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I Abstract

Abstract

Microstructures and textures of deformed eclogites were investigated using optical and

scanning electron microscopy, especially electron backscatter diffraction (EBSD). The study

required to extend EBSD to omphacite, a mineral of monoclinic symmetry in the clinopyroxene

solid-state solution series. The project aimed at further understanding of the mechanisms of

deformation and development of lattice preferred orientation (LPO) of the main eclogite facies

minerals (omphacite, garnet, rutile and quartz).

It is shown that EBSD patterns of omphacite can be unambiguously indexed by automated

procedures. The misfit angle between the b[010]-axis measured by EBSD and the optical ß-axis

determined using the universal stage was generally less than 5°, which is within the estimated

error interval when measuring the optical indicatrix on the universal stage. Variations in

composition along the clinopyroxene solid state solution series augite-omphacite-jadeite do not

greatly affect the intensity ratios of the main reflections as shown by structure factor simulations.

Since EBSD patterns of diopside were also reliably indexed using the same reflection table, this

configuration can be used for most clinopyroxenes.

The LPO of the main minerals in deformed eclogites from the Les Essarts complex

(Western France) were investigated. Microstructural observations suggested intracrystalline

deformation (dislocation creep) of omphacite. The omphacite LPO vary between S- and L-type

and correlate with oblate or prolate grain shape fabrics, respectively. A local investigation of

omphacite in and around a hollow garnet showed that in the sheltered part of the garnet the

omphacite LPO has maxima of c[001] parallel to the lineation and (110) parallel to the foliation

plane. It is interpreted as an "easy glide" orientation generated by dislocation creep on the slip

system {110}[001] during an earlier deformation phase. Around the hollow garnet,

crystallographic and shape fabrics of omphacite align with the c[001] axes parallel to the grain

elongations defining the mineral lineation, which rotates locally with the inferred flow. In this

part, the omphacite grain size is larger than in the surrounding matrix. The observations suggest

oriented growth as a main deformation mechanism in omphacite. The geometry of the shape and

crystallographic fabrics is interpreted to represent the stress regime (directions and ratios of the

principal stresses). LPO of rutile duplicates the LPO of omphacite and a similar distinction

between S- and L-type was used. Rutile deformation mechanisms probably involve dislocation

creep as well as anisotropic growth. Quartz mainly occurs as an interstitial phase, and its weak

LPO patterns are interpreted as random. No representative obliquity of the LPO in omphacite

nor rutile with respect to foliation and lineation was observed to be used as potential shear sense
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criteria. However, a rotation of the rutile LPO relative to the omphacite LPO is distinguished in

most samples opposite to the macroscopic sense of shear.

Similar investigations were performed on mylonitic eclogites from the Monviso ophiolites

(Western Alps). In this high strain shear zone, omphacite dynamically recrystallized by subgrain

rotation and grain boundary migration to various grain sizes (10 to 1000 |lm). The measured LS-

and S-type omphacite and rutile LPO indicate that anisotropic growth also occurs in mylonitic

eclogites and that the texture forming process is not scale dependent. The LPO of garnet in the

mylonites is random suggesting that garnet mainly behaved as rigid bodies during deformation,

although locally they show subgrains indicating intracrystalline deformation by dislocation creep.

Microstructures and LPO were analyzed on diopside aggregates deformed in axial

compression stepping experiments. The analysis of samples before and after the tests aimed at

understanding the relationship between deformation processes and evolving microstructures.

Natural clinopyroxenites (300 |lm grain size) deformed mainly by twinning and dislocation glide.

The LPO did not significantly alter during deformation to the strain achieved (16% shortening).

Hot-pressed diopside aggregates had various starting grain sizes between 5 and 30 |lm. The coarse¬

grained samples deformed dominantly by dislocation creep accommodated by subgrain rotation

recrystallization, while the sample with the finest initial grain size deformed dominantly by

diffusion creep accompanied by grain boundary migration. Both processes led to an average

recrystallized grain size of 8-10 |lm. The deformed hot-pressed samples have a texture with a

girdle of c[001] axes normal to and a point maximum of b[010] axes and a*(100) poles parallel to

the compression direction. This so-called ring fiber texture was largely present in the hot-pressed

starting material and is interpreted as the result of compaction during cold-pressing of diopside

crystals pencil-shaped parallel to c[001].

P-wave velocities were measured in the three principal structural directions on eclogites

from Monviso at room temperature and confining pressures up to 500 MPa. The P-wave

velocities at 400 MPa range from 7.7 to 7.9 km/s, with a maximum anisotropy of 6%. No more

than 1.3% anisotropy was estimated from the omphacite LPO, suggesting that the compositional

layering and the fabrics of minor constituent minerals contribute significantly to the seismic

anisotropy. If such low anisotropy persists at a larger scale, the seismic reflectivity of subduction

zones will vary with the direction of observation.
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Résumé

Les microstructures et orientations préférentielles d'éclogites déformées ont été étudiées par

microscopie optique et électronique de balayage en utilisant principalement la diffraction des

électrons rétrodiffusés (EBSD). Cette étude a impliqué l'extension de l'EBSD à l'omphacite, un

minéral de symétrie monoclinique de la solution-solide des clinopyroxenes. Le projet a été

entrepris avec pour but de mieux comprendre les mécanismes de déformation et de

développement des orientations préférentielles de réseaux (OPR) des principaux minéraux

formant les éclogites (omphacite, grenat, rutile et quartz).

Il est montré que les diagrammes de diffraction peuvent être indexés sans ambiguïté par les

procédures automatiques. L'angle entre l'axe b[010] déterminé par EBSD et la direction optique ß

déterminée à la platine universelle est généralement inférieur à 52, ce qui est dans l'intervalle

d'erreur de la détermination de l'indicatrice optique à la platine universelle. Une simulation des

facteurs de structure a montré que les variations de composition le long de la solution solide des

clino-pyroxenes augite-omphacite-jadéite affectent peu les rapports d'intensité des principales

réflexions. Comme les diagrammes de diffraction du diopside ont également pu être indexés grâce

à la même liste de réflexions, il est conclu que celle-ci est utilisable pour la plupart des

clinopyroxenes.

Les OPR des principaux minéraux d'éclogites déformées du complexe des Essarts (ouest de

la France) ont été examinées. Les microstructures ont suggéré que l'omphacite a été déformée

plastiquement (fluage dislocation). L'OPR de l'omphacite varie entre les types S et L et peut être

corrélée à la fabrique de forme aplatie et allongée, respectivement. Une étude locale à l'intérieur et

autour d'un grenat creux a montré que, dans la partie du grenat protégé de la déformation, l'OPF

de l'omphacite est définie par c[001] parallèle à la lineation et (110) parallèle au plan de foliation.

Cette OPF est interprétée comme due au fluage-dislocation avec activation du système de

glissement {110}c[001] et comme acquise lors d'une phase antérieure de déformation. Autour du

grenat, les fabriques de formes et de réseaux de l'omphacite sont alignées de sorte que l'axe c[001]

soit parallèle à l'élongation des grains (définissant la lineation), et tourne localement avec le flux.

Dans cette partie, la taille des grains d'omphacite est plus grande que dans la matrice. Ces

observations suggèrent que le fluage-diffusion associé à des processus anisotropiques de

cristallisation et dissolution est un important mécanisme de déformation de l'omphacite. La

géométrie des fabriques de forme et de réseaux est interprétée comme représentant le régime de

contrainte (directions et rapports des axes principaux de la contrainte). L'OPR du rutile copie

celle de l'omphacite et une distinction similaire entre fabrique de type S et L a été définie. Il est

probable que le rutile a été déformé par fluage-dislocation et fluage-diffusion. Le quartz se

présente essentiellement sous la forme d'une phase interstitielle et sa faible OPR est interprétée

comme aléatoire. Aucune obliquité significative n'a été observe entre foliation et lineation et les
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OPR de l'omphacite et du rutile qui puisse servir de critère de cisaillement. Cependant une

rotation de l'OPR du rutile par rapport à celle de l'omphacite opposée au sens de cisaillement

macroscopique a pu être observée dans la plupart des échantillons.

Des investigations similaires ont été entreprises sur les éclogites mylonitiques du complexe

méta-ophiolitique du Monviso (Alpes occidentales). Dans cette zone d'intense déformation,

l'omphacite recristallise de façon dynamique par rotation des sous-grains et migration des joints

jusqu'à diverses tailles de grains (10 à 1000 |lm). Les OPR de l'omphacite du rutile, de types LS et

S indiquent que le fluage-diffusion et la cristallisation-dissolution orientée sont actifs dans ces

mylonites éclogitiques et que ce procédé de développement des OPR n'est pas dépendant de la

taille des grains. L'OPR du grenat dans ces mylonites est aléatoire suggérant que le grenat se

comporte comme un corps rigide lors de la déformation. Localement cependant, le grenat peut

présenter des sous-grains, indiquant un processus de déformation plastique par fluage-dislocation.

Les microstructures et OPR d'agrégats de diopside déformés en échelons en compression

axiale ont également été étudiées. L'analyse de ces échantillons avant et après expérience visait à la

compréhension des relations entre les processus de déformation et l'évolution des

microstructures. Les clinopyroxenites naturelles (taille de grains 300 |lm) sont déformées

principalement par maclage et glissement des dislocations. L'OPR n'évolue pas de manière

significative lors de la déformation qui atteint 16 % de raccourcissement. Des agrégats de diopside

pressés à chaud et de diverses tailles de grains (5 à 30 |lm) ont également été comprimés. Les

échantillons à grains les plus gros sont déformés principalement par fluage-dislocation,

accommodé par recrystallisation par rotation progressives des sous-grains. Les échantillons à

grains les plus fins sont déformés essentiellement par fluage-diffusion accompagné par migration

des joints de grains. Les deux processus de déformation génèrent des grains recristallisés de taille

moyenne 8-10 |lm. Les échantillons pressés à chaud et déformés ont une OPR caractérisée par

c[001] perpendiculaire à l'axe de compression alors que b[010] et a*(100) sont parallèles à la

direction de compression. Cette texture, de type 'ring fiber' était en grande partie déjà présente

dans les échantillons non-déformées et est interprétée comme étant le résultat de la compaction

lors de l'emboutissage à froid des cristaux de diopside dont la forme est allongée parallèlement à

c[001].

La vitesse des ondes sismiques P a été mesurée sur des éclogites du Monviso dans les trois

principales directions structurales à température ambiante et pression de confinement jusqu'à 500

MPa. La vitesse des ondes P à 400 MPa varie de 7.7 à 7.9 km/s, et l'anisotropie atteint un

maximum de 6 %. La contribution à cette anisotropic de l'OPR de l'omphacite n'a été estimée

qu'à 1.3 %, suggérant que le litage et les orientations préférentielles des minéraux accessoires

contribuent de manière significative à l'anisotropie sismique. Si une telle anisotropic (de l'ordre

de 6%) persiste à plus grande échelle, la réflectivité sismique des zones de subduction pourrait

varier en fonction de la direction d'observation.
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Kurzfassung

Mikrostruktur und Textur von Gesteinen wurden mittels optischer und Raster¬

elektronenmikroskopie untersucht, insbesondere mit Eletronenrückstreubeugung (EBSD). Dazu

musste EBSD auf Omphazit erweitert werden, ein Mineral mit monokliner Symmetrie in der

Klinopyroxen-Mischreihe. Das Projekt zielte auf ein tieferes Verständnis der

Deformationsmechanismen und der Entwicklung von kristallographischen

Vorzugsorientierungen (LPO) der wesentlichen eklogitfaziellen Minerale (Omphazit, Granat,

Rutil und Quarz).

Es wird gezeigt, dass EBSD-Beugungsbilder von Omphazit mit automatischen Verfahren

eindeutig indiziert werden können. Die Missweisung zwischen der mittels EBSD gemessenen

b[010]-Achse und der optischen ß-Achse, die mit dem Universaldrehtisch bestimmt wurde, war

meist kleiner als 5°, was innerhalb des Fehlerbereichs einer Messung der optischen Indikatrix mit

dem U-Tisch allein liegt. Durch Strukturfaktor-Simulationen wurde gezeigt, dass Variationen in

der Zusammensetzung entlang der Klinopyroxen-Mischreihe Augit-Omphazit-Jadeit keinen

grossen Einfluss auf die Intensitätsverhältnisse der stärksten Reflexe haben. Da mit der gleichen

Reflextabelle auch EBSD Beugungsbilder von Diopsid verlässlich indiziert wurden, lassen sich mit

dieser Konfiguration die meisten Klinopyroxene bearbeiten.

Die LPO der Hauptminerale wurde in deformierten Eklogiten aus dem Les Essarts

Komplex (West-Frankreich) untersucht. Mikrostrukturelle Beobachtungen sprachen für

intrakristalline Deformation (Versetzungskriechen) von Omphazit. Die LPO von Omphazit

variiert zwischen S- und L-Typ und korrelliert mit oblaten beziehungsweise prolaten

Kornformgefügen. Eine lokale Untersuchung von Omphazit in und um einen Hohlgranat zeigte,

dass die Omphazit LPO im geschützten Bereich des Granat Maxima von c[001] parallel zur

Lineation und (110) parallel zur Foliationsebene besitzt. Sie wird als "easy glide" Orientierung

interpretiert, welche durch Versetzungskriechen auf dem Gleitsystem {110}[001] während einer

früheren Deformationsphase entstand. Um den Hohlgranat herum richten sich

kristallographisches und Kornformgefüge mit den c[001] Achsen parallel zu den Kornlängsachsen

aus, welche die Mineral-Lineation definieren, und lokal mit der Bewegungsrichtung rotieren. In

diesem Bereich hat Omphazit ein gröberes Korn als in der umgebenden Matrix. Die

Beobachtungen sprechen für orientiertes Kornwachstum als einen wesentlichen

Deformationsmechanismus in Omphazit. Die Geometrie des Kornform- und Kristallgefüges

sollten das Spannungsregime (Richtungen und Verhältnisse der Hauptspannungen)

wiederspiegeln. Die LPO von Rutil dupliziert die LPO von Omphazit, und eine analoge

Unterscheidung zwischen S- und L-Typ fand Verwendung. Die Deformationsmechanismen von

Rutil umfassen wahrscheinlich sowohl Versetzungskriechen als auch anisotropes Kornwachstum.

Quarz kommt meist als interstitielle Phase vor, die schwachen LPO Muster werden als regellose
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Streuungen interpretiert. Es wurde keine deutliche Schiefe der LPO von Omphazit oder Rutil

relativ zu Foliation und Lineation beobachtet, welche als Schersinnkriterium dienen könnte. In

den meisten Proben wurde jedoch eine Rotation der LPO von Rutil bezüglich der LPO von

Omphazit entgegen dem makroskopischen Schersinn gefunden.

Ahnliche Untersuchungen wurden an mylonitischen Eklogiten des Monviso Ophiolites

(Westalpen) durchgeführt. In dieser stark verformten Scherzone ist Omphazit durch

Subkornrotation und Korngrenzwanderung dynamisch rekristallisiert zu verschiedenen

Korngrössen (10 bis 1000 |lm). Die gemessenen LPO von Omphazit und Rutil vom LS- und S-

Typ zeigen, dass anisotropes Kornwachstum auch in mylonitischen Eklogiten stattfand, und dass

der texturbildende Prozess nicht von der Grössenskala abhängt. Granat hat im Mylonit eine

regellose LPO, was yeigt, dass sich Granat während der Deformation im wesentlichen wie feste

Einschlüsse verhielt, obwohl sie lokal auch Subkörner zeigen, welche auf intrakristaline

Deformation durch Versetzungskriechen hindeuten.

Die Mikrostrukturen und LPO von Diopsid-Aggregaten wurden analysiert, welche in

Experimenten unter axialer Kompression deformiert wurden. Die Analyse von Proben vor und

nach den Versuchen hatte zum Ziel, die Beziehung zwischen Deformationsprozessen und

entstehenden Mikrostrukturen zu verstehen. Natürliche Klinopyroxenite (Korngrösse 300 |lm)

verformten durch Verzwilligung und Versetzungskriechen. Ihre LPO wurde bis zur erreichten

Endverformung (16% Stauchung) nicht deutlich verändert. Gesinterte Diopsid-Aggregate hatten

verschiedene Ausgangskorngrössen zwischen 5 und 30 |lm. Die grobkörnigen Proben verformten

dominierend durch Versetzungskriechen begleitet von Subkornrotations-Rekristallisation,

während die Probe mit der feinsten Ausgangskorngrösse wesentlich durch Diffusionskriechen

deformierte, begleitet von Korngrenzmigration. Beide Prozesse führten zu einer mittleren

rekristallisierten Korngrösse um 8-10 |lm. Die verformten gesinterten Proben besitzen eine Textur

mit einem Gürtel der c[001] Achsen senkrecht und einem Punktmaximum der b[010] Achsen und

a*(100) Pole parallel zur Kompressionsrichtung. Diese sogenannte Ringfaser-Textur war im

wesentlichen schon im gesinterten Ausgangsmaterial vorhanden, und wird als Resultat der

Kompaktion beim Kaltpressen der Diopsid-Kristalle interpretiert, welche als Stäbchen parallel zu

c[001] vorlagen.

P-Wellen-Geschwindigkeiten wurden in den drei strukturellen Hauptachsen von Eklogit-

Myloniten vom Monviso bei Raumtemperatur und Umgebungsdruck bis 500 MPa gemessen. Die

P-Wellen-Geschwindigkeiten bei 400 MPa lagen zwischen 7.7 und 7.9 km/s mit einer maximalen

Anisotropie von 6%. Nicht mehr als 1.3% Anisotropy wurde aus der Omphazit LPO abgeschätzt,

was darauf hinweist, dass die seismische Anisotropie wesentlich von der lagigen

Zusammensetzung und vom Gefüge weiterer Mineralbestandteile verursacht wird. Falls eine

solche Anisotropie über grössere Dimensionen Bestand hat, dann wird die seismische Reflektivität

von Subduktionszonen mit der Beobachtungsrichtung variieren.
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Eclogites are high-pressure rocks formed during subduction or collision. They contain the

stable mineral pair omphacite (om) and garnet (gt) and form an important component of

geophysical and geochemical models that are concerned with convergent plate boundaries.

Defining the physical conditions of their formation (pressure, temperature, and fluid pressure) and

their deformation parameters (strain regime, strain rate, stress magnitude) offers the possibility of

constraining the evolution of an orogenic system.

While the petrology and petrogenesis of eclogites are relatively well known, their

deformation parameters are still poorly understood. Numerous questions remain about the

deformation regime (flattening to constriction), the contribution of shear components, the

deformation mechanisms and the stress magnitude sustained by eclogites. To constrain these

parameters, detailed microfabric studies of eclogite-forming minerals, mainly omphacite and garnet,

are needed. Omphacite has been studied by optical microscopy and transmission electron

microscopy (TEM), but the interpretation of the available data is not completely satisfactory.

Garnet is generally regarded as behaving as a rigid body during ductile deformation. Only recently,

the validity of this hypothesis has been questioned thanks to new TEM studies.

Therefore, microfabric studies were performed on omphacite and garnet in deformed

eclogites to progress in the knowledge of the deformation parameters active in subduction and

collision zones. The use of a new technique "Electron Back Scatter Diffraction" (EBSD) was

applied to provide extensive microfabric data on omphacite and garnet as well as on accessory

minerals such as rutile and quartz.

1.1. Electron backscatter diffraction

Electron Backscatter Diffraction (EBSD) is a Scanning Electron Microscopy (SEM)

technique to determine the complete lattice orientation of individual grains or subgrains with spatial

resolution of l|lm and with an absolute angular resolution of 1-2° (Venables and Harland, 1973,

Dingley et al, 1987). Combining EBSD with appropriate orientation contrast images of

backscattered and forward scattered electrons (Prior et al, 1996; Day et al, 1999; Trimby and Prior,

1999), crystal orientations can be localized within the microstructure.

EBSD patterns are generated by multiple scattering of the incident electrons within the

crystal structure of a bulk specimen and are the backscattered equivalent of the Kikuchi patterns

observed in the TEM (Kikuchi, 1928). The patterns consist of a series of bands, each of which

corresponds to a specific lattice plane (hkl). The width of the bands is related to the Bragg angle
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that is approximately inversely proportional to the lattice plane spacing. Together with the angles

between the bands, their width can be used to index the diffraction pattern and to determine the

crystallographic orientation for a known crystal lattice. Automated acquisition and analysis of

EBSD patterns allows rapid measurements of a large number of points on a specimen (about 1 to 5

seconds per pattern). Additionally, completely automated operation provides maps of crystal lattice

orientations that represent an extension of the Achsenverteilungsanalyse (AVA) introduced by Sander

(1950) and that aims to couple lattice orientation and microstructure.

Fabrics of omphacite have so far been measured by optical microscopy in polarised light

using the universal-stage, which is time-consuming and therefore often limited by poor counting

statistics (the number of grains usually studied is less than 150). Precise measurements are further

restricted to coarse grains (above 100 |lm) and require visible cleavage planes. Fabrics of garnet are

not accessible to optical methods due to the cubic crystal symmetry.

Conventional X-ray texture goniometry is not feasible because of too many overlapping

diffraction peaks of the different mineral phases and neutron diffraction facilities are rare.

Moreover goniometers do not yield any information about the spatial correlations between grains

of different orientations and phases. Therefore, EBSD was employed to obtain more information

about the microstructures of omphacite in eclogites.

EBSD is in principle applicable to polycrystalline solids of any crystal symmetry including

optically isotropic, uniaxial and biaxial minerals. In addition to cubic and hexagonal metals or

compounds including garnet (Dingley et al, 1995), diffraction patterns are documented and indexed

for some minerals such as quartz (Kunze et al, 1994a), carbonates (Kunze et al, 1994b; Leiss and

Barber, 1999), oxides and sulfides (Boyle et al, 1998). However, indexation of low symmetry rock

forming minerals had not been reported when this study started. The main reason for this is that

natural variance in composition of many rock-forming silicates leads to variations in lattice

constants and scattering amplitudes, and therefore varying diffraction patterns. This poses obstacles

to the indexation of the diffraction patterns for low crystal symmetries, which were most recently

solved for plagioclase (Prior and Wheeler, 1999), omphacite (Brenker, 1998; Mauler et al, 1998) and

olivine (Fliervoet et al, 1999) (see Chapter 3 for omphacite).

1.2. Lattice preferred orientations of clinopyroxenes (cpx)

1.2.1. Clinopyroxenes

Clinopyroxenes form one of the most important group of rock-forming ferro-magnesian

silicates. They occur as stable phases in almost every type of igneous rocks, and in rocks of very
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different compositions formed under conditions of regional metamorphism. They have a very wide

range of chemical composition and can be considered as a first approximation to be members of

the four-component system CaMgSi206-CaFeSi206-Mg2Si206-Fe2Si20e (Fig. 1.1). The monoclinic

series of MgSiOi-FeSiOs (clinoenstatite-clinoferrosilite) pyroxenes is rare in terrestrial rocks. On

the other hand, the frequent sodium (jadeite and acmite) and calcium pyroxenes (diopside,

hedenbergite and augite) show extensive solid-solution leading to omphacitic compositions

(calcium-sodium pyroxene). Therefore the nomenclature of clinopyroxenes is generally defined in

the wide system jadeite, acmite, diopside-hedenbergite and Tschermack's molecule (Fig. 1.2 and

Chapter 3).
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Fig. 1.1: Nomenclature of clinopyroxenes in the system CaMgSijO^CaFeS^C^-MgjSijCVFejSijO,; (after
Poldervaart and Hess, 1951).

Jd

(NaAlSijOj)
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fassaite
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Fig. 1.2: Nomenclature of clinopyroxenes in the system jadeite 0d=NaAlSi2O6), acmite (Ac=NaFe3+Si206),
diopside (Di = CaMgSi206), hedenbergite (Hd = CaFe2+Si206), Ca-Tschermak's (CaTs = CaAl2Si06) and Ca-

Eskola's (CaEs=Ca0sAlSi206) molecules (after Rossi, 1988).

The fabrics presented in the following sections have been observed in most of the

clinopyroxenes of the above-described system (omphacite, diopside, jadeite, hedenbergite, augite).
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Therefore, the term clinopyroxene specifically refers to clinopyroxenes belonging to the system

jadeite, acmite, diopside-hedenbergite and Tschermack's molecule.

1.2.2. Fabrics of clinopyroxene in eclogites

The different types of fabric observed in naturally deformed omphacite and clinopyroxenes

(cpx) are presented in Fig. 1.3. The foliation plane S is considered as the plane normal to the

shortest axis Z of the grain shape ellipsoid (XY-plane) and the lineation L as the longest axis X of

the shape ellipsoid. The classification used is that proposed by Godard and Van Roermund (1995)

where fabrics are classified by the dominant crystallographic plane parallel to S:

Fig. 1.3: Schematic pole figure representation of the three fabric types of omphacite in eclogites following
the classification of Godard and Van Roermund (1995). The (010) fabric type varies between the S-type and

L-type end members (nomenclature of Helmstaedt et al, 1972). Foliation S and lineation L are horizontal.

1) (010) fabrics, where (010) is parallel to S and c[001] is close to the lineation L. This

type of fabric varies between two end-member: the L-type fabric where c[001] is close to lineation

and (010) tends to be spread out in a great circle normal to the lineation and the S-type fabric where

(010) is parallel to the foliation plane while c[001] is dispersed on a girdle within the foliation plane.

This distinction between L and S types was introduced by Helmstaedt et al (1972) because of the

mesoscopic characteristics of the studied samples: The L-type samples, presumably deformed in a

constriction regime, generally showed a pronounced lineation, whereas the S-type samples exhibited

a well-defined foliation, presumably due to flattening strain.

The (010) fabrics are the most common in eclogites (Binns, 1967; Kumazawa et al, 1971; Carter et

al, 1972; Engels, 1972; Helmstaedt et al, 1972; Godard, 1981; Van Roermund, 1983; Kuijper et al,

1985; Godard, 1988; Van Roermund, 1992; Boundy and Fountain, 1992; Abalos, 1997; Brenker,

1998). They also occur in pyroxenic layers within peridotites (Baker and Carter, 1972; Carter et al,

1972; Boudier, 1978; Barruol and Mainprice, 1993), cpx-bearing peridotites (Ave Lallement, 1967),

cpx-bearing granulites (Engels, 1972) and sheared gabbros (Barruol and Mainprice, 1993).

2) (100) fabrics, where (100) is parallel to S and c[001] is close to L. This type of

fabric is less common and is reported for some annealed low-temperature eclogites (Philippot and

Van Roermund, 1992), pyroxenites and cpx-gt amphibolites (Ji et al, 1993)
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3) (010)+(100) fabrics, where there are two maxima of (010) and (100). One

maximum of (010) and (100) is parallel to S and c[001] is close to L. This type of fabric is rare and

seems to occur preferentially in eclogites with relatively small grain sizes (<300|lm, Kappel, 1967;

Klapova et al, 1998), although it has been obtained in eclogites with omphacite grains up to 1 mm

large (Abalos, 1997). It has also been reported for some cpx-bearing amphibolite (Inoue, 1961) and

acmite-augite-bearing schists (Kojima and Hide, 1957).

1.2.3. Orientation components, ring or fiber textures?

The classification of S- and L-type omphacite fabrics (Helmstaedt et al, 1972) is widely

used. However it suffers from the fact that it takes into account the position of only two

crystallographic axes, the b[010] and c[001] axes, while the third dimension, represented by a[100]

Fig. 1.4: Representation of the subgroups in the S- and L-fabric types if the preferred orientation of a*(100)
is taken into account. Both the S- and L-fabrics can be divided into a ring and a fiber texture, although in

nature, the fiber-types have been rarely observed.

or a*(100), is neglected and in many studies not even presented (Binns, 1967; Kumazawa et al,

1971; Helmsteadt et al, 1972; Godard, 1981, 1988; Boundy and Fountain, 1992). If the preferred

orientation of a*(100) is taken into account each of the L- and S-type fabrics, can be split in two

subgroups to form fiber or ring textures (Fig. 1.4) as described earlier by Wassermann and Grewen

(1962). The S- (resp. L-) fiber texture is produced when b[010] is parallel to Z and the fabric is

rotationally symmetric around this direction (resp. c[001] is parallel to X and the fabric is

rotationally symmetric around this direction). On the other hand, the S-ring texture is produced

when c[001] is perpendicular to Z and the fabric rotationally symmetric around Z, while the L-ring



Chapter 1 6 Introduction

texture is produced when b[010] is perpendicular to X and the fabric rotationally symmetric around

X.

In naturally deformed cpx-rich rocks, the S- and L- fabrics are fiber type textures. In the S-

fiber type, (010) is parallel to, while c[001] and a*(100) are dispersed in the foliation plane. In the L-

fiber type, c[001] is close to the lineation L and (010) and (100) spread out in a great circle normal

to L (Fig. 1.4). Intermediate fabrics between L- and S-types are triaxial and present a single

orientation component.

1.2.4. Fabrics in experimentally deformed clinopyroxenites

Very few data are available on fabrics of experimentally deformed clinopyroxenites. There

are two reasons for this: one is that only few experiments were conducted on polycrystalline

aggregates of clinopyroxene (Raleigh and Talbot, 1967; Carter et al, 1972; Kirby and Christie, 1977;

Ave Lallemant, 1978; Kirby and Kronenberg, 1984; Boland and Tullis, 1986, Bystricky, 1998). The

other lies in the fact that fabrics had to be measured with the universal stage. Carter et al. (1972)

measured the LPO of a sample of synthetic polycrystalline diopside deformed in axial compression

in a solid medium apparatus at a temperature of 1000°C, a confining pressure of 15kb and a strain

rate of 7.8'i"107s1. Results show that b[010] axes align parallel to the compression direction Gl (Fig.

1.5) .
The a[100] and c[001] axes form asymmetric girdles with maxima in the plane normal to

compression. This fabric compares well with an S-type fabric with the foliation normal to

compression. In an abstract, Etheridge and Kirby (1977) reported having deformed natural

clinopyroxenite to 40% strain in axial compression without producing any noticeable LPO.

Fig. 1.5: Fabric of clinopyroxene obtained from uniaxial compression experiments by Carter et al. (1972),

equal-area projection on lower hemisphere. Compression direction is shown.

1.3. Slip systems and deformation mechanisms in clinopyroxene

Omphacite has monoclinic crystal symmetry (point group 2/m). The important

crystallographic planes and directions are marked in Fig. 1.6. Numerous TEM studies have been

performed on naturally and experimentally deformed clinopyroxene to identify slip systems, as the

propagation of dislocations by glide and climb is a main mechanism of intracrystalline deformation.
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Because omphacite is not stable under laboratory conditions, diopside, a clinopyroxene chemically

distinguished from omphacite by replacement of Na by Ca and Al by Mg (Fig. 1.2), has generally

been used as an analogue for experiments (Ave Lallement, 1978; Kollé and Blacic, 1982; Ratteron

and Jaoul, 1991; Ingrin et al, 1991, 1992; Jaoul and Ratteron, 1994; Ratteron et al, 1994).

Hedenbergite, in which Fe completely replaces Mg from diopside (Fig. 1.2) has also been used in

some tests (Kollé and Blacic, 1982; 1983).

(100)

Omphacite

a = 0 958 nm

b = 0 878 nm

c = 0 526 nm

ß = 106 85

(010)

(100)

Fig. 1.6: Stereogram projection showing the principal glide planes and directions in omphacite (modified
after Van Roermund and Boland, 1981).

Experiments were performed either on single crystals (Ave Lallement, 1978; Kollé and

Blacic, 1982, 1983; Ratteron and Jaoul, 1991; Ingrin et al, 1991, 1992; Jaoul and Ratteron, 1994;

Ratteron et al, 1994) or on polycrystalline clinopyroxenites, generally composed of pure diopside

(Raleigh and Talbot, 1967; Carter et al, 1972; Kirby and Christie, 1977; Kirby and Kronenberg,

1984; Boland and Tullis, 1986). Under high confining pressure, two deformation regimes were

identified:

1) A low temperature/high strain rate regime (T < 500°C) in which plastic

deformation is accommodated by twinning on (001) and (100), accompanied by [001] (100) slip

(Ave Lallement, 1978; Kollé and Blacic, 1982, 1983; Kirby and Kronenberg, 1984; Boland and

Tullis, 1986). This regime is rare in naturally deformed pyroxenes such as omphacite from eclogites,

and the finite strain due to twinning is generally negligible.

2) A high temperature/low strain rate regime (T > 500°C) in which plastic strain is

accommodated by dislocation creep on multiple slip systems including V2<110>{ 110}, [001](100),

[001]{110} and [100](010) (Boland and Tullis, 1986; Ingrin et al, 1992; Jaoul and Ratteron, 1994).

According to Ratteron and Jaoul (1991) and Ratteron et al. (1994), [001](100) is the easiest slip

system at intermediate temperatures (800°C < T < 1000°C), while V2<110>{ 110} dominates at

high temperature (T > 1000°C). In natural eclogites, well-defined subgrains within omphacite grains

can evolve to independent grains through progressive grain rotations on the active slip systems
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(Van Roermund, 1984; Péquignot et al, 1984; Bouchardon, 1989; Buatier et al, 1991; Philippot and

Van Roermund, 1992), showing that dislocation creep is accommodated by subgrain rotation

recrystallisation However, this phenomenon has been observed only in low temperature eclogites

(T < 600 °C).

Only one experimental study has been performed in the diffusion creep of clinopyroxenes

(Bystricky, 1998), mainly because this field can be reached under laboratory conditions only for very

fine grain sizes (around 5|lm) and slow strain rates (2-10^108 s1). The microstructural

investigations of these samples were a part of this work and are presented in Chapter 7.

1.4. LPO development, deformation conditions and deformation mechanisms

1.4.1. Types of LPOs and deformation conditions

There are two principal hypotheses that have been proposed to explain the change in fabrics

from S-type to L-type (Fig. 1.7). According to Helmsteadt et al. (1972), and Godard and Van

S

(Gal)

S(L)
(G10)

L(S)
(Seve 78)

L

(C22)

a)

Godard and Van Roermund (1995)

[001] [010]

T=730-780°C

T=670-710°C

L T=590-640°C

T=650-750°C

L1/L2

L1/L2

b)

Brenker (1998.1999)

9<

c)

Fig. 1.7: Interpretation of the variation of fabric type according to Godard and Van Roermund, (1995) and

Brenker (1998, 1999).

a) Schematic fabrics of the 4 studied samples by Godard and Van Roermund and peak temperature of

metamorphism sustained by these eclogite samples. The fabric varies from a S- to a L-type.

b) Interpretation proposed by Godard and Van Roermund. The LPO type is correlated with the shape
fabric and is indicative of the type of strain. The shape fabrics are represented in a Flinn diagram. LI: mean

crystal length in the direction parallel to L; L2: mean crystal length in the direction parallel to S and

perpendicular to L; L3: mean crystal length in the direction normal to S.

c) Interpretation proposed by Brenker. The change from S-type to L-type is caused by a decrease in

temperature (unsealed). Applied to the data of Godard and van Roermund this hypothesis is not fulfilled

and no one-to-one correlation between fabric type and temperature is visible.
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Roermund (1995), the L-type and S-type fabrics correlate with the shape fabric (lineated versus

foliated) and is indicative for the type of strain kinematics (constriction versus flattening,

respectively). According to Brenker (1998), the change from S-type to L-type fabric is related to a

decrease in temperature. The transition from S-type to L-type occurs at 750°C, correlating with the

critical temperature of space group transformation (P2/n to C2/c) in omphacite with Xjd = 0.5.

This transformation produces a split of the V2<110> Burgers vector into two partial dislocations at

low temperature. In L-type eclogites these partial dislocations were observed using TEM, whereas

they were absent in S-type samples. Moreover, any further movement of a partial dislocation forms

a stacking fault behind it. This should increase the total energy necessary for dislocation movement

and the overall strength of the material. However, this temperature dependence can hardly be

followed based on the 4 samples studied by Godard and Van Roermund (1995), (Fig. 1.7).

1.4.2. Dependence of LPOs from deformation mechanisms

From the previous sections, it appears that data exist on both clinopyroxene LPOs and their

deformation mechanisms. However, attempts to model the development of these fabrics by

dislocation creep on the above cited slip systems using the classical models concerned with LPO

development (single-slip (Etchecopar, 1977) and multiple-slip (Taylor, 1938, Lister et al, 1978)

models) have been unsuccessful (Helmstaedt et al, 1972, Godard, 1988; Godard and Van

Roermund, 1995). The fabrics cannot be satisfactorily explained by the operation only of

dislocation creep on these slip systems.

The Etchecopar model (1977) suggesting that only the easiest activated slip system is

operative has generally been applied to pyroxene bearing rocks (Nicolas and Poirier, 1976; Mercier,

1985; Mainprice and Nicolas, 1989). Prediction of the fabrics using this model showed that, during

simple shear deformation, large strains produce a rotation of the slip plane into parallelism with S,

while the slip direction rotates towards L to produce an "easy slip" orientation (Fig. 1.8). (100) and

(010) fabrics should consequently be formed by slip on the dominant [001](100) and [001](010) slip

system, respectively. However, [001](010) has not been identified as a dominant slip system in

Fig. 1.8: Schematic pole diagrams of hypothetical fabrics, which would develop as "easy slip" orientations

in omphacite assuming exclusive activation of one of the slip system as indicated.! 110} and <110> are

represented by the same symbol and an orthorhombic sample symmetry is considered.



Chapter 1 10 Introduction

clinopyroxenes. Therefore this model cannot explain the (010) fabric, the most common one in

eclogites.

The Taylor theory (1938), based on the Von Mises Criterion (Von Mises, 1928) and

assuming homogeneous deformation of all grains and simultaneous operation of at least five

independent slip systems has also been proposed (Van Roermund, 1984, 1992; Buatier et al, 1991;

Brenker, 1998). The fabric is in that case due to dislocation creep on the multiple systems

V2<110>{ Ï 10}, [001](100) and [001]{110}. However, the application of this model poses several

problems:

1) The Taylor model assumes homogeneous deformation, a condition which is not

fulfilled if garnet is rigid,

2) Based on the operation of only 3 slip systems in the case of clinopyroxene, the

Von Mises criterion is not fulfilled,

3) It does not entirely explain the omphacite fabrics. (110) and (110) are equivalent

slip planes as well as almost orthogonal cleavage planes. Therefore, according to Godard and Van

Roermund (1995), simultaneous operation of the V2< 110>{ 110} and [001]{ 110} slip systems

should produce a rotation of the crystal into an equilibrium where the resolved shear stresses on

both planes are equal. Because b[010] and a*(100) are almost equivalent bisectors of {110} and

{110}, the resulting fabric should have two maxima, one of b[010] and one of a*( 100), normal to S.

If one also takes into account the third slip system, [001](100), the maximum of a*(100) normal to

S should be even more pronounced (Godard and Van Roermund, 1995). This fabric could be

equated to the (010) + (100) fabric, which has been observed in a few fine-grained rocks.

Another explanation was proposed by Helmsteadt et al. (1972), who suggested that

crystallization and growth under non-hydrostatic stress might be responsible for the LPO. In that

case, the L-type is compatible with recrystallisation under conditions of constriction, whereas the S-

type may indicate recrystallisation during flattening. This hypothesis was later supported by

frequent observation of crystal growth during deformation (Champness et al, 1974, Godard, 1988;

Buatier et al, 1991; Philippot and Van Roermund, 1992; Godard and Van Roermund, 1995).

Consequently, these authors proposed that the (010) fabric is produced by dislocation creep

accommodated either by strain induced grain boundary migration (GBM), diffusive mass transfer

or grain growth.

Grain boundary migration

During grain boundary migration, the difference in defect density between adjacent crystals

is the only important driving force (Urai et al, 1986; Godard and Van Roermund, 1995) and strain-

free clinopyroxene neoblasts grow at the expense of strained paleoblasts and are in turn strained by

dislocation creep. GMB may modify LPOs produced from dislocation creep through selective
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growth of some grains with specific orientations and elimination of others because the strain-

induced GBM rate may vary with the relative orientations of the grains involved (Poirier and

Guillopé, 1979).

Diffusive mass transfer

During diffusive mass transfer processes, deformation takes place by transfer of material

from areas of high stress to areas of low stress. Consequently, grains change shape (tend to shorten

parallel to the maximum compressive stress and to lengthen parallel to the minimum compressive

stress). The LPO may also be modified during these processes as diffusive mass transfer favors

anisotropic growth and dissolution rates. The face growth and dissolution rates are proportional to

the face attachment energies Eatt, which in clinopyroxenes increases with the following order:

(010)<(100)«(001) (Van Panhuys-Sigler and Hartman, 1981). Therefore, crystals with [001]

parallel to the tensional direction (parallel to lineation) should grow fastest, whereas crystals with

[010] parallel to the compressional direction (normal to foliation) should dissolve slowest. This

would favor crystal orientations compatible with the (010) omphacite LPO.

Grain growth and static recrystallization (Urai et al, 1986)

Static recrystallization produces growth to impingement of essentially strain-free grains in a

deformed matrix. The dominant driving force for this mechanism is lattice defect energy. Grain

boundary energy (which is essentially a surface energy) becomes the dominant driving force for

grain growth, during which the average grain size generally slowly increases. If normal grain growth

is impeded and a few grains with specific orientations grow much larger than the others, the LPO

of the rock may be modified.

The use of EBSD should provide numerous omphacite fabric data. Most of the previously

cited hypothesis, such as the correlation between crystallographic fabric and temperature or

crystallographic fabric and shape fabric, are based on analysis of very few samples and need to be

confirmed by more analysis. Some more insight into the problem of the LPO development in

omphacite could be provided by EBSD and orientation imaging microscopy through the analysis of

grain boundary characteristics.

1.5. Deformation regime of clinopyroxene in eclogites

The external asymmetry of LPOs with respect to rock foliation and lineation are often used

to determine a shear sense in plastically deformed rocks (Bouchez et al, 1983; Schmid, 1982;

Mainprice and Nicolas, 1989; Schmid and Casey, 1989). In eclogites no such asymmetry has been
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recorded in the LPO patterns of omphacite until recently. The LPOs are generally regarded as

representative of the deformation regimes supposed to occur in eclogites, i.e. coaxial constriction

and flattening (Fig. 1.7). The symmetric fabric could therefore be indicative of partitioning of

deformation between the eclogites and the neighboring rocks where omphacite LPOs reflect

coaxial deformation, while the deformation in the surrounding rocks is predominantly non-coaxial

(Abalos et al, 1996).

Fig. 1.9: Stereographic projection of flow directions (circles) and flow planes (great circles) in the samples
studied by Abalos (1997). Foliation and lineation are horizontal. The obliquity of the great circles (lines)
with respect to the structural reference framework allows inference of the shear sense associated with

omphacite LPO development (from Abalos, 1997).

Abalos (1997) reported a small obliquity in omphacite fabrics from the Cabo Ortegal

eclogites. The asymmetry can be described through a 6-8° rotation about the Y-axis of the

structural reference with the inferred sense of shear (Fig. 1.9). The LPO measurements were

performed using the universal-stage, for which errors can reach up to 5-7° for biaxial minerals.

More errors are introduced during determination of the structural elements (foliation, lineation) in

annealed and weakly deformed eclogites, where the foliation often wraps around garnet crystals.

Therefore, doubts remain about the reliability of these results.

If the observation of Abalos could be verified, it would have important consequences for

eclogites that generally lack shear sense criteria, except in shear zones, where S-C structures and

mantled porphyroclasts can be used. Shear sense was therefore often only possible to infer from

independent criteria in the neighboring rocks (granulites and gneiss).

The use of EBSD could possibly reduce the errors in the fabric measurements of omphacite

from 5-7° to 2°, confirming or invalidating the obliquity reported by Abalos (1997). Fabric

measurements of quartz, garnet and rutile by EBSD could also provide additional shear sense

indicators.
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1.6. Deformation mechanisms of garnet

Compared to other rock forming minerals, few studies about the plastic behavior of garnets

have been performed, mainly because they are cubic (bcc) and hence optically isotropic, preventing

the use of optical microscopy in the determination of deformation microstructures.

In high-pressure rocks, garnet has for a long time been regarded as acting as a rigid body

during deformation while all the plastic strain is supported by the coexisting minerals (Godard,

1988, Godard and Van Roermund, 1995; Abalos, 1997). One reason is probably the fact that garnet

usually remains equiaxial in shape whereas coexisting minerals (olivine and pyroxene) show marked

elongation (Boullier and Nicolas, 1975, Azor et al, 1997). This assumption started to be questioned

as Ji and Martignole (1994) reported garnets flattened by about 50% on average in garnet rich

quartzo-felspathic gneisses and suggested, on the basis of TEM observation, that flattening was

almost entirely due to dislocation creep at temperatures higher than 900 °C. Their conclusion was

questioned by Den Brok and Kruhl (1996) who argued that the shape of the garnets could be better

explained by grain boundary diffusion creep, because neither recrystallisation nor LPO could be

observed. However, Ji and Martignole (1996) replied that LPO development also depends on

crystal nature, deformation conditions (temperature and strain rate) and volume fraction of the

garnet in the polyphase aggregate. Therefore, owing to its numerous slip systems, garnet during slip

should change its shape but its lattice should not be subjected to significant rotation with respect to

the instantaneous stretching axes of the bulk flow (Ji and Martignole, 1996).

Only recently, examples of subgrains and LPOs were reported from studies using electron

diffraction techniques, (Brenker, 1998; Weber et al, 1997; Kleinschrodt and McGrew, in press)

supporting crystal plastic behavior of garnets. The most reliable LPO is probably the one reported

by Kleinschrodt and McGrew (1999; in press) in almandine-rich garnets from a Sri Lankan

quartzites deformed under high-grade conditions (750-8502, 0.8-0.9 GPa). In the reported pole

figures, one of the six maxima described by < 111 > lies close to the stretching lineation, and one of

the {110} maxima is normal to foliation. According to the authors, these positions indicate

deformation by dislocation glide with predominant activity of the V2<111>{110} slip system.

TEM studies were also performed on naturally deformed garnets from high pressure rocks

(Ando et al, 1993; Doukhan et al, 1994; Brenker, 1998; Voegelé et al, 1998b) as well as on garnets

deformed in a multi-anvil apparatus (Karato et al, 1995; Cordier et al, 1996; Voegelé et al, 1998a),

and clearly identified the dislocation microstructures of garnet. Results indicate that, under high

confining pressure, two strain regimes can be identified:

1) Below a critical temperature Tt of 1000°C in the experiments, deformation is

accommodated by microplasticity and microcracking that suggest brittle behavior. In nature, an

equivalent Tc has been estimated at 600 °C. This regime has been observed in almandine and

pyrope-rich garnets from the LT eclogites of the Alps (Voegelé et al, 1998b).
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2) At temperatures higher than Tc, dislocation creep and recovery accommodate

plastic strain. The observed glide systems are V2<111>{110}, V2<111>{11 2 }, V2<111>{123 },

<100>{010} and <100>{011} as typical for bcc structures. In this regime, the recovery

mechanism is dislocation climb assisted by atomic diffusion (Voegelé et al, 1998a, 1998b).

According to Ando et al. (1993), the dominant Burgers vector changes from <100> to 1/2 <111>

with increasing applied differential stress. This regime has been reported in almandine and pyrope-

rich garnets originating from peridotites, medium to high temperature eclogites, garnet-pyroxenites,

garnet-amphibolites, quartzites and metapelites (Ando et al, 1993; Brenker, 1998; Voegelé et al,

1998b, Kleinschrodt and McGrew, 1999).

1.7. Quartz and rutile in eclogites

In many eclogites, quartz and rutile are present in minor proportions (up to a few volume

percent). For this reason, these minerals and their role in eclogites have received little attention,

although they are potential shear sense indicators and paleopiezometer. Quartz fabrics in eclogites

have been measured only once (Binns, 1967). The obtained c-axes showed no preferred orientation.

In the same study, qualitative observations led Binns to conclude that the rutile c-axes were

preferentially oriented parallel to the lineation. A later study (Godard, 1981) reported a preferred

orientation of rutile with the c-axes lying in the foliation plane.

Asymmetric patterns of c- and a-axes of quartz are frequently used to deduce the sense of

shear produced during non-coaxial deformation in gneisses or quartzites (Schmid, 1982; Mainprice

et al, 1986; Schmid and Casey, 1986, Flirvoert et al, 1997). Similar analyses on quartz and rutile

fabrics in eclogites could possibly provide shear sense indicators.

Rutile often presents evidence of mechanical twinning, similarly to calcite or feldspars, with

most common twinning on {101} and {301}. There is therefore a potential for the twin density of

rutile to infer paleostresses in eclogites.

1.8. Aim of the project

The thesis project aimed at exploring the potential for EBSD patterns of omphacite to be

indexed and to apply EBSD to the main eclogite faciès minerals (omphacite, garnet, quartz and

rutile) in order to decipher their deformation mechanisms.

Two sample series of naturally deformed eclogites are used in this study. One comes from

the Armorican eclogite from Les Essarts complex (Vendée, Western France, Godard, 1981; 1988).
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The other sample series is a mylonitic eclogite originating from the Lago Superiore shear zone, that

is part of the Monviso ophiolites (Western Alps, Nisio, 1985; Philippot, 1988; Philippot and Van

Roermund, 1992).

1.8.1. Armorican eclogites

The Armorican eclogites are representative of low strained eclogites: The omphacite grains

do not show numerous deformation features, they are large, have straight grain boundaries and do

not present signs that dynamic recrystallisation occurred. On the other hand, the omphacite LPO is

strong.

The quarry of La Gerbaudière offers a unique opportunity to sample a profile across an

entire eclogite lens including the surrounding host gneisses. The fabric variations can be studied at

small scale within the lens with a statistically representative population. The main aim is to follow

the fabric evolution from one border of the lens to the other. If, as suggested by Godard and Van

Roermund (1995), the LPO of omphacite depends on the deformation regime, fabric variations

should be observed and possibly could help deciphering the emplacement processes of the eclogite

lens within the gneisses. On the other hand, if as suggested by Brenker (1998) and Brenker et al.

(1999) the omphacite fabrics are controlled by a crystallographic phase transformation, no fabric

changes are expected because the temperature at the time of deformation should be regarded as

uniform at the scale of the quarry (cross section 300 meters).

The fabric of accessory minerals such as rutile and quartz is also investigated in order to

analyse the complete fabric of these rocks. During deformation, they might produce LPO and their

development can then be related to the LPO development of omphacite and help understanding

the deformation mechanisms of the eclogitic rock.

Moreover, such a detailed study will provide numerous and representative fabric data for one

single lens where the macroscopic sense of shear is known. This data can then be used to evaluate

the hypothesis of Abalos (1997) concerning the obliquity between the omphacite LPO and the

structural framework and the use of this obliquity as a shear sense indicator.

1.8.2. Monviso eclogites

In the Monviso massif, eclogites occur mainly as mylonites. Microstructures of these highly

strained eclogites are therefore different from the ones in Vendée. The main difference lies in the

grain size, which is much smaller in the eclogites from the Monviso than in the ones from Vendée.

This fine-grained omphacite might be the result of a different deformation mechanism than the one

deduced for the coarse-grained and weakly deformed eclogites from Vendée. Although

metamorphic conditions are different, comparison between the omphacite fabrics from Vendée and
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from the Monviso, should allow the characterization of the effect of strain on the LPO and

microstructures.

These mylonitic eclogites alternate nearly monomineralic layers of omphacite and garnet. An

"Achsen Verteilung Analyse" (AVA) study is performed on omphacite, and the orientation and

shape of grains is related to their crystallographic orientation, to understand the mechanisms of

recrystallisation active during deformation.

LPO and internal structures of garnet are investigated in these samples. As garnet occurs

nearly as monomineralic layers, it should be deformed and cannot only have behaved as a rigid

body.

1.8.3. Seismic properties of eclogites

LPO are commonly interpreted as a result of plastic deformation occurring at high pressures

and temperatures in the Earth. As rock-forming minerals have anisotropic single crystal properties,

a strong LPO will also give rise to anisotropic properties of a polycrystalline rock such as its elastic

constants. This anisotropy depends both on the anisotropy of the single crystal property and on the

texture of the polycrystal. Further sources of anisotropy are grain boundaries associated with a

strong shape preferred orientation or layering.

Seismic properties of clinopyroxene single crystals calculated from their elastic stiffness

coefficients show extreme anisotropy in term of seismic velocities (A ~ 25%). However, despite of

the large volume fraction of clinopyroxenes in eclogites and of their strong LPO, the anisotropy of

seismic velocity in eclogites are generally only weak (A ~ 5%).

Part of this work consists in calculating the velocity and anisotropy of the seismic

propagation waves in mylonitic eclogites from the Monviso to test the effect of finite strain on

seismic anisotropics. The data are used to investigate the velocity jump at the boundary between

eclogites and peridotites. The reflection coefficient (Re) is calculated for various directions of

observation to see under which conditions peridotites and eclogites can be distinguished by seismic

reflection.

1.8.4. Experimentally deformed clinopyroxene aggregates

Different approaches help to interpret the microstructural evolution of deformed rocks. The

first is the direct observation of naturally deformed rocks and the second is based on experimental

rock deformation. In this case, the deformation conditions are well defined and there are no

uncertainties about the geometry of deformation. Moreover, the samples can be observed before

and after the event. Field geologists often raised doubts about the applicability of experimental

results to the study of naturally deformed rocks. Their major concern is about the complexity of the
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natural processes compared to controlled conditions under which experimental work is conducted

and about the differences in strain rates operating in nature and those imposed in the laboratory.

The study of microstructures and fabric in both naturally and experimentally deformed rocks is a

powerful tool that enables the extrapolation from the experimental observations to the processes in

nature.

This is why microstructures and LPO are investigated on diopside aggregates deformed in

compression and torsion. Diopside is generally used in experiments as an analogue to omphacite

because the latter is not stable under laboratory conditions. The samples deformed in compression

were available from a previous study (Bystricky, 1998). M. Bystricky performed the torsion

experiment during his post-doctoral studies at ETH Zurich. The study of these samples was

undertaken with two aims:

1.- Extend the reference file for omphacite to the furthest end-member (see Chapter3),

2.- Study the texture of diopside aggregates deformed at various conditions in compression

and use the results for comparison with textures from naturally deformed omphacites in eclogites.

1.9. Organization of the thesis

EBSD is presented in Chapter 2 and the application of this technique to omphacite is treated

in Chapter 3. This chapter is completed and modified after the paper Mauler et al, 1998, published

in Material Science Forum.

The fabrics obtained on omphacite, rutile and quartz are used to investigate the deformation

mechanisms of eclogites from Vendée in Chapter 4. This chapter is submitted for publication in the

Special Volume of Tectonophysics on the formation and exhumation of high-pressure rocks.

In Chapter 5, the results of investigations on mylonites from the Monviso are given, but a

publication would require some more detailed microstructural and petrographical work.

Seismic P-wave velocity measurements on eclogitic mylonites from the Monviso are

presented in Chapter 6 and the role of the LPO of omphacite and quartz in the difference between

measured and calculated P-wave anisotropy is discussed. The chapter is published in Physics and

Chemistry of the Earth.

LPO measurements of experimentally deformed clinopyroxene aggregates are presented in

Chapter 7 as published in the Special Volume ofJournal of Structural Geology to the Conference

"Textures and physical properties of rocks" held in Göttingen in September 1999.

Finally, Chapter 8 provides a brief summary and the main conclusions of this work.
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Chapter 2: The Electron Backscatter Diffraction Technique:

Electron backscatter diffraction (EBSD) has revealed to be the most important technique

for this study. Because it is new and its use is not so common in geology, this chapter introduces

the technique to the reader. General features and principles of EBSD and imaging techniques in

the SEM are presented in sections 2.1 to 2.4. Explanations about description and representation of

orientations are given in section 2.5. Technical details regarding hardware, software, data treatment

and sample preparation are presented in section 2.6. In section 2.7, the advantages of SEM

techniques for this study are discussed. The particular case of determination of crystallographic

orientation of omphacite in eclogites will be treated in Chapter 3.

2.1. The Formation of EBSD patterns

An EBSD pattern is formed when a stationary electron beam is focused on a mono-

crystalline specimen area. After the beam entered the specimen, the electrons are subject to

continuous diffuse inelastic scattering. At each inelastic event, they lose just enough energy (and

therefore change wavelength) to change direction, so that they spread in all directions within the

sample. They also undergo elastic scattering events, and those that satisfy Bragg's law (eq. 2.1) at

specific sets of atomic planes (hkl) will be diffracted:

n X = 2 dhkl sin 0

With n = order of reflection

X = electron wavelength related to the accelerating U by X

Planck's constant, e is the electron charge and mc the electron mass

dhkl = distance between the (hkl) crystal planes

0= Bragg diffraction angle

These elasticalfy scattered electrons produce two cones of diffracted electrons for each

(hkl) reflection when emerging through the surface of the specimen (Figs. 2.1a, 2.1b). The cones

recorded on a flat screen, appear as straight parallel lines {Kikuchi lines) caused by the small Bragg

angle (about 3°) and the large opening angles of the cones (90-0). Optimal efficiency for the

backscattering effect occurs when the incident beam has a relatively shallow incidence angle (10-

30°). In that case, the amount of signal absorbed is minimized and a large fraction of diffracted

electrons is achieved. Each pair of lines defines a bright band, which is the result of the diffraction

(2.1)

where h is

2eUrn
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from a particular plane in the crystal. The width of the band is a function of the Bragg angle and

thus of the interplanar spacing dh^.

Fig. 2.1: a) Sketch illustrating the origin of Kikuchi lines during electron backscatter diffraction in the SEM

with the sample inclined at 20° to the beam (after Krieger Lassen, 1994). The beam hits the sample and is

scattered in all directions. Some of the scattered electrons arrive on lattice planes under the Bragg angle, and

emerge along a cone around the normal to the reflecting lattice plane with an opening angle (180°- 28). Since

the wavelength of electrons is very small, 8 is small and the intersection of the cone with a phosphor screen

placed in front of the sample is essentially a straight line, b): Photomontage illustrating the detection of

electron backscatter diffraction patterns in the SEM (with courtesy of G. Lloyd).

2.2. The EBSD set-up

The configuration of a typical EBSD system in a scanning electron microscope (SEM) is

illustrated in Fig. 2.1b and 2.2. Backscattered electrons, originating from a focused spot on the

sample tilted at 70° from the horizontal, form the EBSD pattern on a fluorescent phosphor screen

installed in the specimen chamber. The pattern is captured by an extremely sensitive video camera

from outside of the chamber through a led-glass window. The video signal is sent to a camera

control unit that digitizes the image (Fig. 2.3) and improves the quakty of each pattern by:

Averaging a variable number of video frames to enhance the signal to noise ratio

of the image. This number (typically 8 or 16) is defined by the operator and depends on the

quality of the patterns,

Subtracting a stored background image obtained from several grains while the

SEM is in scanning mode,

Enhancing the contrast and brightness of the outgoing signal.
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Fig. 2.2. Hardware configuration for automated détermination of individual orientations (modified after

Adams et al, 1993). Automated pattern acquisition can be achieved either by translating the sample under the

beam with a high precision mechanical stage or, for smaller areas, by deflecting the beam over the sample
surface. At each position an EBSD pattern is recorded using a low light camera, digitized into a computer and

indexed on-line.

Fig. 2.3. Experimental EBSD pattern of quartz. The image was averaged by 8 frames and a background was

subtracted. The 3-fold symmetry about the c-axis in the center of the pattern is visible.

This processed EBSD pattern is accessed from a computer and analyzed either in a semi¬

automatic way that requires operator involvement, or through a fully automated program that

performs all the required pattern analysis, which is usually apphed nowadays. The result is a set of

three Euler angles describing the orientation of the crystal lattice under the spot.

Similarly to an EDS spot analysis, the operator can position the beam spot at an area of

interest on the specimen surface and conduct the orientation analysis within seconds. For an

orientation mapping, the operator defines the grid and step sizes, and patterns are automatically

collected on each defined point of the grid. If the dimensions are small (smaller than one mm in

each direction), the defined locations are reached by automatic beam deflection. For larger grid



Chapter 2 21 Electron Backscatter Diffraction

sizes, the sample is translated through a mechanical stage in directions parallel to the tilted sample

surface. During beam scanning, the system at ETH Zurich is able to perform up to one

measurement per second without any operator intervention. During stage scanning, the speed of

measurements is mainly controlled by the movement of the stage and is reduced to about 8-1 Os.

2.3. The indexing procedure

Once the EBSD pattern is digitized, it has to be indexed, e.g. each diffraction band in the

pattern has to be assigned a crystallographic plane (hkl). Such an indexing procedure is divided into

2 steps, the detection and locakzatton of the bands and their identification.

2.3.1. Detection and locakzatton procedures

The detection and locakzatton of the bands in the digitized pattern is the most critical part

of EBSD analysis and latest developments have focused on rekable pattern recognition procedures

based on the Hough transform (Kunze et al, 1993; Kneger Lassen, 1994; 1998). The Hough

transform, implemented for line detection, uses the following parameterization:

pi = Xk cos 0i + yk sin 0t (2.2)

where (xk, yk) are the coordinates of a pixel in the original image, and (p1; 0t) are the parameters of

straight lines passing through (xk, yk) according to Fig. 2.4. For each pixel (xk, yk), the image

intensity is accumulated in a Hough transform array into all cells (x,, y,) that satisfy equation (2.2).

In the Hough transform, a fixed parameter pair (p1; 0t) characterizes a straight line in the image

space and thus, diffraction bands appear as point maxima and their position is more easily

identified (Fig. 2.5). The EBSD pattern of quartz from Fig. 2.3 is shown in Fig. 2.6 with bands

detected from the Hough transform.

y

Fig.2.4. Definition of the Hough parameters 6 and p characterizing the location of a band in an EBSD

pattern. The position of a line is described by its distance p from the origin and the orientation 8 of its

normal vector.
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Fig. 2.5. Hough transform of the EBSD pattern of Fig. 2.3. Each bright spot defines a band.

Fig. 2.6. EBSD pattern of quartz with 8 bands detected from the Hough transform. Typically between 6 and

10 diffraction bands are reliably detected before artificial bands may appear that are not present in the

original pattern.

2.3.2. Identification procedures

The determination of lattice orientation has proceeded by means of one of the following

methods.

- The EBSD pattern is visually compared with a spherical map covering all possible

orientations of the crystal lattice, which is either a computer drawn pattern (Schmidt and Olesen,

1989) or a mosaic constructed from EBSD photographs (Fig. 2.7) (Lloyd, 1987; 1994). These

models include the orientation of all Bragg reflecting lattice planes, their associated relative

bandwidths and relative intensities of reflection.

- The crystal orientation is calculated, which best fits the detected bands from the Hough

transform, based on a comparison of the mterplanar angles and on the intensity of the diffracted

bands (Wright and Adams, 1992; Adams et al., 1993; Wright, 1993). The possible reflections are

sorted according to their intensity, and the strongest are included in a list of reflectors for a
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particular material. Depending on crystal symmetry, 4 (cubic materials) to 40 (monoclinic materials,

see next chapter) famihes of planes are adequate. The mterplanar angles between each pair of

planes included in the list form a look-up table of theoretical mterplanar angles for the material.

When bands in an EBSD pattern are detected, the angles between corresponding (hkl) planes are

calculated and compared against the look-up-table to obtain a list of possible orientations. The best

indexing, the one that fits with most of the detected bands, is determined from this kst through a

voting procedure. The indexed pattern of Fig. 2.3 is displayed in Fig. 2.8.

Fig. 2.7. Spherical electron channeling map constructed from quartz single crystal (trigonal symmetry, after

Lloyd, 1994). The pattern of Fig. 2.3 corresponds approximately to a top view on the sphere with an opening

angle of about 60°.

Fig. 2.8. Indexed pattern of Fig. 2.3 deduced from mterplanar angle calculations. Image quality (IQ) and

confidence index (CI) are written on the left side. The orientation of the crystal is given by the 3 Euler angles

(q)i, O, q)2).
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2.3.3. Precision of the orientations

The precision of the obtained orientation can be divided into two components: the

absolute and relative precision. The absolute orientation (and precision) is given m a frame fixed to

the "world", which is the sample reference frame. The accuracy of the absolute orientation

measurements depends, besides the indexing precision, on specimen mounting, phosphor screen

mounting, camera alignment and the accuracy of the stage specimen holder. Therefore, not many

attempts have been performed to determine the accuracy of absolute orientations including all

these factors. However, an absolute precision of 1° has been proposed to be reasonable (Schmidt et

al, 1991; Kocks et al, 1998). The relative orientation expresses the accuracy of orientations

between crystals from the same sample. Numerous studies have been performed (Schmidt et al,

1991; Kunze et al, 1993; Kneger Lassen, 1996; Kneger Lassen, 1998; Kocks et al, 1998) and the

relative precision can be estimated to 0.5-0.7°.

2.4. Imaging techniques in the SEM

Thanks to EBSD, the crystallographic orientation of grains can be measured. However,

that is of kttle use for a geologist if the data cannot be related to the microstructure. Therefore,

concurrent imaging techniques are needed. In the SEM, images are produced by scanning the beam

over the sample and displaying simultaneously the signal from an electron detector on the video

screen. By choosing the appropriate detection mode either topographic, compositional or

orientation contrast can be obtained. Amongst these, composition and onentation contrast images

are the most helpful for microstructural investigations, as they allow reconstruction of the full

microstructure (phase and crystallographic structures) of a sample, and can be used with the same

specimen geometry (sample tilted at 70°) as required for EBSD.

For more details on imaging techniques beyond the following paragraphs, the reader is

referred to Lloyd (1987, 1994), Prior et al (1996) and Reed (1996).

2.4.1 Secondary electrons (SE) and topographic imaging

Topographic images (Fig. 2.9a) are usually produced by secondary electrons (SE) though

some topographic signal is recorded by backscattered electrons (BSE). SE are electrons originating

from the sample which are ejected as a result of electron bombardment and are charactenzed by a

low energy, below 50 eV. Because of this, only the SE arising from the top layer (a few

nanometers) are able to escape and are then attracted by a positive bias (200 V) mesh surrounding

the detector (Fig. 2.9b). The detector is a scintillator photomultipker system. Therefore attracted
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electrons must be accelerated from the mesh onto the scintillator to several keV to produce a

reasonable output.

Fig. 2.9: a) Topographic image of a crushed diopside single crystal produced by SE electrons, b) SE detector

system as used in SEMs. Secondary electrons are attracted and accelerated onto the scintillator. Backscattered

electrons are also detected, but less efficiently because they have higher energy and are not significantly
deflected by the grid potential (after Reed, 1996).

To a large extent, contrast in SE images arises from the variation in SE yield with the angle

of the surfaces of the object (tilt effect) and from higher SE yield near edges of the object (edge

effect). However, the SE signal also contains compositional contrast due to detected backscattered

electrons.

2.4.2 Backscattered electrons (BSE) and Z-contrast imaging

BSE are primary electrons that have been deflected through an angle high enough to re-

emerge from the surface of the target without large energy loss. These large deflections can result

from a single elastic scattering event with an atomic nucleus (Rutherford scattering), or by multiple

low-angle inelastic interactions with electrons from the clouds. From the calculations of

Rutherford, for elements of high atomic number (Z), there is a high probabikty for electrons to be

backscattered as a result of single high angle deflections and retaining most of their initial energy.

By contrast, multiple low-angle scattering is predominant for low-Z elements and less BSE emerge

through the surface. Therefore in a grayscale BSE image, the brightness of an element or of a

compound increases with Z (Fig. 2.10). Due to their high energy (thousands of eV), BSEs travel

almost in straight lines. Thus high detection efficiency is obtained with an annular solid-state

detector placed closely above the specimen and a flat specimen surface (Fig. 2.11).
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Fig. 2.10. Z-contrast image obtained from BSEs with the most common phases in eclogites. The picture was

taken with the sample tilted at 70°. The phases are brighter with increasing mean atomic number. 0. surface

damage, 1. quartz, 2. clinopyroxene, 3. garnet, 4. rutile, 5. grain retrogressed into a clinopyroxene (light grey)-

plagioclase (dark grey) symplectite.

a) Flat Sample b) Inclint:d Sample

Pole-Piece Pole-Piece
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Fig. 2.11. BSE and FSE detector systems in SEMs. a) Since the BSEs travel almost in straight lines, a pole

piece detector placed closely above a flat specimen is the most efficient detector for Z-contrast images, b)
When the sample is tilted at 70°, a forward mounted detector (forescatter detector) producing orientation

contrast images can be fixed to the phosphor screen. Additionally with this geometry, BSEs can still be

detected by the conventional BSE detector and EBSD patterns can be recorded on the phosphor screen.

2.4.3. Forescattered electrons (FSE) and orientation contrast (OC) imaging

FSE are high energy, elastically scattered electrons ansing from highly tilted samples (about

70°) and collected on a forward mounted detector (Fig. 2.11). They originate from the same

processes as BSE, but have scattered through angles of only 20° to 40°. Because of these small

scattering angles, the nucleus contribution is less, and a higher part of the signal is caused by

interactions with the crystalline structure. Parts of the incident electrons are channeled between the

rows of atoms [electron channeling effect), and if the atomic packing density is high, most interactions

occur near the surface of the sample and the probabihty of FSE emission is high. As the packing of

crystalline matenals vanes with crystal direction, the FSE signal depends on the onentation of the

crystals. This effect is also employed for conventional onentation (channeling) contrast using the
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BSE detector on a horizontal surface with short SEM working distance. Additional orientation

contrast is produced by diffraction of the FSE leaving the specimen as the detector records

different intensities from small areas of an EBSD pattern. Both processes lead to images

dominated by orientation contrast (Fig. 2.12). While this type of image is very sensitive to small

orientation changes, it is not quantitative and a single image picks out less than 60% of the total

microstructural information (Prior et al, 1996). Moreover, grains in the same orientation but

different positions relative to the incident beam can have different gray shades, while grains in

different orientations can have the same gray level.

Fig. 2.12: Orientation contrast image obtained from an omphacite layer in an eclogite sample tilted at 70°.

The grains are generally elongated and strain free except the large grain in the center which is a porphyroclast

containing small areas of different orientations produced during deformation. The large grain in the fop-right
corner is garnet.

2.5. Representation of texture

2.5.1. Directions and orientations

A direction gives the position of an oriented line with respect to a coordinate system Ks. In

a right-handed, orthonormal and Cartesian frame (Ks, Ys, Zs), a direction is described by the

vector sum:

r = xXs+yYs+zZs with X2+y2+Z2 =1 (2.3)

and the angular distance 0 between two directions ri and t2 is obtained from the scalar product:

cose = r1«r2=x1x2+y1y2+21z2 (2.4)

An orientation gives the relationship between 2 right-handed orthogonal coordinate systems

Ks and Kc. In texture analysis, the system Ks (Xs, Ys, Zs) is defined as the sample coordinate

system and is generally parallel to macroscopic features of the sample, like lineation and fokation.

The crystal coordinate system Kc (Xc, Yc, Zc) is fixed to the crystal lattice and the axes are chosen
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parallel to crystallographic directions, e.g. m the case of cubic lattice parallel to the cube edges

[100], [010], [001]. While the position of one of the axes of Kc (for example Zc) relative to Ks is

defined by a direction, the position of the 2 other axes normal to it requires one more parameter.

The definition of Kc for non-orthogonal crystal systems like cknopyroxene requires further

conventions (see Chapter 3).

Orientations are generally defined by a rotation g transforming Ks onto Kc and descnbed

by the Euler angles ((pi, O, (p2) defined by Bunge (1965, 1982)(Fig.2.13):

1. Rotation of Ks mto K' with an angle (pi around Zs

2. Rotation of K' mto K" with an angle O around X'

3. Rotation of K" mto Kc with an angle (p2 around Z"

The orthogonal rotation matnx g as function of ((pi, O, (p2) relates any direction y given m Ks with

the same direction h given m Kc by (Eq. 2.50 of Bunge, 1982):

h = g-y (2.5)

Fig. 2.13. Construction of the system Kc in the stereographic projection of the sample coordinate system Ks

(pole figure) for an orientation (q)i, <E>, 92) (after Bunge, 1982).

2.5.2. Misonentations

The misonentation between two grams of orientation gi and g2 is defined by the rotation

required to bnng the crystal lattice of gram 1 mto comcidence with the crystal lattice of gram 2 and

is given by:

Ag12 = g2 • gl
l

(2.6)

Like with onentations, the misonentation Ag can be described m terms of Euler angles. However,

it is common to describe the misonentation m terms of a rotation axis n and a rotation angle 0

(axis/angle representation). The axis n represents the unique crystallographic direction common to
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both crystal lattices. The angle of rotation 0 is the rotation around n required to bnng the two

crystal lattices mto comcidence (Fig.2.14).

Fig. 2.14. Illustration of the misonentation between two lattices. The relationship between the lattices is

described by a rotation through the angle of misonentation 6, about the axis of misonentation n (after
Rändle, 1998).

2.5.3. Onentation and misonentation distnbutton function

If one denotes by dV the totality of all volume elements of the sample which possess the

orientation g within the element of onentation dg, and by V the total sample volume, then the

orientation distnbutton function (ODF) f(g) is defined by

dV

%)dg =

V
(2.7)

As defined above, f(g) is normakzed and set to f(g) = 1 for uniform density (random

distnbutton). The ODF does not completely descnbe the microstructure of a polycrystalline

material. It considers the onentation of all volume elements m the sample, but not the position of

these elements (e.g. the spatial distribution of grams).

The texture strength J (Bunge, 1982) is defined as

J = J"f(g)2dg (2.8)

and has a value of one for a random texture and a value of mfinity for a smgle orientation.

The frequency distribution of misorientations Ag can be descnbed usmg the

misonentation distribution function (MODF) similarly to the ODF and defined as a contmuous

probabihty function:

dA

m(Ag)dAg =

A
(2.9)
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where dA is the area fraction of gram boundaries with misonentation Ag and A the total area of

gram boundanes m the sample.

Both the ODF and MODF have usually been expressed m the form of Fourier series

usmg spherical harmonics. The series expansion are truncated at a finite maximum expansion Lmax

corresponding to a finite angular resolution. Calculation of contmuous distnbutton functions from

a finite number of individual onentations is performed by substitution of each onentation by a

Gaussian with certain scattermg width, and summation over the Gaussian distributions.

Textures throughout this work are presented m the form of pole figures, which are a usual

way of texture representation A pole figure is the angular distribution function of a chosen crystal

direction h with respect to the sample coordinate systems (Bunge, 1982, 1985). It is defined by the

volume fraction dV/Y of crystals having their crystal direction h parallel to the sample direction y

(Eq.2.5):

f = ^Ph(y)dy (2-10)

The pole figure is normakzed and pole densities are expressed m multiples of the random

distnbutton (m.r.d.) with the normalization

Wrandom-1 (2-11)

The pole density at the pomt y results from all crystals having their h direction m the sample

direction y irrespective of a rotation about y and is thus an mtegral of the ODF f(g) taken over a

certain path m the Euler space, which is defined by the condition h y :

Ph(y) = 2"-J*f(g)dX (2-12)

hl|y

where % measures a rotation of the crystal about the common h, y direction. The pole figure is

thus a two-dimensional onentation distribution function.

2.5.4. Orientation Imagmg Microscopy (OIM)

To completely describe the microstructure of a polycrystalline material, it is required to

specify the orientation g for each pomt with coordmates x, y, z within the sample:

g
=

g (x, y, z) (2.13)

Because g
=

g ((pi, O, (p2) this means

(pi=(pi(x,y,z); (2.14)

O = 0(x, y, z); (2.15)

(p2=(p2 (x, y, z) (2.16)
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Such a representation of crystal orientations is very complex as it involves three functions of three

variables. Therefore, to simpkfy the problem, only the orientation g((pi, O, 92) is usually

considered in the ODF. However, a more complete description of a polycrystalline aggregate can

be approached by Orientation Imaging Microscopy (OIM), which operates in the full six-dimensional

"orientation-location" space. OIM represents a modern extension of the Achsen Verteilungs Analyse

(AVA) technique introduced by Sander (1950), which aims at linking mineral orientations and

spatial microstructure. AVA was appked to calcite marble (e.g. Trommsdorf and Wenk, 1965) and

to omphacite from eclogites (Buatier et al, 1991 and Fig. 2.15). Because individual orientation

measurements from EBSD are spatially linked with the measurement grid, and because of the high

number of measurements that can be achieved, EBSD is an appropriate tool for OIM (Adams et

al, 1993).

Fig. 2.15: A.V.A. of omphacite in naturally deformed eclogites from the Sesia-Lanzo zone (after Buatier et al.,

1991).
2.6. Technical description
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2.6.1. Sample preparation

Fabnc measurements by EBSD were performed either on pokshed thm-sections or bulk

samples. Mechanical pokshmg was used to remove any surface topography and involved sandpaper

grmdmg and diamond-paste pokshmg down to 1 |lm. In order to remove any damage produced

durmg mechanical pokshmg, all samples were ultra-polished with a SYTON colloidal sikca solution

(particle size of 0.025 |lm) for 5 to 12 hours, dependmg on the quakty of the onginal surface. The

samples were then covered by a thin carbon coat (2 to 4nm) and contacted usmg carbon and silver

pamts to reduce chargmg effects.

2.6.2. Hardware descnptton

AU SEM work was performed at ETH Zurich with a CamScan CS 44 LB microscope

equipped with EBSD attachment, a 4-quadrant solid state BSE detector and a 3-sector solid state

FSE detector (both of KE Developments Ltd.). The low kght camera recording the EBSD

patterns is HR5 (Proxitronic GmbH). Video images are background corrected, frame averaged and

contrast enhanced usmg a Hamamatsu image processor Argus-20, and finally fed on-line mto the

processmg software OIM2.0 (TSL Inc) on a SGI Indy workstation. Thanks to the large size of the

vacuum chamber, entire thin sections (40 X 20 mm2) could be analyzed.

2.6.3. Working conditions

For the given position of the EBSD hardware m the SEM chamber, the ideal working

distance (WD) is 20mm. However dependmg on the size and position of the zone of mterest m the

sample, the WD had often to be mcreased (up to 24 mm) to avoid physically hitting the BSE

detector. This was particularly the case when usmg thm sections. The used acceleratmg voltage

(AV) was 12 kV for study on omphacite and garnet (Monviso samples). When secondary phases

with weak band contrast were also of mterest (quartz m samples from Vendée), or when the

general pattern quakty was weak (diopside samples) the AV was extended to 15kV m order to

mcrease the penetration depth of the beam. Patterns were recorded on samples tilted at 70° usmg a

beam current of approximately 2.5 nA (saturation value of the low-light camera).

2.6.4. Data treatment
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The maps denved from automated EBSD measurements were processed usmg the

software versions OIM2.0 to OIM2.8 (TSL Inc.). All density distnbuttons (pole figures, inverse

pole figures) were calculated usmg the software Beartex (Wenk et al, 1998). The smoothing width

was modified dependmg on the number of measurements and the type of EBSD scan (details will

be presented m each chapter).

Confidence index and image quality

Before ODF calculation, onentations obtamed from automatic data acquisition are filtered

according to their confidence index (CI). For a given EBSD pattern several possible orientations are

found, which satisfy some of the diffraction bands detected by the indexing routine. The software

ranks these orientations (or solutions) usmg a voting scheme. The CI is based on the votmg

scheme and is given as

CI^-VJ/V^ (2.17)

where Vi and V2 are the numbers of votes for the best and second-best solutions and Vdcii is the

total possible number of votes from the number of detected bands. It therefore expresses how

confident the software is that out of the set of possible orientations it has chosen the correct one.

The confidence mdex ranges from 0 (worst) to 1 (best) and can be skghtly misleadmg. For

example, a confidence mdex of 0 is achieved when Vi = V2. However the pattern may still be

correctly mdexed. Typically CI > 0.2 are considered rekable.

Another useful parameter associated with the rekabihty of the indexing is the image quality

(IQ) calculated for a diffraction pattern. This parameter expresses the quakty of the onginal and

depends mamly on the contrast of the EBSD bands. It is not an absolute value but a function of

the technique and parameters used to mdex the pattern. Minimum value of the image quakty is

about 10 indicating surface damages (chargmg effects, bad poksh, excessive coating or other

surface layers), or that the beam hit a gram boundary. Good cknopyroxene patterns have image

qualities between 150 and 400.

filtering level

Ideally, the filtering level has to be chosen so that all but only the onentations from

patterns correctly mdexed are taken mto account m the ODF calculations. In practice, this is not

easy. If the beam hits a crystal for which the pattern quakty is weak, the solution of the indexing

will generally be assigned a low confidence mdex, but the solution may be correct. Such an

orientation would then be excluded if the filtering level were too high. On the other hand, if the

filtering level is too low, orientations that are mcorrect are considered m the calculation. It may also

happen that correct onentations have a zero confidence mdex, and then, whatever the filtering

level, the onentation will be excluded from the calculation. Therefore there is no absolute filtering
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level possible to define, but a statistically relevant level can be approached. Fig. 2.16 presents the

histograms of confidence mdex and pattern quakty for an automated scan performed on a gneiss

located within few centimeters from the contact with an eclogitic body (sample G69 from Vendée).

4186 quartz EBSD patterns were collected and mdexed on a rectangular gnd of 9 x 18 mm at 200

|lm steps. More than 80% of the mdexed patterns have a CI below 0.2. This low rehabikty is due to

the poor quakty of the patterns (about 40% of the patterns have an IQ below 120), and to the high

amount of other phases m the sample (feldspars
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Fig. 2.16. Frequency histograms of confidence index (CI) and image quakty (IQ) for automated quartz fabric

measurements in a gneiss (Sample G69 from Vendée).

and micas) .The computer program searches to mdex the pattern as it would be from quartz

whatever the phase actually is. No match with a high CI will be found if the matenal file and the

pattern are from different phases. However, mcorrect solutions with low CI (m general below 0.2)

will be offered. Therefore, a filtermg level of at least CI=0.2 should be taken, despite the small

number of orientations remammg for ODF calculations (675 orientations out of 4186). For this

sample, the c[0001] axis pole figure was calculated with a smoothmg width of 30° and different

filtermg levels (Fig.2.17). For a filtermg at CI = 0.2 and higher, the pole figures compare

qualitatively well and display a weak girdle maximum obkque with respect to lineation and fokation

and contammg a strong pomt maximum. Quantitatively, the texture sharpens with decreasmg

number of orientations. The texture of unfiltered data and data filtered at CI = 0.1 show different

features. The c[0001] axes concentrate m a strong pomt maximum located at 60° from the one

present m the other pole figures. This suggests that the minimum confidence mdex that has to be

apphed for this sample is 0.2 so that mcorrect onentations do not dominate the pole figures.

Filtermg at higher level does not produce any quaktative change m the pole figure, but sharpens the

texture. From these, it can be concluded that the CI filtermg level depends on many parameters

(image quakty, type of rock, symmetry of the mmeral) and the user has to take these parameters

mto account when defining a filtermg level. In this study, most of the data sets were filtered at a

confidence level of 0.2.
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Fig. 2 17: Pole figure of the c[0001] axis of quartz obtained from the automated fabric run cited in Fig 2.16.

The pole figures were calculated from unfiltered data and data filtered at level of confidence index 0.1, 0.2,
0.3 and 0.4 using a smoothing width of 30°. For each pole figure, the number of orientation data considered

for ODF calculations is given as well as the texture index J. Logarithmic scale on upper hemisphere equal
area projection. Foliation and lineation are horizontal.

2.7. Advantages of EBSD for this study

Several methods to measure lattice preferred orientation (LPO) in rocks exist: universal

stage, computer-integrated polarization microscopy (CIP), X-ray and neutron goniometry, and

electron microscope (SEM and TEM) techniques. Each of them has its advantages and

inconveniences, and their suitabikty is highly dependent on the aims of the study and the

investigated rock type.

The aim of this study was to investigate the LPO development in the main minerals of

eclogites: omphacite, garnet, quartz and rutile, with particular attention focused on the spatial

distribution of grains of different orientations and phases. Keeping this goal in mind, the suitabikty

of each of the previously cited techniques is presented in Table 2.1. As garnet is cubic (and

therefore opaque), rutile highly biréfringent, rutile and quartz uniaxial, and omphacite biaxial,

optical techniques kke the U-stage and CIP could only be used for parts of this purpose. The

polyminerakc composition of the rock and the low crystal symmetry of omphacite results in

overlapping diffraction spectra, which are hard to resolve in standard X-ray and neutron

goniometry. Moreover, texture goniometry does not yield any information about the spatial

correlations between grains of different orientations and phases. Finally, because of the very small

volume of material that can be studied in a single session with the TEM, it is advisable not to use it

to measure LPO. Therefore EBSD is the most suitable technique for this study. Since there was no

experience on clinopyroxene minerals, EBSD had first to be made applicable to omphacite.
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U-stage CIP
X-ray

Goniometry

Neutron

Goniometry
EBSD TEM

Polyminerakc rocks ++ - - o + +

Omphacite + - o o + ++

Garnet - - + ++ ++ ++

Quartz + + + ++ + +

Rutile o o + ++ ++ ++

Small grains (< 50um) - + ++ ++ ++ ++

Large grains (> 1mm) ++ + - ++ + -

Statistics o + + ++ ++ -

Complete ODF - - ++ ++ ++ o

AVA + ++ - - ++ o

Subgranular defect
structures (<10um)

- o - - + ++

Table 2.1. List of requirements for LPO analysis in this study versus observation method. Suitabikty of each

method. - not suitable, o difficult, + suitable, ++optimum (modified after Passchier and Trouw, 1996).
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Chapter 3: Application of Electron Backscatter Diffraction to

Omphacite

(Modified after Mauler et al. (1998))

EBSD is in principle applicable to polycrystalline solids of many crystal symmetries and

structures. In addition to cubic and hexagonal metals or compounds, diffraction patterns are

documented and indexed for some oxides, sulfides, carbonates and sulfates (Dingley et al, 1995).

While crystal structures of the above mentioned minerals are well defined, natural variances in

composition of many rock-forming silicates lead to variations in lattice constants and scattering

amplitudes, and therefore varying diffraction patterns. This poses obstacles to the indexation of

the diffraction patterns. Additionally, for compounds of low crystallographic symmetry, the

number of diffraction bands in the pattern increases. This can result in a diffuse background

where many bands have insufficiently high contrast to be picked up by image processing.

This chapter aims to explore the potential for EBSD patterns of omphacite to be indexed with

respect to composition changes along the solid-state solution series. Comparing the obtained

orientations to orientations measured with the universal stage will test their validity.

3.1. Crystal-chemistry of omphacite in eclogites

Omphacite is a clinopyroxene commonly found in high-pressure parageneses such as

eclogites and blueschists. It is a solid solution of the following clinopyroxene end-members:

jadeite Qd=NaAlSi206), acmite (Ac=NaFe3+Si206), diopside (Di = CaMgSi206), hedenbergite (Hd =

CaFe2+Si206), Ca-Tschermak (CaTs = CaAlAlSi06) and Ca-Eskola pyroxene (CaEs = Ca05AlSi2O6)

(see Fig. 1.2). For sake of clarity and representation Di and Hd can be grouped with CaTs and

CaEs, which are minor components, to form augite (Au=Ca(Mg,Fe,Al)Si206). The compositional

field of clinopyroxenes can then be represented by a triangle where augite represents all the Ca-

bearing end-members. The remaining two corners represent the Na-bearing end members Jd and

Ac. There are two widely used nomenclature systems for clinopyroxenes (Fig.3.1), the one of

Essene and Fyfe (1967) and the one of Clark and Papike (1968). In the nomenclature system of

Essene and Fyfe, the name omphacite refers to clinopyroxenes with 0.25 = XNa < Na/(Na+Ca) <

0.85 and [Alf/ ([Alf + Fe3+) < 0.5 (Deer et al, 1978).

For more detailed information on crystal-chemistry of omphacite, the reader is referred

to Deer et al, 1978; Prewitt, 1980, Rossi, 1988 and Nisio, 1985.
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Di+Hd+CaTs=CaEs

Sodic /
„ , u

\ Impute
/ Omphacite \ r.
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Aug/ v v / v v v v vA v v \jd Jd Z v v v v it v v v v_

Fig. 3.1: End-member components and nomenclature of clinopyroxenes a) after Essene and Fyfe, 1967, b)
after Clark and Papike (1968).

3.1.1. Crystal structure of omphacite

Omphacite has the symmetry point group 2/m=C2h, which contains the inversion center,

but can belong to both the disordered C2/c (number 15 in the International Table) or the

ordered P2/n space group (International Table number 13).

C2/c omphacite (structural formula M2M1T206) is described as an alternating sequence

of tetrahedral and octahedral layers parallel to (100) (Fig. 3.2). The tetrahedral layer is built up by

chains of Si-O tetrahedra parallel to [001] (Rossi, 1988; Van Roermund and Lardeaux, 1991). The

octahedral layer contains zigzag chains of Ml octahedra and M2 eight-coordinated cations. The

three cationic sites T, Ml and M2 can be filled by the following cations:

T: Si, Al

Ml: Mg, Fe2+, Fe3+, Af71, Cr

M2: Ca, Na, (Fe2+, Mg)

C2/c

o o

Fig. 3.2: Schematic view of the crystal structure of C2/c omphacite in the (100) and (001) plane (after Clark

and Papike, 1968 and Van Roermund and Lardeaux, 1991).

At high temperatures, in a C2/c omphacite, all the Ml sites in the crystal are equivalent. With

decreasing temperature, Al and Mg tend to arrange themselves in an alternating sequence Al-Mg-
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Al-Mg.... Consequently, Ca and Na are also arranged in a similar way to maintain local charge

balance. This creates a situation of order in the crystal and a lowering of the symmetry: out of

two adjacent octahedral sites, one is always occupied by Al and the other by Mg, e.g. the

octahedral sites are no longer crystallographically equivalent. The space group becomes the less

symmetrical P2/n. In this space group there are two distinct octahedral sites, the Al-rich Mil and

the Mg-rich Ml, as well as two distinct eight coordinated sites, the Ca-rich M21 and the Na-rich

M2 (Fig. 3.3).

Fig. 3.3: Schematic view of the crystal structure of P2/n omphacite in the (100) and (100) plane (after Clark

and Papike, 1968 and Van Roermund and Lardeaux, 1991).

3.1.2. Antiphase domains

When a crystal passes from a disordered C2/c to an ordered P2/n state, regions of

crystallographic mismatch develop called antiphase domains (APD). Ordering of Ml and M2

cations takes place simultaneously in many parts of the crystal, forming numerous primitive

domains.
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Fig. 3.4: Model of an APD boundary in P2/n omphacite. The displacement vector (R=l/2<110>) is

indicated by the arrow (after Van Roermund and Lardeaux, 1991).

When these domains meet, they are either in phase or are out of phase by VifllO], the vector

corresponding to the translation symmetry that is lost when the crystal passes from C2/c to P2/n
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space group (Fig. 3.4). Recent TEM studies on APD (Carpenter, 1981a, 1981b; Brenker, 1998)

reported that the size of APD's in omphacites are highly variable from rock to rock (50 to 4000

o o

A ) and proposed the following relationship between APD size ( A ), peak temperature of

metamorphism (T, °K) and annealing time (t, years):

(APDsize)8 = 8 X 6 X1035 exp(- 75000t/ RT).

3.1.3. Miscibility gap

Miscibility gaps have been observed between augite and omphacite (Carpenter, 1980a;

1980b) and between jadeite and omphacite (Carpenter and Smith, 1981). In a phase diagram,

these miscibility gaps are represented by two solvi. In each of them, one ordered and one

disordered phases coexist, while in the third miscibility gap only one ordered phase occurs (Fig.

3.5).
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900 Omphacite
ca/c
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/ Solvus \ / Solvus \

200 /c2/c + P2/n\ J C2/c + P2/n \

0 0 0.5 1 0

Di xNa *" Jd

Fig. 3.5: Equilibrium phase diagram of space groups and solvi in the Di-Jd system at pressure exceeding the

stability ofJd (after Carpenter, 1980a).

Fig. 3.6: Equilibrium phase diagram for the system Jd, Ac, Au (after Carpenter, 1980a). In the ternary system

the addition of Ac is analogous to increasing the temperature, so that the isothermal stability fields are

topologically similar to those of Fig. 3.5.
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Crystal-chemical considerations and phase equilibrium experiments for Jd-Ac (Carpenter, 1978;

Rossi, 1988) support the hypothesis that the systems Di-Ac and Jd-Ac are ideal binary systems.

Thus, the addition of Ac to the Di-Jd system decreases the non-ideal character of the solid

solution and its effect is analogous to increasing T. Therefore, the topology of the ternary Di-Jd-

Ac system is similar to that of the binary Di-Jd although the phase boundaries within the triangle

are more schematic (Fig. 3.6).

3.1.4. Consequences for EBSD work on omphacite

When building the reference file for electron reflections in omphacite, one has to

overcome several potential problems:

- The chemical changes along the solid-state solution. The continuous chemical variations can

produce variations of the lattice parameters and, therefore, of the interplanar angles. If these

changes are important, a list of reflectors can be used only in a limited domain of composition.

This problem has revealed to be important for plagioclase, where a reference file for albite can be

used only for plagioclase in the composition range Abl00-Ab80 (Prior and Wheeler, 1999).

- The two space groups. A different symmetry of the lattice can produce different reflections

during X-ray and electron diffraction. This may imply using two reflector files, one for each

space group, depending on the composition domain of the omphacite (Fig.3.6). However, the

problem remains restricted to the miscibility gap domains where both P2/n and C2/c omphacite

occur. These domains are small for eclogite-facies temperatures (Fig. 3.5).

3.2. Feasibility and reliability of EBSD for omphacite

3.2.1. Sample description

The sample used for this study is an eclogite from Vendée (Western France) provided by

G. Godard (University of Paris 7). This sample was chosen because omphacite is characterized by

an average grain diameter of 600 |lm, simplifying comparative Universal-stage measurements.

Moreover, the thin section was prepared for microprobe analysis and carefully polished so that

the same thin section could be used for both U-stage and EBSD measurements. The sample

contains an omphacite + garnet + rutile + quartz assemblage and does not display any clearly

defined shape preferred orientation.
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3.2.2. EBSD pattern observation

BUMXSIUK / \WB^

^anp

\ >

pfo% = 263.55°

Fig. 3.7: EBSD patterns of omphacite: a) after averaging and background substraction. The pattern is

symmetric with respect to the band indicated by the arrows, suggesting that this band is the reflection of the

mirror plane (001) (c-setting) of the lattice, b) indexed according to best-fit solution. The indexing respects

the mirror symmetry of the pattern showing the internal consistency of the reflection table.
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An accelerating voltage of 15 kV allowed BSE observations without major charging

problems. A short specimen-screen distance resulted in a wide capture angle of about 60°. With

this set-up and working conditions, EBSD patterns with high band contrast were obtained (Fig.

3.7a) despite a high amount of different reflections due to the low symmetry crystal structures.

3.2.3. Conventions

In crystallography and geology, monoclinic lattices are by convention defined by b-

unique axis setting, where b[010] is parallel to the two-fold axis and ß^90° (Fig. 3.8a).

Convention in texture analysis is defined with c-unique axis e.g. c[001] is parallel to the two-fold

axis and y ^90° (Fig. 3.8b) and is the one respected in the texture softwares used in this study,

such as OIM and Beartex. The orthonormal crystal coordinate system Kc is then defined relative

to the translation lattice by Zc parallel to [001], Xc parallel to [100] and Yc parallel to (ZqxXq).

While implicitly the indices were permuted into c-setting (Table 3.1 and Appendix A), all results

in this and the following chapters are presented in b-setting.

a) f
34°-48^

[001] b) A[100]//YC

ISf\/ f\/
-

b\
~

_ß
[010]

</*\ ~

[001]//Zc

/7 y (010)±YC*/ y
[100] /—f

a

[010] —f

b-setüng c-setüng

Fig. 3.8: Definition of the crystallographic axes, crystal coordinate system and optical axes of omphacite. a)

Crystallographic axes [100], [010], [001] and optical axes (a, ß, y) according to the convention used in

crystallography and geology with the b[010] axis parallel to the two fold axis (b-unique axis setting), b)
Definition of the crystallographic axes according to the convention used in texture analysis. The crystal
coordinate system {Xc, Yc, Zc} is defined such that Zc is parallel to c[001] axis and to the two-fold axis (c-

unique axis setting).

b-setüng c-setüng

(hkl) [uvw] (lhk) [wuv]

a'(100) [201] b'(010) [120]

(601) a[100] (160) b[010]

b'(010) b[010] c'(001) c[001]

(102) c[001] (210) a[100]

c'(001) [106] a'(100) [610]

(110) [221] (011) [122]

(651) [110] (165) [011]

Table 3.1: Translation table from b- to c-setting for the most frequently used planes of omphacite.

Approximate indices for directions normal to the planes are additionally given.
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3.2.4. Indexing procedure

The structure data (space group settings and atomic coordinates) were compiled from

Matsumoto and Banno (1970) for P2/n omphacite and Clark et al. (1969) for C2/c omphacite.

These data were used for calculation of the structure factors F^n of electrons at 15kV and for

planes (hkl):

Vi) = XfsexPt2(hx8 +ky8 +lzg)] W
(>=i

With f = atomic scattering factor, depending on the atomic number of atom g

xg, y, zg
= the coordinates of atom g in the unit cell, expressed in fractions of

the lattice constants

N = number of atoms in the unit cell.

The intensity I of the plane (hkl) in an electron diffractogram is then given by:

HFwf (3-2)

And is used as first approximation of the band contrast in an EBSD pattern. Calculations were

performed using the softwares EMS (Jouneau and Stadelmann, 1997) and Cerius 2 (Biosym,

1995).

From the list of strongest reflections and interactive trial and error, lists of 30 reflection

families were established for each of the C2/c and P2/n space groups. As most reflection families

were common a unique reflection table containing 40 reflections suitable for both space groups

was deduced (Table 3.2 and Annexe B). The pattern of Fig. 3.7a was indexed using this reflection

table and the best-fit solution is presented in Fig. 3.7b.

3.2.5. Limit of validity

Variations of the reflection intensity due to composition changes along the solid state

solution series was explored by simulation of the unit cell of the following crystals: augite (Clark

et al, 1969), omphacite C2/c (Clark et al, 1969), omphacite P2/n (Matsumoto and Banno, 1970)

and jadeite (Prewitt and Burnham, 1966). Results are presented in Fig. 3.9. The main difference is

the substitution of cations. Due to similar ionic radii, replacement in an alternating sequence of

Mg or Fe2+ by Fe3+ and Na by Al, which have a large difference in ionic radii, produces the

situation of order according to the P2/n space group.

Rare reflections that are present in the C2/c space group with week intensity are absent in the

P2/n space group (table 2). This shows that in this case, changes in composition and even in
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space group do not have a strong impact on the reflection table. The established reflection table

was used to index diopside (see chapter 7) and jadeite (Mainprice, pers. com.) and provided good

Used

reflections families
Omphacite C2/c Omphacite P2/n Jadeite Augite

am)
b unique

axis

(hkl)
c unique

axis

,

(hkl)
b unique

axis

lattice

spacing

X ray
intensity

electron

intensity

(hkl)
b unique

axis

electron

intensity

electron

intensity

electron

intensity

2 2 1 1 2 2 2 2 1 2 98 100 100 00 2 2 1 100 00 100 00 100 00

3 1 0 0 3 1 3 1 0 2 91 50 49 85 3 1 0 35 94 47 45 52 32

1 1 0 0 1 1 1 1 0 6 38 200 44 51 1 1 0 30 14 30 82 34 31

0 0 2 2 0 0 0 0 2 2 52 39 60 0 0 2 36 40 35 26 32 73

2 2 1 1 2 2 2 2 1 2 48 50 32 11 2 2 1 32 27 27 46 35 15

0 2 0 0 0 2 0 2 0 4 41 50 28 80 0 2 0 14 35 3151 15 91

3 1 1 1 3 1 3 1 1 2 88 50 25 06 3 1 1 29 37 23 66 12 79

1 3 1 1 1 3 1 3 1 2 55 40 2196 1 3 1 2125 16 80 29 18

0 2 1 1 0 2 0 2 1 3 32 10 2103 0 2 1 15 81 22 40 12 22

3 3 1 1 3 3 3 3 1 2 12 70 15 76 3 3 1 15 24 12 91 19 49

1 1 2 2 1 1 1 1 2 2 20 30 15 16 1 1 2 11 15 15 21 13 89

0 4 1 1 0 4 0 4 1 2 02 70 12 61 0 4 1 14 69 15 30 5 84

5 3 1 1 5 3 5 3 1 140 80 12 41 5 3 1 1141 10 46

2 2 3 3 2 2 2 2 3 163 20 11 18 2 2 3 10 17 8 62

3 1 1 1 3 1 3 1 1 2 26 35 9 62 3 1 1 1174 10 90 3 98

1 3 3 3 1 3 1 3 3 911 911 1 3 3 8 59 8 27

5 3 1 1 5 3 5 3 1 161 30 8 36 5 3 1 8 65 10 67

4 0 2 2 4 0 4 0 2 2 02 10 7 71 4 0 2 6 23 3 61 8 31

7 1 2 2 7 1 7 1 2 132 6 82 7 1 2 5 45 6 58

1 5 0 0 1 5 1 5 0 173 40 6 54 1 5 0 7 83 5 31

4 2 1 2 09 20 5 61 4 2 1 5 71 4 29 8 34

2 0 2 2 2 0 2 0 2 199 5 53 2 0 2 4 29 2 37 6 94

1 1 1 44 30 4 71 1 1 1 2 05 2180 7 53

0 6 2 2 0 6 0 6 2 127 4 66 0 6 2 4 74 5 52

1 3 2 196 4 58 1 3 2 3 78 2 26 167

2 0 2 2 54 50 4 56 1 0 1 6 25 5 51 3 05

3 5 2 2 3 5 3 5 2 123 419 3 5 2 4 87 5 13

2 0 0 0 6 0 2 0 0 154 20 418 6 0 0 3 54 5 31 0 09

3 5 2 2 3 5 3 5 2 140 4 08 3 5 2 5 72 6 96

0 2 2 2 0 2 0 2 2 2 18 4 06 0 2 2 7 52 8 18 2 08

6 0 2 2 6 0 6 0 2 152 10 3 88 6 0 2 3 50 3 31

3 1 4 4 31 3 1 4 129 3 88 3 1 4 3 13 417

5 1 0 0 5 1 5 1 0 1 81 20 3 53 5 1 0 4 93 5 44

4 2 2 142 3 44 4 2 2 2 55 416

4 0 2 2 4 0 4 0 2 150 20 3 40 4 0 2 3 18 3 13

3 1 3 3 3 1 3 1 3 1 67 3 33 3 1 3 4 38 4 88

4 2 2 183 2 78 4 2 2 151 3 37 2 13

6 0 4 4 60 6 0 4 1 15 0 2 75 6 0 4 2 62 3 10

2 4 1 194 10 2 52 2 4 1 196 5 16 3 63

1 3 2 1 8 2 39 1 3 2 197 139

7 5 0 0 7 5 7 5 0 106 2 31 7 5 0 2 46 196

1 3 1 2 36 2 28 1 3 1 1 57 2 20 0 23

6 2 1 13 50 2 13 6 2 1 2 17 197

2 8 1 1 28 2 8 1 1 06 2 06 2 8 1 177 124

2 4 3 137 2 05 2 4 3 1 58 2 27

1 3 5 5 13 1 3 5 0 98 185 1 3 5 167 131

5 7 1 105 161 5 7 1 146 108

7 3 1 125 159 7 3 1 138 1 81

5 1 1 147 179 192

2 2 3 3 2 2 2 2 3 138 146 2 2 3 177 2 04

1 7 1 129 0 142 1 7 1 146 1 10

5 3 3 103 124 5 3 3 1 13

3 1 4 123

2 4 2 123

1 1 4 4 1 1 1 1 4 129 1 18 1 1 4 154 166

a/b ratio 1093 1094 1 100 1091

c/b ratio 0 597 0 599 0 609 0 591

Table 3 2 Table of reflections used for indexing the EBSD patterns of omphacite (column 1 and 2) and

calculated for omphacite C2/c and P2/n space groups, jadeite and augite Xray intensities and lattice

spacing are given as reference for omphacite C2/c with the variations of the ratios of the lattice parameters

for the 4 crystals Intensities are given in relative units and include contribution from higher order

reflections by summation of their respective intensities Only the reflections with electron intensity higher
than 1 are presented
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results, suggesting that it can be used to index EBSD patterns from the whole solid state solution

between the jadeite and augite end-members or even a large portion of all clinopyroxenes.

Fig. 3.9: Simulated unit cells in the system Au-Jd.

3.3. Comparison with universal stage

The previous sections showed that it is possible to obtain EBSD patterns of omphacite,

to index them and to derive an internal confidence parameter for the orientation to be correct.

However we have to independently ensure ourselves that the proposed solutions are correct. For

that, a comparison of orientations obtained by EBSD and U-stage measurements on the same

grains was performed.

3.3.1. Method of comparison

The orientation of the optical indicatrix of the same individual grains on the thin

section was measured on a 4-axes universal stage. By rotating the sample stage around these axes

it is possible to align the optical axes with the microscope axes hence to measure their

orientation with respect to the thin section reference frame. In an omphacite crystal, the optical

axes are not all parallel to crystallographic axes. Only the intermediate optical axis ß is parallel

to the two-fold symmetry axis (b[010] axis when the omphacite crystal is defined with b-unique

axis), which is also parallel to the Zc axis of the crystal coordinate system (Fig. 3.8b). Geometrical

restrictions only allow measuring the orientation of 2 out of the 3 perpendicular optical axes

a, ß, y (Roubault et al, 1963; Starkey, 1996). Once one of them is parallel to the E-W axis, its

identification is made by rotating the U-stage by 45° about the microscope axis, in response to

which the mineral departs from extinction. The section is then rotated back and forth

approximately 45° around the E-W axis. If the grain goes through extinction, it is because one of
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the optic axes is brought into coincidence with the microscope axis and the mineral is rotating

about the optic normal ß. If no extinction is observed the grain is rotating about either a or y

and the direction is identified using an accessory plate (Roubault et al, 1963). The orthogonality

of the two measured directions was verified and the remaining third axis calculated by the cross

product (Starkey, 1996). In omphacite, ß is parallel to [010], y lies at 34°-48° from [001] and

therefore a lies at 58°-72° from [100] (Deer et al, 1978). The [100] and [001] direction can

therefore only be deduced from additional determination of the {110} cleavages. However, these

cleavages were not visible. The traditional technique to make them more visible (scratching the

uncovered thin section with a needle before use) was not applied here in order to keep an

optimum surface for EBSD measurements. Therefore comparison between U-stage and EBSD was

performed only with the ß axis, obtained on 100 grains of the thin section. The orientation of

the ß axis was compared to the orientation of the [010] axis (parallel to Zc) deduced from the

full crystallographic orientation (Euler angles) of the same grains measured using the EBSD

technique.

3.3.2. Results

The reliability of EBSD orientations is represented by two parameters calculated by the

OIM software. The confidence index (CI) expresses how confident the software is that out of the

set of possible orientations it has chosen the correct one (see section 2.6.4.). The T parameter can

be defined as the normalized number of band triplets that fits the final solution and represents

the indexing quality. A frequency histogram of both parameters is presented in Fig. 3.10. About

15% of the measurements show a poor reliability of the indexing procedure (CK0.1) mainly due

to poor EBSD pattern contrast for these measurements. The high frequency of T close to the

optimum value of 1 indicates that a large amount of bands fits the solution. Results obtained for

both parameters attest for a reliable indexation and therefore orientation of the omphacite EBSD

patterns.

Fig. 3.10: Histogram of reliability parameters for EBSD pattern indexing for the 100 measured grains of

omphacite.
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The contour plots of the axis distributions obtained from both EBSD and U-stage

methods compare well (Fig. 3.11). The fabric is dominated by a single maximum parallel to the

sample axis Zs. Individual measurements show a close one-to-one agreement. For more than two

third of the measurements, the misonentation angle between ß and b[010] is lower than the error

of around 5° estimated for the universal-stage technique (Fig. 3.12). Deviations higher than 15°

are clearly different orientations, possibly arising from different grains, and are attributed to

difficulties in locating the same grains in an optical micrograph and a SEM orientation contrast

image obtained by FSE.

Fig 3 11 Pole figure of a) the ß axis of omphacite measured for 100 grains with the universal stage, b) the

Zc b[010] axis of omphacite determined from EBSD Upper hemisphere equal area projection Contour

intervals are 1% Dots are individual measurements

Fig 3 12 Histogram of orientation difference angle in degrees between the b[010] axis measured on the U

stage and the Zc axis determined from EBSD

3.4. Discussion

The results presented here demonstrate that the EBSD technique is applicable to a solid-

state solution series of monoclinic symmetry like omphacite. Pole figures obtained by EBSD

compare well with U-stage measurements and the expected one-to-one agreement for the same
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grains is observed within the error limits of the U-stage technique. Simulation of the unit cells

along the solid-state solution series shows the robustness of the reflection table.

With an automated EBSD indexing established, the technique is available to microtextural

observations in polymineralic rocks. The possibilities of polarized light microscopy as regularly

applied in Earth sciences are extended by EBSD with respect to:

- Measurements of complete crystallographic orientations of all constituent mineral phases

(compared to single axes orientations as quartz c-axes orientations for example),

- Spatial resolution of about l|lm (compared to 50 |lm with the universal stage),

- Reliable grain statistics with up to 103 measurements per hour (compared to 100 per hour with

the U-stage in the case of uniaxial minerals).
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Chapter 4: Omphacite and rutile petrofabrics in the Armorican eclogites.

Consequences on the rheology and exhumation processes of eclogites

(Submitted to Tectonophysics)

4.1. Abstract

Microfabric analyses of eclogite faciès minerals are used to identify their deformation

mechanisms and to understand the rheology of high-pressure rocks. This study aimed at further

understanding of the mechanisms how lattice preferred orientations (LPO) of some of the main

eclogite faciès minerals (omphacite, rutile and quartz) develop during deformation.

Microstructures and textures of deformed eclogites from the Les Essarts complex (Western

France) were investigated using optical microscopy and electron backscatter diffraction (EBSD) in

the scanning electron microscope (SEM).

General microstructural observations suggested intracrystalline deformation (dislocation

creep) of omphacite. The omphacite LPO vary between S- and L-type and correlate with oblate or

prolate grain shape fabrics, respectively. In omphacite around a hollow garnet, crystallographic

and shape fabrics align again with the c[001] axes parallel to the grain elongations defining the

mineral lineation, which rotates locally with the inferred flow. In this part, the omphacite grain

size is larger than in the surrounding matrix. These observations suggest diffusion creep with

concomitant anisotropic growth and dissolution as a main deformation mechanism in

omphacite. The geometry of both the shape and crystallographic fabrics is interpreted to

represent the stress regime (directions and ratios of the principal stresses). The LPO of rutile

duplicate the LPO of omphacite and a similar distinction between S- and L-type was used. Rutile

deformation mechanisms probably involve dislocation creep as well as anisotropic growth.

Quartz mainly occurs as an interstitial phase with weak LPO patterns interpreted as random. No

representative obliquity of the LPO with respect to foliation and lineation was observed neither

in omphacite nor rutile to be used as potential shear sense criteria. However, a rotation of the

rutile LPO relative to the omphacite LPO is distinguished in most samples.

The results suggest that diffusion processes are strongly involved in the deformation of

omphacite in natural eclogites. A linear flow law should be taken into account in models of

exhumation processes where eclogites are involved.
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4.2. Introduction

Eclogites and other high-pressure rocks that have been buried at depth greater than the

normal thickness of the continental crust (30-40 km) form an important component of

geophysical and geochemical models that are concerned with exhumation processes. Because little

is known about the physical conditions of formation and deformation of eclogites, strong

assumptions are made in such models concerning the deviatoric stresses sustained by eclogites at

certain strain rates as well as their deformation mechanisms and rheology (Piatt, 1993).

Further knowledge is needed about the deformation regimes (flattening or constriction,

shear components) in eclogites, the dominant deformation mechanisms of the main eclogite

faciès minerals and the stress magnitude sustained by eclogites. Attention has mainly been

focused on omphacite, the framework-supporting mineral in eclogites. Garnet, the other major

mineral, is generally assumed to behave as a rigid body during deformation. It is nowadays widely

accepted that the omphacite lattice preferred orientation (LPO) and the strain kinematics are

related. Planar (S-type) and linear (L-type) fabrics (Helmstaedt et al, 1972) correlate with

dominant flattening and constriction, respectively (Godard and Van Roermund, 1995; Abalos,

1997). The deformation processes leading to these fabrics are not completely understood but

certainly involve dislocation glide and climb on multiple slip systems as well as diffusion creep.

(Helmstaedt et al, 1972; Godard, 1988; Buatier et al, 1991; Philippot and Van Roermund, 1992;

Godard and Van Roermund, 1995; Brenker, 1998). Abalos (1997) reported a small obliquity of

the omphacite LPO with respect to the macroscopic foliation and lineation in eclogites from

Cabo Ortegal (NW Spain). This obliquity consists of a 6°-8° rotation of the crystallographic

orientation ellipsoid of omphacite about the intermediate strain axis (normal to lineation within

foliation) with the sense of shear. Abalos (1997) attributed the oblique LPO to non-coaxial

deformation components in eclogites in addition to any flattening or constriction strain. So far,

similarly oblique omphacite LPO have not been confirmed.

In most eclogites, quartz and rutile are present in minor proportions only (up to a few

volume percent). For this reason, their roles in eclogites have received little attention, although

they could provide information not carried by omphacite, e.g. concerning a sense of shear or

about paleopiezometry in eclogites. Only one quartz fabric has been reported in eclogites (Binns,

1967), where the measured c-axis distribution did not show preferred orientations. In the same

study, Binns concluded from qualitative observations that the rutile c-axes were preferentially

oriented parallel to the lineation. Godard (1981) reported a preferred orientation of rutile with

the c-axes lying in the foliation plane. Asymmetric patterns of c- and a-axes of quartz have

frequently been used as reliable shear sense indicators in gneisses or quartzites (Schmid, 1982;
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Mainprice et al, 1986; Schmid and Casey, 1986; Fliervoet et al, 1997). Quartz and rutile LPOs in

eclogites might similarly be used to deduce shear sense indications.

There are several reasons for the lack of studies on complete fabrics in eclogites.

Microfabric analysis of omphacite using the universal stage is tedious, time-consuming and prone

to measurement errors. Only c-axes can be measured optically on rutile and quartz, while the

cubic symmetry of garnet hampers optical studies in principle. Conventional X-ray texture

goniometry is not feasible because of too many overlapping diffraction peaks of the different

mineral phases, and neutron diffraction facilities are rare. With the development of the new

technique of electron backscatter diffraction (EBSD), the number of microfabric studies on

experimentally and naturally deformed clinopyroxenes and garnets has significantly increased

recently (Weber, 1997; Brenker, 1998; Mauler et al, 1998; Brenker et al, 1999; Daniel et al,

submitted; Prior et al, submitted; Spiess et al, submitted; Kleinschrodt and McGrew, in press;

Mauler et al, 2000; Mauler et al, in press). EBSD is a scanning electron microscope technique to

determine the complete lattice orientation of individual grains or subgrains with spatial

resolution of 1 |lm and with an absolute angular resolution of 1-2° (Venables and Harland, 1973;

Dingley et al, 1987). Automated acquisition and analysis of EBSD patterns allow rapid

measurements of a large number of orientations on a polished specimen surface (about 1 to 5

seconds per pattern). It is in principle applicable to polycrystalline solids of any crystal symmetry

including optically isotropic and opaque minerals. Diffraction patterns were recently documented

(Dingley et al, 1995) and indexed for several minerals including garnet, quartz (Kunze et al,

1994a; Lloyd et al, 1987), carbonates (Kunze et al, 1994b; Leiss and Barber, 1999), oxides (like

rutile), sulfides (Boyle et al, 1998), plagioclase (Prior and Wheeler, 1999), omphacite (Brenker,

1998; Mauler et al, 1998) and olivine (Fliervoet et al, 1999). Application of EBSD to rocks has

recently been reviewed by Prior et al. (1999).

This study presents a petrostructural analysis of 20 eclogite samples from the Les Essarts

Complex in Vendée (Western France). Petrology and some aspects of the LPO have previously

been studied by Godard (1988) and Godard and Van Roermund (1995). LPO of omphacite, rutile

and quartz were measured using EBSD to investigate fabric relationships between the different

minerals on a large sample basis. The new data present a reliable data set to characterize the

deformation-induced microfabrics of omphacite, rutile and quartz with relation to some of the

fundamental deformation parameters (strain-type, -symmetry, -rate) occurring in eclogites and

with respect to their rheology.
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4.3. Geological setting and sample description

4.3.1. Geological setting

The studied eclogites belong to the Les Essarts high-pressure unit located near Nantes

(Western France), which stretches right across Vendée in a northwest-southeast direction (F in Fig.

4.1). This unit occurs between two late-Hercynian tectonic lines, namely the Vendée coal belt and

the Sainte-Pazanne-Mervent line (Fig. 4.1, 4.2; and Godard, submitted). Eclogites and associated

rocks form plurikilometric lenses that are stretched and slightly boudinaged within the

surrounding gneisses (Fig. 4.2). These lenses, almost subvertical and parallel to foliation, are

composed of eclogite, amphibolite derived from eclogite, ortho-leptynite and silicified

serpentinite (birbirite). The surrounding rocks are ortho- and para-gneisses. They are highly

foliated and rich in white mica that they resemble micaschists. Nevertheless, they frequently show

evidence of a gneissic paragenesis with biotite, garnet, plagioclase, quartz and microcline.

Foliation (120 NE 80 on average) and lineation (305 NW 20 on average) in the gneisses are

parallel to the syn-eclogite-facies foliation and lineation in the eclogites (Fig. 4.4). Therefore,

gneisses seem to have undergone the same syn-eclogite-facies deformation event than the eclogite.

Moreover, evidence of a high-pressure metamorphism has been observed in these rocks (Godard,

submitted).

Fig. 4.1: Regional geological map of Vendée (Armorican Massif, Western France), after Godard (submitted).
A: Mesozoic and Cainozoic sediments; B: Variscan granites; C: Champtoceaux Complex; D: Chantonnay

Synclinorium; E: Vendee coal belt; F: Les Essarts eclogite-bearing Unit; G: Ordovician orthogneiss; H: Roc

Cervelle epizonal unit; I: Sainte-Pazanne-Mervent tectonic line; J: Saint Martin des Noyers metavolcanic

unit; K: Eo-Variscan orthogneiss belt; L: West-Vendean domain; M: Bois-de-Cene glaucophanite-bearing
unit.
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The geochemical features of the eclogites indicate an oceanic origin of their protohth. It

has been proposed that they represent a fragment of a metamorphosed old oceanic crust (e.g.

Montigny and Allègre, 1974, Godard, 1983). However, the surrounding ortho- and paragneisses

clearly belonged to a continental crust. Moreover, they show evidence for a high-T orogenic cycle

that had preceded the high-P metamorphism (former cordiente migmatitic parageneses- Godard,

submitted). Therefore, Godard (submitted) interpreted the Les Essarts unit as a pre-Hercyman

continental crust that was subducted during the eo-Hercyman orogeny.

4.3.2. Sample location and description

Most of the samples (Gxx) were taken in the La Gerbaudière eclogite quarry (Fig. 4.3). The

other samples were found in different lenses distributed throughout Les Essarts Unit (Fig. 4.2).
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Fig 4 3 Schematic cross section of the La Gerbaudière quarry in 1999 The sample positions and dip of

foliations are shown

The foliation in the Les Essarts Unit is almost subvertical, while stretching lineation is slightly

dipping towards NW (Fig.4.4). Foliations in eclogite and gneiss are similar. Where the contact

between eclogite and gneiss is visible, these structures seem to be parallel in both rocks, suggesting

that they deformed simultaneously. Strong unconformities between the two rocks occur rarely,

but on the northwestern end of the La Gerbaudière quarry (Fig. 4.3). Such unconformity is

certainly due to a difference in rheology between eclogite and gneiss, which produced a

boudmage effect. Decametnc levels of paragneiss are occasionally mterbedded withm the eclogite

{eg La Gerbaudière quarry Fig. 4.3). This gneiss is mainly made of quartz + plagioclase + biotite

+ garnet. K-feldspar is not abundant. Leucosomes seldom occur, indicating an incipient

migmatisation. Its foliation is parallel and apparently contemporaneous with the syn-eclogite

foliation of the neighbouring eclogite. Evidence of high-P metamorphism is generally lacking in

those gneiss levels, which suggests a late reequilibration, probably during migmatisation.
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Fig. 4.4' Field orientations of structural elements (foliations/lmeations) in the Armorican massif (lower

hemisphere equal area projections), a) Eclogite (full lines/squares) and gneiss samples (dashed lines/stars)
from the La Gerbaudière quarry, b) Eclogites from other localities within the Armorican massif (full

lines/squares).

4.3.3. Petrology

The petrology of Vendée eclogites was described by Godard (1981, 1988). Their primary

high-pressure mineral assemblage is omphacite + garnet + rutile ± kyanite ± zoisite ± magnesio-

hornblende. Thermo-barometnc estimations gave P > 13 kbar and T = 650 to 750 °C. An age of

440 Ma was proposed by Peucat et al. (1981) for the eclogitisation.

The eclogite samples studied here contain the high-pressure mineral assemblage omphacite

+ garnet + rutile + quartz + zoisite, m various proportions. Retrogression is indicated by the

presence of green amphibole and plagioclase-clmopyroxene symplectite developed along

omphacite gram boundaries. Amphibohtisation always affects the margins of the eclogite lenses

{e.g. La Gerbaudière quarry: Fig. 4.3). When observed m eclogite, retrogression is static, without

apparent deformation. Foliation m amphibolite is subparallel to that m eclogite, although more

scattered, suggesting that the stress field was rather constant during retrogression.

4.3.4. Microstructures

The foliation (S) m the eclogite is marked by the shape-preferred orientation (SPO) of

omphacite (Fig. 4.5, 4.6). Alternating thin layers with variations in garnet size and proportions of

minerals, particularly amphibole-nch microlayers (Fig. 4.5) are parallel to this foliation.

Elongated omphacite crystals define a more or less pronounced stretching lineation (L)

depending on the intensity and type of the shape fabric. Deformation bands, undulous

extinction, subgrams elongated parallel to the long axis of the original gram and thm

deformation twins are characteristic features of intracrystalline deformation in the omphacite

grains. They are typically interpreted as evidence that dislocation creep was active. TEM

observations on a sample originating from the quarry (sample G10 of Godard and Van
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Roermund, 1995) corroborated this statement and revealed that the operative slip systems were

[001](100), < 110>{ 110} and [001]{110}. Deformation structures in omphacite are postdated by

the post-eclogite retrogressive minerals that are clearly not elongated parallel to the foliation. The

symplectite after omphacite, for example, is made of a fine and lacy association of clinopyroxene

+ plagioclase which is expected to not be able to survive a strong deformation.

Fig. 4.5: Hand specimen of eclogite sample G80: a) XZ-section: parallel to lineation and normal to

foliation, b) XY-section: parallel to foliation and lineation.

Garnet occurs as large euhedral crystals, with size up to several millimeters. They contain

mineral inclusions, mainly quartz, amphibole and zoisite, in their core while their rim is

inclusion poor. In some garnets, inclusion trails are visible and have been interpreted as relics of

a pre-eclogite paragenesis (Godard, 1988). Their orientation varies from garnet to garnet showing

that garnets rotated passively during deformation. Moreover, garnet crystals behaved rigidly as

indicated by broken fragments dispersed in the omphacite matrix.

Rutile forms aggregates concentrated within the omphacite matrix or between omphacite

and garnet. Grains are generally small and slightly elongated. Larger crystals are twinned or

contain subgrains while the small grains are generally strain-free, presumably developed through

dynamic recrystallisation.

Quartz occurs as irregularly shaped crystals clustered to form aggregates. These are large

and contain some subgrains but no further evidence of internal deformation. Grain boundaries

between quartz grains are generally straight.

In the gneiss samples, quartz shows undulous extinction, deformation bands and

subgrains, characteristic for intracrystalline deformation. New equant recrystallized grains are

present. Plagioclase grains display abundant twins. Quartz- and plagioclase-quartz grain

boundaries are strongly curved to lobate.

Fig. 4.6: Optical micrographs of the studied eclogites (crossed polarisers for all except g)):

a) S-type eclogite sample G81, section XZ., b) S-type eclogite sample G81, section XY,

c) L-type eclogite sample G100, section XZ., d) L-type eclogite sample G100, section XY,

e) Broken hollow garnet and deformed omphacite with strongly elongated subgrains (sample F25 section

XZ),



Chapter 4 58 Omphacite and rutile petrofabrics

f) Flow of omphacite wrapping around garnet (sample J23 section XZ). The omphacite grain size is larger in

the garnet pressure shadows. Inclusions of quartz in the garnet are aligned,
g) Occurrence of rutile (sample G79 section XY) as aggregates of small grains between garnet and omphacite

grains,

h) Deformation features in omphacite and quartz (sample F25, section XZ): Omphacite grains between

garnet show elongated subgrains. The large quartz grains in the aggregate do not present any intracrystalline
deformation structures, grain boundaries are nearly equilibrated.
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4.4. Analytical technique

4.4.1. Orientation measurements

Lattice preferred orientation (LPO) of omphacite, rutile and quartz were obtained from

individual orientation measurements by EBSD (Table 4.1 and Appendix C). EBSD patterns were

collected using a SEM CamScan CS44LB at ETH Zürich with an accelerating voltage of 15 kV

and a beam current of approximately 2.5nA. They were indexed using the software Oim2.0 (TSL

Inc.) on a SGI Indy workstation. Orientation data of omphacite were automatically collected

using an EBSD reference file of 40 reflections (Mauler et al.! 1998). Rectangular sampling grids

were defined to cover as much of the sections while avoiding parts of the samples that were not

well polished. Orientations with a low reliability (confidence index < 0.2) were filtered out for

orientation density calculations. For rutile and quartz, the electron beam was positioned

manually once per individual grain and the crystallographic orientation at that point was

measured.

The orientations from the various minerals in each sample were all measured during the

same SEM session so that the external reference frame is perfectly identical for the fabrics of the

different minerals in the same sample. Precise positions of foliation and lineation were based on

the grain shape fabric and determined from the elongation of 100 omphacite grains in the XZ

and XY sections, respectively (X = lineation, XZ = foliation plane) The measured pole figures were

oriented accordingly to align the lineation horizontally and the foliation normal vertically.

LPO of omphacite and rutile were measured on all 20 eclogite samples. Quartz LPO were

measured on 11 eclogite samples from the La Gerbaudière quarry (G72, G73, G75, G76, G78,

G79, G81, G82, G83) and from two other eclogite lenses distributed in the Les Essarts Unit (F70,

H3). Additionally, the LPO of quartz in two gneiss samples (G69 and G87) were studied, which

were sampled close to the contact between the eclogite lens of the quarry and the surrounding

rocks (Fig. 4.3).

Orientation distributions in pole figures and inverse pole figures were obtained using the

software package Beartex (Wenk et al, 1998). The orientation distribution function (ODF) was

calculated from the individual orientations using a bell curve smoothing width of 30°. The

strength of the texture was expressed by the texture index J calculated as the mean square value of

the ODF (Bunge, 1982). A random LPO would have constant ODF and pole figure values equal

to 1 and therefore a texture index of 1, whereas for an infinitely sharp texture (single crystal), the

texture index approaches infinity. With the applied smoothing width of 30°, the maximum J is

equal to 79.4 for a single orientation.
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Sample G70 G71 G72 G73 G74 G75 G76 G77

OIM grid
(mm)

20x8 18x8 18x9 24x8 19x10 19x9 20x9 22x6

@ step size

(urn)
@200 @200 @200 @200 @200 @200 @200 @200

# total

orientations
4141 3731 4186 4961 4896 4416 4646 3441

# omphacite
onentations

1412 956 1271 993 1277 1284 618 891

Omphacite
Texture Index J

4.1 4.1 2.7 4.0 2.9 2.2 3.0 4.3

#ruüle

orientations
170 180 190 180 180 200 160 150

Ruüle

Texture Index J
1.4 1.3 1.4 1.4 1.3 1.3 1.4 1.2

# quartz
orientations

- - 260 260 - - 280 -

Quartz
Texture Index J

- - 1.2 1.1 - - 1.1 -

Sample G78 G79 G80 G81 G82 G83 G84 G86

OIM grid
(mm)

16x10 19x8 22x6 14x8 20x9 16x9 13x12 11x6

@ step size

(um)
@200 @200 @200 @200 @200 @200 @200 @200

# total

orientations
4131 4186 3441 2911 4646 3726 4026 1705

# omphacite
orientations

1067 1181 1308 1017 560 839 1370 605

Omphacite
Texture Index J

3.3 3.4 1.9 3.6 2.9 3.4 2.2 2.5

# rutile

orientations
180 170 200 180 180 80 170 160

Rutile

Texture Index J
1.3 1.3 1.7 1.3 1.3 1.5 1.5 1.4

# quartz
orientations

290 300 - 170 260 185 - -

Quartz
Texture Index J

1.1 1.2 - 1.2 1.3 1.2 - -

Sample F25 F70 G100 H3 C22(D) C22 (Fl) C22 (F2) C22 (C)
OIM grid
(mm)

20x6 18x4 20x7 18x8 - -
- -

@ step size

(um)
@200 @200 @200 @200 manual manual manual manual

# total

orientations
3131 2911 3636 3731 - - - -

# omphacite
orientations

931 581 488 630 107 33 83 117

Omphacite
Texture Index J

3.3 2.5 2.8 2.8 4.0 4.8 4.1 2.1

# rutile

onentations
160 170 160 170 - - - -

Rutile

Texture Index J
1.4 1.4 1.7 1.3 - - - -

# quartz
orientations

-
250 - 150 - - - -

Quartz
Texture Index J

- 1.2 - 1.2 - - - -

Table 4.1: Parameters of the LPO measurements m the studied eclogites samples. Sampling grid definition

for automated orientation collection of omphacite (size of the grid, step size, total number of

measurements, number of valid omphacite orientations). The number of omphacite orientations

corresponds to the part of the total orientations that has a high reliability (confidence index > 0.2). The

fraction with a low reliability is mainly made of patterns that were collected on other mineral phases than

omphacite (essentially garnet) or on surface damages. The number of manually measured rutile and quartz

orientations is additionally given. The texture indices for LPO of omphacite, rutile and quartz, is based on

Gaussian convolution of the individual orientation data using a smoothing width of 30°. In the gneiss

samples G69 and G87, 260 resp. 280 quartz orientations were collected. The obtained texture indices for

these samples were J = 1.2, resp. J = 1.3.
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4.4.2. Eigenvalues and eigenvectors

The main features of each pole figure were characterized by eigenvalues and eigenvectors

of the corresponding orientation ellipsoid (mathematically the second-order moments of the

distribution). A direction in three-dimensional space is a vector v with unit length, which can be

represented by three direction cosines, taken as normalized Cartesian coordinates (vl5 v2, v3). For

any single direction, the 3x3 symmetric covariance matrix {v,vk} (i, k = 1, 2, 3) of the direction

cosines has the eigenvalues 1, 0, 0 and eigenvectors parallel and perpendicular to that direction

(The notation {vfvk} represents a matrix whose elements are equal to v,vk with i, k = 1, 2, 3). This

corresponds to an orientation ellipsoid that is extremely pencil-shaped. For a distribution of

many directions, the mean covariance matrix results from the weighted average of {vfvk} over all

directions. It corresponds to an average orientation ellipsoid, and diagonalisation results in

eigenvalues e[ > e2 > e3 and eigenvectors rjb t>2, t>3 characteristic for that distribution. Due to pole

figure normalization the eigenvalues are normalized to e[+e2+e3 = 1. The eigenvalues represent the

strength of the axis distribution in the direction of the corresponding eigenvector, which is either

the best-fit axis of the distribution, the perpendicular to the best-fit axis in the best-fit great circle,

or the pole to the best-fit great circle. Procedures for eigenvalues and eigenvector calculations were

included as a subroutine of the Beartex package based on second-order harmonic coefficients

(Bunge, 1982). The triangular presentation of the eigenvalues employs the indices point (P = ere2),

girdle (G = 2*(e2-e3)) and random (R = 3*63) with P+G+R = 1, as introduced by Vollmer (1990) and

previously used by Abalos (1997) to characterize omphacite fabrics.

In this study, the omphacite LPO were characterized by eigenvalues and eigenvectors from

the distributions of 3 mutually perpendicular crystal directions a*(100), b[010] and c[001]. Due to

the monoclinic crystal symmetry, a*(100) is the pole to a crystallographic plane, while b[010] and

c[001] are crystallographic axes. Eigenvectors for omphacite distributions are denoted by oI[xyz],

°2[xyz> °3[xyz]! where [xyz] is one of the three directions a*(100), b[010] or c[001].

For the rutile LPO, the distributions of a[100] and c[001] axes were characterized by their

eigenvalues and by the eigenvectors rl5 r2, r3 for the c[001] axis. Because of the four-fold crystal

symmetry of rutile with a=b, eigenvalues and eigenvectors for all directions [uvO] (normal to

c[001]) are equal. Furthermore, eigenvectors for [uvO] (like a[100]) and c[001] are not independent

but related by rI[uv0]
=

r3, r2[uv0]
=

r2, r3[uv0]
=

rt .

4.4.3. Shape fabrics

Shape preferred orientation (SPO) was deduced from the angles between the elongation of

omphacite grains and the border of the thin section in the XZ and XY sections (X = lineation; XY
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= foliation plane). For each gram, the angle of the longest gram axis to the reference line was

measured, irrespective of shape and size of the grains. From the list of measured angles, a mean

elongation direction and an average aspect ratio were derived by a projection procedure similar to

the SURFOR technique described by Panozzo (1983, 1984), which was implemented mto an Excel

spreadsheet. The obtained mean elongation directions were subsequently used as refined

references for lineation and foliation, and the aspect ratios as axial ratios X/Y and X/Z of the

shape ellipsoid, respectively.

4.5. Omphacite fabrics

4.5.1. Crystallographic fabrics

The LPO of omphacite in 20 eclogite samples are presented in Fig.4.7 as pole figures of the

b[010] and c[001] axes as well as a*(100) and (110) plane normals, and as inverse pole figures of

the foliation normal (Z) and of the lineation (X). Omphacite fabrics are typically divided mto 3

principal categories:

- S-type fabrics (samples G70 to G77, G81 to G84, F70), where b[010] is maximum normal

to foliation and c[001] is randomly distributed in the foliation plane (S). In this fabric type, the

poles of (100) are also randomly dispersed in S, and consequently the poles to (110) describe two

small circles around the foliation normal with at an angle of about 45 °, which is the angle

between (110) and b[010]. Deviation from the pure S-type fabric can be recognized by maxima of

c[001] close to L, and a*(100) and (110) perpendicular to the lineation (L). Where the girdle of

a*(100) widens (G73, G76, G82), along with a sharpening of c[001] parallel to L, the (110)

maximum aligns normal to S. Where the distribution of a*(100) decreases in strength, the point

maximum of b[010] widens (G74, G75, G84, F70) and the distribution of (110) is maximum

normal to S. Two samples present a different type of fabric (samples G78 and G79) as the

maxima along the c[001] girdle are nearly normal to L and consequently the girdle of a*(100) has

a maximum close to L. Two (110) maxima are at approximately + 45° from L away from S. This

fabric type has so far only been reported in clinopyroxenes from rocks with minor clinopyroxene

contents (Ji et al, 1993; Siegesmund et al, 1989), but never in eclogites. A misidentification of the

Fig. 4.7' LPO of omphacite in pole figures {left) and inverse pole figures {right). All figures on lower

hemisphere equal area projection, if applicable reduced by the inversion symmetry. Density in logarithmic
scale in multiples of random distribution (mrd), that compares an orientation density with that of a sample
with no preferred orientation (random distribution). In the pole figures, normal to foliation plane S is

vertical, and lineation L is horizontal. A reference key is given with crystallographic directions for the

inverse pole figures, where the X and Z figures show the frequency of crystal directions to align parallel to

the lineation and the foliation normal, respectively. Field orientations of foliation and lineation for each

sample are indicated below the sample number.
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X and Y strain directions in the thin- or SEM-sections could be responsible for this observation,

though the textures differ by more than just a rigid rotation of the reference frame. In both

samples, the maximum of b[010] widens towards a girdle normal to L, which is in agreement with

the girdle of b[010] observed in all the other samples, which display S- or LS-type fabrics. The S-

type fabrics are generally sharp with a texture index comprised between JG72 = 2.71 and JG77 = 4.26.

- Intermediate LS-type fabrics between S- and L-type (Samples G80, G86, G100, H3) for

which b[010] is distributed in a girdle normal to L and c[001] in a girdle parallel to the foliation

plane. The girdle of b[010] contains a maximum normal to S, and the girdle of c[001] a

maximum parallel to L. When the L-character is stronger developed than the S-component,

a*(100) and (110) are arranged on girdles normal to L, with a maximum of a*(100) generally lying

in S, and maxima of (110) more away from S. The texture strength is generally weaker in these

samples than in the samples displaying an S-type fabric and ranges between JG80 = 1.88 and JGI00 =

2.76.

- L-type fabrics, where c[001] is parallel to lineation and b[010] is distributed within a

girdle normal to L. This fabric type is rare in the Vendée eclogites and has been observed only in

sample C22 (Fig. 12 in Godard and Van Roermund, 1995) and to a less extent in sample H3.

Characteristics of the fabric types are also visible in the inverse pole figures. For the S-

type fabric, the foliation normal (Z) aligns with b[010] and the lineation (X) lies in the plane

normal to b[010], preferentially close to c[001]. In the LS-type fabric, the foliation normal (Z)

defines a girdle normal to c[001] which includes b[010], (110) and a*(100), whereas the lineation

(X) aligns preferentially in a girdle normal to b[010] with maximum parallel to c[001].

4.5.2. Correlation with the shape fabric

Shape preferred orientations (SPO) of the studied eclogite samples (Fig. 4.8) range from

strongly planar (samples G74, G72, G77, G78, G79) through intermediate to strongly linear (H3,

G100, F25). At the scale of the quarry, no clear evolution is observed along the profile although

omphacite crystals from samples originating from the NE side of the quarry seem to be more

oblate (G80, G81, G82, G86).

A general correlation is observed between the types of shape and crystallographic fabric as

the samples displaying a crystallographic S-type fabric are generally foliated, while the samples

presenting a crystallographic LS-type fabric are lineated. However, there are exemptions from this

observation (G76, G82). No quantitative correlation could be obtained between the strengths of

the shape fabrics and that of the LPOs in opposition to the observation of Godard and Van

Roermund (1995). The ranges in the strength of both the SPO and LPO are rather narrow in this

data set, so that such correlation may not be noticeable. Some uncertainty also remains about the
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measured SPO strength because of the semi-quantitative approach applied (see section 3.3). On

the other hand, at the large strain involved in the deformation of the eclogite, it is not necessarily

to be expected that the SPO would reflect the finite strain ellipsoid, and that the LPO

monotonously would vary with finite strain neither. Indeed, high strain torsion experiments (e.g.

Pien et al, 2000) have shown, that steady-state SPO and LPO develop through dynamic

recrystallization in highly sheared rocks, and do not vary with finite strain.

Fig. 4.8' Omphacite gram shape fabrics, a) Logarithmic Flmn diagram with X, Y, Z representing the lengths
of the principal axes of a mean gram shape ellipsoid, b) Triangular fabric diagram based on the indices

point (P), girdle (G) and random (R) as defined by Vollmer (1990). The indices were calculated from the

shape ratios with tjt2 = X/Y > 1, e2/ei = Y/Z > 1, e1+e2+ei = 1 according to P =

ere2, G
= 2l"(e2-e3), R = 3 l"e3.

Elongated shapes correspond to the point field (open symbols), flattened shapes to the girdle field (black

symbols), plane strain shapes in between (gray symbols).

4.5.3. Eigenvalues and eigenvectors

Pole figures of b[010], c[001] and a*(100) of omphacite were characterized by eigenvalue

distributions and eigenvector orientations as presented in Fig. 4.9. Based on the eigenvalues, the

previous classification of the fabrics as S- and LS-type is reinforced. Eigenvalues for the S-type

fabrics are characterized by a strong point component for the b[010] direction and a strong girdle

component for the c[001] direction. Eigenvalues for b[010] in the LS-type fabrics still contain an

important point component, while they would plot in the girdle field for true L-type fabrics.

Similarly, the eigenvalues for c[001] contain an important girdle component for the S-type fabrics.

Only three samples (H3, F25 and G100) with LS-type fabric plot in the point field, which would

be also expected for proper L-type fabric. The random contribution is lowest for c[001], suggesting

that preferred orientation of c[001] fabric is strongest. Eigenvalues for a*(100) plot in the random

field for the LS-type fabrics, while for the S-type fabrics they often preserve a substantial girdle

component.
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Plots of the eigenvectors of the b[010], c[001] and a*(100) distributions within the

structural reference frame show that the first eigenvector for b[010] plots generally close to the

foliation normal. For LS-fabrics, the first eigenvector for c[001] plots close to the lineation. For S-

type fabrics, o1[001] and o2[001] are randomly spread in the foliation plane.

Fig. 4.9: Eigenvalues and eigenvectors of the omphacite b[010], c[001] and a*(100) pole figures a)

Eigenvalues plotted in triangular fabric diagrams based on the indices point, girdle and random, b)

Eigenvectors O! (circles), o2 (squares), o3 (triangles) on equal area lower hemisphere projection. Normal to

foliation plane S is vertical, and lineation L is horizontal. Samples displaying S-type fabrics are presented by
black symbols, and samples with LS-type fabrics by grey symbols.

In a previous study, Abalos (1997) used misalignments between the eigenvectors and the

structural reference frame to deduce a sense of shear of the deformation. More specifically, he

analyzed the angles between o1[0I0] or o3[001] and the pole to the foliation. On this data set of 20
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eclogite samples, the first deviation (between the eigenvector 0[ for b[010] and the normal to the

foliation within the XZ plane) reaches a maximum angle of 9°, and the average absolute angle for

all the samples is 2.5°. Similarly, the obliquity between the eigenvector o3[00I] and the foliation

normal reaches a maximum angle of 7°, and the average absolute angle is less than 3°. Moreover,

the sense of the obliquity with respect to lineation varies from clockwise (F25, F70, G71, G76,

G77, G80, G82) to anticlockwise (G100, G70, G72 to G75, G78, G79, G81, G83, H3) without any

obvious consistency. Therefore the misalignments cancel each other out on average, resulting in

very small average total angles of 0.1° and 0.8°, respectively.

In summary, the LPO of this data set do not significantly deviate from orthorhombic

symmetry aligned with the structural reference frame. Therefore, they did not record any non-

coaxial (shear) deformation in the eclogites, which may well have occurred as indicated in the

surrounding gneisses. Thus we conclude that the obliquity between the omphacite LPO and the

structural framework is not robust enough to be used for reliable shear sense determination.

4.6. Rutile fabrics

4.6.1. Crystallography of rutile

Rutile is the high temperature polymorph of Ti02 and the most common form in

nature. It belongs to the tetragonal crystal system (a=bÄ, a=ß=y^90°) and to the highest

symmetry point group in this system (4/mmm), implying that a[100] and b[010] are equivalent

directions. The lattice is flattened with c/a-ratio of 0.64, while the crystals grow elongated parallel

to the c[001] axis, both similar to omphacite..

Two glide systems have been identified for stoichiometric Ti02 from compression

experiments on single crystals (Blanchin and Fontaine, 1975; Blanchin and Faisant, 1979;

Blanchin et al, 1990):

1. {101 }< 1 01>, may be activated for temperature above 875 K,

2. {110}<001>, may be activated for temperature above 1175 K and high stress.

Data on active slip systems in naturally deformed rutile or LPO of experimentally deformed

polycrystalline rutile aggregates have not been reported.

4.6.2. LPO patterns of rutile

The fabrics of rutile are consistent throughout the studied samples and can be arranged

into two groups, as shown in Fig. 4.10. Although the fabrics are weakly developed, a tendency of
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Fig. 4.10: LPO of rutile {left) and quartz {right) m pole figures on lower hemisphere equal area projection, if

applicable reduced by the inversion symmetry. Density m logarithmic scale m multiples of random
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the rutile fabric to duplicate the omphacite LPO is clearly visible. Therefore, the terminology used

for omphacite LPO classification is also followed for the rutile LPO without any reference to the

rutile grain shape.

- SL-type fabrics can be defined in samples G70, G71, G73 to G75, G77 to G79, G81,

G83, G84 and F70, where maxima in a[100] and therefore b[010] are normal to foliation, while

c[001] is dispersed in the foliation plane and often concentrates close to lineation. However for

some samples (G70, G73), the maximum in c[001] is off the lineation or even concentrates in a

direction nearly normal to L, without corresponding to a similar behavior in the omphacite

fabrics.

- LS-type fabrics are recognized in samples G72, G76, G80, G82, G86, G100, F25 and H3.

In this type of fabrics, the maximum of c[001] is close to lineation and a[100] and b[010] spread

out in a great circle normal to the lineation.

Comparison of the LPO of omphacite and rutile for each sample shows a clear correlation.

In the samples displaying an omphacite S-type fabric, the fabric of rutile is predominantly planar,

while in the samples displaying an omphacite LS-type fabric, the fabric of rutile is more linear.

Only a few samples do not respect this correlation where the omphacite fabric is an S-type while

the rutile fabric resembles more a LS-type (G72, G76, G82, G84).

4.6.3. Eigenvalues and eigenvectors

The pole figures of rutile were characterized by eigenvalues and eigenvectors analogously as for

omphacite (Fig. 4.11). Both the eigenvalues for c[001] and a[100] plot mostly in the random field.

Samples with an LS-type fabric sometimes contain a point contribution for c[001], that should be

there for a perfect L-type, while for the SL-type, eigenvalues for c[001] have a stronger girdle

Fig. 4.11: Eigenvalues and eigenvectors of the rutile pole figures for 20 eclogites samples (see Fig. 4.10). a)

Eigenvalues for c[001] plotted in a triangular fabric diagram, b) Eigenvectors r1 (circles), r2 (squares), r3

(triangles) for c[001] on equal area lower hemisphere projection. Normal to foliation plane S is vertical, and

lineation L is horizontal. The eigenvectors for a[100] are parallel to those of c[001] in reverse order (3 to 1).

c) Eigenvalues for a[100] plotted in a triangular fabric diagram. Symbol color according to the omphacite
fabrics of the same samples (see Fig. 4.8).
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component. Eigenvalues for a[100] are always close to random with only minor girdle tendency.

Plots of the eigenvectors for c[001] with respect to S and L show that r3 plots always close to the

foliation normal. For LS-type fabrics, the eigenvectors t1 plot towards L, while for S-type fabrics, xl

and r2 are spread randomly within S. Any fabric obliquity would be deduced from the angle

between r3 and the pole to S. The absolute average obliquity (azimuth angle in the XZ plane) for

all the studied samples is 1.3°, and 0.8° for the samples in the quarry. Therefore, the rutile LPO

does not reflect any representative shear component.

4.6.4. Comparison of eigenvectors for omphacite and rutile

For each sample, the position of the eigenvectors for rutile relative to the ones for

omphacite was compared, that is the angles between rI[010] (which is equal to r3) and oI[010], and

between r3 and o3[00I] (Fig. 4.12). Although the absolute average asymmetry is less than 2.5° in

both cases, subgroups can be formed where the obliquity is higher. In the SW side of the quarry

(samples G70 to G79), the obliquity is consistent within the samples (except of sample G71). On

average, r3 can be deduced from oI[010] (respectively o3[001]) by an anticlockwise rotation of 6°

around the structural Y axis. In the northern side of the quarry (samples G81 to G84), r3 is

deduced by a clockwise rotation around Y of 5.5
°

from oI[010] and of 4.5
°

from o3[001] on average.

The transition between clockwise and anticlockwise rotation occurs at sample G80, where a

change in lineation plunge occurs. The obliquity in the lineated samples is generally much weaker

(1-2°) than in the foliated samples.

The observed asymmetry might be used for shear sense determination. From previous

work also in the surrounding gneisses, the general sense of shear in the quarry area is believed to

be dextral, so that in the SW part of the quarry, the rutile LPO rotated against the sense of shear

relative to the omphacite fabric. The reversal of the relative LPO orientation between rutile and

omphacite in the northern part of the quarry may be due to a transition in the shear sense.

4.7. LPO of quartz

4.7.1. Fabrics of quartz in the eclogites

Fabrics of quartz in the eclogite are presented in Fig. 4.10. None of the pole figure shows

consistency throughout the studied samples. The c[0001] axis pole figures present patterns varying

from single point maxima (G72, G78, G79 and G82) to more complex patterns with multiple

point maxima (G73, G75, G76, G81, G83 and H3). Consequently, pole figures of a[ll2 0] also
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Fig. 4.12: Comparison of the eigenvectors

omphacite and r

Jl[010]> u2[010]> u3[010] (black) and
Jl[001]> u2[001]> u3[001]

°3[ooi] (ST*!)) of

i[ooi]> r2[ooi]) r3[ooi] ("white) of rutile for 20 eclogites samples, equal area lower hemisphere

projection. Normal to foliation plane S is vertical, and lineation L is horizontal. Most of the eigenvectors
are nearly parallel to the structural reference frame defined by S and L without any systematic deviations.

The angle between o1[010] and rjr010i, (black dot and white triangle) or between
'3[001]

and
3[001] (gray triangle and

white triangle), which are all nearly normal to the foliation, might be used to infer a sense of shear with

respect to the flow plane and the flow direction. The arrow pairs indicate the sense of rotation of the rutile

fabric with respect to the omphacite fabric, which mostly correspond to sinistral shear sense.
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differ for each sample. The strength of the textures is very low (JG76 = 1.11 to JG82 = 1.26) in all the

samples indicating a texture close to random. Because of the difficulty to interpret the fabrics and

a rather poor confidence in their significance, no sense of shear is deduced from the quartz LPO

in the eclogite samples.

4.7.2. Fabrics of quartz in the gneisses

The fabric of quartz in the gneiss sample G69 describes also a complex pattern, and

because of the low texture index (JG69 = 1.20), the fabric is interpreted as random. The LPO of

sample G87 is characterized by an elongated point maximum of c-axes nearly parallel to Y. The

a[ll2 0] axes define a girdle spread out at the periphery of the pole figure normal to the

maximum of c[001] with a point maximum near the lineation, rotated clockwise by about 15°,

which indicates a dextral sense of shear. The texture in this sample is highest (JG87 = 1.35) of all

quartz data, and can be interpreted as produced by simple shear at medium-grade metamorphic

conditions where prism <a> slip is dominant, producing the c[0001] maximum around the Y-axis

(according to Schmid and Casey, 1986). The asymmetry with respect to X and Z in the c- and a-

pole figures of sample G87 indicates a dextral sense of shear, in agreement with the dextral strike

slip movement in this area.

4.8. Local LPO variations in omphacite

4.8.1. Sample description and technique

Local LPO measurements were performed in polycrystalline omphacite included within a

single hollow garnet (sample C22 of Godard, 1988, and Godard and Van Roermund, 1995). Two

main domains of omphacite crystals were distinguished inside this garnet. In part C, omphacite

crystals were presumably sheltered from any directed stresses by the garnet crystal, while in part F,

the garnet is broken and the omphacite deformed. Omphacite in part C is fine-grained, slightly

elongated and only weakly aligned. Very fine quartz and rutile grains occur. Omphacite in part F

is coarser grained and the grains are even larger than in the matrix (part D). Omphacite crystals

are strongly elongated with shape ratios up to 6:1. For Godard (1998) and Godard and Van

Roermund (1995), the omphacite inside garnet represents an early stage in the eclogite evolution,

and escaped subsequent syn-eclogite-facies deformation due to the rigidity of garnet.

For all chosen grains, the lattice and shape orientations were measured. The average

direction of the long axis of all the grains measured represents the local apparent traces of
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foliation and lineation withm the section plane. Best-fit axes for the crystallographic directions

b[010] and c[001] were obtained from eigenvector calculations.

4.8.2. Results

The omphacite LPO (Fig.4.13) in part C is not random but presents a girdle of c[001] with

a point maximum in the section plane. The b[010] and (110) pole figures display point maxima

of similar intensity sub-perpendicular to the point maximum of c[001], and close to the

eigenvector o3[00I].

In part F, the omphacite was separated mto two fractions that have different SPO. For

both parts, the omphacite pole figures display LS-type fabrics with a girdle of c[001] normal to a

girdle of b[010], and both girdles contain point maxima perpendicular to each other. In the left

side (Fl), the girdle of c[001] axes is sub-horizontal, and the girdle of b[010] sub-vertical

suggesting that S is close to the section plane. In the right part (F2), both girdles of c[001] and

b[010] intersect in the center, suggesting that S is nearly vertical. In the two parts, the eigenvector

o1[001] is subparallel to the average elongation of the measured omphacite grains.

The texture index has increased from J = 2.1 (part C) to J = 4.1 (Fl) and J = 4.8 (F2),

respectively. The LPO eigenvalue analysis shows distributions in the random field for part C,

compared to intermediate distributions between point and girdle in Fl and F2.

In the matrix (D), the maxima of c[001] and b[010] are wider because orientations were

sampled in zones where the omphacite flows around the garnet. As in the other parts, the LPO

has a maximum of c[001] sub-parallel to the average gram elongation and a girdle of b[010]

perpendicular to it. Although perturbed by the presence of the garnet, this fabric corresponds to a

weak L-type fabric, with b[010] eigenvalues in the girdle field and c[001] eigenvalues towards the

point domain. This LPO is similar to the one obtained by Godard and Van Roermund (1995) on

a sample from the same locality.

We can conclude that in the vicinity of the garnet, the strain intensity increased from part

C to parts F and D. The strain ellipsoid rotated around the garnet, but also its shape evolved

from a perturbed S-type in part C through SL- and LS-types in part F, to L-type in part D. These

variations can be due to the presence of the garnet, but also to a change in the stress ellipsoid

between the formation of the omphacite inside and outside of the garnet.



b)

b[010] c[001]

c[001] /

b[010]

c[001]

b[010]

c[001]

b[010]

c[001]

(110)

a»(100)

a*(100)

(110)

a^lOO)

b[010]

(110)

a»(100)

Fig. 4.13: Microstructures and LPO of omphacite enclosed in a skeletal hollow garnet that has been broken during
deformation (sample C22 from Godard, 1988, and Godard and Van Roermund, 1995).

a) Polarized light micrographs, overview with red frames marking the enlargements. Pole figures of omphacite in the

matrix (D), in the deformed omphacite (Fl and F2) and in the core of the garnet (C), density in logarithmic scale (mrd)
on lower hemisphere equal area projection. The black dots represent the direction of maximum grain elongation within

the section plane (trace of foliation). Eigenvectors oj (white dots), 02 (white squares), 03 (white triangles) are

represented in the c[001] and b[010] pole figures.

b) Eigenvalues for b[010] and c[001] plotted in a triangular fabric diagram for the four parts defined above.
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4.9. Discussion

4.9.1. Deformation mechanisms

The microstructures and LPO obtained from this study are summarized as follow:

Microstructures of omphacite show evidence for intracrystalline deformation. The

deformation resulted in a clear LPO that varies from S to LS-type fabric in correlation with the

gram shape fabric.

Rutile also presents features of plastic deformation. The LPO produced during

deformation is similar but weaker than the one developed in omphacite.

Quartz shows neither evidence of strong intracrystalline deformation nor a strong LPO.

Omphacite deformation mechanisms

The omphacite S-type and L-type LPO is a typical fabric for clinopyroxene from high-

pressure rocks. This fabric has been reported by numerous authors (Ave Lallement, 1967; Binns,

1967; Kumazawa et al, 1971; Baker and Carter, 1972; Carter et al, 1972; Engels, 1972; Helmstaedt

et al, 1972; Boudier, 1978; Godard, 1981; Van Roermund, 1983; Kuijper et al, 1985; Godard,

1988; Van Roermund, 1992; Boundy and Fountain, 1992; Barruol and Mainprice, 1993; Abalos,

1997; Brenker, 1998). Its origin still remains under discussion. In a previous study, Godard and

Van Roermund (1995) examined the possibility to develop this fabric assuming glide on a single

slip system, as well as on multiple slip systems. They concluded that the fabric with (010) parallel

to S cannot be exclusively produced by dislocation creep because there has no (010)[u0w] slip

system been reported for omphacite. Therefore, other mechanisms, such as diffusion creep with

concomitant anisotropic growth and dissolution, should be involved, as already suggested by

Helmsteadt et al. (1972) using the terms of crystallization under non-hydrostatic stress. The

hypothesis of directed growth is further based on the work of Van Panhuis-Sigler and Hartman

(1981), who showed that the attachment energies m clinopyroxenes are minimum for the plane

(010), intermediate for (100) and maximum for (001), and similarly are the face growth and

dissolution rates. Similarly, the elastic modulus C22 associated to the a*(100) direction is lower

than elastic modulus Cn (associated to b[010]), which m turn is lower than C33 (associated to

c[001]). Consequently, the compressibility is lower m the c[001] direction than normal to it.

Moreover, m clinopyroxenes, diffusion rates are about one order of magnitude higher m the

direction parallel to c[001] than normal to c[001]. For all these reasons, those crystals that grow

fastest have c[001] parallel to the tension direction (lineation) and b[010] parallel to the

compression direction (foliation normal). Vise versa, those with b[010] parallel to the tension

direction and c[001] parallel to the compression direction dissolve fastest (Fig. 4.14). These
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processes favor crystals oriented with (010) parallel to S, and [001] parallel to L. The LPO of

undeformed omphacite veins, with c[001] normal to the vein walls, i.e. parallel to the tensional

(growth) direction (Philippot and Van Roermund, 1992), can hardly be explained in any other

way.

Fig. 4.14' Schematic illustration of the effect of anisotropic dissolution and precipitation rates on the

omphacite LPO. a) Gram A oriented with c[001] parallel to o3 grows rapidly parallel to c[001] and

dissolves slowly parallel to Gl. b) Gram B oriented with b[010] parallel to o3 grows slowly parallel to

b[010] and dissolves rapidly parallel to al. c) The process favours grains in the orientation A, while grains

in orientation B ultimately vanish, thus producing the (010)[001] fabric.

Some conclusions can be obtained from the examination of the omphacite fabric inside

and outside of the broken garnet of section 4.8. Outside of the U-shaped garnet, omphacite

behaved plastically, wrapping around the garnet and was subject to high stress and strain

gradients, whereas omphacite inside the garnet was presumably sheltered from directed loads. The

omphacite LPO varies corresponding to the SPO, so that the angle between the principal axes of

two fabrics remains approximately constant. This shows that the shape and crystallographic

fabrics are the result of a stress-dependent process in the pressure shadow of the stiff garnet.

Furthermore, crystal growth occurred concomitantly with deformation, as proved by the variation

in gram size between the poorly deformed C zone and highly deformed F and D zones (Fig.

4.13). Two mam growth mechanisms can be driven by deformation: strain-induced gram

boundary migration (GBM) and growth under stress. GBM can hardly have produced the

observed SPO and LPO, whereas oriented growth in a differential stress field could account for

the observed facts (see discussion in Godard and Van Roermund, 1995). Moreover, in part F,
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which is a prion subject to very high stress, the omphacite grains do not show any deformation

features, such as mechanical twins, undulous extinction or subgrams. These features do not

develop by oriented growth processes.

We can suppose that diffusion with oriented growth was a mam deformation mechanism

in omphacite and that it contributed to the LPO development in omphacite. The geometry of the

shape and crystallographic fabrics might therefore also be representative of the stress regime

(direction and magnitude ratios of principal stresses).

The omphacite in part C protected by the garnet can thus be regarded as protected from

the stress field and as not largely subjected to anisotropic growth processes. Because of the fine

gram size and the measured LPO that is not random, it is likely that the omphacite deformed

plastically in an early stage of the deformation, before it was enclosed in the garnet. The strong

alignment of the (110) poles normal to the girdle of c[001] (close to o3[001]) suggests that (110) is

close to the foliation plane. The LPO pattern of this part could therefore be explained by some

dislocation creep on the {110}[001] glide system, a system that was observed to be active during

deformation by Godard and Van Roermund (1995) in the Vendée eclogites.

Rutile deformation mechanisms

It is difficult to interpret the deformation mechanisms of rutile because of the lack of

knowledge concerning the mechanical behavior of this mineral. The LPO of rutile could be, for

some part, the result of dislocation glide on (110)[001], as suggested by the maximum of c[001]

close to L and the maximum of (110) parallel to S in different samples (G72, G75, G76, G79,

G81, G83, G84, G86, F70). This slip system has been observed to be active during compression

experiments on single crystals. On the other hand, the rutile gram size is correlated with

deformation intensity, which strongly suggests the operation of diffusion creep. For example,

rutile grains of the slightly deformed zone of sample C22 (zone C in Fig. 4.13) are numerous and

very small, whereas grains are scarcer, coarser and elongated in the strongly deformed zones of the

same sample (zones F and D in Fig. 4.13). Diffusion creep with concomitant anisotropic

growth/dissolution could well explain the c[001] preferred orientation parallel to the tensional

direction, since rutile obviously grows faster parallel in this direction as proved by its frequent

needle shape. Finally, mechanical twins are rather numerous in deformed rutile grains, and

twinning has certainly also some importance here.

Quartz deformation mechanisms

Although the strength of quartz is lower than that of other eclogite mineral phases

(clinopyroxenes, garnet), it does not show any clear evidence of strong intracrystalline

deformation and LPO development, as already observed by Binns (1967). Late static



Chapter 4 79 Omphacite and rutile petrofabrics

recrystallisation can account for the lack of internal deformation features, for the straight grain

boundaries, for the large grain size as well as for their weak LPO. Petrological observations show

different amounts of clinopyroxene-plagioclase symplectites as well as coronas of green amphibole

around garnet and amphibole intergrown with quartz and plagioclase, due to partial retrogression

of the eclogites. The measured quartz LPO is therefore probably affected by late recrystallisation

processes during retrogression.

4.9.2. Transition from S- to L-type fabrics

The transition between S- and L-type fabrics has been observed and interpreted for the first

time by Helmsteadt et al. (1972) as being linked to the shape fabric of the grains (flattened and

elongated, respectively) and due to a change in deformation regimes from compression to

constriction. This interpretation as been widely accepted and also holds for the samples examined

in this study. However, it has been recently put into question again (Brenker, 1998, Brenker et al,

1999). According to these authors, the LPO of omphacite is not controlled by the deformation

regime but by the configuration of Burgers vectors due to the ordering of cations. Ordering was

deduced from omphacite composition using the equilibrium phase diagram for the system

jadeite-acmite-augite proposed by Carpenter (1980b). The authors deduced a transition from S-

type to L-type omphacite fabrics when the temperature during deformation falls below 750 °C,

which is the critical temperature of space group transformation (ordering from C2/c to P2/n) in

omphacite. This transformation produces a split of the complete V2<110> Burgers vector into two

partial dislocations at low temperature. Movement of such a partial dislocation forms a stacking

fault behind it, increasing the necessary energy for dislocation movement and the strength of the

material. Therefore, intracrystalline deformation features like subgrains should develop

preferentially in low temperature eclogites, as observed by the authors using orientation contrast

image techniques in the SEM. Moreover, using transmission electron microscopy, they observed

these partial dislocations in L-type eclogites, but not in the investigated S-type eclogites.

The results that we have obtained contain several points that do not support the latter

hypothesis of LPO development. A new argument against this interpretation is the measured LPO

of rutile! which is similar although weaker than the one developed in omphacite. Where

omphacite shows S-type fabrics, rutile has S-type or SL-type fabrics as well, and the same hold true

with L-type fabrics. If the S-L-transition would be the result of a switch in intracrystalline

deformation mechanisms like slip systems in omphacite, there is no reason why rutile should be

affected and develop similar S- and L-type fabrics under exactly the same external conditions. On

the contrary, similarity of the fabrics in the two minerals suggests that they have undergone the

same deformation events and deformation regimes under flattening or more constrictional
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conditions. Another argument is that the samples from the quarry were taken at distances of a

few meters, where the omphacite composition, deformation temperatures and therefore the degree

of order (Carpenter and Smith, 1981; Rossi et al, 1983) were homogeneous, while the fabrics vary.

For instance, although G80 and G81 were taken along the profile within 3 meters, G81 displays a

well-developed S-type fabric, while G80 has an LS-type fabric. More generally, all intermediate

fabrics exist between the two extreme S- and L-types, whereas there is no intermediate between

C2/c and P2/n space groups. Finally, Godard and Van Roermund (1995) observed antiphase

domains in all their samples, indicating that they all evolved through the space group transition

from C2/c to P2/n, whatever the fabric type.

4.9.3. Shear sense indications in eclogites

From the results obtained in this study, the omphacite LPO cannot be used for shear sense

indication in the Armorican eclogites. The absolute obliquity between the fabric eigenvectors and

the structural framework is less than 2.5°, which is well in the range of uncertainty that can be

estimated by summing up the uncertainties from foliation and lineation determination and

EBSD measurements. Similar arguments can be invoked for the obliquity of the rutile fabric

(absolute obliquity 1.3°).

This conclusion contradicts the results from Abalos (1997) who observed an asymmetry of

6-8° between the omphacite LPO and the foliation and lineation in eclogites from Cabo Ortegal

(NW Spain). However, as the samples have a different origin there might be a stronger shear

component in eclogites from the Cabo Ortegal than in the ones from Vendée.

The relative obliquity of the rutile fabrics relative to those of omphacite seems to be more

consistent and reliable with angles around 5-6°. These are still small and one can argue whether it

is significant. However, considering the obliquity of two fabrics relative to each other in the same

sample avoids many of the above uncertainties, especially about the S and L positions. Because

the amount and sense of asymmetry show some consistency throughout the studied samples, we

believe that the asymmetry is reproducible and significant.

Bouchez et al. (1983) stated that, one of the necessary conditions to use the asymmetry

method is that the mineral phase being used for shear sense determination must be dominant in

volume to eliminate flow heterogeneities. We are aware that rutile is not dominant in eclogites,

and that poses the problem whether the obliquity can be used for shear sense determination or

not. In the particular case of rutile, little is known about the processes leading to LPO

development (slip systems, relative critical shear stress, effect of temperature, strain rate) and

therefore it is difficult to model and give more conclusive results about rutile as a shear sense

indicator. Nevertheless, rutile orientations were collected manually over sampling areas similar in
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size to those of the OIM sampling grids to measure omphacite orientations. Potential flow

heterogeneities have thus affected the fabrics of both minerals, and have been averaged in the

omphacite and rutile LPO to a similar amount.

4.9.4. Rheology

From the results obtained in this study, it appears that anisotropic grain growth processes

are a main deformation mechanism of eclogites at large depth. It may result either from the

diffusion of point defects through the lattice (Nabarro-Herring creep), either from the diffusion

of ions and molecules along grain boundaries (Coble creep) or from the migration of dissolved

material along the grain and phase boundaries (solution creep). Either way, diffusion creep seems

to play an important role in the deformation processes active in the lithosphère, in contrary to

the often-accepted assumption that dislocation creep processes predominate over all others

because of the high temperature and/or high stresses envolved.

In a previous discussion, Godard and Van Roermund (1995) argued from the extrapolated

creep laws for diopside that at low temperature unreasonable high stresses or low strain rates have

to be considered to accommodate strain in clinopyroxenes by dislocation creep, and that other

deformation mechanisms may compete with it. This has been supported lately by the

experimental results of Bystricky (1998) who investigated the mechanical behavior of hot-pressed

diopside aggregates during stepping tests in compression experiments. The flow data obtained

experimentally were satisfactorily fitted using Arrhenius laws. At high compressive stresses and

high strain rates, the stress exponent n was close to 5, while towards low stresses and low strain

rates, the stress exponent was n ~ 1, indicating a switch in deformation mechanisms from

dislocation to diffusion creep towards low stresses and low strain rates. Although the conditions

of deformation in the Earth are well different from the ones defined in such experiments, these

results favor the hypothesis of deformation by diffusion processes. It is generally accepted that

diffusion processes are grain size sensitive, as with increasing grain size the length of the diffusion

path increases and therefore the flux decreases. Diffusion processes are therefore expected to be

negligible for large grain sizes. In the case of omphacite in the Vendée eclogites, despite a grain

size that can reach several millimeters, evidence of deformation by diffusion creep processes has

been observed, suggesting that in the Earth, the domain of geological conditions in which

diffusion processes are active is wider than generally expected. If this is confirmed, a Newtonian

flow behavior should be assigned to eclogites in models of exhumation processes.
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4.10. Summary and conclusions

1. In the investigated eclogites from Vendée, the omphacite LPO range from S-type to L-

type fabrics. These fabrics are interpreted as mainly due to diffusion creep with

anisotropic growth under a differential stress.

2. In Vendée, no significant asymmetry was observed between the omphacite LPO and

the structural framework.

3. The LPO of rutile matches the LPO of omphacite and a similar distinction between

S-type and L-type can be used as for omphacite. Rutile deformation mechanisms

probably involved some dislocation creep as well as diffusion creep, mechanical

twinning also operated.

4. No significant asymmetry is observed between the rutile LPO and the structural

framework.

5. A consistent asymmetry of the rutile LPO relative to the omphacite LPO is

distinguished throughout the samples, that could potentially be used for shear sense

indicators in eclogites. However, because of the lack of information about the

deformation mechanisms of rutile, the origin of such fabric relation has not been

explained yet.

6. The weak quartz LPO and the absence of deformation features in the quartz grains is

interpreted as due to static recrystallisation after the main eclogitic deformation.
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Chapter 5: Microstructures and LPO of omphacite and garnet in the

Monviso eclogitic shear zone

5.1. Geological setting

The Monviso is an ophtohtic complex situated in the Western Alps, along the French-Italian

border (Fig. 5.1). Classical hthologies of an ophtofrttc sequence are represented: serpentinrzed

peridotites, layered metagabbros, pillowed metabasalts and their sedimentary cover. The Monviso

is interpreted as a remnant slice of the Piemonte oceanic lithosphère that separated the Apulian

plate from the European plate during Jurassic times (Dal Piaz, 1974). The closure of this ocean is

recorded by Mid-Eocene Alpine metamorphism (Monté and Philippot, 1989; Duchêne et al, 1998).

The Monviso massif underwent three main metamorphic events under successive eclogite-

(570°C<T<670°C, P>2400 MPa), blueschtst- and greenschtst-facies conditions (Lombardo et al,

1978; Messiga et al, 1999). Each of these events is characterized by syn-tectomc crystaUization of

metamorphic assemblages, but only few locahties show petrological and structural evidence for

syn-eclogite facies deformation (Nisio, 1985, Philippot, 1987).

The best example of syn-eclogite deformation structures is found in the layered Fe-Ti

metagabbros from the Lago Superiore (Fig. 5.2). This unit is a 200m thick and 2km long sequence,

tectomcally individualized by two sub-horizontal W-plunging thrust contacts defined by

serpentimtes. Cigar-shaped NS-striking boudins of Fe-Ti metagabbros and associated Mg-

Fig. 5.1. Schematic map of the Western Alps showing the location of the Monviso ophiolitic complex.
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metagabbros occur at the top of the sequence and represent remnants of a mylonitic shear zone.

Locally, these boudins contain small lenses of low strained rocks (Fig. 5.3).

Ml Serpentinite

f
.

.1 Olivine Metagabbro

I Mg Metagabbro

L'.'.'li Fe Metagabbro

V//ÏA Metabasalt

Fig. 5.2. Schematic map of the Lago Superiore metagabbro cumulate sequence .

Fig. 5.3. a) Mylonitic metagabbro including a lens of low-strained eclogite, b) Highly strained cigar-shaped
boudin of eclogite fades metagabbro
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5.2. Sample description

5.2.1 Microstructures

Four samples with different strain intensity were analyzed in the following (Fig. 5.4).

Sample Vsl is a low-strained eclogite. Foliation and lineation could not be determined

neither from hand specimen nor in thin section and the sample preserved the magmatic structure.

The original magmatic assemblage is completely pseudomorphosed by an omphacite + garnet +

rutile + Na-Ca amphibole + zoisite + llmenite + sphene + quartz assemblage. Near the contacts

with the original Fe-Ti oxides, omphacite is absent and garnet forms a thick reaction border

(corona). Large omphacite crystals (up to 20 mm) mrmetically replace igneous augite and

intracrystalline deformation is recorded by undulous extinction, kink bands and subgrains. Fine¬

grained aggregates of omphacite are produced from pseudomorphed plagioclase domains. Two

types of fine-grained aggregates were observed. Large grains (300-500 |lm) with a marked shape

preferred orientation, for which c[001] is parallel to the grain elongation, are optically strain free

and have straight to skghtly curved grain boundaries. Other recrystalhzed domains have much

smaller and equant grains (10-30 |lm) with sutured grain boundaries. Small bulges and left over

grains are present, suggesting recrystalhzation by grain boundary migration.

Vi41 is an intermediately strained sample. Flattened ribbons of rutile and quartz define a

clear foliation. The elongation of the omphacite grains marks the lineation. The eclogite

assemblage contains omphacite + garnet + rutile + quartz + zoisite + Na amphibole. Two crystal

generations are visible: Deformed porphyroclasts and neoblasts. The porphyroclasts are large (up

to several mm) and strongly deformed showing undulous extinction, deformation bands and

subgrains. When recrystalhzed grains are present at their margins, a crystallographic relationship

between the two types of grains exists, indicating their genetic origin. The recrystallized grains are

strain-free, homogeneous in size (300-500 |lm) and elongated parallel to the lineation, with a shape

ratio in the (XZ) section that reaches 6:1. Grain boundaries of the remnant grains are often

serrated indicating bulging, while boundaries of the recrystalhzed grains are generally straight.

Vi97 and Vi266 are highly strained samples in which flattened ribbons of rutile and

alternating layers of pure recrystallized omphacite define the foliation and omphacite-garnet

aggregates. In Vi97, recrystalhzation is advanced, but numerous deformed remnant grains display

subgrains or undulous extinction. The recrystalhzed grains are much smaller than in Vi41, (about

100-200 |lm) and display a very pronounced shape preferred orientation defining foliation and

lineation. The shape ratio in the (XZ) section may reach 15:1.
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b)

d)

Fig. 5.4. Optical microstructures in the studied samples, a) Low-strained sample Vsl, b) and c) Intermediate

sample Vi41. An antithetic shear zone has developed inside the large remnant grain and indicates a sinistral

sense of shear, d) and e) High-strained sample Vi266. Inhomogeneous flow of omphacite around garnet, t)
and g) High strained sample Vi97. Highly elongated omphacite within the foliation plane.

In Vi266, omphacite has nearly completely recrystallized into small and homogeneous

grains (10-40 |lm), except near garnets, where they may be larger. The elongation of the omphacite

grains, which is much weaker than in Vi97, defines the stretching lineation. Boundaries are straight.
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Garnet represents 30 to 40 vol. % m the deformed samples. It generally occurs as

subhedral to anhedral grains and as elongated networks or clusters of grains. In the XZ section,

garnet crystals are often shghtly elongated. Garnet gram size is similar m the three samples (about

120 |lm) and quite homogeneous m Vi41 and Vi97. In Vi266, gram sizes vary largely and range

from 35 to 400 |lm. Garnets sometimes have cores rich m inclusions of tiny omphacite and quartz

laths. Numerous broken hollow garnets can be found m Vi266 and Vi97 m which the cavities are

filled with omphacite or quartz. While m Vendée they are filled with numerous grains, m the

Monviso the cavities generally contain single grains.

5.3. LPO measurements

5.3.1. Omphacite

LPO measurements were performed usmg automated EBSD. The sizes and steps of the

measurement grids were different m each sample and adjusted to the gram and domain sizes of the

most monomineralic omphacite layers. The arm was to obtain a representative number of

recrystalhzed omphacite grams but also enough pomts per grains to map the mternal structures of

these grams.

For sample Vsl, the size of the megacrysts being too large to give statistically reliable

measurements, orientation data were collected m a recrystallized domain on a 2000 |lm x 3000 |lm

rectangular grid with a step size of 25 |lm, resulting m 9801 data pomts. In sample Vi41, a 750 |lm

x 900 |lm rectangular grid was defined with a step size of 10 |lm resulting m 6916 data pomts. A

larger grid could not be defined because of the presence of garnet grams surrounding the sampling

location. In sample Vi266, orientation data were collected on a 150 |lm x 256 |lm rectangular grid

with a step size of 2 |lm, resulting m 9804 data pomts. For sample Vi97, 11'253 orientations were

collected on a 460 |lm x 600 |lm rectangular grid with a step of 5 |lm. More details about data

acquisition are provided m Appendix C.

Sampling pomts that did not contain omphacite were mostly filtered out after data collection

by thresholding the EBSD confidence mdex at 0.2. AVA (Achsenverteilungsanalyse) diagrams were

produced by various color look-up tables.

5.3.2. Garnet

LPO measurements of garnets were performed usmg automated EBSD. A rectangular grid

of 1400 |lm x 4000 |lm was defined for each sample with a step of 100 |lm m order to obtain a
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statistically representative population of grains. Orientations of garnet were filtered by a minimum

confidence mdex of 0.2. (Appendix C).

5.3.3. Rutile

Fabric of rutile was also measured usmg EBSD. The electron beam was positioned

manually, once withm every found individual gram and crystallographic orientation of that pomt

was measured. Around 200 rutile orientations were obtained m each sample (Appendix C).

5.4. Preferred orientations and AVA maps of omphacite

5.4.1. LPO of omphacite

Fabrics of the large omphacite crystals overgrowing augite m Vsl could not be measured

because of the insufficient number of grains for statistics. It is presumed to have preserved the

LPO of the magmatic augite (Pognante and Kienast, 1987) and to be rather weak.

In sample Vi41 (Fig. 5.5), the fabric is nearly triaxial. The maximum of b[010] forms a pomt

maximum normal to S and elongated normal to L. The c[001] axes are distributed along a weak

girdle subparallel to S that shows a strong pomt maximum close to L. Consequently the a*(100)

poles define a weak girdle oblique to S and L, with a strong pomt maximum close to the

intermediate structural direction. Because both the b[010] and c[001] distributions define a girdle,

this fabric is referred to as intermediate between the L- and S-type. The fabric m Vi266

corresponds more to an SL-type fabric, although there is an elongated maximum of b [010] normal

to L. Similarly, the girdle of c[001] still contains a pomt maximum close to L. The S-type fabric is

more pronounced m Vi97. The girdle of c[001] parallel to S is well defined and the pomt maximum

of b[010] normal to S is clear, although remnants of a girdle still exist. A weak maximum of

a*[100] directions hes m the center of the pole figure.

For sample Vi266 and Vi97, the (110) pole figure displays a girdle normal to L with a

maximum normal to S, similarly to the pattern described m the b[010] pole figure. This

characteristic has already been observed m the samples from Vendée (Chapter 4. In a single crystal,

(110) hes at 45° from a*(100) and b(100), while m the obtained pole figures, (110) and (010) are

parallel, nearly forming a L-ring fiber texture m sample Vi266 (see Chapter 1). This is probably due

to some smoothing effect that tends to widen and merge the 4 equivalent (110) directions.
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c[001] b[010] a*(100) (110)

Fig. 5.5. Pole figures of omphacite. Logarithmic scale on upper hemisphere equal area projection. Normal to

foliation plane S is vertical, and lineation L is horizontal. Texture index J and number of data points for pole

figure calculations after confidence index filtering are given.

Characterization of the c[001], b[010] and a*(100) pole figures by eigenvalues distribution is

presented m Fig. 5.6 and remforces the classification of the fabrics towards S-type. Eigenvalues for

c[001] and b[010] m sample Vi41 and Vi266 contain important random contributions. In sample

Vi41, eigenvalues for c[001] plot close to the girdle field, while eigenvalues for b[010] contain some

point component, suggesting that the fabric is a weak S-type rather than triaxial. In sample Vi266

eigenvalues for both c[001] and b[010] plot towards the girdle field, reinforcing the intermediate

fabric type for this sample. The most pronounced S-type fabric is m sample Vi97 as eigenvalues for

c[001] plots well m the girdle filed, and eigenvalues for b[010] plots close to the point field, despite a

substantial random component. Eigenvalues for a*(100) plot well m the random field m the three

samples.

R R R

Fig. 5.6. Eigenvalues of the omphacite b[010], c[001] and a*(100) pole figures for sample Vi41, Vi266 and

Vi97 plotted in triangular fabric diagrams based on the indices point, girdle and random (see Chapter 4).
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5.4.2. AVA maps of omphacite

AVA diagrams for the three deformed samples (except Vsl) are presented as orientation

maps m Fig. 5.7 and Fig. 5.8, usmg color lookup tables according to mverse pole figures of

foliation normal respectively lineation. In all of them, grains dominate with c[001] parallel to L

(green m Fig. 5.7c) and b[010] normal to the foliation plane (red m Fig. 5.7b). This observation is

not related to the gram size, which is different m the three samples. Grams with a non-conform

crystallographic orientation are often characterized by a more equant gram shape (see for example,

grains m yellow and green m the mverse pole figure map of the foliation normal). These grains are

presumably less favorably oriented to form very elongated grams parallel to L, and their long axis

may dtp mto the section plane.

5.4.3. Local investigations m the low-strain eclogite Vsl

Although the LPO of the omphacite megacrysts could not be measured with statistical

reliability, a local study was performed m zones where recrystalhzation occurs. Lattice orientations

of recrystalhzed grams were separated on a medium scale orientation map with a step size of 25

|lm (Fig. 5.9). No post-processing was apphed to the acquired orientation maps. Unreliable

measurements with CI < 0.2 were plotted m the map but not considered m the pole figures as they

correspond to weak EBSD patterns resulting from gram boundaries, impurities or surface artifacts.

In addition to AVA maps, a third map was produced, where colors are attributed to three gram

size fractions. This map was limited to the lower half of the OIM scan because the orientations

appear more homogeneous and related to each other m this part. The gram size fractions were

chosen accordingly to the classes observed m the map. The fraction of small grams contain the

grains with an average diameter below 70 |lm (less than 6 pixels). Optically, these grams are equant

with lobate to sutured gram boundaries. An intermediate fraction of grains with diameter between

70 and 300 |lm (6 to 100 pixels) is considered. These grains generally present a pronounced shape

preferred orientation (also visible m the map) and boundaries are straight. The third fraction

includes domains with diameter larger than 300 |lm, and is supposed to represent the original

megacrysts. LPO of these three fractions are presented m Fig. 5.9.

Grams larger than 300 |lm form only one large megacryst, and therefore their LPO

correspond to a smgle crystal orientation with a*(100), b[010] and c[001] orthogonal to each other.

LPO of the fraction of small grains resembles the one of the megacryst. Three pomt maxima of

a*(100), b[010] and c[001] plot close to the smgle crystal maxima, although the distribution of

b[010] and c[001] tend to form girdles that are rather parallel. Fabric of the intermediate grains

differs from the previous ones, as a*(100) and b[010] form parallel girdles, that are nearly
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Fig. 5.7: a) FSE orientation contrast image of the omphacite area chosen for automated beam scan in

sample VÏ266. b) Orientation maps of the foliation normal and c) of the lineation for the same

area. The arrows point to the same location in the three figures. d) Color look-up table in inverse

pole figures, orthorhombic crystal symmetry intentionaly imposed.
Black color represents unreliable measurement with CK0.2. Nearest-neighbor misorientations larger
than 15° are shown by black lines (grain boundaries).



Vi41

160 0 pm = 2Ü steps 160 Ö jjrn - 20 steps

Vi97

100 0 [jm = 20 steps 100 0 |jm = 20 steps

Fig. 5.8: Inverse pole figure maps for sample Vi41 (top) and Vi97 (bottom). Orientation maps of

a) foliation normal and

b) lineation for the same area.

The color coding key is the same as in Fig. 5.7d. Black color represents unreliable measurement with

CK0.2 (mainly due to different phases). Nearest-neighbor misorientations larger than 15° are shown by
black lines (grain boundaries).
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Fig. 5.9: Fabric variation with grain size in sample Vsl.

a) Orientation maps of the directions parallel to the short side of the thin section and parallel to the long side of the thin

section (non-oriented) for an area in sample Vsl, showing large difference in orientations and in grain size.

b) Color look-up table in orientation maps, orthorhombic crystal symmetry intentionaly imposed.

c) Grain size map with a step size of 25 mm of the lower part of the OIM scan. Grains are defined as groups of connected

measurements whose neighbor to neighbor misorientations do not exceed 15°. They are highlighted according to their size and

confidence index (CI): Grains with CI < 0.2 (white), with size < 70 nm (red), 70-300 urn (green), > 300 urn (pink). Grain

boundaries (misorientation angle > 15°) are marked by lines.

d) Pole figures for c[001], b[010] and a*(100) for the different grain size fractions as defined above.
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perpendicular to the girdle of c [001]-axes. Pomt maxima are visible at similar locations than m the

pole figures of the other gram size fractions.

The similar LPO between the fraction of recrystalhsed grams and the megacryst tend to

show that recrystalhzation occurred by progressive subgrain rotation, the orientation of the

recrystallized grams bemg controlled by the one of the megacryst. The strong pomt maximum of

a*(100) m the pole figure of the recrystalhzed grams suggests that a*(100) is a common rotation

axis. Furthermore, although no fohation and lineation could be defined m the samples, this fabric

does not correspond to a S- or L-type fabric, as the girdles of b[010] and c[001] are not

perpendicular to each other. The strongly curved gram boundaries indicate that slow gram

boundary migration and progressive subgrain rotation were associated recrystalhzation processes.

Grams of intermediate size can be interpreted as resulting from anisotropic growth of the

recrystallized grains. This is supported by the microstructures (elongated shape, lack of mternal

deformation features, straight gram boundaries) as well as by the LPO obtained on these grams,

which could be assimilated to a weak L-type fabric with a strong pomt maximum of c[001] and a

girdle of b[010] normal to it. From the thin section, the growth direction seems parallel to c[001]

and is supported by elongated grains m a more or less E-W direction m the OIM map.

5.5. Deformation of garnet

5.5.1. LPO of garnet

Pole figures of the <100>, <110> and <111> axes of garnet m the three studied samples

are presented m Fig. 5.10. Because of the cubic symmetry of garnet, there are 3 symmetrically

equivalent <100> directions, 6 equivalent <110> directions and 4 equivalent <111> directions

resulting respectively m 3, 6 and 4 maxima m each hemisphere of the <100>, <110> and <111>

pole figures for any individual gram. In Vi41, the pomt maxima are distributed on the pole figure,

such that one of the <110> maxima is nearly parallel to L, and one of the <111> maxima is close

toS.

The pole figures of garnet m sample Vi266 are similar to the ones m sample Vi41 with one

of the <111> axes again normal to fohation. Maxima m the <110> pole figure are weak and one of

them is close to the lineation.

In Vi97, two of the <100> maxima are elongated and form an incomplete girdle normal to

the third maximum. Maxima of <110> are arranged on girdles with 45° resp. 90° opening around

this <100> pomt maximum with a clear maximum normal to S. Maxima of <111> he on similar

girdles with 55° opening and do not show any clear relationship to S and L.
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<100> <110> <111>

Fig. 5.10: Pole figures of garnet. Logarithmic scale on upper hemisphere equal area projection. Normal to

foliation plane S is vertical, and lineation L is horizontal. Texture index J and number of data points for pole

figure calculations after confidence index filtering are given.

In all samples, the texture can be regarded as random because of the very low values of the

texture index J (J= 1.02 and 1.03). Because of this, the arrangement of some axes parallel to S and

L is regarded as casual. As we observe very weak maxima in the crystallographic angles for a single

orientation relative to each other, these maxima probably arise in each of the three samples from a

single grain of shghtly larger area fraction than all the other measured garnet grains with a random

LPO. In bcc structures like garnet, the main shp system is {110}<111> that is not suited for easy

shp in the LPO of Vi41 and Vi266. Furthermore, in a statistically representative ensemble, there

should be at least an equivalent orientation according to a monoclinic or rhombic sample

symmetry occurring. The onset of a rotationally symmetric fabric in Vi97 about one of the <100>

maxima may be interpreted by a continuous rotation of the crystallographic axes about <100>. As

this <100> rotation axis is oblique to the sample reference of fohation and lineation, it is likely to

represent some local heterogeneity without general significance. Such rotational fabrics may

develop during progressive subgrain rotation recrystallization, but also through passive rotation of

fragments from a larger garnet grain. To better distinguish between crystal plastic (recrystallization)

and brittle (fracturing) deformation of garnet, local studies were performed in detail as follows.

5.5.2. Subgrain formation in garnets

Garnets have been investigated in the three most deformed samples using EBSD and FSE.

In the mylonites Vi266 and Vi97, no intracrystalline deformation features are observed.

Nevertheless, most of the grains show curved to lobate grain boundaries. In sample Vi41, garnets

often present internal substructures developed at the edge of garnet aggregates (Fig. 5.11), i.e. along

the garnet-omphacite or garnet-rutile phase boundaries. In a more advance stage, large garnet



Chapter 5 93 Microstructures and LPO in the Monviso

Fig 511 a) Atomic number (BSE) and b) orientation contrast (FSE) images of a garnet aggregate (light grey)
surrounded by omphacite (dark grey in BSE) The garnet shows subgrains close to the garnet omphacite
boundaries, attributed to internal deformation In both omphacite and garnets, networks of higher brightness
than the bulk grains are present

aggregates are entirely filled with substructures, while the surrounding recrystallized omphacite

grains are subgram free (Fig 5 12) Size of these substructures is mhomogeneous ranging from the

lower resolution limit (around l|lm) to 40|lm Fig 5 13 presents a BSE and a FSE image of an

omphacite remnant gram surrounded by elongated, disconnected layers of garnets and rutile

Intragranular structures can be observed m two garnet bands, oriented at 45° from the lineation

(arrows m Fig 5 13) Assuming sinistral shear, these locations correspond to stress concentrations

around the omphacite clast An AVA map has been performed usmg EBSD on such a deformed
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domain (Fig 5 14) Small and strain free grains, characterized by large angle boundaries, are present

m the aggregate while larger grains contain numerous low angle boundaries Pole figures show that

a)

b)

Fig 5 12 a) Atomic number (BSE) and b) orientation contrast (FSE) images of a garnet aggregate (light grey)
surrounded by omphacite (dark grey in BSE) Note the intracrystalline deformation features and the cracks

filled with omphacite
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Fig. 5.13: a) Atomic number (BSE) and b) orientation contrast (FSE) images of an omphacite porphyroclast

(dark grey in BSE) surrounded by garnet (medium grey) and rutile (light grey). The arrows point at two

locations where the garnets present intracrystalline deformation.
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Fig. 5.14: Orientation variations in garnets in sample Vi41.

a) orientation maps of a nearly pure deformed garnet area (except top-left corner, which is rutde) obtained

through automated EBSD. Nearest neighbor misorientations shown between 1° and 15° (subgrain
boundaries, black lines) and larger than 15° (grain boundaries, yellow lines).

b) Inverse pole figure look up table for crystal directions parallel to sample lineation.

c) Pole figures for <100>, <110> and <111>.
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Fig. 5.15: Grain color maps of the same garnet area than in Fig. 5.13. Here a grain is defined as connected points with nearest neighbor misorientations below a given tolerance

angle of 1°, 2°, 5° and 15° (arbitrary color assignment). Nearest neighbor misorientations shown between 1° and 15° (subgrain boundaries, black lines) and larger than 15° (grain

boundaries, yellow lines).
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one of the <111> maximum is close to L, while one of the {110} planes is parallel to S. This

orientation corresponds to a 'soft' onentation suitable for easy shp on the {110}<111> shp

system. From the mverse pole figure map, similar observation can be drawn, as most of the grams

are onented with the crystal direction <111> close to L, although some have largely different

orientations. A qualitative misonentation analysis is presented m Fig. 5.15, where all pomts with

nearest-neighbors misorientation angle within a given tolerance angle are assigned a randomly

chosen color. When this tolerance angle increases, onentation domains or "grams" with increasing

mternal misonentation angles are assigned the same color. For a tolerance angle of 15°, one can see

that most of the "grams" belong to only two different large parent grams.

These results clearly show intracrystalline substructures m garnet, which are interpreted as

plastic deformation of garnet m local zones of high stress concentration.

5.6. LPO of rutile

Although the rutile crystallographic fabncs are not as strongly developed as the omphacite

LPO, they tend to duphcate the omphacite LPO (Fig. 5.16). Therefore, the terminology used for

omphacite LPO classification and introduced m Chapter 4 is followed. As mentioned earlier,

a[100] and b[010] are equivalent by the tetragonal crystal symmetry of rutile.

[100] [001] (110) (101)

Fig. 5.16. Pole figures of rutile. Logarithmic scale on upper hemisphere equal area projection. Normal to

foliation plane S is vertical, and lineation L is horizontal. Texture index J and number of data points for pole

figure calculations are given.

- An LS-type fabric is recognized m samples Vi41. In this fabnc type, the maximum of

c[001] is close to lineation and a[100] spreads out m a great circle normal to the lineation.
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- An SL-type fabric can be defined m sample Vi266, where a[100] is normal to fohation,

while c[001] is dispersed m the fohation plane. A pomt maximum of c[001] occurs m the fohation

plane, away from the lineation.

- An S-type fabric charactenzes sample Vi97. a[100] is normal to S and c[001] defines a

girdle m the fohation plane.

A correlation between the omphacite and rutile LPO exists m these samples. In the samples

displaying an omphacite S-type fabnc (Vi266 and Vi97), the fabric of rutile is predominantly planar,

while m Vi41 displaying an omphacite LS-type fabnc, the fabric of rutile is more linear. The

deviation of the c[001] maximum from the lineation m sample Vi266 could be due to local

vanations of the stretching lineation for the measured rutile grams, though it does not have an

equivalent trend m the omphacite fabric of the same sample.

5.7. Chemical variations

5.7.1. Chemical vanations m omphacite

BSE images m omphacite revealed significant chemical vanations m the studied samples. Some

deformed megacrysts show a bnghter BSE signal than the surrounding recrystallized omphacite,

probably because of an incomplete overgrowth of augite by omphacite (Fig. 5.17). Zoning also

occurs, mainly at the omphacite-garnet contact where the zoning boundanes are parallel to the

garnet boundanes (Fig. 5.18). Recrystallized omphacite are generally homogeneous but chemical

vanations occur along the gram boundaries. These boundanes form channels mterconnecting

garnets and are filled with matenal with brighter BSE signals than omphacite (Fig. 5.19). These

types of channels also occur m garnets, and it is possible that there are the results of charging

effects along some gram boundanes. To be sure of the origin of these channels, X-ray maps of Ca,

Fe, Na and Mg were produced on a domain containing omphacite, garnet and some channels

linking garnets (Fig. 5.19). Results show that the channels are related to variations m composition,

and that they contain a higher amount of Fe than omphacite. A decrease m Ca and Mg content is

also visible but less pronounced than the mcrease m Fe. This shows that the channels m omphacite

are not due to charging effects, and are filled with a phase of similar Z-signal than garnet, and

containing more Fe and less Ca and Mg than omphacite, similarly to garnet.
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Fig 517 a) BSE image of an omphacite and garnet area (section parallel to lineation and normal to foliation)
The frame points to the area shown in Fig 5 17b Note the fine mixture in the large omphacite grains and the

channels along the omphacite grain boundaries c) FSE image of the marked area showing deformed

omphacite with subgrain structures at a submicron scale, and recrystallised omphacite with little subgranular
structures and preferred shape alignment

Fig 518 BSE image of omphacite and garnet Zoning in omphacite has boundaries parallel to the garnet
boundaries Similar phenomenon has already been observed by Philippot and Van Roermund (1992) in

eclogites from the Monviso and has been interpreted by Godard and Van Roermund (1995) as omphacite

overgrowth in response to grain boundary sliding



15 kV x800 10u,m

Na Mg

Fig. 5.19: BSE image and elemnetal X-ray maps of omphacite, garnet and some filled grain boundaries

showing complex zoning inside garnets and aphase similar to garnet in the omphacite-omphacite grain
boundaries.

a) BSE image, b) Ca X-ray map c) Fe X-ray map, d) Na X-ray map, e) Mg X-ray map
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5.7.2. Chemical variations in plastically deformed garnets

Observation of the FSE and BSE image of Fig. 5.11 shows that thin lines of higher Z-signal are

also generally associated to subgrain or recrystallized grain boundaries in garnet. Because of their

submicron size (Fig. 5.20), these boundaries are difficult to analyze by EDS, unlike the ones in

omphacite, but a tentative profile across such a boundary, obtained from electron microprobe

measurements is provided in Fig. 5.21. The results seem to be perturbed on the left side by a long

range composition variation and therefore attention has to focus on the right hand side of the

profile. Subgrain boundaries occur at point 9 and 14. In both cases, the boundaries are associated

with a decrease in Ca and Mg content and an increase in Fe content, in agreement with the higher

BSE signal. The Mn content does no vary significantly along the boundaries. This profile tends to

show that the garnet grain and subgrain boundaries contain a different phase, with higher Fe and

lower Ca and Mg content, similarly to what was observed in the channels along omphacite grain

boundaries. This phase may be a different type of garnet with a more almandine-rich composition

produced in response to diffusion zoning.

However, because of the submicron scale of the boundaries, more work has to be performed to be

sure of the origin and nature of these boundaries. Charging effect along the boundaries could also

explain the brighter boundaries and can at this stage, not be completely ruled out.

Zoning in garnets is also common, as shown in Figs 5.17a and 5.19. Strong variations in Ca

and Fe contents occur, accompanied to a less extent with variations in the Mg content. Most of the

garnets present cores richer in Fe and poorer in Ca, situated at their edges (Fig. 5.19). Rims are

often asymmetric and, in the fohation plane, elongated parallel to lineation while they appear

truncated in the direction normal to lineation (Fig. 5.17).

Observation at the scale of the aggregate reveals a dense net of cracks and omphacite veins

crosscutting the garnets.

Fig. 5.20: BSE image of a garnet showing subgrains. Each subgrain is bordered by a zone of higher atomic

number along its boundary.
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Fig 5.21. Composition profile along garnet subgrains. At each subgrain boundary (SGB) the Fe content

increases at the expense of Ca and Mg. Distance between the measurement points is lUm.

5.8. Discussion

Deformation of omphacite m the Monviso was clearly accompanied by dynamic

recrystalhzation m the higher strained domains, both by progressive subgram rotation as well as by

grain boundary migration. The dnving forces for dynamic recrystalhzation result from the

mternally stored strain and chemical energy of the crystals and are related to the density of lattice

defects, primarily dislocations. One would therefore expect the development of a LPO that is

explained by dislocation movement on the active shp systems. Only recrystallized omphacite m a

low strained domain displayed such an LPO, consistent with a*(100) c[001] shp. Although no

fohation and lineation could be determined m that sample, it is possible that the perpendicular

maxima of a*(100) and c[001] correspond to an "easy-ghde" onentation produced by dislocation

creep mainly on the a*(100) c[001] ghde system, a frequently reported shp system m

clinopyroxenes. Moreover, Philippot and Van Roermund (1992) obtained a fabnc with [001]

oriented parallel to S, [100] subperpendtcular to S and [010] parallel to S and normal to L on

omphacite from annealed mylonitic eclogites from the Monviso that is similarly consistent with shp

on a*(100) c[001].

All the other crystallographic fabncs of omphacite m the investigated shear zone are S- and

SL-type fabncs, similar to those obtained m the eclogites from Vendée. The crystallographic fabric

of rutile duplicates the LPO of omphacite. Therefore, the same mechanisms for LPO

development, -anisotropic growth of mineral grams m an anisotropic stress field- can be mvoked

as m the eclogites from Vendée.

Karato and Masuda (1989) performed high-temperature (700-1000°C) and high-pressure

(400MPa) compression experiments of fine-grained quartz aggregates under high deviatoric stress.
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They observed that the flattened shape of the grains exceeded the deformation-induced flattenmg

and that the water distribution (2-4%) m the samples was anisotropic. They interpreted these

results as due to anisotropic grain growth caused by enhanced mass transport through water.

Experimental deformation of fine-grained aggregates of both feldspar and olivine (Karato et al,

1986; Tulhs and Yund, 1990) has shown that they undergo grain boundary diffusion creep when

water is added. The main evidence for dominant diffusion creep were the progressive gram growth,

the low free dislocation density, the abundance of open pores and gaps along the gram boundanes

and the compositional differences between cores and rrrns indicating that solution and

precipitation resulted m the growth of some grams. Although no TEM analysis was performed, the

microstructures of the Monviso eclogites present evidence of grain growth, open pores and

channels along grain boundanes as well as zoning, and therefore gram boundary diffusion is

inferred for these eclogites. Moreover, studies concerning fluid migration m the Monviso eclogites

were performed by Philippot and Selverstone (1991) and Nadeau et al. (1993). Results showed that

prograde dehydration reactions and eclogittzatton were accompanied by approximately 90% fluid

loss, but that the remaining fluid was trapped as water-nch inclusions m the omphacite megacrysts

(present m samples Vsl). Deformation of the eclogitic rocks was proposed to result m a

continuous recycling of fluid without further loss from the ductile shear zone. Fluid inclusions

were released during plastic flow to form an intergranular free fluid phase wetting the omphacite

grain boundanes, enhancmg diffusion and transport of atoms or ions and therefore processes of

mass transfer and anisotropic growth.

From an optical and TEM study on deformation m eclogitic rocks m the Monviso,

Philippot and Van Roermund (1992) have concluded that crystal plasticity was the dominant

deformation mechanism while mass transfer processes were subordinate. The LPO data obtained

m the mylonites are not consistent with dislocation glide on any of the known shp systems (see

review Chapter1), but they are m no contradiction with anisotropic growth, independently of the

grain size. While the recrystalhzed gram size differs m the shear zone samples (from 300-500 |lm m

Vi41 to 10-40 |lm m Vi266), the omphacite LPO presents typical S- and SL-types fabncs that

cannot be interpreted as the results of dislocation creep. This suggests that mass transfer processes

m the mylonites were sufficient to generate both the gram shape and crystallographic fabrics,

probably because of the presence of fluid m the rock. In the low strained domains, where a large

part of the fluid is still trapped m the megacrysts, the shortage of a free fluid phase could explain

the different LPO, which corresponds to a texture due to intracrystalline deformation of nominally

"dry" omphacite.

In most of the investigated samples, garnets can be regarded as behaving rigidly during

deformation. In sample Vi41, orientation contrast images show intragranular structures that can be

interpreted as subgrains and newly recrystalhzed grains. Subgrains have formed as well as strain-
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free recrystalhzed grams from large deformed parent grains by progressive subgrain rotation. The

weak LPO m the investigated aggregates is compatible for glide on the shp system {110}V2<111>,

the most common shp system m garnets (Ando et al, 1993; Voegelé et al, 1998a), but TEM

observations would have to be performed to confirm this result. However, features of mternal

deformation are not very common and occur m less than 5% of the garnets, explaining why no

LPO was observed at the scale of the sample. Plastic deformation of garnet seems to occur only m

local zones of high stress concentration, like around omphacite porphyroclasts that are about 100

times larger than the garnets. The deformation features of Fig. 5.13 can be produced by smistral

shear where garnets accumulate m front of the omphacite porphyroclast. Maximum compression

direction is therefore onented at 45° from the shear direction (inferred to be parallel to the

layering), where the deformed garnets occur.

These results are m agreement with latest EBSD and FSE studies on garnets which have

shown that garnet m eclogites could deform plastically by dislocation creep and recrystalhzation

down to temperatures of 550°C (Weber, 1997; Brenker, 1998) but only locally. At the sample scale,

garnets behave rigidly and deformation is mainly accommodated by microcrackmg m agreement

with the observation of Voegelé et al, (1998b) on similar low-temperature eclogites from the Alps.

BSE images show that subgram formation is accompanied by chemical variations along

subgrain boundanes m garnets, where the iron content increases at the expense of calcium and

magnesium. Similar zoning, although at a different scale, was observed by Erambert and Austrherm

(1993) m eclogites from the Bergen Arcs of Western Norway. Their interpretation involved

reequihbratton of garnet due to a high density of fractures allowing fluid mfiltration. In that case,

microfractures could have developed preferentially along subgram boundanes. On the other hand,

if only microfractunng is assumed to occur without previously formed subgrams, the observed

misorientations of several degrees of the garnet fragments, which are only separated by very

narrow boundaries without any observable loss of cohesion, are difficult to explain.

More detailed petrologic analysis, mcluding TEM, would have to be earned out to reach

further conclusions concerning the process leading to the intragranular structures and chemical

vanations and their relationship with intracrystalline deformation of garnet.

5.9. Conclusions

1. Omphacite m the low strained domains of the Monviso eclogitic shear zone dynamically

recrystallized by progressive subgram rotation and gram boundary migration. The LPO m the

recrystallized grams surrounding a relic host gram is similar but more scattered around that of the

rehc, charactenzed by a pomt maximum of a*(100) normal to a pomt maximum of c[001]. It is due
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Chapter 6: P-wave anisotropy in eclogites and relationship to the

omphacite crystallographic fabric

(published in Physics and Chemistry of the Earth)

6.1. Abstract

Measurements of P-wave velocity at room temperature and confining pressures up to 500

MPa were carried out on three eclogite mylonites collected from a shear zone in the Monviso area

(Western Alps). P-wave velocities at a pressure of 400 MPa range from 7.7 km/s to 7.9 km/s,

yielding to a maximum anisotropy of 6%. From the CPO of omphacite we estimated a maximum

contribution of omphacite to the P-wave anisotropy of only 1.3%. These results suggest that

primarily the compositional layering and secondary the fabric of minor constituent minerals

significantly contribute to the seismic anisotropy. Because of the anisotropy, the seismic

reflectivity of subduction zones may vary with the direction of observation.

6.2. Introduction

Laboratory measurements of seismic properties of eclogites have demonstrated that

eclogites have a week seismic anisotropy (Christensen, 1974; Kumazawa et al, 1971; Maghanani et

al, 1974). As an example, Fountain et al. (1994) observed a mean P-wave anisotropy of 3% in

highly sheared eclogites converted from Grenvillian granulite during the Caledonian orogeny.

This anisotropy seems to be weak with respect to the strong compositional layering, the shape

and crystallographic preferred orientations (SPO and CPO respectively). If such weak anisotropy

is also confirmed in eclogites originating from subduction zones, it would make any seismic

distinction between eclogites and surrounding mantle peridotites impossible, as pointed out by

several authors (Fountain and Christensen, 1989; Kern, 1993; Kumazawa et al, 1971).

In this paper, we present laboratory measurements of P-wave velocities and their

anisotropics performed at pressures up to 500 MPa and room temperature on mylonitic eclogites

from the Monviso ophiolitic complex (Western Alps). P-wave velocities were also calculated using

a volume averaging scheme based on the CPOs, elastic constants of major minerals and the

modal composition of the rock. Results are discussed with respect to seismic properties of

eclogites and mantle peridotites from other localities.
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6.3. Sample description

6.3.1. Geological setting

The Monviso ophiolitic complex is located on the French-Italian border about 80 km SW

of Torino. It is interpreted as a remnant slice of oceanic crust originating from the Piemonte

ocean basin that separated the Apulian plate from the European plate during Jurassic times (Dal

Piaz, 1974). The closure of this ocean is recorded in the Monviso area by Alpine metamorphism,

Mid-Eocene in age (Monié and Philippot, 1989, Duchêne et al, 1998), and of decreasing PT

conditions from eclogite faciès (570°C<T<670°C, P>2400 MPa) to blueschist and greenschist

faciès (Messiga et al,1999, Lombardo et al, 1978).

An eclogites faciès shear zone is part of the Lago Superiore unit (Fig. 6.1) and is a km-scale

zone that formed at a minimum depth of 70 km in a subduction zone. It consists of highly

mylonitized Mg-metagabbros that contain boudins of mylonitic Fe-metagabbros and locally

lenses of low-strained rocks preserving igneous textures (Philippot, 1988; Philippot and Van

Roermund, 1992).

Fig. 6.1: Geological map of the Lago superiore unit of the Monviso complex and location of the sampling
sites (modified after Philippot, 1988)
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6.3.2. Microstructures

Modal composition and density of the three studied samples are summarized in Table 6.1,

and optical micrographs are shown in Fig. 6.2. Samples V16 and V15 (Fig.6.2a, 6.2b) are annealed

eclogites presenting a piano-linear fabric. Alignment of quartz and broken rutile grains along thin

layers marks the foliation. The stretching lineation is defined by elongated omphacite grains.

Some retrogression attending blueschist faciès conditions is indicated by rims of chloromelanite

around omphacite and flakes of glaucophane and phengite oriented at high angle to the foliation

plane. Late stage greenschist faciès overprint is negligible and occurs as randomly dispersed grains

of chlorite and plagioclase and overgrowth zones of actinolite after glaucophane.

Sample V16 VI5 V10

Omphacite
Garnet

61

30

60

26

43

26

Quartz
Rutile

5

1

1

1

2

1

Epidote

Amphibole

Plagioclase

1

1

6

4

1

17

2

8

Apatite 1 1 1

Bulk Density 3 49 3 49 3 23

Table 6.1: Modal composition and density of the studied samples. On the right the modal proportions used

for the calculation of P-wave velocities are presented. Modal proportions are in volume %, densities in

g/cm3.

Sample VI0 (Fig.6.2c) is a partially retrogressed eclogite. Apart from the eclogite facies-

minerals, omphacite, garnet and rutile, it contains glaucophane, phengite and zoisite, associated

with blueschist faciès conditions and plagioclase, actinote and chlorite, representative of a late

greenschist faciès stage. Omphacite grain boundaries are commonly corroded by a late

clinopyroxene and plagioclase symplectite. All these minerals form moderately to highly strained

thin layers (mm scale) that alternate parallel to the foliation plane. Grain sizes range from about

100 to 300 |lm in the moderately strained layers to around 10 |lm in the highly strained domains.

6.4. Experimental determination of P-wave velocities

6.4.1. Experimental technique

The measurements of P-waves velocities were performed at room temperature and pressures

up to 500 MPa in a Heard type pressure vessel at ETH Zürich using the pulse transmission

technique (Birch, 1960) on cores (26 mm diameter, 30 to 55 mm long) of oven-dried specimens.
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Fig. 6.2: Micrographs illustrating the microstructures of a) sample VI6, b) sample V15 and c) sample V10.

Left: sections parallel to lineation and perpendicular to foliation. Right: sections normal to lineation and

perpendicular to foliation. For samples VI6 and VI6, the measured omphacite shape ratio in each section is

represented as segment of an ellipse.

Three perpendicular cores were cut from each sample and related to the inherent fabric elements

with the following convention: X core parallel to lineation, Y core normal to lineation and

parallel to foliation, 2 core normal to foliation. In sample VI5, a fourth core W oriented within

the XY plane as shown in Fig. 6.4 was drilled to better constrain the seismic properties. The

specimen assembly is represented in Fig. 6.3. The gas pressure is provided by an air driven booster

generator and an oscilloscope (Le Croy, 125 MHz). An electric pulse is transmitted to the upper

piezoelectric transducer (lead zirconate, 1MHz) and converted into a mechanical pulse that

propagates through the rock specimen. The pulse is converted again into an electric signal by the

lower piezoelectric transducer, and then recorded by the oscilloscope. The pulse delay time is

measured and converted into velocity after appropriate calibration of the system.
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Sample holder

O ring

Nylon spacer

Upper electrode

Piezoelectric transducer

Specimen

Brass foil

Piezoelectric transducer

Bottom electrode

PVC jacket

HP Puiser

Generator (30V)

f
LeCroy
125 MHz

Oscilloscope

Fig. 6.3: sketch of the Heard Rig used for the experimental determination of P-wave velocities. On both sides

of the specimen, a brass foil ensures electric continuity between the transducers, which are connected to the

external part of the pressure vessel and to the electrically common pole,

up to 300 MPa, and then by an intensifier. The electronic system consists of a HP Function

6.4.2. Results

Graphs of P-wave velocities vs. pressure are shown in Fig. 6.4. Each specimen shows a

marked increase in P-wave velocities with pressure. Velocities were recorded during both

pressurisation and depressurisation. The non-linear part of the curves corresponds to closure of

pores and cracks. Higher velocities during depressurisation are attributed to the fact that some

pores and cracks do not reopen immediately (hysteresis). The quasi-linear part of the curves

represents the intrinsic properties of the rocks and is approached at pressure of 250 MPa for

samples V16 and V15, and already of 150 MPa for sample V10. At 450 MPa, average P-wave

velocities range from 7.71 km/s in sample V10 to about 7.87 km/s in sample V15 and V16.

The P-wave anisotropy A = 100% *

(Vmax -Vmin) / Vmean (Birch, 1961) ranges at

maximum pressures from 3% to more than 6%. The fastest P-waves are within the foliation plane

in all samples, and the slowest are normal to foliation (2). Sample VI6 is transversally isotropic

for P-waves as indicated by similar P-wave velocities in the X and Y directions. In sample VI5, the

fastest P-waves are parallel to lineation (X), while in VI0 the fastest propagation direction is

perpendicular to lineation (Y).
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Fig. 6.4: P-wave velocity vs. confining pressure curves. Open symbols represent measurements recorded

during pressurization and filled symbols represent measurements recorded during depressurization. Shaded

bands define P-wave velocity intervals over all sampled directions as calculated using the Voigt, VRH and

Reuss average schemes (see text for further explanations).
Directional distributions of P-wave velocities calculated using the VRH scheme are shown as upper

hemisphere equal area projections. Trace of the foliation plane and lineation are horizontal.
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6.5. Calculation of P- and S-wave velocities

The P-wave velocities were measured along 3 resp. 4 different directions per sample. This is

not enough to completely constrain the anisotropy and to determine the maximum anisotropy

between any direction. In order to establish the distribution of P-waves in all directions, the

complete shape of anisotropy and to identify the minerals responsible for the anisotropy,

calculations of seismic properties were performed. These included calculations of P- and S-wave

velocities from modal composition, single crystal elastic constants, density and crystallographic

preferred orientation of the main constituent minerals.

The Voigt and Reuss averaging schemes, representing upper and lower bounds of the

elastic properties of a polycrystalline aggregate, were calculated. In addition, the Voigt-Reuss-Hill

(VRH) average was derived as the arithmetic mean of the elastic tensors obtained from the Voigt

and Reuss schemes.

6.5.1. Elastic constants

The elastic constants used for the calculation are those of Bhagat and Bass (1992) for

omphacite, Babuska et al. (1978) for garnet, Ryzkova (1966) for epidote and Haermon (1979) for

albite and quartz. The computations were performed using the interactive program reported by

Mainprice (1990). The calculation is based on the CPOs of omphacite for samples V15 and V10

and of omphacite and quartz for sample V16. Garnet, epidote and plagioclase have been assumed

to be randomly oriented. Minor minerals have been ignored in the calculations (Table 6.1)

6.5.2. CPO determination

Crystallographic preferred orientations were measured using electron backscatter

diffraction (EBSD) (Venables and Harland, 1973; Dingley et al, 1987; Kunze et al, 1993). EBSD

patterns were collected in a SEM CamScan CS44LB at the ETH Zürich and automatically indexed

using the software OIM 2.0 (TSL Inc.) based on a defined reference file of 40 reflections for

omphacite (Mauler et al, 1998). The technique allows the determination of the full

crystallographic orientation of grains with size down to l|lm and with an absolute angular

resolution of 1-2°. In samples VI5 and VI6, orientation data were collected on a 6000|lm x

2460|lm grid with step size of 60|lm (4242 data points). In sample VI0, patterns were analyzed in

an omphacite-rich area on a 250|lm x 400|lm grid with step size of 5|lm (4131 measurements).

Additionally, the quartz CPO was obtained for sample V16 by collecting and manually indexing

EBSD patterns from 215 quartz grains.
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In Fig. 6.5, pole figures of the b-axis [010] and -b-axis [01 0], of the c-axis [001] and a-plane

(100) are displayed. The distribution of the axes [207] and [101] are also shown, as they

correspond respectively to the fastest and slowest propagation direction for P-waves in an

omphacite single crystal of the composition described by Bhagat and Bass (1992) (Fig. 6.6).

[010] [010] (100) [001] (102) (502)
M [-b] (a) [c] [207] [-101]

6.48 max

Fig. 6.5: CPO of omphacite a) sample V16; b) sample V15 and c) sample V10 and d) quartz (sample V16).

Upper hemisphere equal area projections. Trace of the foliation plane and lineation are horizontal.
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Fig. 6.6: P-wave distribution in an omphacite single crystal of the composition described by Bhagat & Bass

(1992) and relation with the main crystallographic directions and poles. Upper hemisphere equal area

projections.
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Omphacite fabrics in samples V16 and V15 have the same characteristics. The [010] and [010]

pole figures have similar distributions with a strong single maximum normal to foliation. The

[001] and (102) pole figures have a point maximum close to lineation. The (100) and (5 02) pole

figures do not show any strong maximum. The fabric of sample V10 differs from the fabrics of

the other samples as the [001] and (102) pole figures display a girdle lying in the foliation with a

maximum parallel to lineation. The fabric of quartz in sample V16 does not show any clear CPO.

6.5.3. Results

Results are displayed in Figures 6.4 and 6.6 and in Table 6.2. The calculated P-wave

velocities vary from 7.72 (Reuss average in sample V10) to 8.55 km/s (Voigt average in sample

V16) with anisotropy values of about 1.3% in all the samples. In samples V16 and V10, Voigt and

Reuss bounds are widely separated because they include quartz and plagioclase, components with

much weaker elastic moduli than garnet, omphacite or epidote. The directions of highest P-wave

velocities are subparallel to lineation and within the foliation plane in all the samples and closely

related to the maxima of omphacite [207] and [001], which are both fast directions in an

omphacite single crystal. Directions of slow P-wave velocities are perpendicular to foliation and

correspond to maximum concentrations of the b-axis, although that is not the slowest direction

for P-waves in omphacite single crystals. This is due to the fact that the slowest direction [1 01] is

more randomly distributed, while the b-axis is a slow direction (Vp along [010] is 8.1 km/s) and is

clearly concentrated in the direction normal to foliation. Shear-wave velocities (Table 6.2) display

more complicated patterns, with the maximum and minimum velocities oriented away from

foliation and lineation. Fast and slow S-wave anisotropics are lower than P-wave anisotropics.

For sample V16, the calculations were performed with and without the contribution

of quartz. Results show that the quartz reduces the calculated Vp by about 3% (Table 6.2).

Quartz contributes in a destructive manner to the P-wave anisotropics and in a

constructive manner to the S-wave anisotropics.

Vp Vsl Vs2 AVs

Max

(km/s)

Mm

(km/s)

A

(o/o)

Max

(km/s)

Mm

(km/s)

A

(%)

Max

(km/s)

Mm

(km/s)

A

(0/0)

Max

(km/s)

VI6 8.31 8.22 1.1 4.84 4.79 0.9 4.82 4.78 0.7 0.05

Vie" 8.55 8.45 1.2 4.90 4.86 0.7 4.88 4.85 0.6 0.04

VI5 8.45 8.35 1.1 4.85 4.80 0.9 4.83 4.80 0.6 0.02

V10 8.06 7.96 1.3 4.60 4.58 0.4 4.59 4.57 0.4 0.05

Table 6.2: P-, SI-, S2-wave velocities and anisotropics, shear wave splitting (AVs) calculated for room

pressure and temperature with the VRH average scheme. Velocities of sample VI6 were calculated using the

CPO of quartz, while in sample V16'1", the contribution of quartz is ignored.
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6.6. Comparison between measured and calculated velocities

Figure 6.4 shows that the measured P-wave velocities are significantly lower than the

calculated velocities. Possible explanations are an incomplete closure of the microcracks, even at

500 MPa confining pressure, or symplectization along grain boundaries and the presence of

blueschist faciès minerals resulting from retrogression.

Despite the differences in absolute values, the distributions of calculated P-wave velocities

are consistent with the measured velocities: in samples VI6 and VI5, velocities are high parallel to

X and low parallel to 2. In sample VI0, velocities are high within the foliation and low parallel to

2. This shows that the distribution of P-waves in the rock is correlated to the omphacite CPO in

all the samples, even in sample V10, where the proportion of omphacite is less than 45%.

Calculated anisotropics (about 1.3%) using either the Voigt or the VRH or the Reuss schemes are

significantly lower than the measured anisotropics (up to 6% in sample V10). One explanation

for the discrepancy is that the Voigt, Reuss and VRH averages are exclusively based on the elastic

constants of the constituents, their volume fractions and their CPO. No information about the

microstructure, such as composition layering, microfracturing, grain size and shape or grain

distribution (foliated or lineated microstructures, vs. random orientation of isolated planar or

elongated or equidimensional grains) is included. In fact, the clear anisometric omphacite grain

shape (Fig. 6.2), as well as microfractures statistically oriented parallel to foliation could produce

a small anisotropy, with lower velocity in the direction normal to the foliation. Moreover, in

samples V15 and V10 the calculations are based only on the CPO of omphacite (omphacite and

quartz in sample VI6) while secondary phases displaying a strong CPO may have some effect on

anisotropy. The difference between the measured maximum and minimum velocity is similar to

the difference between the Voigt and Reuss bounds (Fig. 6.4). That suggests that the narrow

compositional layering has a strong effect on anisotropy.

6.7. Discussion

The measurements performed in this study show that average P-wave velocities reach 7.7

km/s to 7.9 km/s at 450 MPa in the sheared eclogites from the Lago Superiore unit of the

Monviso. P-wave anisotropy ranges from 3% to more than 6%. These values are similar to those

obtained on other eclogites. Typical P-wave velocities lie between 7.5 km/s and 8.7 km/s and

anisotropics can reach 9% but are generally below 4% (Christensen, 1974; Fountain et al, 1994;

Fountain and Christensen, 1989; Kumazawa et al, 1971; Maghanani et al, 1974; Rao et al, 1974).
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Seismic studies of upper mantle rocks show that peridotites are characterised by P-wave

velocities ranging from 8.0 km/s to 8.7 km/s and by a high anisotropy (typically from 4% up to

16%) (Fountain and Christensen, 1989; Kern, 1993).

In eclogites, the CPO of omphacite creates a concentration of c-axes parallel to lineation

and therefore fast velocities in a direction parallel to lineation. In peridotites, seismic anisotropy

is strongly controlled by the CPO of olivine with the olivine a-axes (which corresponds to the

maximum P-wave velocity in olivine) producing fast velocities parallel to the lineation. Fountain

and Christensen (1989) pointed out in a compilation of eclogite and peridotite seismic properties,

that the differences between the mean velocity of these two rock types are too small to be

discriminated by seismic investigations. However, in subduction zones, where rocks are strongly

anisotropic due to the large amount of strain, seismic differentiation between eclogites and the

surrounding peridotitic mantle might depend on the direction of observations because of their

large difference in anisotropy. The reflection coefficient (Re) and the difference in P-wave velocity

AVp for deep seismic sounding (DSS) between peridotites and eclogites were calculated from the

data of Ismael and Mainprice (1998) for subduction zone peridotites and from our data for

eclogites. Provided that the layers are sufficiently thick to be imaged, no distinction is possible

between the two types of rock in a steep subduction zone, as Re is less than 0.01 and AVp less

than 0.16 km/s. If the subduction is shallow, distinction is possible in reflection mode (Re about

0.03) and in DSS, if the propagation direction is parallel to the dip of the subduction (AVp

around 0.5km/s). If the propagation direction is parallel to the strike of the subduction,

distinction will be very difficult (AVp below 0.1km/s).

6.8. Conclusion

The comparison of measured and calculated P-wave anisotropics indicates that the seismic

anisotropy can qualitatively be interpreted by the omphacite CPO. However, no quantitative

correlation was noted. This suggests that compositional layering, shape fabric and contributions

of minor constituents along grain boundaries may have a strong effect on the anisotropy. More

advanced models (self-consistent) should be used to better constrain seismic anisotropics in

eclogites. A consequence of the low P-wave anisotropy observed in eclogites is that the recognition

of the contact eclogites-peridotites in a subducting slab will depend on the direction of

observation.
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Chapter 7: Microstructures and lattice preferred orientations in

experimentally deformed clinopyroxene aggregates

(in press in J. Struct. Geol. (Mauler et al, in press))

7.1. Abstract

Microstructures and lattice preferred orientations (LPO) were analyzed on

experimentally deformed natural and hot-pressed clinopyroxene aggregates in order to

understand the relationship between deformation processes and evolving microstructures. The

LPO was measured using electron backscatter diffraction (EBSD) techniques in the scanning

electron microscope (SEM). Microstructures were observed by polarized light microscopy and by

orientation contrast in the SEM.

Natural samples (Sleaford Bay pyroxenite) were deformed in axial compression stepping

tests up to 16% shortening. These samples deformed mainly by twinning and dislocation glide

with very little recrystallization. No clear LPO evolution apart from the initial LPO could be

attributed to deformation. Synthetic clinopyroxenite samples were hot-pressed from powders of

the same material with three different grain size ranges, and deformed in compression stepping

experiments up to 28% shortening. In the samples with coarse (30 |lm) and intermediate (20 |lm)

grain sizes, deformation was dominated by dislocation creep accommodated by subgrain rotation

recrystallization. The recrystallized grains have sizes up to 8 |lm and represent 15 to 25% of the

sampled area. The sample with the finest initial grain size (5 |lm) deformed dominantly by

diffusion creep accompanied by grain boundary migration. All of the hot-pressed samples

deformed in compression have a similar texture, consisting of a girdle of c[001] axes normal to

compression and a point maximum of b[010] axes and a*(100) poles parallel to the compression

direction. The LPO of recrystallized grains was separated on spatially resolved orientation maps

and shows a S-type fabric with b[010] parallel to the compression axis and a random a*(100)

distribution. The bulk fabric was largely present in the hot-pressed starting material and is

interpreted as the result of compaction during cold-pressing. At moderate strains in axial

compression, the initial compaction fabric has been weakly overprinted by the recrystallization

fabric. One hot-pressed sample (coarse grain size) was deformed in torsion to a shear strain of y
=

0.1. The microstructure indicates dominant dislocation creep and contains about 20%

recrystallized grains. The texture evolved from the rotationally symmetric compaction LPO to an

oblique fabric.
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7.2. Introduction

Although single-phase clinopyroxenes are not a common rock type in the earth's crust or

mantle, clinopyroxene can locally control the rheological behavior and physical properties of

rocks such as eclogites and gabbros where it occurs in high proportions. Due to the high

anisotropy in the physical properties of single crystal clinopyroxene, the development of lattice

preferred orientations (LPO) in clinopyroxene may influence the bulk anisotropy of such rocks

significantly.

In the LPO patterns most commonly observed in natural clinopyroxene, c[001] is

preferentially oriented parallel to the lineation while b[010] is normal to the foliation plane. This

pattern varies with the axis ratios of the shape fabric ellipsoid (Godard and Van Roermund,

1995). In strongly lineated samples, the maximum of c[001] forms a point maximum parallel to

the lineation and b[010] spreads out in a great circle normal to the lineation (L-type fabric of

Helmstaedt et al, 1972). In strongly foliated samples, the maximum of b[010] describes a point

maximum normal to the foliation plane, while c[001] is dispersed within the foliation plane (S-

type fabric of Helmstaedt et al, 1972). However, the development of these fabrics is not

satisfactorily explained by dislocation glide only on the known slip systems (see below). The S-

and L-type preferred orientations would correspond to "easy slip" on (010) c[001], which has not

been reported as a dominant slip system by TEM observations. Therefore, other mechanisms

have recently been used to interpret these fabrics, such as grain boundary migration and diffusive

mass transfer (Godard and Van Roermund, 1995). In omphacite, a temperature-dependent switch

in dominant slip systems due to a space group transformation was discussed as the cause of the

L- to S-type transition (Brenker, 1998; Brenker et al, 1999).

Through extensive TEM investigations on experimentally deformed diopside single

crystals and polycrystalline aggregates, two intracrystalline deformation regimes have been

recognized in clinopyroxene. At low temperatures and high strain rates, plastic strain is

accommodated by mechanical twinning on (100) [c] and (001) [a] and by dislocation glide on the

(100) [c] slip system (Raleigh and Talbot, 1967; Ave Lallemant, 1978; Kollé and Blacic, 1983;

Kirby and Kronenberg, 1984; Boland and Tullis, 1986). At high temperatures (T > 500°C),

multiple slip occurs involving the slip systems (100) [c], {110} lk <a+b>, {110} [c], (010) [a],

(100) [b] and (010) [a+c] (Boland and Tullis, 1986; Ingrin et al, 1992). According to Ingrin et al.

(1991) and Raterron et al. (1994), (100) [c] is the easiest slip system at intermediate temperature,

while {110} V2 < a±b > and {110} [c] dominate at high temperature (T > 800°C). The

crystallographic planes and directions of the slip systems in diopside are represented in Fig. 7.1.

There have been few experimental studies on pure polycrystalline clinopyroxenites

(Carter et al, 1972; Etheridge and Kirby, 1977; Kirby and Christie, 1977; Kirby and Kronenberg,
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1984; Boland and Tullis, 1986). Only two of them reported lattice preferred orientation (LPO)

measurements. Carter et al. (1972) measured the LPO of a hot-pressed sample of polycrystalline

diopside deformed in compression. The sample was characterized by significant recrystallization

and grain growth. The b[010] axes align parallel to the compression axis <5X and a[100] and c[001]

axes form girdles with maxima in the G2
=

03 plane. Etheridge and Kirby (1977) performed

compression experiments on clinopyroxene aggregates at constant strain rates. No clear LPO

development was identified after 45% strain. Thus, microstructures and LPO have not been

intensively documented, although they are an important link for comparison of deformation

mechanisms in naturally and experimentally deformed clinopyroxenes.
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Fig. 7.1: Stereogram of diopside with main slip planes and directions marked (Upper hemisphere equal area

projection).

Sleaford Bay pyroxenite, composed predominantly of Fe-rich diopside, has previously

been used as a starting material for deformation experiments (Kirby and Christie, 1977; Kirby

and Kronenberg, 1984; Boland and Tullis, 1986). Diopside is considered as an analogue for other

clinopyroxenes such as omphacite, which have similar crystal structures and space groups (C2/c

and P2/n). In this study, we explore the microstructural and LPO evolution in experimentally

deformed aggregates derived from Sleaford Bay pyroxenite.

Samples deformed in stepping experiments under uniaxial compression were available

from a recent rheological study on the deformation of natural and hot-pressed clinopyroxenite

(Bystricky, 1998). Coarse-grained samples (grain size 330 |lm) of natural Sleaford Bay pyroxenite

were deformed in the dislocation creep regime. Tests on fine-grained samples, prepared by hot-

isostatic pressing of selected powders of the same material (grain sizes 5, 20 and 30 |lm), allowed
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the investigation of the transition between dislocation and diffusion creep regimes. Compression

tests with similar amounts of finite strain have resulted in clear LPO developments in rocks

composed of calcite (Rutter et al, 1994; Wenk, 1985; Schmid et al, 1980) and quartz (DellAngelo

and Tullis, 1986). Textures of olivine rocks deformed in stepping tests under uniaxial

compression were studied recently by Fliervoet et al. (1999).

The microstructural evolution with high shear strains can be studied in samples

deformed in torsion. We performed a torsion experiment at constant twist rate (no stepping) on

a hot-pressed diopside aggregate to investigate the effects of non-coaxial deformation and,

potentially, of higher finite strain on microstructural development.

Throughout this paper, the terms 'dislocation creep' and 'diffusion creep' will be used

for the sake of simplicity to refer to the dominant flow regime with a non-linear or linear

viscosity, respectively. In a power law relation between strain rate and differential stress, the stress

exponent n is equal to one for linear viscous flow and is interpreted to indicate diffusion creep,

while n larger than one (typically three to five) is taken to indicate dislocation creep.

7.3. Analytical techniques

Lattice preferred orientations of diopside were measured using SEM-based electron

backscatter diffraction (EBSD) (Venables and Harland, 1973). This technique enables automated

determination of the full crystallographic orientation of grains on the surface of a polished

sample with spatial resolution of about 1 |lm and an absolute angular resolution of 1-2° (Adams

et al, 1993; Kunze et al, 1993). Additionally, the concurrent use of backscatter and forescatter

electron detectors provides simultaneous phase and orientation contrast imaging, deduced from

atomic number contrast and from the electron channeling effect, respectively (Prior et al, 1996).

From the deformed natural samples, polished thin sections parallel to the compression

direction were prepared without cover and lapped using a colloidal silica suspension with a

particle size of 25 nm for one hour. The same preparation technique did not provide a well-

polished surface for the hot-pressed samples due to the fine grain size. Therefore, the cylindrical

bulk samples were mounted in Plexiglas, mechanically polished and lapped using the same

colloidal silica suspension for 4 to 6 hours. All samples were coated with a thin carbon layer

(about 3 nm) to reduce specimen charging.

EBSD patterns were collected using a SEM CamScan CS44LB at ETH 2iirich with an

accelerating voltage of 15kV and a beam current of approximately 2.5nA. They were indexed

using the software OIM 2.0 (TSL Inc.) on a SGI Indy workstation and a reference file of 40

reflections optimized for omphacite (Mauler et al, 1998). Omphacite is a solid solution of
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diopside and jadeite with very similar crystal structures. Therefore, the same reflection table was

applied with confidence along the solid solution (Mauler et al, 2000).

For the natural samples, orientation data were collected on a 6000 |lm x 5400 |lm square

grid with a step size of 60 |lm resulting in 9191 measurements. This raster size was chosen to

cover as much area of the smallest section as possible, while the step size was small enough to

resolve some intragranular structure. In the synthetic samples, patterns were collected in the

middle of the samples on a 800 |lm x 1000 |lm grid with a step size of 20 |lm (2091 data points).

This step size is of the same order as the grain size of the studied samples and gave good

sampling statistics, while avoiding duplicate measurements in the same grains. A fine-scale

orientation map was obtained on a synthetic sample with a step size of 2 |lm on an area 180 |lm

x 250 |lm. Every measurement on the grid was assigned a confidence index (CI) between 0 and 1

to express the reliability of the EBSD pattern indexing. Orientations with CI < 0.2 are considered

to be unreliable and therefore filtered out for density calculations.

Pole figures were obtained from the discrete orientation data using the software package

Beartex (Wenk et al, 1998). The orientation distribution function (ODF) was calculated from the

reliable orientations (CI > 0.2) by Gaussian convolution using a smoothing width of 30°, defined

as the full width at half maximum of a Gaussian bell curve. This value is higher than generally

used (10-15°) in order to suppress intentionally any detail in the distributions with finer than

30° angular resolution. For the natural samples, about 400 different grains were covered, which is

much less than the total number of EBSD measurements (about 20-25 measurements per grain).

If the 400 grains were randomly distributed in orientation space (monoclinic crystal and triclinic

sample symmetry), their average orientation distance would be about 33°. Any detail finer than

this resolution must be considered purely statistical noise and should be filtered out. To be

consistent, the same smoothing width was also applied to the hot-pressed samples, though their

counting statistics (1500 grains) would allow a higher angular resolution of 21°.

The strength of the texture is expressed by the texture index J calculated as the mean

square value of the ODF (Bunge, 1982). Since J varies with the (finite) number n of individual

orientation measurements, the texture strength was also determined as the linear extrapolation

(Jo«) of J versus \/n as n goes to infinity (Matthies and Wagner, 1996) for various amounts of

smoothing (Viola, 2000). In general, the indices (and the pole densities) increase with decreasing

smoothing width, and would diverge to infinity for any discrete data set without smoothing. The

differences between J and Jo« give a measure for the statistical significance of the derived

orientation distributions and their errors (Table 7.1). For the natural samples, high indices of

sharp distributions for narrow smoothing up to 15° decrease remarkably for a width of 30°. For

the hot-pressed samples, stable indices are available for a smoothing width around 15°. In both
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cases, the pole figures presented with 30° smoothing contain mainly the statistically sound

information, where counting artifacts are suppressed, but appear to be weak compared to

common LPO patterns.

Smoothing Natural sampl es Hot- Dressed samples
Width

PI-0 PI-583 PI-592 HP-11 HP-12 PI-527 PI-528 PI-588 PI-598 PO-228

I 5" 95.60 86.54 90.48 14.01 17.10 14.16 12.57 12.42 13.40 13.48

>o 56.68 51.32 51.73 2.59 3.15 2.52 2.86 1.99 2.40 3.45

I 10° 14.37 16.60 17.84 3.18 3.38 3.27 3.04 3.23 3.00 3.15

>o 9.06 11.66 12.42 1.67 1.40 1.62 1.71 1.73 1.42 1.83

I 15" 5.03 6.04 6.80 1.92 1.84 1.93 1.85 2.10 1.78 1.87

>o 3.47 4.49 5.23 1.52 1.26 1.42 1.44 1.64 1.28 1.53

I 30° 1.55 1.73 1.92 1.36 1.22 1.35 1.32 1.50 1.27 1.30

SO 1.35 1.50 1.70 1.35 1.15 1.27 1.25 1.43 1.18 1.30

Table 7.1: Texture index J and extrapolated texture index J^ for the analyzed samples using various

smoothing widths of 5°, 10°, 15° and 30°.

For grain size determinations, digitized line drawings of optical photomicrographs

(natural samples) and SEM orientation contrast images (hot-pressed samples) were processed

using the public domain program NIH Image version 1.59. Grain sizes were calculated from the

measured areas on the binary images, defining the 2D grain size to be equal to the diameter of a

circle with the same area.

3D grain sizes of the powders used during sample synthesis were available from laser

particle-size analysis (Bystricky, 1998). A comparison between the 3D powder grain sizes and the

2D grain sizes obtained from digitized grain boundaries was performed on hot-pressed sample

HP-11. About 80% of the grains on a 2D section fall between 5 and 16 |lm and the average is 9

|lm (Fig. 7.2a). This average is at the lower bound of the range (10-30 |lm) for the grain size

determined from the powder because no 3D correction was applied to our 2D results. To a first

»)
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Fig. 7.2: Comparison of grain size determinations from microstructure and powder for sample HP-11. a) 2D

grain size histogram obtained from microstructural image analysis and expressed as number fraction (white)
and area fraction (dark grey) on logarithmic scale, b) 2D grain size histograms (area fraction) from the

microstructure (dark grey) and from powder measurements (light grey), the latter obtained through scaling
of the 3D volume fractions by a factor of 1/1.5.
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approximation, the 2D sectioning effect can be corrected by a constant factor of about 1.5 on

the 2D grain sizes (Underwood, 1970). When this correction is applied to the 3D powder data to

simulate a 2D distribution, the sizes from powder and microstructural analysis agree very well

(Fig. 7.2b). More precisely, both distributions have their peaks at similar sizes, but the 2D

histogram from the microstructure is asymmetric with a tail towards smaller grain sizes. This is

expected, since the 3D symmetric "Gaussian" distribution should project onto an asymmetric 2D

histogram with a left-hand tail. Throughout this paper, the 2D grain sizes are given without any

3D correction.

7.4. Deformation experiments

7.4.1. Sample preparation

Natural samples were cored in a high purity clinopyroxenite from the Precambrian

metamorphic terrain of Sleaford Bay, South Australia. The bulk composition of the

clinopyroxenite is Ca097Mg079Fe019SiI998O6 with trace amounts of Mn, Al, P and Na, as

determined by inductively coupled plasma spectrophotometry. About 5% of quartz and less than

1% of apatite are distributed along grain boundaries and at grain junctions.

Synthetic samples were hot-pressed from powders of the same clinopyroxenite. Three

powders of different grain size ranges were obtained after crushing and grinding. Gravitational

settling techniques were used to separate powders with the grain size ranges 20-40 |lm, 10-30 |lm

and 1-10 |lm as measured with a laser particle-size analyzer. The powders were dried for at least

10 hours at 1000°C and room pressure with the oxygen fugacity kept near the Ni/NiO buffer by

an appropriate mixture of CO/C02 gases. Samples were cold pressed at a uniaxial stress of 150-

175 MPa and were hot-isostatically pressed (HIP) in an internally heated gas-medium vessel at

300 MPa confining pressure and 1150-1180°C for 5 to 10 hours.

7.4.2. Compression experiments

All compression experiments were performed in a Paterson gas-medium apparatus

located at the University of Minnesota. Prior to deformation, all the samples were dried at

1000°C for 10 hours in a controlled-atmosphere furnace. Experiments were carried out under

constant load at confining pressures of 300-430 MPa, temperatures of 1150-1225°C and either

Ni/NiO or Fe/FeO buffering conditions. Each sample underwent several creep steps at different

temperatures, stresses and strain rates (Table 7.2).
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Sample Starting 2D Confining Temperature Flow stress Strain rate Total Oxygen Final 2D

Gram Size Pressure (C) (MPa) (10A1) Strain buffer Grain size

(Urn) (MPa) (o/o) (Urn)

PI-583 330 400 1200

1225

1175

1200

1225

217-383

223-379

334-372

371

323

5-100

20-215

25-40

10

115

5.4

11.5

13.2

14.2

15

Ni/NiO 330

PI-592 330 300 1250

1200

1250

169-276

238-307

238-278

20-215

10-40

10-240

8.3

13.1

15.9

Ni/NiO 330

PI-527 30 300 1200 72-266 50-900 7.9 Ni/NiO
15-40 (P)

1150 143-251 20-120 15.4 3-8 (Rec)
1175 116-290 30-260 20.7

1225 102-225 190-1250 27.8

PI-528 30 300 1150 174-300 10-35 3.7 Fe/FeO 15-40 (P)

430

1200

1200

134-256

231-383

25-100

60-300*

8.6

14.5
2-8 (Rec)

300 1225 115-270 60-380* 18.8

PI-588 20 300 1225 50-256 80-920 8.5 Fe/FeO 8-25 (P)
1200

1150

64-253

215-276

25-245

20-35

17

19.7
3-8 (Rec)

1175 190-277 30-75 22.5

1200 190-232 75-100 24.5

PI-598 5 300 1150

1200

1150

162-261

32-187

184-220

20-40

20-145

5-10

5.3

13.4

17.2

Ni/NiO 2-12

PO-228 30 300 1200 380 1000 0.1 y Ni/NiO 15-40 (P)

3-8 (Rec)

Table 7.2: Compression test conditions for the samples presented in this study. For each temperature,

several creep steps were performed in which the flow stress varied within the given ranges. The grain size of

the hot-pressed samples after deformation is split into the size of the old coarse grains (P) and the

recrystallized fine grains (Rec).
* The apparently low strain rates associated with high differential stresses are due to inhomogeneous
deformation of the sample. While part of the cylinder actually deformed to a higher total strain, the strain

rate calculations give average values over the whole length of the cylinder.

The two natural samples, PI-583 and PI-592, deformed in the dislocation creep regime. A

stress exponent n of 4.7 was determined from the stepping experiments. Both samples deformed

to a total strain of about 15%. The assembly of sample PI-592 showed a small offset of the

pistons, indicating a slight shear component perpendicular to the compression axis in that

sample.

The hot-pressed samples were deformed near the transition between dislocation and

diffusion creep. The samples underwent various complex deformation histories intended to

determine the flow parameters for both creep regimes. From these experiments, stress exponents

of 1 and 4.7 were determined for the diffusion and dislocation creep regimes, respectively.
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Hot-pressed samples PI-527 and PI-528 had a coarse initial grain size (30 |lm). Due to

fracture after hot-pressing, PI-527 deformed inhomogeneously, with one part more deformed

than the other and with the development of a high density of microcracks. Homogeneous

deformation without cracking was possible for sample PI-528 due to a higher confining pressure

even at the higher differential stresses applied. In both samples, creep data indicate the

predominance of dislocation creep.

Hot-pressed samples PI-588 and PI-598 had finer starting grain sizes (20 |lm and 5 |lm,

respectively) and deformed mainly in the diffusion creep regime. In both experiments, the

samples strengthened progressively with time, presumably because of grain growth. Further

details about the experiments, rheological data and stress-strain curves are described by Bystricky

(1998) and Bystricky and Mackwell (submitted).

7.4.3. Torsion experiments

A torsion experiment on a hot-pressed clinopyroxenite sample was performed in a

Paterson gas-medium apparatus located at ETH 2ürich. The torsion apparatus and technique are

described by Paterson and Olgaard (2000). It has been used successfully for high shear strain

experiments of calcite (Casey et al, 1998; Pieri et al, in press), anhydrite (Stretton and Olgaard,

1997; Heidelbach et al, submitted), quartz (Schmocker et al, 1999) and olivine (Bystricky et al,

1999).

Sample PO-228 was hot-pressed for 10 hours at 1200°C and 300 MPa using coarse-grained

(30 |lm) diopside powder. Immediately afterwards, the sample was deformed at 1200°C and 300

MPa at constant angular displacement rate, corresponding to a constant shear strain rate of

l.l^lO"4 s"1 at the outer radius of the sample. The torque recorded during the experiment yielded a

shear stress of approximately 230 MPa at the outer radius assuming a constant flow law with

stress exponent n of 4.7 through the whole specimen. In order to compare these data with those

from the axial compression experiments, values of 6.4* 10"5 s"1 and 380 MPa were derived for

equivalent strain rate and stress in compression based on the Von Mises yield criteria (Paterson

and Olgaard, 2000). These values correspond to conditions where dislocation creep (with n ~ 5)

is expected to be the dominant deformation mechanism (Bystricky and Mackwell, submitted.).

After yielding, the sample deformed in an "apparent steady-state", before slip occurred at the

bottom sample-spacer interface at a shear strain of y
~ 0.1, corresponding to a total natural

strain £ ~ 0.05 or an axial shortening of 5 % (Ramsay and Huber, 1983).
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7.5. Microstructures and LPO of natural clinopyroxenite

7.5.1. Starting material

The microstructure of the natural Sleaford Bay clinopyroxenite is well-equilibrated with

equiaxed grains separated by straight to slightly curved grain boundaries (Fig. 7.3a). A few thin,

straight twins are visible. Fractures along the (110) cleavage planes are common. The average

measured 2D grain size is 330 |lm (Fig. 7.3a) and lies between the values of 264 |lm and 600 |lm

reported for samples from the same locality by Boland and Tullis (1986) and Kirby and

Kronenberg (1984), respectively. The texture of the starting material was measured on a cylinder

of the type used for the experiments, and is represented by pole figures of the c[001] and b[010]

2 100 320

Grain Size (Um)

Fig. 7.3: Microstructures of the natural samples, a) Sample PI-0, undeformed, b) Sample PI-583, deformed to

15% shortening, c) Sample PI-592, deformed to 16% shortening. Left: Polarized light micrographs oriented

with cylinder axis vertical. Right: Grain size histograms expressed as number fraction (white) and area

fraction (grey) on a logarithmic scale.
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axes as well as a*(100) and (110) poles with the cylinder axis vertical as indicated in Fig. 7.4a. The

Sleaford Bay pyroxenite has a significant lattice preferred orientation marked by a point

maximum of b[010] axes and a girdle of c[001] axes perpendicular to it. This LPO would

correspond to a "S-type" fabric with the b[010] maximum normal to a foliation plane. Without

any macroscopic foliation visible and without a knowledge of any existing fabric, the cylinders

were all cored with the cylinder axis nearly normal to the b[010] maximum (Fig. 7.4a).

c[001] b[010] a*(100) (110)

7.5.2. Deformed samples

Microstructures of the natural samples deformed in compression are illustrated in Fig.

7.3b, c. In both samples, grain sizes are similar as in the starting clinopyroxenite. No

pronounced shape preferred orientation has developed after strains of 16%. Evidence of

intracrystalline deformation is documented by intensive undulous extinction, deformation bands

and twinning. Although some of the narrow twins may have been introduced during the

unloading stage of the experiments, the deformed samples contain substantially more twins than

the starting material. They are either thin and bent or thick with a lensoid shape. Subgrains are

not common, but when observed, their size is around 30-50 |lm. Grain boundaries are generally

straight at the grain scale. At a finer scale, first signs of slow grain boundary migration by

bulging are visible. These observations suggest that deformation occurred mainly by mechanical

twinning and dislocation glide without major amounts of recrystallization.
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Pole figures for the c[001] and b[010] directions, as well as (110) and a*(100) poles are

presented for the undeformed and both deformed samples in Fig. 7.4, with the compression

direction vertical. As compression is rotationally symmetric and as no reference was marked on

the samples, thin sections were cut parallel to the compression direction but along different

planes, which were not parallel in the block of natural rock. In order to present all three textures

within a common sample reference frame, the fabrics were rotated around the compression axis

until they were most similar.

The initial LPO pattern did not undergo strong changes during deformation. The b[010]

axes lie nearly normal to the compression axis. A girdle of c[001] axes is inclined with respect to

compression and the a*(100) poles are normal to it. The LPO strength increases with progressive

deformation, the point maxima of the b[010] and a*(100) directions become clearer and the

girdle of c[001] becomes more pronounced. The LPO pattern presents more internal symmetry

and seems to evolve towards an orthorhombic fabric with respect to both the initial foliation

plane and the compression axis. Thus, after this amount of deformation, the texture is still

dominated by the initial fabric. The LPO has not yet been overprinted by the compressive

deformation, which should ultimately result in an orientation distribution rotationally

symmetric around the compression axis.

7.6. Microstructures and LPO of hot-pressed diopside aggregates

7.6.1. Starting material

Thin slices were cut from one end of each of the hot-pressed cylinders for

microstructural analysis, while the rest of the sample was deformed. Thus, the microstructures of

the undeformed hot-pressed samples were observed on sections oriented normal to the

compaction axis. Although care was taken to remove optically visible impurities during specimen

preparation, individual grains of quartz and apatite are present in all samples and comprise up

to 5% of the sample volume based on atomic number contrast SEM images. The hot-pressed

microstructures do not show foam textures. Strain features, such as twins and undulose

extinction, are visible. Grains are often elongated but are oriented randomly within the plane

perpendicular to the compaction direction. Grain boundaries are mostly straight.

Microstructures were analyzed for three hot-pressed samples prepared from powders with

3D grain sizes in the ranges 20-40 |Xm (HP-6), 10-30 |Xm (HP-11) and 1-10 |Xm (HP-12). The

samples have uniform distributions of grain sizes with 2D means of 30 |lm, 20 |lm and 5 |lm,
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respectively (Figs. 7.5a-c, 7.6a-c). In sample HP-12, some clusters 10 to 100 |lm in size of very

fine-grained material (<1 |lm) were observed, which probably agglomerated prior to and flattened

Fig. 7.5: Polarized light micrographs of the hot-pressed samples deformed in compression and torsion.

a) Sample HP-6, undeformed, starting grain size 30 |Jm,

b) Sample HP-11, undeformed, starting grain size: 20 |Jm,

c) Sample HP-12, undeformed, starting grain size: 5 |Jm,

d) Sample PI-527, deformed to 28% shortening,

e) Sample PI-588, deformed to 25% shortening,

f) Sample PI-598, deformed to 17% shortening (section perpendicular to compression),

g) Sample PI-528, deformed to 19% shortening,

h) Sample PO-228, deformed to y
= 0.1 in torsion,

i) Sample PI-598, deformed to 17% shortening (section parallel to compression).
Sections of HP-6, HP-11 and HP-12 were cut perpendicular to the compaction direction. Sections of the

deformed samples are presented with the cylinder axis vertical. For the sample deformed in torsion, the

shear direction is horizontal and the sense of shear is dextral.
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during cold pressing. Similar grain clusters were not observed in the samples with larger grain

sizes, where the finest-grained fractions had been removed. Grain sizes before and after hot-

pressing of sample HP-11 were determined from 3D (powder) and 2D (microstructural) analysis,

respectively. Comparison of the histograms indicates that there is no significant grain growth

during hot-pressing (Fig. 7.2).

f

Fig. 7.6: Grain size histograms of the hot-pressed samples expressed as number fraction (white) and area

fraction (grey) on logarithmic scale. For the undeformed samples, the grain size was deduced from 3D

powder data and is therefore given as 2D area fraction only.

a) Sample HP-6, undeformed, starting grain size: 30 |Jm,

b) Sample HP-11, undeformed, starting grain size: 20 |Jm,

c) Sample HP-12, undeformed, starting grain size: 5 |Jm,

d) Sample PI-527, deformed to 28% shortening,

e) Sample PI-588, deformed to 25% shortening,

f) Sample PI-598, deformed to 17% shortening

g) Sample PI-528, deformed to 19% shortening,

h) Sample PO-228, deformed to y
= 0.1 in torsion.

Samples PI-527, PI-528 and PO-228 were prepared like HP-6, PI-588 like HP-11 and PI-598 like HP-12.
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LPO measurements on sample HP-11 (Fig. 7.7) show a texture of moderate strength with

a texture index close to 1.4. The fabric is characterized by a girdle of c[001] axes normal to the

compaction direction. Pole figures of the b[010] axis, a*(100) and (110) poles all display a similar

maximum concentration parallel to the compaction direction. This LPO is interpreted as a result

of compaction during cold-pressing. The grains in the starting powders have an elongated shape

parallel to c[001] because of the good {110} and (100) cleavage planes (Fig. 7.8a). Therefore

grains aligned preferentially with the c[001] axis perpendicular to the compaction direction

during cold-pressing. The similar distributions for the other crystal directions perpendicular to

c[001], all with a maximum parallel to the compaction axis, can be explained by a so-called ring-

fiber texture. Grain orientations are randomly distributed around the c[001] axis, which itself is

oriented normal to and rotationally symmetric around the compaction direction (Fig. 7.8b). In

an inverse pole figure, the compaction direction Ys is preferentially aligned with all directions

c[001] b[010] a*(100) (110) Xs Ys Zs

Fig. 7.7: Pole figures (right) and inverse pole figures (left) of the hot-pressed samples in logarithmic scale on

upper hemisphere equal area projection. All figures were reduced by the inversion symmetry, minimum and

maximum intensities (times random) are given below each figure. Pole figures are oriented with the cylinder
axis vertical. For the sample deformed in torsion, the shear direction is horizontal with dextral sense of

shear. For inverse pole figures, a reference key is given with crystallographic directions. For the samples
deformed in compression, Ys is parallel to the compression axis and Xs and Zs are normal to it. For the

sample deformed in torsion, Xs corresponds to the shear direction and Ys to the shear plane normal,

normal to c[001].
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A similar but slightly weaker fabric was obtained from LPO measurements on HP-12. Since the

same preparation techniques were applied and similar random distributions of elongated grains

within the thin section normal to compaction were observed in HP-6, we infer a similar initial

LPO for the coarse grained samples.

Fig. 7.8: Origin of the initial fabric during cold-pressing, a) Secondary electron image of crushed powder
used for generation of the synthetic material. Note the elongated grain shapes parallel to the c[001] axis, b)
Schematic distribution of the crystallographic axes of diopside grains producing a ring fiber texture. The

c[001] axes fall randomly within the viewed plane. For each orientation of the c[001] axis, the b[010] and

a'^(lOO) directions are randomly distributed normal to c[001].

7.6.2. Microstructures of the samples deformed in compression

Sample PI-527 (Fig. 7.5d) was hot-pressed from powder with an average 2D grain size of

30 |lm and deformed to 28% shortening. The sample displays plastically deformed grains with

small subgrains and recrystallized grains along the grain boundaries. A foliation is defined

normal to compression by the clear shape preferred orientation of the elongated grains.

Deformation features include twins, deformation bands and undulous extinction. Some of the

generally thick twins are bent, others are either pinned at the grain boundaries or have a tapering

edge. Slow grain boundary migration can be recognized by curved to lobate boundaries in the

deformed grains as well as by some 'left-over' grains. The area fraction of recrystallized grains is

extracted from the grain size histogram (Fig. 7.6d) by the percentage of grains with sizes below 8

|lm. This limit was chosen at the lower bound of the initial size distribution to exclude the old

grains. The recrystallized grains represent around 15% of the area with a peak frequency around

5 |lm.

Sample PI-528 (Fig. 7.5g), hot-pressed from powder with an average 2D grain size of 30

|lm, was deformed to 19% shortening at a higher differential stress than the previous sample. It
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exhibits a microstructure representative of intracrystalline deformation accommodated by

subgrain rotation recrystallization. Twins, deformation bands and subgrains are frequent.

Serrated and dentate grain boundaries are numerous. A foliation normal to compression is

defined by the shape preferred orientation of the larger elongated grains but is less pronounced

than in PI-527. Recrystallization is more evident from numerous small recrystallized grains

around the deformed grains in a core-and-mantle structure. The area fraction of recrystallized

grains, as given by the grain size histogram, is around 20% with a peak frequency around 3 |lm,

which is finer than in PI-527 due presumably to the higher differential stress sustained by the

sample (Fig. 7.6g).

Sample PI-588 (Fig. 7.5e) was hot-pressed from powder with an average 2D grain size of

20 |lm and deformed to 25% shortening. Grains have a slight elongation with a shape preferred

orientation that defines a weak foliation normal to compression. Deformation twins are rare,

and deformation bands and undulose extinction are less pronounced than in the coarse grained

samples. Subgrains are more common. Small, equant grains with a similar size (4-8 |lm) as in

sample PI-527 have developed by dynamic recrystallization. The proportion of small

recrystallized grains is slightly larger with an area fraction of 25%, even though it includes a

minor fraction of grains initially smaller than 8|lm. Grain boundaries are irregular, from lobate

to serrated, and show bulging. The mechanical data indicated some strengthening with time,

which was previously interpreted as resulting from grain growth during creep at 1200 °C.

However, our measurements indicate that the average grain size was reduced, and there are no

grains significantly larger than in the starting material (Fig. 7.7.6e).

Sample PI-598 was hot-pressed from powder with an average 2D grain size of 5 |lm and

was deformed to 17% shortening predominantly in the diffusion creep regime. The sample

exhibits a homogeneous grain size of 2-12 |lm. Grains can be described as nearly strain-free,

although minor undulose extinction is visible (Fig. 7.5f, i). The grain boundaries are highly

inhomogeneous from straight through slightly curved to highly serrated, indicating diffusion

creep with mobile grain boundaries as opposed to grain boundary sliding, which would be

represented by mainly straight grain boundaries. A weak foliation is defined by slightly elongated

diopside grains normal to compression and underlined by flattened clusters of the very fine¬

grained agglomerates. For this sample, the mechanical data indicated even more strengthening

than PI-588 during creep at 1200 °C. Optically, no clear difference in grain size is visible between

the undeformed sample HP-12 and either of the two perpendicular sections of the deformed

sample PI-598 (Fig. 7.5c, f, i). Histograms indicate a small increase in grain size during the

experiment from HP-12 to PI-598 (Fig. 7.6c, f). The hardening due to the apparent increase in

grain size by a factor of -1.5 would correspond to a decrease in strain rate by a factor of
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1.52~2.2 or 1.53~3.4 based on a Nabarro-Herring or a Coble creep flow law, respectively. The

hardening observed during deformation of this sample lies well within this range (Bystricky,

1998).

7.6.3. LPO of the samples deformed in compression

All of the hot-pressed samples show the same overall texture (Fig. 7.7), which was already

present in the starting material. It is defined by a ring-fiber texture with a girdle of c[001] axes

normal to the compression direction. Pole figures of the b[010] axis, a*(100) and (110) poles

display maximum concentrations parallel to the compression direction. In the inverse pole

figures, the compression direction Ys is aligned with a girdle normal to c[001]. This girdle is very

pronounced in all the samples, except in sample PI-588 where the maximum close to a*(100) is

reduced. The rotational symmetry about the compression axis is followed reasonably well in all

the samples, as the inverse pole figures of the two directions Xs and 2S normal to compression

are similar with a concentration parallel to c[001].

The extrapolated texture index varies slightly from one sample to another (Table 1). For

the three samples deformed by dislocation creep and partially recrystallized, the texture strength

decreased slightly for PI-527 and PI-528, while it increased for PI-588 compared to the initial

LPO (HP-11). The texture strength seems to be rather insensitive to the amount of finite strain

(PI-527 was deformed to the highest strain) but sensitive to the amount of recrystallization (PI-

588 was most recrystallized). For the fine-grained samples (HP-12 and PI-598), the LPO is similar

to but weaker than that of the coarser grained material. Deformation by diffusion creep did not

visibly alter the initial LPO.

7.6.4. Sample deformed in torsion

Sample PO-228 (Fig. 7.5h) was hot-pressed from powder with an average 2D grain size of

30 |lm and deformed to y= 0.1 in torsion. The microstructure shows large elongated grains,

which are surrounded by small and equant recrystallized grains. The aspect ratio of the larger

grains represents their initial shape. A weak oblique foliation is defined at about 35° from the

shear zone boundary by the elongated grains. Evidence for intracrystalline deformation includes

the presence of twins, deformation bands, undulose extinction and subgrains. Grain boundaries

are often lobate to serrated. Newly recrystallized grains, 3 to 8 |lm large, constitute around 20%

of the sample area as determined from the grain size histogram (Fig. 7.6h). They form a core-and-

mantle structure with the relict grains, which is characteristic for subgrain rotation

recrystallization.
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The LPO of this sample has evolved from the initial axial symmetric compaction texture

towards a texture with a girdle of c[001] axes inclined opposite to the sense of shear. The other

directions concentrate in point maxima normal to this girdle. The overall fabric displays a

monoclinic texture symmetry as should arise from the shear deformation in torsion experiments.

However, the corresponding two-fold symmetry axis is not exactly in the center of the pole

figures, but about 15° off the shear plane. Misalignments of the section cut with respect to the

torsion axis can only explain a small part (about 2°) of this observed deviation, while the origin

of most of the deviation remains unknown. On the inverse pole figure, the shear plane normal

Ys defines a girdle normal to c*(001), with a small maximum close to a[100]. The shear direction

Xj aligns close to c[001]. The texture index is similar to the one of the starting fabric.

7.6.5. LPO of recrystallized grains

Lattice orientations of recrystallized grains were separated from the bulk texture on a

fine scale orientation map with a step size of 2 |lm for sample PI-588 (Fig. 7.9). Colors are

attributed to the measurements on the map as well as on separate pole figures according to the

measured grain size. No post-processing was applied to the acquired orientation maps. In the

smallest grain size fraction (2.3 |lm, equivalent to 1 pixel), unreliable measurements with CI < 0.2

most likely correspond to weak EBSD patterns obtained on grain boundaries, impurities or

surface artifacts. They form about 9% of the total data and have random orientations. Reliable

orientations with CI > 0.2 in the same size fraction originate from recrystallized diopside grains

with a size below 3.2 |lm (2 pixels). In the larger grain size fractions, orientations with low

reliability (CI < 0.2) were not separated as they are too few to influence the overall texture.

In sample PI-588, recrystallized grains were defined by a grain size below 8 |lm, as

suggested above based on grain size histograms. The LPO of the recrystallized grains is

characterized by a girdle of c[001] axes normal to compression, a point maximum of b[010]

parallel to compression and a random distribution of a*(100). In the inverse pole figures, the

compression direction Ys is aligned to the b[010] axis and less pronounced with a girdle normal

to c[001]. Grains with a size between 8 and 10 |lm have a similar fabric although some

asymmetry relative to the compression axis is visible. For the larger grains (above 10 |lm), the

c[001] axes form a wide point maximum within the foliation. The a*(100) poles tend to be

aligned parallel to the compression direction in the same way as the b[010] axes. In the inverse

pole figures, the compression direction Ys shows a weak preferred orientation along a girdle

normal to c[001]. With increasing grain size, the number of measured grains becomes rather

small and less representative. Clusters of grains aggregated with similar lattice orientations during
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Fig. 7.9: Fabric variation with grain size in sample PI-588.

a) OIM map with a step size of 2 mm. Grains are defined as groups of connected measurements whose

neighbor to neighbor misorientations do not exceed 15°. They are highlighted according to their size and

confidence index (CI): Grains with a size < 3 mm (1 pixel) and CI < 0.2 (black), < 3 mm and CI > 0.2 (dark

blue), 3-8 mm (light blue), 8-10 mm (green), 10-16 mm (red), > 16 mm (pink). Grain boundaries (misorientation

angle > 15°) are marked by thick lines and subgrain boundaries (misorientation angle > 2° and < 15°) by thin

lines.

b) SEM orientation contrast image showing newly recrystallized fine grains, old coarse grains and surface

artifacts.

c) Grain size histogram deduced from OIM measurements. Color coding as used in the OIM map. Fractions

with CI < 0.2 are striped.
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cold pressing and are responsible for deviations from a rotational symmetry in the LPO of the

coarse size fractions.

No principal texture transition was observed between initial and recrystallized grains in

the b[010] and c[001] pole figures. A transition is visible for the a*(100) poles from a preferred

alignment parallel to the compaction axis Ys in the coarse grains to a more random distribution

in the fine recrystallized fraction. The ring-fiber texture of the starting material is replaced by a

common S-type fabric in the recrystallized grains.

7.7. Discussion

This study presents a detailed analysis of microstructures and LPO of experimentally

deformed clinopyroxene aggregates. Coarse-grained natural samples, deformed in compression up

to 16% shortening, display microstructures representative of deformation by mechanical

twinning and dislocation glide. These observations are consistent with the measured non-linear

viscous flow law with a stress exponent n
= 4.7 (Bystricky, 1998) interpreted as due to dislocation

creep.

Hot-pressed samples were deformed near the transition between dislocation and

diffusion creep. Four samples deformed mainly in the dislocation creep regime during axial

compression (PI-527, PI-528, PI-588) and during the torsion test (PO-228). Dislocation creep was

accompanied by dynamic recrystallization through subgrain rotation and slow grain boundary

migration. The area fraction of recrystallized grains varies from 10 to 25% in the different

samples. The observed size and fraction of dynamically recrystallized grains appear to respond to

the applied differential stresses. No general correlation between the extent of recrystallization

and the texture strength could be established.

The textures of the hot-pressed samples differ from the ones reported by Carter et al.

(1972) from experiments in axial compression on hot-pressed diopside aggregates performed at

low strain rate (8*107 s4) in a Griggs solid-medium apparatus. In our study, b[010], a*(100) and

therefore a[100] align parallel to Gl5 while c[001] forms a girdle in the 02 = O3 plane. Carter et al.

(1972) reported a S-type fabric where only b[010] aligns parallel to Gl5 and a[100] and c[001]

form girdles in the 02=03 plane. They did not describe the initial fabric prior to deformation,

but observed significant grain growth during the deformation, suggesting that the microstructure

equilibrated and that a growth fabric was produced. Consequently, the fabrics in our axial

compression samples should evolve towards a similar S-type pattern with increasing strain and

time as visible in the recrystallized grain fraction of sample PI-588, where the point maximum of

a*(100) vanished.
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It is important to know whether the LPO of the deformed samples is only due to

compaction during cold pressing or results from a combination of both the initial fabric and

intracrystalline deformation. In the natural samples, we observed that after 16% shortening the

initial texture incipiently evolved to a new texture presumably imposed by the active slip systems.

By contrast, deformation of the hot-pressed samples resulted in only minor changes in texture.

For these samples, the fabric obtained after cold pressing may not be very different from that

which develops during deformation by axial compression. For dominant glide on a single slip

system, the "easy slip" plane as well as the "easy slip" direction should align normal to the

compression direction (Schmid, 1982; Wenk and Christie, 1991). Here, the a*(100), b*(010) and

(110) planes are oriented normal to compression as potential slip planes, with c[001] as the slip

direction. With the rotational symmetry of the deformation, an equal activation of all the

systems {hkO} c[001] could explain the fabric. From symmetry considerations, the compaction

fabric is described by a ring-fiber texture, which is rotationally symmetric both about the sample

axis Ys and about the crystal axis c[001]. Any resulting compression fabric should stay

rotationally symmetric about the loading axis. However, it will preferentially align some distinct

lattice planes normal to the compression direction while the rotational symmetry about c[001]

will vanish, forming a conventional fiber texture. For all the reported slip systems on {110},

(100) and (010), the hypothetical "easy slip" fabrics are schematically drawn in Fig. 7.10 with the

respective slip planes oriented normal to the compression axis. At the high temperatures applied

here, the {110} slip planes are most favored. Therefore one should see a trend to strengthen the

{110} maximum towards the compression direction, which starts to be visible for PI-588. In

summary, the observed fabrics are at the beginning of the expected transition from the initial

ring-fiber texture to a conventional fiber texture similar to a S-type fabric in natural pyroxenites.

{110} 1/2 <a±b>

{110} c[001]

{110}

{110}

(100) c[001]

(100) b[010]

a*

a*

(010) a[100]

(010) [a±c]

b

{110}

J a*, c

{110}

E3 a*

c

P"l '
1 '.1' 1 M.'t "I '_|Jj

{no}

H b

Fig. 7.10: Schematic pole diagrams of hypothetical fabrics, which would develop during compression of

clinopyroxene assuming exclusive activation of one single slip system as indicated. Regardless of the slip
direction, the slip plane is preferentially oriented normal to the compression axis. LPO patterns of the

c[001] axis (dotted), b[010] axis (dark grey), a^OlO) pole (striped) and (110) pole (light grey) are presented.
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In the majority of previous experimental studies on LPO evolution, a random starting

texture was generally implied, and the resulting fabrics were assumed to have reach steady-state.

Rutter et al. (1994) showed that calcite develops a LPO also during deformation in the grain-size

sensitive regime, and that a preexisting fabric is preserved during such deformation. They

concluded that large strains are required to overprint an existing LPO. High strains are also

necessary to evolve from a transient deformation texture to a steady-state microstructure in

stationary equilibrium between intracrystalline deformation and recrystallization (Pieri et al, in

press). Thus we believe that the amount of strain applied in our compression experiments was

not enough to significantly alter the initial compaction fabric.

The fine-grained sample (PI-598) shows evidence of grain boundary migration and grain

growth. In this sample, the resulting fabric is as weak as the initial fabric, suggesting that

diffusional processes were competitive with intracrystalline deformation. This is consistent with

the determined linear viscous flow law (Bystricky, 1998).

Torsion deformation (PO-228) produced a monoclinic fabric oblique with respect to the

shear plane and shear direction that is still dominated by the rotationally symmetric fabric

developed during cold-pressing. It is likely that such shear fabric is transient for moderate shear

strains before it will be replaced by a recrystallization fabric at shear strains y above 1 to 5 as

reported for norcamphor (Herwegh et al, 1997), calcite (Pieri et al, in press) and olivine

(Bystricky et al, 1999). This working hypothesis underlines the need for further experimental and

textural studies on pyroxenes to be extended to high strain deformation. By deforming samples

to higher strain in a different geometry than during synthesis, such experiments should isolate

the effects of a starting LPO. Torsion experiments to high strain and under constant load may

reach a steady state microstructure and LPO, and therefore provide further information about

deformation mechanisms in clinopyroxene.

7.8. Summary and conclusions

Microstructures and LPO were investigated in clinopyroxenes aggregates deformed in

compression and torsion, leading to the following conclusions:

1. Under the conditions investigated, coarse-grained clinopyroxenite deformed mainly by

twinning and dislocation glide. Because of a starting fabric and the amount of strain achieved,

no clear fabric evolution could be followed.

2. In hot-pressed samples deformed within the dislocation creep regime, dynamic

recrystallization occurred mainly by subgrain rotation, but also by slow grain boundary

migration. With reduced initial grain size, grain boundary mobility increased.
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3. Uniaxial cold-pressing of clinopyroxene aggregates generates a significant LPO in the

samples prior to deformation due to a preferred shape of the powder crystals. Thus, proper care

must be taken when assuming a random LPO in synthetic as well as natural rocks.

4. Large strains (at least more than 25% shortening as applied here) are necessary to

overprint a preexisting LPO in clinopyroxenes and to recrystallize a major proportion of the

sample. Deformation both in the dislocation creep and diffusion creep regimes does not rapidly

alter the initial LPO. Newly recrystallized grains develop a different fabric which respects the

kinematic framework of the deformation.

5. Deformation in torsion to a shear strain of y= 0.1 generates a fabric oblique to the

shear plane and shear direction, which is probably transient. Higher strain torsion experiments

have to be performed to reach steady state microstructures and LPO in clinopyroxenes.
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Chapter 8: Summary and conclusions

8.1. Summary

The purpose of this study was to investigate the microstructure and texture of eclogite

faciès minerals (omphacite, garnet, rutile and quartz) in naturally deformed eclogites from the Les

Essarts Complex (Vendée) and from the Monviso shear zone. The study was extended to

microstructural and textural investigations of experimentally deformed clinopyroxenes.

Microstructures and textures were investigated using optical and scanning electron microscopy

with EBSD. The latter technique had to be extended to omphacite.

The fabric analysis lead to the following results:

1. EBSD can be applied for manual and automated acquisition of crystallographic

orientation data for omphacite and common clinopyroxenes, rutile and garnet in polymineralic

rock like eclogites.

2. There is evidence of deformation of omphacite by dislocation creep in Vendée and in the

Monviso. Additionally in the Monviso, dynamic recrystallization by progressive subgrain rotation

and grain boundary migration occurs and results in a major grain size reduction.

3. These processes seem to control the LPO development in omphacite only in dry (low-

strained) domains or in zones where omphacite is protected from then stress field (hollow

garnets).

4. The mechanisms leading to the common LPO in omphacite involve diffusion processes

with concomitant anisotropic growth and dissolution. There are responsible for both the

crystallographic and shape fabric of omphacite. Therefore the geometry of these fabrics represent

the directions and ratios of the principal stresses. This mechanism was identified in the Vendée

eclogites and in the Monviso eclogitic mylonites, independently on grain size. In the Monviso

mylonites, oriented growth was probably enhanced by deformation in the presence of fluid,

allowing further mass transport.

5. LPO of rutile duplicates the LPO of omphacite. Rutile deformation mechanisms

probably involved dislocation creep and anisotropic growth, both in Vendée and in the Monviso.

6. Quartz mainly occurs as an interstitial phase. The quartz LPO is random.

7. Garnet in the Monviso behaves rigidly although in zones of high stress it recrystallizes by

progressive subgrain rotation.

8. No representative obliquity of the omphacite or rutile LPO with respect to foliation and

lineation was observed that can be used for shear sense criteria. However, a rotation of the rutile
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LPO relative to the omphacite LPO is distinguished in most samples, which potentially can be

used for shear sense determination in eclogites.

9. Microstructures in natural diopside aggregates (starting grain size around 300|lm)

experimentally deformed in compression stepping tests deformed by twinning and dislocation

glide. The LPO did not change during deformation.

10. Hot-pressed diopside aggregates (20-30 |lm grain size) deformed in compression stepping

experiments deformed dominantly by dislocation creep accommodated by subgrain rotation

recrystallization. A sample with finer initial grain size (5 |lm) deformed dominantly by diffusion

creep accompanied by grain boundary migration. Both processes led to a recrystallized grain size

around 10 |lm.

The deformed hot-pressed samples have a texture that was largely present in the undeformed hot-

pressed samples and is interpreted as the result of compaction during cold-pressing of diopside

crystals with a preferred shape anisotropy (pencils parallel to c[001].

11. P-wave velocities in the Monviso mylonites at a pressure of 400 MPa range from 7.7 km/s

to 7.9 km/s, yielding to a maximum anisotropy of 6%. The maximum contribution of the

omphacite LPO to the P-wave anisotropy is 1.3%, suggesting that the compositional layering and

the fabric of minor constituent minerals significantly contribute to the seismic anisotropy.

8.2. Geological implications

In this study we have shown that anisotropic grain growth processes are a main

deformation mechanism of eclogite forming minerals in the Earth. It may result either from the

diffusion of point defects through the lattice (Nabarro-Herring creep), either from the diffusion

of ions and molecules along grain boundaries (Coble creep) or from the migration of dissolved

material in a fluid along the grain and phase boundaries

(solution creep). Either way, mass transfer processes mechanisms are an important deformation

process in the Earth. It is generally assumed that diffusion processes are grain size sensitive, as

with increasing grain size the length of the diffusion path increases and therefore the flux

decreases. Diffusion processes are therefore expected to be negligible for large grain sizes.

The large size of the omphacite grains in the Vendée eclogites, which can reach millimeters

would therefore suggest non-diffusional deformation processes (with non-linear viscosity) to

dominate. No deformation mechanism map exists for clinopyroxenes, and as a first

approximation for discussion, the maps of olivine are used (Frost and Ashby, 1982). For olivine

with a grain size of 1 mm, the diffusion creep regime is only achieved at very slow geological

strain rates (10"15/s). In the case of omphacite similar to the one in Vendée (grain size about
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lmm), we expect the boundary between diffusion and power-law creep to be considerably shifted

towards higher temperatures and grain sizes. Values of the material properties, microstructural

variables and deformation parameters are uncertain, and we can only assign upper and lower

bounds. Temperature is inferred from thermobarometry (T~700°C) and corresponds to a

homologous temperature of about 0.6 for omphacite. The magnitude of displacement rate lies

between 2 and 20 cm/year in subduction zones. A limit can be placed on the width of the

deformed part of the subducting slab. The maximum width is given by the thickness of the

downgoing slab (about 40km) and the minimum by the width of observed shear zones (about

lkm). The calculated shear strain rates vary then within the range of 10"11 to 10"14/s. For the

Monviso shear zone, we can consider that deformation localised within a width of 10 to 500

meters, leading to shear strain rates between 10"9 and 10"I3/s. For these conditions, grain boundary

or volume diffusion is less efficient than dislocation climb in olivine with 1 mm grain size, while

diffusion creep is dominant for olivine with 10 |lm grain size.

Another question was raised from the obtained results about the kinematic significance of

foliation and lineation. It is generally assumed that lineation represents the maximum direction

of the finite strain ellipsoid and foliation the plane normal to the minimum principal strain axis.

At large finite strain, it tends to be parallel to the shear direction, resp. shear plane and one can

infer stretching and transport direction. If foliation and lineation are favored growth planes and

directions related to stress, this assumption may not be valid anymore. For non-coaxial

deformation, the principal axes of stress and strain rate are inclined relative to those of finite

strain, which rotate towards shear plane and direction with progressive deformation. As we could

not observe major obliquities between LPO and SPO in the investigated, clearly sheared eclogites,

the observed fabrics appear insensitive to any rotational strain component.

8.3. Further work

Further microstructural and textural work has to be performed on naturally deformed

eclogites to constrain the metamorphic conditions and geological setting in which diffusion

processes are a main deformation mechanism in clinopyroxenes and under which circumstances

other mechanisms become competitive. LPO measurements and microstructural observations at

the micrometer scale give reliable statistical parameters characteristic for many grains in a fabric.

This information must be complemented by defect analysis at the nanometer scale using TEM,

e.g. to identify character and density of dislocations, slip systems, boundary topography and

composition.
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S- and L-type fabrics are the most widely reported clinopyroxene fabrics, suggesting that the

diffusion creep field for clinopyroxenes under natural conditions is wide. However, different

fabrics such as the (100) type where a*(100) is parallel to S and c[001] close to L have also been

reported. If we can link grain size, shape and crystallographic fabrics with the metamorphic

conditions in eclogite samples from various origins, we may get information on the deformation

conditions undertaken by clinopyroxene-rich rocks.

Valuable data will also be provided by experimental work. Little is known about diffusion

processes in minerals and rocks mainly because the diffusion field is difficult to reach under

laboratory conditions. However, it was shown that diopside aggregates with a very fine grain size

(around 5 |lm) deformed in this field. Torsion tests on similar samples will allow to reach higher

strain than achieved during compression and to investigate the resulting microstructure and LPO.

The different geometry of the torsion test compared to compression tests and hot-pressing

preparation will reduce the LPO and SPO effect produced during sample preparation. Further

deformation experiments will also have to be performed in the dislocation creep regime. There is

a need for more mechanical data that can be used to estimate flow laws for building deformation

maps or calibrating paleopiezometer, that will help to link field and laboratory observations.
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Appendix A: Mathematical conversions from lattice vectors to lattice

planes in the monoclinic system (b-setting)

[a]//Xc

[b]//Yc (001)//Zc
11(010)

f (010)

In the crystal coordinate system (Xc, Yc, Zc), the vectors a, b, C from a direct monoclinic lattice are

(0 *\ fc0cosß"a

expressed as 0

0
v J

0
v J

0

vcosinßy

and a lattice vector [uvw] is defined as [uvwj =

uan + wc0 cosß

vb0

wc0 sin ß

In the same crystal coordinate system (Xc, Yc, Zc), the lattice vectors a", b", C
""

of the reciprocal lattice are:

where

a(l sinß

0

-o
cosß

1

V
" '

/

, sinß

r=-ß

0

b;
0

v J

1

vc" J

i sinß

Therefore,

l/a„

-cotß/a 0
V J

(0

0

vVcüsinßy
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The lattice plane (hkl) is then defined as (hkl) =

^h/a„

k/bu

(l/c0-(h/au)cosß)/sinß

Each lattice vector [uvw] of the direct lattice is equivalent to a direction (hkl) in the reciprocal lattice:

ua0 + wcy cosß

Vbjj

wCq sin ß

fh/a„
k/by

(l/c0-(h/a0) cosß)/sinß

From this relationship, a lattice vector [uvw] can be approximated to a plane normal (hkl) using the lattice

parameters from omphacite:

a0 = 9.585,

b0 =8.776,

c0 = 5.260,

ß =106.85

Therefore, (l00)~[20l]

(oio)=[oio]

(OOl) ~ [106]

(no) =[22l]

[100] ~(ö0l)

[OlO] =(010)

[OOl] ~ (Ï02

[HO] ~ (651
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Appendix B: Lattice constants and reflections used for indexing of

eclogite-facies minerals

MaterialName* omphacite

Symmetry 2

LatticeConstants 5.260i 9.585 8.776 90.000 90.000

NumberFamilies 40

hklFamilies 1-2 2

hklFamilies 0 3 1

hklFamilies 0 1 1

hklFamilies 2 0 0

hklFamilies 1 2 2

hklFamilies -1 3 1

hklFamilies 0 0 2

hklFamilies 1-1 3

hklFamilies 1 0 2

hklFamilies 1-3 3

hklFamilies 2 1 1

hklFamilies 1 3 1

hklFamilies 1 0 4

hklFamilies 1 5 3

hklFamilies -3 2 2

hklFamilies 3-1 3

hklFamilies 1-5 3

hklFamilies 0 1 5

hklFamilies 2-4 0

hklFamilies 2 0 2

hklFamilies 2-7 1

hklFamilies -2 2 0

hklFamilies 2-3 5

hklFamilies -1 4 2

hklFamilies 2 2 0

hklFamilies 0 5 1

hklFamilies 2 3 5

hklFamilies 2 0 6

hklFamilies -1 1 1

hklFamilies -2 1 3

hklFamilies 3-3 1

hklFamilies 0 2 0

hklFamilies 2-6 0

hklFamilies 4-3 1

hklFamilies 2 4 2

hklFamilies 2 4 0

hklFamilies -2 4 2

hklFamilies 4-6 0

hklFamilies -1 2 4

hklFamilies 0 7 5

106.850

This final list has been modified from the one presented in chapter 3 by taking all reflections for

omphacite C2/c and P2/n with electron intensity higher than 2.39, except (213) that has been replaced by

(075). The order of the reflections slightly differs from the one in the list of chapter 3.
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Annexe B: Lattice constants and reflections used for indexing of

eclogite-facies minerals (continued)

MaterialName

Symmetry
LatticeConstants

NumberFamilies

hklFamilies

hklFamilies

hklFamilies

hklFamilies

hklFamilies

hklFamilies

hklFamilies

hklFamilies

hklFamilies

hklFamilies

hklFamilies

rutile

42

4.594 4.594 2.958 90.000 90.000 90.000

11

0 0 1

2 2 0

2 1 1

1 1 1

4 0 0

3 0 1

1 1 2

4 2 0

3 1 0

2 0 2

4 1 1

MaterialName

Symmetry
LatticeConstants

NumberFamilies

hklFamilies

hklFamilies

hklFamilies

hklFamilies

hklFamilies

hklFamilies

hklFamilies

hklFamilies

hklFamilies

hklFamilies

hklFamilies

hklFamilies

hklFamilies

Quarz
32

4.910 4.910 5.401 90.000 90.000 120.000

13

1 0 1

0 1 1

0 2 3

3 0 1

1 0 0

1 1 2

0 1 2

1 1 0

2 1 1

0 3

1 0

0 1

2

4

4

1 0

MaterialName garnet

Symmetry 43

LatticeConstants 4.000 4.000 4.000 90.000 90.000 90.000

NumberFamilies 5

hklFamilies 1 1 1

hklFamilies 2 0 0

hklFamilies 2 1 0

hklFamilies 3 2 0

hklFamilies 3 2 1
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Appendix C: List of OIM runs

Run

C-ang)

Phase

Automatic

Meas.

Left

% Mean

IQ.

Mean

CI

RotationsWidth Height Step Tot.

Meas.

VENDE

G70om

G70ru

e samp:

omph.

rutile

XS

20000 8000 200 4141 1412

170

34 225

273

502

0.225

0.571

0.768

(355, 140, 180)

G71om

G71ru

omph.

rutile

18000 8000 200 3731 956

180

26 235

298

502

0.156

0.457

0.649

(0, 36, 177)

G72om

G72ru

G72qz

omph.

rutile

quartz

18000 9000 200 4186 1271

190

260

30 204

254

408

257

0.184

0.494

0.654

0.259

(180, 47, 92)

G73om

G73ru

G73qz

omph.

rutile

quartz

24000 8000 200 4961 993

180

260

20 228

290

447

266

0.127

0.437

0.619

0.286

(270, 11,267)

G74om

G74ru

omph.

rutile

19000 10000 200 4896 1277

180

26 230

304

449

0.165

0.480

0.654

(183, 14, 0)

G75om

G75ru

G75qz

omph.

rutile

quartz

19000 9000 200 4416 1284

200

298

29 175

214

385

202

0.185

0.517

0.623

0.297

(182, 31, 0)

G76om

G76ru

G76qz

omph.

rutile

quartz

20000 9000 200 4646 618

160

280

13 156

211

330

194

0.094

0.399

0.599

0.346

(189, 3, 0)

G77om

G77ru

omph.

rutile

22000 6000 200 3441 891

150

26 204

258

475

0.174

0.546

0.741

(0, 17, 180)

G78om

G78ru

G78qz

omph.

rutile

quartz

16000 10000 200 4131 1067

180

290

26 225

262

220

268

0.173

0.524

0.668

0.357

(246, 156, 64)

G79om

G79ru

G79qz

omph.

rutile

quartz

19000 8000 200 4186 1181

170

300

28 238

292

532

272

0.198

0.546

0.663

0.355

(3, 78, 180)

G80om

G80ru

omph.

rutile

22000 6000 200 3441 1308

200

38 190

241

431

0.226

0.563

0.712

(184, 156, 180)

G81om

G81ru

G81qz

omph.

rutile

quartz

14000 8000 200 2911 1017

180

170

35 241

292

460

235

0.214

0.524

0.623

0.322

(352, 177, 0)
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Appendix C: List of OIM runs (continued)

Run

C-ang)

Phase

Automatic

Meas.

Left

% Mean

IQ.

Mean

CI

RotationsWidth Height Step Tot.

Meas.

G82om

G82ru

G82qz

omph.

rutile

quartz

20000 9000 200 4646 560

180

260

12 137

208

366

196

0.092

0.435

0.698

0.399

(185, 153, 180)

G83om

G83ru

G83qz

omph.

rutile

quartz

16000 9000 200 3726 839

80

185

22 164

225

401

228

0.149

0.508

0.662

0.291

(185, 170, 180)

G84om

G84ru

omph.

rutile

13000 12000 200 4026 1370

170

34 174

214

408

0.217

0.538

0.661

(3, 90, 53)

G86om

G86ru

omph.

rutile

11000 6000 200 1705 605

160

35 195

251

441

0.217

0.530

0.754

(174, 2, 0)

F25om

F25ru

omph.

rutile

20000 6000 200 3131 931

160

30 240

295

474

0.194

0.544

0.669

(0, 14, 169)

F70om

F70ru

F70qz

omph.

rutile

quartz

18000 4000 200 2911 581

170

250

20 256

322

549

318

0.195

0.540

0.671

0.318

(167, 7, 0)

GlOOom

GlOOru

omph.

rutile

20000 4200 200 2222 488

160

22 193

248

389

0.149

0.533

0.377

(250, 90, 341)

H3om

H3ru

H3qz

omph.

rutile

quartz

18000 8000 200 3731 630

170

150

17 158

244

472

258

0.120

0.491

0.651

0.304

(176, 4, 0)

G69qz

QzG69man

quartz 18000 9000 200 4186 676

257

16 138

198

156

0.110

0.430

0343

G87 quartz 279 252 0.399

C22

HLGTom-exl

HLGTom-in

HLGTom-out

107

117

116

215

196

207

0.469

0.482

0.443

For automatic runs, the total number of data points, the number of data points after filtering at 0.2 confidence

index, as well as the fraction (in °/o) of "good" measurements are given. This fraction is very low (<40°/o) for large size

and step runs on natural samples as the beam hits other phases than the one of interest.

For all runs, the mean image quality (IQ) and confidence index (CI) are indicated. For automatic runs, the first

set of IQjind CI include all data points, the second set the data points after filtering.
For the Vendée samples, the last column contains the rotations (Bunge Euler angles cpi, (|>, CP2) applied to the

orientations in Beartex so that the normal to foliation plane S is vertical, and lineation L is horizontal. For the

Monviso and diopside samples, the orientation of the samples is given relative to the coordinate system linked to the

SEM (XM, YM, ZM). For the seismic samples the rotations are the ones applied to the orientations in OIM (relative to

ZM, YM, XM) so that the normal to foliation plane S is vertical, and lineation L is horizontal.
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Appendix C: List of OIM runs (continued)

Run Phase

Automatic

Meas. % Mean Mean SectionWidt Height Step Tot.

C-ang) h Meas. Left ia CI Orientation

MONVISO SAMPLES

Sample Vsl

ScanVsl omph. 800 1350 10 11016 6038 55 312 0.296 not oriented,
BeV14 omph. 900 1100 10 10101 7530 75 262 0.431 long axis of

Vi98_14 omph. 2000 3000 25 9801 7542 77 276 0.450 the section

parallel to XM

Sample Vi41

Scan_Vi41 omph. 750 900 10 6916 2770 40 372 0.220 Section XZ,

STOM_vi41 omph. 16000 4600 100 7527 2499 33 253 0.177 X parallel to

Vi41LPOgt garnet 15000 5200 100 8003 2229 28 382 0.181 XM
LPOru41 rutile 216 736 0.658

Sample Vi97

Scan_vi97 omph. 460 600 5 11253 8211 73 307 0.397 Section XZ,

LPOGT_97 garnet 14000 4000 100 5781 901 16 123 0.101 X parallel to

LPOru973 rutile 209 704 0.664 XM

SampleVi266
Scan_vi266 omph. 150 256 2 9804 6223 63 346 0.346 Section XZ,

Gt_vi266 garnet 2600 1620 20 10742 4920 46 255 0.273 X parallel to

Ru_vi266 rutile 305 486 0.574 XM

SampleVi390
Vi390gt garnet 300 300 3 11658 8030 69 171 0.360 Section XZ,

Vi390HOLgt garnet 800 900 10 7371 3003 41 153 0.247 X parallel to

Vi390HOLom omph. 800 890 10 7290 1708 23 192 0.141 YM

Vi2phase garnet/
omph.

800 890 10 7290 4572 63 173 0.347

Seismic samples (all sectio nfYZ)
V10 omph. 250 400 5 4697 2320 49 216 0.269 (12, 90, 0)
V15X omph. 520 1120 10 5989 3480 58 284 0.308 (-6, 34, 0)
STV15 omph. 6000 2400 60 4141 1624 39 235 0.241

V16om omph. 1200 820 15 5153 2507 49 290 0.293 (75, 90, 0)
STV16 omph. 6000 2520 60 4343 1120 26 203 0.151

V16qz quartz 214 320 0.305

DIOPSIDE SAMPLES

Natural samples
DiopO diopside 5400 6000 60 9191 6890 75 236 0.429 All with Gj

Di583 diopside 5400 6000 60 9191 6855 75 241 0.410 parallel
Di592 diopside 5400 6000 60 9191 6637 72 205 0.386 toXM

Synthetic samtnies

Bulk527 diopside 800 1000 20 2091 1397 67 181 0.333 All with Gj

Bulk528 diopside 800 1000 20 2091 1513 72 202 0.399 parallel
Bulk588 diopside 800 1000 20 2091 1531 73 198 0.381 toXM
Bulk588small diopside 180 250 2 11466 9299 81 280 0.454

Bulk598 diopside 800 1000 20 2091 1472 70 129 0.370

P0229a diopside 1000 1000 20 2601 1609 62 205 0.338 Dextral Shear

P0229b diopside 180 230 2 10556 7999 76 197 0424 parallel toY^
HP11 diopside 800 1000 20 2091 1426 68 175 0.372 Compaction nor

mal to (XM, YJ
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Appendix D: Glossary of terms*

Annealing:

Deformation processes that continue to operate after the differential stress is removed from a

polycrystalline material. Annealing refers to static recovery and static recrystallization.

Cataclatic flow:

Occurs by fracturing, loss of cohesion and frictional sliding at all scales.

Coble creep:

Occurs by diffusion of atoms or ions along grain boundaries, from surfaces subjected to high
stress to surfaces of low stress.

Crystal plasticity:

Is achieved by the motion of point defects (vacancies, interstitial atoms), line defects (dislocations),
and planar defects (subgrain and grain boundaries) through the crystal lattice. Dislocation motions the

high- and moderate-stress regime result in exponential-law creep (dislocation glide) and power-law creep

(dislocation creep) respectively.

Deformation mechanisms:

Describe the processes by which deformation is achieved in rocks on the scale of individual grains.
Deformation mechanisms are described by flow laws, linking strain, strain rate, differential stress,

temperature, microstructural dependent parameters (e.g. grain size, LPO), and chemical environment (water,

oxygen fugacity). Three types of flows, associated to particular deformation mechanisms and constitutive

equations, are recognized: cataclastic flow, crystal plasticity and diffusion creep.

Diffusion creep:

Regime in which deformation takes place by the transfer of material from areas of high stress to

areas of low stress. It may result from Nabarro-Herring creep, Coble creep or solution creep but during any

diffusive mass-transfer process, grains tend to shorten parallel to the maximum compressive stress and to

lengthen parallel to the minimum compressive stress.

Dynamic recrystallization:

Is a mechanism accommodating deformation during dislocation creep and contributing to a

reduction of dislocation density in deformed crystals. It results in a change in grain size, shape or

orientation. The two main mechanisms of dynamic recrystallization are subgrain rotation recrystallization
and grain boundary migration recrystallization.

Exponential-law creep (dislocation glide):

Regime in which dislocation glide and twinning are the main deformation mechanisms and

deformation is sensitive to grain size. The strength of a fine-grained material is generally higher than that of

a coarse grained one because grain boundaries act as obstacles to the propagation of twinning and slip into

neighboring grains.

Grain boundary migration recrystallization:

Occurs when atoms from a grain that is being consumed (grain with high dislocation density)
enter the grain boundary region and recrystallize on the lattice of a neighboring grain that is growing (grain
with low dislocation density). Evidence for grain boundary migration is the presence of highly irregular

grain boundaries.
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Grain boundary sliding:

Occurs when grains are free to slide past each other and to switch neighbors after large amounts of

strain. It leads to high strain without significant intracrystalline deformation. This mechanism is never

really dissociated from diffusion creep, as the two processes are strongly associated and mutually

accommodating.

Inverse pole figure:

Represents, in the crystal coordinate system Kc, the probability that a sample direction y, given in

the sample coordinate system Ks, is parallel to an arbitrary crystal direction h.

Multiple of random distribution (mrd) :

Compares an orientation density with that of a sample with no preferred orientation (uniform

distribution).

Nabarro-Herring creep:

Occurs by diffusion of point defects throughout the crystal lattice. When differential stress is

applied to a crystal, vacancies are created at the surface of the crystal where the stress is minimum and

destroyed where the compressive stress is maximum. The resulting concentration gradient of the vacancies

causes a diffusive flux of atoms and vacancies in opposite directions.

Pole figure:

Characterizes how many crystallites in a sample have a fixed crystal direction h (given in the

crystal coordinate system Kc) parallel to a sample direction y given in the sample coordinate system Ks

Power-law creep (dislocation creep):

Regime in which dislocations are able to climb out of their glide plane by diffusion of atoms. The

main evidence for dislocation creep is the presence of subgrains, the development of a foliation and/or
lineation and a lattice preferred orientation. The strength of the rock is grain size independent.

Primary recrystallization:

Mechanism of static recrystallization that reduces the internal strain energy of the material by

replacing deformed grains of high dislocation density with new grains that are essentially strain free. Grain

boundaries become straight and grain boundaries at triple grain junctions tend to meet at angles of 120°.

Secondary recrystallization:

Mechanism of static recrystallization that reduces the internal strain energy of the material by

reducing the grain boundary energy. During secondary recrystallization, small grains are eliminated by the

exaggerated growth of a few larger ones that tend to have highly irregular boundaries.

Solution creep:

Occurs by diffusion of atoms along fluid-filled grain boundaries, from surfaces subjected to high
stress to surfaces of low stress.

Static recovery:

Mechanism of static recrystallization involving the rearrangement and annihilation of dislocations

by climb.

Subgrain rotation recrystallization:

Occurs when dislocation are continuously added to subgrain boundaries. The angle between the

crystal lattice on both sides of the subgrain boundary increases until the subgrain becomes a new grain.
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Optical evidence for subgrain rotation recrystallization is clusters of grains having similar orientations, core

and mantle structures, recrystallized grains whose size is similar to the subgrain size in the original grain.

Definitions after Passchier and Trouw, 1996; Nicolas and Poirier, 1976; Twiss and Moores, 1992; Urai et

al, 1986.
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