in the latter the
dummy slip systems contributed to plastic spin
and were not allowed to accommodate > 5%
(therefore contributing only in a minor way to
the CPO evolution) by using B values >50 (e.g.,
Wenk et al., 1991. Tommasi et al., 2000.
Castelnau et al., 2009).

Hardening is not considered in the
present models since in most high-temperature
(1200°C) deformation experiments on olivine
aggregates, in the absence of significant
microstructural changes, steady-state mechanical
behavior is achieved after relatively small strains
(e.g., Chopra and Paterson, 1984. Hansen et
al., 2012b. Thieme et al., 2018). In the present
models, diffusive processes are therefore
implicitly ac- counted for in two ways: via their
contribution to avoid hardening by dislocation
entanglements and via the activation of the

dummy slip systems. Indeed, although we do not
model any specific additional process, but solely
their contribution to strain accommodation in the
olivine polycrystal, most possible additional
processes, such as recrystallization, grain
boundary migration or sliding, involve diffusion.

Model setup

Two series of tests were run to simulate
the stresses measured in the laboratory: (1)
simple shear parallel to a previous shearing
deformation that produced the olivine CPO, that
is, shearing in the X direction and in a plane
normal to the Z direction. (2) axial extension
normal to the previous shear plane, parallel to
the Z direction (Figure 3.1). Lower bound
simulations were run under kinematic boundary
conditions by imposing all components of the

velocity gradient tensor L (s_l). For easy
comparison between simple shear (ss) and axial
extension (ext) simulations, L is defined with the
condition that the norm of the strain rate tensor
in both cases equals 1 (cf. supplementary
material):

0 14 0 04 0 0
L,={0 0 0 [L,=| 0 08 0 [
0 0 0 0 0 -04

In the VPSC simulations, mixed
boundary conditions were enforced because they
better mimic the actual conditions in laboratory
experiments: imposed torsion on the plane
normal to the piston axis or imposed axial
extension and homogeneous stress in the plane
normal to the piston axis.

* 14 0 £.0 0 05 *
L= 0 0 0 [jL,=| 0 08 0 [[Oy,= * * * |
0 0 =* 0 0 = £ 5 05

*=not imposed

We also ran VPSC simulations using
fully kinematic boundary conditions. Differences
between stresses predicted by TGT or SO-VPSC
simulations using either kinematic or mixed
boundary conditions are low (< 10%, cf.
supplementary material, Figure S3.2),73



by consequence we focus on the results for
mixed boundary conditions.

The models are run for a single
deformation step of 1% Von Mises equivalent
strain and the mechanical behavior is analyzed
before actualization of the texture, in other
words, we calculated the instantaneous
mechanical response of the olivine polycrystals.
The stresses predicted by the viscoplastic models
in simple shear and in axial extension were
compared to final stresses measured in the
torsion experiments and to peak stresses in the
extensional ones, respectively (Figure 3.1). For
internal consistency, stresses measured in the
laboratory were normalized for a homogeneous
Von Mises equivalent strain rate of 2 x 10™s™

(Table 3.2; the normalization procedure is
presented in the Supplementary Material).
Stresses calculated in the models are normalized
by the strength of the easiest slip system,
(010)[100]. In addition, for comparing the
viscoplastic  anisotropy observed in the
laboratory to the one predicted by the different
numerical models, Von Mises equivalent stresses
for simple shear and axial extension were
normalized by the Von Mises equivalent stress
of the isotropic aggregate in each data set
(experiments or different modeling approaches).

Table 3.2

Model predictions and laboratory measurements.

Instantaneous stresses predicted by the models and final (simple shear) and peak (extension) stresses measured in the

experiments

Instantaneous stresses predicted by SO-VPSC models for
different [} values

Mechanical Initial texture S0-VPSC p = 50 TGT-YPSC B = 50 Lower Laboratory Data p=10 5 3 2 1

Solicitation Bound (MPa)

Simple Shear UNTEXTURED 16,77 9.64 3.94 - 833 6.03 4.56 353 210
PTOESS 14.86 857 31.59 148,23 7.54 5.56 4.29 3.39 209
PTOG40 843 5.87 2.86 118.47 482 3.82 318 273 1.95
PTOES 1 7.58 519 2.57 109.43 4.38 3.48 292 2.50 L.78

Extension UNTEXTURED 16.72 10.05 3.89 168,00 827 597 4.52 1.50 2.08
PTO655 18.00 11.20 3.94 201.24 B.64 6.12 4.56 1.50 2.06
PTOG40 28,04 2082 6.00 199,44 12,31 8.03 553 3.98 214
PTOES1 37.13 3332 5.69 209,85 14.88 9.08 6.00 4.22 223

* Von Mises equivalent stress normalized by the strength of the (0 1 0)[1 0 0] slip system.
Von Mises equivalent stress recalculated for a homogeneous strain rate of 2 x 107"

#

The effect of the texture on the
viscoplastic mechanical behavior was tested
using four different initial CPOs: an untextured
and three olivine CPOs measured at the end of
the torsional tests by Hansen et al. (2012a),
performed at high temperature and moderate
pressure conditions (Figure 3.1). These initial
textures are representative of common CPO
symmetries observed in natural and experimental
samples deformed in simple shear and cover the
entire range of CPO intensities measured in
peridotite massifs and mantle xenoliths
(Tommasi and Vauchez, 2015). In the models,
grains are initially spherical. The untextured
polycrystal is made of 1000 grains. The CPO
intensity is characterized by the J-index, which is
the integral of the squared orientation
distribution function (ODF), quantified using the

5 H extension values are AVETAZE ONes.

MTEX toolbox based on an ODF calculated
using a “de la Vallée Poussin” kernel with a half
width of 10° (Mainprice et al., 2014). Sample
PT0655, which was initially deformed to a shear
strain of 1, is represented by a texture composed
of 870 grains. This texture is very weak (J-index
of 1.5). it is characterized by a subtle double
maximum of [100] at low and high angles to the
shear direction and by a dispersed girdle of [010]
at high angle to the maximum finite elongation
with a weak maximum normal to the foliation.
Samples PT0640 and PT0651, which underwent
initial shear strains of 4 and 10, are represented
by textures composed of 489 and 665 grains,
respectively. Both have very strong olivine
CPOs (J-index of 14.5 and 20.5, respectively)
and are characterized by alignment of the [100]
maximum with the shear direction and of the

74



[010] maximum normal to the shear plane. 3.1.3 Results
However, the textures differ by the distribution

of the [010] axes, which forms a girdle normal to Mechanical behavior
the shear direction (X) in PT640 and a point
maximum normal to the shear plane (XY plane) Figure 3.2a presents a comparison
in PT655 (Figure 3.1). between the stresses normalized to the strength
To verify if the modified SO-VPSC of the untextured polycrystal predicted by the
approach used in this work is capable of different viscoplastic models (colored markers)
reproducing the CPO evolution recorded in at standard conditions (CRSS of the dummy slip
simple shear deformation, we run simple shear systems in TGT and SO-VPSC models, B = 50)
tests up to shear strains of 20 for an initially and the experimental measurements (black
untextured olivine polycrystal composed of 1000 circles), as a function of the intensity of the
grains. The simulations were conducted applying initial CPO. Both laboratory and numerical
the same slip system parameters and (mixed) experiments show that textured olivine
boundary conditions used to model the polycrystals deformed in simple shear parallel to
viscoplastic mechanical behavior. the preexisting fabric (empty markers) are
This study focuses on the SO-VPSC weaker than the untextured aggregate, whereas
predictions because they have been shown to those deformed in axial extension normal to the
better reproduce the solutions of full-field preexisting fabric (filled markers) are harder.
simulations (Castelnau et al, 2008). The There is a positive correlation between CPO
predictions of the TGT- VPSC model are intensity and magnitude of viscoplastic
nevertheless presented for continuity with anisotropy, defined as the ratio between the Von
previous work (e.g., Wenk et al, 2009. Mises equivalent stresses in extension and in
Tommasi et al., 1999, 2000). simple shear tests, but the relationship is not
linear (Figure 3.2b).
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Figure 3.2. (a) Instantancous normalized Von Mises equivalent stresses (relative to behavior of an isotropic
polycrystal) and (b) magnitude of viscoplastic anisotropy (ratio between Von Mises equivalent stresses in extension
and simple shear) for lower bound and VPSC simulations (colored symbols), in which the CRSS of the dummy slip
systems () is set to 50 for the three initial olivine CPO (recalled in Figure. 3.2b and presented as a function of the
CPO intensity — J-index). Black circles indicate stresses measured in the laboratory experiments. The empty markers
present the results for simple shear parallel to the [100] maximum in a plane normal to the [010] maximum of the
initial CPO. The filled markers present the results for axial extension parallel to the [010] maximum of the initial
CPO. For calculating the magnitude of anisotropy the stresses in extension were averaged. for the color legend and
labels of the pole figures, as well as loading geometries, refer to Figure. 3.1.
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In simple shear, the lower bound and
TGT-VPSC models predict normalized stresses
in reasonable agreement with the experimental
data, but SO-VPSC simulations predict lower
normalized stresses. In axial extension, the
models overestimate the strength of the olivine
polycrystals relative to the experimental
measurements, except for the sample PT0655,
which despite a very weak CPO, displays a
stronger anisotropy than the one predicted by the
models. The predictions of the lower bound
approach are the closest to the experimental data
and the TGT-VPSC models are the farthest.

The discrepancy between numerical and
laboratory experiments, which increases with
increasing intensity of the CPO, results therefore
from overprediction of the strength of olivine
polycrystals deformed numerically in extension.
In this loading geometry, most crystals are in
hard orientations relative to extension axis, that
is, low resolved shear stresses are expected on
the three main slip systems of olivine:
(010)[100], (001)[100] and (010)[001]. By
consequence, high stresses are required to
deform the polycrystal by dislocation creep.

The lower bound model, which only
enforces stress equilibrium and not strain
compatibility, predicts the lowest polycrystal
strengths for all textures and loading geometries.
The better fit of the experimental data by the
lower bound approach points to the major role of
enforcing strain compatibility in modeling the
mechanical behavior of olivine polycrystals.
Further analysis of the stresses predicted by the
different models (Figure 3.3. and Table 3.2)
corroborates this point. The SO-VPSC, which
most strictly enforces strain compatibility and
better fits full-field polycrystal plasticity
simulations (Castelnau et al., 2006), predicts
the highest stress values for both simple shear
and extension.
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Figure 3.3. Instantaneous Von Mises equivalent
stresses (normalized to the strength of the easy
(010)[100] slip system) predicted by different
polycrystal plasticity models as a function of the
initial CPO intensity for simple shear (empty
markers) and axial extension (filled markers). The
strength of the dummy slip systems (B) is set to 50.
Pole figures show the CPO measured at the end of the
torsion experiments (Hansen et al., 2012a), which
are used as the initial CPO in the models. for the
color legend and labels of the pole figures, as well as
loading geometries, refer to Figure 3.1.

The high stresses predicted in axial
extension by the SO-VPSC model for the
strongly textured polycrystals PT0640 and
PT0651 result from low activities of the
(010)[100] and (001)[100] slip systems, which
have the lowest CRSSs (Figure 3.4). For these
textures, resolved shear stresses on these two slip
systems are low in most crystals (i.e., extension
is applied parallel to the maximum concentration
of [010] axes and normal to the maximum
concentrations of [100] and [001] axes). To
accommodate  the  imposed  extensional
deformation, the very hard (f = 50) dummy slip
systems have to be activated in many crystals.
Even though these systems contribute to < 5% of
the total deformation (Figure 3.4), this moderate
amount of activation still requires high stresses.
The (010)[001] slip system, which has
intermediate CRSS values, contributes
significantly to the total deformation (~55%) in
axial extension. In most crystals, resolved shear
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stresses on the (010)[001] slip system are also
low, but the high stresses attained in the
extensional deformation allow their activation.

In contrast, by imposing simple shear
parallel to the maximum concentration of [100]
olivine axes in a plane parallel to the maximum
concentration of (010) planes in the strongly
textured polycrystals PT0640 and PT0651, we
obtain maximum resolved shear stresses on the
easy  slip system  (010)[100],  which
accommodates > 50% of the deformation. In
both simple shear and axial extension, the
activity of the (010)[100] slip system is higher in
the more strongly textured polycrystal (PT0651)
than in the polycrystal with a CPO of
intermediate strength. A closer analysis of the
slip system activities highlights nevertheless
some subtle differences between predictions for
samples PT0640 and PT0651 (Figure 3.4). This
variation may be explained by differences in the
symmetry of the CPO between the two
polycrystals. PT0640 (J-index of 14.1) has a
girdle distribution of [010] and [001], which
allows in axial extension for high resolved shear
stresses on (010)[001] in a larger number of
crystals relative to PT0651 (J-index of 20),
which has point distributions of the three main
axes.
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Figure 3.4. Slip system activity predicted by the SO-
VPSC model for simple shear (empty markers) and
axial extension (filled markers). The sum of the
activity of the three dummy systems, that is, the total
contribution of the strain accommodation processes,
is shown as black asterisks. Strength of the dummy
slip systems (B) is set to 50 in these simulations. The
activity of (100)[001], (011) [100], and (110)[100]

slips systems, which accommodate less than 1% of
viscoplastic deformation, are not represented. Pole
figures show the CPO measured at the end of the
torsion experiments (Hansen et al., 2012a), for which
the instantaneous viscoplastic response are calculated.
for the color legend and labels of the pole figures, as
well as loading geometries, refer to Figure 3.1.

The observed discrepancy between
laboratory results and model predictions
advocates in favor of a significant contribution
of others processes in addition to dislocation
glide during deformation of olivine aggregates at
laboratory conditions. This contribution appears
to be particularly important if most crystals in
the aggregate are unfavorably oriented to deform
by dislocation glide on the easy slip systems,
such as the present extensional tests on the
strongly textured polycrystals. To evaluate if an
increase of the contribution of isotropic
deformation processes allows reproducing the
stresses measured experimentally, the CRSS of
the dummy slip systems was systematically
decreased. The results are presented in the
following section.

Strain  accommodation by additional
isotropic deformation processes

We tested the effect of increasing the
contribution of isotropic deformation processes
on the aggregate strength by decreasing the
CRSS of the dummy slip systems ( = 10, 5, 3,
2, 1) in the SO-VPSC simulations. These
dummy systems represent any additional process
that allows olivine crystals to deform even if
oriented in a manner that results in very low
resolved shear stresses on the three main slip
systems: (010)[100], (001)[100], and (010)[001].
The stress predictions in simple shear and axial
extension as a function of CPO intensity for
different B values are shown in Figure. 3.5 and
in Table 3.2.
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Figure 3.5. Effect of the critical resolved shear stress
(CRSS) of the dummy slip systems (B) on the Von
Mises equivalent stress (normalized to the strength of
the easy (010)[100] slip system) predicted by the SO-
VPSC model for simple shear (thick solid lines) and
axial extension (thick dashed lines) using the three
CPOs: (a) PT0655, (b) PT0640, and (c) PT0651,
created in the torsion experiments (Hansen et al.,
2012a). For reference, the mechanical behavior of an
untextured polycrystal (isotropic) is displayed by a
thin dashed (axial extension) or solid (simple shear)
lines in all three figures. for the color legend of the
pole figures and loading geometries, refer to Figure
3.1.

A decrease in B results in a non-linear
decrease in the polycrystal strength for all
textures and both loading geometries (Figure
3.5a—c). The rate of decrease varies as a function
of CPO intensity and of loading geometry. The
weakly textured aggregate deforms at similar
stresses in both loading geometries (i.e., very
weak anisotropic behavior) even at high values
of B. In contrast, for the strongly textured
aggregate (Figure 3.5b,c), decreasing 3 leads to
distinct behaviours for the two loading
geometries: the reduction in the polycrystal
strength is more marked in the axial extension
test than in the simple shear simulations. It
results therefore in reduction of the magnitude of
anisotropy with decreasing  (Figure 3.6a). The
modified SO-VPSC simulation in which the
dummy systems (that allow for isotropic
deformation) are 3 times harder to activate than
the (010)[100] and (001)[100] easy slip systems
(B=3) better reproduces the mechanical behavior
measured in the laboratory. except for the
sample with the weakest CPO (PT0655), for
which all models underestimate the magnitude of
anisotropy (Figure 3.6a,b). Differences in
mechanical predictions between TGT- and SO-
VPSC models are only observed for > 10 (cf.
supplementary material, Figure S3.3).
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Figure 3.6. (a) Instantaneous Von Mises equivalent stresses normalized by the behavior of an isotropic polycrystal
and (b) magnitude of the viscoplastic anisotropy predicted by SO-VPSC simulations with CRSS of the dummy
systems (B) between 50 and 1 for the three experimental olivine CPO as a function of increasing CPO intensity (J-
index). Empty markers show results for simple shear parallel to the [100] maximum in a plane normal to the [010]
maximum of the preexisting CPO and filled markers indicate the results for axial extension parallel to the [010]
maximum of the preexisting CPO. The experimental data is represented by the black circles. for the color legend of
the pole figures and loading geometries, refer to Figure 3.1.

The change in mechanical behavior with
decreasing  may be explained by variations in
the relative activities of the actual olivine slip
systems and of the dummy ones, which represent
additional deformation processes activated to
ensure strain compatibility constraints (Figure
3.7). In the VPSC model with B = 50, the three
main slip systems (010)[100], (001)[100], and
(010)[001] account for at least 95% of the
viscoplastic deformation in axial extension and
99% of the deformation in simple shear. As [
decreases, the activity of the dummy slip
systems increases at the expense of the activity
of the actual ones. In an untextured aggregate
(Figure 3.7a), reduction of f from 50 to 10
results in an increase of the activity of the
dummy slip systems from < 1% to ~11%, for
both simple shear and axial extension. For p =5,
their activity increases to ~30%. A further
decrease in B to 3 or 2, which is the range of
values that better agrees with the mechanical
data measured in the Ilaboratory, leads to
activities of the dummy slip systems of ~45% or
~60%, respectively. For B = 1, > 80% of the
deformation is accommodated by the dummy
slip systems. These high activities of the

relaxation mechanism, which is represented in
the present study by the dummy slip systems, are
similar to those previously observed by Detrez
et al. (2015).

The presence of an olivine CPO results
in different relative slip system activities in axial
extension and simple shear (Figure 7b—d). This
difference increases with increasing CPO
intensity, because in a strongly textured
aggregate, a larger proportion of the crystals will
be either well or poorly oriented to
accommodate the imposed deformation. The
three olivine aggregates used in the present
simulations have textures in which most crystals
are well oriented to accommodate the imposed
simple shear, but poorly oriented to
accommodate the imposed axial extension. For 3
equal to 5 or 3, the isotropic mechanism in

simple shear respectively accommodates ~25%
or ~40% (PT0655), ~15% or ~25% (PT0640),

and ~10% or ~ 20% (PT0651) of the total

viscoplastic deformation, whereas in axial
extension it accommodates ~30% or ~50%
(PT0655), ~50% or ~70% (PT0640), and ~60%
or ~75% (PT0651), (Figure 3.7b—d).
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It is noteworthy that for B < 5, the
dummy slip systems remain active even if most
crystals in the aggregates are well oriented to
deform by dislocation glide on the easy
(010)[100] and (010)[001] slip systems, such as
when simple shear is applied on the strongly
textured aggregates (PT0640 and PT0651). Their
isotropic character may explain this behavior.
there is always at least one system among the 12
systems that compose the three dummy slip
modes on which the resolved shear stresses are
high.

Olivine CPO evolution

To test if the modified SO-VPSC model
that better fits the viscoplastic anisotropy
measured in the experiments can also reproduce
the texture evolution in simple shear, we
compare the CPO evolution predicted in
simulations with different CRSSs for the dummy
slip systems (f=50, 5, or 3) to CPO data for
olivine polycrystals deformed experimentally in
simple shear at high temperature conditions
(Zhang and Karato, 1995. Bystricky et al.,
2000. Demouchy et al., 2012. Hansen et al.,
2012a,b,c, 2014). Figure 3.8 displays the
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evolution of the CPO intensity characterized by are shown in the Supplementary material

the J-index and the angle between the maximum (Figure S3.5).

eigenvector of the [100] axis distribution and the The SO-VPSC simulations in which the
shear direction as a function of the shear strain. strength of the dummy slip systems (B) is equal
Note that the CPO evolution of the olivine to 50 show a rotation of the [100] axes towards
aggregates presented by Hansen et al. (2012a), the shear direction that closely follows the
for which the mechanical responses were rotation of the finite strain ellipsoid, poorly
simulated in the present study, is also included in reproducing the experimental data. A decrease in
Figure 3.8. In this figure, we also compare the B leads to faster rotation of [100] maximum
CPO evolution predicted by the present modified towards the shear direction, which better
SO-VPSC model to those of a VPSC model reproduces the CPO reorientation trend observed
modified to account for dynamic in the experiments. However, for low strengths
recrystallization by subgrain rotation in olivine of the dummy slip systems (B < 3), that is, when
aggregates (CDRX-TG-VPSC. for details on the the additional deformation process are very
model cf. Signorelli and Tommasi, 2015). The active, and at high shear strains (=5), the CPO
CRSSs in this previous model are slightly evolution departs from a continuous trend: the
different from those used in the present study, maximum concentration of [100] oscillates
but the relative strengths between slip systems between 0° and 10° from the shear direction
are maintained. Thus, we do not expect (Figure 3.8). Models with B = 5 also exhibit a
significant differences in CPO evolution. Pole similar behavior, but the oscillations start at
figures displaying the evolution of the olivine higher shear strains (~10) and are smaller (>5°).

CPO in the SO-VPSC model with B = 50, 5, or 3
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Figure 3.8. CPO evolution as a function of increasing shear strain predicted by SO-VPSC simulations with different
dummy slip system strengths (). a) CPO orientation defined by the angle between shear direction and the maximum
eigenvector of the [100]-axis orientation distribution. b) CPO intensity evolution characterized by the J-index.
Experimental data from Zhang and Karato (1995), Bystricky et al. (2000), Demouchy et al. (2012), and Hansen
et al. (2012a,b,c,2014) are displayed for comparison. The CPO evolution of the olivine aggregates in Hansen et al.
(2012a), in which the viscoplastic response were simulated in the present study, is highlighted as larger left-pointing
triangles. The color gradient in the experimental data symbols indicate the average grain sizes. The predictions of the
CDRX-TG-VPSC model by Signorelli and Tommasi (2015), which simulates recrystallization by subgrain rotation,
are shown by the dotted-dashed line. The pale gray rectangle in (b) indicates the range of J-index measured in > 600
natural samples (Tommasi and Vauchez, 2015).

Analysis of the evolution of the CPO of the dummy slip systems results in
intensity shows that the decrease in the strength stabilization of the CPO at lower J-index values

81



(Figure 3.8b). This observation highlights the
essential role of additional processes, such as
diffusion or dynamic recrystallization, on the
evolution of the CPO intensity. CPO intensities
measured in the high shear strain experiments
are significantly overestimated for VPSC
simulations with p=50 and underestimated for
VPSC simulations with =3, but they are well
reproduced by models with B = 5. As for the
CPO orientation, periodic oscillation of the CPO
intensity is observed for shear strains >5 for f =
3 (Figure 3.8). In Figure 3.8, the experimental
data is colored as a function of the average grain
size. CPO intensity saturates at lower values in
the finer grain size aggregates, being better fitted
by models with low B values. This observation
provides indication that the additional
deformation process might be grain-size
sensitive.

In conclusion, the modified SO-VPSC
model with B = 5 better reproduces the CPO
evolution in simple shear or torsion experiments
than standard SO-VPSC simulations in which
most of the deformation is accommodated by
dislocation glide on the actual olivine slip
systems ( = 50). CPO evolution in the modified
SO-VSPC model with B = 5 is similar, though
less stable at shear strains >10, to the one
predicted by the VPSC model modified to
account for dynamic recrystallization by
subgrain rotation (CDRX-TG-VPSC model.
Signorelli and Tommasi, 2015). The modified
SO-VPSC model with B = 3, which better
reproduces the viscoplastic anisotropy measured
in the experiments, predicts well the evolution of
the CPO orientation observed in simple shear or
torsion experiments up to shear strains of ~5, but
it underestimates the CPO strength and diverges
from the experimental data at higher shear
strains.

3.1.4 Discussion

Viscoplastic anisotropy under laboratory
conditions

All  polycrystal  plasticity models
analyzed in the present study reproduce
qualitatively the mechanical results of Hansen et

al. (2012a): simple shear in a direction parallel
to the [100] maximum on a plane normal to the
[010] maximum requires lower stresses than
axial extension parallel to the [010] maximum
(Figure 3.2a). This behavior may be explained
by simple geometrical considerations. In simple
shear, re- solved shear stresses on the easy slip
systems, (010)[100] and (001) [100], are high for
most olivine crystals composing the aggregate,
whereas if axial extension is imposed parallel to
the [010] maximum resolved shear stresses are
very low on these easy slip systems for most
crystals.

Despite the qualitatively coherent
results, the polycrystal plasticity models
overestimate the magnitude of viscoplastic
anisotropy relative to laboratory experiments for
polycrystals with a well-developed CPO (Figure
2b). Based on the better agreement between the
lower bound model predictions and the
experimental data, we infer that the discrepancy
between numerical models and experiments
arises from imposing strain compatibility in a
system that does not have enough degrees of
freedom (< 4 independent slip systems). In the
experiments, other strain accommodation
mechanisms are active (recrystallization, grain
boundary sliding or migration, diffusional mass
transfer, climb, formation of kinks...). Some of
these processes are isotropic, others are not. The
fact that the viscous anisotropy measured in the
laboratory is lower than the one predicted by
VPSC simulations in which most of the
deformation is accommodated by dislocation
glide (B = 50) implies nevertheless that these
additional processes play an important role in
strain accommodation in the experiments. To
test this hypothesis, we reduced the critical
resolved shear stress of the dummy slip systems,
which simulate the contribution of isotropic
deformation processes to strain accommodation
in the VPSC simulations. For strongly textured
aggregates, models in which the strength of the
dummy slip systems is 3 times higher than the
strength of the easiest (010)[100] slip system in
olivine do reproduce the magnitude of
anisotropy measured in the laboratory
experiments (Figure 3.6). In these models, the
dummy systems contribute more to the total
deformation when the polycrystal is in82



hard orientation than when it is in a soft one
(Figure 3.7), decreasing the magnitude of
anisotropy. The present results are consistent
with the previous analysis by Hansen et al.
(2016b), in which the mechanical data from the
experiments simulated here together with other
experiments on olivine aggregates were fitted by
a pseudo-Taylor model that relaxed the strain
compatibility constraint.

The SO-VPSC model modified to
account for additional isotropic deformation
processes, which produce plastic strain but no
plastic spin, also better reproduces the CPO
evolution measured in torsion experiments for 3
= 5 compared to predictions of the ‘standard’
VSPC model (B = 50). Higher contribution of the
isotropic processes, which is associated with low
B values, results in faster rotation of [100]
maximum relative to shear plane and in slower
evolution of the CPO intensity (Figure 3.8).
These simulations reveal a CPO evolution in
simple shear similar to the one predicted by the
VPSC model modified to account for dynamic
recrystallization by subgrain rotation, in which
the strain compatibility was relaxed within
subgrains (Signorelli and Tommasi, 2015).
Both models therefore hint at the essential role
of additional processes, which accommodate
strain components that cannot be produced by
dislocation glide in the deformation of olivine
polycrystals. The modified VPSC model
presented here therefore represents an acceptable
alternative to predict olivine CPO evolution in
simple shear, with a significantly lower
calculation cost than VPSC models explicitly
incorporating recrystallization.

The modified SO-VPSC simulations
with B = 3, which better fit the viscoplastic
anisotropy measured in the experiments, predict
correctly the texture evolution observed in
simple shear experiments up to shear strains of
5, but diverge from the experimental data by
displaying an oscillatory behavior at higher shear
strains. This oscillation is consistent with the fact
that ellipsoidal inclusions embedded in a
deformable media do not have any stable
position in simple shear, but rotate continuously
(Jeffery, 1922). Indeed, low B values result in a
low strength of the equivalent homogeneous
medium that represents the polycrystal in VPSC.

This interpretation is corroborated by the
analysis of the SO-VPSC model in which the
critical (maximum) aspect ratio of the crystals is
changed. higher critical aspect ratios result in
higher oscillations of the CPO orientation (cf.
supplementary material, Figure S3.4).
Comparison of the VPSC predictions to
the experimental data suggests that although
isotropic, the additional strain accommodation
processes are associated with a non-linear
mechanical behavior. The study of Detrez et al.
(2015), which first introduced additional
isotropic deformation processes into the VPSC
model, showed that significant activation of a
Newtonian isotropic process resulted in a
significant decrease of the apparent stress
exponent of the polycrystal relative to the stress
exponent associated with dislocation creep. The
present study suggests that the mechanical data
of Hansen et al. (2012a) are better reproduced
by simulations in which the isotropic
mechanisms  accommodate a  substantial
proportion of the total viscoplastic deformation
(>20% in simple shear and >50% in axial
extension). Such a significant contribution from
the isotropic processes would surely decrease the
stress exponent if these processes were
Newtonian. Yet, stress exponents measured in
torsional experiments at high finite strains on
polycrystals comprised by olivine Fosy (n = 4.1,
Hansen et al., 2012b) and Foqy (n = 3.3,
Bystricky et al., 2000) are high. We therefore
suggest that the additional strain accommodation
processes are probably non- Newtonian.

Viscoplastic  anisotropy under upper
mantle conditions

In the present simulations, we do not
model specific additional deformation processes,
but analyze their effect on the viscoplastic
mechanical behavior of the textured rock
(polycrystal) by modeling their contribution to
strain accommodation. In other words, we
calculate how the operation of these processes
reduces the geometrical hardening. However, to
extrapolate the conclusions of our analysis to the
upper mantle, assumptions must be made about
the nature of these processes. Increased amounts
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of strain from diffusive mass transfer or sliding
on grain boundaries relative to strain from
dislocation glide are favoured by smaller grain
sizes. This grain-size dependence has been
clearly imaged in situ by the difference in strain
distribution in deformation experiments on halite
aggregates with different grain sizes (Bourcier
et al.,, 2013). Thus, these grain-size sensitive
processes are potentially more active in
experiments that use fine-grained olivine
polycrystals (5-20um) than during deformation
of coarse-grained peridotites in the upper mantle.
Indeed, strain rates measured during axial
compression experiments on fine-grained (< 10
um) olivine aggregates were up to 4.6 times
higher than strain rates predicted by a lower
bound model for the same textures and loading
conditions, but no enhancement in strain rate
relative to the models was observed for
experiments on aggregates with coarser (> 100
pm) grain sizes (Tielke et al.,, 2016). In the
present study, grain-size sensitivity of the
additional processes is suggested by the
comparison of the evolution of the CPO intensity
in simple shear predicted by the modified SO-
VPSC model and the CPO intensity measured
experimentally (Figure 3.8b): the observations
on the finest-grained aggregates are better fitted
by models with lower B values, in which the
dummy slip systems representing these
additional processes are more active. One should
note that the present results do not imply that
grain-size sensitive processes are isotropic —
these processes might be anisotropic in the
presence of a shape-preferred orientation
(Wheeler, 2010). The present work solely
indicates that the additional processes operating
in the experiments allow avoiding strain
compatibility —problems arising from the
viscoplastic anisotropy of the olivine crystal by
accommodating strain components that cannot
be achieved by the activation of the easy slip
systems in olivine.

The partitioning of deformation among
different processes (dislocation glide, diffusive
mass transfer, grain-boundary sliding, and
others) depends on temperature, stress, and
chemical environment, but all other conditions
being similar, an increase in grain size should
favor dislocation glide. Olivine grain sizes in

naturally deformed upper mantle rocks are
typically plurimillimetric. Finer-grained
peridotites are limited to shear zones (< 1 km
wide) localized in the shallow parts of the
lithospheric mantle and, even within these shear
zones, in the absence of synkinematic reactions,
olivine grain sizes are most often > 100 pm (cf.
Tommasi and Vauchez, 2015. Vauchez et al.,
2012). Thus, although strain rates and stresses
are lower than in the experiments, one may
expect a greater contribution of dislocation glide
to plastic deformation in most of the upper
mantle. If that is the case, our results suggest that
the viscoplastic anisotropy of the upper mantle
might be higher than the one measured in the
experiments and better represented by the VPSC
simulations in which the contribution of the
dummy slip systems is reduced ( > 10).

By consequence, previous studies that
coupled the standard VPSC model to finite
element simulations, such as Knoll et al. (2009),
Tommasi et al. (2009), and Blackman et al.
(2017), have estimated the maximum effect of
olivine  viscoplastic  anisotropy on the
reactivation of preexisting plate-scale structures
for creating new plate boundaries (Tommasi et
al., 2009) and on the flow and seismic
anisotropy patterns beneath oceanic plates
(Blackman et al., 2017). On the other hand, the
ratios of 10-100 between normal and shear
viscosity used in convection models by
Christensen (1987), Lev and Hager (2008,
2011), and Becker and Kawakatsu (2011)
moderately to strongly overestimate viscous
anisotropy associated with strain-induced CPO
in the upper mantle. Indeed, the CPO-induced
viscoplastic anisotropy in olivine-rich rocks
predicted by standard SO-VPSC models does not
surpass a factor 6.

3.1.5 Conclusions

The viscoplastic anisotropy of olivine
polycrystals deformed in simple shear and axial
extension was modeled using three polycrystal
plasticity models: the uniform stress (lower
bound) approach and the tangent and second-
order VPSC models, which was modified to
account for variable contribution of other
deformation processes in addition to
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dislocation glide. The instantaneous mechanical
responses predicted in the various simulations
were compared to stresses measured in
laboratory experiments for similar textures,
loading geometries, and boundary conditions.

Laboratory data and  numerical
experiments suggest that the intensity of the
viscoplastic anisotropy depends non-linearly on
the CPO intensity. it increases faster for weak to
moderate CPO intensities than at high CPO
strengths. VPSC simulations in which strain is
essentially accommodated by dislocation glide
(B = 50) slightly underestimate the strength of
the strongly textured aggregates relative to the
strengths measured experimentally in torsion,
but strongly overestimates the strength relatively
to the experimental data in axial extension. This
leads to overprediction of the viscoplastic
anisotropy. Lower bound simulations, in which
strain compatibility constraints are relaxed,
better fit the experimental data. This suggests
that in the laboratory experiments additional
deformation processes operate, allowing the
accommodation of the strain components that
cannot be achieved by the activation of the easy
slip systems in olivine.

The experimental data for the strongly
textured aggregates is indeed well reproduced by
the SO-VPSC model that includes dummy slip
systems simulating additional isotropic strain
accommodation processes without producing
grain rotation. The best fit to the experimentally
measured viscoplastic anisotropy is obtained for
simulations in which the CRSS of the dummy
systems is 3 times higher than the CRSS of the
easiest slip system in olivine, (010)[100]. In
these models, the dummy slip systems
accommodate up to 50% of the viscoplastic
deformation in axial extension and up to 20% of
the deformation in simple shear. This modified
SO-VPSC model also better reproduces the
texture  evolution measured in  torsion
experiments than the standard VPSC model.
However, the best fit is obtained for simulations
with lower activity of additional isotropic
processes (B = 5). Simulations with f = 3
underestimate the CPO strength relatively to the
experimental data and do not evolve into a stable
orientation at high shear strains.

The present work implies that the

viscoplastic ~ anisotropy  associated  with
deformation by dislocation creep in the upper
mantle may be decreased by the operation of
additional strain accommodation processes. If
we assume that in most of the upper mantle the
contribution of deformation processes such as
grain boundary sliding or diffusive mass transfer
is lower than in the experiments due to larger
grain sizes, the viscoplastic anisotropy should be
well predicted by the standard SO- VPSC model.
In high-stress shear zones in the shallow part of
the lithospheric mantle, in which grain sizes are
small, the viscoplastic anisotropy is probably
reduced and better predicted by the modified
SO- VPSC model. The standard (p = 50) and
modified (B = 3-5) SO-VPSC models therefore
reflect the possible range of texture-induced
viscoplastic anisotropy in the upper mantle, that
is, the viscous anisotropy relevant to domains of
the upper mantle deforming dominantly by
dislocation creep. The present simulations,
which use CRSS for the olivine slip systems
derived from high temperature low pressure
single crystal experiments, provide good
predictions of anisotropic viscous deformation
for the upper 200-250 km of the mantle.
Different CRSS derived from high-pressure
experiments should be used for deeper parts of
the upper mantle.
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3.1.6 Supplementary material of the article #1

The supplementary material comprises:

(1) a presentation of the methods used to define the components of the velocity
gradient tensor in extension and simple shear, to calculate the Von Mises equivalent stresses
and strain rates, and to normalize the experimental data in torsion and axial extension to a

constant value of the norm of the strain rate.

(2) a comparison between TGT- and SO-VPSC predictions for different boundary

conditions (mixed vs. kinematic. Figure S3.1) and stress exponent n values (Fig. S3.2).

(3) a comparison of the effect of varying the strength of the dummy slip systems (83)
on the mechanical behavior of the aggregate predicted by TGT- and SO-VPSC models
(Figure S3.3).

(4) a comparison of the effect of varying the critical (maximum) aspect ratio of olivine
for SO-VPSC models with the strength of the dummy slip systems () equals to 50 and 3
(Figure S3.4).

(5) a presentation of the pole figures showing the CPO evolution with increasing
shear strain (y) as a function of the strength of the dummy slip systems in modified SO-VSPC
models (Figure S3.5).

Methods
Norm of the strain-rate tensor in simple shear and axial extension

For comparison between simulations in simple shear and axial extension we imposed

that the norm of the overall strain rate tensor' in both cases equals 1.

1

The average first-order moment of the equivalent stress and strain rate was used. The SO-VPSC

formulation allow to express the this quantities using the second-order moment of the equivalent stress

and strain rate as the average of the corresponding magnitudes at the grain level, defined as o—ég) =

3 51(9) 1(9)

50 0 @) — 249 p0) However, these expressions are only valid for linear and isotropic

and &4 SE €y

cases (see VPSC7c¢ Manual for further details).
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IEll? = &;&; =1

In axial extension 22, the velocity gradient tensor is thus defined as:

_ —a 0 0
Lext = Eext= |1 0 2a 0
0 0 -—a
with a:
_1
a = /\/8

In simple shear 12 the velocity gradient tensor is defined as:

02a0_ 0 a O
L =10 0 O0f.&s=|a 0 0

0 0 O 0 0 O

with a:

_1
a= /\/7

Von Mises equivalent strain rate and stress'

Von Mises equivalent strain rate (£¢q) and stress (0¢q) are scalar quantities. Their
product results in the same viscoplastic work rate (W) as the dot product of the deviatoric

stress and strain rate tensors:
. 2 _ .

W = Gij Eij = O'eq Seq

The equivalent stress in the Von Mises sense is defined as:

vm 3 ! !

Oeq = |50 Oi

The Von Mises equivalent strain rate is calculated by enforcing the work conjugate condition:

90



w

é e
q o
e
q

Normalization of experimental data to a constant value of the norm of the strain rate
tensor for comparison between torsion and axial extension mechanical data

The stresses measured in the laboratory by Hansen et al. (2012a) were normalized to a
constant Von Mises equivalent strain rate (£eq) of 2 x 107* following the general

constitutive relation:
éeq = A (Geq) "

in which o¢q is the Von Mises equivalent stress, 4 is a material constant, and n the stress

exponent, which in the experiments is equal to 4.1. The Von Mises equivalent stress is thus

recalculated (0eq*) for €oq = 2 X 107* s~* according to:

1/4.1
2x107%

(0} EE—
eq seq/
4.1
0'eq
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Supplementary Figures

The supplementary figures were already discussed in the context of the published

article #1, therefore, it will only be presented with a short legend description.
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Figure S3.1: Effect on the Von Mises equivalent stresses (normalized to the behavior of an
isotropic polycrystal) of varying the stress exponent (n) between 3 and 4 for SO- and TGT-
VPSC models in simple shear and axial extension. Empty and filled black circles indicate the
laboratory data (Hansen et al. 2012a) and empty and filled color markers represent model

predictions.
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Figure S3.2: Effect on the Von Mises equivalent stresses (normalized to the behavior of the
isotropic olivine polycrystal) of changing boundary conditions (fully kinematic or mixed) for
SO- and TGT-VPSC simulations in simple shear (empty markers) and axial extension (filled

markers) solicitations. Empty and filled black circles indicate the laboratory data (Hansen et
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al. 2012a), and the colour markers represent the model predictions.

18

20

22

93



o

T* - Strength of the easy (010)[100] slip system
40 ‘ \ . . . . . .

SO-VPSC TGT-VPSC

35 [ — — [OFsiON ﬂ% [
] - - Extension .
y

30 1 _

25+ 1

Normalized Von Mises Stress, ¢/0101100]

g
B
b
5 -
) _ -
goast P
< -
3 -
,2 20 - P -
= LT
g - == .
O 15 i ’— o - ///7/ -
> = - —
g / 7 /// untextured
N 10 | e - N
P —eey
S 5 / 1
Z
123 5 10 50

C

40— -

oo (0101 0011

g N /'\ 7 -
v LVl e
% \Q/ v o
= 30 =" |
=} P _
) 7 /’ -
]
5 25¢ 7., ” i
17 s
2 20t - |
= Py
8 15 - P
o 15} //'/ i
> ;7 P
—8 — untextured
N0} I e,
'Té // _
S 5S¢ e
Z. / —

123 5 10 50
Dummy Slip Systems Strength,

Figure S3.3: Effect on the Von Mises equivalent stresses (normalized by the strength of the
easy (010)[100] slip system) of varying the dummy slip systems strength () on the stresses
predicted by the SO- and TGT- VPSC models in simple shear (thick solid lines) and axial
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CPO reorientation predicted by SO-VPSC simulations with the strengths of dummy slip
systems (B) equals to a) 50 and b) 3. For details refers to figure 8 of the article.
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grain shapes do not evolve, but grains continue to rotate).
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3.2 Comparison between numerical and experimental data of olivine

polycrystal deformed in extension followed by torsion

3.2.1 Introduction

In this section I compared the VPSC prediction with laboratory experiments by
Hansen et al.,, 2016, which consisted of torsional solicitation with shear plane oriented
normal to a previous extension that formed the initial olivine CPO. This consists in the
opposite deformation kinematics applied in the experiments reported in previous section,

which result in considerably different textures and loading-geometries.

3.2.2 Methods

The numerical experiments here presented follows the same methodology and model
setup presented in the supplementary material of Mameri et al., 2019. The instantaneous
viscoplastic response of the olivine polycrystals was calculated using the SO- and TGT-VPSC
and Lower bound models with the norm of the overall strain rate tensor in extension and
simple shear equals to 1.The VPSC models does not account for the effect of isotropic
mechanism, then, the strength of the pyramidal slip system is (f) 50 times higher than the
‘easy’ slip system (‘standard” VPSC models). Exactly the same olivine CPO measured in the
laboratory experiments by Hansen et al., 2016 was used in the numerical experiments, as
well as equivalent loading-geometries and boundary conditions. The stresses obtained
numerically in extension and simple shear were compared, to the final extension and initial
torsional stresses measured in laboratory, respectively.

Simulations were ran for both kinematic and mixed boundary conditions (B.C), but no
significant difference in the mechanical response is observed between both B.C, then for sake
of simplicity, only the results for the kinematic B.C are shown. The slips systems available,
the critical resolved shear stresses (CRSS), and the stress exponents are similar to those in the
previous comparison (with the Hansen, et al., 2012), with a slight difference in the CRSS of
the (001)[100], which in the present comparison was set to 1 instead of the value of 1.5. The
influence of grain size on the measured aggregate strength at laboratory conditions was tested
by recalculating the final stresses at the end of the extension to the initial grain-sizes

;51 x dP

1/n
’ ) , where n is the stress exponent (n = 4.1), d the

following the relation, 0y ey = (

initial grain-size, p the grain-size exponent (p = 0.73), A is material constant and & the
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strain-rate measured in laboratory.

3.2.3 Results

Comparison between instantaneous stresses predicted by models (coloured markers)
and the stresses measured experimentally (black circles) as a function of the CPO intensity is
shown in the Figure 3.9 (normalized to the strength of the random polycrystal 7°). The
models are able to qualitatively reproduce the aggregate behavior measured in the laboratory
experiments, that is, final stresses in extension (sub-perpendicular to [010]-girdle of CPO) are
weaker than simple shear normal to it (sub-parallel to [010]-girdle of CPO). However,
stresses measured in laboratory are underestimated in all simulations, which display stresses

closer to the isotropic response, notably in torsional deformation.
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Figure 3.9: Von Mises equivalent stresses (normalized to the behavior of a random texture
polycrystal) as a function of the olivine CPO intensity for laboratory and numerical
experiments. Empty markers represent axial extension parallel to the [100] maximum. Filled
markers represent simple shear in a plane parallel to the [010] girdle, in a direction
perpendicular to the [100] maximum of the preexisting CPO.

The magnitude of mechanical anisotropy was calculated using the ratio between
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simple shear and extension stresses as a function of CPO intensity (Figure 3.10). In the
laboratory experiments, simple shear flow stresses are a factor 2 to 1.25 times higher than
extensional stresses (filled black circles). The numerical experiments (filled coloured
markers), for most of the simulations, predict anisotropy bellow the minimum value measured
in the laboratory. A weak positive correlation between CPO intensity and anisotropy is
predicted in the models, while in the laboratory experiments this trend is not observed. The
stresses measured in the laboratory for final grain sizes (grain size indicated next to the filled
black circle) when recalculated for initial grain sizes (27um, red empty circles) better
approach the anisotropy predicted by the models, but the discrepancy between numerical and

laboratory experiments remain considerable.
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Figure 3.10: Magnitude of mechanical anisotropy (ratio between Von Mises equivalent
stresses in extension and torsion) predicted by numerical models and measured by laboratory

experiments as a function of CPO intensity.

The slip system activity (in %) as a function of the CPO intensity was calculated for
the SO-VPSC model (Figure 3.11). The lower stresses predicted in extensional perpendicular
to the [010]-girdle of the preexisting olivine CPO results from higher activities of the easy
(001)[100] slip system (CRSS=1), which it is increased from 30% in the isotropic polycrystal
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to 60% in the aggregates with the higher intensity of CPO (J-index = 4). The (010)[001] slip
system (CRSS=2) accommodates from 30% to 10% of the total viscoplastic deformation in
extension. The higher stresses in simple shear compared to the extension result from lower
resolved shear stresses on the easy (010)[100] slip system in most of crystals, which
accommodated <40% of deformation. This occurs because of the [100] maximum of olivine
is orientated at high angles to the imposed shear plane. The activation of the hard (010)[001]

slip system is simple shear is not negligible, being roughly constant around ~30%.
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Figure 3.11: Slip systems activation predicted by SO-VPSC model for simple shear (filled
markers linked by dashed lines) and axial extension (empty markers linked by solid lines).
The sum of the activity of the three ‘dummy’ systems is shown by the black circles.

3.2.4 Discussions

The qualitative agreement between the VPSC (robust dislocation-based microphysical
model) and laboratory experiments, together with the CPO evolution coherent [100]-glide-
dominated deformation suggest that dislocation creep accommodates a significant portion of
the polycrystal deformation at laboratory conditions. In agreement with Hansen et al. (2012)
and Mameri et al. (2019), the models underestimate the viscous anisotropy of olivine
aggregates that have weak CPO. However, these results cannot be explained employing the

same modelling philosophy in Mameri et al. (2019), in which the lower mechanical
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anisotropy measured in the laboratory was explained in terms of the activation of an isotropic
deformation processes in addition to dislocation creep.

VPSC simulations accounts for intracrystalline glide in a very robust physical basis
(glide + recovery allowing to fully avoid hardening), which dislocation creep in olivine result
from glide in a very limited number of slip (shear) directions in 3 dominant slip system with
significant difference in relative strengths. But, to fit the data published by Hansen et al.
(2016), one needs to consider a deformation process that is more mechanical anisotropic than
dislocation creep. In the light of the result presented in Mameri et al., 2019, this deformation
process (if it exist) has to decrease the magnitude of the anisotropy at high finite strain (strong
CPO), and decrease it at low finite strain (weak CPOs). Once the experiments conditions are
very similar, it is unlikely that the activated deformation processes are significantly different
between both experiments. Moreover, the contribution of this additional deformation process
must vary weakly with CPO intensity, since despite the large range of CPO intensity (J-index
= 1,5 — 21), the mechanical anisotropy measured in the laboratory experiments lied below a
factor 2.

Hansen et al. (2016b) fitted the mechanical behavior in the experiments using a
pseudo-Taylor model. This approach approximates the strain rate tensor in the grain to the
strain rate tensor in the polycrystal deforming in only three (common) slip systems of olivine.
Slip systems available and their strengths are comparable to the ones in ours models, but the
(010)[001] system is 4 times harder than the easy (010)[100], instead of 2 times. In their
model the strain misfit between the grain and polycrystal, resulting from the lack of slip
systems to accommodate arbitrary plastic deformation, is partially neglected, This
corresponds to consider that there exists another deformation process that accommodates the
strain incompatibility without contributing to the strength of the aggregate. In our SO-VPSC
calculations however strain compatibility is respected at the aggregate scale. The additional
isotropic process that was added (ensuring that compatibility respected) does contribute to the
calculation of the mechanical behavior of the aggregate.

In our view there are no general principles of polycrystalline plasticity that explain
both laboratory results in the same microphysical framework. The existence of a secondary
deformation processes in olivine polycrystal deformed at laboratory conditions that gather all
the features described above is unknown. The existence of this process at geological
conditions is even more uncertain. But, it is worthy to mention that very little is known about

anisotropy of grain boundary properties (Wheeler, 2010. review in Marquardt and Faul,

101



2018), for instance, the importance of contrast in sliding velocities for the polycrystal
anisotropy. Yet, is unlikely that these mechanisms are more anisotropic than shear in specific
directions of just a few available slip system that have different strength, such as during

dislocation creep in olivine at high temperature.

3.3 Viscoplastic anisotropy associated with fossil (common) olivine CPOs
in the lithospheric mantle

For completeness of the study on the controlling parameters of CPO-induced viscous
anisotropy at the rock-scale, VPSC simulations were run for different olivine CPOs created
numerically under different finite strains (CPO intensity) and deformation regimes (CPO
symmetries). These CPOs were deformed in simple shear, axial extension and compression at
different orientations relative to the preexisting orthorhombic, axial-[100] and -[010] olivine
CPOs (from 0° to 90°, at every 15°. Either mixed or kinematic boundary conditions were
imposed. The CPOs symmetries and intensities that were used in this parametric studies are
representative of most olivine CPOs measured (>80%) in peridotites massif and xenoliths

collected in different tectonic settings worldwide (Tommasi and Vauchez, 2015).

3.3.1 Method

The numerical experiments follow the same methodology presented in previous
sections. The instantaneous viscoplastic responses of the olivine polycrystals were predicted
(i.e. no CPO evolution). For comparison between simulations in simple shear and axial
extension the norm of the strain rate tensor in both cases equals 1. The dummy slip systems,
have strength 50 times higher than the easy slip system (standard VPSC model). The relative
strength of slips systems available are the same used in the comparison with Hansen et al.,
2016, that is, it has glide in the [100] ‘easy’ direction two times higher than glide in the [001]
‘hard’ direction. The parameters used in the simulations are presented in the Table 3.1.

In the analyses that follow, only the response of the second-order (SO-) VPSC is
explored. The choice for this linearization scheme, which control grain- polycrystal
interactions in the simulations, is based on two conclusions. First, as recall in the chapter 2
(Figure 2.14), the response of SO-VPSC closely follows the prediction of full-field
simulations of olivine polycrystal deformation (Lebensohn et al., 2007; Castelnau et al.,
2009). Second, our tests using strong olivine CPOs (formed up to y>10 in torsion

experiments) indicated that the viscoplastic behavior depends on the linearization. The widely

102



used tangent VPSC predictions might display a non-convex yield surface in stress-space when
the CPO strength is high (Figure 3.12), whereas SO-VPSC did not. The convexity ensures
(material) numerical stability in the polycrystal simulations (Drucke, 1964). This is also in
agreement with previous tangent VPSC simulations used to predict olivine CPO evolution
(Hansen et al., 2016), which showed that at relatively high shear strains (y>5) tangent VPSC

generates numerical instabilities on the orientation of the eigenvectors.
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Figure 3.12: Two-dimensional projection (S1-S2) of the viscoplastic equipotential yield
surface predicted by VPSC models employing the same olivine CPO but different
linearization schemes.

3.3.2 Results

For a given boundary conditions, the mechanical responses of all polycrystals display
comparable pattern as a function of the orientation of the mechanical solicitation (Figure
3.13). In extension, when the XY plane is oriented sub-perpendicular or sub-parallel to the
imposed solicitation the polycrystals is harder than the isotropic behavior (¢ = 1). At highly
obliquity (i.e. ®45°) to the extensional the mechanical behavior is weaker than the isotropic
behavior, because high shear stresses (RSS) are resolved onto the easy (010)[100] or
(010)[001] slip systems of most crystals, while low RSS are resolved onto the hard (010)[001]
slip system. In simple shear solicitation, the opposite behavior is predicted in terms of the

orientation of the hard and soft loading-geometries as a function of the solicitation
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orientation. Stresses weaker than the isotropic behavior is predicted for applied mechanical
solicitations sub-parallel or sub-perpendicular to the plane XY. Whereas highly oblique
solicitation display normalized stresses higher than the isotropic polycrystal. The maximum

contrast in viscous anisotropy (ratio between high and lower normalized stress) does not

surpass a factor 10.
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Figure 3.13: Von Mises equivalent stress (normalized to the isotropic behavior) as a function
of the angle between the imposed extension 22 (left) and simples 12 (right) for orthorhombic
and axial olivine CPOs. Mixed boundary condition (B.C) in blue and kinematic B.C in red.

The asymmetry in mechanical behavior relative to complementary loading-geometry
(i.e. 30° differs from 60°) is a direct consequence of the feedbacks between the single-crystal
anisotropy and imposed boundary conditions. The latter may affect the stress pattern and the
magnitude of the anisotropy, because the crystal cannot freely deform and expresses its
anisotropy controlled mainly by glide on the 100 direction. For extension deformation, by
imposing kinematic boundary conditions (red curve), which is strict boundary conditions, the
softer loading-geometry might be shifted if CPO girdle is presented. In the case of the
orthorhombic symmetry, imposing kinematic condition hardens the aggregate deforming at
the softer loading-geometry without affecting the anisotropy pattern relative to the loading-
geometry. For simple shear numerical experiments, imposing kinematic boundary conditions
result in more monotonous stress pattern; the mechanical response of the three CPOs tested is

symmetrical relative to complementary loading geometries (e.g. 30° - 60°, or 15°-75°).
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In both extensional and simple shear solicitations, the imposed boundary conditions
affect the aggregate behavior notably when ‘out-of plane’ components are produced, which is
likely to occurs at oblique loading-geometries. This is corroborated by the invariant response

of the polycrystal deformed in the 0° and 90° loading-geometries.
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Figure 3.14: Axial-[100] olivine CPO. Activity (%) of the main slip systems (coloured lines)
and the dummy slip system (black line) as a function of the angle between the imposed
extension 22 (left) and simple shear 12 (right) for both kinematic and mixed boundary
conditions.

The effect of the imposed boundary conditions on the slip system activation was
investigated using the axial-[100] CPO. For extensional deformation between 90° and 60° to
the plane XY, most of the deformation is accommodated by the easy slip system (010)[001]
(>40%), and the dummy slip system is moderately activated (= 10% — 8%, = 50).
Whereas between 30° and 0°, the hard (010)[001] slip system accommodate most of the
deformation (>40%), and the dummy slip system is not considerably activated (only 5%;
Figure 3.14). At around 45° loading-geometry, the activation of both dummy and the hard
slip system is considered low (<10%), while most of the deformation is accommodate by both
the easy slip systems. By imposing kinematic boundary conditions, the pattern of activation is
‘smoothed’ (Figure 3.13). In simple shear, the ‘smoothing effect’ on the pattern of activation
is even more obvious. The stringent boundary conditions affect notably orientations between

45° and 90°. In simple shear and extensional deformation tests, ,the activation of the easy
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(010)[100] slip system is little affected by the imposed boundary conditions, while the harder
ones can be significantly modified.

The effect of the CPO intensity on the viscous anisotropy was verified by performing
SO-VPSC simulations at mixed boundary conditions using the same CPOs symmetries but
with variable CPO intensities (Figure 3.15). Thus, the polycrystals were deformed in simple
shear parallel to the plane XY and extension perpendicular it at a given loading-geometry and
only CPO intensity is varied. Simple shear parallel to the plane XY is systematically weaker
than extension perpendicular to it independent of the CPO symmetry. The magnitude of the
viscous anisotropy significantly increases with increasing CPO intensity. A change in CPO
intensity in two times (from about =6 to = 12; J-index) results in a non-linear increase in
mechanical anisotropy. The axial [100]- and [010] CPOs tends to display more non-linear
increase in viscoplastic anisotropy as a function of the change in CPO intensity than the
orthorhombic CPO. This prediction is also corroborated by the more asymmetrical behavior

of the axial CPO relative to the loading-geometry in the Figure 3.13 and 3.14.
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Figure 3.15: Von Mises equivalent stress (normalized to the isotropic behavior) as a function
of the CPO intensity for the different olivine CPOs deformed in extension 22 (above the
isotropic reference line, stress equals 1) and simple shear 12 (below the isotropic line). All the
models shown were run at mixed boundary conditions.

3.3.3 Discussion and Conclusions

Strong variations of the magnitude of anisotropy is predicted as a function of the CPO
intensity, whereas relatively little variation is predicted for different CPOs symmetries with
similar intensities. The pattern of the anisotropy relative to the loading-geometry depends on
the mechanical solicitation (simple shear, extension...), which might be slightly modified by
the imposed boundary conditions. The pattern of the anisotropy is insensible to CPO intensity,

and is weakly dependent of the CPO symmetry. Hence, apart from the activation of secondary
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deformation processes, CPO-induced viscoplastic anisotropy in olivine polycrystals
deforming at high temperature is controlled at the first-order by: the CPO intensity, imposed
boundary conditions and CPO symmetry.

The slip system strength depends on temperature, pressure, water content and stress
(cf. Karato et al., 2008. Bernard et al., 2019). Laboratory experiments by Katawama and
Karato, 2006, has suggested that in the presence of water in olivine deforming at relatively
high stresses and pressure conditions, a decrease in temperature favour intracrystalline slip
dominated by the (010)[001] slip system (B-type). High-pressure experiments suggest that in
the lower part of the upper mantle dislocation creep operates dominantly by slip in the [001]
direction (Mainprice et al., 2005. Durinck et al. 2005: Ratteron et al., 2012). High
concentrations of hydrous point defects may induce bimodal olivine CPO and transition from
(010)[100]-dominated glide (A-type, orthorhombic CPO) to E- and C-type olivine CPO
dominated by glide on (001)[100] and (100)[001] slips systems (Tasaka et al., 2016, Wallis
et al., 2019). The results presented indicate that during high temperature deformation of
olivine polycrystals, which [100]-glide is the dominant slip direction, the pattern of the
viscous anisotropy is most likely little affected by changes in the CPO symmetry, as
suggested by worldwide compilation of olivine CPOs (Tommasi & Vauchez 2015). The
changes in symmetry are often partial dispersion of the olivine CPO, which might decrease

the intensity of crystal alignments and consequently the magnitude of the viscous anisotropy.
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CHAPTER 1V

PARAMETERIZATION OF THE
ANISOTROPY PREDICTED BY
VPSC MODELS AND ITS
IMPLEMENTATION IN THE
GEODYNAMICAL CODE ADELI3D

The mathematical sciences particularly
exhibit order symmetry and (imitations; and

tﬁese are tﬁe g?’eatestforms Cif tﬁe ﬁeautifu[.

Aristotle
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4 Parameterization of CPO-induced viscous anisotropy with

application for modelling lithospheric deformation

4.1 General Introduction

Here is described the numerical methods developed to parameterize CPO-induced
anisotropic response in olivine polycrystals. The approach to implement viscous anisotropy in
the geodynamical code ADELI3D is detailed. The numerical routines are validated and the
computational performance is tested. The conception of the parameterization and its
implementation in ADELI3D started before the beginning of this thesis and were mainly
performed by the first three authors. My contribution concerned mainly on developing post-
processing codes for both VPSC and ADELI simulations and validates the new routines

implemented in this latter.
4.2 Article #2

This chapter is part of an article submitted to the Journal of Theoretical, Computational

and Applied Mechanics by Javier Signorelli, Riad Hassani, Andrea Tommasi and myself.

An effective parameterization of texture-induced viscous anisotropy in

orthotropic materials with application for modeling geodynamical flows

. . . . .b , . .
Javier Signorelli®, Riad Hassani’, Andréa Tommasi‘, Lucan Mameri*
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C Géosciences Montpellier — CNRS & Université de Montpellier, France
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ABSTRACT

In this article, we describe the mathematical formulation and the numerical implementation of
an effective parametrization of the viscous anisotropy of orthorhombic materials produced by
crystallographic preferred orientations (CPO or texture), which can be integrated into 3D
geodynamic and materials science codes. Here, the approach is applied to characterize the
texture-induced viscous anisotropy of olivine polycrystals, the main constituent of the Earth’s
upper mantle. The parameterization is based on the Hill (1948) orthotropic yield criterion.
The coefficients of the Hill yield surface are calibrated based on numerical tests performed
using the second order Viscoplastic Self-consistent (SO-VPSC) model. The parametrization
was implemented in a 3D thermo-mechanical finite-element code developed to model large-
scale geodynamical flows, in the form of a Maxwell rheology combining isotropic elastic and
anisotropic non-linear viscous behaviors. The implementation was validated by comparison
with results of the analytical solution and of the SO-VPSC model for simple shear and axial
compression of a homogeneous anisotropic material. An application designed to examine the
effect of texture-induced viscous anisotropy on the reactivation of mantle shear zones in
continental plates highlights unexpected couplings between localized deformation controlled
by variations in the orientation and intensity of the olivine texture in the mantle and the
mechanical behavior of the elasto-viscoplastic overlying crust. Importantly, the computational
time only increases by a factor 2-3 with respect to the classic isotropic Maxwell viscoelastic

rheology.

4.2.1 Introduction

The greatest challenge in modeling the dynamics of the solid Earth is to reproduce the
extremely heterogeneous deformation of the outer layer of the planet — the tectonic plates,
which have thicknesses ranging from a few km at oceanic ridges to >200 km beneath some
continental domains, in response to the continuous motion that animates the underlying
convective mantle. Texture-induced viscous anisotropy is a key parameter in producing strain
localization, since: (1) plates deform mostly by non-linear viscoplastic processes and (2) all
major rock-forming minerals have low symmetries (hexagonal, trigonal, orthorhombic,
monoclinic, or triclinic). They usually develop strong textures in response to deformation and
therefore the rocks that compose the plates display a strongly anisotropy of their physical
properties.
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Olivine, which is the major constituent (60-80%) of the, in most cases, strongest
section of the tectonic plates (50-90% of the total thickness of the plate), is orthorhombic. It
displays a marked anisotropy of its thermal and mechanical properties (Tommasi et al. 2001;
Bai et al. 1991). Geodynamical flows produce strong olivine textures, which are only
significantly modified by further deformation (e.g., Nicolas and Christensen 1987, Wenk et
al. 1991, Tommasi et al. 2000). Seismological measurements are able to detect the elastic
anisotropy produced by these textures (e.g., Hess 1969; Savage, 1999; Tommasi and
Vauchez, 2015). These data record patterns of active or old (fossilized) olivine textures,
which are homogeneous at the scale of several tens to hundreds of km in the upper mantle.
These textures produce viscoplastic anisotropy at large-scale (Knoll et al. 2009; Hansen et
al. 2012; Mameri et al. 2019), which in turn modifies subsequent deformation. Texture-
induced viscous anisotropy has been proposed, for instance, as a major feature of plate
tectonics, explaining the reactivation of ancient structures, even at hundreds of thousands
years of intervals (Vauchez et al. 1997; Tommasi et al. 2001; Tommasi et al. 2009). It has
also been proposed to modify the convective patterns and the interactions between the plates
and the convective mantle (Castelnau et al. 2009; Lev et al. 2011; Blackman et al. 2017). A
precise description of the viscous anisotropy produced by olivine textures was achieved by
explicitly coupling viscoplastic self-consistent calculations of polycrystal deformation into
geodynamical flow models (Knoll et al. 2009; Tommasi et al. 2009; Castelnau et al. 2009;
Blackman et al. 2017). However, this approach remains too time- and memory-consuming
for widespread use.

Hierarchical multi-scale modelling provides a path for exchanging information
between systems with different characteristic length scales. Several strategies may be defined
(Gawad et al, 2015). Analytical yield functions are often preferred to polycrystal models for
describing the anisotropy of materials in large-scale simulations due to their simplicity and
numerical efficiency. However, definition of such functions for low-symmetry materials is
not trivial. In the present work, we adopt the virtual-experiment strategy for exploring the
viscosity tensor of a textured material composed of orthorhombic crystals. In this approach, a
number of fine-scale simulations are performed to determine the parameters that characterize
the phenomenological yield function implemented in the large-scale simulations. This
strategy allows combining the accuracy of the description of the texture-induced viscous
anisotropy of the fine-scale model and the numerical performance of the yield functions

(Plunkett et al. 2006). Additionally, since simulations are able to calculate the material
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response at any point of the loci-surface, the virtual-experiment strategy provides a method
for identifying the parameters in the yield function for deformation modes that cannot be
achieved in laboratory experiments.

In this article, we describe the mathematical formulation and the numerical
implementation of a parametrization of the anisotropic viscoplastic rheology of olivine
polycrystals in a 3D finite-element thermo-mechanical code (Adeli3D, Hassani et al., 1997).
The parameterization is based on the Hill (1948) orthotropic yield criterion in which the
coefficients that calibrated the Hill yield surface are based on numerical tests performed using
the second order Viscoplastic Self-consistent (SO-VPSC) model. The aim is to provide a
simplified Maxwell rheology model, combining isotropic elastic and anisotropic non-linear
viscous behavior, that can be integrated into 3D geodynamic and materials science codes,
allowing the physical description of a complex multi-scale system with reasonable

computational times.

4.2.2 Parameterizing texture-induced viscous anisotropy in

viscoelastic orthotropic materials

The framework presented in this section to parameterize the anisotropic rheology of an
olivine polycrystal is based on the notion of hierarchical multi-scale modelling. It extends the
classical viscoelastic Maxwell model to consider viscous anisotropy calibrated based on the
Hill (1948) orthotropic yield criterion. The parameters describing the anisotropy are identified
using fine-scale virtual experiments performed using viscoplastic self-consistent simulations

of the deformation of an olivine polycrystal.

4.2.2.1 Thermo-mechanical code

We implement the viscous anisotropy parameterization in the 3D thermo-mechanical
code Adeli3D (Hassani et al., 1997), which is optimized to model large-scale geodynamical
flows, focusing on the deformation of the lithosphere, i.e. the semi-rigid plates that compose
the outer layer of the Earth. The code is based on a Lagrangian finite-element discretization of
the quasi-static mechanical behavior of the lithosphere, which solves the obtained non-linear
equations using a dynamic relaxation method (Cundall and Board, 1988). The problem

consists in finding the velocity field v and the symmetric tensor ¢ satisfying
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%ZM(G,D) in Q, (D)

{diva + p,8=0

where () is the physical domain, g is the acceleration vector due to gravity, p; is the
lithosphere density and D = %(VV+VVT). %is an objective time derivative associated to the

large strain formulation. Jaumann and Green-Naghdi are the most frequently used objective

derivatives. They can be expressed using the same formulation:

%ZO"—WO'-}-O'W, (2)

with W = w , for the Jaumann derivative

and W = Q, for the Green-Naghdi derivative

where w;; =

1(ov; O9Vj
1y = 2

P 5) is the material spin tensor (i.e., the screw part of the velocity
Jj i

. AV . . ) . ..
gradient, a—Zf) and @ = R RT the rotation rate associated with the left polar decomposition of
J

the deformation gradient F (F = RU). As generally in geodynamic simulations, we use the
Jaumann corotational stress rate in our simulations.

The functional M in Eq. (1) stands for a general hypoelastic constitutive law. In the
present case, M describes a Maxwell rheology combining isotropic elastic and anisotropic
non-linear viscous behavior. The transition between the elastic and viscous regimes depends

on the temperature and stress, which change the viscosity, and on the considered time-scale.

4.2.2.2 Maxwell viscoelasticity

The viscoelastic constitutive law combines the contributions of the elastic D, and the
viscous D,, strain-rates. The total strain-rate D is defined as the sum of these two

contributions:
D= D,+D, 3)

and the constitutive relationship is given by
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22 =2u(D—D,)+Atr(D—-D,)1I (4)

with I the second-order identity tensor, “#”” the trace operator, and p and A the Lamé moduli.

The viscous strain-rate D,, is given by the flow rule

D, = 90 (5)

where @ (o) is a viscous potential. A typical choice for this potential is the power-law

equation:

_2 Y +1
(o) = 2-L- ™1 (o), (©6)
where J(0) is the equivalent stress, y = y, exp(—Q/RT ), n, Q and y, are the experimentally-
derived power-law exponent, activation energy in kJ mol'K', fluidity in Pa™s™, respectively,
R is the gas constant, and T is temperature in Kelvin. Using Egs. (5) and (6), the viscous part

of the total strain-rate can be expressed as:
_ 2. m 9J(o)
D'U - 3 y] (G) do . (7)

To describe an anisotropic viscous behavior, the yield condition, which was defined
by the Von Mises yield function in the isotropic case, is here defined by the orthotropic yield
function of Hill (1948).

4.2.2.3 Hill (1948) orthotropic yield criterion

The Hill yield function, which builds on the Von Mises’ concept of plastic potential,
defines a pressure-independent homogenous quadratic criterion. This form assumes that the
reference axes are the principal axes of anisotropy of the material, which are orthogonal. The

resulting yielding function takes the form:

J(o) =
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\/F(Un — 022)% + G(03, — 033)% + H(033 — 011)* + 2140122 + 2M0223 + 2N03?1 (8)

To predict the viscous contribution of anisotropic materials under multiaxial stress conditions,

J (o) is considered as the definition of the equivalent stress and Eq. (7) becomes:
D,=yJ"'A:S 9

where S is the deviatoric part of o and A is a rank-4 tensor describing the material anisotropy,
and stress dependency of J is omitted in order to simplify the notation. Using the Voigt
notation, A has the following matrix representation in the reference frame defined by the

principal axes of anisotropy of the material:

F+H —F —H 0 0 0
—-F G+F -G 0 0 0

_z2| —H -G H+G 0 0 0

A=3 0 0 0 L 0 of (10)
0 0 0 0 M 0
0 0 0 0 0 N

where F, G, H, L, M, N are the Hill yield surface coefficients, which describe the anisotropy
of the material. In the case of an isotropic aggregate,

F=G=H= L=M=N=2 (11)

2

NIR

and Eq. (8) reduces to the Von Mises yield function. With this particular choice of the

potential, the viscous strain-rate is traceless and the Maxwell constitutive law takes the form:

29— 2uD+2¢r(D)1 —2uyJ" A : S, (12)

Dt

4.2.2.4 Numerical integration

It is convenient to split the constitutive law given in Eq. (4) in deviatoric and

hydrostatic parts that can be integrated separately:
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S +Jju(S) = 2u(D'-D"), (13a)

p = K tr(D) (13b)

where D’ and D’,,(= D,,) are the deviatoric parts of the total and viscous strain-rate tensors,
respectively, and j,(S) = Sw + (Sw)T when the Jaumann derivative is used. Assuming D

and w constant in the time interval [t, t + At] and using the Crank-Nicolson scheme, the

stress at time station t + At is sought as the solution of the non-linear equation:

STHAL = St 4 2uAE D' — AL D', (SY) — 5 j (S5 — pAt D', (STHA) — =, (STHA) (14a)
pttAt = pt + K tr(D) (14b)
Eq. (14a) can be expressed as r(St+A) = 0, with
r(S) = S+ pAt D', (S) + % ju(S) =38, (15)
where S groups together the terms known at the beginning of the time interval (?):
S = S'+2uAt D' — pAt D', (S9) — T j,(SY). (16)
Defining R as the laboratory reference frame and R the material reference frame, a

second-order tensor X defined in R can be expressed in R through a rotation matrix R, which

allows changing from the material to laboratory reference frame (i.e., from R to R):

X =R} XR, (17)

Expressing Eqs. (15-16) in the material reference frame R, we obtain

#(8) =S+ uat 0, (8) + 5 ja(8) - S, (18)

)

= 8¢+ 2uAt D' — p At D', (87) — 5 o (89). (19)
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where S = R} SRy and D' = R} D’ R,. Newton’s method is used to solve the non-linear
system ?(ﬁ) = 0 and the inverse rotation is applied to find the deviatoric stress at t + At in

the laboratory reference frame.

The numerical implementation in Adeli3D (hereinafter referred as Adeli3D-anis) of the
procedure described in this section allows a parameterized description of the viscous
anisotropy component of any orthotropic viscoelastic material. Before applying it to
characterize the texture-induced viscous anisotropy of olivine polycrystals, we validated the

implementation by comparison with semi-analytical solutions for simple settings.

4.2.2.5 Validation of the implemented Hill-based
parameterization

The numerical integration technique associated with the anisotropic viscous parameterization presented
in the previous section was first validated based on its ability to recover a semi-analytical solution for a shear test
applied to a material with either a linear (n = 1) or a non-linear (n = 3.6) viscous rheology. Shear is imposed by a
velocity field described in the laboratory reference frame R (axes x,y,2) by vig)(x,y,2) = (2ay,0,0), with
a > 0. The material reference frame R (anisotropy axes Xy, x,, X3 = z) is rotated from the laboratory reference
frame R by an angle 6 (Figure 4.1a). The strain-rate, the corotational rotation rate and the deviatoric stress are

expressed in R as follows:

D=a|cos26 —sin20 0

sin26  cos 26 0]
0 0 0

1 0 ~ $11 S12 0
0 0 ) s = §12 §22 0 #(ZOa)
0 0 O 0 _(§11 + §22)

and in R the stress components are given by

Oxx Oxy 0
S=R,SR] = [0y, 0y, 0 #(20Db)
0 0 —(oy + ayy)

with Ry the rotation matrix from R to R. In this simple case, from Eq. (13) and assuming zero

initial stresses, the resulting differential system can be written as

{y(t) +C, () y@®)=b, 0<t<t (21)

y(0) =10
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where y = (811,322, 812)7, b = 2ua (sin 26, —sin 26, cos 26)T, and

(F+2H)a,(y) H-Fa,(y) —2a
() =|G-Fay(y) F+20)a,(y) 2a |, (22)
a —a L an(y)

with @, (¥) = 20y (F(y, — ¥2)? + G(yy + 2y,)? + H(2y, + )% + 2LyZ)(n=1/2,
We can make the following remarks:

1) For the linear case (n = 1) the coefficients of C,, are obviously constant and the
solution of the system takes the form: y = (I — e7t¢1) - C{* - b while for the general
non-linear case, only a numerical solution can be computed (for these validations
tests, we used an ODE solver of Matlab).

2) The components 13, 23, 31 and 32 of C,, (implying the magnitude of the velocity
gradient @) come from the finite strain formalism (Jaumann derivative).

3) Unlike the isotropic case for which oy, and oy, are always opposite, an out-of-plane

stress o,, exists whenever H # G.

Validation tests in Adeli3D-anis were run for a cube of 1 m’ composed of 6 four—node
tetrahedral finite-elements with homogenous isotropic and anisotropic material parameters
(Figure 4.1b and 4.1c). Shear deformation was imposed by applying a constant tangential
velocity parallel to the axis 1 on the face normal to axis 2 of the cube, while keeping the
opposite face fixed and imposing null normal velocities to the two faces normal to axis 3

(Figure 4.4a). The isotropic material parameters are given in Table 4.1.

Table 4.1: Parameters describing the isotropic part of the rheology in all validation tests

A(GPa) u (GPa) n Yo (Pa”s™) O (kJ/mol) T (K)
Testl 40 40 1 0.510™" 0 1423
Test2 40 40 3.6 0.510™" 500 1423

121



a y

v =(2a,0,0)

X —
it j/ SOLUTION
~ Is Ajf Adeli3D-anis (Semi)-Analytical
R (/) / X .
b 9 R c
20 : : 700 [+ -
Test1(n=1) 600 | Test 2 (n = 3.6)

soo{ a=10"%s-1
w i g =30
300
200
100

a=10"2g-!

o (GPa)
G (MPa)

-100

Isotropic (Von Mises) =200

S4F=05 L=15 -300{ F=0.0
G=05 M=15 —ap0{ G=02

== 5 J = 5 =03 N
:fi— 0.5 N=1.5 ‘ ‘ _500 ‘H 0 : i ‘
0 20 40 80 0 5000 10000 15000 20000

time (s) time (s)

Figure 4.1: Simple shear tests for validating the implementation of the parameterization of
the viscous anisotropy in large deformations for the general case of a misalignment 8 = 30°
between the anisotropy axes (R) with respect to the laboratory axes (R). Components of the
stress tensor as a function of time for the semi-analytical solution and the Hill-based
parameterization of the viscoplastic anisotropy implemented in Adeli3D-anis for (b)
Newtonian isotropic (n=1) and (¢) non-Newtonian (n=3.6) anisotropic case-studies. The Hill
yield surface coefficients are defined in the material texture reference frame (R), which is
orthotropic. They correspond to those of an isotropic and a strongly textured olivine
polycrystal, determined following the approach described in section 2.3. Shear is imposed
parallel to the maximum concentration of [100] of the texture. a [s"] is a factor proportional
to the norm of the imposed velocity gradient.

For both isotropic linear and anisotropic non-linear cases, the Adeli3D-anis and the
semi-analytical solution are numerically identical (Figure 4.1b and 4.1c). In both cases, the
imposed simple shear deformation is associated with a dominant gy, stress component, but

the presence of a texture-induced anisotropy results in enhancement of this shear component
relatively to the diagonal ones. As it is mentioned above anisotropy (H # G) induces a 3D

stress field, where an out-of-plane stress g, takes place (Figure 4.1c).

4.2.3 Determining the Hill coefficients for olivine polycrystals using
the VPSC model

The constitutive relationship presented above includes the effects of anisotropy
through the Hill coefficients. Normally in Materials Sciences, these coefficients are
determined through a set of mechanical tests. However, such tests are often unfeasible for

geological materials because viscous deformation is only attained experimentally at high
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confining pressures, limiting the possible geometry of laboratory experiments. Thus, we
calibrated the Hill coefficients, which describe the texture-induced viscous anisotropy of
olivine polycrystals, based on VPSC polycrystal plasticity simulations.

Unlike the upper and lower bound models, the VPSC formulation allows each grain to
deform according to its orientation and the strength of the interaction with its surroundings.
Each grain is considered as an ellipsoidal inclusion surrounded by a homogeneous effective
medium that has the average properties of the polycrystal. Several choices are possible for the
linearized behavior at grain level. The secant (Hill 1965; Hutchinson 1976), affine (Ponte
Castaiieda 1996; Masson et al. 2000), and tangent approaches (Molinari et al. 1987,
Lebensohn and Tomé 1993) are first-order approximations, which disregard higher-order
statistical information inside the grains. However, for highly anisotropic materials displaying
a strong contrast in mechanical behavior between differently oriented grains, such as olivine,
the second order approximation (SO-VPSC), which takes into account average field
fluctuations inside the grains (Castafieda, 2002), is a better choice (Castelnau et al. 2008).
For completeness, a brief description of the theoretical framework of SO-VPSC is presented
below.

The viscoplastic constitutive behavior is described by a rate-sensitive relation:

1

d(®) = Zme ()7 (X) =7, Ts me(x) "ot ™, (23)

Te(%)

where m* = %(ns®bs + bS®n®) is defined as a symmetric tensor, with n° and b* the
normal to the slip systems” glide plane and the Burgers’ vector, respectively. y°
represents the strain-rate accommodated by the slip system s. ¥, is a normalization factor,
m is the inverse of the rate-sensitivity exponent and 77 is the critical resolved shear stress
of the slip system s. The tensors d and s are the local strain-rate and deviatoric stress,

respectively. Linearizing Eq. (23), we obtain:
dx) = L:s(x) + d°, (24a)
D =L:S+D°, (24b)

where I, L are the viscoplastic compliances, d°, D° are the back-extrapolated terms at the
level of the grain and of the aggregate, respectively, and D and S are the macroscopic

deviatoric strain-rate and stress tensors. The effective stress potential of the polycrystal
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described by Eq. (24b) may be written in the form

Ur =-L: (S®S) +D%:S+2G, (25)

which expresses the effective potential U of the nonlinear viscoplastic polycrystal in terms of
a linearly viscous aggregate with properties determined from variational principles. The last
term in Eq. (25) is the power under zero applied stress. The average second-order moment of
the stress field is a fourth-order tensor given by:
_209Ur _10L., 109p°, 1096
(s®s) =~ —F ==~ (S®S) +- —-:S+-—, (26)
where c is the volume fraction of a given grain. From the average second-order moments of

the stress, the associated second-order of the strain-rate can then be evaluated as:

(d®d) = (IQD) :: (s®s) + d®d° + d°®d — d°®d"° 27)

The average second-order moments of the stress field over each grain are obtained by
calculating the derivatives in Eq. (26). The implementation of the second-order procedure in
VPSC follows the work of Liu and Ponte Castaneda (2004) - for more details, see the
VPSC7¢ manual (Tomé and Lebensohn, 2012).

4.2.3.1 Polycrystal Equipotencial Surface

The anisotropy of a viscoplastic material can be described by comparing points that
belong to the same reference equipotential surface. This requires probing the material in a
given stress direction, while ensuring that the associated dissipation rate will be the same
regardless of the chosen direction. This reference polycrystal equipotential surface (PES) is
the locus of all stress states associated with a polycrystal with a given texture. In the present
study, we use the SO-VPSC polycrystal plasticity model to estimate the PES.

The plastic potential is essentially a function of the stress that can be differentiated to
derive the plastic strain-rate. This function f(S) is defined by a constant plastic work rate,
W,, along the potential. The plastic work rate for an arbitrary macroscopic strain-rate, Dy, is

defined as:

124



f(8)=S:D=S,:D, =W, (28)

where S, is the stress state corresponding to a given Dy, (or inversely). This function defines
a series of convex surfaces in the deviatoric stress space, which are equipotential surfaces
when f(S) is constant. As S or D is not known a priori, the obtained plastic potential rate can
be different from W,. In this case the stress point does not lie on the selected equipotential.
The stress or strain-rate on the selected equipotential can be obtained based on Hutchinson
(1976), which showed that when the magnitude of the strain-rate is changed by a factor ¢, the

stress response of the polycrystal becomes

$(¢D) = ¢* S(D) (29)

As a consequence, the magnitude of S or D can be scaled as follows:

D =D (%)n/un_ S =g (%)1/1+n (30
= . ; = . a-b)

w w

The standard VPSC code imposes the strain-rate vectors D and calculates the
associated stress S for probing the material response. As mentioned above, both tensors can
be renormalized to give the same dissipation rate for every point of the yield surface. The test
direction in the strain-rate space is given by n;; = D;;/||D||, where |[|D|| = m defines
the length of the strain-rate tensor D. Thus, the strain-rate tensor can be characterized by a
polar representation, which consists of a radius in strain-rate (deviatoric stress) space, ||D||,
and a set of direction cosines (n;;). In this representation ||D|| is an independent variable,
whereas the nine values of n;; are not. Since D is a symmetric deviatoric second-order tensor,
it is possible to represent the strain-rate tensor by a five-component unit vector using a
second-order tensor with an orthonormal symmetric base n; i =m bi’lj,/’l =1,..,5 (see

Appendix). Using generalized spherical coordinates, the vector n can be expressed as follows:

N1y = €os 0, sin 6, sin 5 sin 6, sin O

N(z) = €0s B, sin 83 sin 6, sin O

N3y = €0S O3 sin 6, sin O (31)
N4y = €OS 6, sin O

N5y = €OS 5
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with—m < 0 < mor 0 < 0 < m/2 for centro or non-centro symmetric evaluation,

respectively. As an example, if simulations are restricted to the S; — S, subspace, thus,

0,=0,—n1<0,<mb; =60, =0; =m/2 and Eq. (31) reduces to:

Ny = sin 6,

Ny = cos b,

Tl(3) =0
Tl(4) =0
Tl(s) =0

(32)

with 6, scanned in steps of 1 degree and the probed strain-rate (deviatoric stress) tensor set to

|ID|| = 1. Here, we extend the original implementation of the PES calculation in the VPSC

code (Tomé and Lebensohn; 2012 — VPSC7c¢ manual) by allowing to choose whether the

sampling points will be equispaced in strain-rate or in stress. The algorithm 1 presents how

the PES can be evaluated.

Algorithm 1. Algorithm for evaluating the PESs assuming an equispaced strain-rate

sampling.

reference plastic work rate W,

Inputs: component i, j defining the subspace (4; — 4;, Appendix), flag for sampling variable
(strain-rate or stress), A angular resolution, ||apmbe || norm of the probe vector,

Results: the associated mechanical state (D, S)y, k = 1, ..., Nay

for 0 = 0to Oy every A6 do

Aprope = ||apmbe || n (0, .., 9/1,-' ,O)

// calculates normalized vector in 5-d space.
Only 0,1]. is non null

If (sampling variable) then

Dprobe = Aprobe

// equispaced strain-rate sampling

Sresponse < VPSC (Dprobe)

// performs VPSC calculation

else

Sprobe = Aprobe

// equispaced stress sampling

Dresponse < VPSC (Sprobe)

// performs VPSC calculation

endif
Egs. (24a-b) // mechanical states are normalized to the same
reference plastic work rate
D" prove/response — S response/prove // store pairs (probe — response)
end
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As an example, we present in Figure 4.2 the {mn}- and shear projections of the PES for an
olivine aggregate with a typical orthorhombic texture, described by 1000 orientations. Its
orientation distribution function (ODF) and intensity (J-index) were quantified using the
open-source MTEX toolbox (Mainprice et al., 2014). The olivine slip systems data (Table
4.2) are derived from experiments at high temperature and moderate pressure conditions (Bai
et al. 1991). All curves are normalized by the work rate of an isotropic olivine polycrystal
deformed under similar conditions (full symbols).

No appreciable differences are obtained either using a strain-rate or stress sampling for the
calculation of the yield surfaces. Since only intracrystalline glide deformation modes are
taken into account (no twinning), the predicted surfaces are centro-symmetric. The four
equipotential surfaces are then fitted using a least-square method to obtain the six coefficients
(F, G, H, L, M, N) that satisfy the anisotropic Hill yield function (Eq. 9). Table 4.3 presents

the fitted coefficients for the orthorhombic texture showed in Figure 4.2.

Table 4.2: Slip systems parameters used in the SO-VPSC simulations

Critical Resolved

Slip Systems Shear Stress # Stress exponent
(010)[100] 1 3
(001)[100] 1
(010)[001] 2 3
(100)[001] 3 3
(011)[100] 4 3
(110)[001] 6 3

{111}<110>* 50 3

{111}<011>* 50 3

{111}<101>* 50 3

# Adimensional values; normalized by flow stress of the (010)[100] slip system.
* Slip systems not active in olivine, used for stabilizing the calculations, but
accommodating << 5% strain in all simulations.

127



oo g=q27 MN°

10 o
D
ol i

5

2 <2
P oX © @foomocx
1 I s, O 1y
8 &'@X o* % %o o 0 000000000 g g
& 3 ~ * * ©
. s d
a 0 g . L) ‘9‘()( o " %
== b : : (9 o - )
s ® “ y g o o it
w % .. o dx ° ., -
Oy e o* X © 000000000 °
-1 Olosg ®eee® o 44
P00 0p 0% ®
) - -2
I I I 1 1 i | | i i
ar 42
r 41
i o |0 000000000 5 .
(Elr © o o © oooxm®too o ct\Dl‘_
-iT OF o s 8 I 'ﬁ
w" ° B ? O o oocxrmoo 0 © 9 w"’
®/° 000000000 © °
r 41
AT {-2
L I 1 1 1 I L | | i
2 - 0 1 2 2 1 0 1 2
S (0’ -0 )NZ S _( 0, 11)/\]2

22 711

Figure 4.2: {n}-and shear projections of the equipotential yield surface for a textured olivine
polycrystal calculated using the SO-VPSC approach. Simulations were run using slip systems
data compatible with high temperature and moderate pressure conditions (Table 4.2). The
yield surface was sampled using 36 equispaced (A = 15°) stress points (open circles). For
comparison, the yield surface obtained using a strain-rate sampling is also displayed in the
{n}-projection (crosses). All loading conditions are normalized by the work rate displayed by
an isotropic olivine polycrystal under similar conditions — the corresponding equipotential is
displayed in the {n}-projection as full circles. The insert on the top shows the olivine CPO
used in the anisotropic calculations. The pole figure (contours in multiples of a uniform
distribution) and the texture intensity (J-index) were processed using the open-source MTEX
toolbox (Mainprice et al., 2014).

Table 4.3: Hill coefficients obtained by imposing strain-rate or stress for sampling the PES

Sampling

: F G H L M N
variable

Strain-rate

(err=0.034) 0.0220 | 0.2208 | 0.3769 | 8.6133 | 2.0777 | 2.3101

Stress

(err=0.028) 0.0225 | 0.2275 | 03744 | 89183 | 2.1258 | 2.3016
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4.2.3.2 Model validation

In this section, we compare Adeli3D-anis predictions with those obtained directly by
SO-VPSC simulations for two simple case studies: simple shear or axial compression applied
to a cube with a strong, but homogeneous olivine texture at various orientations relative to the
mechanical solicitation. The slip systems data and the olivine texture used in both simulations
are that reported in the previous section (Table 4.2 and Figure 4.2). Both models employ a
large deformation formalism. The Hill constitutive material law is integrated in the material
texture reference frame R (i.e., Hill coefficients are defined in R).

Since texture evolution as a function of strain is not implemented in the finite-element
simulations, Von Mises equivalent (VM) stresses s, = /%si ;Sij predicted by the Adeli3D-

anis at steady-state are compared with VM stresses predicted by the SO-VPSC at the end of a
single deformation step, before reorientation of the texture. The VM stress in Adeli3D-anis is
averaged over all (six) elements of the cube mesh. The orientation of the texture reference
frame (XYZ) relative to the mechanical solicitation reference frame (123) is varied from 0° to
90° at 15° intervals. SO-VPSC simulations are adimensionalized: all stresses are normalized
by the stress in the easiest (010)[100] slip system of olivine, whereas Adeli3D-anis produces
absolute stresses that depend on the isotropic rheological parameters and on the imposed
temperature. To compare the results of Adeli3D-anis and SO-VPSC models, the VM stresses
for the textured polycrystal were therefore normalized by the VM of an olivine polycrystal
with 1000 randomly oriented grains, which has an isotropic mechanical response.

Two sets of boundary conditions were considered in the axial extension tests. For the
first set (BC1 in Figure 4.3a), extension was imposed in the Adeli3D-anis simulation by
applying a constant velocity normal to the face normal to the axis 2 of the cube and keeping
the opposite face fixed, one of the faces normal to the 1 and 3 axis is a symmetry plane (free
slip conditions) and the other is free (free face). This correspond to mixed boundary
conditions in SO-VPSC simulations, where an extensional velocity 22 is imposed, all shear
velocity components are imposed null (Li; = 0), and equal non-null stresses 11 and 33 are
imposed.

In the second set of boundary conditions (BC2 in Figure 4.4a), the two faces normal to
the axis 1 are free in the Adeli3D-anis simulations. This corresponds to SO-VPSC simulations
where the extensional velocity 22, a null velocity to half of the shear components (L, = Li3 =

Lr3 = 0), equal non null stresses 11 and 33, and null shear stresses. The predicted
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solutions for all loading-geometries are remarkably similar between the Adeli3D-anis and the
SO-VPSC models for the two sets of boundary conditions (Figure 4.3b). The less stringent
boundary conditions (BC2), i.e. allowing a rigid rotation, results in lower normalized VM
stresses for all solicitations oblique to the texture reference frame, except at 45° (Figure 4.3b).
In our case, due to the symmetry of the initial olivine texture, this rigid rotation may only

occur around the extension axis.
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Figure 4.3: a) Imposed boundary conditions in Adeli3D-anis simulations and velocity
gradient tensors (L) imposed in the corresponding SO-VPSC simulations: Ly extension and
L simple shear. BC: boundary conditions. The symbol * indicates that the magnitude of the
component is unknown and must be determined as a computational result. Comparison of the
predictions of anisotropic ADELI3D and SO-VPSC simulations for a) axial extensional tests
with two sets of boundary conditions (BC1 = two planes of symmetry and BC2 = a single
plane of symmetry) and b) simple shear test (BC3). Parameters describing the isotropic part
of the rheology are in Table 4.1.
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Simple shear tests were performed by applying a constant tangential velocity parallel
to the axis 1 on the face normal to axis 2, keeping the opposite face fixed, and imposing null
normal velocities to the two faces normal to axis 3 (BC3 in Figure 4.3a). Equivalent boundary
conditions are simulated in SO-VPSC by imposing a non-null component 12 and null values
to all other components of the velocity gradient tensor. The stress variation as a function of
the orientation of the imposed shear relative to the texture reference frame predicted by

Adeli3D-anis and SO-VPSC models are also remarkably similar (Figure 4.3c¢).

4.2.4 Application: effect of texture-induced viscous anisotropy
associated with fossil shear zones on the deformation of a
continental plate

Viscoplastic deformation of mantle rocks in lithospheric-scale shear zones, i.e.,
narrow zones accommodating shear displacements between relatively undeformed domains of
a tectonic plate, leads to development of olivine textures that may be preserved for very long
time spans (hundreds of millions years, cf. Tommasi and Vauchez 2015). Anisotropic
viscosity due to fossil olivine texture in mantle shear zones has been argued to trigger
localized deformation in the plates when the mechanical solicitation is oblique to the trend of
the shear zones, leading to the formation of new plate boundaries parallel to these ancient
structures (Vauchez et al. 1997; Tommasi et al. 2001; Tommasi et al. 2009). However,
previous simulations testing this effects, which directly coupled VPSC polycrystal plasticity
models into the finite-element codes simulating the geodynamical flows, were too
computationally demanding for full investigation of the interactions between texture-induced
anisotropy and other strain localization processes active on Earth.

The parametrization presented here allows for a significant gain in both computation
time and memory requirements, enabling to run 3D geodynamical models that explicitly
consider the effect of texture-induced viscous anisotropy in the mantle on the plates’
dynamics. Its first application in geodynamics, which focused on investigating the possible
role of texture-induced viscous anisotropy in the mantle in producing enigmatic alignments of
active seismicity in intraplate settings, corroborates the importance of texture-induced viscous
anisotropy in controlling strain localization not only in the mantle, but also in the overlying
crust. Most important, these simulations highlighted unexpected couplings between localized
deformation controlled by variations in the orientation and intensity of olivine texture in the

mantle and the deformation processes in the brittle (plastic) upper crust (Figure 4.4).
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A detailed analysis of the geological aspects of the problem are presented in Mameri
et al. (2020). Parameters controlling the isotropic part of the mantle and crust rheologies are

shown in Table 4.4.
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Figure 4.4 Strain localization quantified as the ratio between the average of second-invariant
of the strain-rate within the fossil mantle shear zone and outside it for different orientations of
the fossil shear zone relatively to the imposed shortening. The model represents a 1100 km
long, 500 km wide, and 120 km thick continental plate containing a fossil shear zone marked
by a change in the olivine texture in the lithospheric mantle. The olivine texture in the fossil
shear zone is coherent with past strike-slip deformation (horizontal shear in a vertical plane,
leading to a texture similar to the one presented in Fig. 4.2, with horizontal [100] and [010]
maxima parallel and normal to the shear zone orientation, respectively). The surrounding
mantle has a random texture. Strain localization is not symmetrical with respect to the
orientation of the fossil shear zone relative to the imposed compression, reflecting correctly
the fact that the CRSS of the easy [100](010) system is lower than that of the hard [001](010)
system. Insert: Slip system activity predicted by the SO-VPSC approach as function of the
orientation of the shortening relatively to the maximum concentration of [100]-axes within
the fossil shear zone plane. Strain localizes in the fossil shear zone when high shear stress are
resolved onto the easy [100](010) slip system of olivine within it.
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Table 4.4: Isotropic material parameters used in the geodynamical simulations

Wet Wet
quartzite® dunite”
Density (kgm °) p 2653 3300
Y oung modulus (GPa) 70 160
Poisson ratio 0.25 0.28
Fluidity (Pa "s™ ") ¥, 1.63 107 3.98 10
Activation Energy (kJmol 'K™ ') O 135 498
Stress exponent n 3.1 4.5
Angle of friction* ¢ 30 -
Cohesion (MPa) ¢ 10 -

*frictional weakening is imposed, ¢ is set to 15° once crustal fault plasticity in the mesh element exceeds 1%.
References: *Paterson and Luan (1990) bChopra and Paterson (1984)

4.2.5 Computational cost

Figure 4.5 compares the cost associated with using the present anisotropic Maxwell
rheology relatively to the classical isotropic formulation for simulations with increasing
number of elements. Plane strain compression is imposed to a plate with homogeneous
isotropic material parameters associated with random texture. Parameters controlling the
isotropic part of the rheology are the same in the two simulations (Table 4.4).

Two difference tolerance values for convergence in the flow law integration were
tested. Both isotropic and anisotropic calculation times increase almost linearly with the
number of clements. Therefore, the ratio between the CPU times for Adeli3D-anis and
Adeli3D does not depend significantly on the mesh size. It even decreases with increasing
mesh size, stabilizing for fine meshes.

If more severe convergence tolerance criteria are imposed, the cost of the anisotropic
rheology is slightly higher. In all cases, the proposed anisotropic parameterization induces an
additional numerical effort < 3 times the computational cost of the isotropic rheology. It
should be noted that this ratio may change slightly depending on the degree of anisotropy

induced by the texture of the material.
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Figure 4.5: Evolution of the CPU time ratios between Adeli3D-anis / Adeli3D for
increasingly finer mesh sizes, from 80km to Skm. The model domain has 1100 km long, 550
km wide, and 120 km thick. Simulations of Adeli3D-anis were performed using Hill yield

surface coefficients for an isotropic texture (F = G = H = %, L=M=N = %).

4.2.6 Conclusion

We developed a relatively simple formulation for a Maxwell rheology combining an
isotropic elastic and a texture-induced anisotropic non-linear viscous behavior, parameterized
based on the Hill (1948) orthotropic yield criterion. The six Hill yield surface coefficients (F,
G, H, L, M, N) are obtained by least-square fitting of four equipotential surfaces calculated
using the SO-VPSC model. This formulation was implemented in the 3D thermo-mechanical
code Adeli3D developed for modeling geodynamical flows. The numerical integration
technique associated with the anisotropic viscous parameterization was validated by
recovering the semi-analytical solution for a shear test either assuming a linear (n=1) or a
non-linear (n=3.6) viscous rheology. Comparison of the predictions of Adeli3D-anis for
simple shear and axial compression of a cube with a homogeneous olivine texture further

validated the implementation. The computational effort only increases by a factor of 2-3 with
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respect to the equivalent simulation with an isotropic Maxwell rheology. An example of the
use of this parameterized viscous anisotropy is presented, allowing to quantifying the effect of
texture-induced viscous anisotropy in the mantle on the dynamics of tectonic plates. It
predicts coupling between localized deformation controlled by variations in the orientation
and intensity of olivine texture in the mantle and the strain distribution in the shallow crust. A
current limitation for using of the present parameterization for modeling more complex
geodynamical flows is our ability to take into account the evolution of the anisotropy induced
by texture evolution, while retaining the computational efficiency. This is part of an ongoing

study, where different strategies are evaluated.
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Appendix

When dealing with incompressible media, it is convenient to explicitly decompose
stress and strain-rate into deviatoric and hydrostatic components and to confine them to
different subspaces, which may be decoupled for certain mechanical regimes. There are
different ways of achieving such a decomposition. In the present calculations, we express the

second-order tensorial quantities in an orthonormal basis of second-order symmetric tensors

{b’1 }, defined as:

. -1 0 O L -1 0 0 . 0 0 O

b'==(0 1 0b>==(0 -1 0)b>==]0 0 1

0 0 O 0 0 2 0 1 0
(A.1)

. (O 0 1> . <O 1 0) . 1 0 0

b*==(0 0 0), B>==(1 0 0) b®*==[0 1 0

2 1 0 0 2 0 0 O s 0 0 1

The components of this basis have the property

bl bl = 6y, (A.2)
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and provide a unique ‘vector’ and ‘matrix’ representation of second- and fourth-order
symmetric tensors, respectively. In the particular case of the stress tensor:

0y = oybfl, (A.3)

where:

03 = 0y b, (A.4)

The orthonormality of the basis guarantees that the six-dimensional strain-rate and stress
vectors are work conjugate, i.e.

dlo-l = dijo-ij (AS)

The explicit form of the components o, is:

022=011 2033—011—022 011+0221033
(0'1; 03,03, 0y, 0-5'0-6) = ( N V6 ,\/50'23, \/50-13' ﬁalZ'T) (A6)

and similarly for the components d,. It is clear that in this representation the first five
components are deviatoric and the sixth is proportional to the hydrostatic component of the
tensor. conversely, to convert back the vector to the second-order tensor:

_o1_ %2, %
011 013 O3 2 6t a5 /N2 04 /N2
g o o)
( 022 0'23> = T% - fz + fg 03/V2 (A.7)
sym %33 sym % + %

4.3 Supplementary Validation

Comparison between ADELI3D-anis and semi-analytical solutions in simple shear and
axial extension applying formalism for small deformations and Hill parameters
expresses in the laboratory reference frame

In this validation tests the corotational rotation rate S + (?(B)Tis neglected (small
deformation formalism), which implies that a = 0 inside C,. In addition, the constitutive
relation in ADELI3D-anis is integrated in the laboratory reference frame R (6 = 0), which
require expressing the Hill parameters in this reference frame. The simple shear boundary
conditions imposed to the cube in the ADELI3D-anis simulations are the same describe in the
validation 1.

In axial extension, normal constant velocity is applied to one face and the opposite

face is fixed (axis 2), whereas null normal velocities are applied to one of the faces in the
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other two directions (one face in free-slip in both axis 1 and 3) (BC1 in Figure S4.1).
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Figure S5.1: Principal components of the stress and strain tensor in simple shear and
extension for the semi-analytical solution and the Hill-based parameterization of the
viscoplastic anisotropy of olivine implemented in ADELI3D for a non-Newtonian study-case.
The relevant Hill parameters for the given mechanical test are presented (6 = 0°). The
constitutive relation is solved with the Hill parameters in this reference (laboratory) frame.

Deformation was applied at different orientations relative to the CPO reference frame
(XYZ defined by the maximum concentrations of the [100], [010], and [001] olivine axes).
The angle defines the orientation of the imposed extension or shear direction relative to XY
plane of the CPO reference frame, that is, the plane normal to the [010] maximum (Figure
S4.1 above). For small deformation formalism in simple shear and axial extensional, and
constitutive relation solved in the laboratory reference frame (Hill parameters in this reference
frame), the ADELI3D-anis and semi-analytical solutions are identical for both anisotropic
non-linear study-cases. Extensional deformation at 45° to the given XY plane is considerably
weaker than extension at 0 and 90° to it. In simple shear deformation, the opposite behavior is

predicted. In both simulations &, and €, < 1.5%.
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CHAPTER YV

MODELLING VISCOUS
ANISOTROPY IN FOSSILIZED
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SHEAR ZONES

Tﬁe}ouryose ofmocfeﬁs is not tOﬁf tﬁe afam,

Eut to Sﬁ&”’}?eﬂ tﬁe questions.

Samuel Karlin

143



S Strain localization in intraplate lithospheric strike-slip shear

zones due to CPO-induced viscous anisotropy in the mantle

5.1 General Introduction

In this chapter, I explored the geodynamical implications of viscous anisotropy
associated to a textured strike-slip mantle shear zone for the deformation of the mantle and
crust far from active plate boundaries. The occurrence of linear seismicity (i.e. stress
localization) in intraplate domains associated with old lithospheric shear zones is examined,
and a conceptual model to explain these puzzling features of plate tectonics is proposed based
on the model predictions presented here. In the next section the “Article #3” (§5.2) is

presented, and in the following section (§ 5.3) its “Supplementary Material”.

Article #3

Most of the data presented in this chapter is part of an article published in the journal
Geophysical Journal International (GJI).
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ABSTRACT

We propose that strain localization in plate interiors, such as linear belts of intraplate
seismicity, may arise from spatial variations in viscous anisotropy produced by preferred
orientation of olivine crystals (CPO or texture) inherited from previous deformation episodes
in the lithospheric mantle. To quantify this effect, we model the deformation of a plate
containing a fossil strike-slip mantle shear zone at different orientations relative to an
imposed shortening, but no initial heterogeneity in the crust. The fossil shear zone is
characterized by different orientation and intensity of the olivine CPO relatively to the
surrounding mantle, which is isotropic in most simulations. The anisotropy in viscosity
produced by the CPO, which remains fixed throughout the simulations, is described by an
anisotropic (Hill) yield function parameterized based on second-order viscoplastic self-
consistent (SO-VPSC) models. The results indicate that lateral variations in viscous
anisotropy in the mantle affect the strain distribution in the entire lithosphere. Reactivation of
the mantle shear zone and strain localization in the crust above it occur for compression at 35-
55° to the mantle shear zone, with a maximum at 45°. The magnitude of strain localization
depends on (i) the contrast in viscous anisotropy and, hence, on the CPO orientation and
intensity in the mantle domains, (ii) the boundary conditions, and (iii) the feedbacks between
mantle and crustal deformation. For a strong olivine CPO, when the boundary conditions do
not hinder shear parallel to the fossil mantle shear zone, strain rates within it are up to 30
times higher than in an isotropic surrounding mantle or up to 200 times when the surrounding
mantle is anisotropic, which results in strain rates up to 10 times or up to 100 times higher in
the crust above the fossil shear zone. Frictional weakening in the crust faults increases strain
localization in the entire lithospheric column. High strength contrasts between the mantle and
the ductile crust result in less efficient coupling, with strong localization in the mantle and
lower crust, but weak in the brittle upper crust. Decrease in the crust-mantle strength contrast
enhances coupling and produces more homogenous strain distribution with depth, as well as
a time-dependent evolution of strain localization, which reaches a peak and decreases before
attaining steady-state. Comparison of seismic anisotropy, regional stress, and focal
mechanism data in linear arrays of intraplate seismicity, like the New Madrid and South
Armorican seismic zones, to our models' predictions corroborates that olivine CPO preserved
in fossil lithospheric-scale shear zones may be key for the development of such structures.

Keywords: Creep and deformation; Mantle processes; Intra-plate processes; Rheology: crust
and lithosphere; Numerical modeling; Continental tectonics: strike-slip and transform,;

5.2.1 Introduction

In intraplate domains, olivine crystallographic preferred orientations (CPO) formed
during previous collisional or rifting events might be preserved for long time-spans.
Directional dependence of the mantle viscosity due to olivine CPO fossilized in the

lithospheric mantle, particularly that formed in large-scale strike-slip shear zones in
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collisional belts, has been argued to influence the deformation of continental plates,
producing structural reactivation of fossil mantle structures when subsequent stress fields
generate high resolved shear stresses on them (Tommasi and Vauchez 2001; Vauchez et al.
1997; Vauchez et al. 1998).

The parallelism between the directions of fast shear-wave polarization, linear
seismicity arrays, and inherited tectonic structures extending for several hundreds of
kilometres in intraplate domains, as in the New Madrid (Tuttle et al. 2002; Nyamwandha
and Powell 2016) and South Armorican seismic zones (Judenherc 2000; Judenherc et al.
2003; Mazabraud et al. 2005a; Mazabraud et al. 2005b), suggests a causal relation
between CPO-induced viscous anisotropy in the lithospheric mantle and strain localization in
the crust. However, there is a lack of studies addressing quantitatively the role of olivine
viscous anisotropy on crustal deformation that could support this view. Here, we model the
viscous anisotropy associated with fossil strike-slip mantle shear zones and the resulting
strain localization in the entire continental lithosphere. The key questions are: (1) whether
lateral variations in the (orientation and intensity of) olivine CPO within the mantle suffices
to trigger strain localization in otherwise stable intraplate domains, and (2) which is the
degree and pattern of strain localization in both the crust and mantle.

Olivine is the most abundant and deformable rock-forming mineral in the lithospheric
mantle. The olivine crystal displays a marked viscous anisotropy because it has only three
independent slip systems to accommodate dislocation creep and because these slip systems
have markedly different strengths. At high temperature and moderate pressure, olivine
crystals may deform >100 times faster if their orientation allow for deformation by
dislocation glide on the easy (010)[100] slip system rather than on the hard (010)[001] slip
system (Durham and Goetze 1977; Bai et al. 1991). This viscous anisotropy is transferred to
the rock-scale through the development of CPO (Nicolas and Christensen 1987). However,
as the CPO has always some dispersion, the rock-scale anisotropy is significantly weaker than
that of a single crystal. Activation of grain-boundary related processes in addition to
intracrystalline glide further reduces the magnitude of viscous anisotropy, in particular in
fine-grained rocks. For instance, in laboratory experiments under constant strain rate, fine-
grained olivine polycrystals deformed in simple shear parallel to a previous shear direction
and plane exhibit stresses ~2 times lower than those needed for deforming the polycrystals in
extension perpendicular to the previous shear plane (Hansen et al. 2012). Polycrystal

plasticity simulations carried out under equivalent boundary conditions and using exactly the
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same olivine CPOs showed that, if only dislocation creep is considered, the contrast between
simple shear and extension yield stresses increases to a factor ~6 (Mameri et al. 2019).
These studies demonstrated that the viscous anisotropy at the rock-scale depends on the CPO
symmetry and intensity, on the imposed boundary conditions, as well as on the relative
contributions of dislocation and grain-boundary mechanisms to viscoplastic deformation.

May this CPO-induced viscous anisotropy produce strain localization at the scale of
tectonic plates? Based on viscoplastic self-consistent (VPSC) simulations of the viscous
anisotropy of olivine polycrystals, Tommasi and Vauchez (2001) concluded that oblique
load on a CPO formed in response to a previous strike-slip deformation was likely to produce
structural reactivation of collisional belts during plume-triggered rifting and that this
reactivation was characterized by deformation in transtension. By coupling VPSC simulations
to a finite-element model, Knoll et al. (2009) and Tommasi et al. (2009) proposed that CPO-
induced viscous anisotropy in the lithospheric mantle may play an essential role in the
deformation patterns at the plate tectonic scale. For instance, when the fossil olivine CPO in
the mantle is oriented oblique to the imposed extension, the associated anisotropic viscosity
induces strain localization and enhances toroidal flow, leading to transtensional rifting. These
fully coupled models provided quantitative estimates of the effects of viscous anisotropy
associated with strain-induced CPO in the lithospheric mantle. However, they were very time-
consuming.

In the present work, we developed a parameterization of the anisotropic viscosity of
olivine based on the prediction of VPSC simulations, which used relative slips system
strengths derived from high temperature experiments in olivine single crystals, and
implemented it in a 3D finite-element geodynamical code to model the anisotropic
deformation of the mantle due to fossil olivine CPO and the mechanical response of the crust
to this deformation. We evaluate how the mechanical response of a continental plate is
affected by lateral variations in olivine CPO (orientation and intensity), by the boundary
conditions, and by the mechanical interplay between crust and mantle deformation related to
their strength contrast. The aim is to test whether CPO-induced viscous anisotropy associated
with a fossil strike-slip mantle shear zone may trigger strain localization in the entire
lithosphere, giving rise for instance to linear arrays of intraplate seismicity, as the New

Madrid and South Armorican seismic zones.

5.2.2 Numerical modelling
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We use the 3D thermo-mechanical finite-element code Adeli3D (Hassani 1994) to
model lithospheric-scale deformation. The code is based on a Lagrangian discretization of the
quasi-static mechanical behavior of the lithosphere, which solves the obtained non-linear
equations using a dynamic relaxation method (Cundall and Board 1988).

The elasto-viscoplastic deformation is given by:

o= 2” (D - Dv)

(1)
p = 3K tr(D)

where D and D, are the total and viscoplastic strain rate tensors, o* is the objective material
derivative of the Cauchy stress tensor, p is the mean pressure, u and K are the shear and bulk
moduli, respectively. The equations are solved forward in time [t",t"*1] using a Crank-
Nicholson scheme that assumes D constant over the timestep. Further details can be found in
Chéry et al. (2001). The crust is elasto-viscoplastic. Frictional (brittle-plastic) behaviour in

the upper crust obeys an isotropic Drucker-Prager yield criterion written as:

F&S) =18+ alp—- c/tang) < 0 (2)

In this form, the second (2"%) invariant of the deviatoric stress tensor S corresponds to the Von

1/2
Mises equivalent stress: /,(S) = (SS: S) , ¢ is the static internal angle of friction, ¢ is the

cohesion, and a is a material parameter related to ¢ by @ = 6 sin¢g/(3 — sing). Frictional
weakening may be imposed by decreasing the angle of friction after 1% of plastic strain in the
mesh element. Thermally activated viscous creep follows a power law relationship in the

form:
D, =yexp(—%) /,(S)""S 3)

where n, O, and y are the experimentally-derived power law exponent, activation energy in kJ
mol K™, and fluidity in Pa™ s, respectively. R is the gas constant and T is temperature in

degrees Kelvin. To simulate viscous anisotropy in the mantle, Eq. (3) was extended as:

D, =yexp(—2) Ju(S)"" Ap:S )

where [, (S) is the Hill equivalent stress (Hill 1948) defined as:
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Jn(S) = (F(S11 — S22)2 + G(Szp — S33)? + H(S33 — S11)? + 2LS%, + 2M Sk + +2NS2)Y2 (5)

Using the Voigt notation, the components of the stress and strain rate tensors are
collected into 6-dimensional vectors. In this notation, Ay is a rank-4 tensor describing the

material anisotropy, which has the following matrix representation:

F+H -F -H 0 0 0
-F G+F -G 0 0 0
_ . _z2| -H -G H+4+G 0 0 0
A=An=3] | 0 0 L 0 0 (6)
0 0 0 0 M 0
0 0 0 0 0 N

The Hill yield function (Eq. 5) must be defined in the reference frame of the CPO
eigenvectors, which has to be orthotropic. The Hill parameters (¥, G, H, L, M, N) for a given
olivine CPO are evaluated using the second-order viscoplastic self-consistent (SO-VPSC)
model as described in the next section. The isotropic case, i.e., J(S) = J,(S) and A,: S = S,
is retrieved by setting F = G = H =1/2and L = M = N = 3/2; this reduces Eq. (4) to Eq.
(3).

Parameterizing the CPO-induced viscous anisotropy of olivine

polycrystals

The viscoplastic mechanical response of an olivine polycrystal with a given CPO is
calculated using the SO-VPSC model (Ponte Castafieda 2002; Lebensohn et al. 2011). The
response is defined in the stress-space as an equipotential surface for a series of mechanical
tests in which we impose the deviatoric stress tensor and determine the associated strain rate
tensor. All simulations are run for olivine polycrystals composed by 1000 grains. The slip
systems data are derived from experiments at high temperature and moderate pressure
conditions (Table 5.1). We sample different loading paths (simple shear, pure shear, axial
compression or tension) and vary the orientation of the stress tensor relatively to the CPO
reference frame by 15° intervals. For defining properly the equipotential surface, the
mechanical responses for all evaluated loading paths are normalized by the work rate of a
polycrystal that has an isotropic response. A least-square method is used to fit the
equipotential surfaces and calibrate the six parameters (F, G, H, L, M, N) that satisfy the
anisotropic Hill yield function (Eq. 5).
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Table 1: Olivine slip systems parameters used in the SO-VPSC simulations

Slip Critical Resolved
Systems Shear Stress # Stress Exponent
(010)[100] 1 3
(001)[100] 1 3
(010)[001] 2 3
(100)[001] 3 3
(011)[100] 4 3
(110)[001] 6 3
{111}<110>" 50 3
{111}<011>" 50 3
{111}<101>" 50 3

# Adimensional values; normalized by the flow stress of the (010)[100]
slip system. * Slip systems not active in olivine, used solely for stabilizing
the calculations and accommodating << 5% strain in all simulations.

We estimate the viscous anisotropy for olivine polycrystals with an orthorhombic
CPO, which is expected to develop by simple shear or combinations of simple and pure shear
(Tommasi et al. 1999), and two different CPO intensities. The intensity of the olivine CPO is
quantified by the J- or M-indexes calculated based on the orientation distribution function
defined using a “de la Vallée Poussin” kernel with a halfwidth of 10° (Mainprice et al.
2014). The J-index may range from 1 (random) to infinite (single-crystal orientation) and the
M-index from 0 to 1. The two CPO investigated in this study are characterized by a J-index of
2.8 (M-index = 0.12, weak CPO) and of 12.7 (M-index = 0.42, strong CPO). For the sake of
comparison, olivine polycrystals deformed in torsion to shear strains between 3 and 19
display J-indexes between 9 and 23, with a median at ~13 and two outliers at 5 and 30
(Hansen et al. 2014). The median of >600 J-index measurements in naturally deformed
peridotites is ~4 and the maximum is ~20 (Tommasi and Vauchez 2015).

Two-dimensional projections of the equipotential surfaces used for calculating the Hill
parameters for olivine polycrystals with a random and the weak and strong investigated CPO
are presented in Figure 5.1. The aspect ratio of the projections is proportional to the
magnitude of the viscous anisotropy. The isotropic response (random CPO, J-index = 1) is
characterized by circular projections (aspect ratio of 1:1). The projections become more
elliptical as the strength of the CPO increases. For the olivine CPO used here, the maximum

aspect ratio is observed in the S1-S5 projection, where flow stress for a pure-shear test with
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traction parallel to the [010]-maximum of the CPO is a factor ~6 larger than the flow stress
for a simple-shear test with shear parallel to the [100]-maximum on the plane normal to the
[010]-maximum. The mathematical formalism and the numerical implementation of the
parameterized viscous anisotropy in the code Adeli3D-anis are detailed in a companion article

(Signorelli et al. submitted).
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Figure 5.1: a) Projections of the equipotential surface predicted by SO-VPSC simulations
(black lines) and the least-squares fit (black markers) used for defining the Hill parameters (F,
G, H, L, M, and N) for the three olivine CPOs used in the present simulations, which are
presented in (b). The aspect ratio of the projections is proportional to the intensity of the
viscoplastic anisotropy. The misfit between the SO-VPSC predictions and the Hill fitting is in
all cases << 0.1. Pole figures are contoured at one multiple of uniform distribution intervals.
Insert on the bottom right shows the relation between the CPO and the SO-VPSC reference

frames.

5.2.3 Geodynamical model setup

Geometry and boundary conditions

The model has a heterogeneous mantle and a homogenous crust (Figure 5.2). It
simulates a 1100 km long, 500 km wide, and 120 km deep continental plate containing a
fossilized mantle shear zone marked solely by a change in the orientation and intensity of the
olivine CPO in the lithospheric mantle. The model has therefore three domains: (1) a 40 km-
thick crust and (2) an 80 km-thick mantle layer, which is subdivided into (2a) a 50 km-wide

vertical fossil mantle shear zone that has an olivine CPO consistent with a previous
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strike-slip deformation, and (2b) the surrounding mantle, which in most simulations has a
random CPO. Simulations were also performed using a non-random CPO in the surrounding
mantle, with a different orientation than in the fossil mantle shear zone. Crustal thickness is
based on global models of velocity and density of the lithosphere, which predict crustal
thicknesses of ~35-45 km in most continents (Mooney 2015). Lithospheric thickness is based
on heat flow and seismic measurements, which imply that, outside cratons, the lithosphere in
stable continental plates is on average 100-150 kilometres thick (Steinberger and Becker
2018). The direction of the fossil mantle shear zone relative to the imposed horizontal
shortening in the reference simulation is of 45°; this angle (0, called here loading-geometry)
is varied between 30° and 90° in the different simulations. The dip of the fossil shear zone is
vertical in all simulations. To simulate fossil mantle shear zones at 8 < 30° that do not
crosscut the boundary on which the shortening is applied the simulation box has to be
considerably lengthened. This results in a significant increase of computing time. Thus, the
mechanical response at these loading-geometries was inferred based on the prediction for the
complementary orientation (e.g., 8=30° =~ §=60°), as previous studies show that polycrystals
with orthorhombic olivine CPOs, such as those used here, display a quasi-symmetric
deformation pattern relative to the loading-geometry (Tommasi and Vauchez 2001).

A constant compressional velocity of 1.10” m/s (~3cm/y) imposed normal to the left
lateral boundary drives the plate kinematics (Figure 5.2). Free-slip conditions are imposed to
the right lateral boundary. This results in <10% of bulk shortening along the Y direction after
~2.5 m.y. Gravity-induced body forces are considered. The upper boundary is free and
lithostatic pressure conditions (Winkler-like) are imposed to the bottom boundary. In most
simulations, lithostatic pressure conditions (P-litho) are imposed to the front and back lateral
boundaries, but free-slip conditions were also tested. These two sets of lateral boundary
conditions correspond to different strengths of the adjacent lithosphere, free-slip conditions
simulating an undeformable domain, such as a cold craton, and lithostatic pressure conditions,
a neighbouring domain with similar strength to that of the simulation box. Constant
temperatures of 25°C and 1200°C are applied at the top and bottom boundaries of the model,
with the Moho discontinuity at 600°C and linear temperature gradients in the crust and
mantle. Heat flux is null at all boundaries. The models are discretized in ca. 480,000
tetragonal elements, which are on average 5 km wide in the crust and 10 km wide in the
mantle. Further increasing the mesh resolution does not significantly change the model

predictions at steady-state (Supplementary material Figure S5.1).
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Figure 5.2: Setup for simulating the compressional deformation of a continental plate
containing a 50 km wide fossil strike-slip shear zone in the upper mantle, but a homogenous
crust. The mantle shear zone displays an olivine CPO consistent with seismic anisotropy
measurements in lithospheric-scale strike-slip shear zones, characterized by maximum
concentrations of olivine [100]- and [010]-axes horizontal, respectively parallel and normal to
the shear zone trend, and a vertical alignment of [001]-axes (Vauchez and Nicolas, 1991).
The orientation of the mantle shear zone relatively to the imposed compression axis (6,
loading-geometry) varies between 30° and 90°. In the reference case presented here, the
preexisting mantle shear zone is at 45° to the shortening direction (6 = 45°) and has a strong
olivine CPO (J = 12.7), whereas the surrounding upper mantle has a random CPO (J=1.0).
The external (XYZ) and mantle shear zone (X’Y’Z’) reference frames are shown on the top
view of the simulation box, and the lithospheric strength profile, the temperature and lateral
boundary conditions used in the reference simulation in the lateral view. Average mesh sizes
in the crust and mantle are 5 and 10 km, respectively.

Material behaviour and olivine CPO

In most models the crust has a homogeneous composition, but some simulations were
run either with a two-layer crust or without the crust. We chose a static internal angle of
friction (¢) of 30° and low cohesive strength of 10 MPa to simulate the behaviour of the
brittle upper crust in a stable continental region containing a large number of faults formed in
previous tectonic episodes (Townend and Zoback 2000). In some models, frictional

weakening is imposed to the crust faults by reducing ¢ to a final angle of friction ¢ (=

15°,10° or 5°) when the plastic strain in the crustal mesh element exceeds 1%. This final
angle of friction remains fixed thereafter (i.e., no fault healing). The rheology of the viscous
crust in the reference simulation is defined by a ‘wet’ quartzite dislocation creep flow law
(Paterson and Luan 1990), but stronger rheologies were also tested, relying on quartz-diorite
(Ranalli 1997) and felsic granulite (Wilks and Carter 1990) dislocation creep flow laws
(Table 5.2).
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For the isotropic part of the mantle rheology, we used a traditional dislocation creep
power law because exponential flow laws that better describe the mechanical behaviour of the
shallowest lithospheric mantle (Boioli et al. 2015; Gouriet et al. 2019) have more complex
formulations, which hinder their coupling with our parameterized description of the viscous
anisotropy. A ‘wet’ dunite dislocation creep flow law (Chopra and Paterson 1981) defines
the reference mantle rheology. Although data in natural peridotites indicate that olivine in the
shallow lithospheric mantle has low H'" contents (Demouchy and Bolfan-Casanova 2016),
this flow law was chosen because it predicts moderate deviatoric stresses in the shallowest
mantle (<500 MPa at strain rate of 10"° s™), which is consistent with low-temperature
experimental data on olivine polycrystals (Demouchy et al. 2014) and predictions of
dislocation dynamics models (Boioli et al. 2015; Gouriet et al. 2019). To test the effect of
the isotropic part of the mantle rheology on the strain distribution, simulations were also
performed for a weaker ‘wet’ (Hirth and Kohlstedt 2003) and a stronger ‘dry’ dunite
(Chopra and Paterson 1984) dislocation creep flow laws. Material parameters for all cases
are summarized in Table 5.2.

A small finite strain is imposed to test whether the fossil anisotropy in the mantle may
produce strain localization in the entire lithospheric column and to quantify the initial stages
of this process before it is modified by the evolution of the microstructure. For finite strains
<10%, the evolution of the olivine CPO is negligible (Tommasi et al. 2000; Boneh et al.
2015; Thieme et al. 2018). The olivine CPO and associated viscous anisotropy (calibrated
Hill parameters) in the two mantle domains are therefore maintained constant throughout the
simulations. The olivine CPO in the mantle shear zone has maximum concentration of [100]-
axes parallel to the fossil shear direction and [010]-axes normal to the fossil shear plane,
while [001]-axes lies vertically (Figure 5.1 and 5.2). This orthorhombic CPO is
representative of ‘wrench-fault type’ mantle fabric, consistent with seismic anisotropy
measurements in large-scale strike-slip shear zones (e.g., Vauchez and Nicolas 1991; Hearn
et al. 1996; Tommasi et al. 1999; Baldock and Stern 2005, Vauchez et al. 2012). The weak
(J=2.8) and strong (J=12.7) CPO used in the present simulations are representative of the
range of olivine CPO intensities measured in naturally deformed peridotites (Tommasi and

Vauchez 2015).

5.3 Results

5.3.1 Impact of the mantle shear zone orientation and CPO intensity
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Strain localization in the fossil mantle shear zone, quantified by the contrast in the 2™

1/2
invariant of the viscoplastic strain rate J,(D,,) = G DU:DU) between the fossil mantle

shear zone and the surrounding mantle, is only observed between 35° < 8 < 55° (Figure
5.3a). At these loading-geometries, strain localization in the mantle is transmitted to the crust,
as indicated by the contrast in strain rate between the crust directly above the reactivated
mantle shear zone and the surrounding crust (Figure 5.3b). Strain localization in the mantle
and crust varies non-linearly with the orientation of the fossil mantle shear zone. There is a
marked reduction in strain localization between 8=45° and 8=40° or 6=50°. The mantle
within and the crust atop a fossil shear zone trending normal to the imposed shortening
(6=90°) show lower strain rates than the surrounding isotropic mantle and crust, respectively.
Finally, fossil shear zones oriented at 30° or between 55° and 75° to the imposed shortening
are neutral; they produce neither significant strain localization nor delocalization.

The maximum strain localization occurs for the 6=45° loading-geometry, because in
this configuration the maximum concentrations of both [100]- and [010]-axes of the olivine
CPO in the fossil shear zone are at 45° to the imposed horizontal shortening (cf. pole figures
in Figure 5.3). This leads to high shear stresses resolved on the easy (010)[100] slip system
for most olivine crystals within the mantle shear zone. At the 6=90° loading-geometry, strain
rates are low within the mantle shear zone because the maximum concentrations of [100]- and
[010]-axes are perpendicular and parallel to the imposed shortening, respectively, resulting in
low resolved stresses on the three main slip systems of olivine for most crystals. The
reactivation of the fossil mantle shear zone induces the development of faults and shear zones
in the crust atop it, but strain localization in the crust is lower than in the mantle (Figure
5.3a,b). In simulations for the 6=45° loading-geometry with the strong olivine CPO, the crust
atop the fossil mantle shear zone deforms on average ~10 times faster than the surrounding
crust, whereas strain rates in the reactivated mantle shear zone are on average ~30 times faster
than in the surrounding mantle. The contrast in magnitude of strain localization between the
mantle and the crust is reduced when the strength of the CPO within the mantle shear zone is
weaker. Strain rates are enhanced by a factor ~3 in the mantle shear zone and ~2 in the crust
atop it relative to their surroundings (Figure 5.3a,b). The vertical strain distribution in the
crust atop the shear zone also differs as a function of the CPO intensity in the fossil mantle
shear zone (Figure 5.3b). In simulations with a strong CPO, the strain rate in the lower crust
atop the mantle shear zone is considerably higher than in the upper crust. In simulations with

a weak CPO, the strain rate is more homogenously distributed with depth.
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Figure 5.3: a) Strain localization at steady-state (~2My) as a function of the orientation of
the fossil mantle shear zone relative to the imposed shortening (68, loading-geometry). The
strain localization is quantified by the ratio between the average of the 2™ invariant of the
strain rate J>(D,) in the fossil mantle shear zone (MSZ: green full lines) or in the crust right
above it (yellow dashed lines) relatively to the surrounding upper mantle or crust,
respectively. Simulations were performed for either strong (J = 12.7, thick lines) or weak
olivine CPO (J = 2.8, thin lines) in the fossil mantle shear zone. (b) Strain rate field at steady-
state in simulations with two different orientations of the fossil strike-slip mantle shear zone
relative to the imposed shortening (6 = 45° or 90°), in which either the strong or the weak
olivine CPO was ascribed to the mantle shear zone. Pole figures illustrate the orientation-
relation between the olivine CPO in the fossil mantle shear zone and the imposed shortening.
(¢) Horizontal effective viscosity profiles at 18 km (middle crust) and 45 km depth
(uppermost mantle) for the four simulations shown in (b). Black thin dashed lines in (c) are
the mantle and crust effective viscosity profiles for the relation between CPO in the mantle
shear zone and surrounding upper mantle that results in the maximum contrast in mechanical
behavior (i.e., [100]-axes at 45° and 90° to the compression direction, respectively). Pole
figures are contoured at one multiple of a uniform distribution interval.

The variation in strength between the different domains may be quantified by
comparing their effective viscosities, calculated asn = J,(S)/2J,(D,,). Figure 5.3¢ shows
the effective viscosity along horizontal profiles parallel to the Y-axis (external reference
frame XYZ) in the central part of the modelled domain at 18 km depth (ductile crust) and 45
km depth (shallow lithospheric mantle). Deformation of a plate with a fossil mantle shear
zone with a strong CPO in the 8=45° loading-geometry induces effective viscosities within
the mantle shear zone ~30 times lower than in the surrounding mantle, whereas the middle
crust atop the fossil shear zone has an effective viscosity <5 times lower than the surrounding
crust. At the 6=90° loading-geometry, a mantle shear zone with a strong CPO displays
effective viscosities ~5 times higher than the surrounding mantle. In this simulation the lateral
contrast in effective viscosity in the middle crust is negligible. For cases with a weak CPO in

the fossil mantle shear zone and an isotropic surrounding mantle, the effective viscosity
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contrast between the mantle shear zone and the surrounding mantle is reduced to <3 times for
both 8=45° and 6=90° loading-geometries. The contrast is even lower in the crust, being only
detectable for the 8=45° loading-geometry (Figure 5.3c).

The contrast in effective viscosity is significantly enhanced if the surrounding upper
mantle has a non-random olivine CPO with maximum concentrations of [100]- and [010]-
axes oriented perpendicular and parallel to the compression direction, respectively (i.e.,
equivalent to the CPO in the shear zone at =90°). For a strong CPO in both the mantle shear
zone at 8=45° and the surrounding mantle with the orientation described above, the effective
viscosity contrast reaches factors ~500 in the mantle and ~30 in the crust (black dashed lines
in Figure 5.3¢). This is mainly due to the strain rates in the fossil mantle shear zone and in the
crust right above, which are a factor ~200 and ~100 higher than in the surrounding mantle and
crust, respectively (Supplementary material Figure S5.2).

The mechanical response of the mantle shear zone is not perfectly symmetric
regarding complementary loading-geometries, e.g., strain localization is slightly more
effective for 8=40° than for 6=50° (Figure 5.3a). This small asymmetry results from the
difference in critical resolved shear stresses (relative strength) between the (001)[100] and
(010)[001] slip systems in olivine (Table 5.1). For orientations of the fossil mantle shear zone
lying at 50°< 8 < 90° to the applied stress, the hard (010)[001] slip system accommodates
more deformation than the easy (001)[100] slip system. For a fossil mantle shear zone
oriented at 0°< 6 < 40° the easy slip system (001)[100] is more active than (010)[001],

which results in slightly more effective strain localization.

5.3.2 Influence of imposing different lateral boundary conditions

In the previous simulations, lithospheric pressure conditions (P-litho) were applied to
the lateral boundaries of the model (Figure 5.2). In the present section, we investigate the
effect of imposing free-slip boundary conditions (F-slip) to these boundaries. In F-slip
conditions, the strain localization in the fossil mantle shear zone occurs for a more limited
range of loading-geometries and the magnitude of the localization is considerably reduced
(Figure 5.4a). For a fossil mantle shear zone oriented at 45° to the imposed shortening, the
contrast in strain rate relatively to the surrounding mantle is reduced from a factor ~30 in P-
litho to a factor ~2 in F-slip conditions. In the latter, the weaker strain localization in the fossil
mantle shear zone does not promote strain localization in the crust atop it. Therefore, the

deformation in the crust differs considerably from the one in a simulation with the same
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orientation of the fossil shear zone but with P-litho conditions at the lateral boundaries. In F-
slip conditions evenly spaced faults oriented normal to the applied shortening develop across
the entire crust, regardless the loading-geometry.

Analysis of the different components of the strain rate in the mantle shear zone (Dj;) as
a function of loading-geometry indicates that the change in the lateral boundary conditions
affects essentially shearing parallel to the mantle shear plane - the component parallel to the
maximum [100]-axes of the olivine CPO (Figure 5.4b). When P-litho conditions are imposed
to the lateral boundaries, if the mantle shear zone is oriented at 45° to an imposed horizontal
shortening, shearing parallel to the fossil shear plane (D,,’) dominates the deformation. F-slip
conditions on the lateral boundaries hinder this shearing component, which is ~8 times slower
than under the P-litho conditions. The variation of the components D, , D, and D
between the two sets of boundary conditions is much smaller. For both P-litho and F-slip
lateral boundary conditions, a fossil mantle shear zone is reactivated in transpression when
oriented at 40°-50° to an imposed horizontal shortening. However, the vorticities are
markedly different. In F-slip conditions, shortening normal to the fossil shear zone trend is
equivalent to along-strike shearing, whereas in P-litho along-strike shearing largely
predominates.

For both F-slip and P-litho lateral boundary conditions, the deformation with loading-
geometries 8 < 45° are characterized by higher D, than D, strain rates components. The
opposite behaviour is observed for loading-geometries 8 > 45°. The D. .- component remains
constant and positive (indicating thickening parallel to Z) independent of loading-geometry
and boundary conditions. At 8 > 45° loading-geometries, the D, components are negative
(indicating shortening parallel to Y) for both sets of lateral boundary conditions, but the D,
component are almost null under F-slip conditions and positive under P-litho conditions. At
8 < 45° loading-geometries, D,' components are negative, whereas D, components are
almost null under F-slip conditions, but positive under P-litho conditions. This implies an
unexpected, but small, widening of the mantle shear zone despite the imposed large-scale
shortening. This widening does not occur in F-slip conditions, indicating that it is a direct
consequence of the full (3D) expression of the olivine viscous anisotropy when the plate is

deformed at P-litho conditions.
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Figure 5.4: Effect of varying the conditions imposed on the lateral boundaries from lithostatic
pressure (P-litho, full lines) to free-slip (F-slip, dashed lines) on (a) the strain localization,
quantified by the ratio between the average of the 2" invariant of the strain rate J»(D,) in the
fossil strike-slip mantle shear zone and in the surrounding upper mantle, and on (b)
deformation regime in the mantle shear zone, characterized by the components of the strain
rate (Dj) plotted in the mantle shear zone reference frame (X’Y’Z’) as a function of the
loading-geometry (6). Predictions at steady-state conditions (~2My) for simulations with a
strong olivine CPO in the mantle shear zone. Inserts in (a) show the 2" invariant of the strain
rate field for the reference loading-geometry (8 = 45°) obtained using both boundary
conditions.

5.3.3 Anisotropy versus isotropic viscous weakening in the mantle
shear zone

Does the effect of heterogeneity in viscous anisotropy (due to a lateral variation in

olivine CPO) within the upper mantle differ from the effect of an isotropic rheological
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heterogeneity (due to a lateral variation in temperature, composition, grain size...) with the
same geometry and orientation relative to the imposed loading? To answer this question, we
ran simulations with a fossil strike-slip mantle shear zone with a random olivine CPO, but an
ad-hoc increase in the fluidity y (Eq.4; Table 5.2) by a factor 10 or 100 relative to the
surrounding mantle. At constant stress, an increase in the fluidity results in an increase in

strain rate by the same factor.

Table 5.2: Isotropic material parameters used in the geodynamical simulations

Wet Quartz- Felsic Dry Wet Wet

Quartzite® Diorite® Granulite® Dunited  Dunite® Dunite’
Density (kg m™3) p 2.65e3 2.65e3 2.7e3 3.3e3 3.3e3 3.3e3
Young modulus (GPa) 70 70 70 160 160 160
Poisson ratio 0.25 0.25 0.25 0.28 0.28 0.28
Fluidity (Pa~"s™ ) y 1.63e-26  1.14e-28 4.e-25 242e-16 3.98e-25 3.56e-16
Activation energy (kJmol 'K~1) O 135 123 260 545 498 480
Stress exponent n 3.1 3.2 34 3.3 4.5 35
Angle of friction* ¢ 30 30 30 - - -
Cohesion (MPa) ¢ 10 10 10 - - -

e e e Pt A I

Reactivation of the isotropic rheological heterogeneity within the upper mantle occurs
for all loading-geometries (Figure 5.5a). The magnitude of strain localization also depends
on the orientation of the isotropic heterogeneity relative to the imposed loading, but in a
weaker manner than for an anisotropic (olivine CPO-controlled) heterogeneity. Similarly to
the anisotropic mantle shear zone, the maximum strain localization occurs when the
maximum elongation of the tabular isotropic heterogeneity is at 8 = 45°to the imposed
shortening, but strain rates for this orientation are only ~10 times higher than for the 8 = 90°
loading-geometry. For comparison, the strain rate contrast between the two loading
geometries in CPO-induced anisotropic models attains a factor ~60. This may be explained as
variations in the mechanical behaviour of the isotropic heterogeneity as a function of its
orientation result only from its tabular shape, i.e., from high resolved shear stress projected
onto the elongation of the heterogeneity.-The anisotropic mantle shear zone presents a more
non-linear variation in strain localization as a function of the loading-geometry than the
isotropic one (Figure 5.5a). At the 8 = 45° loading-geometry, the strain localization in the
anisotropic mantle shear zone is similar to the one observed in an isotropic mantle shear zone
100 times weaker than the surrounding mantle (fluidity increased by a factor 100). For 8 =
40° or 50° loading-geometries, an increase in the fluidity of the isotropic fossil shear zone by
a factor ~10 better approximates the response of the anisotropic fossil mantle shear zone. For

loading-geometries between 60° < 6 < 90°, strain still weakly localizes in the isotropic fossil
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mantle shear zone, whereas the anisotropic one displays a factor <3 lower strain rates than the

surrounding mantle.
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Figure 5.5: (a) Comparison between the strain localization at steady-state (~2My) in a fossil
mantle shear zone with either a strong olivine CPO (anisotropic; J-index = 12.7) or a random
olivine CPO (isotropic; J-index = 1.0) but a 10- or 100-fold increase in the fluidity (y in Eq. 3
and 4 and Table 2) for different orientations of the fossil mantle shear zone relative to the
imposed shortening direction. Strain localization is quantified by the ratio between the
average of the 2" invariant of the strain rate J,(D,,) within the mantle shear zone (green full
lines) or in the crust right above it (yellow dashed lines) and the same quantity in the
surrounding upper mantle or crust, respectively. (b) Deformation regime in the mantle shear
zone, characterized by the components of the average strain rate (Dj) in the shear zone
reference frame (X’Y’Z’) as function of the loading-geometry for both anisotropic and
isotropic (100-fold increase in the fluidity) simulations. (¢) Deformation regime in the crust
just atop the fossil mantle shear zone characterized by the components of the average finite
strain (E;) in the shear zone reference frame (X’Y’Z’).

Comparison of the components of the strain rate at steady-state as function of loading-
geometry corroborates that in both isotropic and anisotropic cases structural reactivation of a
fossil strike-slip mantle shear zone implies strong along-strike shearing (D, ; Figure 5.5b).
However, the magnitude of Dy,  component as a function of the loading-geometry differs
significantly between the isotropic and anisotropic cases. At the 8=45° loading-geometry,
D,y strain rates in the anisotropic fossil mantle shear zone are higher than in the isotropic
fossil shear zone with a factor 100 increase in fluidity. For all other oblique loading-
geometries, the magnitude of the D,y component is significantly higher in the isotropic than
in the anisotropic fossil mantle shear zone.

The inversion between the D, and D, components in the mantle shear zone for
shortening at angles lower or higher than 45° relative to the fossil shear zone trend also occurs
in the isotropic case, indicating that this inversion is due to macroscopic geometrical reasons
rather than an effect of the CPO-induced viscous anisotropy. In contrast, widening of the
mantle shear zone (positive D, ) for loading-geometries between 30° < 6 < 45° does not
occur in the case with isotropic rheological heterogeneity (Figure 5.5b). Therefore, (1) the
widening of the fossil strike-slip mantle shear zone despite the imposed shortening, (2) the
asymmetry of the mechanical response relative to complementary loading-geometries, and (3)
the strong non-linearity of the strain localization pattern as a function of the loading-geometry
are direct consequences of the CPO-induced viscous anisotropy within the fossil mantle shear
zone.

Analysis of the components of the finite strain (E;;) averaged over depth in the crust
atop the fossil mantle shear zone shows that the deformation regime in the crust follows the
deformation regime developed in the mantle (Figure 5.5¢). The 8=45° loading-geometry is

characterized by high transpressional strains in the crust for both isotropic and
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anisotropic cases, but vorticity (Eyy’) is lower than in the mantle shear zone. In the isotropic
case, transpression in the crust is observed for all loading-geometries between 30° < 6 <
80°, although strain magnitude decreases with decreasing obliquity of the heterogeneity. In
the anisotropic case, the along-strike strain component E,-y- in the crust is only important for

loading-geometries 35° < 6 < 55°.

5.3.4 Interactions between strain localization in the upper mantle
and in the brittle crust

To analyse possible feedbacks between strain localization in the viscous mantle and in
the brittle crust, we ran simulations in which frictional weakening is applied by reducing the

initial static angle of friction ¢, in the mesh element of the crust fault from 30° to ¢ =

15°,10°, or 5° after 1% of plastic strain and keeping it thereafter constant. The reduction in
the angle of friction lowers locally the resistance of the rocks to further deformation by brittle
processes (Eq.2), allowing long-lived faults to form in the upper crust.

The strain localization in the fossil strike-slip mantle shear zone and in the crust in the

reference loading-geometry (6 = 45°) increases with increasing frictional weakening, as

1/2
illustrated by the 2™ invariant of the finite strain field J,(E) = G E: E) in Figure 5.6a. In

absence of frictional weakening (¢o = ¢y = 30°), the upper crust remains homogeneously
strong. The evolution of the strain localization with time is similar to that observed in
simulations with the same geometry and CPO, but without a crustal layer (black dotted line in
Figure 5.6b). However, the magnitude of strain localization is significantly reduced. When
frictional weakening is active, the crustal faults, once formed, become weaker than the
surroundings. This results in long-lived discrete faults forming an anastomosed network in the
upper crust right atop the fossil mantle shear zone (Figure 5.6a). Strain localization in the
upper crust results in further strain localization in the fossil mantle shear zone below, which
in turn produces more strain localization in the crust right above it. The vertical distribution of
strain in the crust also depends on the frictional weakening. In simulations with no frictional
weakening, there is a marked variation of the strain distribution in the crust with depth
(Figure 5.6a). In such cases, strain localization is weak in the middle and upper crust, and
strong in the lowermost crust just atop the limits of the mantle shear zone. Strain in the lower
crust is distributed in a diffuse zone with approximately twice the width of the fossil mantle

shear zone. Frictional weakening results in a more homogeneous depth distribution of strain
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and stronger strain localization in the upper crust. For ¢¢ = 5°, deformation in the upper crust

is focused in a ~30 km wide network of crust faults atop the central part of the 50 km wide

fossil mantle shear zone.
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Figure 5.6: Feedbacks between frictional weakening in the brittle crust and strain localization
due to viscous anisotropy in the fossil mantle shear zone. (a) Finite strain, 2™ invariant J>(E)
field, after 2 My of shortening for simulations with different final (¢¢) angles of friction. (b)
Evolution of the strain localization in the fossil mantle shear zone and in the crust above it,
quantified by the ratio between the average of the 2™ invariant of the strain rate J»(D,,) within
the fossil mantle shear zone and at 10 km-depth in the crust above it and the same quantities
in the surrounding mantle and crust, as a function of time for the different simulations. All
simulations were performed using a fossil shear zone oriented at 45° to the imposed
shortening and displaying a strong olivine CPO. The black arrow at 2My in () indicates the
time at which the finite strain fields presented in (a) are extracted.

Feedbacks between strain localization in the brittle crust and mantle produce a time-
dependent behaviour (Figure 5.6b). If frictional weakening is not considered, i.e., ¢ = 30°,
average strain rates in the mantle shear zone are ~ 20 times faster than in the surrounding
mantle and stay stationary over time. In contrast, when frictional weakening is imposed, the
strain localization in the fossil mantle shear zone is initially enhanced by a factor proportional
to the reduction in the angle of friction and decreases afterwards. Nevertheless, strain
localization within the mantle shear zone with a given frictional weakening is at all times
more effective than in a simulation with a weaker frictional weakening. The ratio between the
average strain rate in the mantle shear zone and in the surrounding mantle is initially ~33 and
decreases to ~25 in the simulation with ¢y = 15°, whereas in a simulation with ¢, = 5° it is
initially ~50 and decreases to ~32.

The evolution of strain localization in the crustal shear zone is similar to that in the
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fossil shear zone in the mantle (Figure 5.6b). For ¢ = 5°, the peak of the average strain rate
in the crust atop the fossil mantle shear zone is initially a factor ~35 faster than the
surrounding crust and decreases to a factor ~10. For the case with ¢, = 30°, the average
strain rate in the crust atop the fossil mantle shear zone reaches a factor ~5 faster than the
surrounding and remains fairly constant, as in the reactivated fossil mantle shear zone. The
decrease in strain localization in the fossil mantle shear zone and crust in presence of
frictional weakening results from the development, as the shortening proceeds, of faults in the
upper crust outside the initial high strain domain right atop the mantle shear zone. Frictional
weakening in these faults leads to reduction of the upper crust strength outside the crustal
shear zone and to a more distributed deformation in the upper crust, which in turn, leads to

less strain localization within the fossil mantle shear zone.

5.3.5 Mechanical coupling between the ductile crust and upper
mantle

The results in the previous section highlight strong feedbacks between the mechanical
behaviour and strain repartition in the lithosphere. To further investigate the effect of the
mechanical coupling between crust and mantle on the strain localization, we varied the
composition and hence the ductile strength of the crustal layer for a series of simulations with
the fossil mantle shear zone oriented at 45° to the imposed shortening and in which frictional
weakening (¢ = 15°) is imposed in the brittle upper crust.

We found that both the magnitude and the evolution of the strain localization depend
on the rheology of the ductile crust (Figure 5.7a). Additionally, different behaviours are
observed as a function of the strength contrast between the crust and mantle, which may be
quantified as the ratio between the average effective viscosities in the two layers (Figure
5.7b). When the mantle is significantly stronger than the crust, e.g., dry dunite mantle and wet
quartzite crust (red squares), strain localization in the mantle shear zone and in the crust atop
it reaches a constant value without subsequent delocalization (similarly to the case with no
frictional weakening in Figure 5.6b). This evolution, characterized by the absence of time-
dependent behaviour, is similar to one displayed by simulations without the crustal layer
(dashed line in Figure 5.7a), but the presence of a strong crust results in weaker strain
localization. A similar evolution, but even weaker strain localization, is predicted in
simulations with a dry dunite mantle and two crustal layers, a wet quartzite upper crust and a
felsic granulite lower crust (purple/red square), corroborating that increase in the lower crust
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strength results in decrease of normalized strain rates in the fossil mantle shear zone with a
given (CPO) viscous anisotropy. High strength in the lower crust favours effective crust-
mantle coupling and produces localized deformation in the entire crust right above the fossil
shear zone. In contrast, simulations with a low strength lower crust display wider shear zones
in the lower crust compared to the mantle shear zone, with the highest strain accumulated atop
the limits of the mantle shear zone and much less strain localization in the upper crust
(compare the inserts displaying the strain field in the coupled and decoupled cases in Figure

5.7b).
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Figure 5.7: (a) Evolution of the strain localization in the anisotropic fossil mantle shear zone
as a function of time for simulations with different isotropic part of the mantle and crust
rheologies, leading to different degrees of mechanical coupling between these layers. Strain
localization is quantified by the ratio between the average of the 2" invariant of the strain rate
J>(D,) within the fossil mantle shear zone and in the surrounding upper mantle. The colours
indicate the crust rheology and markers the mantle rheology. Most simulations have a crust
with a uniform composition, but two have a two-layer crust with a felsic granulite lower crust
(LC) and a wet quartzite upper crust (UC). The black arrow indicates the time at which the
results plotted in (b) are extracted. (b) Relation between the degree of mechanical coupling
and the viscosity contrast between the mantle and the crust. The degree of mechanical
coupling is quantified by the ratio between the average strain rate J>(D,,) vertically integrated
in the mantle shear zone and in the crust atop it. The ratio between effective viscosities (1) in
both domains is obtained by integrating the effective viscosity from the bottom of the mantle
shear zone to the Moho and from the Moho to a depth of 25 km in the crust. The inserts show
the strain field (2" invariant) after steady-state shortening for simulations displaying the
highest (bottom) and lowest (above) degree of crust-mantle mechanical coupling. All
simulations were performed using a fossil shear zone oriented at 45° and displaying a strong
olivine CPO.
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When the mantle is weak (wet dunite mantle: red, green and purple circles), strain
localization is strongly time-dependent. After a peak at ~0.5 My of shortening, strain
localization decreases over time and reaches steady-state at ~2 My (~8% of bulk shortening).
As in simulations with a strong dry mantle, the highest strain localization at steady-state
occurs for the weakest crust (wet quartzite: red circle) and the lowest strain localization at
steady-state, for the strongest crust (felsic granulite: purple circle). The highest peak strain
localization is also observed for simulations with a weak ductile crust, whereas the lowest
occurs when the upper crust is weak and the lower crust is strong (wet quartzite + felsic
granulite: purple/red circle). The most vigorous decrease in strain localization as a function of
time occurs in the simulation with the strongest ductile crust (felsic granulite: purple circle,
from a factor ~32 to ~7). In this case, strain rates at steady-state are similar to that of the
simulations with a two-layer crust where the lower crust have felsic granulite composition,
suggesting that the lower crust rheology controls the steady-state deformation. Further
reduction in the mantle strength (red triangle) results in less efficient strain localization in the
entire lithosphere relative to simulations with a similar crust, but a stronger mantle (red circle)
rheology. In summary, for a given isotropic mantle rheology, strain localization in the mantle
shear zone (and in the crust) tends to decrease with increasing crustal strength, and for a given
lower crust rheology, strain localization tends to increase with increasing mantle strength.

The degree of mechanical coupling between the crust and mantle for the different
simulations was estimated using the ratio of the depth-integrated 2" invariant of the strain
rate in the mantle shear zone and in the crust right atop it. Comparison of this coupling
measure with the mantle-crust strength contrast, characterized as the ratio of the depth-
integrated effective viscosities in both domains (1,,/7,; Figure 5.7b), confirms that at first
order, the higher the strength contrast, the lower the degree of mechanical coupling. Two end-
members were recognized in the simulations. The most decoupled case has a weak wet
quartzite crust and a strong dry dunite mantle. The most coupled case has a strong felsic
granulite crust and a weak wet dunite mantle. When mantle and crust are decoupled, strain
localization is highly variable as a function of depth, being strong in the mantle and in the
lowermost crust, but weak in the middle and upper crust (cf. upper inset in Figure 5.7b).
Conversely, when the mantle and crust are coupled, strain localization is more
homogeneously distributed as a function of depth and strain localizes in a narrower domain in

the crust, which width is equal or lower than the width of the fossil mantle shear zone (cf.
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lower inset in Figure 5.7b).
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Figure 5.8: Orientation-relation between present-day principal horizontal stresses (large
white arrow: compressional) and the horizontal projection of the dominant orientation of
olivine [100]-axes (mantle fabric, inferred as parallel to the direction of fast polarization of S-
waves or propagation of Pn-waves) in the (a) New Madrid (NM) and (b) South Armorican
(SA) seismic zones. The horizontal stress direction and the focal mechanisms in the NM and
SA seismic zones are based on Johnson et al. (2014) and Mazabraud et al. (2004). In the
NM zone the focal mechanisms are characterized mainly by strike-slip solutions and in the
SA mainly by oblique solutions. Seismic anisotropy measurements were derived from the
shear-wave splitting database (splitting.gm.univ-montp2.fr/DB/; Barruol et al. 2009). Most
SKS splitting data in the NM zone are from Nyamwandha and Powell (2016). Pn anisotropy
in the SA zone is from Judenherc (2000) and SKS splitting data are from Judenherc (2003).
Earthquakes locations in the NM and SA seismic zones are derived from the United States
Geological Survey (USGS; earthquake.usgs.gov) and from the SHARE European Earthquake
Catalogue (SHEEC; Griinthal at el. 2013; Stucchi et al. 2013). The black star in (b) indicate
the location of the Mw=4.3 Lorient event (Perrot et al. 2005).

An integrated analysis of the results presented in the Figure 5.7a,b indicates that the
mechanically coupled and decoupled end-members display the maximum and minimum
amount of strain localization at steady-state, respectively. In the coupled case, strain
localization in the fossil mantle shear zone is initially high, but decreases significantly over
time. In the decoupled case, strain localization is initially lower, but once it attains a
maximum value, it remains constant. This difference in the evolution of strain localization
over time arises from a higher influence of the strain repartition in the crust when the latter is

mechanically strong. Thus, a relatively strong crust has a three-fold effect in the deformation
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of the lithosphere: (1) it better transmits stresses from the mantle, resulting in a stronger initial
strain localization and a more homogeneous depth distribution of strain in the crust, (2) it
increases the resistance to the along-strike shearing during reactivation of the fossil strike-slip
mantle shear zone, reducing the strain localization within it, and (3) it better transmits stresses
back to the mantle, thus if frictional weakening occurs in the upper crust, deformation in the
crust far from the mantle shear zone results in strain delocalization in this latter. The two last

effects lead to less efficient long-term strain localization in the entire lithosphere.

5.4 Discussion

Validity and limitations of the model

Comparisons of the present simulations with those from previous studies on CPO-
induced viscous anisotropy in the mantle and on the effect of large-scale rheological
heterogeneities on lithosphere deformation validate our work. The range of flow stresses in
the aggregate-scale due to the presence of olivine CPO is consistent with the maximum
viscous anisotropy produced by dislocation creep in upper mantle rocks (Mameri et al.
2019). The presence of fossilized olivine CPO in either the mantle shear zone or in its
surroundings results in non-parallelism between principal strain and stress components, in
agreement with fully-coupled VPSC-finite element models of extension of an isothermal plate
with homogenous olivine CPO (Knoll et al. 2009). As in the models by Tommasi et al.
(2001) and Tommasi et al. (2009), if the fossil mantle shear zone is oblique to the imposed
mechanical load, along-strike shearing controls the reactivation of the fossil mantle shear
zone. The stronger strain localization predicted in the simulations with a strong olivine CPO
relatively to the previous works is consistent with the higher intensity of CPO used here. The
present predictions for isotropic rheological heterogeneities agree with previous studies that
examined the effects of large-scale isotropic rheological heterogeneities in both extensional
and collisional intraplate settings (Dunbar & Sawyer, 1989; Tommasi et al. 1995;
Tommasi & Vauchez, 1997; Brune et al. 2012). These studies demonstrated that weak
heterogeneities always localize strain, with the intensity of the strain localization depending
on the strength contrast relatively to the surroundings, but that oblique loading-geometries
result in higher shear stress resolved along the maximum elongation of the heterogeneity,
hence more effective strain localization.

The lithosphere has certainly large-scale heterogeneous lateral distribution of non-
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random olivine CPO. Teleseismic shear-wave splitting data indicate that the lithosphere is
characterized by domains with coherent seismic anisotropy patterns (on the scale of hundreds
of km) and sharp changes (on the scale of tens of km) of the orientation and intensity of the
anisotropy (cf. Shear-wave splitting database, http://splitting.gm.univ-montp2.fr/DB/).
Although the teleseismic shear-wave splitting integrates seismic anisotropy all over the wave
path, from the core-mantle boundary to the station, most anisotropy is produced in the upper
250 km of the mantle. Moreover, in continents these data document sharp variations within
tens of km in the orientation and intensity of the anisotropy, pointing to a major contribution
of the lithospheric mantle to the measured signal (Alsina and Snieder 1995). Thus, strain
localization (or delocalization) resulting from lateral variations in viscous anisotropy (CPO)
in the lithospheric mantle, as documented in the present models, are probably the rule rather
than the exception on Earth.

Viscous anisotropy in the present models is parameterized for an olivine polycrystal
deforming at high temperature, moderate pressure, and dry conditions, which favour
intracrystalline deformation by dislocation glide in the [100] direction (e.g., Bai et al. 1991).
However, if differential stresses are high or the temperature is low, as expected in the
uppermost lithospheric mantle, the critical resolved shear stresses of the different olivine slip
systems change and glide in the [001] direction is favoured (e.g., Durham and Goetze 1977;
Demouchy et al. 2014). Thus, to model olivine deformation under low temperature, high
stress conditions, a different parameterization of the viscous anisotropy is required. The
transition from dominant [100] to [001] glide occurs at ~1000°C under laboratory conditions
(Durham and Goetze 1977; Demouchy et al. 2014). However, mantle mylonites in
peridotite massifs record clear olivine CPO indicative of dominant [100] glide even when
deformed at temperatures as low as ~900°C (e.g., Frets et al. 2014). In peridotite mylonites
deformed at lower temperatures (and higher stresses), activation of multiple slip systems,
strong grain size reduction by dynamic recrystallization and increasing contribution of grain
boundary processes results in weak olivine CPO, but still with a systematic concentration of
[100] axes parallel to the stretching lineation (e.g., Newman et al. 1999; Hidas et al. 2016).
This suggests that in nature the transition from [100] glide to dominant [001] glide occurs at
much lower temperatures. In addition, comparison between olivine CPO developed in simple
shear experiments on pure olivine synthetic aggregates (Bystricky et al. 2000; Hansen et al.
2012; Hansen et al. 2014) with olivine CPO developed in naturally deformed mantle rocks

with variable pyroxene contents, as those in the studies cited above, corroborates that the
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presence of pyroxenes does not significantly modify the olivine CPO evolution in simple
shear. By consequence, the parameterization used in the present simulations is probably valid
for most of the lithospheric mantle.

Nevertheless, at low temperature and high stresses, dynamic recrystallization weakens
the CPO and produces marked grain size reduction (e.g., Falus et al. 2011), allowing for
higher contribution of diffusive and grain boundary-related processes. This should in turn
result in weaker viscous anisotropy in the shallowest lithospheric mantle (Mameri et al.
2019), which would reduce the associated strain localization in the crust. However, inference
of large volumes with weak olivine CPO within mantle shear zones in the shallow
lithospheric mantle is at odds with the strong Pn-wave anisotropy measured in the vicinity of
major strike-slip structures, such as the South Armorican shear zone (Judenherc et al. 2003),
the San Andreas (Hearn et al. 1996) and the Alpine faults (Scherwath et al. 2002; Baldock
and Stern 2005, Vauchez et al. 2012), which imply strong olivine CPO consistent with past
strike-slip kinematics at sub-Moho depths in the shear zone, producing olivine CPO similar to
those used in the modelled fossil shear zone.

The present models consider the crust as isotropic and homogeneous. Field observations
show that strike-slip shear zones usually display a strong planar fabric at all depths due to
development of both shape- and crystal-preferred orientation, which, in the crust, is often
associated with a strong compositional banding. This fabric, in particular the orientation of
phyllosilicates, should produce viscous anisotropy characterized by lower viscosity parallel to
the shear zone foliation than the viscosity normal to it (Shea and Kronenberg 1993). We
expect that this crustal anisotropy would enhance along-strike shearing in the lithospheric
shear zone and, consequently, the strain localization relative to simulations with a
mechanically isotropic crust. However, to confirm this prediction crustal viscous anisotropy
would have also to be implemented in 3D geodynamical models. The approach presented in
this work could be extended for crustal mechanical anisotropy with the advantage of requiring
a simplified parameterization of the viscosity tensor thanks to a higher symmetry (transverse

isotropy).

Viscous anisotropy of fossil strike-slip mantle shear zones and the
associated crustal response

Until now, numerical models that investigated the role of olivine viscous anisotropy

on the intraplate deformation using a 3D finite-element method considered only the
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mechanical response of the mantle (Knoll et al. 2009; Tommasi et al. 2009). These studies
suggested that deformation in the mantle greatly depends on the olivine CPO intensity and
orientation relatively to the imposed mechanical load. We have further examined the effect of
viscous anisotropy in fossil strike-slip mantle shear zones on the intraplate deformation by
analysing the associated crustal response. Our models show that the CPO-produced structural
reactivation of mantle structures may produce strain localization in both ductile and brittle
crust (Figure 5.3). The olivine CPO in the fossil mantle shear zone controls not only the
strain localization, but also the strain regime in the entire lithosphere (Figure 5.5). The strain
regime in the crust follows that in the fossil mantle shear zone. Reactivation of the fossil
anisotropic mantle shear zone is systematically associated with shearing parallel to the strike
of the fossil shear plane, which leads to transpression in both the crust and mantle when the
plate is subjected to compression, or transtension when it is subjected to extension (Figure
5.5¢). In the present models, vorticity is lower in the crust than in the mantle, but as discussed
in the previous section, an anisotropic fabric in the lower crust, for instance due to mica CPO,
would probably enhance the strike-slip component in the fossil shear zone.

Not surprisingly, the boundary conditions strongly affect CPO-induced structural
reactivation in the lithosphere. The maximum strain localization due to a contrast in viscous
anisotropy between a fossil strike-slip mantle shear zone and the surrounding mantle only
occurs when the boundary conditions allow for full expression of the intrinsic viscous
anisotropy of olivine. If the boundary conditions do not allow the development of shearing
parallel to the strike of the fossil shear zone, as it is the case for simulations at oblique
loading-geometries in which free-slip boundary conditions are imposed to the lateral
boundaries of the model, the strain localization associated with CPO-induced viscous
anisotropy is significantly reduced. Thus, CPO-induced structural reactivation will depend on
the strength of the neighbouring domains. Presence of a stiff cold craton will tend to hinder
reactivation, as this situation will be equivalent to the free-slip lateral conditions tested here.
In contrast, weaker or similar strength neighbouring domains will allow for full expression of
the CPO-induced viscous anisotropy. Regional seismic tomography models shows thermal
(and rheological) heterogeneities at scales of tens to hundreds of km in the continental
lithosphere (Fishwick et al. 2005; Pedersen et al. 2013), which suggest that in nature the
lateral boundary conditions probably vary between the free-slip and P-litho end-members.

Feedbacks between the crust and the mantle affect the strain distribution in the

lithosphere and modify the strain localization produced by lateral variations of olivine CPO in
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the mantle. If the crust is weak, the stress heterogeneity associated with reactivation of the
fossil shear mantle zone, which is higher for a strong isotropic mantle rheology, results in
effective strain localization in the crust. However, this strain localization decreases fast with
increasing distance from the Moho. This result might nevertheless change if viscous
anisotropy in the ductile crust is considered. If the crust is strong, the same stress
heterogeneity at Moho levels results in weaker strain localization in the lowermost crust, but
in better upward transmission of stresses due to efficient crust-mantle mechanical coupling.
Consequently, the most effective strain localization in the entire lithosphere column (crust and
mantle) is observed in simulations with a relatively strong crust and mantle. Variations
through time in the strain repartition within the crust also affect the strain localization in the
mantle. For instance, strain localization due to frictional weakening in the upper crust initially
enhances the strain localization triggered by olivine viscous anisotropy in the mantle.
However, if continued deformation leads to formation of faults elsewhere in the model, strain

also delocalizes in the mantle.

Olivine CPO fossilized in mantle shear zones: a possible trigger for
linear arrays of intraplate seismicity

Linear arrays of intraplate seismicity are a direct evidence of strain localization within
otherwise stable continental interiors. Many of these enigmatic features are associated with
long-lived, lithospheric-scale, strike-slip faults developed in ancient rifts or collisional belts
(Sykes 1978; Storti et al. 2003), such as the localized seismicity along New Madrid and East
Tennessee shear zones in the eastern North America (e.g., Johnson et al. 2014; Powell and
Thomas 2016; Anglin 1984) or along the South Armorican shear zone in Brittany (e.g.,
Mazabraud et al. 2005; Mazzotti et al. 2020). Despite the different geological evolutions,
analysis of seismic anisotropy observations around these intraplate seismically active zones
(Judenherc et al. 2003; Long et al. 2016; Nyamwandha and Powell 2016) highlights the
parallelism between the orientation of the mantle fabric, materialized by the orientation of the
fast polarization direction of the fast split shear-waves, and the trend of the linear seismicity
arrays (Figure 5.8). In both the New Madrid and South Armorican seismic zones, the present-
day principal horizontal stresses are oblique to the orientation of the mantle fabric deduced
from the seismic anisotropy measurements. Analysis of these data on the light of the
presented anisotropic models leads us to propose that the development of these intraplate

linear seismicity arrays was favoured by the oblique orientation of the fossil strike-slip mantle
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fabric relative to present-day stress field (Figure 5.8a). The predominance of strike-slip focal
mechanisms in the New Madrid seismic zone (Mazzotti & Townend 2010; Johnson et al.
2014) is consistent with the model predictions for loading at ~45° to a pre-existing strike-slip
mantle fabric and lithostatic pressure boundary conditions (transpression with predominance
of strike-slip deformation, Figures 5.4b and 5.5c). This is in agreement with the
interpretation of reactivation of the Proterozoic Reelfoot rift as produced by right-lateral
strike-slip motion along a northeast-oriented transform fault that formed the Paleozoic
continental margin of southeastern Laurentia (Thomas 1991).

The mixed character (strike-slip and normal faulting) of the focal mechanisms in the
South Armorican seismic zone (Mazabraud et al 2005a, Mazabraud et al 2005b), as
observed for instance in the Mw=4.3 Lorient earthquake located right atop the major fault
trend (black star in Figure 5.8b; Perrot et al. 2005), requires a different orientation of the
present-day stress field or of the pre-existing olivine CPO, leading to a more equilibrated
repartition between shear parallel to the fossil mantle fabric and extension normal to it. The
latter hypothesis (different orientation of the CPO) is at odds with the past Hercynian
deformation history of the South Armorican shear zone, which had a clear dextral strike-slip
kinematics and a vertical trend in the crust. Inversion of earthquakes focal mechanisms in the
Armorican massif suggests nevertheless departure of the principal present-day compression
axis in the vicinity of the South Armorican shear zone from the horizontal direction
(Mazabraud et al. 2005a,b). This stress orientation, together with other regional-scale
variations in the present-day stress field (Mazabraud et al. 2005b), may account for the
mixed character of the earthquakes focal mechanisms in the region.

Triggering localized seismicity in the upper crust in response to strain localization due
to CPO-induced viscous anisotropy in the mantle requires a moderate to strong mechanical
coupling between the mantle and crust. A relatively strong lower crust is required to
effectively transfer stress between the mantle and upper crust (clutch tectonics of Tikoff et al.
2002). This interpretation is consistent with seismic tomography models that point to a
relatively strong crust and a weak upper mantle beneath the New Madrid seismic zone (Zhan
et al. 2016), and with depth-integrated strength models of Western Europe derived from
crustal thickness and heat flow data, which predict relatively high crustal strengths in the
Armorican Massif (Cloetingh et al. 2005). More effective mantle-crust mechanical coupling
results in crustal strain focused in a thinner zone. According to this prediction, the narrower

linear array of seismicity associated with the New Madrid shear zone compared to the
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relatively wider array in the South Armorican shear zone could reflect, at first order, a higher
degree of crust-mantle mechanical coupling in the former (Figure 5.8).

Strong mechanical coupling results in a time-dependent behaviour and weaker long-
term strain localization. Long-lived intraplate strain localization may, however, be favoured
by activation of other strain weakening processes, such as shear heating, microstructural
evolution, or focusing of fluids. For instance, seismicity in the New Madrid shear zone has
been previously interpreted as due to localized thermal weakening of the lithosphere, based on
heat flow data (Liu and Zoback 1997) and on low seismic velocities imaged in the mantle
beneath it between 80 and 200 km-depth (Chen et al. 2014). In the South Armorican shear
zone, Mansard et al. (2018) proposed that the sheared middle crust has undergone significant
weakening by grain size reduction and mica interconnection. These processes may add up to
CPO-induced viscous anisotropy, allowing effective strain localization in the fossil strike-slip
mantle shear zone for a wider range of loading-geometries (see Supplementary material

Figure S5.3) and longer times.
5.5 Conclusions

We modelled the mechanical response of a continental plate containing a fossil strike-slip
mantle shear zone with a ‘wrench-type’ olivine CPO (i.e. produced by horizontal shear on a
vertical plane) using 3D elasto-viscoplastic finite-element models with an anisotropic viscous
behaviour in the mantle. The anisotropic rheology produced by the CPO is defined by the Hill
(1948) orthotropic yield criteria, with six constant material parameters obtained by fitting
second-order viscoplastic self-consistent (SO-VPSC) simulations of deformed olivine
polycrystals with relative slips system strengths derived from high temperature experiments in
olivine single crystals. Strain localization and deformation regimes in the mantle and crust
were examined as a function of the orientation of the mantle shear zone, its CPO intensity, the
boundary conditions, and of the different isotropic part of the mantle and crust rheologies.

The main conclusions are:

(1) The parameterized approach we developed effectively simulates the full (3D)
anisotropic viscosity tensor associated with the orientation of olivine crystals in
the mantle at relatively fast computation times (only a factor ~2 longer than
equivalent simulations with an isotropic mantle rheology).

(2) Reactivation of a fossil strike-slip mantle shear zone, when controlled by viscous

anisotropy, depends non-linearly on its orientation relative to a new stress
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3)

4

)

(6)

field. Strain localization is most effective at 45°, where it is equivalent (or even
stronger if the surrounding mantle is not isotropic) to the one obtained by
imposing an isotropic weakening by a factor 100 on a domain with the same
geometry and lateral boundary conditions. No reactivation is observed for fossil
anisotropic strike-slip mantle shear zones oriented at <30° or >60° to the imposed
shortening. This is in marked contrast with the effect of an isotropic rheological
heterogeneity, which is reactivated at all orientations, although strain localization
is also more effective when the load is oblique to the elongation of the tabular
heterogeneity.

The relation between the orientations of the olivine CPO in the fossil strike-slip
mantle shear zone and of the imposed shortening affect the pattern of the strain
localization in the entire lithosphere. The strain regime in the crust is controlled by
the mantle deformation, with the CPO in the fossil strike-slip mantle shear zone
favouring parallel-strike structural reactivation.

Strain localization affects both the mantle and the isotropic crust atop the fossil
mantle shear zone, but it is stronger in the mantle. In the reference simulation, the
faults and shear zones that develop in the crust right above the mantle shear zone
at 45° deform on average ~10 times faster than the surrounding crust, whereas the
mantle within the fossil shear zone deforms on average ~30 times faster than the
surrounding mantle. The contrast between the crust and mantle behaviours is
smaller for weaker viscous anisotropies (weaker olivine CPO).

The strain distribution and the magnitude of strain localization depend mainly on
the contrast in mechanical behaviour, which is function of the orientation and
intensity of the olivine CPO within the mantle shear zone and in the surroundings.
But it also strongly depends on the lateral boundary conditions, which may hinder
the expression of the olivine viscous anisotropy within the mantle shear zone.
Interactions between the mantle and the crust moderate strain localization in the
entire lithosphere: (a) high strengths in the crust reduce strain localization in the
mantle, but allow for more effective transmission of the deformation to the
overlying crust; (b) further strain localization due to frictional weakening in the
upper crust does enhance strain localization in the mantle; (c) strong mechanical
coupling between the crust and mantle initially increases strain localization, but it

produces a time-dependent behaviour with subsequent decrease in the strain
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localization; (d) weak (strong) mechanical coupling between the crust and mantle
leads to more (less) heterogeneous strain localization acrodd the crust shear zone
developed atop the fossil mantle shear zone.

@) Spatial variations in CPO-induced viscous anisotropy may contribute to trigger

linear seismicity belts in intraplate domains.
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5.6 Supplementary material of the article #3

The supplementary material of this article comprise three figures that presents:

(1) a comparison of strain localization profiles in the middle crust and in the shallow

lithospheric mantle at steady-state for two different mesh resolutions (Figure S5.1);

(2) a simulation in which both the fossil mantle shear zone and the surrounding upper
mantle are anisotropic and have olivine CPO-orientations leading to the maximum contrast in

(viscous anisotropy) mechanical behaviour (Figure S5.2);

177



(3) a simulation in which a factor 100 isotropic weakening is imposed on a fossil

mantle shear zone containing a strong olivine CPO (Figure S5.3);
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Figure S1: Effect of changing the finite-element (FE) mesh resolution on strain localization
(2™ invariant of the strain rate at steady-state) on the middle crust (yellow; profile at 18km
depth) and uppermost mantle (green; profile at 45km depth) for the reference model (see Fig.
2 of the article). Continuous lines: FE mesh resolution used in the simulations presented in
the article. Dashed lines: predictions for a two times higher FE mesh resolution.
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Figure S2: Simulation in which both the fossil mantle shear zone and the surrounding upper
mantle are anisotropic and have olivine CPO leading to a maximum contrast in mechanical
behaviour. Time evolution of the strain localization in the fossil shear zone, defined by the
average of the 2" invariant of the strain rate J5(D,) within the fossil shear zone normalized by
the same quantity averaged over the surrounding upper mantle. The fossil mantle shear zone
shear plane, and consequently the olivine CPO within it, lies at 8 = 45° to the compression
axis, and in the surrounding upper mantle at 8 = 90°. Both mantle domains have a strong
olivine CPO. P-litho conditions are imposed at the lateral boundaries. The insert displays the
strain rate field - J»(D, ) after 1.8 My of shortening.
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Figure S3: Strain localization at steady-sate (~2My) as a function of loading-geometry in a
fossil strike-slip mantle shear zone containing a strong olivine CPO (J-index = 12.7) on which
is also imposed a factor 100 increase in the fluidity (y) (dashed line; squares) relatively to the
strain localization resulting only from the CPO-induced anisotropy (continuous line; circles).
Strain localization is quantified by the ratio between the average of the second-invariant of the
strain rate tensor J>(D,,) in the fossil mantle shear zone relatively to the surrounding upper
mantle.

5.6 Appendix material of the chapter

The material that follows comprise figures not presented in the article. This

figures present the:

(1) mechanical response at steady-state of the crust and mantle for the same boundary
conditions and olivine CPO in two different mechanical solicitations: compression and

extension.
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Figure AS.1: Strain rate horizontal profile (2"-invariant).of the crust (at 18km depth) and
mantle (at 45 km depth) at steady-state (=2 My) in both compression and extension
deformation for the same model geometry, olivine CPO and thermo-mechanical conditions.

(2) mechanical response for different imposed velocities in a mantle shear zones with

the same geometry, CPO intensity and thermomechanical parameters.
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Figure A5.2: Strain localization in the mantle shear zone, calculated as 2" invariant of the
strain rate normalized to the same quantity in the surrounding mantle. Mechanical response
for the same CPO and thermo-mechanical conditions, but under different imposed velocities.
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(3) Effect of changing the width of the mantle shear zone for models with the same

boundary conditions and olivine CPO in the mantle.
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Figure AS.3: Strain rate (2™ invariant) evolution in the mantle shear zone at 45° to the
applied loading. At constant imposed velocity, the relation between strain localization and
shear zone width is inversely, linearly, proportional - factor of 2 thinner width (or thicker)
result in factor 2 faster (or slower) strain rates within the mantle shear zone.

(4) Effect of ascribing a colder Moho temperature in the strain rate within the

reactivated mantle shear zone for models under the same boundary conditions.
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Figure AS5.4: Strain rate (2" invariant) in the mantle shear zone normalized to the same
quantity in the surrounding mantle as a function of time for a model with 100°C colder Moho
temperature compared to the reference model (with Moho at 600C®). In this case, the mantle

rheology is very strong and dominates the deformation of the plate. No strain delocalization is
observed.
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(5) Other examples of intraplate seismicity and a semi-quantitative estimation of

loading geometry.
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The relation between the mantle fabric and the present stresses can be estimate by using
the Matlab script Stress2Grid to compute the average SHmax orientation from the Word
Stress Map database. The script use a given threshold standard deviation (25°) of the mean
SHmax to determine the radii of variable search and interpolate the orientation data in a
regular grid (here 2°x2°). For further information refer to Ziegler and Heidbach, 2017. The
approach allow (1) comparing more qualitatively the orientation of maximum horizontal
stress (SHmax) in the crust (Heidbach et al., 2016; dataservices.gfz-potsdam.de/wsm) to the
orientation of the fast-polarization direction of split core shear waves (Barruol et al., 2009;
splitting.gm.univ-montp2.fr) or to the fast propagation direction of Pn waves, which are both
parallel to the preferred orientation of olivine [100] axes in the mantle, and by (2) examining
the fault deformation pattern during the earthquakes.

Seismicity in the Charlevoix shear zone does not fully match the present model
predictions. The general NE-SW trend of array of linear seismicity is parallel to the ancient
rift structure and both structures are oblique to the regional E-W compression direction
determined based on focal mechanisms data, but at low angle to the main compressive
stresses determined from borehole data, in particular in the southern part of the seismically
active zone (Mazzoti and Townend 2010). Moreover, thrust focal mechanisms tend to
predominate (Mazzoti and Townend 2010). Therefore, the present-day seismicity in the
Charlevoix region cannot be associated to a reactivated strike-slip mantle shear zone. Instead,
it could be better explained by the reactivation of a thrust- or normal-type fossil mantle shear
zones. However, such structures should produce fast SKS polarization directions normal to
their trend. Fast SKS polarization directions oblique to the former continental margin are
observed in the southern part of the seismic actively zone (Saint Lawrence Valley), but not in
the northern part, where they are at low angle to the fossil margin (Darbyshire et al. 2015).

In the Tintina shear zone, tectonic setting is characterize for a more complicated present
structures, i.e., nearby subduction trench and cratons (Chen et al., 2019). Despite, based on
seismic anisotropy measurements and regional geology arguments, Audet et al., 2016
suggested that inherited rifted structures deep in the uppermost mantle affect lithospheric
strength in northwest Canada and strain localization in the Tintina shear zone, partly

controlling the extent of seismic activity in the region.
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CHAPTER VI

CONTRASTING THE EFFECTS OF
VISCOUS ANISOTROPY IN
LITHOSPHERIC STRIKE-SLIP &
EXTENSIONAL SHEAR ZONES

All discussion 0/[ the ultimate nature Oj[
th ings must necesmrz’@ be barren unless we
have some extraneous standards against

which to compare them.

Sir James Jeans
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6 Comparing CPO-induced viscous anisotropy in fossil

lithospheric shear zones with different past kinematics

The research presented in this chapter is in preparation to be submitted in a scientific

journal.
6.1 Introduction

Analysis of the deformation of peridotites massifs together with geophysical data
suggests the presence of both strike-slip and extensional (or compressional) shear zones in the
lithospheric mantle (review in Vauchez et al., 2012). Large-scale strike-slip shear zones
crosscutting the entire lithospheric plates are inferred from the polarization direction of fast
teleseismic S-waves parallel (Silver et al., 1999; Sénéchal, et al., 1996), as well as from
Moho and LAB offsets beneath major strike-slip shear zones (e.g., Wittlinger et al. 2004;
Ford et al. 2014; Titus et al., 2007). The measured seismic anisotropy in this shear zones
often indicate the presence of a coherent large-scale crystal preferred orientations (CPO) of
olivine with maximum concentration of [100] and [010]-axes parallel and normal to the main
shear zone foliation, respectively.

Lithospheric extensional (or compressional) mantle shear zones however are not easily
detected using seismic anisotropy measurements. The presence of these structures have been
inferred mainly based on the analysis of seismic reflectors (McBride et al., 1995), field
mapped mantle peridotites (Kaczmarek and Tommasi, 2011; Frets et al. 2013), such as in
active and fossil continental margins and spreading ridges (Boillot et al. 1987; Sauter et al.
2013). Lithospheric extension might occur accommodated by a low angle asymmetrical
stretching, where the the mantle fabric form as a result of sub-horizontal shear mode
deformation (Wernicke, 1985). In this model, the maximum concentration of [100] olivine
axes is expected to be parallel to the down-dip stretching lineation (Lx), while the maximum
concentration of [010] olivine axes lies normal to the shear plane (Figure 6.1). Similar fabrics
might be formed in compressional (thrust) shear zones, though the latter might show some
dispersion of the [100] axes within the shear plane due to a transpressional deformation
(Tommasi et al. 1999). Henceforth, I will refer only to the extensional mantle shear zones.

In this chapter, I run viscoplastic plasticity (SO-VPSC) and 3D finite-element

(ADELI-anis) simulations to characterize CPO-produced structural reactivation and
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deformation regime in fossil strike-slip and an extensional mantle shear zone. The mechanical
responses of these shear zones were compared for using the same olivine CPO (intensity and
symmetry), mantle and crust rheologies, and thermomechanical conditions. The orientation of
the strike and of the dip of the fossil mantle shear plane relative to the mechanical solicitation
was varied from 30° to 90°, as also the intensity of the CPO within the mantle shear zone and
imposed boundary conditions. The aim is to establish the first-order features of CPO-induced

strain localization in fossil extensional and strike-slip mantle shear zones.

Fossil Strike Slip Fossil Extensional
Shear Zone Shear Zone

Foliation Plane (XY)
Stretching Lineation (Lx)

Olivine CPOQ Q %

[100] [010] [001] [100] [010] [001]

Figure 6.1: Conceptual model of the orientation of the olivine CPO associated with a fossil
strike-slip and extensional mantle shear zone. The fossil shear plane XY and stretching
lineation Lx are indicated.

6.2 Geodynamical model setup

The code Adeli3D was modified to account for CPO-produced viscous anisotropy in
the mantle, produced by olivine intrinsic anisotropy. The upper crust displays an isotropic
frictional behaviour, described by a Drucker-Prager rheology. A thermally activated non-
Newtonian viscous law describe the mechanical behavior of the lower crust and the upper,
which is isotropic in the crust and anisotropic in the mantle. Viscous anisotropy in the mantle
is characterized using six Hill coefficients (F, G, H, L, M, N) obtained by fitting SO-VPSC
simulations (Figure 5.1). Instantaneous viscous yielding was estimated for a random and
orthorhombic CPOs. Intracrystalline glide occurs mainly on the (010)[100] and (001)[100]
‘easy’ slip systems and on the (010)[001] ‘hard’ slip system, coherent with most of the

lithospheric mantle deforming at high temperature and moderate pressure conditions.
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Figure 6.2: Model geometry for simulating a fossil strike-slip (a) or extensional (b) shear
zone in the mantle lithosphere. The orientation of the olivine CPO, represented as the
orientation of the maximum concentration of the [100], [010], and [001] axes in both shear
zones, also the stretching lineation (Lx), the fossil shear plane (XY), as well the rheology and
imposed boundary conditions are indicated. The angles a and 6 characterize the dip angle and
the strike of the fossil mantle shear plane relatively to the imposed shortening or extension.
(¢) Crust (orange) and isotropic mantle (light green) strength profiles for the chosen
compositions and imposed thermal structure.

The boundary conditions and material parameters follows the setup in the chapter 5
(Table 5.2). The anisotropic viscosity (Hill parameters) in the mantle is maintained constant
throughout the simulations (i.e. no CPO evolution during simulation). Here, the mantle
encloses a 50 km-wide fossil extensional or strike-slip shear zone with either strong or weak
olivine CPO; elsewhere (the surrounding mantle) it has a random CPO. In the different
simulations, either the dipping angle (&) or the orientation of the strike (@) of the fossil
mantle shear plane is varied from 30° to 90° relative to the imposed compression or extension
velocity (Figure 6.2a,b). If « is varied @ is set to 90° (shear plane strike is kept normal to the
imposed solicitation); contrarily, if @ is varied a is set to 90° (shear plane dip is kept
vertical). The joint effect of varying simultaneously the strike and the dip of the mantle shear

plane on the lithospheric deformation was inferred by performing SO-VPSC simulations.

6.3 Results

Structural reactivation of both fossil extensional or strike-slip mantle shear zone only

occurs for imposed shortening between ~30° and ~60° to the shear plane. In most
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cases, for similar angles between the imposed shortening and the trend of the fossil shear
zone, strain localization in a fossil extensional mantle shear is higher or similar to the one
observed in a strike-slip fossil mantle shear zone (Figure 6.3); quantified by the ratio between
the average of the second invariant of the strain rate tensor in the fossil shear zone and in the
surrounding mantle. The exception occurs when the extensional mantle shear zone dips (@) is
close to 45° and the shear zone strike is perpendicular to the imposed shortening (6 =
90). At this loading- the ratio between the average strain rate within and outside the shear
zone is a factor of 5 times smaller than in a vertical (@ = 90°) strike-slip mantle shear zone
that is oriented at 45° to the imposed shortening (6 = 45°). At this loading-geometry, strain
localization in the crust is less efficient in the extensional mantle shear zone than in the strike-
slip shear zone (Figure 6.3). More heterogeneously distributed deformation occurs atop the
latter than atop the former. The crustal shear zone formed in response to the reactivation of
the fossil extensional shear zone develops in the prolongation of the mantle shear plane,
whereas in the case of reactivation of the strike-slip mantle shear zone strain localization in

the crust occurs right above the fossil shear plane.
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Figure 6.3: Strain localization as a function of the angle between the fossil shear plane and
the imposed shortening for strike-slip and extensional fossil mantle shear zones, quantified by
the ratio between the average of the second-invariant of the strain rate tensor in the fossil

shear zone and in the isotropic surrounding mantle after =2 m.y of shortening. Simulations
were performed for both strong and weak olivine CPO in the fossil mantle shear zone.
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Fossil extensional mantle shear zones with steep to moderate dip angle (90° < a <
60°) show average strain rates slightly lower than the isotropic surrounding mantle. For these
(hard) loading geometries, the behaviour of a fossil extensional mantle shear zone is
comparable to the one of a fossil strike-slip shear zone, regardless the CPO intensity. When
the mantle shear zones are well oriented to localize strain (60° < 8 < 30°), the mechanical
behavior can varies significantly as a function of CPO intensity.. However, strain localization
in a fossil strike-slip mantle shear zone is more sensitivity to a decrease in CPO intensity. A
decrease in CPO intensity by a factor =4 leads to normalized strain rates 2.5 smaller in the
extensional shear zone, and ~10 smaller in the fossil strike slip shear zones.

Polycrystal plasticity (SO-VPSC) simulations indicate that the slip systems' activation
as a function of the orientation of the CPOrelative to the compression axis is similar for the
fossil strike-slip and extensional mantle shear (Figure 6.4a). ‘Hard’ behavior for aggregates
with non-random olivine CPO occurs when [100] and [010] maxima are either perpendicular
or parallel to the compression axis, whereas the ‘soft’ behaviours occur when the [100] and
[010] maxima lie at 45° to the compression axis (Figure 6.4b). This occurs because at 45° the
resolved shear stress (RSS) projected on the easy [100](010) system is high for most crystals
in the aggregate, producing ~60% of the deformation accommodated by this easy slip system.
Thus, at this loading-geometry the structural reactivation in both mantle shear zones is the
most efficient. Once the slip systems are equally activated when the orientation of the mantle
shear plane varies, one could argue that both shear zones should equally localize strain; (see
Figure 6.3). However, the difference in mechanical behavior rises from the distinct boundary

conditions setup.
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Figure 6.4: (a) Slip systems activity in olivine polycrystals predicted by SO-VPSC
simulations for the strike-slip and extensional fossil mantle shear zones oriented at 45° to the
shortening direction. The critical resolved shear stresses (CRSS) for the three main slip
systems of olivine (normalized to the flow stress of the easy (010)[100] slip system) are
indicated in the insert. (b) Orientation of the olivine CPO relative to the imposed
compressional (Vy). the CPO symmetry and intensity are the same, only the orientation
relatively to Vy changes. The pole figures are presented for the same multiple of uniform
distribution (M.U.D)

Comparison of strain rate (2nd invariant of the tensor) and effective viscosity profiles
at 52km depth (uppermost mantle) for simulations in compression and extensional
corroborates this hypothesis (Figure 6.5). At the softer loading geometry (a¢ = 45°), a fossil
extensional mantle shear zone deformed in response to a new extension displays strain rates
~2 times higher than when deformed in response to a new compression. In the former, strain
rates are only slightly lower than strain rates within the fossil strike-slip mantle shear
reactivated at 45°. The effective viscosity contrast between the mantle shear zone and its
surroundings are significantly higher when the fossil extensional shear zone is reactivated in
extension (>2 orders of magnitude) than in compression (<1 order of magnitude).
Reactivation of an extensional shear zone in response to a new extension produced higher
viscosity contrast than the observed during oblique reactivation of a fossil strike-slip shear
mantle zone, yet in the latter higher strain rates contrast is observed. This argues in favour of
a more complicated role of stress distribution on strain localization in the fossil extensional

shear zone.
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Figure 6.5: Profile of the second-invariant of the strain-rate tensor and of the effective
viscosity at 52km depth (uppermost mantle) after =2 m.y for simulations with strike-slip and
extensional fossil shear planes in the softer loading-geometry. Compression or extension is
imposed to the fossil extensional mantle shear zone. The fossil strike-slip shear zone
deformed in either extensional or compression display negligible variation in the mechanical
response. Both fossil shear zones have a strong olivine CPO and are surrounded by a mantle
with a random olivine CPO (i.e. isotropic).

During new compression of a fossil dipping extensional mantle shear zone the
resistance of the lower boundary of the plate to shear strain parallel to the preexisting shear
plane (‘up-dip’) is higher than the resistance impose by P-litho lateral boundaries during
reactivation of the fossil strike-slip shear zone under oblique compression. This high resistant
leads to stress build up. In the case of a new extensional deformation of a fossili extension
mantle shear zone, the gravity applied in upper boundary favour ‘down-dip’ reactivation,
inducing more efficient stress concentration in the lithosphere. Thus, reactivation in extension
is favoured relatively to reactivation in compression, due to the interaction between the
anisotropy-induced displacement and the boundary conditions, which affect the stress
distribution in the lithosphere. These results further emphasize the importance of the
boundary conditions for CPO-induced structural reactivation in the lithosphere.

To further test the effect of the orientation of the olivine CPO on the lithospheric
response, | performed simulations in which the dip angle (a) of the fossil strike-slip shear
zone was varied from 90° to 30° with strike of the shear plane (0) trending 90° to the
imposed shortening. The mechanical behavior of a fossil strike-slip shear zone depends
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strongly on its dip angle, as indicated by the ratio between the average second-invariant of
strain rate in the shear zone and in the isotropic surrounding mantle (Figure 6.6a). A strike-
slip mantle shear zone dipping 90° < a < 60° are stronger than the isotropic surrounding
mantle (Figure 6.8b), whereas when dipping 60° < a < 30°it is slightly weaker. The
weakest loading-geometry occurs if the strike-slip mantle shear zone dip at 45° to the
imposed shortening. At this loading-geometry, normalized strain rate within the strike-slip
mantle shear zone is a factor ~20 lower than a vertical strike-slip shear zone in its “softest”
loading-geometry (8 = 45°,a = 90°), and it is a factor ~10 lower than a 45° dipping fossil
extension mantle shear zone (down-dip lineation; Figure 6.6a). Analysis of the strain rate
field (second-invariant) shows that the strain localized in the fossil strike-slip mantle shear
zone does not transmit localized deformation to the crust atop of it.

The deformation regime as a function of the orientation between the reactivated
dipping mantle shear zones does not differ significantly (Figure 6.6b). The main difference
occurs in terms of magnitude of shear components. Reactivation of a fossil dipping strike-slip
and extensional mantle shear zone is mainly controlled by down-dip shear (Dy,. in the shear
zone reference frame), with the maximum value occurring at a = 45° dip. However, the
shearing component in a strike-slip mantle shear zone is ~3 times lower than the one
predicted for a extensional shear zone with the same orientation and CPO intensity. This
occurs because when the maximum concentration of [100] olivine is at the high angle to the
imposed shortening, such as in the dipping strike-slip mantle shear zone, the resolved stresses
on the easy (010)[100] and (001)[100] slips system of olivine are almost null. In contrast, in
the fossil extensional shear zone dipping by 45°, the [100]- and [010] maxima are at 45° to

the imposed shortening and the resolved stresses in these slip systems are maximum.
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Figure 6.6: (a) Time evolution of the strain rate second-invariant (averaged over the entire
mantle shear zone) normalized to the same quantity in the surrounding mantle for the fossil
mantle shear zones with different orientations of the lineation and foliation. The orientation of
the associated olivine CPO relative to the mantle shear plane (XY, in yellow), the dipping
angle a and the strike orientation 0, as well as the strain rate field are shown in the inserts. (b)
Strain rate components (in the shear zone reference frame) in a 45° dipping fossil extensional
and strike-slip shear zones after =2 m.y of imposed shortening.

In order to maintain the model geometry as in all other simulation (here and chapter
5), the response of the mantle shear zone with oblique dip angle and strike was inferred using
from polycrystal plasticity models. Flow stresses were calculated using SO-VPSC for olivine
CPO oriented coherent with in a fossil strike-slip shear zone with a constant oblique strike
(6 = 45°), but with variable dip angle (90° < a < 0° at 15° intervals; Figure 6.7). The SO-
VPSC model predicts lower flow stresses than the isotropic behaviour for all tested
orientations. The lowest flow stress occurs for a vertical fossil shear zone oriented at 45° to
the imposed shortening (a ‘classical’ strike-slip shear) zone. In this case, the [100] and [010]
maximum of the fossil olivine CPO lies in the same plane of the imposed shortening and at
45° of it, which result in maximum resolved shear stresses on the easy (010)[100] slip system.

These predictions suggest that vertical strike-slip shear zones trending at 45° to the
imposed shortening (or extension), which is the situation explored in detail in the last chapter,
is the most favourable orientation to localize strain in a fossil mantle shear zone. This still
needs to be tested for an extensional shear zone, but based on the orientation of the CPO and
the resolved stress on the easy slip systems, I infer that a fossil extensional shear zone dipping

~45° to the applied stress comprise the most probable loading-geometry for its reactivation.
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Figure 6.7: Flow stresses predicted by the SO-VPSC model (normalized to the isotropic
behavior) for an olivine polycrystal with a strong orthorhombic CPO to which shortening was
applied at 45° to the [100] maximum, but at variable angles to the [010] maximum. These
models aim to simulate the mechanical response of a fossil strike slip mantle shear zone
trending at 45° to the imposed shortening, but with variable dip angles. The pole figures are
presented for the same multiple of uniform distribution (M.U.D).

Under compression of the fossil extensional mantle shear zone, lithospheric thickening
occurs when the fossil shear plane dips between 55° and 35° to the compression axis. The
localized deformation in the fossil extensional shear zone dipping 45° induce 22km
thickening of the lithosphere by underplating of the shear zone footwall (Figure 6.8a). In
contrast, for compression imposed to the dipping strike-slip mantle shear zone significant
thickening is not observed (Figure 6.8b). Lithospheric thickening comparable to that of a 45°
dipping extensional mantle shear zone may occurs for a 45° dipping mantle shear zone with
randon olivine CPO but with isotropic weakening 2 orders of magnitude higher than produced
by anisotropic weakening. For other dipping angles (a=30°- 60°), 1 order of magnitude better

approximated the amount of underthrusting produced by CPO.
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Figure 6.8: Strain rate field after 2 m.y of shortening of the (a) fossil extensional and (b)
strike-slip mantle shear zones dipping a = 45°. The predicted amount of variation in
thickness of the lithosphere (Az) is show, as well as the orientation of the olivine CPO
relative to the fossil shear plane (in yellow).

6.4 Discussion and Conclusions

Significant differences might arise in the mechanical behavior of anisotropic fossil
mantle shear zones as a function of the orientation of the fossil shear plane and of the shear
direction relative to the new imposed deformation. Thus, together with CPO intensity,
boundary conditions, and mantle-crust mechanical coupling, the orientation relations
influence considerably the degree and style of strain localization in the lithospheric shear
zone. Fossil extensional mantle shear zones have a potential to localize subsequent
deformation in a broader range of loading-geometries compared to strike-slip mantle shear
zones; yet for the softer loading-geometry (i.e. 45°) the strain localization in the latter is more
efficient. Strain localization in fossil extensional mantle shear zone is enhanced when the new
deformation is in extension, since in this case gravity-driven forces add up to the tectonic
ones. This prediction may shed some light in the scarce evidences of structural reactivation of
mantle shear zones by thrusting (Bastow et al., 2007) relative to the relatively common
evidence of reactivation of extensional or strike-slip mantle shear zones (Vauchez et al.,
1998, 2003, Tommasi and Vauchez, 2001, Storti et al., 2003).

The reactivation of a fossil strike-slip shear zone is highly sensible to the dip angle of
the fossil shear plane, that is, if the dip and strike angles deviate from the optimal loading-

geometry (i.e. vertical shear plane and oblique strike relative to mechanical solicitation) strain
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localization is unlikely to occur. Variations in these orientation relations therefore might
explain the discontinuous spatial distribution of reactivated strike-slip mantle shear zones. In
the eastern United States and Canada, for instance, the linear seismicity in distributed in a
serious of discrete shear zones, despite the large-scale coherent and continuous fossil olivine
CPO in the region. The absence of significant intraplate seismicity associate to the Brevard
shear zone in the southeast United States may be justified by the moderate dip angle of the
fossil strike-slip shear zone (Vauchez et al., 1987) in the mantle.

The orientation relation affects the amount of thickening (or thinning) of the
lithosphere. The presence of a moderate dipping fossil mantle shear zone with a down-dip
stretching lineation parallel to the [100] of the olivine CPO might promote easier thickening
of the lithosphere by underplating (or thinning during stretching). Thus, one could speculate
that CPO-induced strain localization in fossil compressional or extensional mantle shear
zones might contribute to lithospheric thickening during continental collision and thinning
during rifting, as suggest by Moho offsets in active and fossil thickened tectonic
environments (Cook, 1999. Levin and Park, 2000. Kind et al. 2002. Ai et al., 2005, Audet
et al., 2019), and to the inversion of rift basins (Sibuet et al., 2004). In addition, it might
affect the rate of exhumation of mantle rocks during lithosphere extension (Kaczmarek and
Tommasi, 2011, Frets et al., 2014).

Our models provide first-order features of the CPO-produced structural reactivation in
lithospheric shear zones formed under different past kinematics. To better understand the role
of olivine anisotropy mantle shear zones associated to dynamic environments, such as in
active orogenic and rifted systems as suggested above. It is necessary to take into account the
evolution of the olivine CPO and the specific actual thermomechanical and kinematic

conditions of each tectonic setting.
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7 Conclusions, limitations of the study, and future

perspectives

In this chapter, the findings of the present work and the open questions are
highlighted. The shortcomings of the study are discussed and future research is proposed.
The aim is to contextualise the main outcomes and to propose guidelines for moving forward

on the study of viscoplastic anisotropy in mantle rocks and its consequences for geodynamics.

7.1. Overall conclusions

7.1.1 Conclusions 1: Maximum strain-rate contrast induced by

olivine viscous anisotropy

Bounds for the contrast of strain rate produced by the viscous anisotropy of olivine in
textured mantle peridotites and intraplate mantle shear zones were proposed (Figure 7.1).
Intrinsic viscous anisotropy due to intracrystaline glide is an invariant property of the
material, however, geometrical factors or secondary processes might affect the expression of
anisotropy at larger-scales. In the olivine crystal, anisotropy result in a factor of >700 times
contrast in strain rate (Bai et al., 1991, Durham & Goetze 1976). In the olivine-rich rock,
viscous anisotropy produced by crystallographic preferred orientations (CPO) of olivine is
mediated mainly by the intensity of the CPO, by other deformation mechanisms in addition to
dislocation creep, and by the imposed boundary conditions, leading to a contrast in strain rate
of a factor </0 (Hansen et al., 2012, 2016). In the tectonic plates, the heterogeneous
distribution of olivine CPO in the upper mantle may induce, in most of the cases, to a contrast
strain rate in the lithosphere of a factor of <700 times. At this scale, strain localization is also
moderated by boundary conditions, crust-mantle mechanical coupling, and also for the
activation of other lithospheric weakening mechanisms, which may add to CPO-induced

strain localization to produce in even higher contrast in strain rate.

7.1.2 Conclusions 2: Main factors moderating olivine viscous

anisotropy and the resulting strain localization

Significant activation of others deformation processes in addition to dislocation creep

might reduce in more than 2 times the magnitude of the viscous anisotropy in mantle
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peridotites deforming at conditions relevant for most of the lithospheric mantle (i.e. high
temperature, moderate pressure and dry conditions). The rock-scale viscous anisotropy at
these conditions may be greatly affected by variations in CPO intensity and by the boundary
conditions, which control the intensity and mode of the viscous anisotropy expressed,
respectively. Only minor changes are observed as a function of common CPO symmetry
(orthorhombic and axial-[100] and -[010] CPOs) for polycrystal deformed under high
temperature and equivalent boundary conditions. The magnitude of the viscous anisotropy
varies proportionally to the intensity of the CPO intensity, but not linearly. If ‘out-of-plane’
strain components develop during oblique deformation cannot fully express due the restrictive
boundary conditions, the magnitude of anisotropy as well as its pattern to loading-geometry

may be significantly modified.
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Figure 7.1: Cartoon illustrating the (most-likely) contrast in strain rate that might be induced

Strain rate contrast produced
by olivine anisotropy

by olivine viscous anisotropy as a function of the loading-geometry through different spatial
scales.

The magnitude and style of strain localization in lithospheric shear zones (mantle and
crust) is modulated in time and space by, the heterogeneity in CPO symmetry and intensity in
the lithospheric mantle (contrast in viscous anisotropy), by the mechanical interactions
between the mantle and the crust, and by the plate boundary conditions. Weaker crustal faults
or strong mantle rheology enhance the CPO-induce strain localization in the entire
lithospheric shear zone. If mechanical coupling between the mantle and crust is efficient, or if
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boundary conditions do not allow the plate accommodate arbitrary deformation, CPO-
produced strain components are partially hindered, leading to inefficient strain localization in

the lithosphere, if any localization is produced.

7.1.3 Conclusions 3: Structural reactivation due to olivine viscous

anisotropy in mantle shear zones

The presence of olivine CPO in mantle shear zone leads to a highly non-linear
directional dependence of strain localization in the fossil shear zone. Their reactivation is very
unlikely to occur if the fossil shear plane lies either sub-perpendicular or subparallel to the
mechanical solicitation. in contrasts to oblique loading-geometries, notably between 40°-50°
to the mantle foliation. The strong lateral shearing component produced by olivine CPO in
oblique reactivated strike-slip mantle shear zone lead to development of crustal shear zone
mainly controlled by transpressional or transtensional deformation. Similarly, the strong
down-dip shearing produced by olivine CPO in moderate dipping reactivated extensional
mantle shear zones also induce the developments of crustal shear zones. In addition, it might
contribute to more effective thinning or thickening of the lithosphere.

The CPO intensity and the orientation (strike and dip) of the fossil mantle shear zone
can result in heterogeneous distribution of strain localization in continents. This is particularly
critical for strike-slip mantle shear zones, since deviation form the softer loading-geometries
(between 40°-50° to the applied stress) can drastically modified the mechanical behavior. For
the same viscous anisotropy and thermomechanical conditions, CPO-induced strain
localization is more efficient in a fossil strike-slip mantle shear zone than in a fossil
extensional (or compression) mantle shear zone, if both oriented at their respective softer

loading-geometry. This occurs therefore purely due to geometrical reasons.

7.1.4 Conclusions 4: Structural memory of plate tectonics: the

importance of olivine viscous anisotropy fossilized in the mantle

Seismological data available worldwide show that anisotropy in continental lithosphere
is the rule rather then the exception. The seismic anisotropy measurements indeed suggest the
presence of coherent olivine CPO for tens to hundreds of kilometres in the lithospheric

mantle. Thus, for understanding the details of the onset of global tectonics from mantle
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convection, anisotropic viscosity resulting from olivine CPO in the lithospheric mantle cannot
be neglected. CPO may only be modified by thermo-tectonic events, but not destroyed.
Hence, heterogeneous distribution of CPO at large-scale might act at long-term seed for strain
localization in the tectonic plates. Moreover, the presence of fossilized olivine CPO greatly
influences the deformation regime that develops during the reactivation of lithospheric shear
zone, driving the deformation regime that develops during continental break-up and assembly
of supercontinents. This has implications therefore for the formation of new plate boundaries
from otherwise intraplate stable domains, as suggest by the coherence between mantle fabric
and active (Bosworth and Strecker, 1997) and fossil (Geoffroy et al., 1994) shear zones in
continents.

I argue that heterogeneity in viscous anisotropy induced by fossilized olivine CPO,
together with variations in thermal structure (Tommasi and Vauchez, 1997, Jaupart et al.,
2007, Neves et al., 2008, Thielmann and Kaus, 2012) and in grain-size reduction (Rozel et
al., 2011, Précigout and Gueydan, 2009, Bercovici & Ricard, 2012, 2014), comprise the
three main lithospheric weakening mechanisms sustaining large-scale strain localization
needed to enable the plate tectonics style of mantle convection (review in Coltice et al., 2017)

(Figure 7.2).
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Figure 7.2: First order ‘ingredients’ of strain localization in plate tectonics, characterized by
(weak) narrow rapid deforming boundaries surrounding by (strong) undeformed domains. In
the East African Rift for example, where a new plate boundary is developing, thermal
heterogeneities (stiff cratonic blocks bounded by opening faulting system) and CPO-induced
anisotropy controls the rift propagation.
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7.2 Main Limitations

The main limitations of this work is that (1) it does not consider evolution of the olivine
CPO, (2) it is based on olivine polycrystal deforming at a particular P-T-H,O conditions, and
(3) it does not account for the feedbacks between others lithospheric strain-localization
processes.

Details of time-dependent anisotropic viscosity might only be captured if the evolution
of the CPO is taken into account. For instance, and Knoll et al. (2009) has shown that, for
most of the soft orientations, the CPO evolution in the mantle shear zone lead to decrease of
the along-strike shearing and of the strain delocalization at high finite strains. Different CPO
inside and outside a fossil mantle shear zones evolves in distinct way as a function of the
orientation relation (Skemmer et a., 2015), this can indeed lead to the inversion of the
relative strength between a mantle shear zone and its surroundings. Moreover, further
heterogeneity in viscous anisotropy might occur if olivine CPO slightly disperses due to water
infiltration (Wallis et al., 2019) or presence of secondary-phases (Raterron, et al., 2014).
CPO evolutions must be notably important for non-steady state orientations of the olivine
CPO, where relative high finite strain are required for reaching a stable CPO intensity and
symmetry (Signorelli and Tommasi et al., 2015, Hansen et al., 2016), such as in corner
flows of plate boundaries (Castelnau et al., 2008).

The geodynamical model prediction presented rely on rigorous physical models (i.e.
SO-VPSC) of olivine polycrystal deforming by easy and hard glides on the [100] and [001]
directions, respectively. In the intraplate lithospheric mantle, local variation in the
temperature and stresses might favour a different relative strength of the slip directions.
Laboratory experiments by Durham & Goetze 1976 and Demouchy et al., 2013 indicated
that at low temperature and high differential stresses, the relative strength of the slip system
shift to dominant sliding in the [001] direction. Thus, the parameterized in this study is not
suitable for capturing the viscous anisotropy at these conditions.

In the present thesis only the heterogeneity of the viscous properties originating from
olivine CPO is taken into consideration. However, heterogeneity of thermal properties, as
well as of rock composition and grain size, interact with CPO-induce viscous anisotropy to
regulate strain localization in the lithosphere (review in Tommasi and Vauchez, 2015).
Indeed, olivine CPO is anisotropic in terms of its thermal properties (Gilbert et al., 2003).

Once strain localizes in the lithosphere due to thermo-mechanical anisotropy or lateral
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variation in geotherm, grain-size reduction and shear heating might further decrease rock-

strength and further induced strain localization in the viscous regime (Kaus & Podladchikov,

2006), which in turn can further create or modify olivine CPO. Yet, the (non-linear)

feedbacks between these processes are poorly understood.

7.3 Some open questions and future directions

Shape Preferential Orientation (SPO) can produce anisotropic viscosity
(Wheeler, 2010). Sliding velocities in grain boundaries might also be
anisotropic. Are they significant for deformation at upper mantle conditions?
How does it scale with CPO-induced anisotropy during grain-size reduction? A
critical issue is how to isolate a single grain boundary interface to study its

(anisotropic) mechanical properties (Marquardt and Faul, 2018).

SPO of melt-lenses (Holtzman et al., 2012) and mica (Shea and Kronenberg,
1993) may produce transverse isotropy viscosity in crustal shear zones. Does
crustal anisotropy modify the mechanical response of the entire lithosphere as
mantle anisotropy does? How does crustal and mantle mechanical anisotropy

interacts?

Towards mantle domains where temperature is lower and differential stresses
are high, such as towards the uppermost mantle, viscous anisotropy might vary
due to changing of dominant slip direction (Durham & Goetze 1976). What is
the effect of this shift in rock- and plate scale viscous anisotropy? Is there a
vertical gradient in viscous anisotropy in the lithosphere that can be quantified?

Does it affect mantle-crust mechanical coupling?

Mechanical coupling is expected to be efficient in intraplate mantle shear zones,
allowing transferring deformation between the different rheological layers
(Grocott et al., 2004, Tikoff et al., 2004). We showed that mantle-crust
coupling regulate CPO-induce strain localization. What about the opposite way
round? Does out-of-plane deformation induced by CPO influence the

mechanical coupling in intraplate mantle shear zone?

215



* Viscous anisotropy in subduction zones changes the thermal structure of the
mantle wedge (Lev et al.,, 2011). Does viscous anisotropy affect the (3D)
mechanical behavior of the down-going slab? What about in even more dynamic
scenario, such as slab slab rollback or tearing? High mantle shear viscosity
mantle acts as a barrier to fluid flow in the mantle wedge (Cerpa et al., 2017).
How viscous anisotropy affect the shear viscosity and consequently the fluid

migration in the mantle wedge?

* CPO-induced viscous anisotropy beneath spreading plates modify the viscous
flow at the base of lithosphere (Blackman et al., 2007) and can lead to ~15
viscosity contrast in the corner flow (Castelnau, et al., 2009). How viscous
anisotropy affect the strain localization in spreading centers? Does it affect the

ridge segmentation?

The approach used to parameterized olivine viscous anisotropy at high temperature,
moderate pressure and dry conditions (this thesis) can be extended to conditions at which the
olivine polycrystal is deformed at lower temperature and high differential stresses in order to
consider the viscous anisotropy of olivine raising from dominant deformation by glide in
[001] direction. The critical resolved shear stress in VPSC simulations can be modified based
on available laboratory experiments data (Demouchy et al, 2014 and references therein). This
can provide insights on the degree of heterogeneity in mechanical behavior in the lithospheric
mantle, and on the effect of CPO on degree on mechanical coupling between the mantle and
crust, since from the lowermost mantle towards the uppermost mantle, lower temperatures
and high differential stresses are expected to modify the dominant slip systems of olivine.

ADELI3D may be modified to consider transverse isotropic plasticity in crustal shear
zones (Backus, 1962). This can be done based on laboratory experiments of mechanical
anisotropy of crustal rocks (Attewell and Sandford, 1974. Shea and Kronenberg, 1993.
Rawling et al., 2002. Collettini et al., 2009. Bonnelye, et al., 2017. Zhang et al., 2019 and
references therein). This implementation could allow shedding light on the joint effect of
mantle and crustal mechanical anisotropy on the partition between toroidal and poloidal flow,
on the magnitude of strain localization in the mantle and crust, and on the evolution of strain

components in lithospheric shear zones.
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Consider time-evolution anisotropic rheology by means of evolution of CPO in 3D
geodynamical simulations can be time consuming. To overcome this issue, the
parameterization developed in the present thesis can be combined with the director cosines
method to calculate first-order CPO evolution from viscous flow alignment (Miihlhaus et
al.,, 2003) and provide the associated viscous anisotropy at large finite strains (Lev and
Hager, 2008). To simulate olivine CPO evolution during extension followed by torsion at
laboratory conditions, and also during shear of peridotites at natural conditions, Hansen et al.
(2016b) adapted the director method to consider four slip systems in olivine. Another
growing possibility is to use a probabilistic approach based on neural network (Atkins, 2017,
Shahnas et al., 2018). This technique has the advantage of describing the uncertainty of CPO
evolution for a given range of the parameter space, for example temperature, stress exponents
and finite strain, which can be further used to constrain the different geodynamical scenarios.

For predicting the details of earth-like plate tectonics from convection, the interplay
between geothermal gradient, grain size reduction and CPO-induced viscous anisotropy needs
to be implemented in global self-consistent plate models (review in Bercovici et al., 2003).
Our prediction can be simplified in these models to account for the bounds of CPO-induced
strain localization and for the pattern of the viscous anisotropy as a function of first-order
orientation of lithospheric shear zones relative to the far-field driving-force, for example,
oblique (45°), parallel (0°) and perpendicular (90°) orientations (Coltice et al., 2017 and
references therein). The amount of shearing produced by CPO in lithospheric strike-slip shear
zones in our study could be used for instance to parametrize the rate of along-strike

displacement in continental transform boundaries in those models.

217



REFERENCES

Atkins, S., 2017. Finding the patterns in mantle convection. PhD Thesis Utrecht
University

Attewell, P. B., & Sandford, M. R. (1974, November). Intrinsic shear strength of a brittle,
anisotropic rock—I: experimental and mechanical interpretation. In International Journal of
Rock Mechanics and Mining Sciences & Geomechanics Abstracts(Vol. 11, No. 11, pp. 423-
430). Pergamon.

Backus, G. E. (1962), Long-Wave Elastic Anisotropy Produced by Horizontal Layering, J.
Geophys. Res., 67(11), 4427-4440

Bercovici, D. (2003). The generation of plate tectonics from mantle convection. Earth and
Planetary Science Letters, 205(3-4), 107-121.

Bercovici, D., Ricard, Y., 2012. Mechanisms for the generation of plate tectonics by two-
phase grain-damage and pinning. Phys. Earth Planet. Inter. 202203, 27-55.

Bercovici, D., Ricard, Y., 2014. Plate tectonics, damage and inheritance. Nature 508, 513—
516

Blackman, D. K., Boyce, D. E., Castelnau, O., Dawson, P. R., & Laske, G. (2017). Effects
of crystal preferred orientation on upper-mantle flow near plate boundaries: rheologic
feedbacks and seismic anisotropy. Geophysical Journal International, 210(3), 1481-1493.

Boneh, Y., Morales, L. F., Kaminski, E., & Skemer, P. (2015). Modeling olivine CPO
evolution with complex deformation histories: Implications for the interpretation of seismic
anisotropy in the mantle. Geochemistry, Geophysics, Geosystems, 16(10), 3436-3455.

Bonnelye, A., Schubnel, A., David, C., Henry, P., Guglielmi, Y., Gout, C., ... & Dick, P.
(2017). Strength anisotropy of shales deformed under uppermost crustal conditions. Journal of
Geophysical Research: Solid Earth, 122(1), 110-129.

Bosworth, W., Strecker, M.R., 1997. Stress field changes in the Afro-Arabian rift system
during the Miocene to Recent period. Tectonophysics 278, 47-62.

Castelnau, O., Blackman, D. K., & Becker, T. W. (2009). Numerical simulations of
texture development and associated rheological anisotropy in regions of complex mantle
flow. Geophysical Research Letters, 36(12).

Cerpa, N. G., Wada, 1., & Wilson, C. R. (2017). Fluid migration in the mantle wedge:
Influence of mineral grain size and mantle compaction. Journal of Geophysical Research:

Solid Earth, 122(8), 6247-6268.

218



Collettini, C., Niemeijer, A., Viti, C., & Marone, C. (2009). Fault zone fabric and fault
weakness. Nature, 462(7275), 907.

Coltice, N., Gérault, M., & Ulvrova, M. (2017). A mantle convection perspective on
global tectonics. Earth-science reviews, 165, 120-150.

Demouchy, S., Mussi, A., Barou, F., Tommasi, A., & Cordier, P. (2014). Viscoplasticity
of polycrystalline olivine experimentally deformed at high pressure and 900
C. Tectonophysics, 623, 123-135.

Demouchy, S., Tommasi, A., Ballaran, T. B., & Cordier, P. (2013). Low strength of
Earth’s uppermost mantle inferred from tri-axial deformation experiments on dry olivine
crystals. Physics of the Earth and Planetary Interiors, 220, 37-49.

Durham, W. B., & Goetze, C. (1977). Plastic flow of oriented single crystals of olivine: 1.
Mechanical data. Journal of geophysical Research, 82(36), 5737-5753.

Geoffroy, L., Bergerat, F., Angelier, J., 1994. Tectonic evolution of the Greenland—
Scotland Ridge during the Paleogene. new constraints. Geology 22, 653—656.

Gibert, B., Seipold, U., Tommasi, A., Mainprice, D., 2003. Upper mantle thermal
diffusivity: pressure- and temperature dependences and anisotropy. J. Geophys. Res. 108,
2359. http://dx.doi.org/10.1029/2002JB002108.

Grocott, J., McCaffrey, K. J., Taylor, G. K., & Tikoff, B. (2004). Vertical coupling and
decoupling in the lithosphere. Geological Society, London, Special Publications, 227(1), 1-7.

Hansen, L. N., Conrad, C. P., Boneh, Y., Skemer, P., Warren, J. M., & Kohlstedt, D. L.
(2016). Viscous anisotropy of textured olivine aggregates: 2. Micromechanical model. Journal
of Geophysical Research: Solid Earth, 121(10), 7137-7160.

Hansen, L. N., Warren, J. M., Zimmerman, M. E., & Kohlstedt, D. L. (2016). Viscous
anisotropy of textured olivine aggregates, Part 1: Measurement of the magnitude and
evolution of anisotropy. Earth and Planetary Science Letters, 445, 92-103.

Holtzman, B.K., King, D.S., Kohlstedt, D.L., 2012. Effects of stress-driven melt
segregation on the viscosity of rocks. Earth Planet. Sci. Lett. 359, 184-193.

Jaupart, C., Mareschal, J. C., & Watts, A. B. (2007). Heat flow and thermal structure of
the lithosphere. Treatise on geophysics, 6, 217-252.

Kaus, B. J.,, & Podladchikov, Y. Y. (2006). Initiation of localized shear zones in
viscoelastoplastic rocks. Journal of Geophysical Research: Solid Earth, 111(B4).

Karato S (1989) Grain growth kinetics in olivine aggregates. Tectonophysics 168: 255—
273

219



Lev, E., & Hager, B. H. (2008). Prediction of anisotropy from flow models: A comparison
of three methods. Geochemistry, Geophysics, Geosystems, 9(7).

Marquardt, K., & Faul, U. H. (2018). The structure and composition of olivine grain
boundaries: 40 years of studies, status and current developments. Physics and Chemistry of
Minerals, 45(2), 139-172.

Molnar, P., Tapponnier, P., 1981. A possible dependence of tectonic strength on the age
of the crust in Asia. Earth Planet. Sci. Lett. 52, 107-114.

Miihlhaus, H., H. Moresi, and M. Cada (2004), Emergent anisotropy and flow alignment
in viscous rock, in Computational Earthquake Science Part II, pp. 2451-2463, Springer,
Basel, Switzerland.

Précigout, J., & Gueydan, F. (2009). Mantle weakening and strain localization:
Implications for the long-term strength of the continental lithosphere. Geology, 37(2), 147-
150.

Raterron, P., Detrez, F., Castelnau, O., Bollinger, C., Cordier, P., & Merkel, S. (2014).
Multiscale modeling of upper mantle plasticity: From single-crystal rheology to multiphase
aggregate deformation. Physics of the Earth and Planetary Interiors, 228, 232-243.

Rawling, G. C., Baud, P., & Wong, T. F. (2002). Dilatancy, brittle strength, and
anisotropy of foliated rocks: Experimental deformation and micromechanical
modeling. Journal of Geophysical Research: Solid Earth, 107(B10), ETG-8.

Rozel, A., Ricard, Y., Bercovici, D., 2011. A thermodynamically self-consistent damage
equation for grain size evolution during dynamic recrystallization. Geophys. J. Int. 184, 719—
728.

Shahnas, M. H., Yuen, D. A., & Pysklywec, R. N. (2018). Inverse Problems in
Geodynamics Using Machine Learning Algorithms. Journal of Geophysical Research: Solid
Earth, 123(1), 296-310.

Shea Jr, W. T., & Kronenberg, A. K. (1993). Strength and anisotropy of foliated rocks
with varied mica contents. Journal of Structural Geology, 15(9-10), 1097-1121.

Signorelli, J., & Tommasi, A. (2015). Modeling the effect of subgrain rotation
recrystallization on the evolution of olivine crystal preferred orientations in simple
shear. Earth and Planetary Science Letters, 430, 356-366.

Thielmann, M., & Kaus, B. J. (2012). Shear heating induced lithospheric-scale
localization: Does it result in subduction?. Earth and Planetary Science Letters, 359, 1-13.

Tikoff, B., Russo, R., Teyssier, C., & Tommasi, A. (2004). Mantle-driven deformation of

220



orogenic zones and clutch tectonics. Geological — Society, London, Special
Publications, 227(1), 41-64.

Tommasi, A., & Vauchez, A. (2015). Heterogeneity and anisotropy in the lithospheric
mantle. Tectonophysics, 661, 11-37.

Tommasi, A., Vauchez, A., Daudré, B., 1995. Initiation and propagation of shear zones in
a heterogeneous continental lithosphere. J. Geophys. Res. 100, 22,083-22,101

Wallis, D., Hansen, L. N., Tasaka, M., Kumamoto, K. M., Parsons, A. J., Lloyd, G. E., ...
& Wilkinson, A. J. (2019). The impact of water on slip system activity in olivine and the
formation of bimodal crystallographic preferred orientations. Earth and Planetary Science
Letters, 508, 51-61.

Zhang, C. L., Armand, G., Conil, N., & Laurich, B. (2019). Investigation on anisotropy of
mechanical properties of Callovo-Oxfordian claystone. Engineering geology, 251, 128-145.

Zhang, N., Zhong, S., & McNarmara, A. K. (2009). Supercontinent formation from

stochastic collision and mantle convection models. Gondwana Research, 15(3-4), 267-275.

221



ABSTRACT

The generation of earth-like plates implies efficient strain localization in
the lithosphere for long times-spans. In this thesis, I quantified the contribution
of viscous anisotropy due to crystal-preferred orientations (CPO) of olivine in
the lithospheric mantle on strain localization at the plate-scale. First, I
performed numerical experiments using polycrystal plasticity models (e.g.,
VPSC) to evaluate the magnitude and controlling parameters of olivine-induced
viscous anisotropy at the rock-scale and compared their predictions to
experimental data to validate the model results. Then, a parameterization based
on these models has been developed and implemented in a 3D finite-element
geodynamical code to study structural reactivation and deformation regime
associated with fossil lithospheric shear zones. The aim is to investigate the role
of intrinsic (olivine CPO) viscous anisotropy on the development old
lithospheric shear zones and its possible relation with the onset of linear
seismicity in intraplate settings.

The results show that activation of 2" mechanisms at the rock scale
greatly contributes to reducing the magnitude of viscous anisotropy in mantle
rocks, resulting in maximum contrast of <6 in stress (for a constant strain rate).
Imposed boundary conditions regulate the CPO-induced viscous anisotropy at
both rock- and plate scale, mainly due to the 3D (out-of-plain) strain and stress
components that develops. The presence of olivine CPO in the lithospheric
mantle lead to strong directional dependence of the strain localization within the
mantle shear zone, which, if well oriented to be reactivated, induces strain
localization in the entire lithosphere. Deformation regime in the crust follows
the one in the mantle. The mechanical feedbacks between both rheological
layers, which are affect by the isotropic (composition) and anisotropic (CPO)
parts, greatly affect strain localization in continental plates.
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