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AVANT-PROPOS.

Ce mémoire est organisé suivant trois parties principales. La
premiere, ol est exposée une synthése des résultats obtenus, comprend
une trentaine de pages rédigées en Francais. De maniére & faciliter 1la
compréhension de cet exposé par les lecteurs non francophones, wune
traduction en Anglais de ce texte constitue la deuxiéme partie. La liste
bibliographique, commune & ces deux textes, est donnée en fin de
deuxiéme partie. Enfin, la troisiéme partie comprend un ensemble de dix
annexes constituées par les photocop}es d'articles parus, sous presse ou
en préparation, sur lesquels s'appuie 1la discussion de synthése. Une
table des matieres simplifide correspondant a ces trois parties est
donnée ci-dessous.

This memoir 1is organized following three main parts. The first one
gives a synthesis and discussion of obtained results. This section 4is
written in French. In order to help understanding of this synthesis by
non french-speaking readers, an English translation is provided in a
second part which is ended by the references 1list, common to both
sections. The discussions of the synthesis are developed with constant
reference to ten articles (published, in press or in prep.) given in
Annexes 1 to 10 which form the third part. The relevant simplified
content list is given below.

-Contribution a 1'étude paléomagnétique de roches déformées..pp. 1- 31.
~Paleomagnetic study of deformed FoCKkSeceeteoveenncecennneaaepp. 33- 63,

-Annexes 1 3 10..............................................pp. 65-204.
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INTRODUCTION.

Mise & part l1'hypothése de la nature dipolaire persistante du champ
magnétique terrestre, l'utilisation du vecteur aimantation rémanente en terme
de marqueur géodynamique est subordonnée & deux conditions fondamentales (1)
le parallélisme du vecteur aimantation et du vecteur champ magnétique au
moment de l'acquisition; (2) la stabilité de l1'aimantation rémanente depuis
l'acquisition jusqu'a nos jours. On sait que la premiére condition est
remplie si la roche est initialement isotrope, ou du moins faiblement
anisotrope. En fait, c'est surtout & la vérification de la deuxiéme hypothése
que s'adresse l'ensemble des techniques mises en oeuvre par la méthodologie
du paléomagnétisme moderne. On peut diviser les types d'instabilité de
l'aimantation en deux grands ensembles. D'une part, il y a tout <ce qui
concerne un réajustement de la mémoire magnétique par réaimantation partielle
ou totale au cours d'événements thermiques ou chimiques. L'étude de la nature
de l'aimantation rémanente naturelle, de ses composantes, de ses porteurs, de
son 8ge etc..., s'appuie sur un ensemble de techniques et de tests qui
constituent la plus grande part de l'analyse paléomagnétique. Elles
comprennent la décomposition vectorielle des ARN par désaimantations
progressives par paliers, la mesure de paramé@tres caractéristiques du contenu
magnétique de la roche (la susceptibilité, ainsi que sa variation avec la
température, par exemple) ainsi qu'une série de tests: test de contact, du
pli, du conglomérat etc.... Dans le meilleur des cas, cette analyse permet
de déterminer wune direction moyenne d'aimantation rémanente pour une
formation donnée, d'en argumenter 1'8ge, et d'en déduire 1la position d'un
pble géomagnétique virtuel.

Un deuxiéme type d'instabilité de l'aimantation est 1ié aux déviations
induites par la déformation, au sens large, et plus particuliérement par le
plissement des séries sédimentaires. Jusqu'@ maintenant les <corrections
structurales des vecteurs paléomagnétiques en zone plissée reposent
principalement sur la correction de pendage <classique. Celle-ci consiste @&
appliquer au vecteur aimantation, une rotation d'angle égal au pendage du
plan de stratification, autour de l'horizontale de <ce plan. La comparaison
des distributions de vecteurs échantillonnés dans les deux flancs d'un pli,
avant et aprés cette correcticn, permet de leur attribuer un 8ge relatif par
rapport & 1'dge du plissement: antétectonique si le groupement des vecteurs
est meilleur aprés 1la correction de pendage, post-tectonique s'il est
meilleur avant. Une troisiéme situation existe lorsque les vecteurs ne sont
groupés ni avant ni aprés correction de pendage, mais tendent 3 se regrouper
au cours du déplissement. On suppose alors qu'elles ont é&té acquises au cours
du plissement et on leur donne le nom d'aimantations syntectoniques. Ce test
concernant 1'3ge relatif de l'aimantation et du plissement est connu sous le
nom de test du pli et a été proposé par Graham (1949).

Si 1'on se référe & l1'analyse géométrique de la déformation
(translation, rotation, distorsion; Ramsay 1967) la correction de pendage
consiste donc & ne considérer que la rotation rigide autour d'un axe
horizontal dans l'ensemble de 1la déformation; rigoureusement cela n'est
applicable que dans le cas de plis concentriques & axe horizontal, et sans
déformation interne. Avec le développement récent des études paléomagnétiques
en zone orogénique, cet algorithme s'est rapidement avéré insuffisant. Dans
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un premier temps, il a été montré qu'il fallait tenir compte de la géométrie
du plissement pour la détermination d'une direction d'aimantation rémanente
antétectonique dans des formations plissées avec un axe incliné, ou en
plusieurs phases, etc. (McDonnald 1980, Bonhommet et al. 1981, Perroud &
Cobbold 1984, par exemple). Il ne s'‘agit cependant que d'améliorations de
l'estimation de la rotation rigide totale, valides & condition de supposer
que les relations angulaires vecteur aimantation/plan de stratification n'ont
pas été altérées au cours des processus de plissement. Une telle condition
peut etre vérifiée en l'absence totale de déformation interne; cependant il
ne s'agit pas du cas général. On sait en effet que, parmi d'autres
mécanismes, la déformation interne ductile peut induire des rotations de
minéraux de forme anisotrope, qui aboutissent au développement d'crientations
préférentielles soit de forme, soit de réseau et se traduisent par exemple
par le développement d'une schistosité. Du point de vue paléomagnétique, ce
mécanisme est oprimordial, dans la mesure ol une rotation des minéraux
porteurs de l'aimantation antétectonique peut 8tre considérée comme une cause
majeure de déviation de l'aimantation rémanente. Cette cause a &té évoquée 2
de multiples reprises pour expliquer des distributions anormales de vecteurs
aimantation (cf. par ex. Van den Ende 1977, Kligfield et al. 1981, Perroud
1983, Rosenbaum 1986), cependant les effets précis de la déformation interne
sur l'aimantation rémanente restent mal connus. La question qui se pose, et 2
laquelle l'ensemble des travaux réunis dans ce mémoire tente d'apporter une
réponse, est la suivante: "existe-t-il une cohérence dans les effets de 1la
déformation interne sur l'aimantation rémanente des roches, et par
conséquent, quelles sont les possibilités et limitations d'études
paléomagnétiques en 2one déformée ?". Les &léments de réponse que l'on
tentera d'apporter & ce vaste probléme sont divisés en trois parties.

Au travers de 1'étude structurale, paléomagnétique et de 1'anisotropie
de susceptibilité magnétique du granite de Flamanville, le premier chapitre
traite du probléme de 1'acquisition d'une aimantation rémanente par un
matériau ol une déformation antérieure 3 cette acquisition a induit une forte
anisotropie du milieu.

Le probléme des effets de la déformation interne accompagnant le
plissement, sur l'orientation de l'aimantation rémanente antétectonique sera
abordé au chapitre II. La caractérisation de ces effets sera discutée &
partir des résultats de simulations analogiques et numériques, et d'études
paléomagnétiques de séries rouges déformées.

Enfin, la possibilité de corriger les déviations de l'aimantation
rémanente antétectonique dans les séries rouges déformées, est argumentée
dans le troisiéme chapitre.

L'argumentation et les discussions développées au cours de ces trois
chapitres s'appuient sur les résultats d'études qui ont fait 1'objet de
publications. Les photocopies de ces articles ou des manuscrits sont
rassemblées dans les Annexes 1 & 10.




CHAPITRE 1. AIMANTATION ACQUISE PAR UN MATERIAU ANISOTROPE: 1'ATR dans le
granite de Flamanville.

I.1. Anisotropie de susceptibilité et déformation.

En général, l'expression anisotropie de susceptibilité maghétique
traduit la variabilité directionnelle de l'aimantation induite en champ
faible dans un volume de roche donné. L'intensité de l'aimantation induite en
champ faible est une fonction lin&aire de 1'intensité du champ magnétique et
peut s'écrire sous la forme:

My = K19 Hy + k12 H2 + k3 H3
M2 = k21 Hy + kpp Hp + ko3 H3
M3 = k31 Hy + k32 Hp + k33 H3

ou, Mj

kjj Hj i, j =1,2,3

avec Mj: composantes cartésiennes du vecteur aimantation induite

Hj: composantes cartésiennes du vecteur champ magnétique

kij: tenseur symétrique 3x3 cartésien de second ordre appelé tenseur
d'anisotropie de susceptibilité magnétique (ASM). Ce tenseur posséde trois
valeurs propres réelles ki, k2 et k3 qui sont les susceptibilités
principales.

D'aprés Hrouda (1982), les causes de l'anisotropie de susceptibilité
magnétique dans les roches sont habituellement résumées de 1la maniére
suivante:

(1) Alignement de forme des grains ferromagnétiques
{2) Alignement des réseaux de grains 2 forte anisotropie magnétocristalline
(3) Alignement de domaines magnétiques
) "chainage" de grains magnétiques
(5) Anisotropie due & contraintes
) Anisotropie d'échange.
Parmi celles-ci, les causes (1) et (2) sont considérées comme les causes
dominantes controlant l'anisotropie de susceptibilité magnétique des roches.

La mesure de 1' ASM d'une roche est donc, au méme titre que d'autres
types de mesures (goniométrie de texture en diffractométrie X par exemple),
une mesure de la fabrique d'une roche. L'orientation préférentielle soit de
forme, soit de réseau, des minéraux magnétiques est controlée par des
processus classiques de dépot et compaction dans les roches sédimentaires,
mise en place sous contrainte des roches effusives, déformation ductile pour
tous les types de roches. L'anisotropie de susceptibilité magnétique peut, &
ce titre, €tre utilisée comme outil d'analyse structurale pour & peu prés
tous les types de roches. ‘

Un nombre important d'études a &té consacré i cet aspect des relations
entre anisotropie de susceptibilité magnétique et déformation (voir la revue
par Hrouda (1982)). Elles ont en général montré que la déformation interne
totale controle le développement de 1'ASM, tant du point de vue de
l'orientation des directions principailes que des variations de forme et
d'intensité de l'ellipsoide d'ASM (voir en particulier les travaux de Wood et
al. 1976, Hrouda 1976, 1979, 1980, Rathore 1979, Elwood & Whitney 1980,
Wagner et al. 1981, Kligfield et al. 1983, Rathore et al. 1983, parmi




d'autres). Une étude expérimentale récente des effets de la dé&formation
interne sur 1'ASM d'échantillons synthétiques & magnétite, a permis a
Borradaile & Alford (1987) de confirmer de maniére détaillée cette analyse.
Les résultats les plus significatifs sont les suivants. (1) A partir d'une
fabrique magnétique préexistante, la déformation interne induit un
réajustemeht de 1'ASM dont 1'axe minimum tend & se paralleliser avec l'axe
d'élongation minimum de la déformation. (2) L'ASM garde cependant une mémoire
de la fabrique initiale; cela signifie qu'elle ne refléte pas le dernier
incrément de déformation, mais bien la déformation totale (voir & ce sujet
l*évolution de la fabrique magnétique décrite dans les séries rouges du Sud
de Rennes en Annexe 9). (3) Enfin, l'anisotropie de susceptibilité crolt avec
l'intensité de la déformation, au moins jusqu'aux 35% de raccourcissement
homogéne obtenus par ces auteurs. Dans le cas général, il n'apparait
cependant toujours pas raisonnable de calibrer 1la déformation interne en
terme d'anisotropie de susceptibilité.

Les résultats de nos propres investigations conduites dans ce sens sur
le granite de Flamanville sont reportés Annexe 1. Les conclusions & ce
travail sont tout & fait similaires & celles d'études semblables: il existe
une bonne correlation entre les directions de déformation interne et les
directions des susceptibilités principales d'une part, et entre les valeurs
de déformation interne et les valeurs des ~susceptibilités oprincipales,
d'autre part. En 1'absence de lois théoriques sur les relations
déformation/ASM, cette derniére correlation ne peut @&tre qu'empirique. Ce
point est discuté en Annexe 1. On peut cependant souligner que si les valeurs
des susceptibilités ne permettent pas de dériver directement des valeurs de
déformation interne sans un contrGle minimum de ces derniéres, les variations
relatives de ces susceptibilités au travers d'une zone sont, elles,
directement reliées aux variations de déformation dans cette =zone. Cela
signifie que 1'ASM peut constituer un moyen rapide, efficace et précis pour
étudier des gradients de déformation, élément somme toute le plus
significatif dans le cadre d'études structurales régionales.

I1.2. Anisotropie de susceptibilité magnétique et anisotropié d'aimantation
rémanente: 1'exemple du granite de Flamanville.

La propriété élémentaire de 1'ASM est que dans un milieu anisotrope le
vecteur aimantation n'est pas paralléle au vecteur <champ. Cette propriété
vérifiée dans le cas de l'aimantation induite (c'est ce qui constitue la base
meme de la mesure de 1'anisotropie de susceptibilité), est généralement
considérée comme importante en paléomagnétisme, dans la mesure ol
l'aimantation rémanente acquise par un matériau anisotrope ne refléte plus
nécéssairement la direction du champ magnétique terrestre ancien. Cependant,
bien que ce probléme soit reconnu comme important, trés peu de développements
théoriques ont é&té faits pour tenter d'établir les relations entre
anisotfopie de susceptibilité et anisotropie d'aimantation rémanente. Seules
les déviations de 1l'aimantation thermorémanente (ATR) dans les roches 3
magnétite polydomaine ont fait 1l'objet de développements en 2 dimensions
(applicables uniquement aux ellipsoides de révolution) que l'on trouve dans
Nagata (1961), ou Stacey & Banerjee (1974), par exemple. Plus récemment,
Stephenson et al. (1986) ont montré qu'il existait théoriquement une relation
linéaire entre les valeurs propres du tenseur d'ASM et <celles du tenseur
d'ATR et également du tenseur d'aimantation rémanente isotherme (ARI).




Cependant, si cette relation linéaire a des justifications théoriques , elle
nécessite ici aussi d'@tre établije pour chaque type de roche étudié.

Dans le cadre général de 1'étude des effets de la déformation sur
l'aimantation rémanente, et celui, plus particulier des déviations de 1'ATR
acquise postérieurement 3 la déformation, j'ai &té amené a proposer un
développement théorique en 3 dimensions des relations entre tenseur
d'anisotropie de susceptibilité magnétique et tenseur d'anisotropie d'ATR
dans les roches a magnétite polydomaine en assemblage anisotrope. Ce
développement est donné en Annexe 2. Une relation simple a &té mise en
évidence entre ces deux tenseurs, montrant que ceux-ci ont les mémes
vecteurs propres et que les rapports de leurs valeurs propres suivent une
relation quadratique du type Mi/Mj:s (ki/kJ-)2 o0 ki sont les susceptibilités
principales, et Mj les valeurs propres du tenseur d'anisotropie d'ATR. On a
donc la, contrairement au cas ASM/déformation, une relation théorique directe
entre les deux tenseurs. Une mesure de 1'ASM permet par conséquent une
estimation directe de 1'ordre de grandeur du tenseur d'anisotropie d'ATR. Des
acquisitions d'ATR sur des échantillons de roches & forte ASM ont permis de
vérifier cette corrélation.

Enfin, 1'étude paléomagnétique du granite anisotrope de Flamanville,
présentée en Annexe 3, m'a permis, d'une part de montrer gue l'anisotropie de
susceptibilité magnétique était accompagnée par des déviations significatives
de l'aimantation thermorémanente primaire de ce granite, et d'autre part, de
vérifier qu'a partir des mesures d'ASM, il est possible d'estimer un tenseur
normalisé d'anisotropie d'ATR qui, aprés inversion, permet de calculer une
direction de paléochamp fiable en utilisant ces ATR déviées.

I.3. Conclusions.

Les principales conclusions liées a ces travaux sont déja données dans
les Annexes 1 3 3. On peut cependant insister sur les points suivants.

On notera qu'en ce qui concerne les déviations de 1'ATR, on n'a jamais
eu ad prendre position sur les mécanismes de déformation. Il suffit en effet
que 1'ASM existe (et qu'elle n'évolue plus) au moment ol 1'ATR est acqhise,
pour qu'il existe des déviations de celle-ci. On peut donc penser que si l'on
est capable d'établir les relations théoriques entre l'aimantation induite et
les différents types d'aimantation rémanente, l'anisotropie de susceptibilité
magnétique peut fournir une estimation de l'anisotropie de l'aimantation
rémanente, quel que soit le processus physique du développement de
l'orientation préférentielle des minéraux porteurs de l'aimantation. C'est ce
raisonnement & 2 niveaux ((1) la déformation est la cause de 1'ASM, mais (2)
c'est 1'ASM qui permet de déterminer l'anisotropie d'aimantation rémanente)
qui fait la différence fondamentale entre l'étude de l'aimantation acquise
aprés déformation et 1'étude de l'aimantation acquise avant déformation puis
déviée, cas ol il n'existe plus nécessairement de relation simple entre ASM
et déviation de l'aimantation.

Par ailleurs, bien que 1la présente étude n'ait porté que sur 1'ATR des
magnétites polydomaines, son domaine d'application est probablement assez
large en paléomagnétisme du fait du caractére courant de ce porteur
magnétique. Quoi qu'il en soit, on ne peut se permettre de négliger 1l'effet
de 1'ASM, et un controle systémetique de celle-ci apparait nécessaire lors
d'études paléomagnétiques en zone déformée.




CHAPITRE 11. DEFORMATION ET AIMANTATION REMANENTE ANTETECTONIQUE.

I1.1. Introduction.

La caractérisation des effets de 1la déformation interne sur
1'aimantation rémanente antétectonique constitue 1la part majeure du 1travail
présenté dans ce mémoire. La plupart des résultats obtenus sont publiés ou
sont en voie de l'etre., Les photocopies de ces articles sont réunies dans les
Annexes 4 & 9, et une synthése est donnée en Annexe 10.

La nécessité d'étudier les effets de la déformation interne sur
l1'aimantation rémanente antétectonique est apparue récemment, parallélement &
1'établissement d'autres méthodologies liées au développement du
paléomagnétisme en zone orogénique. Bien que 1la déformation interne soit
généralement considérée comme source majeure de perturbation de la mémoire
magnétique d'une roche, et que quelques investigations ponctuelles aient &té
publiées (Van den Ende 1977, 0Ozima 1980, Kligfield et al. 1981, Facer 1983,
Rosenbaum 1986, Anson & Kodama 1987), aucune caractérisation approfondie n'a
été proposée. De ce fait, des critéres établis en vue de simplifier les
problémes ont guidé notre approche. Ces quelques <critéres peuvent gtre
résumés de la maniére suivante: (1) Une direction paléomagnétique de
référence (& 1'état non déformé) doit €tre connue pour les séries naturelles
étudiées. (2) L'aimantation rémanente antétectonique ne doit pas avoir été
effacée par la déformation. (3) Seul un mécanisme de rotation des particules
magnétiques doit pouvoir 8tre envisagé. (4) La déformation totale homogéne de
chaque site d'échantillonnage paléomagnétique doit pouvoir €tre quantifiée.
(5) Il doit exister des variations de l'intensité de la dé&formation, et des
directions des axes principaux de la déformation par rapport a celles de
l'aimantation rémanente antétectonique de référence.

Compte tenu de <c¢es contraintes, des séries pélitiques rouges modérément
déformées ont été choisies comme objet naturel d'étude. La forme
anisométrique des c¢ristaux d'hématite permet de supposer qu'ils subissent des
rotations au cours de la déformation, et leur mémoire magnétique est stable.
Le plan de stratification des séries sédimentaire supposé initialement
horizontal, est wun bon marqueur de la rotation rigide, et la présence
fréquente dans les séries rouges de zones elliptiques décolorées (taches de
réduction) fournit de bons marqueurs de la déformation interne. C(ependant,
avant de présenter les résultats des études paléomagnétiques et structurales
de séries naturelles déformées (Annexes 7, 8 et 9), on détaillera les
résultats expérimentaux de simulations analogiques (Annexe 4) et numériques
(Annexe 5), ol les effets de la rotation de cristaux d'hématite, induite par
la déformation interne, sur l'aimantation rémanente ont été modélisés.

I1.2. Les modéles.

11.2.1. Simulation analogique et simulation numérique.

Les quelques simulations analogiques dont les résultats ont été publiés
dans la littérature permettaient de penser gque la déformation continue
d'échantillons aimantés s'accompagne de déviations de l'aimantation
rémanente, dont l'angle avec l'axe de raccourcissement tend & croTtre avec le
taux de déformation (Blow & Hamilton 1978, Ozima 1980, Morash & Bonhommet




1981). Cependant, le mécanisme physique induisant ces déviations n'a jamais
€té totalement contraint bien qu'il soit globalement attribué & des rotations
des porteurs magnétiques.

Reprenant et complétant les expériences de Morash (1981), j'ai reéalisé
une modélisation analogique par raccourcissement coaxial d'échantillons
artificiels constitués de plasticine contenant de ia poudre d'hématite en
cristaux anisométriques aplatis. Les variations en direction, intensité et
groupement d'une aimantation rémanente isotherme (ARI), en fonction des taux
de raccourcissement, ont &té étudiées. Les résultats sont reportés en Annexe
4, ol ils sont comparés avec les résultats d'une simulation numérique. Cette
simulation numérique (Annexe 5) consiste & étudier le comportement de la
somme vectorielle de N micromoments magnétiques, chaque micromoment &tant
porté par une particule planaire se comportant en plan passif durant 1la
déformation (modéle de March, 1932). Cette comparaison a montré que les
résultats provenant de ces deux simulations sont identiques. Cependant du
point de vue des mécanismes de rotations des grains, cette identité de
résultats est paradoxale et nécessite d'etre discutée.

I11.2.2. Rotation rigide de particules planaires et rotation passive de plans.

TIT AT

Avant d'examiner en détail ce paradoxe, il convient de redéfinir les
différents mécanismes de rotations envisageables a 1'échelle du grain. J'en
distinguerai 3 principaux. Pour les deux premiers, on modé&lise la "particule"

par un ellipsoide ayant un contraste de viscosité donné avec la matrice. Le

cas général a été é&tudié par Bilby et al. (1975), on ne considerera que les
cas extrémes suivants: (1) le contraste de viscosité est nul, la particule se
déforme de manidre homogéne avec la matrice; c'est ce qu'on appelle
strictement le comportement passif. Un bon exemple d'un tel comportement nous
est donné par les taches de réduction dans les séries rouges, la forme de ces
taches fournissant une mesure de 1la déformation de l'ensemble du volume
matrice + taches. (2) Le contraste de viscosité est infini; on parle alors de
particules rigides et la rotation de ces particules lors de la déformation
est qualifiée de rotation rigide des particules. Il est clair que les
particules d'hématite contenues dans une matrice de plasticine (Annexe 4)
correspondent de prés & ce modéle. (3) Pour le troisiéme mécanisme, les
particules allongées sont modélisées comme les lignes et les particules
aplaties comme des plans et durant la déformation elles se comportent comme
des lignes et des plans passifs suivant le modéle de March (1932). Ce modéle,
nommé par Owens (1974) "line/plane model" est celui qui a été utilisé pour la
rotation des particules de la simulation numérique {Annexe 5). Un rappel des
équations de transformation des lignes et plans passifs a é&té fait a
l'occasion de 1'étude paléomagnétique des séries rouges des Alpes Maritimes
(Annexe 7).

Il n'y a, & priori, pas de raison que la rotation de particules rigides
et la rotation de lignes ou plans passifs soient identiques dans le cas
général. Pourtant, du point de vue de l'aimantation, j'ai obtenu des
résultats similaires en simulation numérique (Annexe 5), ol le mécanisme (3)
était modélisé, et en simulation analogique (Annexe 4) ol le mécanisme (2)
est le plus probable. Si on interpréte le comportement de 1'aimantation comme
résultant de la rotation des grains, il faut admettre que les rotations des
grains dues & ces deux mécanismes sont ici similaires. C'est ici que réside
le paradoxe évoqué plus haut.

Pour tenter d'expliquer cette identité de rotaticn, j'ai effectué une
comparaison en deux dimensions des rotations de particules rigides et des




10

rotations de lignes passives. A partir des équations générales proposées par
Bilby et al. (1975), P. Cobbold et D. Gapais ont établi les é&quations
correspondant & quelques conditions aux limites particuliéres. Parmi
celles-ci, la rotation due & un raccourcissement coaxial ("Pure Shear" en
2-D) d'un grain elliptique ayant un contraste de viscosité infini avec la
matrice qui le contient, peut s'‘écrire (D. Gapais, comm. pers.):

tan @ = (Aq/A2)X.tand, (1)

ol §° est 1'angle initial entre le grand axe du grain elliptique et 1'axe
d'allongement de la déformation et & cet angle zprés déformation. L'exposant
'x' est fonction de 1'ellipticité du grain et s'écrit

1/R2 - 1
T O1/R2 4 3
ol R est le rapport axial de la particule elliptique. Rappelons pour
mémoire que la rotation de la ligne passive dans ce cas particulier peut
s'écrire

tand =(A2/Aq).tand, (2)

On remarquera que lorsque R—~ o0 , x - -1 et la premiére expression se
réduit 4 la seconde. En déformation <coaxiale 2-D, on peut donc définir la
ligne passive comme une particule elliptique rigide de longueur infinie. Afin
d'estimer la limite d'ellipticité & partir de laquelle on peut assimiler la
particule rigide & une ligne passive, les courbes correspondant & 1'équation
(1) ci-dessus ont é&té tracées pour différentes valeurs initiales &, , a
rapport axial R croissant, et pour différentes intensités de déformation

A/az de 1.5 & 10 (Fig. II.1). On peut constater que, quelle que soit la
valeur de A1/ Ao, la rotation de particules rigides devient trés rapidement
identique 4 celle de lignes passives {traits fins sur les diagrammes). A
partir d'un rapport axial de 3 pour la particule rigide, la différence de
rotation de celle-ci et de la ligne passive est en général inférieure a8 50,
Cela signifie que, en déformation par raccourcissement coaxial, les
particules rigides peuvent €tre assimilées 3 des lignes ou des plans passifs
& partir d'une anisotropie de forme modérée. Le fait que les particules
planaires utilisées en simulation analogique ont un rapport
epaisseur:longueur de 1:20 & 1:30 permet probablement d'expliquer la
similitude des résultats obtenus par simulations numériques et simulations
analogiques du comportement de l'aimantation (Annexes &4 et 5).

11 faut cependant noter que cette analyse ne s'applique strictement que
dans le cas de déformations coaxiales. En ce qui concerne les déformations
fortement non coaxiales, cisaillement simple par exemple, seules d'autres
simulations et é&tudes de séries naturelles déformées permettraient d'en
envisager les conséquences sur l'aimantation rémanente.

I11.2.3. Rotation des porteurs magnétiques et rotation de l1'aimantation

rémanente.

Pour compléter cette analyse on doit finalement considérer, non plus le
mécanisme de rotation des grains, mais en quoi ce mécanisme induit une
rotation cohérente de l'aimantation rémanente mesurable (=somme des
micromoments portés par les grains). Ce point a été particuliérement discuté
dans 1'exposé des résultats de la simulation analogique (Annexe 4). On peut
en résumer l'analyse de la maniére suivante. Du fait de la forte anisotropie
magnétocristalline de 1'hématite, seules les particules dont le plan basal
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Fig.II.1 Variations de l'angle 2 entre le grand axe d'une particule
elliptique rigide et I'axe d'allongem&nt de la déformation (Ag) en
fonction du rapport d'ellipticité R de la particule. Trois cas d'angle
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contient 1le vecteur <champ magnétique acquerront un moment magnétique
significatif dans la rémanence totale. En schématisant & 1'extréme, les
autres particules auront une contribution négligeable & la rémanence, et leur
rotation ultérieure, un effet négligeable sur la déviation de la rémanence.
Les micromoments "“significatifs" étant contenus dans les plans ‘"passifs"
auront eux-mémes un comportement passif lors de la déformation: (1) stabilité
lors d'un raccourcissement orthogonal & leur position moyenne. (2) Déviation
symétrique autour de la direction de raccourcissement lorque celle-ci est
paralleéle 3 leur position moyenne initiale; il en résulte une baisse de
l'intensité de 1'aimantation mesurable & 1'échelle de 1'échantillon, et wune
augmentation de la dispersion initiale pour plusieurs échantillons (ces deux
phénoménes sont d'ailleurs liés), la direction moyenne de 1'aimantation d'un
bloc restant stable. (3) Déviation plus ou moins homogéne des micromoments
passifs provoquant une déviation globale de l'aimantation résultante vers le
plan d'aplatissement. Le comportement de 1'aimantation rémanente mesurable
apparait donc globalement comparable au comportement de chaque micromoment.
Cependant, la rotation passive de chagque micromoment n'induit pas
nécéssairement un comportement exactement passif de la somme vectorielle. Les
écarts du comportement de l'aimantation rémanente au comportement de la ligne
passive sont discutés au Chapitre III.

Cette analyse fait ressortir deux points: pour que l'aimantation soit
déviée lors de la déformation, il faut (1) que les minéraux magnétiques
possédent une anisotropie de forme suffisante pour pouvoir subir des
rotations, (2) que les minéraux magnétiques aient une anisotropie
d'acquisition de 1I'aimantation liée & cette anisotropie de forme. Ces
conditions sont remplies pour 1'hématite (anisotropie magnétocristalline
importante liée au plan basal des cristaux d'hématite planaire), et peuvent
etre suspectées dans le cas de magnétite en aiguille, ou l'anisotropie de
forme contraint 1'aimantation & s'aligner avec 1'axe du grain.

11.3. Etudes paléomagnétiques de séries rouges déformées,

Liétude des effets de la déformation interne sur l'orientation de
l'aimantation rémanente antétectonique a é&té menée sur 3 formations rouges
déformées: les séries rouges Permiennes des Alpes Maritimes (Annexe 7), les
séries rouges Permiennes des Pyrénées au Col du Somport (Annexe 8), les
séries rouges Ordoviciennes de la formation de Pont-Réan, Bretagne Centrale
(Annexe 9).

Dans toutes ces séries, la déformation interne a pu &tre quantifiée en
chaque site d'échantillonnage 8 1l'aide des mesures de rapports axiaux et
d'orientation de taches de réduction elliptiques.

Dans le cas des séries rouges des Alpes Maritimes, on a pu montrer Qque
la déformation interne était accompagnée d'une rotation progressive des
minéraux d'hématite, Celle-ci a été quantifiée par 1'étude des orientations
préférentielles d'axes {1042 de 1'hématite par goniométrie de texture en
diffractométrie X. Une comparaison de ces fabriques avec des fabriques
simulées suivant un modéle de rotation passive des minéraux planaires a
montré que ce mécanisme rend convenablement compte des fabriques naturelles
d'hématite dans ces séries. Cette analyse est détaillée en Annexe 6.

En <ce qui concerne les séries rouges du Sud de Rennes, les mesures
d'anisotropie de susceptibilité ont également été interprétées en terme de
rotation progressive de 1'hématite, sans toutefois pouvoir affirmer le
caractére exactement passif de cette rotation (Annexe 9).

T
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D'importantes recristallisations secondaires d'hématite ont é&té
constatées dans les séries rouges Permiennes du Col du Somport. Celles-ci ont
€té génantes sur deux points essentiels. D'une part elles ont empéché de
tester le contrfle de la déformation sur 1'orientation préférentielle des
hématites primaires (Annexe 6); d'autre part, les réaimantations dues & ces
recristallisations ont rendu difficile 1la détermination de 1la direction
d'aimantation rémanente antétectonique et, par conséquent, impossible wune
analyse détaillée des effets de 1la déformation interne sur celle-ci (Annexe
8).

Par contre, une telle analyse a pu #€tre faite dans les deux autres
exemples étudiés. Elle a permis de montrer qu'il existe une bonne cohé&rence
dans le comportement de 1l'aimantation rémanente antétectonique vis-a-vis de
la déformation.

I1.4. Synthése et discussion.

I1.4.1. Distribution intrasite et distribution intersite des aimantations &

1'état déformé,

Une premiére synthése des effets de la déformation interne sur
l'orientation et le groupement de l'aimantation rémanente est presentée en
Annexe 10. A 1l'époque ol cet article était rédigé, je ne disposais ni de
1'analyse des résultats de la simulation analogique (Annexe 4) ni de celle
des résultats de 1'étude paléomagnétique complémentaire des séries rouges
Ordoviciennes de la Formation de Pont-Réan (Annexe 9). Ces deux derniéres
études s'intégrent néanmoins parfaitement bien 2 l'analyse globale du
probléme donné en Annexe 10, et confirment cette analyse.

L'ensemble des études présentées 1ici (Annexes 4 & 10) permet de
caractériser l'effet de la déformation interne sur l'aimantation rémanente
antétectonique. Cet effet peut @tre décrit par un phénoméne fondamental, la
déviation du vecteur aimantation vers le plan d'aplatissement de la
déformation. Dans cette description, le vecteur aimantation est défini a
l1'échelle du spécimen couramment mesurable. A 1l'intérieur d'un site
d'échantillonnage, défini comme le volume maximum dans lequel on peut
considérer que la déformation est homogéne, la déviation mesurable &
1'échelle de chague échantillon aura des conséquences diverses sur
l1'évolution de 1la direction moyenne et de sa dispersion, qui dépendront
essentiellement des relations angulaires initiales entre direction
d'aimantation et direction de raccourcissement. Divers cas ont é&té envisagés
lors des simulations analogiques (Annexe 4) et les effets constatés &
l'échelle des blocs de plasticine ("hand-samples") se sont trouvés vérifiés a
ltéchelle des sites de déformation homogéne des &tudes paléomagnétiques (en
particulier Annexes 7 et 9).

Il me semble ici particuliérement important d'insister sur un point de
méthodologie. Dans 1'étude de la déformation finie, il est généralement admis
que l'analyse de domaines a déformation hétérogéne se fait par l'étude de
domaines suffisamment petits pour que la déformation puisse y 8tre considérée
comme homogéne (Cf. Ramsay 1967). Il en va de méme en ce qui concerne l'étude
des effets de la déformation interne sur l'aimantation rémanente. Avant de
chercher a analyser la distribution des directions d'aimantation au travers
d'une série plissée (domaine de déformation typiquement hétérogéne), il
convient tout d'abord d'étudier et de caractériser les effets de la
déformation interne homogéne. C'est cette démarche qui a permis de comparer
les résultats des simulations analogiques aux dispersions et déviations
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intrasites des aimantations naturelles. La distribution inter-site in-situ
des directions d'aimantation dépend ensuite de la distribution de 1la
déformation interne au travers de la zone plissée, et peut donc &tre
extrémement variable: suivant un grand cercle dans les Alpes Maritimes (cf en
particulier figures 9 et 10 Annexe 7), fisherienne dans la Formation de
Pont-Réan (Annexe 9), grossiérement sur un petit cercle au Col du Somport
(Annexe 8). Il n'apparait donc pas raisonnable d'essayer de caractériser,
dans le cas général, la distribution des aimantations & 1'échelle d'une série
plissée avec déformation interne.

11.4.2, Déviation de l'aimantation et test du pli.

Malgré les réserves é&mises ci-dessus en ce qui concerne une
caractérisation globale des effets de la déformation & 1'échelle d'une série
plissée, il existe cependant un effet de premi2re importance 3 cette échelle,
qui est la modification de l'angle initial entre aimantation et plan de
stratification. De ce fait, le test du pli, en tant que test statistique, est
inutilisable dans son acceptation courante. Il a été montré que les
aimantations antétectoniques peuvent présenter une évolution <caractéristique
d'aimantations syntectoniques, dans le cas des séries rouges des
Alpes-Maritimes (Annexe 7), ou méme post-tectoniques dans le <cas de la
formation de Pont-Réan (Annexe 9), au cours du déplissement classique. Ces
appréciations qualitatives, bas&es sur la comparaison des distributions avant
et aprés correction. de pendage, peuvent €tre précisées par 1'étude de
1'évolution du paramétre 'k' (Fisher, 1953) des groupements, en fonction des
pourcentages de déplissement progressif par paliers ('stepwise unfolding').
Cette méthode a &té proposée récemment par Scotese & Van Der Voo (1983) qui
montrent que dans le cas d'une réaimantation syntectonique, le paramétre de
précision 'k' passe par une valeur maximale au cours du déplissement
progressif. Depuis <cette démonstration, un certain nombre d'auteurs ont
utilisé cette méthode, et considéré 1'obtention d'un 'kmax' avant 100% de
déplissement comme un argument définitif en faveur d'un 3ge syntectonique de
. 1'aimantation (voir par exemple, McCabe et al. 1983, Miller & Kent 1986 a et
b, Kent & Opdyke 1985, parmi d'autres).

L' application de cette méthode aux données paléomagnétiques des séries
rouges des Alpes Maritimes et de la Formation de Pont-Réan, donne les
résultats illustrés Fig.II.2 (d'aprés les données des Annexes 7 et 9). On
constate que pour les 3 groupes de données, les paramétres 'k' de groupement

passent par un maximum au cours du déplissement progressif, 3 environ 30% de

déplissement pour le groupe I des Alpes-Maritimes (Cf. Annexe 7), 45% pour le
groupe II, 25% pour les données de la Formation de Pont-Réan. L'é&volution des
groupements de ces données devrait par conséguent conduire, du point de vue
purement statistique, & 1'interprétation werronée d'aimantations syn- 2
post-tectoniques.

Cet aspect des résultats des études paléomagnétiques de séries rouges
déformées rejoint deux analyses théoriques récentes de Van der Pluijm (1986,
1987) et Kodama (1986 a et b, 1987). Sur la base de modéles simples 2-D du
comportement de l'aimantation en cours de plissement avec déformation
interne, ces auteurs remettent en cause 1'interprétation syntectonique des
aimantations basée sur 1'évolution des groupements de données au cours du
déplissement progressif par rotations rigides partielles. Il est ainsi
démontré que l'argument statistique (augmentation du parametre ‘'k' de
groupement pour un pourcentage donné de déplissement) ne constitue pas & lui
seul une démonstration de 1'3ge syntectonique d'une aimantation, bien qu'il
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Fig.Il.2: Evolution du paramdtre k (Fisher . 1953) de groupement des

distributions intersites dans les séries rouges déformées, en fonction du
pourcentage (%) de déplissement; (a) groupe I des Alpes Maritimes (cf.
Annexe 7); (b) groupe Il des Alpes Maritimes; (¢) Formation de Pont-Réan
(Annexe 9). Les traits fins horizontaux en {a) et (¢) indiquent le seuil
de probabilité a 95% au-dessus duquel les valeurs de k sont
significativement supérieures au paramétre k des données & 100% de
déplissement (i.e. corrigées du pendage).
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soit une condition nécéssaire pour cette interprétation. En effet, il faut de
plus démontrer 1'absence de déformation interne 1liée au plissement. Ici
ggalement, la mesure de l'anisotropie de susceptibilité magnétique doit
permettre de vérifier aisément 1'existence, ou non, d'une orientation
préférentielle des porteurs magnétiques accompagnant les processus de
plissement.

I1.5. Conclusion.

La déformation progressive des séries rouges &tudiées s'accompagne,
indépendemment des recristallisations, d'une rotation progressive des
minéraux planaires d'hématite. Cette réorientation progressive de l'hématite,
dont le plan basal tend & s'aligner dans la schistosité, a été vérifiée par
mesure des orientations préférentielles d'axes {104 de 1' hématite par
goniométrie de texture en diffractométrie X, ou par mesure de l'anisotropie
de susceptibilité,.

L'aimantation rémanente, schématisée par la somme vectorielle des
micromoments portés par chaque particule, subit des déviations et des
changements de groupement qui ont &té caractérisés & l'aide de simulations en
raccourcissement coaxial. Les caractéristiques des distributions de vecteurs
aimantation lors de ces simulations ont été retrouvées lors des études
paléomagnétiques de séries naturelles. On peut résumer les effets de la
déformation sur ltaimantation-en un seul phénoméne fondamental: la déviation
du vecteur aimantation &lémentaire (= mesurable dans le plus petit volume
possible) vers le plan d'aplatissement. On peut ensuite envisager les
conséquences logiques de ce comportement, sur 1l'évolution en groupement et
direction de populations de vecteurs, en fonction de leurs relations
angulaires initiales avec les axes de la déformation interne homogéne.

A partir de cette cohérence dans la description des effets de la
déformation interne homogéne sur l'aimantation rémanente antéiectonique, on
est finalement amené 3 se poser la guestion de la possibilité de corriger les
déviations de 1‘'aimantation, dans le but d'estimer la direction de champ
magnétique ambiant lors de l'acquisition.
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CHAPITRE III : DEFORMATION INVERSE DE L'AIMANTATION REMANENTE ANTETECTONIQUE.

ITI.1. L'algorithme et son application.

L'analyse des déviations de 1'aimantation rémanente et des dispersions
intrasites qui en résultent, m'a conduit, lors de 1'étude paléomagnétique des
séries rouges des Alpes Maritimes (Annexe 7), & poser l'hypothése de base du
traitement de déformation inverse des vecteurs aimantations: la distribution
des vecteurs aimantations a 1'é6tat déformé, ainsi que les variations de cette
distribution en fonction de la déformation, sont comparables aux
distributions de lignes passives, ou lignes matérielles, dans ces conditions
de déformation. A partir de cette observation, on peut tenter de corriger
les déviations du vecteur aimantation, en wutilisant les lois de comportement
de la ligne passive suivant le modéle de March (1932).

Une nuance importante est & noter ici: on ne suppose pas que le vecteur
aimantation est une ligne matérielle (ligne joignant deux points matériels du
volume considéré), ce qui est évidemment wun modéle irréaliste, mais on
constate que les déviations du vecteur aimantation sont analogues & celles de
lignes matérielles, au moins dans les cas étudiés. La déformation inverse des
directions d'aimantation suivant l'hypothése du modéle de March (1932) est
décrite en détail Annexe 7, rappelée Annexe 8, 9 et discutée Annexe 10. Le
principe général en est le suivant. L'orientation finale d'une ligne passive
dépend uniquement de son orientation initiale et de la déformation totale.
Cette derniére peut, par conséquent, €tre décomposée en 2 de ses composantes
géométriques classiques (Ramsay, 1967): wune déformation interne et une
rotation rigide. La troisiéme composante, la translation rigide n'intervient
pas dans ce probleme. La correction appliquée aux vecteurs aimantations
s'‘effectue donc en deux temps (Fig. IIl.1 et Annexe 7): (1) déformation
inverse du vecteur aimantation & 1'aide du tenseur de déformation interne
inverse, (2) rotation rigide inverse par correction de pendage classique de
la stratification elle-meme corrigée de la déformation interne.

Cette correction a été appliquée avec succés aux aimantations rémanentes
antétectoniques des 3 exemples naturels étudiés. Elle a permis de corriger
les fortes dispersions intrasites des vecteurs aimantations dans les cas ol
la déformation avait un tel effet (Annexe 7); elle a toujours permis, aprés
déformation inverse compléte, de déterminer une direction moyenne
d'aimantation antétectonique sur l'ensemble de !a formation plissée, bien que
les critéres classiques de déplissement eussent du conduire au rejet de ces
séries (Annexes 7,8 et 9).

III.2. Discussion: estimation des sources d'erreur.

Malgré ces résultats globalement positifs, l'application de cette
correction de déformation interne n'e pas toujours &té aisée. Cela est
particuliérement sensible dans le cas des Pyrénées (Annexe 8). 0On peut
classer les sources d'erreur en deux ensembles: (1) Imprécisions et erreurs
sur la détermination des paramétres du probléme (aimantation, déformation).
(2) Inexactitude de la 1loi de comportement proposée (hypothése de la ligne
passive). Ces deux points ont &té abordés lors des études paléomagnétiques
des séries rouges Pyrénéennes (Annexe 8) et du Sud de Rennes (Annexe 9), et
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lors de la discussion de synthése dans 1'Annexe 10. On peut en faire la revue
suivante.

I11.2.9 Imprécisions sur les paramétres.

Sans en négliger 1'importance, je ne m'attarderai pas 1ici sur les
problémes posés par l'analyse paléomagnétique, c'est d dire, la décomposition
vectorielle des aimantations rémanentes naturelles et 1la détermination des
composantes primaires. Les techniques d'analyse paléomagnétiques et leurs
limitations font désormais partie de la méthodologie du paléomagnétisme
moderne (cf. Perroud, 1985). Des problémes plus spécifiques & mon travail
sont liés & la détermination de la déformation totale ayant affecté les
vecteurs aimantations. Ainsi qu'il a &té noté ci-dessus, 1'hypothése du
comportement passif permet de décomposer la déformation totale en (1)
déformation interne, (2) rotation rigide.

-(1) La déformation interne est déterminée par la mesure, sur le terrain,
de l'orientation de la schistosité (plan d'aplatissement) et de la linéation
d'étirement (direction d'élongation maximum Aq). D&s ce stade, il peut
exister des erreurs non négligeables, dont une illustration est donnée par la
comparaiscn des directions structdrales et des susceptibilités magnétiques
principales en Annexe 9. D'autre part, les élongations suivant les directions
principales sont estimées d'aprés les mesures des rapports de marqueurs
elliptiques (ici, des taches de réduction). Ici aussi, on peut établir
l'ordre de grandeur des barres d'erreur autour .des rapports axiaux moyens,
mais ce n'est pas la, en fait, que réside la plus grande indétermination sur
la déformation interne affectant les vecteurs aimantation. Le probléme est
plutdt de distinguer, dans la déformation totale reflétée par la forme finie
des taches de réduction, la part de déformation d'origine tectonique de celle
d'origine sédimentaire (fabrique initiale due & la compaction). En effet,
partant de l'hypothése raisonnable que 1'aimantation des séries rouges
étudiées ici est principalement dlorigine chimigue, acquise par
deshydratation des hydroxydes de fer durant la compaction et la diagénése,
seule la déformation d'origine tectonique déviera ces aimantations. Utiliser
le tenseur de déformation totale, estimé d'aprés la mesure de marqueurs qui
ont pu enregistrer la compaction et la déformation, dans le but de corriger
ces deéviations, pourra introduire des erreurs significatives dans ie
traitement de déformation inverse. Ce probléme est parfaitement illustré dans
le cas des Pyrénées (Annexe 8). Il y a été montré, d'une part qu'une
composante de compaction jmportante avait été enregistrée par les taches de
réduction, et d'autre part, qu'il était nécessaire de supprimer cette
composante pour obtenir un résultat correct en déformation inverse du vecteur

aimantation.

-(2) En ce qui concerne la rotation rigide, elle est estimée d'aprés 1la
direction et le pendage du plan de stratification aprés déformation inverse
de ce dernier.En considérant que la stratification était horizontale au
moment de l'acquisition de l'aimantation, on a donc 12 une bonne indication
de la rotation rigide autour d'un axe horizontal. Cela reste cependant 1la
seule composante de rotation rigide que l'on puisse déterminer & 1'échelle
d'un site de déformation homogéne. Ce traitement discret, site par site, du
déplissement interdit toute estimation de la rotation rigide autour d'axes
verticaux. Cette limitation (évoguée en Annexes 8 et 9) est inhérente 3 1la
méthode employée, et seule une déformation inverse tridimensionnelle 3
1'échelle de la formation plissée, telle que celle proposée par Percevault
(1983) par exemple, permettrait de respecter la compatibilité aux limites des
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volumes dédéformés. Enfin, 1'hypothése méme de l'horizontalité de la
stratification & 1'état initial peut &tre remise en cause, ainsi qu'il a é&té
suspecté sur la base des résultats paléomagnétiques par Perroud et al. (1986)
sur la formation rouge du Moulin de Chateaupanne, ou dans la présente étude,
sur la Formation de Pont Réan (Annexe 9). On peut cependant noter que ce
dernier point n'est pas spécifique au probléme des séries plissées avec
déformation interne, et qu'il peut 8tre rencontré lors de toute correction de
pendage classique.

Notons pour finir que des erreurs dans la mesure des directions
structuralss (schistosité, stratification, etc...) peut conduire & des
situations d'instabilité dans la correction apppliquée aux aimantations. Cela
est particuliérement sensible dans le cas des séries rouges du Sud de Rennes
(Annexe 9), ol la direction moyenne d'aimantation est trés proche du plan de
schistosité. Suivant que la direction d'aimantation se situe d'un coté ou de
ltautre du plan, 1la correction 1induira une rotation dans un sens ou dans
l1'autre et pourra éventuellement &tre erronée du seul fait de 1'imprécision
des mesures. Bien qu'il en ait été donné une autre explication en Annexe 9,
un tel effet peut &tre suspecté dans le cas des données des 4 sites &liminés
dans le calcul final de l'aimantation moyenne aprés déformation inverse de
cette formation. La correction actuelle discréte ne permet pas de contrdler
ces instabilités 1induites par les erreurs de mesures sur les données
structurales.

I[11.2.2, Simulation analogique et hypothése de la ligne passive.

C'est sur un tout autre plan que se situe l'autre source envisageable
d'erreur de correction, Elle pourrait 8tre due & une possible inadéquation de
la loi théorique reliant aimantation et déformation interne. Le comportement
passif de 1'aimantation a é&té postulé d'aprés 1'analyse globale des
distributions de vecteurs dans le cas des Alpes Maritimes. Cela a ensuite été
vérifié au moins dans le cas de 1la Formation de Pont-Réan, et suspecté pour
les Pyrénées, Bien que dans l'ensemble il y ait une bonne compatibilité, il
apparait difficile de tester l'exacte <correspondance entre déviations de
lignes passives et déviations de vecteurs aimantation dans des exemples
naturels. La meilleure possibilité qui nous est offerte d'estimer la
différence de comportement entre vecteur aimantation et 1ligne passive est
d'utiliser les résultats des simulations. J'ai donc comparé les déviations de
1"ARI lors des simulations analogiques ({Annexe 4) aux déviations théoriques
de lignes matérielles suivant le modéle de March (1932). Les résultats sont
illustrés Fig.IIl.2, ol la différence de déviations entre 1'ARI et la ligne
passive est représentée en fonction du pourcentage de raccourcissement (% R)
pour les différents angles initiaux 8y entre ARI et raccourcissement () 3)
envisagés en Annexe 4. La différence A, égale & la différence d'inclinaisons
dans la terminologie de 1'Annexe 4, est calculée de maniére a ce qu'une
différence positive exprime une déviation de la 1ligne passive supérieure &
celle de 1'ARI. On peut faire les observations suivantes: (1) dans les deux
cas de conditions initiales (isotrope, ou initialement raccourci de 30%),
lorsque 1'ARI est paralléle (8,=00) ou orthogonale (84=90°9) & A3, ni la ligne
passive, ni la direction moyenne d'ARI ne sont déviées (cf. Annexe 4). La
différence reste donc proche de 0. Celd peut paraitre élémentaire mais on
peut conclure que dans ces cas particuliers il n'existe pas de différence
entre wune ligne passive et le vecteur aimantation. <Cette observation
s'applique également lorsque 1'ARI est "proche" de A3 (645=50). (2) Dans les
cas d'angle initial 85 intermédiaire, la déviation de 'la ligne passive est
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pratiquement toujours supérjeure & celle de 1'ARI. On remarquera cependant
que la différence de déviation A est inférieure & 100 pour tous les cas
jusqu'a 50% de raccourcissement, et, dans le cas d'échantillons initialement
raccourcis de 30%, jusqu'a 70% de raccourcissement. Par ailleurs, ces
derniers échantillons présentent en moyenne des différences de déviation
inférieures & celles des échantillons initialement isotropes. On peut donc
estimer que, dans les limites du modéle wutilisé, les déviations de
l1'aimantation rémanente, quoique inférieures, sont proches des déviations
théoriques de la ligne matérielle; une fabrique initiale semble, de plus,
améliorer cette similitude.

Ces observations m'aménent & reformuler de la maniére suivante la loi
théorique du comportement de 1l'aimantation rémanente: la direction initiale
et la direction finale, aprés déformation, de l'aimantation rémanente, sont
liées par un "tenseur de déviation" symétrique d'ordre 2, dont les vecteurs
propres sont identiques aux vecteurs propres du ‘tenseur- de déformation
interne, et dont les valeurs propres sont proches des valeurs propres du
tenseur de déformation interne. Cette formulation permet de modifier
l'expression de 1'hypothése du comportement de 1'aimantation rémanente
antétectonique: plutBt que d'assimiler le comportement du vecteur aimantation
au comportement d'une ligne passive, il me semble préférable de dire que l'on
assimile le tenseur de déviation du vecteur aimantation au tenseur de
déformation interne, Si la premiére formulation (ligne passive) offre
l'avantage de la simplicité d'expression, la seconde est plus rigoureuse du
point de vue des mécanismes. Quoiqu'il en soit, ces deux formulations
traduisent strictement la méme expression mathématique de 1'hypothése
utilisée.

11 faut finalement noter que si les différences de déviation entre 1'ARI
de la simulation analogique et la ligne matérielle sont de 1l'ordre de 5 &
100, il est difficile de prévoir gquelle est la portée de cet &cart dans le
cas des séries naturelles. Les résultats positifs obtenus lors des diverses
"déformations inverses" du vecteur aimantation semblent <cependant montrer
qu'assimiler le tenseur de déviation de 1'aimantation au tenseur de
déformation interne constitue une hypothése de travail correcte.

En conclusion 2 cette revue des sources d'erreur dans l'estimation de la
correction & appliquer aux aimantation déviées par 1la déformation, on peut
retenir les points suivants

(1) On est <capable de mettre des barres d'erreur sur la mesure des
différentes données du probléme (aimantation, directions structurales,
rapports axiaux des marqueurs elliptiques de défarmation etc...).

(2) On sait que 1l'estimation de la rotation rigide est en soi assez
approximative.

(3) Assimiler le "tenseur de correction de déformation interne" au tenseur
inverse de déformation est, bien que globalement correct, également une
approximation.

(4) Malgré la connaissance que l'on a des diverses sources d'erreurs et
d'approximation, 1'application actuelle discréte (direction d'aimantation par
direction d'aimantation) de l1'algorithme de déformation inverse des
aimantations antétectoniques ne permet pas de prendre en compte et d'utiliser
ces incertitudes, dans le but dfoptimiser la détermination finale de la
direction moyenne d'aimantation rémanente antétectonique, & l'échelle de la
série plissée.
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Il parait donc judicieux d'établir une méthode permettant une estimation
de la direction paléomagnétique antétectonique, basée non plus sur le calcul
de la moyenne d'estimations ponctuelles, mais sur la recherche de la solution
correspondant au mieux & toutes les données et & leurs incertitudes.

I11.3. Application de la méthode d'inversion non-linéaire généralisée, & la
détermination d'une direction d'aimantation antétectonique dans une série
plissée avec déformation interne.

L'exposé ci-dessous est une application de la solution généralisée au
probléme inverse non-linéaire suivant le critére des moindres carrés,
proposée par Tarantola et Valette (1982). Le ~caractére général de la
formulation proposée par ces auteurs, en a permis 1'application & des
domaines aussi divers que la détermination des paramétres de diffusion haute
température dans les cristaux (Sotin et Poirier, 1984), ou la résolution de
tenseurs de contrainte & partir de mesures de stries sur plans de faille
(Angelier et al, 1982), par exemple.

La solution, suivant cette méthode, du probléme posé par la
détermination de 1la direction d'aimantation antétectonique & partir
d'aimantations rémanentes déviées, passe par une reformulation rigoureuse de
la loi physique considérée et de ses paramétres.

II11.3.1. Hypothése de base.

A partir de l'analyse faite au Chapitre 1II et ci-dessus en 1I1I.14,

l'aimantation M mesurée aprés déformation, peut &tre reliée 2 sa direction
initiale H, par un tenseur T de la maniére suivante

Ml = TlJ'HJ 11_]:1’213 (1)

Le tenseur de déviation totale Tjj pour une aimantation Mj donnée, peut
8tre décomposé en un tenseur de déviation due & la rotation rigide R (la
seule prise en compte habituellement en paléomagnétisme), et un tenseur de
déviation S due & la déformation interne homogéne et qui est, suivant ce qui
a été discuté ci-dessus, estimé par le tenseur de déformation interne
lui-méme.

Tij = sik-Rkj (2)

Les équations (1) et (2) définissent la 1loi physique du systéme
aimantation antétectonique, déformation, aimantation mesurée.

111.3.2. Les paramétres du probléme.

*.Tenseur de déviation T.

(i) Tenseur S.

Pour décrire les directions principales de ce tenseur, on utilise la
mesure de trois angles indépendants: la direction de 1'horizontale par
rapport au Nord géographique (Strike: Sc) et le pendage (Dip: Dc) du plan de
schistosité, et l'angle que fait la linéation d'étirement avec l'horizontale
dans ce plan (Pitch: Px) (la direction Sc est choisie de maniére & ce que le
pendage soit vers le bas dans la direction Sc+90°).
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A partir de ces 3 angles, on détermine les <cosinus directeurs des
vecteurs propres du tenseur S:
-Direction d'élongation minimum A3 (normale & S4q)

Zy = -sin Sc.sin D¢
1 = cos Sc.sin Dc (3)
l3 = -cos Dc

-Direction d'élongation maximum Aq (linéation d'étirement)

X4 = cos Sc.cos Px - sin Sc.cos Dc.sin Px
X2 = sin Sc.cos Px + cos Sc.cos Dc.sin Px (4)
X3 = sin Dc.sin Px

La direction d'élongation intermédiaire Ap (Y4,Y2,Y3) est définie par le
produit vectoriel des 2 précédents. Les composantes cartésiennes des vecteurs
propres de S ainsi déterminée, on peut construire la matrice aj j des cosinus
directeurs de S:

X9 Yy Iy
a=(Xp Yo Ip (5)
X3 Y3 I3

Les valeurs propres )¢, A2 et A3 du tenseur S sont déterminées soit
d'aprés les moyennes des rapports axiaux de marqueurs elliptiques tels que
les taches de réduction, ou par ajustement d'abaque Rf/g de Dunnet (1969),
1'avantage de la moyenne arithmétique &tant de pouvoir calculer un écart-type
sur le lot de données. On peut alors construire le tenseur diagonal ng:

At 0 0
st = 0 A2 0 (6)
0 0 A3

et finalement, construire Sij dans le repére géographique

Sij = aik-aj1-Ski i.5,k,0 = 1,2,3 (7

(ii). Tenseur R.

Ainsi qu'il a été discuté plus haut, la rotation rigide est estimée
d'aprés la direction et le pendage de la stratification aprés déformation
inverse de celle-ci. La mesure élémentaire est donc celle de la direction
(Strike: St) et du pendage (Dip: Db) du plan de stratification a 1'état
final.

On définit la normale & la stratification:

ny = =-sin Sb.sin Db
ny = cos Sb.sin Db (8)
ny = -cos Db

La normale & la stratification dédéformée est donnée par (Cf. Owens 1974
et Annexe 7):

nj = Sij-nj i,j = 1,2,3 (9)

ce qui permet de dé&finir la direction (SS) et le pendage (Dﬁ), du plan
de stratification & l'état non déformé. On peut ainsi construire la matrice

de rotation, avec un axe horizontal dans la direction SB et un angle de. -

rotation é&gal a DB. Cette matrice est égale a

T




25

R=
cos2Sb+sin2 St.cos DV  cos Sb.sin Sb.(1-cos DY) sin st.sin DY
cos St.sin Sb.(1-cos DY) sin2Sb+cos2St.cos Db -cos Sb.sin Db’
-sin Sb.sin Db’ cos Sb.sin DY cos Db’

(10)

N.B: R est ici la matrice de vrotation rigide, et non la matrice de
rotation rigide inverse, ou de “correction de pendage".

Afin d'éviter des calculs supplémentaires en passant des coordonnées nx,
ny et nZ du pble de la stratification dédéformée aux angles direction (Sb) et
pendage (Db) de celle-ci, on peut exprimer le directement en fonction des
coordonnées de n' normalisée, obtenue d'aprés (9):

/

ny2-ny2.n’ n’ .0} -n%
s WL x-Ny
1-n% nz-t

n .n! ny2-n%2 n -nf
R= nTX_rX X1 - 4 y (11)
z- -ngz
n% ny -n5

N.B: L'expression (11) de Rij est obtenue d'aprés {10) et les équations
(8). »

(iii) Tenseur de déviation totale T.
A partir des expressions (7) de Sij et (11) de Rij, on construit le
tenseur T suivant (2): :

Tij = Sik-Rkj
La construction de ce tenseur repose donc sur la mesure de 8 paramétres:

Sc: direction du plan de schistosité

Dc: pendage " "

Px: "Pitch" de la linéation d'étirement dans S
A1, A2, A3: déformations principales

Sb: direction du plan de stratification

Db: pendage " "

En supposant une distribution Gaussienne des erreurs sur chacune de ces
mesures, on peut établir un é&cart-type autour de celles-ci. En ce qui
concerne les angles, cet écart-type peut 8tre estimé d'aprés la précision de
lecture des instruments de mesure, et/ou, d'aprés les observations de terrain
sur la qualité des objets mesurés. Pour ies valeurs ANj, les écarts-type sont
établis d'aprés ceux calculés sur les rapports moyens Ai/A2  N2/A3 etc. On
peut cependant, compte tenu de 1la discussion sur 1'identité tenseur de
déformation/tenseur de déviation faite ci-dessus, choisir volontairement un
domaine de variation plus grand que celui découlant strictement des mesures.

*-Aimantation rémanente déviée M,

L'aimantation rémanente M 3 l‘'état déformé est définie par deux angles
(on ne tient pas compte du module IM  du vecteur), analogues aux angles
polaires classiques: la déclinaison "d" et l'inclinaison "i", L'estimation de
ces paramétres résulte de l'analyse vectorielle de 1'évolution du vecteur
aimantation au cours de traitements de dé&saimantation progressive. Ici

T

B R B
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également, on peut se fixer des barres d'erreur qui dépendront de la dualité
des mesures, de la qualité des trajectoires de désaimantation etc...

*.Direction d'aimantation antétectonique H.

Le vecteur H est également défini par deux paramétres, la déclinaison D
et l'inclinaison I. Ces paramétres, uniques pour l'ensemble des aimantations
déviées et des tenseurs T correspondants, sont les inconnues de notre
probléme.

111.3.3. Le probléme inverse.

Soit (Do, lp) wune estimation a priori (indépendante de la série de
mesures) du vecteur H, et (03P, 05 I) les écarts-type sur cette estimation a
priori. Si on ne posséde aucune information a priori sur H, on prendra un
écart-type infini (trés large). Soit (dg, ig, SCo» DCgs PXg» Ados A20: A30s
Sby, Dbg)K les données (aimantation et déformation) correspondant & la kiéme
aimantation déviée et ( @, 4, agi, 0S¢, a,0c, .., G Db)k les écarts-type
correspondants (k est wun indice, non un exposant). Il est clair qu'aucune
direction H{(D,1) ne vérifie exactement (1) pour toutes les aimantations et
déformations considérées. On cherchera & définir une direcrion H(D,I), et une
série de "données corrigées”" (d, i, Sé: Dc, PX,...., Db)K vérifiant au mieux

(1):

Mj= Tij°Hj (1)

et on choisira la solution qui minimise la somme
D-Do\ 2 [I-14\2
- ()7 {58
g0 0l
N 2 fi-ia\2 2 2
d-d i-i Sc-S¢ Dc-Dc
+ ( dv +( .ﬁ +< So) +(——§J§ L (12)
E cd/k \gt /k 095¢ /k 0o 0¢ /k

k=1 (Db-Dbo 2
cescsesccccat W K

ol N est le nombre d'aimantations déviées mesurées. L'équation (1) et la
minimisation de S (12) établissent le probléme inverse.

111.3.4. Solution du probléme inverse.
On définit les vecteurs colonnes suivants

Xo= qo 1 X= d 1
1o 1
SCO S¢
Dco D¢
Pxg Px
Dbg Ob
. . (13)
do N d N
ig i
Sco Sc
DCO D¢
Pxo Px
Obg Db
Do D
Ip I

[ o b e e

ST PN e
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On définit Cy, matrice de covariance des valeurs a priori de Xo. Suivant
I'hypothése des erreurs indépendantes sur les données, Co est une matrice
diagorale contenant les variances respectives sur les éléments de Xo.

L'inversion doit définir le vecteur X le plus probable, compatible avec
les erreurs expérimentales et verifiant les N équations:

fR(x)=|Mk - Tk H|2=0 k = 1,N (12)

ou|MK - Tk H| est le module du vecteur différence Dij=Mik-TijK.Hy, et MK
et TK sont fonction de (d,i,S¢,Dc,Px,...,Db)X suivant la section I1I11.3.2.

Suivant cette notation la solution
f(X) =0 (15)
est obtenue par la minimisation de

S = (X-Xg)t.Co1.(X-Xg) (16)
On notera que les équations (14) et la condition (16) sont
equivalentes 3 (1) et (12) respectivement.
Tarantola et Valette (1982) ont démontré que la solution de ce
probléme non-linéaire suivant le critére des moindres carrés, est obtenue par
l'algorithme itératif

Xne1= Xo+Co.Fnt.(Fn.Co.Fpt) =t [Fn.(Xp-Xg)-F(Xp)] (17)

ol F est la matrice des dérivées partielles

afi
(Fplij = (573> X=Xp (18)

La matrice C de «covariance de la solution X peut #&tre obtenue
approximativement par une formule wutilisant une approximation linéaire
(Tarantola et Valette 1982)

CxCo-Co.Ft.(F.Co.Ft)=TLF.Cq (19)

ol les dérivées partielles sont prises au point solution X.

Dérivées partielles de fK(X)

Dans un but de simplification de l'exposé ci-dessous, on renomme le
vecteur MK par A, et le vecteur TK.H par B.
On peut alors reécrire l'équation (14) sous la forme explicite:

fK(X) = (A1-81)24(A2-B2)2+(A3-B3)2 (20)
ol Ay = cos dk, cos ik
Az = sin dk.cos ik (21)
Az = sin ik coordonnées cartésiennes de MK

et By = T11k.X+T12k.Y+T13k.Z
By = To1K.X+TppK . v+Tp3K 2 (22)
By = T31k.X+T32k.Y+T33k.Z

avec| X = cos D.cos 1
sin D.cos 1
sin I coordonnées cartésiennes de H
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et Tyjk = g(sck, pck, pxk, Aqk, Ak, Ak, sbk, ppk)

En utilisant cette notation, les dérivées de fk par rapport aux
paramétres définissant H(D,I) sont

afk _3(A1-B1)% 3(A2-B2)2 3(A3-83)2

ab ab a0 ab

2 -(A1-B1).[T11k(—sin D.cosI)+Tq2K(cos D.coslﬂ
-(A2-82).[T21%(-sin D.cos I)+TpzK(cos D.cos I)]
-(A3—B3)-[T31k(-sin D.cos I)+T32K(cos D.cos Iﬂ}

~N

Aj=Bi).|Ti1K.Y=Tj k.x]
i (Aj-Bj) [ i1 i2
De la méme maniére, on arrive &

£k 3
g?- =2 Z (Ai-Bi)[Ti1k(gos D.sin I)+Ti2K(sin D.sin I)-Tj3X(cos Iﬂ

Les dérivees de fK par rapport aux données sont
afk _8(A1-B1)2  3(Ap-8p)2
RER ddk ddk

2(A1-Bq).(-sin dK.cos iK)+2(A2-B2).(cos dK.sin ik)

2[A1,(A2-Bz)=A2,(A1-B1)]

2[(A3-B3).(cos ik)
-(Ao=Bp).(sin dk.sin ik)
-(Ay-B1).(cos dK.sin ik)]

Les dérivées de fK par rapport aux données définissant TK n'ont pas de
solution analytique évidente, elles seront calculées numériquement.
Enfin, si les données concernant deux aimantations déviées sont
indépendantes, les dérivées de fK par rapport & (d,i,Se,Dc,...,Db)] sont
nulles pour j # k.

I111.3.5. Conclusion.

Cet exposé montre qu'il est relativement aisé d‘'adapter la solution
générale au probléme inverse du type de celle proposée par Tarantola et
Valette (1982) au probléme de la détermination d'une direction d'aimantation
antétectonique & partir de directions d'aimantations déviées par la
déformation. Cependant, en 1l'absence d'applications numériques de cet
algorithme, il est difficile de discuter de maniére détaillée son pouvoir de
résolution. Quoi qu'il en soit, seule une formulation de ce type autorise 1la
prise en compte des erreurs sur les paramétres autres que les aimantations,
et & ce titre le résultat final aura une meilleure justification en terme de
probabilité, que la détermination actueile par moyennes de "directions

corrigées"” de maniére discréte.
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IIl.4. Conclusions.

En conclusion au probléme de la correction des déviations dues & la
déformation interne dans les séries rouges, on peut retenir 1les points
essentiels suivants :

(1) L'analyse des déviations de 1'ARI dans le mod2le analogique, et de
1'ARN dans les séries rouges étudiées montre que la direction initiale,
connue ou supposée, et la direction finale, aprés déformation, du vecteur
aimantation sont reliées par un "ten:zeur de déviation" dont une estimation
approximative est donnée par le tenseur de déformation interne. Cette
définition du "tenseur de déviation" est exactement analogue & 1'hypothése
"ligne passive" pour le vecteur aimantation.

(2) A partir de cette hypothése, le tenseur inverse de déformziion interne
a été utilisé comme tenseur de correction des déviations induites par la
déformation interne. Les résultats positifs obtenus pour les 3 exemples de
séries rouges traités montrent d'une part que c'est une hypothése de travail
correcte, et d'autre part, qu'il est par conséquent possible de retrouver une
direction de champ magnétique primaire & partir d'aimantations déviées par la
déformation.

{3) Aprés ce premier stade d'analyse et de vérification des hypo- théses,
il apparait cependant nécessaire d'établir une méthode de correction prenant
en compte les erreurs expérimentales sur les mesures de tous les paramdtres
impliqués dans ce probléme (aimantation et dé&“¢rmation), ainsi que les
incertitudes théoriques sur la loi physique du systéme. Une telle formulation
a €té proposée.

(4) Finalement, il faut noter que l'algorithme de déformation inverse
proposé ici n'a pas de caractére universel et ne peut etre utilisé
aveuglément. Son wutilisation est subordonnée & wune aralyte soigneuse des
relations entre déformation et directions d'aimantation, qui, seule, peut
justifier l'hypothése de comportement utilisée.

T
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CONCLUSIONS

La ccrclusion la plus élémentaire que l'on puisse tirer de cet ensemble
d'investigations est le fait que la déformation interne ductile, dans 1la
mesure ol elle résulte dans le développement d'orientations préférentielles
des porteurs magnétiques, induit nécéssairement des déviations de
l'aimantation rémanente naturelle de 1la roche: déviation de 1l'airantation
acquise par le matériau déformé, déviation de 1'aimantation antétectonique
portée par des minéraux anisotropes. Cette observation prélimiraire implique
la nécessité de prendre en considération l'existence de déformation interne,
toujours possible lors d'études paléomagnétiques en zone orogénique. lLes
études paléomagnétiques de séries rouges déformées présentées ici ont montré
que cela est particuliérement critique dans 1'interprétation des résultats du
test de pli: sur le seul argument de 1'évolution des groupements, les
aimantations auraient pu €tre irterprétées comme syntectoniques dans le cas
des Alpes Maritimes, syn- & post-tectoniques dans la formation de Pont-Réan.
I1 apparait par conséquent nécessaire d'assortir 1'argument statistique de
l'évolution des groupements, d'une discussion sur 1'absence de dé&formation
interne, L'étude de 1'anisciropie de susceptibilité magnétique, en tant
qu'image de l'orientation préférentielle des minéraux magnétiques, parait
constituer le meilleur moyen d'argumenter cette discussion.

A un niveau supérieur d'analyse, il a &té& montré que ces déviations sont
cohérentes: écart de I1'ATR & la direction de champ cohérente avec les
directions d'ASM, elle-meme contrdlée par la déformation interne, dans
1'exemple du grarite de Flamanville; cohérence des distributions intra et
inter-sites des aimantations antétectonique avec les directions principeles
¢e déformation interne, dans le <cas des séries rouges plissées avec
déformation interne. Dans le premier cas, une relation théorique entre
tenseur d'anisotropie de susceptibilité magnétique et tenseur d'anisotropie
d'aimantation thermoréranente a été établie. La démarche suivie pour é&tablir
cette relation met en valeur l'utilisation nouvelle de la mesure de l'ASM en
tant qu'estimateur direct des déviations de )l'aimantation rémanente. Dans le
cas précis du granite de Flamanville, le but f}nal, a8 savoir la détermination
d'une direction de champ magnétique par l1'étude paléomagnétique de roche:
(éformées, a &té atteint.

En ce qui concerne les effets de 1la déformation interne sur
l'aimantation rémanente antéiectonique, il a été montré par mod&lisation
analogique et numérique, qu'un mécanisme de rotation des particules
magnétiques rend convenablement compte des fabriques cristallines et
magnétiques des séries pélitiques ¢tudiées. Les effets d'une telle rotation
sur l'orientation de 1'aimantation rémanente ont été caractérisés par
simulation analogique pour quelques conditions aux limites simples, et sont
globalement 1identiques aux effets observés dans les séries naturelles

étudiées., Dans la limite de ces exemples, Ja déviation de 1'aimantation
rémanente s'est révélée similaire & la déviation de la ligne matérielle
(modele de March, 1932), ce qui m'a amené & proposer une correction fondée

sur ce modéle de comportement. La discussion de <cette hypothdse et des
résultats obtenus méne & la conclusion que, quoique approximaiif, le modéle
de comportement passif de l'aimantation rémanente dans les séries rouges

T
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déformées constitue la meiileure possibilité actuelle d'estimer une direction
d'aimantation antétectonique & partir d'aimantations rémanentes déviées par
la déformation.

Dans la mesure ol i3 !¢i de comportement apparait proche du comportement
observé, il semble, de plus, préférahble cde tenter d'améliorer le traitement
numérique global des données, plutdt que d'améliorer la loi théorique
elle-méme.

Finalement, les résultats obtenus ici permetteni ce répondre par
ltaffirmative & un certain nombre de questions d'ordre général: question de
l'existence, ou non, de déviations significatives de l'aimantation acquise
par les roches anisotropes ou ultérieuremert déformées; question de la
cohérence de ces déviations; question de la possibilité de caractériser les
effets de la déformation interne sur l'orieniétion de 1'aimantation. A la
question finale de la possibilité d'effectuer des études paléomagnétiques en
zones déformées, la réponse est également affirmative, au moinc dars la
limite des exemples &tudiés, et sous réserve de l'analyse détaillée et de 1la
compréhension des mécanismes de déviation de l'aimantation.

En revanche, il subsiste un <certain nombre de problémes; probléme
général de l'utilisation du test du pli en zone orogénique; probl2me des
tirites, non atteintes ici, des corrections proposées; probléme des
mécanismes dans d'autres régimes ce déformation (fortement non coaxiale, par
exemple}, pour d'autre types de roches et d'autres porteurs magnétiques.

Seules des . simulations et &tudes paléomagnétiques supplémentaires
permettront d'apporter des &léments de réponse & ces questions. Cependant, le
caractére globalement positif des résultats obtenus ici devrait stimuler la
poursuite des recherches dans cette voie.
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INTRODUCTION.

Apart from the basic hypothesis of the dipolar nature of the Earth
magnetic field, using of paleomagnetic vectors in geodynamic problems relies
on two main assumptions: (1) the parallelism between the magnetic field
vector and the magnetization vector, and (2) the stability of remanent
magnetizaticn since its acquisition until now. The first condition is met if
the rock is initially 1isotropic, or at least, weakly anisotropic. In fact,
the paleomagnetic methodology mainly aims at verifying the second hypothesis.
Reasons for instability can be divided into two main groups. The Tirst one
deals with the oproblem of magnetic memory resetting during thermal or
chemical events, leading to partial or total remagnetizations. All the
techniques (stepwise demagnetization procedures and components analysis, rock
magnetism experiments, etc...) and the tests (fold test, contact test,
conglomerate test etc..) that are used in paleomagnetism, generally leads to
an argumentation ‘of NRM nature, origin and age «¢f a given rock formation.

A second kind of magnetization instability is due to deformation in a
large sense, and particularly to the deviating effect of folding processes in
orogenic zones. Up to now, structural corrections of paleomagnetic directions
have relied on the classical bedding tilt correction. A comparison of vector
distributions before and after this correction allows a test of pre-, syn- or
post-tectonic age-of magnetization.

If we consider the geometrical description of deformation (translation,
rotation, distorsion; Ramsay 1967), the classical tilt correction only takes
into account the component of rigid-body rotation around horizontal axes in
the total deformation. Strictly, this could only be applied in the case of
concentrical folds with horizontal axes, without any internal deformation, or
strain. With the recent development of paleomagnetism within crogenic zones,
such an algorithm appeared to be unsufficient. At first, some improvements
were made in order to take into account more complicated fold geometries such
as superimposed folds, or inclined fold axes, etc..(e.g. see McDonnald 1980,
Benhommet et al. 1981, Perroud & Cobbold 1984). However, these are
improvements in the total rigid-body rotation estimates, which are valid on]y
if it can be assumed that angular relationships between magnetic vectors and
bedding plane have not been changed during folding. Such an assumption may be
valid in the total lack of internal deformation, but such is not the gereral
case. Amongst other mechanism, it is well admitted that ductile strain may
induce a rotation of particles, leading to the development of mineral
preferred orientations. This mechanism 1is important in palecmagnetism,
because a rotation of magnetic carriers can be considered as a major cause of
pretectonic magnetization deviations. This has been suspected in the cases of
anomalous behaviour of magnetization distributions (e.g. see Van den Ende
1977, Kligfield et al. 1981, Perroud, 1983, Rosenbaum 1986). Hcwever, exact
effects of strain upon remanent magnetization are poorly understood. The
basic question that 1is to be asked and that I try to answer here is: "Is
there any coherent effect upon remanent magnetization of rocks, ard thus,
what are the possibilities and limitations of paleomagnetic investigations
within deformed arezs?". Tentative answers given here are divided into three
parts.

[ESPE SICIRE R pereag et nauten e




Trkrough the structural, paleomagnetic and anisotropy of magnetic
susceptibility studies of the granite of Flamanville, the magnetization
acquisition by a (pre-)deformed rock is envisaged in the first chapter.

The problem of the effects of strain ocurring during folding processes
upon a pretectonic remanent magnetization 1is <considered in the second
chapter. The c¢haracterization of these effects will be discussed through
results of analogic and numerical simulations, and paleomagnetic¢ studies of
deformed redbeds.

Finally, an argumentation of the possibilities of correcting
paleomagnetic vector deviations induced by strain is given in the third
chapter.

Discussions developped along these 3 chapters are based upon results from
rublished studies. Copies of these publications or manuscripts are given in
Annexes 1 to 10.
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CHAPTER I: MAGNETIZATION ACQUIRED BY AN ANISOTROPIC MATERIAL: TRM in the
granite of Flamanville.

I.1. Anisotropy of magnetic susceptibility and deformation.

Generally, the directional variability of induced magnetization in a weak
magnetic field is what is named anisotropy of magnetic susceptibility (AMS).
Weak field magnetization is a 1linear function of field strength and is
written as:

M1 = kyq.Hy + kq2.H2 + kq3.H3
Mo = kpq1.H4 + kzz.H2 + k23.H3
M k31.H4 + k32.H2 + k33.H3

or, Mi,= kij-Hj i, j =1,2,3

with Mj: cartesian ccordinates of induced magnetization vector.
Hj: cartesian cocrdinates of magnetic field vector.
kjj: second order symmetriczl cartesian tensor, the AMS tensor. This
tensor has  three real eigenvalues, ki, k2, k3, the principal
susceptibilities.

Following Hrouda (1982), causes for AMS are generally sumrarized as
follows:

1) Shape alignment of ferromagnetic grains.

2) Lattice alignment of crystals with magnetocrystalline anisotropy.
3) Magnetic domains alignment.

4) Stringing together of magnetic grains.

5) Stress-induced anisotropy.

6) Exchange anisotropy.

Amgngst them, AMS in natural rocks is «c¢cnsidered as being mainly
controlled by (1) and (2). Measuring AMS in a rock thus yields an estimation
of its fabric, just as other methods do (texture goniometry by X-ray
diffractometry, for example), and this can be used as a structural tool for
almost all rock types.

An abundent litterature is devoted to this subject (see the review by
Hrouda 1982). Such studies have generally shown that total strain of rocks
centrols AMS development, in the direction of its principal susceptibilities,
as well as in the variations of shape and intensity ¢f AMS ellipsoid (see for
example Wood et al. 1976, Hrouda 1876, 1979, 1980, Rathore 1979, Elwocd &
Whitney 1980, Wagner et al. 1981, Kligfield et al. 1983, Rathore et al. 1983,
amongst others). A recent experimental study of strain effects upon AMS
within magnetite-bearing synthetic samples, allowed Borradaile & Alford
(1987) to confirm this analysis in a detailed way. (1) From a rpreexisting
AMS, strain induces a rotation of AMS principal directions, and k: becomes
rapidly parallel to A3. (2) Hdwever, AMS keeps a memory of its initial state.
This means that AMS is not controlled by the last strain increment, but by
the total deformation (about this subject, see also the magnetic fabric
evoluticn we describe in the case cf the Pont-Réan Formation in Annex 9). (3)
Anisotropy degree increases with strain intensity, at least up to the 35% of
homogeneous shortering obtained by these authors. However it dces not appear
to be reasonnable to exactly calibrate strain from AMS measurements in the
general case.
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The results of our own investigations on this subject in the granite of
Flamanville are given in Annex 1. Our conclusions are identical to those of
similar works: there is a good correlation between strain and AMS directions
and between natural strain values and principal susceptibility differences.
Although this last correlation 1is quite empirical (see discussion in Annex
1), the correlation between strain and AMS intensities shows that a good
estimation of deformation gradients through a deformed area can be directly
obtained from AMS measurements.

1.2. Anisotropy of magnetic susceptibility and anisotropy of remanent
magnetization: the example of the Flamanville granite.

AMS is generally considered as important in paleomagnetism, because in
anisotropic media, the remanent magnetization at the time of acquisition is
not necessarily parallel to the ancient magnetic field direction. However,
relationships between AMS and remanent magnetization anisotropy are not
known. Only theoretical 2-D developments, dealing with TRM in anisotropic
assemblages of multidomain (MD) magnetites have been given by Nagata (1961),
or Stacey & Banerjee (1974), for example. More recently, Stephenson et al.
(1986) have shown that a theoretical linear relationsip exists between AMS,
IRM and TRM anisotropy tensors eigenvalues. However, if such correlations are
theoretically justified, they need, just as 1in the case of strain and AMS
correlations, to be established for every rock type studied.

From currently admitted theories of TRM acquisition by assemblages of MD
magnetites, a simple relationship has been established between AMS tensor and
TRM anisotropy tensor. Following this development, given 1in Annex 2, these
tensors have the same eigenvectors, and their eigenvalue ratios should follow
a relation of the type Mj/Mj = (ki/kj)z. This theoretical relationship has
- been verified by experimental tests held on 2 sets of strongly anisotropic
rock samples.

Finally, the paleomagnetic study of the anisotropic granite of
Flamanville {(Annex 3) allowed to give an application of this correlation. It
has been shown that AMS is accompanied by significative and consistent
deviations of primary TRM., It was verified that from AMS measurements, it was

possible to estimate an inverse TRM anisotropy tensor, allowing the-

computation of the paleofield direction from these deviated TRM
1.3. Conclusions.

Main conclusions have already been drawn in Annexes 1 to 3. We can
however stress the following points.

We can note that for TRM deviations in the Flamanville granite, we never
had to consider +the deformation mechanisms. Independently from its causes,
this is the occurence of AMS itself which results in TRM deviations. We <c¢an
therefore think that if we are able to establish the theoretical
relationships between induced magnetization and the different types of
remanent magnetization, the measurement of AMS can provide a direct estimate
of remanent magnetization anisotropy, whatever the mechanisms of magnetic
carriers preferred orientation development could be. This conception makes
the fundamental difference between the study of remanence acquired after
deformation, and the study of magnetization acquired before deformation, and
then deviated by strain. In this latter <case there is, 1in effect, no more
direct relationships between AMS and remanence deviations.

P o R e
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Although only TRM in MD magnetite assemblages has been considered here,
the application of this theory is probably wide, owing to the large occurence
of such a magnetic carrier. Nevertheless, AMS effects cannot be neglected,
and a systematic check of AMS appears desirable when performing paleomagnetic
studies within deformed areas.
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CHAPTER II. DEFORMATION AND PRETECTONIC REMANENT MAGNETIZATION.

II.1. Introduction.

The characterization of strain effects upon pretectonic remanent
magnetization forms the main part of the work presented here. Most of the
results obtained are published or planned to be published. Copies of these
articles are given in Annexes 4 to 9, and a synthesis is given in Annex 10.

Although strain 1is generally recognized as a major cause of NRM
perturbations (see for example Van den Ende 1977, Ozima 1980, Kligfield et
al. 1981, Facer 1983, Rosenbaum 1986, Anson & Kodama 1987), no thorough
characterization has yet been undertaken. For this reason, some simplifying
criteria have been established here. (1) A reference paleomagnetic direction
(at the undeformed state) must be known. (2) The pretectonic remanent
magnetization must not be totally erased during deformation. (3) magnetic
particles should only suffer a rotation mechanism. (4) We have to measure the
total strain within each of the paleomagnetic sampling site. (5) We want
variations of strain intensity, and of angular relationships between
principal strain directions and initial direction of the pretectonic remanent
magnetization.

From these constraints, moderately deformed redbed formations were
chosen. The anisotropic shape of hematite crystals allows to think that they
undergo some rotations during strain processes. The magnetic memory of
hematite 1is admitted to be stable. The bedding plane of sedimentary
formations is generally admitted to be a good paleo-horizontal indicator, and
in redbeds, the occurence of elliptical decolorated areas (reduction spots)
provides good quality strain markers.

However, before <considering the results obtained from natural series
(Annexes 7, 8 and 9), we detail the results of analogic models (Annex 4) and
numerical models (Annex 5), where the effects of magnetic particle rotations
induced by strain, upon remanent magnetization have been simulated.

11.2. The models.

II.2.1. Analogic simulation and numerical simulation.

The few results of analogic simulations that are found in the litterature
allowed to think that deformation of magnetized synthetic samples s
accompanied by a rotation of magnetization away from the shortening direction
(e.g. Blow & Hamilton 1978, Ozima 1980, Morash & Bonhommet 1981). However,
the physical mechanism allowing such a rotation has never been fully
constrained, although it 1is generally attributed to some rotations of
magnetic carriers,

I thus reconsidered and completed the experiments of Morash (1981), and
performed a series of coaxial shortening experiments with Plasticine samples
containing anisometric hematite particles. The analysis of variations in
direction, intensity and grouping of IRM with respects to strain directions
and intensity, is given in Annex 4. The results are compared with results
from a numerical simulation (Annex 5), where the magnetization is modeled as
the vector sum of N micromoments, each micromoment being carried by a planar
particle modeled as a passive plane (model of March 1932) during deformation.
The results from these 2 simulations are shown to be identical. However, such
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an identity 1is quite paradoxal, with respects to particle rotation
mechanisms, and needs to be discussed.

I1.2.2. Rigid rotation of planar particles and passive rotation of planes.
Before entering this discussion, we have to redefine three possible
rotation mechanisms. For the first and the second one, the particle is
modeled as an ellipsoid embedded in a homogeneously deforming matrix with a
given viscosity contrast. The general case has been studied by Bilby et al.
(1975), but we consider the following extreme <cases: (1) There is no
viscosity contrast and thus, the particle deforms homogeneously with the
matrix; this is strictly what is named the passive behaviour. An example of
this behaviour is given by the reduction spots within redbeds. (2) The
viscosity contrast is infinite: the particle is defined as a rigid particle,
and its rotation during deformation of the matrix 1is a rigid rotation.
Clearly, hematite particles embedded in a plasticine matrix (Annex 4) closely
follow this model. (3} For the third mechanism, elongated particles are
modeled as lines, and planar particles are modeled as planes. During

deformation, they behave as passive lines and planes, following the model of

March (1932). This model, which has been given the name of "line/plane model™
by Owens (1974), has been used for the numerical simulation of Annex 5.

There is no immediate reason for having identical rotations of rigid
particles and passive lines and planes. However, we obtained similar results
in numerical simulation, where the mechanism (3) was modeled, and in analogic
simulation, where the mechanism (2) is the most probable. This is the paradox
alluded above.

In order to explain this, I carried out a comparison in 2 dimensions
between rigid rotations of elliptical particles and rotations of passive
lines. From the general equations of Bilby et al. (1975), P. Cobbold and D.
Gapais (pers. comm.) have established equations for few limiting conditions.
Amongst them, the rotation of rigid particles during a coaxial shortening can
be written:

tan® = (Aq/A2)%.tand, (1)

where §,is the initial angle between the long axis of elliptical grain and
the maximum elongation axis of strain, and & this angle after deformation.
The exponent 'x' is a function of the grain ellipticity and is written as:

1/R2-1

1/R241
where R is the axial ratio of the particle. The rotation of a passive line in
this particuliar case is written as:

tan = (A2/\1).tan (2)

We can note that when R converges toward eo, x converges toward -1, and
eqn.{1) becomes eqn.(2). In coaxial 2-D deformation, the passive line can
thus be defined as a rigid particle of infinite length. In order to estimate
the limit of ellipticity above which a rigid particle can be considered as a
passive line, curves of -equation (1) have been drawn (Fig.II.1) as the
variations of & as a function of R, for different strain values Aq/A2, and
for different initial values of §; . It can be seen that for an ellipticity
greater than 3, the difference between rigid particle rotations and passive
line rotations (thin lines in the diagrams) is lower than 5°. Since the
hematite particles of analogic simulations (Annex 4) have a normal:length
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Fig.I1I.1: Variations of the angle @ between the long axis of a rigid
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function of the particle ellipticity ratio R. Three cases with initial
§, =300, 459 and 600 have been considered. Each curve 1is drawn for a
given intensity of strain, expressed as the ratio A1/72, increasing from
1.5 to 10. Vertical thin lines are the material line deviations for these
strain values.
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ratio of 1:20 to 1:30, this probably explains the similarity between results
from analogic and numerical simulations.

we finally have to note that such an analysis only applies in the
considered case of coaxial shortening. The effects of strongly non-coaxial
deformations should only be known from other simulations.

I1.2.3. Rotation of magnetic carriers and rotation of remanent magnetization.

(N.B.: In the original French version of the text, this section is
approximately a translation of the analysis given in the section '4.
interpretation and conclusions' of Annex 4. English readers can refer to this
section.)

I1.3. Paleomagnetic studies of deformed redbeds.

The effects of strain upon pretectonic remanent magnetization have been
studied within three red formations: the Permian redbeds of the
Alpes-Maritimes (Annex 7), the Pyrenean Permian redbeds at the ‘Col du
Somport' (Annex 8), and the Ordovician redbeds of the Pont-Réan Formation,
Central Brittany (Annex 9).

In each of these formations strain was estimated by measuring the
orientation and axial ratios of elliptical reduction spots.

In the Alpes-Maritimes redbeds, X-ray texture goniometry was used to study
the progressive development of hematite preferred orientations (Annex 6). A
comparison of these fabrics with fabrics simulated following 2 model of
passive plane rotation of hematite, has shown that such a mechanism can
account for natural fabrics in these redbeds.

In the Pont-Réan Formation too, a progressive rotation of hematite during
deformation has been inferred from AMS measurements (Annex 9). However AMS
results did not allow to assess the exactly passive behaviour of hematite.

Secondary recrystallisation of. hematite did not allow to check the
reorientation processes of hematite in the Pyrenean redbeds (Annex 6).
Mereover, they vresulted -in a strong overprint of the primary pretectonic
remanent magnetization component by a secondary one, leading to difficulties
in analysing the effects of strain upon primary remanence (Annex 8).

In contrast, such an analysis could be performed in the two other
examples. It results in a consistent description of strain effects wupon
pretectonic remanent magnetization.

II.4. Synthesis and discussion.

11.4.1. Within-site distribution and between-site distribution of

magnetization at the deformed state.

A first synthesis of strain effects upon remanent magnetization is given
in Annex 10. When writing this article, results from analogic simulations
(Annex 4) and from the paleomagnetic study of the Pont-Réan formation (Annex
9) were not yet available. We can however note that these late studies
perfectly fit the analysis of Annex 10.

The compilation of studies given in Annexes 4 to 10 allows to describe
the effect of strain upon pretectonic remanent magnetization as one basic
phenomenon: the deviation of the magnetic vector towards the strain
flattening plane. In this description, the magnetic vector is defined at the
scale of usually measurable specimen. Within a sampling site, defined as the
largest volume in which strain can be considered as homogeneous, this
deviation measured at the specimen scale will have various effects on mean
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direction and its grouping, depending wupon initial angular relationships
between magnetization direction and shortening direction. Various situations
have been described in the analogic simulations, and the effects observed at
the hand-sample scales have been recovered in the paleomagnetic studies of
natural rocks (particularly Annexes 7 and 9).

It seems to be important to stress here a point of methodology. In the
sudies of finite strain, it is wusually admitted that the study of
heterogeneously deformed regions can be done through the study of small
domains where strain can be considered as homogeneous (see Ramsay 1967). Such
a partition should be applied in studying the effects of strain upon remanent
magnetization. Before analysing paleomagnetic vector distributions through
folded areas (which are typical heterogeneously deformed domains), we must
study and understand the effects of homogeneous strain. This allowed us to
compare the simulation results with within-site deviations and dispersions in
natural formations. The in-situ between-site distributions then depend upon
strain distribution over the folded area and can thus be extremely variable:
along a great circle 1in the Alpes-Maritimes redbeds (see Fig. 9 and 10 in
Annex 7), Fisherian in the Pont-Réan formation (Annex 9), more or less on a
small circle in the Pyrenean redbeds (Annex 8).

11.4.2. Magnetization deviation and the fold test.

Notwithstanding the above comments, <there is one general effect of
strain, of first importance at the scale of a folded area, that 1is the
general modification of angular relationships between magnetization vector
and bedding plane. This leads to anomalous results with respect 1to the
classical fold test. During <classical unfolding, pretectonic magnetizations
have shown evolutions that are characteristic of syntectonic remagnetizations
in the case of the Alpes-Maritimes redbeds, or post-tectonic remagnetizations
in the Pont-Réan formation. This can be illustrated by drawing the -evolution
of the precision parameter 'k' (Fisher 1953) as a function of wunfolding
percentages during stepwise unfolding. This has been proposed by Scotese &
Van der Voo (1983), to show that in the case of synfolding remagnetizations,
the data cluster before 100% unfolding. Since this time, an increasing number
of workers has used this method, and interpreted 'kmax' at a given percentage
of unfolding as an argumént for a synfolding age of magnetization (e.g. see
McCabe et al. 1983, Kent & Opdyke 1985, Miller & Kent 1986 a and b).

Application of this method to our data from Annexes 7 and 9 gives the
result of Fig.II.2. It is obvious that in the 3 considered <cases, the
precision parameter 'k' reaches a maximum before total unfolding. Without any
other analysis, these data should have thus been interpreted as syntectonic
remagnetizations.

These results corroborate some recent theoretical analyses of Van der
Pluijm (1986, 1987) and Kodama (1986 a and b, 1987). From simple 2-D models
of magnetization behaviour during folding with strain, these authors
¢riticize synfolding interpretations only inferred from this statistical
test. It is shown here that, in effect, the statistical argument is, although
necessary, not a sufficient condition for such an interpretation. The lack of
strain during folding processes must also be argumented. It is thought that
AMS measurements should provide a check of possible strain-induced preferred
orientations of magnetic carriers,
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Fig.I11.2: Evolution of the precision parameter 'k' (Fisher 1953) of the

between-site distributions in the folded redbeds, as & function of
unfolding percentage (%). (a) Group I in the Alpes-Maritimes redbeds (see
Annex 7); (b) Group II in the Alpes-Maritimes redbeds; (c¢) redbeds of the
Pont-Réan formation (Annex 9). Horizontal thin lines in (a) and (¢)
indicate the 95% probability level above which parameters ‘k' are
significantly greater than in the 100% unfolded state (tilt-corrected).
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II.5. Conclusions.

Apart from some recrystallizations, the progressive deformation of
redbeds is accompanied by a progressive rotation of planar hematite
particles. This has been verified by the study of hematite fabrics through
texture goniometry or AMS measurements. -

The remanent magnetization, modeled as the vector sum of micromoments
carried by each particle, 1is rotated and 1its grouping is <changed in a way
that has been described through results of simulations in simple <coaxial
shortening. The characteristic effects described from the simulations have
been observed in natural deformed rock wunits. Strain effects can be
summarized as one basic phenomenon, the deviation of measurable magnetization
towards the strain flattening plane. The effects upon mean directions and
grouping of vector population can then be logically envisaged, by considering
their initial angular relationships with strain directions at the site scale.

From this consistent description of strain effects upon remanent
magnetization, we can now consider the possibility of correcting
paleomagnetic vectors for strain-induced deviations, in order to estimate the
magnetic field direction at the time of acquisition.
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CHAPTER III. STRAIN REMOVAL APPLIED TO PRETECTONIC REMANENT MAGNETIZATION

III.1. The algorithm and its application.

The analysis of paleomagnetic data from the Alpes-Maritimes (Annex 7)
led me to establish the basic hypothesis for the strain removal technique
applied to paleomagnetic vectors: magnetization vector distributions at the
deformed state, as well as the variations of these distributions with respect
to strain, are consistent with the distributions of passive lines, or
material lines, in these strain conditions. From this observation, one can
try to correct paleomagnetic vectors for these deviations, by using the
strain response model of March (1932) for material lines.

It is important to stress here that we do not consider the paleomagnetic
vector as being a material line (a line joining 2 material points of the
volume), which 1is indeed an irrealistic assumption, but we observe that
paleomagnetic vector deviations are analogous to material line deviations, at
least for the studied cases. The strain removal technique applied to
paleomagnetic vectors is described in Annex 7, recalled in Annexes 8 and 9,
and discussed in Annex 10. The final orientation of a material line only
depends upon its initial orientation and the total deformation. The latter
can thus be decomposed 1into its 2 classical components (Ramsay 1967): a
strain part, and a rigid-body rotation part. The third component, the rigid
translation, has no influence 1in this problem. The <correction applied to
paleomagetic vectors is thus done in two steps (Fig.IIIl.1 and Annex 7): (1)
inverse strain by applying the inverse strain tensor +to the vector, (2)
inverse rigid-body rotation by a classical tilt correction, but from the
unstrained bedding coordinates.

This correction has been successfully applied to the pretectonic
paleomagnetic vectors of the 3 studied natural redbed wunits. It allowed +to
correct for the large within-site dispersion when strain had such an effect
{Annex 7). After the total inverse deformation, it always allowed to recover
a mean pretectonic direction of magnetization, although the application of
classical criterja should have lead to reject these data.

II1.2. Discussion: an estimation of the causes of errors,

Although these results appear to be quite positive, the application of
this correction was not always easy. Possible error causes can be separated
into 2 main groups: (1) experimental errors in estimating the parameters of
the problem (magnetization, deformation), (2) theoretical error on the strain
response model (passive line hypothesis). These two points have been
discussed in the paleomagnetic studies of the Pyrenean redbeds (Annex 8) and
of the Pont-Réan Formation (Annex 9), and also in the synthesis discussion of
Annex 10. We can give the following review.

I1I.2.1. Experimental errors on parameters.

Without neglecting their importance, I shall not discuss here problems
of paleomagnetic analysis (separation of magnetic vectors, determination of
primary components, etc..). Paleomagnetic techniques and their limitations
are now quite well westablished, and make the methodology of modern
paleomagnetism (see Perroud 1{985). More specific oproblems appear in the
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Fig.III.1: Schematic illustration of the strain removal technique applied to
pretectonic directions of magnetization (after Annex 7).
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present work, mainly dealing with the estimation of total deformation that
affects paleomagnetic vectors. As noted above, the passive line hypothesis
allows to separate total deformation into (1) a strain part and (2) a rigid
body rotation part.

-(1) The strain tensor 1is estimated from field measurements of the
cleavage plane strike and dip, the direction of stretching lineation, and the
axial ratios of welliptical strain markers. Here, as in all other physical
measurements, there are some experimental errors around the estimated value.
A good example is given by the comparison between strain and AMS principal
directions in the Pont-Réan Formation (Annex 9). However a more important
problem is to estimate the exact part of deformation affecting the
paleomagnetic vectors, from the measured total deformation. This is
illustrated by the example of the Pyrenean redbeds, in which it has been
shown that reduction spots have recorded both a compaction and a tectonic
deformations. Ffrom the reasonable assumption that magnetization is of
chemical origin, acquired during compaction and diagenesis, only the tectonic
part of the total strain recorded by the reduction spots will have a
deviating effect on magnetization vectors. Using of the total strain tensor
in order to correct deviated vectors can thus induce significant errors in
the final results. In the case of the Pyrenean redbeds, it has been shown
that it was necessary to remove the compactionnal part from total
deformation, before applying the strain removal technique to the primary
paleomagnetic vectors.

-(2) The rigid-body rotation is estimated from the strike and dip of the
unstrained bedding plane. Assuming that the bedding plane was initially
horizontal, this yields a good estimation of the rigid-body rotation part
around the horizontal axis. However, this estimation, at the scale of
homogeneously deformed sites, does not allow any estimation of rotations
around vertical axes., This limitation is inherent in the used technique, and
only 3-D inverse deformation at the scale of the folded area (see e.g.
Percevault 1983) could allow such estimations. Finally, we can also question
the basic hypothesis of the initially horizontal attitude of the bedding
plane (see for example Perroud et al. 1986, and also our results in the
Pont-Ré&an formation in Annex 9).

We can finally noté that some instability situations in the correction
of paleomagnetic vectors can arise from errors in measuring structural
directions (cleavage, bedding..). This is well illustrated in the case of the
Pont-Réan Formation, where the mean direction of magnetization is very <close
to the cleavage plane. Some slight variations in the direction of the
cleavage plane are sufficient for the vectors to be on one side or the other
of this plane, and thus, the applied correction will induce a rotation in one
sense or the other, leading to spurious results in one situation. Such an
effect can be suspected in the case of the 4 eliminated data in Annex 9. The
current mean of applying strain removal does not allow to control! such
instabilities.

II1.2.2. The analogic simulation and the passive line hypothesis.

Another suspected major cause of error in applying the strain removal
technique could be due to significant differences between the paleomagnetic
vectors behaviour and the passive line behaviour. The passive behaviour of

magnetization has been postulated from the analysis of results from the.

paleomagnetic study of the Alpes-Maritimes redbeds. It has been then
verified, at least in the case of the Pont-Réan Formation, and suspected in
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the Pyrenean redbeds. However it appears quite difficult to check the exact
fitness of this model within natural series. Our best chance to estimate
differences in behaviour between passive lines and magnetic vectors, is to
use the results of the simulations. A comparison of IRM deviations of the
analogic simulation (Annex 4) with the theoretical deviations of passive
lines following the model of March (1932) is given in Fig.III.2. In this
figure, the difference between passive lines deviations and IRM deviations
are expressed as a function of shortening percentages (%R), for various
initial angles 8, between initial! IRM direction and shortening (A3)
direction. The difference A, which 1is the difference in inclination in the
terminology of Annex 4, is computed so that a positive difference expresses a
deviation of passive line greater than the deviation of IRM. We can make the
following observations: (1) in both <cases of initial conditions (isotropic,
or initially 30% shortened), when initial IRM 1is parallel (85=0°) or
orthogonal (8,=900) to A3, neither IRM, nor the passive line are deviated.
The difference thus stays close to 0. It 1is thus concluded that in these
particuliar cases, -there is no difference between passive line and IRM
behaviours. This observation also applies in the case where IRM is initially
close to A3 (8p=59). (2) In all other cases of intermediate 8o, the passive
line deviation is practically always greater than IRM deviation. We can
however note that the difference in deviation A is lower than 100 for all the
cases, up to 50% of shortening, and in the case of initially 30% shortened
specimens, up to 70% of shortening. Moreover, these .latter specimens show
generally smaller differences than the initially isotropic specimens. We can
thus say that, within the limits of the simulation, IRM deviations are close
to the theoretical deviations of material lines. Furthermore, an initial
fabric seems to improve this similitude.

These remarks lead me to give another formulation of the magnetic vector
behaviour law: the initial direction and the final direction, at the deformed
state, are connected through a second-order symmetrical "deviation tensor”,
Its eigenvectors are identical to the strain tensor eigenvectors, and its
eigenvalues are <c¢lose to the strain tensor eigenvalues. This formulation
allows to give another expression of the basic hypothesis: rather than
modelling the magnetic vector as a material line, it seems better to say that
the deviation tensor of paleomagnetic vectors is conveniently estimated by
the strain tensor. Although both expressions result in exactly the same
mathematical formulation, the second one appears more strict with respect to
the mechanisms,

Ne can finally note that, if differences 1in deviation are about 59 to
10° in the simulations, it is quite difficult to estimate the consequences of
this difference within natural series. However, the positive results obtained
by applying the strain removal technique in the 3 studied redbeds formations,
allow to think that estimating the deviation tensor from the measured strain
tensor is a quite good working hypothesis.

In conclusion to this review of causes of errors in applying corrections

to deviated remanent magnetization vectors, we can stress the following

peints:

(1) We are able to put error bars on the measures of the various
parameters of the problem.

(2) We know that the estimation of rigid-body rotation is approxi- mative.

(3) Although quite correct, the estimation of the deviation tensor from
the strain tensor is also an approximation.
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(4) Although we have a certain knowledge of these causes of errors, the
discrete application of the strain removal algorithm does not allow to take
these incertitudes into account.

In order to improve the final estimation of the pretectonic direction of
magnetization, it appears necessary to develop a numerical method allowing
the determination of a solution that takes into account all the data and
their incertitudes.

111.3. Application of the generalized nonlinear inversion to the
determination of the pretectonic direction of magnetization within strained
folded beds.

The following is an application of the solution to the generalized
nonlinear inverse problem wusing the least-squares <c¢riterion as proposed by
Tarantola & Valette (1982). The solution, following this method, to the
problem of paleomagnetic vectors deviated by strain, needs to redefine
strictly our physical system and its parameters.

II1.3.1., Basic assumption.

From the analyses given in Chapter II and above, section III.t1, the
magnetization M, measured at the deformed state, can be connected to its
initial direction H through a tensor T in the following way:

Mi = Tij.Hj » i,j=1,2,3 (1)

The total deviation tensor Tj; for a given magnetization M; can be
decomposed into a part of deviation induced by a rigid-body rotation R (which
is the only part usually considered in paleomagnetism), and a tensor S of the
deviation induced by strain. Following the above discussion, S is estimated
as being the strain tensor.

Tij = Sik-Rkj (2)

Equations (1) and (2) define the physical system: pretectonic
magnetization, deformation, measured magnetization.

111.3.2. The parameters of the problem.

*-Deviation tensor T.

(i) Tensor S.

Principal directions of this tensor are defined by the measure of 3
independant angles: The strike (Sc) and the dip (Dc) of the cleavage plane
(S4), and the pitch (Px) of the stretching lineation within this plane. The
direction of Sc is determined so that +the plane dips downward 1in the
direction Sc+900.

From the measure of these 3 angles, the direction cosine of the
eigenvectors of S are determined as:
-Direction of minimum elongation A3 (normal to Sq)

Zy = =sin Sc.sin Dc
Iy = cos Sc.sin Dc (3)
Z3 = -cos Dc
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-Direction of maximum elongation A4 (stretching lineation)

X1 = cos Sc.cos Px - sin Sc.cos Dc.sin Px
X2 sin S5c.co0s Px + cos Sc.cos Dc.sin Px (4)
X3 = sin Dc.sin Px

The direction of intermediate elongation Ao (Y4,Yp,Y3) is defined as the
vector product of the 2 others. The cartesian coordinates of the eigenvectors
of S are then used to construct the transformation matrix ajj:

X9 Yy Iy
a=[Xo Yo 1Ip (5)
X3 Y3 I3

The eigenvalues A1, Ay et A3 of S are estimated from the mean axial
ratios of elliptical markers, or by fitting with Rf/§ graphs of Dunnet
(1969). The advantage of an arithmetical mean 1is to provide a standard
deviation around the mean value. We can then construct the diagonal tensor
ng:

A1 0 0
st ={0 A, 0 (6)
0 0 A3

N

and finally obtain Sij in the geographical system of coordinates:
Sij = aik-ajl-sél i,j.k,1 =1,2,3 (7)
(ii). Tensor R.
As discussed s&bove, the rigid body rotation is estimated from the

unstrained bedding plane. The basic parameters are thus the strike (Sb) and
the dip (Db) of the bedding plane in the deformed state.

The normal to bedding is defined as:

Ny = -sin Sb.sin Db
ny = cos Sb.sin Db (8)
ny = -cos Db

And the normal to the unstrained bedding is obtained from (see Owens
1974 and Annex 7):

n’i = SIJ"nJ I,J = 1,2,3 (9)

which allows to obtain the strike (SH) and the dip (Db) of the
undeformed bedding plane. We can thus construct the rotation tensor, with a
horizontal axis in the Sb direction, and Ob’ as the rotation angle. This
tensor is:

R=
cos2sb+sin2 St.cos Db’ cos Sbhsin Sb’(1-cos DY) sin Sb’.sin Db’
cos Sbl.sin Sb.(1-cos DY) sin2Sb+cos2sy.cos Db -cos Sb.sin Db’

-sin Sbﬁsin oy’ cos Sb.sin Db' cos Db’
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54 -

N.B: R is the rigid~body rotation tensor, and not the inverse rigid-body
rotation, or "tilt-correction”, tensor.

In order to avoid unnecessary computing, we can express R directly from
the normalized coordinates of n' following (9):

ny2-n%2.n% ny.Ny -ny
1-&22 n%-1
/ / i / 7 /
o nk.ny ny2-ny2.nz -ny (1)
n-1 1-n%2
N ny -ng

N.B: The expression (11) of Rij is obtained from (10) and (8).

(iii) Total deviation tensor T.
From expressions (7) of Sj; and (11) of Rjj, T is constructed following

(2):
Tij = Sik-Rkj
This tensor is thus constructed from the measure of 8 parameters:

Sc: strike of the cleavage plane

De: dip o "

Px: pitch .of the stretching lineation within S4
A, A2, A3: principal strains

Sb: strike of the bedding plane

Db: dip " "

By assuming a gaussian distribution of errors in the estimation of each
of these parameters, we can establish a standard deviation around each of
them. For the angles, these standard deviations can be inferred both from the
precision of the instrument and from field observaticns. For the Ai values,
standard deviations are derived from those of the mean ratios Aq/A2, A2/ A3
etc..However, taking into account the above discussion about the identity
strain tensor/deviation tensor, we can choose greater standard deviation than
those resulting directly from measurements.

*-Deviated remanent magnetization M.

The remanent magnetization M 1is defined by two angles (the modulus |[MI]
is not considered), the declination "d" and inclination "i". The westimation
of these parameters is performed through vector analysis of magnetic vector
trajectories during stepwise demagnetizations. Here too, we can choose error
bars depending on the quality of measurements, the quality of demagnetization
trajectories etc..

*-Pretectonic direction of magnetization H.

The vector H is also defined by two angles, the declination "D" and
inclination "I", These parameters are uniques for all the deviated remanent
magnetizations and the relevant tensors T, and are the basic unknowns of our
problem.

[11.3.3. The inverse problem.

Let (Dg, Ig) be an a-priori estimate (independent of our set of
measurements) of the vector H, and (o,0, o5l) the standard deviation of this
a-priori estimate. If we have no a-priori information on H, we will
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accordingly take an infinite (very large) & priori standard deviation. Let
(do, igs SCg» Dcgs Pxgs Aqgs A2, A3g. Sbg, Dbg)K be the dats and
(0,9, asl, 055¢,a,0¢, ..., ¢uDb)k the standard deviations for the magnetization
number k (k is an index, not an exponent). Clearly, there is no direction
H(D,I) exactly verifying (1) for all the considered magnetizations and
deformations. We aim at defining a direction H(D,I) and a set of ‘"corrected
data" (d, i, Sc, Dc, PXx,...., Db)K which are compatible with equation (1):

Mij= Tij.Hj (1)

and we will choose the solution which minimizes the sum:

. (D-Do 2 (1-10 2
*lgn) T\

N L
(d-do 2 +(1'}o 2 +(Sc-Sco\ 2 +(Dc-Dco 2 . (12)
7 JVed Sk Tiad Sk TV 6Sc Jk T o,De Jk "

y
ks °

where N is the number of deviated magnetizations considered in the problem.
Equation (1) and minimization of S given by (12) state the inverse problem.

I11.3.4. Solution of the inverse problem.
We introduce the following vectors:

Xo= ) do\ 1 X= ) dy\ 1
lg 1
Scg Sc
Dco Dc
PXg Px
Db Db
) : (13)
do\ N d\ N
ig i
Sco Sc
DCO Dc
PXO Px
Db Db
Do D
Io I
L - — =

Co is the covariance matrix of the a-priori values Xg. Under the
hypothesis of independant errors, this matrix is diagonal and contains the
respective variances of the elements of X,. '

The inversion must yield the most probable vector X compatible with the
experimental errors and obeying the N equations:

fK(x)=IMk - Tk H12=0 k = 1,N (14)

where |MK - TK H| is the modulus of the difference vector Dj=MiK-Tj K.y,
and MK and TK are function of (d,i,Sc,Dc,Px,...,Db)k Ffollowing the section
I11.3.2.
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Following this notation the solution
f(X) =0 ’ (15)
is defined by the minimization of

S = (X-Xg)t.Co=T.(X-Xg) (16)
Note that equations (14) and condition (16) are equivalent to (1)
and (12) resp.
Tarantola & Valette (1982) have shown that the solution of this
nonlinear least-squares problem is obtained by the iterative algorithm:

< 2 et v

Xn+1= X0+CO.Fnt.(Fn.C0.Fnt)-1.[Fn.(Xn-Xo)-f(Xn)] (17)

where F is the partial derivatives matrix:

T

T

3fi - |
(Fn)ij = (é;}) X=Xn (18) . ;,Wﬁ

When the solution X has been obtained, the <covariance matrix of the
solution, C, can be approximately obtained by a formula involving a linear
approximation (Tarantola et Valette 1982)

CarCp=Co.FE.(F.Cq.F)-1 F.Cq (19)

where the partial derivatives are taken at point X.

Partial derivatives of fk(X)

In order to simplify the following expressions, vector MK is named A,
and vector TK.H is named B.
We can thus rewrite the equation (14) in the explicit form:

fK(X) = (Aq-B1)24(A2-B3)2+(A3-B3)2, (20)

whereAy = cos dK.cos ik
Ay = sin dk.cos ik (21)
A3 = sin ik cartesian coordinates of Mk

and By = T11k.X+T12k,Y+T13k.Z
Bp = ToqK.X+To2K.v4+To3K . Z (22)
By = T31k.X+T32k.Y+T33k.Z

with (X = cos D.cos I
Y = sin D.cos I
Z =sin I cartesian coordinates of H

and T3k = g(sck, pck, pxk, Ak, Agk, Azk, sbk, ppk)

Using this notation, derivatives of fX with respect to the parameters
defining H(D,I) are:
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Q
-
=

3(A1-B1)2 3(Ap-Bp)2 3(A3-B3)2
g0 ao 9D
2{ Ay-B1). [T11k(-sin D.cosI)+T1pK(cos D.cosI)]

-(Az-Bp) [T21 -sin D.cos I)+T2pK(cos D.cos 1)]
-(A3-B3)-[T31K(-sin D.cos 1)+T32K(cos D.cos I)]}

2l

3
2 2‘1 (Aj-Bi).[T“k.Y-Tizk.X]

In a similar way, one obtains:
drk 3
— = 2 g

31 ; (A{-Bj) Ej1k(cos D.sin 1)+TioK(sin D.sin I)-Ti3X(cos Iﬂ

1

Derivatives of fK with respect to data are:
ork 3(A1-B1)2  J(A2-B»)2

dgk T T agdk T T aak

2(Aq-Bq).(-sin dk.cos iK)+2(Ap-Bp).(cos dX.sin ik)

2[A1-(A2-Bz)-A2-(A1-B1)]

and

(@3]
hry
=

2[(A3-8B3).(cos iK)
-(Ap-B2).(sin dK.sin ik)
-(Aq-By).(cos dK.sin ik)]

@
el

]

Derivatives of fK with respect to the data that define TK have no
evident analytical solution, they will be numerically computed.
Finally, if data for two magnetizations are independent, partial
derivatives of fK with respect to (d,i,Sc,Dc,...,Db)J are null for j#k.

ITI.3.5. Conclusion. )

The above paragraphs show that it is quite easy to adapt the kind of
general solution to inverse problem as proposed by Tarantola & Valette
{1982), to the problem of recovering a pretectonic direction of magnetization
from deviated ones within strained beds. However, without numerical
applications of this algorithm, it is difficult to discuss its resolution.
Nevertheless, such a formulation 1is the only mean to take into account all
experimental errors on data, and in this way, the final result should have a
better justification in terms of ©probability than the current determination
by the mean of discrete "corrected directions".
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I1I1.4. Conclusions.

To conclude on the problem of correcting paleomagnetic directions from

strain-induced deviations within redbeds, we can retain the following points:

(1) The analysis of IRM deviations in analogic simulations, and of NRM
within redbeds shows that the known or suspected initial direction of
magnetization is connected to its final direction, after deformation, through
a "deviation tensor" which can be approximately estimated as being the strain
tensor. This definition of the deviation tensor is analogous to the passive
line hypothesis for palecmagnetic vectors.

(2) From this hypothesis, the inverse strain tensor can be used as a
correction tensor for strain-induced deviations of paleomagnetic vectors.
Positive results obtained by applying this technique on 3 natural examples
shows that this is a good working hypothesis, and thus that it is possible to
recover a mean pretectonic direction of magnetization from deviated remanent
vectors.

(3) After this first step in establishing the hypothesis and testing it,
it appears however necessary to improve the numerical treatments, in order to
consider all experimental errors on the parameters implied in this problem.
Such a formulation has been proposed.

(4) Finally, it must be noted that the proposed algorithm 1is not
universal, and cannot be applied without a strict analysis of deformation and
magnetization interrelationships. Only such an analysis should allow to
justify the applied behaviour model.
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CONCLUSIONS.

From the set of investigations presented here, the most basic conclusion
that can be drawn 1is that ductile strain, as far as it results in the
development of magnetic carriers preferred orientations, necessarily induces
some deviations of the natural remanent magnetization: deviation of
magnetization acquired by deformed rocks, deviation of pretectonic
magnetization carried by anisometric crystals. This preliminary observation
implies the necessity to take into account the occurence of strain, always
possible when paleomagnetically studying formations within orogenic belts.
The paleomagnetic studies of deformed redbeds we have given here, show that
these deviations are particularly crucial for the intérpretation of the fold
test: with only the statistical argument of distiribution evolutions during
unfolding, the magnetizations should have been interpreted as synfolding in
the Alpes- Maritimes redbeds, and syn- to post-folding in the Pont-Réan
Formation. It therefore appears necessary to complete the statistical
argument with a discussion on the total lack of strain. The study of the
anisotropy of magnetic¢ susceptibility, since it reflects the preferred
orientation of magnetic minerals, 1is probably the best argument in this
discussion.

At a second level of analysis, it has been shown that these deviations
are consistent: consistency of TRM divergence from the field direction with
respect to AMS directions, itself being controlled by strain, in the granite
of Flamanville; consistency of within-site and between-site distributions
with respect to strain directions, in the strained and folded redbeds. In the
first case, a theoretical relationship has been established between AMS and
TRM anisotropy tensors. The way of establishing this relationship allows to
stress the original using of AMS measurements as a direct estimator of
remanent magnetization deviations. In the granite of Flamanville, we have
attained our end, that is, the determination of a paleofield direction
through the paleomagnetic study of significantly deformed rocks.

For the problem of strain effects upon pretectonic remanent
magnetization, simulations have shown that a mechanism of hematite rotation
conveniently accounts for the development of observed crystallographic and
magnetic fabrics within deformed pelitic redbeds. Within the limits of these
examples, the deviation of paleomagnetic vectors appear roughly similar to
passive lines deviation following the model of March (1932). This allowed to
propose a correction based on this behaviour model. The discussion of this
hypothesis, and the obtained results lead me to the conclusion that, although
approximative, this model 1is our best chance to estimate a pretectonic
direction of magnetization from remanent directions deviated by strain within
redbeds. ,

Since the behaviour model is very close to the observed behaviour, it
furthermore appears better to improve the numerical treatment of data, rather
than to try to improve the behaviour model itself.

Finally, the results we obtained here allow tc give a positive answer to
some general questions: question on the deviating effects of strain within
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deformed rocks; question on the consistency of these deviations; question on
the possibility to «characterize the effects of strain upon remanent
magnetization. To the final question on the possibility of performing
paleomagnetic studies within deformed areas, the answer is also affirmative,
at least in the limits of the studied examples, and under the condition of a
detailed and carefull analysis of strain and magnetization relationships, and
of a sufficient understanding of magnetization deviation mechanisms.

In contrast, some problems remain; general problem of the fold tfest
interpretation in orogenic zones; problem of the limitations to the proposed
strain corrections; problem of mechanisms for other deformation styles
(strongly non-coaxial, for example), other rock units with other magnetic
carriers,

Only further investigations could help to solve such problems. However,
the positive results we obtained appear stimulating for the development of
research in this widely open field.
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ANISOTROPY OF MAGNETIC SUSCEPTIBILITY AS A STRAIN GAUGE IN THE FLAMANVILLE
GRANITE, NW FRANCE.

J.P.COGNE and H.PERROQUD
C.A.E.S.S. Laboratoire de Géophysique Interne, Institut de Géologie,
Université de Rennes 1, Campus de Beaulieu, 35042 Rennes CEDEX (FRANCE)

Abstract

The relationship between strain and anisotropy of magnetic
susceptibility (A.M.S.) has been investigated 1in “the Carboniferous
Flamanville granite in the Armorican Massif, NW France. We measured the
axial ratios of elliptical inclusions and the orientation of cleavage planes
at 8 sites around the granite margin. Measurements of A.M.S. were made on 73
specimens using a Schonstedt spinner magnetometer. A.M.S. measurements are
shown to provide accurate predictions of cleavage and lineation directions,
even where these structures are difficult to measure in the field. The strain
and A.M.S. ellipsoids show similar regional .variations in shape and
intensity, and a good correlation between the lengths of the principal axes.
Finally, our data are consistent with the hypothesis that the Flamanville
granite was syntectonically emplaced during late stages of the Hercynian
orogeny.

INTRODUCTION

The Flamanville granitic pluton was 1intruded into an Upper
Proterozoic-Lower Paleozoic basement during the late phases of the Hercynian
orogeny. Whereas the pluton shows no sign of deformation in its central part,
there is a clear structural foliation parallel to the margins, suggesting
these severely deformed during emplacement. The pluton has been the object of
structural studies by Martin (1953), Ledru and Brun (1977) and Brun (1981).
A paleomagnetic reconnaissance by Van der Voo and Klootwijk (1972) yielded
AMS results with a good fit between principal directions of AMS and strain.
This encouraged us to perform a more detailed study. The occurence of
deformed xenoliths (Martin, 1953) allowed us to estimate strain intensity and
thus to attempt to correlate the strain and susceptibility ellipsoids
quantitatively, following similar works by others (Kneen, 1976; Wood et al.,
1976; Hrouda, 1979; Rathore, 1979; Kligfield et al., 1981, 1983; amongst
others). The purpose of this paper is therefore to report new structural and
magnetic data we obtained on this pluton and to discuss their relationships
and implications with respect to its emplacement.

GEOLOGICAL SETTING AND SAMPLING SITES.

Being intrusive in the Paleozoic formations of the Siouville syncline in
Normandy, France ( Fig. 1), the granite massif of Flamanville was at first
considered as ending the Hercynian structural history of the region (Martin,
1953). However, a detailed study of cleavage development in the Siouville
syncline (Ledru and Brum, 1977) has shown that it is controlled by the
thermal anomaly due to granite intrusion. Regionally, the cleavage
trajectories trend E-W in the country rocks, but locally they bend around the
margins of the Flamanville pluton. The locally subcircular cleavage pattern
grades into the regional schistosity, except at one locality, weast of the
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pluton, where there is an isotropic point, or triple point, of cleavage
directions (i.e. a point of no finite strain; Ramsay, 1967; Brun, 1983), By
symmetry, & second triple point is probably situated offshore, west of the
granite. The structural and metamorphic data are interpreted as resulting
from the interference of two synchronous processes, diapiric emplacement of
granite and Hercynian regional deformation.

In the granite, there is a steeply dipping planar foliation parallel to
the margins, except in the southern part, where foliation surfaces crosscut
the contact with the country rocks. According to Martin (1953), the foliation
is mainly due to coplanar orientation of mafic minerals. Nine sampling sites
(A to I ; Fig.1) were chosen around the well-exposed western border of the
massif, at localities where markers were available for strain measurement.

t] Flamanville granite
| Silurian & Devonian

{E— Upper
% Middle » Ordovician

Lower

E Cambrian

Fig. 1 ~ prer : location map of +the Flamanville area in the Armorican
- Maegsif, Normandy, France. Lower : Schematic geolog;cal map of the
Flamanville massif. Dots labelled A 2o I are the sampling sites of this

study.
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STRAIN ESTIMATES.

At each site (except &), xenoliths systematically show ellipsoidal
shapes, their long axes lying within the foliation surfaces. The xenoliths
were uéed to estimate a mean finite strain at site scale. As noted by Martin
(1953), long axes of inclusions tend to lie at random in the flattening plane
(A Az) and it was therefore difficult (in some sites, impossible) to
determine the stretching direction 1in this plane. Nevertheless,since the
lineation in the country rocks is almost horizontal (Brun, 1881), and the
granite appears to be syntectonic, the stretching lineation in the granite
was assumed to have the same shallow plunge, for the purposes of field
measurement. We generally considered subhorizontal joint planes,
perpendicular to the foliation planes (AqA2) ., as being the A1X3 planes and
the subvertical ones, perpendicular to the two others, as the AoAs planes.
Moreover, the foliation plane was not always a plane of easy splitting
(particularly in site G) and 2 measure of this plane may not be as accurate
as desirable. The mean axial ratios of the elliptical inclusions has been
estimated from arithmetic means of the measurements within each of the
principal planes. Declination and inclination of stretching ( Xq) and
shortening ( A3) directions, mean axial ratios .and strain parameters are
listed in Table I. Foliation planes represented by their poles in fig. 2a,
strike parallel to the wall of the body and systematically dip towards the
centre of the massif. 1In all the sites, the strain ellipsoid is of the
flattening type with low values of shape parameter K (Flinn, 1965), close to
an oblate strain ellipsoid.

>\1/>\2

CONSTRICTION
K>1.
FLATTENING
K<1
C;.ﬁ] OB A
A D W
2 3 4
Fig. 2 - Strzin data :(a) Stereoplots in the lower hemisphere showing the

orientation of the mean poles to cleavage (A ?). (b Flinn diagram
(1965) of the mean strains of sites A to I. K = (Aq/A2=1)/(A2/A3-1).
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ANISOTROPY OF MAGNETIC SUSCEPTIBILITY (A.M.S.).

Measurements of A.M.S.

The A.M.S. measurements were made with a Schonstedt spinner
magnetometer, in the manner described by Collinson (1983) : a 40 A/m vertical
field is applied to the spinning sample, whilst the horizontal fluxgate
measures the component of magnetization perpendicular to the field and the
spinning axis. The magnetization measured is due to both remanent
magnetization and anisotropic induced magnetization. The periodic signal is
sampled 8 times during each spin and the data are transferred to a PDP 11
micro-computer for reduction. By combining the 8 readings, both remanent and
induced magnetization components can be estimated since they have different
periodicities. Accumulation of results from several spins controls the signal
to noise ratios for both magnetizations.In order +to fully determine the

VFG 102

= K max
s Kint
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This study Van der Voo & Klootwijk (1972)

Fig. 3 - Orientation of the principal susceptibility axes of two individual
specimens (from different localities) measured after successive steps
of A.F. demagnetization. Left: this study, measurements made with a
spinner magretometer. Right: results obtained by Van der Voo and
Klootwijk (1872, Fig. 6b) by measuring with an astatic magnetometer.
Stereographic projections. Closed (open) symbols : projection in the
lower (upper) hemisphere. Squares: kmax. Triangles: kint. Circles: kmin
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susceptibility tensor, kzz (i.e. the susceptibility along the Z-axis of the
sample) is measured with a susceptibility meter (Digico or Bartington).

A more difficult problem 1is the <c¢alibration of the Schonstedt
magnetometer, especially since electronic amplification and filtering produce
phase offset and amplitude attenuation which are frequency dependent. For our
study, the magnetometer was calibrated using an artificial sample, composed
of iron needles, carefully oriented along the sample axes of a wooden
cylinder. The sample was measured along these axes using the Bartington
susceptibility meter, and the wvalues obtained were used to calibrate the
Schonstedt magnetometer.

Finally, to <check the influence of remanent magnetization on our
results, we have progressively demagnetized some samples, using alternating
fields up to 100 mT and measuring A.M.S. at each step. We have observed no
variation of A.M.S. during each entire experiment (Fig.3, left) and we
conclude, therefore, that A.M.S. measurements with the Schonstedt are not
significantly perturbed by the second harmonic of the remanent magnetization
signal, as suggested by Collinson (1983). Such was not the case for the
results of Van der Voo and Klootwijk (1972) (Fig.3 right) who used an astatic
magnetometer, and we can therefore consider our apparatus as being at least
as accurate as the astatic magnetometer when dealing with fairly intense
anisotropic induced magnetization. However, the measurement of low
susceptibilities or low anisotropy has proved to be impossible, due to the
effect of sample shape when the sample 1is too close to the fluxgate sensor.
The measured signal should be strong enough to be detectable when the sample
is at a distance of at least +two or three times 1its diameter from the
fluxgate.

Results.

In the nine sites distributed around the granite body, 66 cores with a
diameter of 25mm and 60 to 100mm long were drilled and oriented in situ,
using magnetic and sun compasses. The cores were cut 1in the laboratory to
yield 93 samples, with standard shapes of 25 mm diameter x 24 mm length. The
kzz component of the susceptibility tensor of these specimens was measured
using a Digico bulk susceptibility meter. Twenty specimens were eliminated
from the A.M.S. measurements because their low volume susceptibility
(<10-351= 10-4G/0e cgs) was too weak to be measured with the spinner
magnetometer. All the specimens of site H are in this category, and we have
no results for this site. For the 73 remaining samples, the kzz component is
in the range 0.3-0.8 10-2 SI. The eigenvectors of the susceptibility tensor
give the orientation of the maximum (kmax), intermediate (kint) and minimum
(kmin) susceptibility axes, and its eigenvalues give the magnitude of kmax,
kint, kmin, from which are derived the shape and intensity parameters of the
ellipsoid. At each site, & mean susceptibility tensor has been computed by
summation of the n tensors measured. Diagonalization of this tensor provides
the mean directions and parameters which are shown in Table II.

In all specimens, the susceptibility ellipscid is triaxial and oblate
(Fig. 4a). There 1is a measurable ellipticity in the kmax.kint plane and,
thus, there is a magnetic lineation in this plane. The total degree of
anisotropy, expressed as % An = (kmax/kmin - 1) x 100, is high, ranging from
10 to 35% (Fig. 4b). These results are in good agreement with those cbtained
by Van der Voo and Klootwijk (1972). The principal directions of
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Fig. 4 - A.M.S. data: (a) Flinn diagram (1965) for all measured specimens.
P4 = kmax/kint , P3 = kint/kmin. (b) Frequency plot of the anisotropy
percentages for the 73 specimens. %An = (kmax/kmin - 1)*100.

Fig. 5 - Magnetic fabric data from the investigated sites. The best fit
kmax.kint planes are drawn, The dotted lines in the schematic map are
the cleavege trajectories (after Martin, 1953). Same symbols and
conventions as in Fig. 3
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susceptibility from each site are shown in figure 5. They show good
within-site consistency. The kmin axes are systematically inclined down to
the west (NW to SW) direction. The corresponding kmax.kint planes dip steeply
towards the centre and strike parallel to the margins of the pluton. The
magnetic lineation is well defined within each site, with a good cluster of
kmax directions in the kmax.kint plane. The plunge of the within-site mean
kmax axes progressively increases from north to south, from 15 to 55 .

Forty specimens out of these 73 were also measured using the Bartington
magnetic susceptibility meter. The measurements were made in six different
positions (three sample axes plus three diagonals), sufficient for the
susceptibility tensor to be westimated. No significant differences were
observed between the two data sets, on the basis of either shape and
intensity of susceptibility ellipsoids or directions of their axes.

CORRELATION OF STRAIN ELLIPSOID AND MAGNETIC SUSCEPTIBILITY ELLIPSOID.

As expected, both ellipsoids have similar orientations. The angle
between the pole to cleavage (A3, Table I) and the pole to the mean magnetic
foliation (kmin, Table II) is generally less than 10°, except at sites D and
G where this angle is greater than 20°. This is not surprising, since greater
difficulties were encountered at these sites in estimating the strike and dip
of the cleavage plane.

Although no clear stretching lineation is observable in the field, due
to the low M/A2 ratio displayed by the elliptical xenoliths, A.M.S.
measurements show a weak but well-defined magnetic lineation . The
within-site cluster uf the kmax directions (obvious in figure 5) together
with the non-random between-site distribution of these axes suggest they are
related to a structural lineation.

Following other studies, an attempt has been made to express the
magnetic anisotropy in quantitative terms of finite strain. From the
published case histories on this subject, two main expressions have been used
to correlate A.M.S. and strain. On the one hand, Kneen (1976), Wood et al.
(1976), Rathore (1979) and Rathore et al. (1983) favour the following
relationship:

ki/kp = ((1+eq)/(1+ep))X
ka/kz = ((1+e2)/(1+e3))X (1)

with various results for the value of exponent 'x'. On the other hand, Hrouda
(1979) and Kligfield et al. (1981, 1983) favour relationship of the form:

(ki-k2)/ko = y In[(1+eq)/(1+e5)
(ko-k3)/kg = y In ﬁ1+e2)/(1+e3ﬂ (2)

where kg is either (kq+kp+k3)/3 (Kligfield et al., 1981), or (kq1kpk3)1/3
(Kligfield et al., 1983).

The choice between these two sets of formulae is not straightforward,
since there does not appear to be any theoretical reason for preferring a
log/log relation rather than a linear/log relation or even a linear/linear
one. Furthermore, since we wusually deal with anisotropy lower than 30%, we
have (kq-kp)/kg = In(k4/kp) and (kp=-k3)/kg = In(kp/k3) (Hrouda, 1982). Thus,
both eXpressions are equivalent in the range of experimental error. We follow
Kligfield et al. (1983) in computing the linear regression between the
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Fig. 6 - Mean logarithmic strains (Ei) vs. mean principal susceptibility
differences (M;). Same symbols for kmax, kint, kmin as in figure 3. The
line represents the best fit line through the experimental points.
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logarithmic strains (&; = In (1+ey); i=1,2,3) and the related principal
susceptibility differences (Mj = (ki - kg)/ kg; kg = (kmax.kint.kmin)1/3; i =
1,2,3) (Fig.6). A strong positive correlation is obtained, €{ = 5.358 M; -
0.022, with a correlation coefficient r = 0.986 (n=21). In the ideal case,
the residual term (-0.022) should be zero, but it appears small enough to be
neglected. This correlation strongly suggests that A.M.S. ellipsoid shape and
intensity variations are directly related to strain variations. From the good
quality of this correlation, it seems therefore possible to estimate the
strain in any other point of the granite body even if there are no direct
strain markers.

Finally, the correlation between strain and A.M.S. intensities s
illustrated in figure 7, where strain intensity R and %An are plotted for the
various site locations around the quasi-circular western border of the
Flamanville granite. Strain intensity increases, from the Western border of
the body, towards either the north or the south. This strain gradient is
accompagnied by a similar variation in anisotropy of magnetic susceptibility
percentages. Note the lack of A.M.S. data at site H and of strain data at
site G. Although the two sites are different, each shows AMS or strain values
intermediate those of western and southern sites.

CONCLUSIONS.

From our study, we draw conclusions at two levels. First, strain tensor
and A.M.S. tensors may be correlated not only in the directions of their
eigenvectors but also in the variations of magnitude of their eigenvalues.
The A.M.S. technique is probably more accurate in the determination of the
flattening strain plane direction. Moreover, a consistent magnetic lineation
is found in each site, although it was not possible to find a well defined
stretching lineation in the field. The good correlation that exists between
the logarithmic strains and the principal susceptibility differences, shows
that the degree and shape of susceptibility anisotropy is controlled by
strain. It seems therefore possible to derive strain from A.M.S. measurements
in all points of the granite body. All these fit the well admitted idea that
A.M.S. not only provides a complementary tocl in structural analysis but may
be considered itself as a good strain marker, providing there is a minimum
number of classical strain markers to allow the correlation to be established
and controlled.

The geological interpretation of our data with respect to the
emplacement of +the Flamanville granite also supports the idea of a
syntectonic diapir proposed by Ledru and Brun (1977). The strain and
anisotropy percentage, as they increase from the western sites towards the
northern and southern borders of the pluton, probably result from the
superimposition of a N-S regional shortening (E-W regional schistosity) upon
a radial shortening due to ballooning during pluton emplacement (Brun, 1983).
The dip of the <cleavage towards the centre of the Flamanville pluton shows
that the current erosion surface 1is situated slightly below the plane of
maximum width of the body. The effect of diapiric emplacement alone should
have produced downdip stretching lineations in this zone (Brun, 1983). Here
too, our intermediate inclination of magnetic lineations may be the result of
the superimposition of a shallow regional stretching 1in the country rocks
(Brun, 1981) upon the downdip stretching produced by diapiric emplacement.
The structural and AMS studies reported here, thus provide additional
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Site shortening ()3) Stretching (A1) Principal strains Shape Intensity
De 1 De I . Ay Az s K R

A 328.0 10.0 237.0 7.0 1,725 1.360 0.426 0.123 3.459
B 327.0 14.0 57.0 0.0 1.704 1.184 0.495 0.316 2.829
c 268.0 10.0 358.0 0.0 1,552 1.081 0.595 0.532 2.252
D 247.0 6.0 337.5 0.0 1,434 1,181 0.590 0.214 2.214
E 252.0 135 342.0 0.0 1.361 1.346 . 0.545 0.007 2.478
F 2@9.5 11.0 323.0 17.0 1.561 1.108 0.578 0.446 2.326
G 213.5  .9.0 303.5 0.0 - - - - -

H 209.5 19,0 299.5 0.0 1.437 1.260 0.552 0.110 2.423
I -199.5 18.0 100.0 27.5 1.569 1.472 0.433 0.027 3.468

Table I: Mean site strain data for the Flamanville granite. Shortening and
Stretching down=-plunge directions are given by their declination (De)
and inclination (I). Principal strains Aj are 1+e; where ej is the
elongation along each axis. Strains are computed ,L assuming no volume
change, i.e. A4.A7.A3=1. Shape (Flinn, 1965) is K=(A1/A2-1)/(A2/4 3-1).
Intensity (Watterson, 1968) is R=A4/A24d5/43-1.

I

Site N _ Kmax Kmin Pl P2 %An Principal susceptibility
X difference
De 1 De I

M1 M2 M3
A 7 65.0 14.4 332.1 11.2 1.078 1.221 31.6 0.124 0.042 - 0.146
B 4 62.7 -3.8 333.6 13.3 1.082 1.169 26.5 0.110 0.026 - 0.122
c 11 - 9.9 33.2 274.5 8.1 1.066 1.128 20.3 0.087 0.019 - 0.097
] 8 3.4 36.1 267.3 8.4 1.047 1.158 21.2 0.083 0.034 - 0.107
3 10 357.4 38.2 25976 9.7 1.069 1,143 22.2 0.093 0.023 - 0.105
F 10 340.5 45.0  234.8 15.2 1.060 1,125 19.3 0.081 0.020 - 0.093
G 14 342.2 34,5 238.6 18.8 1.042 1.107 15.3 0.063 0.020 - 0.078
I 9 296.2 54,7 196.8 6.6 1.060 1.212 26.1 0.094 0.052 - 0.132

Table 1I: Mean site A.M.S5. data for the Flamanville granite. N is the number
0T susceptibility ellipsoid determinations in each site. Direction of
principal susceptibility axes (kmax, kmin) is given by declination (De)
and inclination (I). Pt=kmax/kint, P3=k17t/kmin. %An=(kmax/kmin-1)*100.
Mi=(kj-kg)/kg with kg=(kmax.kint.kmin)1/3, i=1, 2, 3 = kmax, kint,
kmin.
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TRM DEVIATIONS IN ANISOTROPIC ASSEMBLAGES OF MULTIDOMAIN MAGNETITE.

J.P. Cogné. Laboratoire de Gé&ophysique Interne, CAESS, Campus de Beaulieu,
Université de Rennes 1, 35042 Rennes Cedex, France.

Short Title: AMS induced TRM deviations.

Summary.

Anisotropic assemblages of multidomain magnetite particles develop an
anisotropy of magnetic susceptibility (AMS), which in turn induces deviations
of thermo-remanent magnetization (TRM) from the field direction. From the
theories of multidomain TRM acquisition, it is shown that the TRM anisotropy
tensor has its eigenvalue ratios (T;j) related to the principal weak-field
susceptibility ratios (Pj) by the order of magnitude TiﬂﬁPiz. This relation
has been experimentally verified on +two sets of highly anisotropic rock
samples. The exponent has been determined to be 1.94 in the samples from a
Peruvian gabbro, and 1.81 1in those from the granite of Flamanville (NW
France). Accounting for experimental difficulties in determining the TRM
anisotropy tensers, these exponents are judged to agree well with the
expected one., It is therefore stressed that AMS measurements provide a good
means of evaluating the magnetic field direction from deviated TRM
directions, providing magnetic carriers are mainly multidomain magnetites.

Key words: magnetic susceptibility anisotropy, TRM anisotropy,
paleomagnetism, anisotropic rocks.

1 - Introduction.

The anisotropy of the magnetic susceptibility (AMS) induced by the
preferred orientation of magnetic minerals within anisotropic rocks is a well
known phenomenon. This has been the subject of considerable study, mainly in
order to relate this physical property of geological materials with crustal
strain processes (see Hrouda 1982, for a review). On the other hand, very
little 1is known about the effect of AMS upon remanent magnetization
acquisition, and in particular, about the thermoremanent magnetization (TRM)
deviations due to anisotropy from the ambient field. As a matter of fact,
most paleomagnetic 1investigations have until recently been made on
unmetamorphosed essentially isotropic rocks, and therefore this problem has
not been considered as critical. However, in order to determine
quantitatively the kinematics of orogenic belts, paleomagnetic studies have
recently been extended to deformed regions, and it becomes necessary to
obtain paleomagnetic results from rock units which can have suffered from
appreciable strain processes. Since strain is obviously a major cause of
remanent vector deviations, our understanding of the effects of strain upon
remanent magnetization must be developed. This problem can be separated into
two main aspects, depending upon the relative chronology between
magnetization acquisition and deformation of the rock unit.

Qur aim in this paper is to estimate the deviations of a TRM acquired by
anisotropic rocks (that is to say, where strain processes predate
magnetization acquisition), where the magnetic carriers are predominantly
multidomain magnetite grains. From the currently accepted TRM acquisition
theory in multidomain magnetite assemblages, it is shown <that the order of
magnitude of the eigenvalue ratios of the TRM anisotropy temsor can be
derived from the weak field AMS measurements. This 1is then experimentally
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verified by giving TRM to 2 sets of anisotropic specimens from a granite and
a gabbro, where the magnetic mineralogy has been checked. The positive
results of the experiments suggest the possibility of wusing deviated TRM
directions in order to recover the field direction within natural anisotropic
rock units.

2 - Theoretical basis.

Following the notation of Schmidt & Clark (1985), the <thermoremanent
magnetization in isotropic assemblages of multidomain magnetite-bearing rocks
may be taken to be of the form:

JrpM(To)= JTRM{(Tb).Jg(T0)/Js(Tb) . [1+Nxj(To)]-1 (1)

where

- Jrrm{Tb) is the magnetization at blocking temperature.

- Jg(To)/Jdg(Tb) is the ratio of the spontaneous magnetizations at room
viz. blocking temperatures

- %{ is the intrinsic susceptibility

- N is the demagnetizing factor; this parameter depends upon the shape
of the body, and is isotropic for a sphere.

An equivalent expression 1is given by Stacey & Banerjee (1974) with

JTrM{Tb)=H/N where H is the inducing field at the blocking temperature.
Equation (1) then becomes:

JTRM(To)=[N=1 . (1+N%i)=1.35(To0)/Jg(Tb)J.H (2)

Thus, weak field remanence can be regarded as proportionnal to the
applied field. If now, the grain assemblage becomes anisotropic, that is, for
example, if there exists a preferred orientation of the long axes of
elongated magnetite grains, the magnetization strength will be directionally
dependent within the rock specimen. Therefore, the TRM components in a given
cartesian frame can be expressed as a function of magnetic field components,
and (2) rewritten as:

Jj = Mij Hj i, j = 1.2,3 (3)

where Mjj is a 3 x 3 second order symmetrical cartesian tensor, which will be
called the TRM anisotropy tensor, and the eigenvalues: of which have a form
analogous to {(2):

Mj =Nj= b (14Nj%i)=1.35(Tc)/Js(Tb) i=1,2,3 (4)

(Note that index "i" for « stands for intrinsic susceptibility)
Following the concept of Stacey & Banerjee (1974) of the equivalent
ellipsoid, that is the ellipsdid which would have the net anisotropy of the
grains assemblage under consideration, Nj is the demagnetizing factor along
the jth principal direction of this anisotropic assemblage.
Multiplying (4) by «j/%j, this may be rewritten as

4 %; 4
My = i s % Js (Te) / 3 (Tb)l (5)
%L

I+ Ni=, is the apparent susceptibility kj. For high intrinsic
susceptibility %j, which is the case of magnetite, the value of the apparent
susceptibility k approaches 1/N, that is

,%-} (6)
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therefore, (5) becomes

Mpox ki [%-Is (T)/ Js (Th)] (%)

The ratio of spontaneous magnetizations Js(To}/Jdg(Tb), as well as the
intrinsic susceptibility xj, are intrinsic properties of the magnetite grain
assemblage being considered and thus are not directionally dependent.
Therefore, if we take any pair of eigenvalues of the tensor Mij, we should

have M; (ki 2
w7 o G

This last equation means that, under the assumption that both anisotropy
of magnetic susceptibility (AMS) and thermoremanent magnetization (TRM) are
due to polydomain magnetite assemblages in a rock, the measurement of weak
field AMS allows an easy estimation of the order of magnitude of the TRM
anisotropy eigenvalue ratios, their eigenvectors being identical.

Then, by normalizing these eigenvalues, for example by the sum My+Mpo+M3,
it is possible to construct a normalized TRM anisotropy tensor equal to Mij
of expression (3) except for an unknown multiplicative constant. Note that
the change in direction of an initial vector (say Hj) to a final one (Jj) is
governed by the eigenvalue ratios of the tensor, while the change of modulus
is controlled by the eigenvalue magnitudes. Therefore, since the aim of this
work Is to estimate a field direction H from deviated TRM directions, and not
the strength of the field in itself, the unknown constant may be neglected
and will not be taken into consideration in the following.

3 - Discussion.

All the above developments are based upon two main assumptions. The first
one is that kax1/N (equation 6). This approximation mainly relies on the
approximation that Nxj 1 at all temperatures. After Schmidt & Clark (1985),
the value of % for SO/Um magnetite grains can be estimated to be %i~17 at
room temperature, and increases by a factor ~90 by heating at 470°C.
Therefore, the above approximation appears qui;e correct. The second
assumption, which derives from the first one, 1is that the apparent
susceptibility ratios ki/kj are weakiy dependent upon temperature, allowing
tc make the final approximation: 2

Nj. (24+Npxi) (ka)

Ni.(1+¢Nizi) ki
where kj are measured at room temperature. In order to check the discrepancy
between apparent susceptibility ratios at room and high temperature, we have
computed these ratios, depending upon the demagnetizing factor ratios Ny /Nx
for perfectly oblate and prolate ellipsoids. In an ellipsoid of revolution,
Ne=0.5(1- Np) (Collinson, 1983), where Ne (Np) is the equatorial (polar)
demagnetizing factor. Using this relationship, values of kmax/kmin have been
calculated as (1+Nyxj)/{1+Nyxj), where Nx 1is the equatorial (polar)
demagnetizing factor in the case of prolate (oblate) ellipsoid, and %{ the
Intrinsic susceptibility. We have used intrinsic susceptibility values of 17
and 1270 (SI) at respectively room and 470° C temperatures, as estimated by
Schmidt & Clark (1985) for 50 Am multidomain magnetite. Results are
illustrated in figure 1. As can be seen in this figure, at the reasonably
high value of kmax/kmin(To) of 1,5 (that is, 50% of magnetic susceptibility
anisotropy) the value at 470°C should be about 1.6, an increase of only 7%,
in both the prolate and oblate case. It seems therefore that the
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2__L<x/ky
Xi=1270
prolate oblate
Xi=17
2 | 1 Ny/Nx 2

Fig. 1 - Curves of principal susceptibility ratios vs. shape factor ratios
for prolate and oblate ellipsoids of revolution. Heavy (light) curve for
intrinsic susceptibility %3 = 17 (1270). Data for intrinsic susceptibility
are after Schmidt & Clark %1985).
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approximation of temperature independence of the susceptibility ratios should
be correct in the range of experimental determinations of anisotropy induced
TRM deviations.

It can be further noted that expressions (3) an (8) are nothing but a 3-D
development of some expressions that can be found, for example, in a slightly
different form in Nagata (1961%; p.174). This author constructed a 2-D curve
of TRM deviations as a function of susceptibility ratios, from an
approximation similar to M{/Mpa (kq/kp)2. It appeared to be in fair agreement
with the experimental data of Uyeda et al. (1963), obtained by giving a TRM
to discs of polycrystalline magnetite with varied dimension ratios.

In order to check the relations (3) and (8), a series of experimental
tests has been carried on two sets of polydomain magnetite-bearing
anisotropic rock samples.

4. Experimental tests.
4 .1 TECHNIQUES AND PROCEDURES.

Two sets of 12 specimens of rock samples from the Flamanville granite
(NW France) and a Peruvian gabbro, were given a TRM along each of ‘three
perpendicular axes in the specimen, in a manner similar to that described by
Stephenson et al. (1986). The cartesian components of each TRM then measured
give a line of the TRM anisotropy tensor, i.e.

Field along X axis gives Mxx Mxy Mxz
n tr Y " n Myx Myy Myz
" " z " " Mzx Mzy Mzz

In order to avoid as far as possible chemical changes during successive
heating steps, the specimens were heated under a vacuum lower than 10-2 Torr,
using the paleointensity ovens system described by Salis (1986). A complete
TRM acquisition in one direction of the sample 1is achieved by heating it
above its Curie point, here 640°C, and then by cooling it in a <controlled
magnetic field of Go/ﬂ, the order of magnitude of the Earth Magnetic Field.
The complete TRM acquired successively along the X, Y and Z axes was repeated
along -X, -Y, -Z.. This allowed a test of the stability of TRM acquisition

during the six heating steps. Furthermore, this provides twc estimates of the -

diagonal terms of ‘tensor M and four estimates of the non diagonal,
symmetrical terms, allowing an averaging of the specimen axes orientation
error which has been estimated to be typically £ 5°,

TRM acquired at each step was measured using a Digico <spinner
magnetometer, and the magnetic mineralogy stability was checked by measuring
the stability of the weak-field room-temperature magnetic susceptibility
anisotropy between each step. This was measured using a Bartington-MS2
susceptibility meter with a special sample holder allowing various position
of the sample in the sensor.

The magnetic mineralogy was checked by Curie point determinations of the
corresponding rock powders, wusing a computer-monitored vertical high-field
Curie balance. Here too, the experiments were made under a vacuum lower than
10-2 Torr, the powders being placed into sealed quartz 1 cm3 containers. All
the thermomagnetic curves presented below are <corrected for various
parameters such as diamagnetic susceptibility of the quartz containers,
thermal modification of heated air buoyancy, and room temperature. Also low
field, low temperature susceptibility measurements were made to check the
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Fig. 2 - Thermomagnetic (a) and low temperature susceptibility (b) '
for the Peruvian gabbro specimens. In (a), F is the fiel 3 indicate
heating and cooling. d, arrows indicate
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Fig. 3 - Comparison of TRM anisotropy and AMS in the Peruvian gabbro.
Left: logarithms of TRM anisotropy eigenvalue ratios (Ti) vs. logarithms of
principal susceptibility ratios (Pi). The best-fit line over the experimental
points is drawn, and regression coefficients are given. Squares: max/min
ratios; circles: int/min; triangles: max/int. Right: equal area projections
in the lower hemisphere, for 3 specimens, of the principal susceptibilities
(open symbols) with their ellipses of 95% confidence (after Jelinek 1978),
and TRM anisotropy tensor eijgenvalues (closed symbols). Squares: maximum
values; triangles: intermediate; circles: minimum.
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domain state of the magnetites. Some standard cylindrical paleomagnetic rock
specimens were plunged into liquid nitrogen after they had been embedded in a
magnetically emorphous silicone matrix, in order to place a thermocouple in 2
fixed position along the specimen surface and to provide a minimum thermal
insulation of the sample periphery. After about 1 hour of <cooling, the
specimens were allowed to reheat to room temperature. Susceptibility changes
with temperature were then continuously {about one susceptibility and one
temperature sampling per 2s) measured with the Bartington MS2 susceptibility
meter coupled to a computer. The results of these tests are the following.

4,2 THE GABBROS
The typical thermomagnetic and low temperature susceptibility curves for
these specimens are drawn in fig.2. The decay of saturation magnetization
(fig.2a) points to a Curie point of about 5600C, close to the pure magnetite
Curie temperature. On the other hand no paramagnetism is observable. The low
temperature susceptibility curve (fig.2b) shows a peak at about -1400¢C,
which is described by Senanayake & McElhinny (1981, 1982) as characteristic
of samples containing predominantly multidomain pure magnetite or
magnetite-rich titanomagnetites (x<0.15).
Measurements of the anisotropy of magnetic susceptibility give high bulk
susceptibilities, in the range of 3 to 10.10-2SI (in dimensionless volumetric
SI units). This value is high enough for the influence of any paramagnetic
components to be neglected. The anisotropy 1is high, with anisotropy
percentages, defined as (kmax/kmin-1) x 100, of 18 to 25%. The anisotropy of
magnetic susceptibility remains stable after the successive heating steps.
From the twelve determinations of TRM anisotropy tensors, five were rejected
on the basis of excessive chemical change during heating, which leads to
incompatibilities between the two determinations of each TRM anisotropy
tensor (different values for diagonal terms, different eigenvectors for the
two tensors etc...). For the seven remaining specimens, the TRM anisotropy
tensor has been determined by averaging the two estimates. The eigenvectors
of this tensor fit the -eigenvectors of the mean AMS tensor within a few
degrees, as shown in the three examples of figure 3 (right). In this figure,
the mean AMS tensor eigenvectors are represented with their ellipses of 95%
confidence, following the second order tensor statistics of Jelinek (1978),
derived from Hext (1963). The eigenvalues of AMS and TRM anisotropy tensors
are displayed in Table 1. The estimation of the exponent of the power law (8)
established above, has been done by computing the linear regression between
In(Pj) and In{Tj) (fig. 3;left). P; are : Pi=ky/ko, Pp=ky/k3, P3=ka/k3 ; Tj
are : Tqy=M{/Mp, Tp=My/M3, T3=Mp/M3, where the indices 1, 2, 3 in k and M,
indicate maximum, intermediate and minimum values respectively.
The parameters appear to correlate strongly (r=0,907) and the regression
line is
In(Pj) = 0.515 In(T{) + 0.014,

In the exponential form, this expression becomes
Ti = (1.0072 p;)1.94

which can be approximated as
Ti  Pj1.94

From this example, the theoretical relations (3) and (8) are therefore
experimentally well verified.
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Fig. 4 - Thermomagnetic (a) and low temperature susceptibility (b)
for the Flamanville granite specimens. In both thermomagnetic curves

is the field, arrows indicate heating and cooling.
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samples. Same diagrams, symbols and conventions as

T T

S| v s2vrs oy v e e

o




85

4.3 THE FLAMANVILLE GRANITE

The series of tests conducted on the specimens of the highly anisotropic
granite of Flamanville (Van der Voo & Klootwijk 1972; Cogné & Perroud in
press) is the same as in the previous case. The Curie balance experiments
give thermomagnetic curves (fig.4a) showing Curie points at about 560° C,
close to the Curie point of pure magnetite. One further observation can be
done on these curves. While in some cases, they show a perfect reversibility
in cooling down to the room temperature (fig.4a, spec. FE 14), this is
generally not the case (fig. 4a, spec FF 39). This indicates slight chemical
or physical changes produced in the rccks by heating. The low-temperature
susceptibility curves (fig. 4b) show a less typical path than in the previous
case. However, the susceptibility peak at -140°C remains and it is therefore
inferred that the ferromagnetic phase 1in these rocks 1is dominated by
multidomain magnetites.

The anisotropy of the magnetic susceptibility in the Flamanville granite
has been the subject of regional studies (Van der Voo & Klootwijk 1972; Cogné
& Perroud in press). They have shown that apparent susceptibilities are high
(0.3 - 0.8 10-2 SI) and that preferred orientation of elongated magnetite
grains develop a strong anisotropy of magnetic susceptibility, with
anisotropy percentages ranging from 15 to 35%. It can be further noted that
the AMS ellipsoids are all of the flattened type with, in general, weak ky/kp
ratios.

Due to the chemical or physical modifications of the magnetic content of
the rocks during heating which have affected a number of our specimens, a
good TRM anisotropy estimation was obtained on only five of them. The
comparison of the eigenvectors of AMS and TRM anisotropy tensors in each
specimen is illustrated by three examples in fig.5 (right). What is obvious
in this figure 1is that only k3 and M3 fit well, kg, kp, My and Mo  being
distributed in the perpendicular plane. Due to the low k¢/kz ratios, well
illustrated by the elongated shape of the ellipses of 95% confidence in spec.
FD 30 of fig.5, it is however assumed that the AMS and TRM anisotropy tensors
do not significantly differ in their principal directions. The eigenvalues of
both tensors are displayed in Table 2. As in the previous case, the linear
regression has been computed between the logarithm of principal
susceptibility ratios (Pj) and the iogarithm of the TRM anisotropy eigenvalue
ratios (Tj) (fig. 5; left). These parameters strongly correlate, with r =
0.971 and the equation of the best fit line is found as

In(P{) = 0.553 In(T;) + 0.0078
This can be rearranged as

Ti = (1.0043 py)1.81
and approximated as

T % pi1.81

Here too, the experimental determination of exponent 1.81, appears well
consistent with the theoretical quadratic relationship (8).

5. Conclusion.

Although limited to the case of multidomain magnetite-bearing rocks, the
above development shows that TRM deviations in such anisotropic rocks can
easily be estimated by measuring their anisotropy of initial magnetic
susceptibility. Indeed, the established gquadratic relationship between the
eigenvalue ratios is an approximation, and this cannot be considered as an
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exact theoretical contribution to the theories of multidomain TRM processes.
However, the tests carried out on natural anisotropic rock specimens show
that the experimentally determined exponents fit quite well with the expected
one. We therefore stress that (1) multidomain TRM can be significantly
deviated from the ambient field where it is acquired ; (2} a systematic check
for anisotropy state by measurement of AMS is desirable when
paleomagnetically studying rock wunits within strained regions ; (3) these
measurements should allow estimates of TRM deviations, and (4) it is
therefore possible to compute a reliable field direction from such deviated
TRM directions by using an inverse TRM anisotropy tensor estimated from the
AMS tensor determinations.

In order to check how far this correction can be conveniently applied in
practice, a paleomagnetic study of the anisotropic granite of Flamanville
(NW France) is planned.
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No TRM (A/m) aMs (x10-1 s1)

M M2 M3 k3 k2 k3
4404C  10.092 8.846 7,427 0.425 0.393  0.342
4407C  13.533 11.457 8.620 0.775 0.736 0.611
4410D  29.467 26.510 23.089 1.088 1.046 0,943
45010  21.710 18.118 14.642 0.850 0.762 0.692
4503C 19,253 16.335 14.174 0.933  0.844 0.761
4504C 20,009 16,729 15.004 0.812 0,744 0.679
4510C  18.152 14.598 11.708 0.756 0.676 0.611

Table 1. TRM anisotropy and AMS data for the Peruvian gabbro specimens. My,
M2, M3 are the TRM anisotropy eigenvalues. These are the magnetization
components in A/m along the three principal axes, acquired by cooling in vacuum
from 640°C down to room temperature, in s 60/dr field. kj, k2, k3 are the mean
principal susceptibilities, obtained by 6 measurements, one between each

heating step.

No TRM (x10-1 Afm) AMS (x10-2 s1)

M M2 M3 13} k2 k3

FAQ4B 9.529 7.705 5.422 1.366  1.230 0.965
FB09A 11.376  9.767 6.572 l.414 1.314 1.061
FC24 10.045 9.114  7.262 0.834 0.784 0.680
FD30aA 2.171  2.131  1.574 0.795 0.777 0.653
FF37a 4,729 4,237  3.776 0.503 0.482 0.437

Table 2. TRM anisotropy and AMS data for the Flamanville granite specimens.

Same legend as in Table 1.
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ANNEXE 3,

J.P. COGNE. Strain-induced AMS in the granite of Flamanville
and its effects upon TRM acquisition. Accepté & Geophys.
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STRAIN-INDUCED AMS IN THE GRANITE OF FLAMANVILLE
AND ITS EFFECTS UPON TRM ACQUISITION.

J.P. COGNE. C.A.E.S.S., Laboratoire de Géophysique Interne, Université de
Rennes 1, 35042 Rennes-Cedex, France.

Abbreviated title: AMS and TRM in the Flamanville granite.

Summary. A palaeomagnetic study of the Carboniferous granite of
Flamanville (NW France) has been conducted in order (1) to examine the
possible deviating effects of the anisotropy of magnetic susceptibility (AMS)
upon TRM acquisition in strained rocks, and (2) to test the possibility of
correcting these deviations by wusing the relationships between AMS and TRM
anisotropy tensors previously propcsed for multidomain TRM (Cogné 1987). In
each of the 9 sampled sites, a weak TRM is recovered, after thermal and AF
cleaning, from a strong present-day field VRM overprinting. This TRM,
predominantly carried by multidomain magnetite, is consistent with the known
Carboniferous magnetic field direction in the Armorican Massif. However, TRM
mean-site declinations present a large between-site dispersion, which is
shown to be related to a deviating effect of AMS in each site. An attempt is
thus made to correct for these deviations by using the inverse TRM anisotropy
tensor deduced from AMS measurements. This clusters the data, and allows a
paleofield direction to be defined with better accuracy. The result obtained
is D=2050 1=180 K g5=5.50, Finally, we emphasize the possibility of wusing
deviated TRM acguired by anisotropic rocks within strained regions, in order
to compute a reliable paleofield direction.

Key words: Strain, anisotropy, susceptibility, remanent magnetization,
palaeomagnetism,

1. Introduction.

During the last decade, palaeomagnetism has been recognized as a
powerfull tool with which to study the tectonic history of orogenic belts
(Van der Voo & Chanell 1980). This recognition was accompanied by
improvements in the methods of studying rock magnetization, including
multicomponent magnetization analysis, K-Ar dating of components, rock
magnetism experiments etc... Until recently these developments were focused
on the remagnetization effects of metamorphism or reheating of rock wunits,
and on the mean of recovering primary magnetization directions in such
materials. However, one of the more difficult problems, and perhaps at
present the less studied, is the problem of the effects of deformation upon
the orientation of palaeomagnetic vectors. This has two main aspects,
depending upon the relative chronology between deformation and magnetization
acquisition ages. The questions are (1) of what is the effect of deformation
upon a predating (primary) magnetization direction and (2) by how much a
magnetization acquired by anisotropic strained rocks can be deviated from the
ambient magnetic field.

In partial answer to the first question, the effects of deformation upon
primary pretectonic magnetization have recently been described within some
deformed redbeds, or by the way of numerical simulétions (Cogné & Perroud
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1985, Cogné et al. 1986). A new method of unstraining palaeomagnetic vectors
has been proposed by Cogné & Perroud (1985).

The second aspect of the problem has so far been less studied. It s
well established that magnetic anisotropy due to particle alignment may cause
the natural remanent magnetization (NRM) of rocks to be deflected away from
the field direction when remanence is acquired (Nagata 1961, Uyeda et al.
1963, Fuller 1963). For this reason, strongly anisotropic rocks are generally
avoided for palaeomagnetic studies. Stephenson et al. (1986) have established
theoretical relationships between the anisotropies of magnetic susceptibility
(AMS), thermoremanent magnetization (TRM) and isothermal remanent
magnetization (IRM). Restricting ourselves to the case of TRM in multidomain
magnetite-bearing rocks, we have shown that TRM and susceptibility anisotropy
tensors are simply related by a quadratic relationship between the ratios of
their eigenvalues (Cogné 1987). This theoretical vrelationship has been
verified by experiments on anisotropic rock samples.

In order to study the deviations of TRM from the ambient field in a
naturally anisotropic rock wunit, and to emphasize the possibility of
computing a reliable field direction from such deviated remanence directions,
a joint study of strain, anisotropy of magnetic susceptibility, and remanence
has been conducted in the Hercynian granite of Flamanville (France).

2. Geological setting and sampling sites.

The Carboniferous (308*07 Ma, Vidal 1980) Flamanville granitic pluton
was intruded into the Paleozoic formations of the Siouville syncline in
Normandy, France (Fig.1). At first considered as ending the Hercynian
structural history of the region (Martin 1953), this pluton has been shown to
be syntectonic by Ledru & Brun (1977), and Brun (1981). Their detailed study
of the Siouville syncline has shown that the cleavage development in the
country rocks is controlled by the thermal anomaly due to granite intrusion.
The regionally E-W trending cleavage trajectories bend around the margins of
the Flamanville pluton. The locally subcircular cleavage pattern grades into
the regional schistosity except at a triple point of cleavage direction (i.e.
a point of no finite strain ; Ramsay 1967) situated east of the pluton. These
features were interpreted by Brun (1981) as resulting from the interference
of synchronous diapiric emplacement and Hercynian regional deformation.

In the granite itself, there is a steeply dipping foliation plane
parallel to the pluton margin, except 1in the southern part, where foliation
crosscuts the contact with the country rocks. Mainly due to the coplanar
orientation of mafic minerals (Martin 1953), the foliation induces an
anisotropy of the magnetic susceptibility (AMS). This was first studied by
Van der Voo & Klootwijk (1972) who have shown that anisotropy percentages are
high and that the magnetic foliation plane (kyko plane) is parallel to the
granite margins. In our study of AMS and strain relationships in this granite
(Cogné & Perroud 1987), we found that strain (as estimated from elliptical
xenoliths measurements in the field) and AMS ellipsoids are related not only
in the direction, but also 1in the magnitude of their principal axes.
Additionally, we showed the existence of a strain gradient from the western
border of the granitic body towards the northern and southern ones,
accompanied by similar variations of AMS intensities. We concluded that this
was consistent with a synchronism of regional deformation and diapiric
emplacement of the pluton.

The sampling sites of the present study are the same as in the previous
one (Cogné & Perroud 1987): ¢ sites (A to I, Fig.1) have been sampled around
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the well-exposed western border of the pluton. 66 cores were sampled using a
portable drill, and oriented in-situ with magnetic and sun compasses. The
cores were cut in the laboratory to yield 125 specimens.

3. Anisotropy of the magnetic susceptibility.

From the 125 specimens, 93 had the optimum shape of 25mm diameter x 22
mm length for susceptibility anisotropy measurement (Noltimier 1971). The
measurements of AMS were made with a Schonstedt DSM-1 spinner magnetometer as
described previously (Cogné & Perroud 1987). Twenty of these 93 specimens
were eliminated from the AMS measurements because their bulk susceptibility
was too low (£10-3 SI) for their anisotropies to be accurately measured with
the spinner magnetometer. All the specimens of site H are in this category.
The kz; component of the susceptibility tensor (i.e., the susceptibility
along the axis of the cylindrical specimen, measured with a Bartington MS-2
susceptibility meter) of the 73 remaining specimens is high, ranging from 0.3
to 1.0x10-2 SI. From the N measured specimens at each site, a mean normalized
susceptibility tensor has been computed by using the tensor statistics of
Jelinek (1978) derived from Hext (1963). Following this anlysis, each tensor
determined by & measurement is normalized by its mean susceptibility
(kq+kp+k3)/3, in order to eliminate the effects of the fluctuating specimen
bulk susceptibility upon the estimation of the site mean tensor. The mean
tensor and its confidence 1limits are then estimated by summing the N
normalized tensors of a site and computing the relevant covariance matrix,
from which are derived <the variance (2) of the normalized principal
susceptibilities and the semi-angles (a,b) of the ellipse of confidence at
the 95% probability level around the principal directions. To complete the
description of AMS, the mean-site bulk susceptibility 1is <calculated as
k=(kq+k2+k3)/3, where k1, kp, k3 are the eigenvalues of the unnormalized mean
tensor of the site. These parameters are displayed in Table 1, and
illustrated on Fig.2 and 3.
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Fig. 2: Flinn (1965) diagram of mean-site AMS data. Each point represents
the mean AMS of a site with error bars derived from the standard deviation
of mean k¢, k2 and k3 of Table 1.
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Fig. 3: Stereoplots of mean-site principal susceptibility directions with
their ellipses of 95% confidence (Jelinek 1978). Squares: ki; triangles:
ko; circles: k3. The mean kiks magnetic foliation planes are drawn.
Stereographic projections in the lower hemisphere.
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From Table 1, it can be seen that both susceptibility and anisotropy are
high. In & Flinn (1965) diagram (Fig.2), the data are in the flattened
ellipsoid area. The principal susceptibility directions are in general well
defined (Fig.3). Note that 1in site B, the large ellipses of confidence are
mainly due to the small number (4) of AMS determinations. The steeply dipping
magnetic foliation planes (k1k2 planes) follow the granitic body contour
(Fig.3) from NE-SW striking (site A) to about an E-W trending (site 1),
through N-S directions. The directional variability, together with the high
anisotropy therefore offer a particuliarly favourable situation in which to
study the possible deviation effects of AMS upon TRM acquisition.

4. Palaeomagnetic analysis.

Natural remanent magnetizations (NRM's) have been measured with a
Schonstedt spinner magnetometer. Before demagnetization, a short-period
viscosity test (Thellier & Thellier 1959) was carried out. Alternating field
(AF) and thermal (Th) demagnetizations were performed with Schonstedt
equipment, with companion specimens being subjected to different treatments.
Orthogonal projections of the demagnetization results were used to determine
the direction of magnetization components (Zijderveld 1967). Curie point
determinations were obtained from thermomagnetic analyses done with a Brucker

Curie balance. Low-temperature susceptibility experiments were done with a

Bartington MS-2 susceptibility meter.
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NRM intensities (Fig.4a) are quite homogeneous, in the range 0.01-0.1
Am-t. A small group of specimens has intensities of about 0.00t Am=-'. The
short period (8 days) viscosity coefficients {Fig.4b) are generally hign,
only 41% of specimens have a viscosity coefficient lower than 20%. In fig.
4¢c, the NRM directions are shown in a density plot which underlines the
-bipolar distribution of these directions. A first group shows southeasterly
declinations, with shallow inclinations. This is consistent with the known
Carboniferous field direction in the Armorican Massif (Perroud 1985). A
second group clusters near the present day axial dipole field direction (star
in Fig. 4c). One can note that inclinations are slightly higher than that of
the dipole field. Due to the generally steeply dipping magnetic foliation
plane and the nigh degree of anisotropy in this granite , on the one hand,
and the high visosity coefficients, on the other hand, this may be
interpreted as a deviation effect of magnetic susceptibility anisotropy upon
@ viscous remanent magnetization which overprints the Carboniferous TRM.
However, the question of secondary magnetization deviations will not be
developed here, since we are mainly interested in the deviating effects of
AMS upon primary TRM directions. )
113 specimens were Ssubjected to stepwise AF and thermal

demagnetizations. Some typical demagnetization curves in orthogonal

projections (Zijderveld 1967) are shown in Fig.5 and 6. In a few samples, in
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Fig. 5: Alternating field (AF) and thermal (Th) demagnetizatipn curves in
orthogonal projections (Zijderveld 1967) in the in-situ coordinates. Open
(closed) symbols: projections onto the vertical (horizontal) plane.
Temperature steps indicated in ©C, AF in mT. (a) and (b): see text.
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which viscosity coefficients are low, a single component of magnetization was
observed in thermal as well as in AF demagnetization (Fig.5a). It has a
southerly to southwesterly declination with shallow inclinations. The
unblocking temperatures, are in the range of 500 to 5600C, typical of
magnetite. However, in most of our specimens, this component is overprinted
by another one which presents high inclinations (Fig. 5b), conforming to the
present day geomagnetic field in France, and thus assumed to be of recent
origin., This seccndary component generzally represents more than 80% of the
total NRM intensity. This made it difficult, and sometimes impossible, to
determine the direction of the weak primary magnetization component (Fig.6a).
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Finally, it 1is to be noticed that AF demagnetization was generally less
efficient than thermal demagnetization for separating these components. This
is illustrated in Fig.6b, where one of the specimens of a core was
demagnetized by thermal treatment, the other by alternating field. It is
clear that the AF demagnetization alone (specimen FB 5B) does not allow the
separation of the components which is achieved at temperatures over 3000C in
thermal demagnetization (specimen FB 5A). In the first case, we had to follow
the AF by a thermal treatment to achieve the <cleaning of primary
characteristic magnetization. Due to the difficulties thus encountered, only
77 from the 113 demagnetization curves allowed an accurate determination of
the characteristic remanent magnetization (ChRM), defined as the high
temperature or coercivity linear portions of the demagnetization curves. The
in-situ ChRM directions are shown for each site in Fig.7, their within site
means are given in Table 2 and illustrated in Fig.7. They are generally
gently inclined in a SSW direction except for site G, where ChRM's show a
clear trend towards the northerly steeply inclined present-day dipole field
direction. This is thought to be due to a poor separation of the components
and therefore all the data of this site have been rejected from the final
analysis. This observation applies for site C as well, since palaéomagnetic
data of this site cluster in 2 groups. Only the 6 shallowest magnetic vectors

Fig. 7: Site-by-site projections of characteristic remanent magnetization
(ChRM) directions isolated by thermal and AF demagnetization. Lower:
mean-site ChRM directions with their circles of 95% confidence (see Table 2).
Stereographic projections in the lower hemisphere.
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have been taken into account for the computation of the site C mean given in
Table 2.

Although homogeneous 1in inclination, the mean site directions show a
significant dispersion in declination (Fig.7 lower). However, before
detailing the analysis of this dispersion, it is necessary to identify the
magnetic carrier of the remanent magnetization.

5. Rock magnetism.

5.1. IRM ACQUISITION.

One specimen of each site was given an IRM in progressively increasing
magnetizing fields. Saturation was typically reached in fields ef 0.05 -~0.15
T (Fig.Ba). This range of saturating field is <characteristic of magnetite
(Dunlop 1972). A higher coercivity phase is sometimes present, as shown by
the coercivity spectrum of specimen FI 47 in Fig. 8a. This suggests the
presence of hematite, but also of pyrrhotite. However, if this is related to
the low wunblocking temperature remanence components observed 1in thermal
demagnetization, it seems unlikely that hematite bears a significant part of
the remanent magnetization.

5.2. THERMOMAGNETIC EXPERIMENTS.

Curie points of - some rock powders from the granite of Flamanville were
determined by using a computer-monitored vertical high-field Curie balance.
The powders were placed into sealed 1cm3 quartz containers, under a vacuum
lower than 10-2 Torr. The thermal decay of saturation magnetization (Fig. 8b)
is typical of magnetite, with a Curie point at about 5609C. Although the
curves can be reversible in temperature as shown by specimen FE 14 of Fig.8b,
the heating experiments often result 1in a significant increase in the
saturation magnetization intensity (specimen FF 39 Fig.8b) which can reach
twice its initial value when <cooling down to room temperature. Such an
irreversibility can be due either to the inversion of maghemites (0'Reilly
1984), or also to magnetite produced by the breakdown of sulphides (pyrite)
above 3500,

5.3. LOW TEMPERATURE SUSCEPTIBILITY.

The evolution of the susceptibility from liquid nitrogen temperature up
to room temperature is shown in Fig.8c. The curves clearly exhibit a peak at
about -1409C. This peak is associated with the low temperature transition
when the magnetocrystalline anisotropy constant kq vanishes. According to
Senanayake & McElhinny (1981, 1982), this 1is characteristic of samples
containing predominantly multidomain (MD) magnetites or magnetite-rich
titanomagnetites. It is therefore inferred that the magnetic content of the
Flamanville granite is dominated by MD magnetite grains. This 1is in good
agreement with the conclusions of Van Der Voo & Klootwijk (1972).

5.4, INTERPRETATION,

From this series of experiments, we appear to have two main phases of
magnetic minerals. The presence of fine-grained pyrrhotite could explain the
high coercivity phase seen in IRM acquisition curves, the unblocking
temperatures lower than 3500C of the steeply dipping remanent magnetization
component, and the resistance of this component against AF treatment (Fig.5
and 6) (Kligfield & Channel 1981). The magnetization component carried by
this phase is therefore inferred to be a secondary long term viscous remanent
magnetization (VRM) which overprints the primary magnetization o¢f the
granite. The »bpresence of other suspected phases, such as hematite or
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maghemite, cannot strictly be eliminated, but their contribution to the
remanence is thought to be negligible.

The second magnetic phase is magnetite or magnetite-rich
titanomagnetite, with 0.1-0.2 T coercivities and a Curie point at 560°C. The
low temperature suscepfibility curves show that the magnetite grains are
predominantly in the MD state. The highest unblocking temperature
magnetization components isolated by thermal demagnetization are associated
with this phase. Owing to the nature of the magnetic carrier and to the
igneous origin of the granite, as well as to the lack of thermal event since
its emplacement, the ChRM's shown in Fig.7 and Table 2 are assumed to be
primary TRM's acquired by the granite when cooling in the Carboniferous
magnetic field.

6. Estimates of the paleofield direction from deviated TRM,

6.1. TRM DEVIATIONS ANALYSIS.

As commented on above, mean-site TRM directions show a large between
site dispersion although individual directions are quite well <clustered
within each site. It is hunlikely that . this dispersion results from an
inadequate separation of TRM and VRM components, since that would,
principally, induce a scatter in inclination, as shown 1in sites C and &
(Fig.7) for example.

In fact, if we take 1into account the high anisotropy of magnetic
susceptibility described above, the most conceivable hypothesis to explain
this dispersion is that TRM's are deviated by AMS away from the magnetic
field direction. In order to test this hypothesis, a comparison of magnetic
foliation plane (k+kp plane) direction, TRM direction and an assumed
Carboniferous magnetic field direction has been made at each site. The
magnetic field reference direction (D=206.59, 1=10.50) has been computed for
the studied area location from the 280 -330 Ma Virtual Geomagnetic Pole
(3270E, 310S), of the Armorican Massif, as reviewed by Perroud (1985). Since
TRM's and field vectors have shallow inclinations, and the k1ko planes dip
steeply, only their declinations and strikes are represented for simplicity
in the horizontal plane in Fig.9. From this figure, it is clear that TRM
systematically deviates from the ambient field direction towards the magnetic
foliation plane. It can further be noted that the amount of deviation depends
upon the angle between the field direction and the kik2 plane, and upon the
degree of anisotropy: in site I where the field direction is close to the
normal to the kiks plane, the deviation appears very small, unsignificant
with respect to the TRM determination error and the field direction
uncertainties. On the other hand, sites A and B, where anisotropy percentages
are the highest, show greater divergence than sites D and E although the
angular relationships between field and kq1k2 planes are similar in these 4
sites. All these observations lead us to assume that AMS is actually the most
probable cause of the between-site TRM dispersion in the granite of
Flamanville.

6.2. MAGNETIC FIELD DIRECTION ESTIMATE.

Until now the problem of correcting TRM deviations induced by AMS has
not been considered as «critical, since it is generally agreed that below a
given degree of anisotropy, TRM deflections are not significant for
paleomagnetism. For Nagata {1961) and Stacey & Banerjee (1974), an anisotropy
percentage of 5% is the limiting value for an allowed maximum TRM deviation
of 30, A more recent investigation of the problem was reported by Stephenson
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et al. (1986). They express the cartesian coordinates Jj of the TRM as a
function of those of the field Hj through the TRM anisotropy tensor Mij, as
Jj=Mjj.Hj (i,j= 1,2,3). They show that the eigenvalues of the TRM anisotropy
tensor are linearly related to the AMS tensor -eigenvalues, and also to the
eigenvalues of a low-field IRM aniéotropy tensor, defined in the same manner.
The coefficients of the correlation between the normalized principal values
of these ellipsoids mainly depend upon the size of the magnetite grains, and
need therefore to be determined for each rock sample studied.

From currently accepted theory of multidomain TRM {Nagata 1961, Stacey &
Banerjee 1974, Schmidt & Clark 1985) I have recently shown (Cogné 1987) that
in anisotropic muitidomain magnetite assemblages, the order of magnitude of
the TRM anisotropy eigenvalue ratios 1is expected to be the square of the
principal susceptibility ratios.

Briefly, if we express the TRM components as above Jj= Mij.Hj, the
eigenvalues, or principal values, of Mjj are Mj (i=1,2,3), and the ratio of
any pair of Mj is found to be

M Nj 1+ Nyxg
My~ Ni 1+ Nixg

where Nj is the demagnetizing factor in the ith direction and =%y the
intrinsic isotropic susceptibility. Assuming g as sufficiently high to

approximate the initial susceptibility k as ka1/N, this reduces to Mi/Myz

(kj_/kj)2

This relationship has been well verified by a series of TRM acquisition
experiments performed on two sets of rock samples containing predominantly
multidomain magnetite and having high AMS (Cogné 1987). It was therefore
decided to use this relationship 1in order to estimate the magnetic field
direction from the deviated TRM of the granite of Flamanville.

In each site, the TRM anisotropy tensor was estimated from the mean AMS
tensor {Table 1) in the following manner: their eigenvectors are identical;
according to the above relationship, the ratios M¢/M2 and Mp/M3 has been
calculated as (k1/k2)2 and (kp/k3)2. Then, a normalization to the product
MiM2M3=1, or to the sum ZMj=1, allows the determination of the mean
normalized TRM principal values My, M2 and M3. These are given in Table 3.
Note that the choice of a normalization to the sum or to the product of My is
not critical in this problem, since the angular change of vectors is governed
by the ratios of the tensor eigenvalues, and not by their absolute values.
The normalized TRM tensor Mjj is thus constructed and, after its inversion,
an estimate of the magnetic field direction in each site is given by Hj=
M“ijdj (1,j=1,2,3), where Jj are the cartesian components of the mean site
TRM direction (Table 2). The field direction estimates obtained by this
method are given in Table 3 and Fig.10b. The treatment applied to site H data
is different, since for this site there were no AMS measurements. Here, the
normalized principal susceptibilities kj were first estimated from strain
data according to the empirical correlation between strain and AMS principal
values we have established previously (Cogné & Perroud 1987). Then the
principal values M4, M2 and M3 of the TRM anisotropy tensor were calculated
in the same way as in the other sites.

A comparison of the field estimated by using the above relationship
(Fig.10b) with the TRM mean site directions (Fig.10a) shows that this
correction induces a significant clustering of the data. The magnetic field
directions have a more Fisherian distribution than the TRM's, where large
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Fig. 10: (a) TRM mean-site directions and their mean (asterisk) with its
circle of confidence (Table 2). (b) Magnetic field direction estimates,
obtained by <correcting TRM's from AMS 1induced deviations; asterisk: mean
field direction with its circle of confidence. Stereographic projections in
the lower hemisphere,
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gaps appeared between points. This is accompanied by an increase of the
Fisher (1953) parameter k value from 42 to 95 and a reduction of the g3
circle of confidence from 9 to 5.50 (Tables 2 and 3).

7. Discussion. .

The above analysis and results point to the possibility of correcting
TRM deviations induced by the anisotropy of magnetic susceptibility. In the
granite of Flamanville, this improved the quality of palaeofield direction
determination. However, two main points need to be discussed.

First, it is obvious that the formation mean directions themselves,
(Tables 2 and 3) do not differ significantly . This means that in this
particular case, the overall mean TRM direction is quite a good estimation of
the magnetic field direction and therefore, the usefulness of the correction
could appear questionable. In fact, this situation arises from the variations
of the anisotropy directions around the granite body that make the
deflections of TRM symmetric around the true magnetic field direction. The
schematic Fig.9 is particularly illustrative of this phenomenon. Furthermore,
it is clear that this situation is rather exceptional and that a constant
direction of anisotropy plane should, 1in the general <case, induce a
systematic deflection of a rock formation mean magnetization and therefore,
spurious results in the determination of the paleofield direction. A limited
sampling area in the granite of Flamanville, for example near sites A and B
or site C, would have produced the same kind of error.

A second and more important point rests on the examination of the final
distribution of palaeofield estimations. Although the data are clustered by
the correction, a slight scatter in declination remains (Fig.10b). If this
scatter is considered as significant, two different causes can be conceived
(a) The first one could be an underestimation of the TRM anisotropy
eigenvalue ratios M{/Mo and Mp/M3, which would lead to an undercorrection of
TRM deviations. As a matter of fact, the evaluation of the ratios Mj/Mz and
M2/M3 is based upon the assumption of a temperature independence of the
principal susceptibility ratios kj/kp and kp/k3 (Cogné 1987). The thermal
dependence of these ratios was envisaged theoretically, but the thermal
increase of the intrinsic susceptibility xo by a factor 100 was found to be
accompanied by an increase of only a few percent of the apparent
susceptibility ratios. This actually leads to a slight underestimation of
My/M2 and Mp/M3 derived from the room temperature kq/kp and kp/k3. However,
this slight difference is not thought to be of real significance with respect
to other sources of dispersion in susceptibility measurements, remanent
magnetization measurements etc... (b) A second mechanism which could explain
the remaining dispersion, 1is that of a deformation of the granite at
temperatures lower than the blocking temperature of remanence. For all the
above analysis, it has been assumed that the TRM was imprinted on the
anisotropic material, after the end of plastic deformation processes.
Although this hypothesis, which 1is quite difficult to verify, 1is well
supported by the results of the present study, the possibility of strain
occuring below the 500°C temperature range of TRM acquisition cannot Dbe
excluded. Such a sub-blocking temperature deformation should probably result
in an increase of TRM deviations towards the foliation plane, as has been
shown for CRM in deformed redbeds (Cogné & Perroud 1985), or for TRM in
rhyolitic tuffs (Rosenbaum 1986). The proposed correction would therefore be
unable to remove that part of deviation associated with strain acting after
TRM acquisition. However, there is no tectonic event postdating Carboniferous
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intrusion of the granite of Flamanville, and some structural features such as
high temperature radial joints (i.e. perpendicular to the foliation planes),
or the lack of crystallographic fabric in quartz (D. Gapais, pers. comm.)
support the hypothesis that the most significant’ part of plastic strain
associated with its emplacement occured at high temperatures, probably well
above the Curie point of magnetite. It seems therefore that if a sub-blocking
temperature strain exists, it is of minor importance.

With the evidence to hand, it is not possible to state categorically
what is responsible for the dispersion of the magnetic field direction
estimations that remains after the applied correction. Nevertheless this
dispersion appears minor with respect to the initial dispersion of TRM mean
site directions. Therefore TRM deviations are considered to be conveniently
accounted for, and the quadratic relationship ‘between TRM anisotropy
eigenvalue ratios and principal susceptibility ratios provides a satisfactory
method for removing them.

In conclusion this study has shown that (a) TRM acquired by anisotropic
rocks can be significantly deviated by AMS from the magnetic field direction,
in this <case towards the kiks magnetic foliation plane. It 1is therefore
important to check for the anisotropy of magnetic susceptibility when
carrying out palaeomagnetic studies on rock units within deformed regions of
orogenic belts. (b) If magnetic carriers of remanence are predominantly
multidomain magnetite, the measurement of AMS allows a rapid estimate of the
TRM anisotropy tensor. This provides an easy way to correct for TRM
deviations and allows an unbiased magnetic field direction estimation from
such deviated TRM's. If verified on other examples of anisctropic rock units,
such results should allow us to extend the field of palaeomagnetic
investigations within deformed regions of orogenic belts.
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Site - n/N De I k dsg
A 11711 221.0 15.0 70 5.5
B . 4/9 225.5 16.0 112 8.5
c 6/14 190.0 7.5 le4 5.5
D 8/13 198.0 25.0 86 6.0
E 9/14  200.5 17.0 86 5.5
F /13 201.C 19.0 77 - 6.0
H 11/12 198.0 19.0 196 3.0

I 11/13  1%2.5 19.0 111 4.5

vean 6 204.0 17.5 42 9.0

Table 2. Site mean Characteristic Remanent Magnetization directions
in the Flamanville granite. n/N: number of entries in the statistics/
number of demagnetized specimens; De: declination, 1I: inclination, k,

®gg: parameters of the Fisher (1953) statistics.

Site My M2 M3 Field direction
De 1
A 1.263 1.087 0.729 210.0 15.0
B 1.257 1.072 0.742 214.0 15.5
c 1.180 1.038 0.816 192.0 11.5
D 1.172 1.070 0.798 205.5 26.0
£ 1.195 1.045 0.800 209.5 19.5
F 1.169 1.040 0.822 208.0 20.0
H. 1.167 1.096 0.797 201.0 19.0
1 1.198 1.107 0.754 198.0 14.5

Mean N=8 De=205.0 I=18.0 k=95 &g5=5.5

Table 3. Mj, My, M3 are the eigenvalues of the TRM anisotropy tensor, calculated

from ¥)/My=(ky/k)2, Ma/t3=(ky/k3)2 and N1M2N5=l. The field directions are estimated

from TRM directions of Table 2, through the inverse TRM anisotropy tensor; they are
given as De: declination, I: inclination. The formation mean fied direction is given

with the k and d95 Fisher (1953) statistics parameters.
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EXPERIMENTAL AND NUMERICAL MODELING OF IRM ROTATION IN DEFORMED SYNTHETIC
SAMPLES.

J.P. COGNE. C.A.E.S.S. Laboratoire de Géophysique Interne, Campus de
Beaulieu, 35042 Rennes (Cédex

Summary

The effect of streain upon isothermal remanent magnetization (IRM)
carried by hematite particles embedded in a plasticine matrix has been
investigated. Magnetized artificial hand samples were deformed by simple
coaxial shortening. After deformation, the hand-samples were cut into 8-15
specimens and each specimen's IRM measured. Hence a mean IRM direction was
obtained for each shortening step. The main results are: (1) When the initial
direction of IRM is parallel to the shortening axis (A3) the hand-sample mean
IRM stays parallel to A3 during deformation. However, individual
magnetization directions are deflected towards the flattening plane, and thus
the specimen directions are scattered by strain. This is accompanied by a
significant decrease of magnetization intensity. (2) 1In contrast, when the
initial direction of IRM is perpendicular to A3, the shortening results in a
clustering of specimen magnetization directions, the mean direction being
unchanged. This 1is accompanied by a slight increase of magnetization
intensity. (3) In all other cases, where initial IRM direction makes an
intermediate angle with shortening direction, deformation induces a deviation
of each specimen IRM toward the flattening plane. This results in an overall
deflection of hand-sample mean IRM. The amount of rotation increases with
strain intensity. Changes of grouping and intensity depend on the initial
angle between IRM and A3, defining a continuum in behavior between IRM
directions being either parallel to A3 or perpendicular to A3. Finally, it is
shown that all the experimental changes in IRM due to deformation (direction,
grouping, intensity) can be modeled by a passive marker rotation of hematite
planar particles.

1. Introduction.

Folding of rock units 1is important in paleomagnetism because it causes a
primary natural remanent magnetization (NRM) to be deflected away from its
original direction. Up to now, unfolding methods have mainly relied on
(bedding) tilt corrections (rotation of a layer to the horizontal about its
strike line). Through comparison of data from sites with various bedding
attitudes, this allows a test of the age of magnetization. This test,
proposed by Graham [1], has recently been improved, to take into account more
complex fold geometries (plunging fold axes, superimposed folds, etc..) that
are common within orogenic belts [2,4]. Application of these methods is
reasonable if it can be assumed that the rock unit under consideration has
been tilted by a sequence of rigid-body rotations, without any change of
magnetization direction in the bedding reference frame. Internally deformed
(strained) rocks have usually been avoided in paleomagnetism, because strain-
induced particle rotations, amongst other mechanisms, are suspected to
perturb the direction of magnetization [5,9].Moreover, some recent works have
shown that strain -induced rotations of magnetization could lead to wrong
interpretations of the fold test [10,12]. However, the effects of strair upon
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remanent magnetization are poorly understood and so it would be useful to
describe them. To this purpose, we recently studied the paleomagnetism of
deformed Permian redbeds in the Alpes-Maritimes (France) [13]. The sense anc
amount of deviations of pretectonic paleomagnetic vector were found to be
coherent with respect to strain directions and intensities. Using X-ray
texture goniometry, these deviations were shown to be controlled by strain-
induced progressive reorientations of hematite particles [14]. By using
computer models of strain- induced passive rotation [15] of hematite platy
minerals, we have shown that such a mechanism accounts for both magnetization
deviations and hematite texture development in the Alpes- Maritimes redbeds
[16].

Very few results of experimental shortening of magnetized bodies have
yet been published. Kodama and Cox [17] studied the effect of constant volume
deformation upon the IRM carried by magnetite needles embedded in a kaolinite
matrix. However, the deformation was achieved by a discontinuous mechanism at
the sample scale, with rigid blocks translating along conjugate sets of
faults. This resulted 1in a decrease of IRM intensity, due to the loss of
magnetic fractions involved in the fault zones, without any change in overall
IRM direction. In contrast, Ozima [18] studied plastically deforming discs of
magnetized Cu-Co alloy. He observed a significant deviation of IRM, which was
interpreted as resulting from the rotation of Co ellipsoidal particles.
Recently, Anson and Kodama [19] observed a shallowing of magnetization during
compaction of synthetic sediments comprised of kaolinite and either
equidimensional or acicular magnetite. They show that electrostatic forces
induce a clumping of magnetite grains along the clay grains and that
magnetization rotation is thus controlled by the recrientation of clay grains
during compaction. Morash and Bonhommet [20] reported some preliminary
results of experimental shortening of hematite-bearing Plasticine samples,
showing that IRM systematically deviates towards the flattening plane. We
decided to extend and complete these experiments, in order to describe some
characterisric effects of strain- induced rotation of magnetic particles upon
remanent magnetization, within a continuously deforming medium.

2. The model.

A non-magnetic modelling paste {(violet Plasticine manufactured by Harbutt
Ltd, England) was chosen as the model matrix, and hematite as the magnetic
carrier. Hematite particles are platelets about 50 pm large, with a shape
ratio (basal plane normal: basal plane length) of 1:20 to 1:30. Such a model
material allowed us (a) to work with simple experimental conditions, at room

temperatures and pressures and under low stresses ; (b) to obtain a
continuous deformation at the sample scale, that is, to¢ avoid fault formation
within the samples ; (c) to homogeneously disperse the magnetic particles

within the matrix.

The artificial samples were made of Plasticine + 5% in weight of hematite
powder. The samples were given a saturation IRM (typical intensity of 10
Am=1) in a field of 1 T. The deformation was performed with a simple coaxial
press made of a single screw-jack and two plexiglas plates. The sample was
placed between the plates, without confining pressure. As the jack advances,
the sample is shortened in one direction and allowed to stretch perpendicular
to the shortening direction, 1i.e.deformation 1is an axisymmetric, coaxial
shortening. In order to facilitate the extension and avoid barrelling, the
contact surfaces between the sample and the plates were lubricated. The
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continuity and homogeneity of strain was checked by tracing a pattern of
square markers on the sample faces and observing their change during
shortening. Strain was observed to be homogeneous up to 50% shortening, but
experiments were continued wuntil 70% shortening, assuming that any cracks
that appear above 50% shortening are concentrated at the boundaries. The
results obtained corroborate this assumption.

The results presented here were obtained from two sets of experiments. In
the first set, the sequence of operations was as follows

1. Hematite particles were wuniformly dispersed within a hand sample of
Plasticine (about 150 cm3). This sample was then cut to form a
parallelepiped.

2. IRM was acquired 1in a known direction in the sample. In order <o
simplify the description of the results, the terms declination, inclination,
horizontal and vertical directions will be assumed to be relative to the
sample reference frame.

3. The sample was vertically shortened up to a given percentage, computed
as {lg=1¢)/1gx100, where 15 (lf) is the initial (final) length of the sample
in the shortening direction.

4. Each hand sample was cut into 8-15 cubes about 15mm on a side. The
magnetization directions and intensities of the cubes were measured. The IRM
direction after deformation is calculated by & Fisher [21] mean of the cube
magnetizations measured from one hand sample.

The result of such a sequence is a hand sample mean IRM direction which
was acquired 1in a given field direction, and subjected to an amount of
shortening. The sequence 1is repeated from (1) to (4) with a fixed initial
field direction, and progressively increasing shortening steps. This has been
repeated with four different field directions with initial inclinations, I,
of 00, 300, 609 and 859, and null declination. Since the IRM is acquired by
initially isotropic samples, this set is named "initially isotropic".

In the second set of experiments, the sequences of operations was as
follows

1. An isotropic hand-sample was made.

2, Deformation of this sample by a 30% vertical shortening.

3. IRM acquisition by the anisotropic sample.

4. Horizontal shortening in the direction of the magnetic field
declination.

5. Cutting the hand-sample in specimens and measuring the N specimen
magnetizations.

As in the first set of experiments, this sequence was repeated for one
given field direction, with increasing amounts of shortening. This was
performed with four field directions (inclinations, Iy, of 09, 409, 700 and
900, and null declinations). This set of experiments is referred to as the
"initially 30% compacted" set.

Finally, these results are compared to the results obtained by
numerical simulation of these sequences. The numerical simulation has already
been described and discussed by Cogné et al. [16]. Briefly, N (1000) planar
particles are assumed to follow a model of passive planes [15,22]. Each
particle bears a micromoment with an orientation and intensity which depend
on the field direction with respect to the particle reference frame through a
magnetic anisotropy tensor (oblate with kmax/kmin = 100 and kmax = kint
plane within the basal particle plane); the resultant magnetization
(direction, intensity, clustering) is computed by vectorial sum of the N
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micromoments. A magnetization can be given to the initially isotropic
population, or after an initial shortening, and the population can then be
deformed with various homogeneous strain tensors. During deformation, the
micromoments rotate with the grain, without changing their coordinates in the
particle frame. After each deformation sequence, the resultant magnetization
can be computed. This allows us to simulate the experimental modelling
sequences.

3. Results.

3.1. Samples initially isotropic.

The IRM acquired by isotropic samples is parallel to the applied field
(Fig.1). During progressive vertical shortening (up to 70%). The initially
horizontal (I1,=00) [IRM stays horizontal (Fig.1). Intermediate initial
inclinations (I5=300 and 1,=600) show a significant progressive shallowing,
that is, a rotation away from the shortening axis. The fluctuations in
declination are not thought to be significant, they are most probably caused
by the initial experimental wuncertainties, since the experimental procedure
was designed to have a good control of orientations with respect to the
horizontal plane and not the vertical plane. The initially steeply-inclined
direction (I4=859) does not show any significant deviation, except in the
highest shortening steps (70%). A more detailed and complete comparison of
IRM and shortening amount and direction is shown in Fig.2a. Since the applied
strain is axisymmetric, the change in IRM direction is represented in two
dimensions, with inclination as a function of percentage of shortening. The
experimental points are compared with the curves obtained numerically (solid
lines). It 1is obvious that rotation of IRM increases progressively with
strain intensity for the intermediate initial inclinations (15=300 and 609),
and that the observed IRM behavior closely follows the predicted one. There
is a clear difference in the size of the ®gg5 circles of confidence (drawn as
error bars in Fig.2a) between the results for IRM directions initially
inclined at 09 (perpendicular to A3, the shortening axis) or B85%(subparallel
to A3). This shows that the deformation tends to cluster the data when
magnetization is perpendicular to the shortening direction, whereas it tends
to scatter them when the initial magnetization direction 1is parallel (or
close) to the shortening direction. Between these extreme angular
relationships, the changes in IRM clustering are less <clear. However, the
data for an initial inclination of 609,(closer to A3), are more scattered
than the data for an IRM initially inclined at 300.

According to the model of platelet rotations during shortening, and
because the easy magnetization direction 1is within the basal plane of
hematite, the clustering or scattering effect of strain on measured remanent
magnetization directions of the artificial samples can be explained as a
result of a clustering or scattering of hematite particles that carry the
most significant part of IRM. If verified, such a mechanism should induce
variations not only of the grouping of specimen IRM's, but also of IRM
intensities. In order to smooth the intensity variations between the measured
specimens of given deformed hand-samples, the total magnetic moment M of each
hand-sample has been calculated as the vector sum of the N measured specimen
IRMs, and then reduced to magnetic intensity per unit volume. The initial IRM
intensity, Mo, by which the intensities M are normalized, has been obtained
by averaging the intensity of the 4 initially isotropic samples. The changes
of M/Mo with vertical shortening for various initial inclinations are shown
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in Fig.2b. As expected, IRM intensity significantly decreases with increasing
strain, when initial directions of magnetization and shortening are <lose to
each other (I5=60° and 85%); for I,=00, the shortening results in a slight
increase of IRM intensity. Here too, the experimental points closely follow
the numerical curves.

3.2. Samples Injtially 30% compacted.

When the magnetic field is applied parallel (Iy=0°) or normal (I{=900)
to the initial fabric plane (taken as the horizontal reference) IRM is
dcquired parallel to the field (Fig.3). In the intermediate field
inclinations, the magnetization 1is significantly shallowed towards the
initial fabric plane : for IH=400, I[gM=259, for Iy=700, I gM=60°. Horizontal
shortening results in a behavior of IRM similar to that of the previous set
of samples. When the initial IRM direction 1is parallel to one of “the
deformation axes (I=0°0 parallel to A3z, I1=900 parallel to A4y = Ap), the
mean direction is not deviated. However, while the initial IRM directions
parallel to A3 (I= 0°) are scattered by strain, IRM perpendicular to A3
(1=900) are clustered by strain. Applying a progressive horizontal shortening
in the direction of IRM declination to the intermediately inclined
magnetizations induces a deviation of the mean IRM towards the incremental
flattening plane. This results in an increase in inclination while the
declination remains stable. The size of the ogg circles of confidence depends
on the initial angle between IRM and A 3. The magnetization acquired in
I4=409, which is closer to A3 than a magnetization acquired in IH=709, has on
the average greater dispersions.

Although the main characteristics of IRM behavior in this set of
experiments appear to be similar to the initially isotropic one, some slight
differences are apparent. First, the dispersion in declination of the
intermediate inclinations seems to be less important than 1in the previous
case. A possible reason for this <could be that the initial fabric of the
samples, which 1induces an initial preferred orientation of hematite
platelets, causes the IRM acquisition to be more accurate and homogeneous.
Secondly, the deviation of IRM acquired in the 400 inclined field (IjgyM=259)
appears to be greater than the similar curve of the initially isotropic set
(I4=600 of Fig.2a). The initial preferred orientation of hematite is thought
to be responsible for an increase of the deformation effects upon the
remanent magnetization.

4. Interpretation and conclusions.

The comparison with the numerically simulated effects of strain-induced
passive rotations of hematite platelets, shows that such a mechanism
conveniently accounts for the results obtained from the sets of experiments
on artificial samples. In order to explain the various effects of this single
mechanism wupon measurable magnetization directions, intensities, and
clustering at the hand-sample scale, we can propose the following
interpretation. The high magnetocrystalline anisotropy of hematite creates an
easy magnetization direction within 1its basal plane, and a very hard
magnetization direction parallel to its normal (typical kpax/kpin In the
range of 100 ; [23]). The most significant part of magnetization will
therefore be the vector sum of particle micromoments of hematites which have
their basal plane near the magnetic field direction, and the contribution of
hematites having their basal plane normal to the field will be negligible.
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Then, the rotation of hematite platelets induced by strain, causes a rotation
of these micromoments which in turn control the Dbehavior of the net
measurable resultant magnetization. This produces the results we described
above. (a) When the shortening direction s perpendicular tc the initial
direction of magnetization (15=00 in Fig.2; 1I4=900 in Fig.3) that part of
hematite which carries the significant part of IRM is already oriented within
the flattening plane, and thus micromoments are not deviated. Only these
micromoments which have slight departure in a solid angle around the initial
field direction are reoriented by a few degrees; this behavior produces the
slight increase 1in magnetization intensity at the hand-sample scale, the
clustering of measured specimen magnetizations, and the stability of mean
magnetization direction during deformation. (b) In the other exireme case,
the shortening is applied parallel to the initial IRM direction (Ig=0° in
Fig.3), and thus, the 1involved hematite particles are initially at great
angles from the flattening plane. Their rotation induces a rotation of
micromoments more or less symmetrical around A3 and produces the observed
decrease in intensity of IRM. At the measurable specimen scale, the 1IRM
direction will generally be deflected towards the flattening plane in a
random way, depending upon the amount of hematite having been rotated in a
sense or another; however, a sufficient sampling of specimens should display
an undeflected mean direction of magnetization at the hand-sample scale; this
accounts for the undeflected mean IRM we observed at the hand-sample scale,
together with the progressively increasing dispersion of individual measured
IRM at the specimen scale. (¢c) In all the other cases of intermediate angles
between A3 and initial IRM direction, the hematite particles involved in IRM
undergo, on the average, an identical rotation. The more or less homogeneous
rotation of micromoments thus results in a net rotation of resultant IRM
towards the flattening plane. Note however that the closer the initial IRM
inclination is to the direction of Az, the greater its dispersion and
intensity decrease during strain.

In conclusion, the general effects of strain-induced hematite particle
rotations upon remanent magnetization have been characterized. In natural
rock units, if such a mechanism holds, we will observe the same kind of
natural remanent magnetization behavior. This has been observed 1in the
Alpes-Maritimes red beds [13] as well as with the preliminary vresults
obtained from the Central Brittany red series [16]. In the present work,as
well as in the cited ones, we have shown that a synthetic description of
strain and magnetization relationships can be done. It is therefore inferred
that removing strain from deviated remanent magnetizations should be
possible, providing a detailed strain and magnetization interrelationships
study is performed. This should allow the extension of paleomagnetic
investigations towards the deformed external zones of orogenic belts, where
metamorphism is of low grade.
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STRAIN REORIENTATION OF HEMATITE AND ITS
BEARING UPON REMANENT MAGNETIZATION
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Abstract. Using a computer-based nume-
rical model, we suggest that passive
reorientation of hematite planar particles
induced by strain perturb significantly
the remanent magnetization carried by the
hematite. The evolution of its direction
and dispersion in a progressively incre-
asing strain can be correlated with the
evolution of passive lines. In real rocks,
the amount of reorientation can be appro-
ched by measuring one of the three follo-
wing tensors: strain tensor, orientation
tensor of some hematite cristallographic
axes, or magnetic susceptibility tensor.
From examples taken in the Maritime Alps
and in Brittany, we emphasize the possible
correlations between these tensors (orien-
tation of principal axes and axial
ratios). Finally, we use our best estimate
of strain to correct the paleomagnetic
results by the strain removal technique we
have already used in the Maritime Alps
(Cogné and Perroud, 1985). When applied to
the preliminary paleomagnetic results ob-
tained from Ordovician deformed redbeds of
Brittany, it allows to recover a conclu-
sive primary magnetization direction,
although the characteristic magnetizations
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0278-7407/86/006T-0090$10.00

appear post-folding with respect to the
classical fold test.

INTRODUCTION

Amongst ferric oxides, fine-grained he-
matite is one of the most common carriers
of remanent magnetization. In red sedi-
ments, the coloration, which is associated
with hematite, is generally believed to be
secondary {Van Houten, 1973; Collinson,
1965], that is, post-depositional. The
growth of hematitic minerals in an ambiant
magnetic field leads to a chemical rema-
nent magnetization and establishes the
most significant part of the magnetic sig-
nal from redbeds. Its stability against
demagnetizing factors (time, temperature,
or magnetic fields) allows the magnetic
record to remain stable for very long
periods of time, and thus it is very valu-
able for paleomagnetic purposes. However,
we have to consider the very strong shape
anisotropy of tabular hematite, together
with the alignment of the easy axis of
magnetization in the basal plane. There-
fore, the question arises of the paleomag-
netic effect of any deformations the rock
unit has undergone during its geological
history, before or after the magnetization
acquisition. In effect, how does strain
affect the remanent magnetization? Accor-
ding to deformation theory, we should
expect rotations of hematite grains indu-
ced by strain. Our point in this paper
will be first to theoretically model this
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problem, by the way of a computer-based
simulation using the '"passive deformation"
concept of March [1932]. This will allow
the fabric development of hematite to be
simulated, together with its associated
magnetization. Then we will try to compare
these results with observations from red
formations we have studied recently. In
the Permian red beds from the Maritime
Alps, an attempt will be made to correlate
paleomagnetic vectors deviations, as des-
cribed previously [Cogné and Perroud,
1985], with the strain-induced ‘hematite
fabrics estimated using X ray texture
goniometry. In the last part, preliminary
paleomagnetic results from the deformed
Ordovician red beds of central Brittany
are discussed. In that example, the
anisotropy of the magnetic susceptibility.
was used to control the hematite preferred
orientations. We will conclude by review-
ing the possibilities and limitations of
paleomagnetic results from red formations
from orogenic belts.

THE MODEL

The aim of the computer model is to si-
mulate the effects of hematite particles
reorientation under strain, specifically
(1) the distribution of these particles,
estimated by the preferred orientations of
some cristallographic axes and (2) the
orientation of the magnetic micromoments
and their resultant. The simulation is
based upon the strain response of a finite
number (< 1000) of planar particles. The
initial conditions are the following:

1. Hematite grains are modelled as
platelets, each being characterized by a
cartesian frame where Z is the ¢ axis and
XY is the basal plane of hematite.

2. The initial coordinates of the Z
axis of each particle in the reference
frame of the system are generated by sam-
pling random numbers from the random
function of the calculator. The uniformity
of the lines distribution derived from
this sampling has been checked by calcu-
lating their orientation temsor. Several
test runs did not show any systematic
departure from an isotropic orientation
tensor of the 1initial populations. The
orientation of the particle X axis in the
plane perpendicular to Z is generated in
the same manner.

3. The grains are assumed to rotate
without changing shape. The rotation of
each grain follows the material lines and
planes strain response model [March, 1932;

Owens, 1973, 1974], by applying the strain
tensor to X (material line) and the inver-
se strain tensor to Z (pole to material
plane). :

4. The strain is homogeneous over all
the sample population.

5. All the directionnal features of
the model (orientation of particle, mag-
netization, etc.) are referenced to an
external coordinate system. To simplify
the expression of the results, this
reference frame will be considered as
being the geographic system (north-
east-vertical) allowing the use of terms
such as horizontal/vertical directions,
compaction, inclination, etc.

Hematite Fabric Simulationms

In order to compare simulated with na-
tural hematite fabrics, it has been
necessary to compute the distribution of
poles to {104} form. As a matter of fact,
in hematite the {104} reflection has the
maximum relative X ray diffracted in-
tensity, and thus X ray texture goniometry
measurements are more accurate and
generally done on these planes [Siddans,
1980 ; Hrouda et al.,1985]. Cristal-
lographic parameters of hematite show that
the 6 poles to {104} 1lie on a cone of
38.84° half aperture angle, around the ¢
axis. Therefore, for each particle of the
simulation, six {104 } poles were gene-
rated, the first in the XZ plane of the
particle frame at an angle of 38.84° from
Z, the five others by successive 60° ro-
tations around Z.

For each state of 1incremental strain
applied to the population, the simulated
hematite fabric is specified by the cal-
culation of the weighted orientation
tensor (WOT) [Cobbold and Gapais, 1979]
either for the ¢ axes or for the poles to
{104} . This tensor derives from the clas-
sical  Scheidegger [1965] orientation
tensor by weighting the direction cosines
products and squares of each vector by the
quadratic elongation of strain in this di-
rection. If the WOT is computed on defor-
med populations of material lines having a
uniform initial distribution in the un-
strained state, its eigenvalues are the
principal quadratic extensions and it is
therefore equal to the strain tensor. This
is obviously not the case for the {104}
normals which are attached to material
lines and planes but are not material
lines themselves. Moreover, an isotropic
orientation tensor (three equal eigen-
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't s

1 s
1 2 3 4 5
Fig. 1. Hematite texture development;
curves of fabric intensity (rf) vs total

strain intensity (rs) resulting from the
strain simulation (see text). Closed
symbols, ¢ axes fabric; open symbols, {104}
normals fabric.

values) is obtained from distribution of
lines on a cone of about 57 ° half aperture
angle [Woodcock, 1977]. From the conical
position of {104} normals around the e

axes, an alignment of hematite basal
planes will result in a conical distri-
bution of the axes with a half aperture

angle of about 40° This accounts for the
low eigenvalues ratios reported below.

To illustrate the working of the si-
mulation, the results from a sample run
are detailed here. The choosen strain

history is first a 30% compaction (30%
shortening along the vertical axis of the
reference frame), then followed by regular
incremental strain steps. The incremental
strain ellipsoid is oblate with an axial
ratio A1 /A3 =A2 /A3 = 1.1 and the minimum
elongation axis horizontal, This results
in a progressive coaxial deformation which
may be described by the classical path of

the finite strain ellipsoid shape in a
Flinn [1965] diagram (see, for examples
Ramsay and Huber [1983, p. 1861; Graham

(1978]) from an initially oblate ellipsoid
towards the prolate shape then a return to
the oblate field when the shortening in-
creases. The reorientation of the simu-
lated hematite platelets resulting from
this history has been checked by computing
the weighted orientation tensors of both ¢
axes and {104}normals after each incre-
mental strain step.

The relationships between these tensors
and the total strain tensor at each step

are illustrated in  Figure 1 where
intensity paramaters (r= A1/A2 +A2 /A3 -1;
Watterson [1968]) of fabric (rf) is drawn
as a function of strain intensity (rs). As
expected from the WOT theory together with
the material lines and planes strain res-
ponse model and the uniform distribution
of the initial population, the orientation
tensor of the ¢ axes distribution at the
strained state is identical to the total
strain tensor. This results in the equa-
lity of the intensities values rs and rf,
obvious in Figure 1. The shape of the
curve for the {104} normals is quite dif-
ferent. As noted above, no linear cor-
relation exists between the two tensors,
and eigenvalues ratios are lower than
strain, leading to the shallow slope of

the rf vs. rs curve in Figure 1. Never-
theless, the increase in the hematite
reorientation results in a notable

increase in the fabric intensity of {104}

normals in the 1 to 5 strain intensity
range. Thus, in natural rocks such a
progressive reorientation, if present,

should be detected.

Magnetization Behaviour Simulations

The model has been used to simulate
magnetization deviations induced by the
rotation of platelets bearing micromo-
ments. For this simulation, the following
conditions are assumed:

1. Each particle bears a micromement
having length and orientation determined
by the coordinates of the "direction of
applied field" in the particle frame
through the classical magnetic suscep-
tibility tensor.

2. This tensor may be described by a
hard magnetization direction parallel to
the Z axis of the particle frame and an
isotropic susceptibility in the XY plane
(i.e., the basal plane of the particle).
The choosen susceptibility ratio is
kmax/kmin=100, in the range of magneto-
crystalline anisotropy of hematite [Uyeda
et al,, 1963].

3. Due to the low susceptibility of
hematite, magnetic interactions between
the grains are regarded as negligible [see
Owens, 1974; Hrouda et al., 1985].

4. As in the material lines and planes
strain response model, the particles are
assumed not to change in shape and length,
the micromoments are assumed to rotate
with the grain without changing their
coordinates in the particle frame. For the
Same reason, possible stress effects on
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magnetic micromoment at the grain scale
are not taken into account.

The resultant magnetization is calcu-
lated by the vector sum of all the micro-

moments of the population. To estimate the
variations in the homogeneity of the ma-
gnetization within the population of
grains during deformation it should have

been possible to consider the variations
in modulus of the resultant vector,
considered as the remanence intensity.
Nevertheless, Fisher [1953] statistics

appear to be a more convenient tool to
illustrate the simulated remanence devi-
ations and cluster, because it can be more
easily compared with the usual dispersion
parameters of natural data distributions.
It has been noted above that the initial
population distribution tends to unifor-
mity for a sufficiently high number of
particles (1000). This may be not the case
for more small populations of, for exam-
ple, 100 particles where some random de-
parture from homogeneity are observable.
When applying a "magnetic field" this re-
sults in random slight deviations of the
resultant magnetization from the field
direction. Repeating the simulation on
several such samples, one would expect to
obtain a dispersion of sample resultants,
but the overall mean direction should
converge towards the applied field direc-
tion. In practice, the initial population
of 1000 particles has been divided in 10
samples of 100 particles. Each sample
provides a resultant by vector summation
and at each strain step the Fisher sta-
tistics have been computed on the 10
sample resultants.

The simulated effects of passive rota-
tion of planar particles under strain upon
the magnetization directions and cluster
have been investigated in the following
conditions: successive coaxial increments
of strain (same incremental strain as in
the previous part, with an horizontal
shortening axis) have been applied to both
initially isotropic and anisotropic (30%
compacted) populations. In both cases, the
evolution of a magnetization acquired by
the population oprior to the deformation
(after the compaction in the anisotropic
case) has been studied for three different
orientations of the magnetic field. The
three field directions are horizontal,
with a direction parallel to the A3 shor-
tening axis of incremental strain ; incli-
nation of 30°, with a declination parallel
to A3 ; vertical. Results of the magneti-
zation simulation are as follows:

Horizontal field. When
rizontal field to the population, the
resultant magnetization of the 1000 par-
ticles is parallel to the field direction
in both isotropic and compacted popula-
tions. In the latter the distribution is
slightly better clustered but not signifi-
cantly. During the whole simulation of
shortening parallel to the magnetization
direction, the resultant direction remains
unchanged. It 1is only the dispersion of
the 10 sample magnetization directions
that 1is affected. In a plot of the
Fisherian k value, normalized to the
initial ko value, as a function of total
strain intensity rs (Figure 2), we observe
a very rapid decay of k with increasing
rs. This decay is in the range of 70% at
the rather low strain intensity of 2. A
further observation can be made on the
initially compacted population (Figure 2).
In this case, the superimposition of the

applying a ho-

horizontal shortening upon the initial
compaction ellipsoid 1leads in the first
stages to a decay in the total strain

intensity. This gives the particular shape
of the corresponding k/ko vs. rs curve,
and it is very important to point out that
a dramatic decay of almost 60% of the k
value appears while strain intensity stays
unchanged.

The third curve in Figure 2 is quite
different in its principle. This curve,
rearranged from the curves described in a
previous analysis of paleomagnetic data
dispersions in the Maritime Alps [Cogné
and Perroud, 1985, Figure 8, p. 133] gives
the evolution of the dispersion parameter
(k) of a Fisherian population of passive
vectors under a coaxial flattening strain,
the shortening axis of which is 1in the
direction of the population mean. The
nearly complete superposition of this
curve with the one resulting from the
model, shows that the dispersion of sample
magnetizations induced by planar particles
reorientations in the conditions of
simulation is similar to the dispersion of
passive lines.

30° inclined field. Horizontal shorte-

ning in the direction of a 30° inclined
magnetization has effects on both orien-
tation and cluster of the magnetization

resultants. The curves of k/ko vs. TrTs
show a pattern similar to those of Figure
2 with a 60% decrease of k for rs= 2 and
80% for rs= 5. This means that even for
angles of 30° between shortening axis and
magnetization direction, the scattering
effect of strain cannot be neglected. The
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Fig. 2. Simulation of hematite magneti-
zation deviations; evolution of the
Fisherian dispersion parameter (k),
normalized to its initial value (k0), wvs.
total strain intensity (rs). The shor-
tening axis in this case 1is parallel to
the initial resultant magnetization. Open
circles, initially isotropic population;
closed circles, 1initially 30% compacted
population; open triangles, evolution of a
Fisherian distribution of passive vectors
in the same conditions.

second effect is an important deviation of
the magnetization mean directions (Figure
3). This deviation from the initial di-
rection becomes significant at the third
increment in the 1initially isotropic
population (Figure 3, left), i.e., for a
strain intensity, rs= 1.33. 1In both the
isotropic and anisotropic initial po-
pulation the total deviation of the mean
directions is in the range of 25°-30° for
rs= 5.5. In the initially compacted
population (Figure 3, right), the initial
anisotropy leads to a shallowing of the
magnetization direction away from the
applied field, illustrating the well known
shallowing effect of compaction. Then,
‘superposition of strain leads to a total
deviation of about 20° from the 1initial
field direction for rs= 5.

Vertical field. Both isotropic and
compacted populations were given a ver-
tical magnetization. As expected, reorien-
tation of particles under horizontal
shortening does not produce any deviation
of this magnetization. Evolution of the
sample magnetization clustering, expressed
by the curves k/ko vs. rs, show an impor-
.tant increase of k/ko during shortening
(k/ko= 2.1- 2.2 for rs= 5). The signifi-
cance of this increasing in natural rocks
needs to be discussed. When working on
undeformed, isotropic materials, measure-
ments of magnetization leads to a mean
direction which 1is characterized by a
variance and a circle of confidence. These
statistical parameters give the degree of

accuracy in the estimation of the true
paleomagnetic direction. This incertitude
is always present and is due to all the
experimental factors in the data acquisi-
tion procedure. Thus we may assume that
intrinsic dispersion of magnetization
within a sample is not detectable if it is
lower than the experimental dispersion.
Therefore, if in certain deformation
conditions, strain induces an improvement
in the micromoments alignment, this will
certainly not be detectable due to the
range of experimental error.

In summary, the results of the simula-
tion described here show that in the case
of a shortening direction close to the
magnetic one, the passive rotation of pla-
nar particles results in a passive rota-
tion of the micromoment resultants. This
results in an increase in the dispersion
of the resultants, but does not affect the
mean direction of the sample magneti-
zations. When angle between shortening
direction is larger (at least up to 30° ),
we may have both significant scattering
effect, and additionally a net deviation
of the resultant magnetizations. Although
not truly passive themselves, these resul-
tants exhibit large deviations in the
range of true passive vectors deviations.
This implies that in nature we can expect
a high scatter of the data when the angle
between shortening direction and the pa-

20e

Fig. 3. Hematite magnetization devia-
tions; progressive deviation, due to
strain, of the magnetization acquired in a
30° inclined field. (left) Initially iso-
tropic population; (right) initially 30%
compacted population; note the shallowing
of the initial magnetization due to the
initially anisotropic fabric. Circles are
the 95% circles of confidence.
Stereographic projection.
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leomagnetic one is small. An increase of
this angle should result in an increase in
the deviation of the mean paleomagnetic
direction with a diminution in the scat-
tering. The amount of deviation appears to
depend strongly upon the amount of hema-
tite particle rotation. Therefore, the
understanding of magnetic mineral fabric
development is a critical step of the
analysis of the effects of strain upon
remanent magnetization in natural rocks.

THE MARITIME ALPS RED BEDS

The red beds of the Maritime Alps form
the upper part of the Permian cover of the
Argentera crystalline massif. Excellent
strain markers provided by green ellipti-
cal reduction spots have made these series
the subject of numerous studies on strain,
fabric, and anisotropy of magnetic suscep-
tibility [Graham, 1978; Siddans, 1980;
Kligfield et al., 1981, 1983; Siddans et
al., 1984]. Mainly strained in the alpine
orogeny [Siddans, 1979], these series are
folded with WNW-ESE trending axes, and
exhibit a strain gradient from south to
north [Graham, 1978] accompagnied by a
progressive cleavage development., Meta-
morphism and textures have been studied by
Siddans [1980] who shows that the main
mechanism of cleavage development is pro-
vided by illite recrystallisation in low

grade metamorphism. The evolution of the

susceptibility anisotropy tensor with in-
creasing strain has been described by
Kligfield et al. [1981, 1983]. The authors
conclude that the progressive reorien-
tation of ultrafine hematite particles is
expressed by the similarities in shape and
axes orientations of the strain and the
magnetic susceptibility anisotropy el-
lipsoids. Furthermore a logarithmic cor-
relation is found between principal sus-
ceptibility differences and principal
strains. Hematite particle rotations
induce a scattering of the magnetization
directions carried by the redbeds. Our
analysis of the paleomagnetic data dis-
persion [Cogné and Perroud, 1985] has
shown a consistency between the sense and
amount of paleomagnetic direction devia-
tions and the direction and intensity of
total strain. This may be briefly summa-
rized as follows. In the sites where there
is a low angle between the shortening
direction and the mean NRM direction, the
paleomagnetic directions are widely
dispersed. The scatter increase with
strain intensity in a manner similar to

passive line behavior. When the angle
between the shortening direction and the
mean paleomagnetic one is large, the whole
site direction population is deviated
toward the cleavage plane, without noti-
ceable change in grouping (compared to the
usual grouping of paleomagnetic directions
in similar rock type).

These observations lead us to assume a
material linelike (passive line) behavior
of the magnetization vectors. Thus, the
strain removal technique, using the in-
verse strain tensor of each site, was used
to undeform both bedding plane and paleo-
magnetic vectors of the sites, allowing us
to recover a formation mean paleomagnetic
direction not significantly different from
the Stable Europe Permian direction deter-
mined by Van den Ende [1977] within - the
undeformed part of the Dome de Barrot
formation [Cogné and Perroud, 1985].

In an effort to correlate magnetization
deviations with hematite rotations, the
preferred orientation of hematite cris-
tallographic lattices was studied by X ray
diffraction goniometry on samples from 8
sites where strain 1is homogeneous at the
site scale. Measurements and data proces-
sing were done at the Laboratoire de
Géologie Structurale, Université de Rennes
following the procedure described by
Gapais [1979]. For the reasons noted
above, the measurements were made on poles
to {104} form and the expected pole
figures must have small circle distri-
butions if hematite basal planes are
aligned with each other. From the pole
figures we have selected four typical
results (Figure 4). Strain increases from
the upper left to 1lower right corners in
the figure. First 1is the compactionnal
stage (site A) in the southern part of the
Dome de Barrot. Although rather weak,
hematite fabric is obvious, with a small
circle distribution around the normal to
bedding. The two following pole figures
were obtained on sites showing early
stages of cleavage development. In both
sites superimposition of horizontal
shortening upon the preexisting bedding
fabric provides total strain ellipsoids of
constriction shape with long axis hori-
‘zontal. In site B (North Dome de Barrot)
cleavage is not yet present and the pole
figure is represented in the bedding plane
projection. In site C (South Tinée Valley)
cleavage is of pencil type. Corresponding
pole figure is represented in the cleavage
plane, with trace of bedding (So) indi-
cated. In both figures, we observe inter-
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Bedding stage

Intermediate

Site A } Site B

Site C ' Site E

Pencil cleavage stage

Slaty cleavage stage

Fig. 4. {104} normals pole figures obtained by X ray texture goniometry in 4
sites of the Maritime Alps red beds. Location of the sites of Cogné and
Perroud {1985, Figure 1, p. 127]. Equal area projections. Plane of projection
is bedding (So) in sites A and B, cleavage (Sl) in sites C and E (trace of So

indicated). Dashed line in site B is

the A1 XAg incremental strain plane.

Contours (in multiples of uniform distribution): site A, 0.5- 1.0- 1.2- 1.4-

1.6; site B, 1.0- 1.2- l.4- 1.6; site

1.0- 1.5~ 1.8- 2.0~ 2.1- 2.2.

mediate fabrics expressed by the elongated
pattern of the points, between normal to
bedding and normal to cleavage (or )3 ax-
is of incremental strain in site B). 1In
the fourth stage (site E in the Tinée
Valley), strain ellipsoids are flattened
in the well developed slaty cleavage. The
pole figure shows a well- defined small
circle distribution around the normal to
cleavage. This expresses the strong pre-
ferred orientations of hematite basal
planes within the cleavage plane.

In order to examine the relationships
between finite strain and hematite pro-
gressive reorientation suggested by the
{104 }pole figures, the strain intensities
(rs) of each of the eight sites studied

C, 1.0- 1.2- 1.3- 1.35- 1.4; site E,

have been compared to the fabric inten-
sities (rf) derived from the eigenvalues
ratios of the {104} normals weighted
orientation tensors (Figure 5). One can
note that hematite fabric intensities
increase in a manner roughly similar to
that corresponding to rigid rotation of
planar particles in a material planes
strain response model as described above.
For comparison, hematite fabrics were
simulated wusing this model, from the
finite strain data of the eight sites. The
obtained intensity parameters are drawn in
Figure 5 (open squares), The similarity in
the slopes of the curves for simulated and
experimental results shows that the in-
crease in hematite fabric intensities 1is
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Fig. 5. Fabric intensity (rf) vs strain
intensity (rs). Closed circles, from the
{104} normals texture goniometry measure-
ments of the eight studied sites in the
Alpes Maritimes red beds (see Cogné and
Perroud [1985] for site locations); open
squares, simulated fabrics wusing the
strain data of the same sites.

similar to the increase in the simulated
fabric intensities. This suggests that a
model of passive reorientation of planar
particles can be used to describe the
observed relationships between fabric and
strain within the red beds studied. Unfor-
tunately, the very small dimensions of
hematite grains (ultrafine pigment) did
not allow any microscopic observation of
the deformation mechanisms of hematite
fabric development. In particular, pro-
bable mechanisms such as dynamic recrys-
tallization or intracrystalline slip
cannot be seen. Nevertheless, without
knowing the physical processes involved,
the above analysis suggests that passive
rigid rotation of planar particles adequa-
tely describes the main characteristics of

observed hematite fabric
within these red beds.

Simulating such a passive rotation with
a set of particles bearing micromoments,
it has been shown above that a shortening
applied in the direction of the magnetic
resultant induces a passive linelike be-
havior of the magnetization. This behavior
is similar to the one we described in our
previous paleomagnetic study of the Mari-
time Alps redbeds [Cogné and Perroud,
1985]. We therefore argue that the idea of
a strain removal technique based upon this
behavior is valid.

development

PONT-REAN FORMATION, SOUTH OF
BRITTANY

RENNES,

The red beds of the Pont-Réan Formation
are found underlying the "Grés Armoricain”
in central Brittany and are inferred to be
Cambro-Trémadocian. Lateral equivalents

- are found 1in several places in the Ar-

morican Massif, and a paleontological-
ly-based Arenig age was found in the
Ancenis area, in the Moulin de Chateau-
panne formation [Cavet et al., 1979]). 1In
our study area (Figure 6), the red beds
have suffered a penetrative deformation
during the Hercynian orogeny, resulting in
ESE~WNW folding accompanied by the deve-
lopment of subvertical axial planar clea-
vage. As observed in the field, the
stretching lineation trends parallel to
the bedding-cleavage intersection., In
contrast, the Moulin de Chateaupanne

Rennes

Fig. 6. (a) Geological setting of the studied area in the Armorican Massif

(western France); dotted areas, paleozoic

sediments. (b) Location map of the

sampling sites in the Pont-Réan formation (dotted area).
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oe k max
as kint
oe k min.

Fig. 7. In Situ directions -of principal
susceptibilities with bedding (So) and
cleavage (S1) planes tracés (downward he-
misphere). Closed symbols, downward incli-
nations; open symbols, upward inclina-
tions. Stereographic projections.

formation has not been deformed. We have
recently paleomagnetically studied it and
we will use the result [Perroud et al.,
1986] as a reference in the undeformed
state for the present study.

The mean strain ellipsoid of each site
has been estimated using the Rf/ & method
of Dunnet [1969], by measuring the axial
ratio of elliptical reduction spots. Then,
assuming a constant volume deformation
(i.e. A1 Az A3 =1), the principal longi~-
tudinal strains, Al =l+ei (i=1,2,3), are
determined. In this study, we have esti=-
mated the hematite particles orientation
distribution through the anisotropy of the
magnetic susceptibility. Measurements were
done at the C.F.R., Gif sur Yvette, using
an improved Digico anisotropy delineator
and the corrected calibration procedure
(Hrouda et al., 1983]. Results are shown
in Table 1 and Figure 7. It appears that
all magnetic axes are strongly orientated,
except in site LC where only the maximum
susceptibility (k max) axis is well
defined. Correlation between strain and
susceptibility ellipsoids is excellent:

Principal directions. 1In site LC,
where the rock - shows a pencil structure,
we found kmax at the intersection between
the bedding and cleavage planes; In other
sites, the minimum axis (kmin) is close to
the cleavage plane pole, and kmax close to

the regional stretching lineation di-
rection. It should be noticed however,
that where the strain intensity 1is the
smallest (site PM, rs= 1,55) kmax signi-
ficantly deviates towards the bedding
plane, indicating the existence of a pre-
orogenic magnetic anisotropy (deposition
or compaction).

Shape of the ellispoids. Using Flinn
diagrams [Flinn, 1965], we have reported
both strain and susceptibility ellipsoids
axial ratios (Figure 8, top). Although the
absolute values of these ratios are quite
different, it can be noticed that the re-
Presentating points are similarly distri-
buted in both cases; CB has a definitive
oblate tensor, while the other sites,
which are less deformed, are distributed
over the plane strain line. Site LC,
however, which shows the pencil structure,
is in both cases in the prolate tensor
field.

Principal values. After Kligfield et
al.[1983], we have tried to correlate the
principal strain ( gi= 1ln(l+ei)) and prin-
cipal susceptibility differences (Mi=
(ki-ko)/ko, ko= (kmax.kint.kmin)l/3). We
have obtained (Figure 8, bottom) a strong
positive correlation €i=10.67Mi-0.01 (r=
0.95). The slope of the best fit line is

VAN k1/kz
3 11
2 v
e, VR
14 < PM r— 10+
1 2 302/ Dz 10 11ka/k3

Ei

05 //{//

A ° Mi

Fig. 8., (top) Flinn diagrams for strain
(top left) and susceptibility (top right)
ratios. Lower: mean logarithmic principal
strains ( i) vs mean principal suscep-
tibility difference (Mi). Same symbols for
kmax, kint, kmin as in Figure 7. The line
represents the best fitted line over the
experimental points.
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20°C S!Down
Fig. 9. Thermal demagnetization

LC 7a

WiDown 20°C

results 1in Zijderveld [1967] 'in situ

orthogonal projections. Open symbols, projection of the vector end-points onto
the vertical plane; closed symbols, projection onto the horizontal plane.

Temperature in °C is indicated.

very different from the Kligfield et al.
result (25.65), but the correlation seems
to apply well in both cases. The dif-
ference in slope could be due to the rock
type or perhaps also in a part to the
calibration of the apparatus.

In conclusion to this part, we want to
point out that strain and susceptibility
tensors are correlated, and thus both can
be used to estimate the deformation. This
can be very useful when no clear markers
of deformation can be found. We next
consider how this deformation affects the
remanent magnetization (RM).

Six samples from each site were subjec-
ted to stepwise thermal demagnetization up
to 680°C, using a Schonstedt nonmagnetic
oven. Remanent magnetization measurements
were done with a computer-assisted spinner
magnetometer (Schonstedt DSM-1). Results
were displayed in Zijderveld diagrams
(Figure 9) and characteristic magneti-
zations graphically interpreted. The re-
sults are given in Table 2. The clearest
results are from site PM. We obtained here
a very good univectorial decay of the
magnetization toward the origin (Figure 9,
left) characterized by a sharp decrease of
intensity near the Curie point of hema-
tite. Apart from a small parasitic com-
ponent removed by the first heating step,
no evidence of secondary components is
seen. A few samples from site MB show a
similar behavior. Unfortunately, other
samples from this site were either un-

stable during demagnetization or remag-
netized in the present-day earth's field.
Therefore, a reliable average was not
obtained on site MB. However, we will see
later that the two individual directions
obtained are quite compatible with site PM
site-mean. Finally, the two other sites
reveal a more complex magnetization (Fi-
gure 9, right). An intermediate tempe-
rature component can be obtained by
line-fitting between 200°and 600°C. It has
a southwest declination and shallow down-
ward inclination. Then from 600°to 680° C,
the magnetization remains unchanged
defining a "stable end point". The first
component is widely found in paleomagnetic
studies of Paleozoic rocks in the Armo-
rican Massif [Perroud et al., 1986]. It
has also been described for the Moulin de
Chateaupanne formation and interpreted as
an Hercynian partial overprint. The ques-
tion arises of how well this overprint has
been cleaned before the RMs reach the end
points. We will discuss this again in the
light of the final results. The average of
the end points is the best estimate we
have of the characteristic magnetization
directions in both sites LC and CB.

In situ (not corrected for tilt) site-
mean directions are reaaonﬁably clustered
(Figure 10) but the overall mean (D=244° ,
I=63°) is not interpretable as syn- or
post tectonic magnetization; we do not
know any field direction similar to this
one, in the Armorican Massif, since the
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TABLE 2. Mean Magnetization directions Obtained in the Pont-Rean Formation
IS TC Undeformed
Site N D I k a9s D I D I k ags
PM 6 284 55 213 5 223 67 257 78 171 5.0
LC 6 223 61 168 5 224 39 215 48 109 6.5
CB 5 217 63 23 16 348 57 210 61 14 21.0
Mean 3 244 63 19 - 251 68 219 63 22 -
(k=5)
MB
2a - 267 53 - - 228 54 239 67 - -
3 - 279 55 - - 233 61 272 73 - -
These results correspond to the high temperature components, and are shown

as in situ (IS), tilt-corrected (TC)

and after inverse deformation. N is the

number of specimens used in the statistics; k and «@g95are Fisherian parameters
for dispersion; D and I state for declination and inclination.

hand,
of the
for-

Hercynian orogenesis. On the other
it is not far from the result

undeformed Moulin de Chateaupanne
mation (shown in Figure 10, SRTC), which
has been assigned an Ordovician age.
However, tilt correction disperses the
data. So, without further analysis, we are
not able to deduce from this study any
solid conclusion. Note that a similar si-
tuation was described by us in the case of

Fig. 10. Stereographic projections of
the site-mean magnetization directions
(large dots) and magnetization directions

of individual samples from site MB (little
dots), after thermal cleaning. IS, in situ

directions; TC, tilt corrected direc-
tions; SRIC, directions after strain
removal and tilt correction wusing the

unstrained bedding plane. The star is the
Ordovician magnetization direction in the
Moulin de Chateaupanne formation [Perroud
et al,, 1986].

the Maritime Alps. We have therefore
decided to apply the inverse deformation
algorithm introduced there to the direc-

tions of magnetization and to the bedding
planes. Tilt correction using the wun-
strained bedding plane leads to the final
estimate of the site mean directions,
mentioned in Table 2. We observe that the
clustering is improved, compared with that
after the ordinary tilt correction, and at
least as good as before any correction. A
comparison with the Moulin de Chateaupanne
Ordovician magnetization (Figure 10, SRTC)
shows a good consistency. We think there-
fore that the inverse deformation proce-
dure is truly worthwile 1in this case. It
allows us to recover a primary magne-
tization which we would have rejected
otherwise.

In spite of this optimistic conclusien,
reasons for the final dispersion of the
results can be discussed. Directions ob-
tained through indisputable wunivectorial
magnetization are much closer to the
Ordovician reference direction than those
obtained from multicomponent magnetiza-

tions. We can therefore suspect that
incomplete resolution of the components
has biased such directions, pulling them
toward the intermediate temperature com-

ponent direction, that is toward shallower
inclinations. This is particularly plau-
sible for site CB, which has a large
within-site dispersion. It 1is possible
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that chemical leaching could help to
resolve this question, so further work is
planned on these red beds, involving a
larger number of sampling sites.

CONCLUSIONS

Based upon the passive behavior model,
our hematite reorientations simulations
have pointed out the large deviations that
strain can induce on the magnetization
carried by the particles. These deviations
are characterized by a scattering of the
micromoment resultants when the shortening
direction is close (up to 309 to the
magnetic one, and a net rotation of the
micromoment resultant toward the
strain plane otherwise.

When working -on naturally deformed
rocks, the problem is to estimate the me-
chanism and amount of hematite reorien-
tation. X ray texture goniometry and ani-
sotropy of magnetic susceptibility are
convenient tools for this purpose. In the
Maritime Alps red beds, the preferred
orientation of hematite {104} normals
appears to be controlled by strain in a
manner similar to the strain response in
material planes model. In most sites
hematite rotations can be considered as
responsible for the anomalous scattering
of the paleomagnetic data. This dispersion
is shown to be similar to the dispersion
of passive lines. In the Pont-Réan for-
mation, the effects of strain upon hema-
tite orientation have been checked using
magnetic susceptibility anisotropy mea-
surements. Here too, the similarities
between strain and susceptibility ellip-
soids in shape and in axes length and
direction may be interpreted in terms of a
reorientation of hematite grains. Paleo-
magnetic data analysis has shown the
existence of a stable, steeply dipping
magnetization component with little,
within-site dispersion (except in one site
where the dispersion is 1likely due to an
incomplete separation of the components).
This high, within-site consistency was to
be expected, considering the large angle
between the shortening axis and the mag-
netization direction. Moreover, we met
here the same paradoxal situation as in
the Maritime Alps; tilt correction tends
to disperse data which are not inter-
pretable as magnetizations acquired post
folding. In both cases, we tried to reco-
ver the initial pretectonic paleomagnetic
direction by removing the strain using the
inverse strain tensor, as determined in

each site. For the preliminary results
obtained in the Pont-Réan formation as
well as in the Maritime Alps, this
treatment renders the data interpretable
in terms of pretectonic magnetizationms.

To conclude this analysis, we would
like to emphasize the interest we find to
compare strain, crystallographic fabric
and magnetic susceptibility tensors.
Strain removal technique allows the use of
many more rock units in our paleomagnetic
research. It may lead to a better preci-
sion of the paleogeographic recons-
tructions and to a better understanding of
the deformation kinematics and mechanisms.
The correlations between these tensors are
our best <chance to estimate with confi-
dence the finite deformation in many
rocks. Our positive attempts in inverse
deformation of paleomagnetic data suggest
that this way is potentially rich in
information. However, we have to temper
this optimistic view by the following
congiderations: when the intensity of
deformation becomes too high, the tech-
nique of strain removal used here is
probably not applicable. Our approach uses
largely a theoretical deformation model
(March passive behavior) which is probably
not valid for very large strains.
Moreover, extensive remagnetizations will
generally appear. Furthermore, although
red beds are commonly choosen for paleo-
magnetic investigations, we cannot extend
our conclusions for hematite reorien-
tations to other rock types. But we feel
that our studies, together with parallel
work by others - (see, for example,
Kligfield et al. [1983]) open new fields’
for paleomagnetic applications. And final-
ly, we strongly stress that assessing the
deformation state of the rock is essential
in routine paleomagnetic analysis, espe-
cially when working within an orogenic
belt. Ignoring this aspect will lessen the
reliability of the results.
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ABSTRACT

Cogné, J.P. and Gapais, D., 1986. Passive rotation of hematite during deformation: a
comparison of simulated and natural redbeds fabrics. Tectonophysics, 121: 365—372.

A simulation model is used to generate pole figures assuming strain-induced passive
rotation of hematite crystals. Comparison of simulated and natural hematite fabrics
allows us to distinguish between dominant passive rotation and other grain-scale deforma-
tion mechanisms. Two natural examples are discussed: redbeds from the French Maritime
Alps and Pyrenean redbeds. Fabrics indicate that passive rotation is the dominant re-
orientation mechanism of primary hematite grains during progressive deformation of
redbeds.

INTRODUCTION

When carrying out paleomagnetic studies of redbeds within tectonised
regions important questions arise about possible deviations of primary
magnetic vectors due to strain-induced, hematite preferred orientations (eg.
Kligfield et al., 1983; Cogné and Perroud, 1985). Removing such deviations
is a critical step in paleomagnetic analyses, requiring knowledge of grain-scale
deformation mechanisms responsible for actual hematite fabrics. Methods of
strain removal (see Cogné and Perroud, 1985) will yield the true primary
magnetic orientation only if hematite grains behave like passive markers
rotating during progressive deformation. Indeed, this is the only particular
case where total strain and fabric ellipsoids are expected to be identical
(March, 1932; Owens, 1973; Tullis, 1976).

Passive rotation is commonly invoked to account for preferred orientation
patterns of planar particles (e.g. phyllosilicates) within low-grade metamor-
phic rocks (Tullis, 1976; Oertel, 1983). However it probably combines with
other mechanisms such as recrystallisation, intracrystalline slip, or primary
metamorphic growth, whose contribution to the bulk fabric is generally
difficult to estimate (Siddans, 1976; Le Corre, 1979).

X-ray texture goniometry or magnetic anisotropy techniques provide good

0040-1951/86/$03.50 © 1986 Elsevier Science Publishers B.V.

Reproduit avee 1'aimable autorisation de Elsevier Science Publishers BV

T

R e s s n e Ser R S N




138

366

tools for fabric analysis of planar magnetic particles such as hematite. In
this paper, the former technique has been used to check hematite reorien-
tation mechanisms within two sets of samples from the Permian redbeds of
the Maritime Alps and the Pyrenean Permo-Triassic redbeds. Reduction
spots present in the rocks provided good independent measurements of the
total strain. Numerical simulations of hematite fabrics are used to estimate
and discuss deviations from a model of passive reorientation.

NUMERICAL SIMULATIONS

Although possible in massive hematite ore (Hrouda et al., 1985), direct,
accurate measurements of hematite C-axis fabrics are in general difficult
because of the very low intensity of the corresponding X-ray diffraction
peak. Due to the relatively low fraction of hematites in redbeds, we meas-
ured poles to {104} form of crystallographic planes which yield maximum
diffracted intensities. For each hematite crystal, the six normals to {104} are
distributed on a cone of 38.84° half-aperture angle around the C-axis. This
accounts for the need for numerical simulations for the quantitative inter-
pretation of pole figures; a direct comparison between strain and orienta-
tion tensors of {104} pole figures is not possible, in contrast to the case
of C-axis distributions.

The model used here is based upon March’s model (1932) of passive
reorientation of planar particles. It consists of N (< 1000) planar particles, each
characterized by a direct Cartesian frame where Z is the C-axis and XY is
the basal plane of hematite. The six poles to {104} planes are attached to
each particle, with a conical distribution around the C-axis. When applying
a strain to the whole population, each particle is free to rotate passively,
following the passive plane behaviour model. For each state of strain it is
possible to generate a {104} pole figure and to compute the corresponding
weighted orientation tensor W.O.T. (Cobbold and Gapais, 1979) which
quantifies the degree of axes alignment. From the theory of the W.O.T.,
derived from the Scheidegger (1965) orientation tensor, an isotropic tensor
(three equal eigenvalues, 8; = S, =S;) will be obtained for a perfect 57° half-
aperture conical distribution of lines. Consequently, the conical distribution
of {104} poles will result in low eigenvalue ratios, even for a high degree of
hematite basal plane alignment. This accounts for the low fabric intensities
reported below.

HEMATITE FABRIC RESULTS

Texture goniometry measurements were carried out at the University of
Rennes (see Gapais and Brun, 1981 for details on data processing and
representation). Results are given in the form of {104} pole figures and
associated computed weighted orientation tensors.
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The redbeds of the Maritime Alps

The red series of the Maritime Alps form the upper part of the Permian
cover of the Argentera Crystalline Massif. Numerous elliptical green reduc-
tion spots provide good strain markers all along the regional strain gradient
which characterizes the deformation of the redbeds in the area (Graham,
1978). Thus, all successive stages of increasing finite strain can be analysed,
from a compactional sedimentary fabric (in the Dome de Barrot, southern
outcrop) up to a well developed slaty cleavage with a flattened strain ellip-
soid (northern Tinée Valley). In the intermediate stages, the finite strain
ellipsoid is of the constriction type, due to the superimposition of a vertical
flattening fabric (cleavage) upon the horizontal bedding fabric. This excep-
tional sequence has given rise to many studies about strain (Graham, 1978),
susceptibility anisotropy (Henry, 1973; Kligfield et al., 1981, 1983), cleav-
age development (Siddans, 1980) and deviations of paleomagnetic vectors
(Cogné and Perroud, 1985). In the present study, hematite fabrics have
been measured in eight samples distributed along the strain gradient. Strain
has been estimated at each site by measuring axial ratios of reduction spots.
Results are described in detail by Cogné and Perroud (1985). Three typical
{104} pole figures are shown in Fig. 1, together with simulated pole figures
for similar finite strain ellipsoids and assuming passive rotation of hematite.
The “‘undeformed” compactional stage (Fig. 1a) is characterized by a weak
fabric with a small-circle distribution of poles around the normal to the bed-
ding. This expresses a slight, preferred orientation of hematite basal planes
within the bedding plane and reveals the anisotropic character of the initial
material. The superposition of a subhorizontal shortening (subvertical X ;A, in-
cremental strain plane) results in a constriction type finite strain ellipsoid
(Ks > 1, Fig. 1b). The reorientation of hematite basal planes towards the
cleavage plane is indicated by the elongated pattern of the pole distribution
in both passive rotation model and experimental data. In the ultimate
stages (Fig. 1lc) of increasing strain, hematite basal planes are strongly
orientated within the cleavage, as shown by the quasi-perfect small-circle
pattern of {104} poles distribution about the shortening direction. Varia-
tions of pole distribution with increasing strain are quite similar for the
simulated and natural fabrics. This clearly suggests that fabrics result from
the progressive reorientation of the basal planes of primary hematite grains
with progressive deformation.

Using the strain data of the eight sites studied, we have generated the
expected fabrics for strictly passive planar hematite reorientation. The com-
parison of intensity parameter (r = \;/A; + Ap/A; — 1; Ay > A > A3 = principal
values: Watterson, 1968) for strain and for both simulated and natural
fabrics is shown in Fig. 2. As expected, the fabric intensities (r¢) are rather
low compared with strain intensities (rs). Nevertheless, what is remarkable
is the high degree of similarity in the slopes of the re/rs curves for simulated
and natural fabrics. This identity is better seen when reporting the simulated
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Simulated Experimental

BEDDING STAGE

Ks=7

SLATY CLEAVAGE STAGE

Fig. 1. Simulated (left) and natural (right) {104} axes pole figures for three increasing
strain stages. K is the strain ellipsoid shape (A,/A, ~ 1)/(A,/A, — 1) parameter (Flinn,
1965). Planes of projection are bedding for the two uppermost figures, cleavage with
bedding trace indicated (S,) for the others. Equal-area projections. Contours: Left (in
% of poles in 1% of the hemisphere surface). (a) 0.5—0.8—1.1—1.4; (b) 0.7—0.9—1.1—1.3;
(¢) 1.0—1.4—1.7—2.0. Right (in multiples of uniform distribution): (a) 0.5—1.0—1.2—

1.4—1.6;(b) 1.0—1.2—1.3—1.35—1.4; (c) 1.0—1.5—1.8—2.0—2.1-2.2.
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Fig. 2. Fabric intensities (r¢) vs. strain intensities (rg) for natural (closed circles) and
simulated (open squares) {104} preferred orientations from the redbeds of the Maritime
Alps. @, b and c refer respectively to the pole figures drawn in Fig. 1a, b and c.

Fig. 3. Correlation between natural (ree) and simulated (r¢s) fabric intensities. The slope
of the best fit line is 0.982 with a correlation factor of 0.756.

fabric intensities (rgs) vs. the experimental one (rge) (Fig. 3). We obtain a
rather good linear correlation (r = 0.756) with a slope very close to 1 (0.983).
In other words, there is no difference in the way hematites have actually
reorientated within these redbeds and a strain induced passive rotation of
planar particles. Differences in absolute values of fabric intensities can be
the results of different unknown factors such as (1) weakness of signal/noise
ratios in texture goniometry measurements, (2) low fraction of randomly
orientated hematites in shadow zones, (3) low fraction of non-planar hema-
tite in the population (specularite?). Nevertheless, our results clearly show
that the major mechanism of hematite reorientation in these redbeds is of
the passive rotation type.

The Pyrenean redbeds

Six sites, located near the Col du Somport, have been sampled in the
Permo-Triassic Pyrenean redbeds. Situated at the southern border of the
Pyrenean Primary Axial Zone, these series show the characteristic southerly
overturned folding of the South Pyrenean Zone (Choukroune, 1976). The
axial planar slaty cleavage, developed during the main Pyrenean phase, dips
moderately towards the north. As in the Maritime Alps, reduction spots
allowed the strain to be measured in the field.

Paleomagnetic studies have been done on the Permo-Triassic redbeds
all along the Pyrenean Chain. They have shown that the Permo-Triassic
primary magnetization component is often overprinted by several remag-
netizations related to tectonic events starting during the late Jurassic (Schott,
1985). This point is important for the interpretation of hematite fabric data.

In contrast to the red formations of the Maritime Alps, strain ellipsoids
are all of the flattening type. Nevertheless, strain intensities show variations
in the range of 1.9—3.7. That is, a correlation between strain and fabric
intensities should be detected if present. {104} pole figures show a shape
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Ks=0.25
Fig. 4. Typical example of {104} pole figure from the Pyrenean red series. Plane of
projection is cleavage with bedding trace indicated (S, ). K is the shape parameter of the

strain ellipsoid (Flinn, 1965). Equal area projection. Contours (in multiples of uniform
distribution): 1.0—1.25—1.5—1.7.
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Fig. 5. Fabric intensities (r¢) vs. strain intensities (rg) for natural (closed circles) and
simulated (open squares) {104} preferred orientations from the Pyrenean redbeds.
Number 4 on the curve refers to the pole figure drawn in Fig. 4.

Fig. 6. Intensities of natural (rge) vs. simulated (r¢s) hematite fabrics for the Pyrenean
redbeds. Dotted line is obtained from linear regression.

similar to that in the most deformed sites of the Maritime Alps (Fig. 4).
{104} poles are distributed on a well defined cone, centered on the normal
to the cleavage. However, important differences with previously described
data are found in the curves of strain intensities vs. fabric intensities (Fig.
5) and in the plots of simulated vs. natural fabric intensities (Fig. 6). In
the former, the slope of the curves does not fit anymore (Fig. 5). The
calculated correlation between simulated and natural fabric intensities (Fig.
6) supports conditions of parameters independence (r = —0.235). This im-
plies that passive rotation can no longer be invoked as the major mechanism
responsible for the development of hematite preferred orientations. The
lack of correlation between the parameters could be explained by processes
such as dissolution—crystallisation and/or dynamic recrystallisation of
hematite. The observation of polished sections in reflected light did not
provide any microstructural evidence for such processes, although numerous
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quartz veins in the redbeds indicate fluid circulations during the cleavage
development. Nevertheless, paleomagnetic analysis of these rocks (Schwarz,
1963; Cogné, 1983) has revealed an important overprinting of the primary
magnetic direction by a secondary one, which is suspected to be syn- to
post-tectonic in age. As this component is carried by fine hematite particles
(pigment), this strongly supports the idea of hematite neoblasts formation
during the deformation history of these series.

CONCLUSIONS

Although the conical distribution of hematite {104} normals gives rise
to difficulties in direct comparisons between principal strains and the weight-
ed orientation tensor eigenvalues, texture goniometry has proved helpful
in explaining the behaviour of hematite during deformation.

With the help of a passive behaviour simulation, we have shown that in
the Permian redbeds of the Maritime Alps, the reorientation of primary
diagenetic hematites during progressive deformation is mainly achieved
by passive rotation. In such rocks, strain removal to recover the primary
paleomagnetic directions should be valid.

In the Pyrenean red formations of the Col du Somport, passive rotation
is probably accompanied by the formation of new hematite grains during
deformation. This is independently borne out by paleomagnetic evidence
of secondary magnetization overprinting events taking place during the
Pyrenean orogenesis.
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Detailed investigations of relationships between strain and directions of characteristic remanent magnetization
(ChRM) have been conducted on the Permian red series of the Alpes Maritimes, France. The analysis of the results
obtained by structural and paleomagnetic studies on 14 sites leads to the following observations: in most sites. the mean
direction of the strain shortening axis is close to the expected Permian paleomagnetic direction. In this case we observe a
a large scatter of the ChRM directions within each site, which is interpreted as an increase of an initial dispersion due to
strain. Moreover this dispersion more or less increases with strain intensity. In other cases, where the angle between the
shortening axis and the paleomagnetic direction is high, the whole population is deflected towards the cleavage ( XY)
plane. These observations lead us to assume a material line-like behaviour of the ChRM vectors and consequently an
attempt has been made to recalculate these directions by strain removal. These calculations give positive results at two
levels: (1) a statistically significant improvement in the clustering of the within-site distributions, and (2) after tilt
correction, using unstrained bedding planes, a significant improvement in the clustering of the between-site distribution.
The formation mean direction, after strain removal, is in good agreement with known Permian results for stable Europe.

1. Introduction

Since Runcorn (1] first demonstrated the open-
ing of the Atlantic, using paleomagnetic data from
North America and Europe, paleomagnetic meth-
ods have been widely used, mainly on a large
scale, to contribute to the understanding of (1) the
relative motions of the continents, and (2) ap-
parent polar wander. More recently, attention
moved towards the margins of the large plates, in
order to understand the interactions between them.
An increasing number of paleomagnetic studies
has been done within the orogenic belts them-
selves, providing new constraints on tectonic
evolution of mountain belts [2]. However, some
special problems of deformation, metamorphism
or overprinting arise in such areas, and great care
is required in the interpretation of the data [3]. Up
to now, the widely used “structural corrections”

0012-821X/85,/303.30 © 1985 Elsevier Science Publishers B.V.

are in fact the familiar tilt corrections introduced
by Graham [4] who compared the dispersion of
data before and after rotation of the bedding
plane about its strike line. More complex develop-
ments of this method have been applied for plung-
ing fold axes [5,6] or fault rotations and have been
reviewed by MacDonald {7], but all of them in-
volve rigid rotations of blocks in which it is as-
sumed that there is no plastic strain. However,
strain has been considered as responsible for
anomalous results, which show negative fold tests
even though the magnetization is probably pre-
tectonic [8] or as an alternative explanation to
syntectonic remagnetization for scattered data [9].
For these reasons, penetratively deformed rocks
are generally regarded as unsuitable for paleomag-
netic work and very few quantitative studies have
been carried out on this problem.

Nevertheless some laboratory experiments have

Reprodutt avec l'aimable autorisation de Elsevier Science Publishers BV
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been done on various synthetic samples, to study
the magnetization behaviour during progressive
strain. Kodama and Cox [10] did not show any
coherent bias of the remanence with respect to the
shortening axis; these results are thought to be due
to the nature of the artificial sediment itself
(kaolinite matrix) which showed a discontinuous
deformation behaviour at the sample scale. On the
other hand, Ozima [11] observed that “compres-
sional plastic deformation of a Cu-Co alloy (...)
resulted in a systematic rotation of remanent mag-
netization (IRM at H= 0.1 T) away from the axis
of compression with increasing degree of the de-
formation”. Morash and Bonhommet [12], work-
ing on hematite in a homogeneous plasticine ma-
trix, obtained systematic rotation of the resultant
IRM, the angle of rotation being close to that
predicted for a macroscopic material line. Simi-
larly, Blow and Hamilton [13] observed a signifi-
cant shallowing of detrital remanent magnetiza-
tion, acquired by tank redepositions of silty clay
grade sediments during compactional loading. This
can be attributed to vertical shortening. In this
context, it would seem sensible to study the rema-
nence behaviour in natural deformed series. The
results presented here provide a tentative answer
to the first question that can be asked: is there any
coherent effect of plastic deformation on pre-
tectonic remanent magnetization; in other words,
does the pretectonic remanence behave like a ma-
croscopic material line (see Appendix 1) during
deformation?

To investigate this particular problem, the
studied series must (a) have a pretectonic magneti-
zation that can be recovered by magnetic analysis;
(b) have good natural strain gauges in sufficient
quantity.

Permian red shales and slates covering the Ar-
gentera Massif (Alpes Maritimes, France) have
been chosen because they satisfy the above
requirements (Fig. 1). A thick Permian sequence of
sediments forms the autochthonous cover of the
Argentera crystalline massif. The upper part (1 km
thick) consists of red sandstones (Barrot Forma-
tion). A slight unconformity below the Werfenian
quartzites points to a slight pre-Triassic deforma-
tion [14] but the main phase is of Alpine age [15].
Open to isoclinal folds show axial planar slaty

cleavage. These red slates contain many ellipsoidal
reduction spots and these good quality strain
markers have been widely used in previous tectonic
studies. Graham [16] made the first quantitative
strain study in this area, revealing that strain
increases from south to north. Interrelationships of
deformation, metamorphism and textures were
studied by Siddans [17] who concluded that illite
recrystallisation during low-grade metamorphism
was the predominant mechanism of cleavage
development. Relationships of magnetic fabric and
strain were investigated by Henry [18] and Klig-
field et al. [19,20]. Paleomagnetic analysis has been
done by Van Den Ende {8] within the undeformed
part of the Dome de Barrot. He determined a
mean paleomagnetic direction for these series (D
=205.5°, I = —13.5°, ags =2.6°) of Permian age
and thus, the magnetization is actually pretectonic
(prealpine), at least in the undeformed part of the
formation. '

2. Sampling and field measurements

Two sets of sites were sampled in the Barrot
Formation (Fig. 1). The first set (group I) of nine
sites (A to J) is distributed in the Dédme de Barrot
[2] and along the Tinée [6] and Roya [1] valleys.
Here the strain intensity increases from south to
north. The other set (group II) of six sites (P1 to
P6) is distributed throughout the two limbs and
hinge of a 50-m-wide anticline (Fig. 2), in the
Vionéne valley, the most deformed part of this
area (asterisk in Fig. 1c). In this fold, the finite
strain intensity is roughly constant, but there are

variations in the geometrical relationships of the

bedding plane and principal directions of strain.
The scale of the sites was selected to ensure a
good homogeneity of strain and bedding dip in
each site, and was generally about 2 m X 2 m. 145
cores were drilled and oriented in-situ, and cut in
the laboratory to yield 250 specimens. Field struc-
tural measurements were made at each site as
follows: the axial ratios of the elliptical reduction
spots were measured on at least two sets of per-
pendicular natural planes, as close as possible to
the principal strain planes. Measurements of cleav-
age plane and lineations (bedding-cleavage inter-
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Fig. 1. (a) Location map of the main outcrops of Permian red shales and slates in the Alpes Maritimes. Sampling sites in (b) the Déme
de Barrot, (c) The Tinée and Vionéne valleys, (d) the Roya valley. Asterisk in (c): group II sites.

section, stretching, etc.) give the orientation of the
principal strain axes. In the most deformed sites,
some difficulties arise with the determination of a
bedding plane; as a matter of fact, the develop-
ment of the slaty cleavage tends to erase the
bedding plane and this surface may not be detec-
table in some times. Fortunately, the bedding trace
is always marked by some green “reduction bands”
on the other available planes (cleavage, joint Fig. 2. Schematic cross-section through the fold in the Vionéne

planes, etc.). Plots of these traces on a stereogram valley showing the structural emplacements of the sites P1 to
give a mean bedding plane at every site studied. P6 (group II).
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3. Strain analysis—results

Results of structural and strain measurements
are summarized in Table 1. They allow us to
determine a mean bedding plane and a mean
strain tensor at each site as follows. The measure-
ments of the axial ratios of the elliptical reduction
spots are plotted on either a R;/¢ diagram [21,22]
or a simple long-axis/short-axis diagram, depend-
ing on the angular fluctuations that may exist
between the long axis and a reference line; this
yield a mean strain ratio for each studied plane.
Then, if we suppose no volume change (A; - A, - A,
= 1) we can calculate the elongation A, > A, = A,
along each axis. On the other hand, considering
the cleavage plane as the XY finite strain plane, its
pole is the orientation of minimum elongation axis
Z and the stretching lineation is the maximum
elongation axis X; the intermediate axis Y is or-
thogonal to the others to form a right-handed
cartesian frame.

The results obtained here (Table 1) are con-
sistent with previous ones obtained in this area
[15,16,19,20]. In the undeformed southern part of
the Ddme de Barrot (site A), ellipsoids are slightly
flattened in the bedding (A, = A, > A;). Towards

TABLE 1

Mean orientations and strain

the north, strain intensity increases (Fig. 3). In the
northern part of the.Dome de Barrot (site B),
although cleavage is not present, ellipsoids are
prolate (A, > A, =A;) with long axes trending
about N110°; in the southern Tinée valley (site C)
cleavage development, superposed upon a compac-
tional fabric, produces a pencil structure and el-
lipsoids are prolate, with long axes parallel to
bedding/cleavage intersection; moving towards the
north, ellipsoids are flattened in the slaty cleavage,
first triaxial (A, > A, > A;) with X parallel to the
bedding/cleavage intersection (site F), then oblate
(A, =X, >A,; sites D and E). Finally the el-
lipsoids return to a triaxial shape, with X parallel
to the down-dip stretching lineation within the
cleavage, in the most deformed sites (G, I). The
Roya valley site(J) shows an intermediate stage of
this sequence, equivalent to site F. The six sites of
the fold show the most deformed state, similar to
those of sites G and 1.

From the strike and dip of axial planar siaty
cleavage we can see that the Z-axis is generally
subhorizontal with a general trend SSW-NNE,
which is more ‘or less parallel to the Permian
paleomagnetic direction of the Ddéme de Barrot.

Sites Bedding Cleavage X-axis Principal strains
S D S D D 1 Ay A, A,

A 181 10 - - - - 1.193 1.193 0.702
B 242 5 - - 305 5 1.368 0.855 0.855
C 72 25 90 90 90 8 1.478 0.869 0.778
D 105 30 285 64 - - 1.339 1.339 0.558
E 46 45 264 61 - - 1.546 1.546 0.418
F 96 37 102 90 102 1.915 1.063 0.491
G 340 26 295 78 324 66 2.629 1.143 0.346
1 317 26 295 67 353 13 2.098 1.499 0.318
J 73 46 276 44 89 11 1.643 1.369 0.444
P1 131 39 291 87 89 82 2.072 1.480 0.326
P2 149 15 300 82 72 79 1.789 1.361 0.410
P3 317 2 131 80 272 74 2.002 1.310 0.381
P4 139 39 299 87 91 84 1.894 1.388 0.380
Ps 116 20 300 82 20 82 1.789 1.361 0.410
P6 304 23 300 82 17 82 1.789 1.361 0.410

S, D: strike, dip of bedding and cleavage planes, D, I: declination, inclination of X-axis.
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Fig. 3. Schematic cross-section through the Dome de Barrot and the Tinée outcrops, with block-diagrams illustrating the increasing

strain stages (after Graham [16]).

4. Paleomagnetic analysis
4.1. Laboratory techniques and measurements

All the magnetic measurements have been done
with a computer-assisted Schonstedt DSM-1
spinner magnetometer of sensitivity ~107* A
m~'. Progressive isothermal remanent magnetiza-
tion (IRM) acquisition experiments have been per-
formed with a Brucker BE-10 electromagnet (max-
imum field 1.25 T). Thermal demagnetization pro-
cedures have been carried out with a Schonstedt
TSD-1 non-magnetic furnace in a mu-metal shield
with a very low residual field of about 10 nT. For
chemical demagnetization, samples were prepared
by drilling a 1-cm diameter hole in order to in-
crease the leaching surface [23,24]. On the other
hand, uniform leaching of the sample was helped
by the presence of cleavage planes that provided
good diffusivity. The samples were then immersed
in HCI in individual receptacles and left in a
field-free space during increasing time steps. This
was performed at room temperature and required
a total time ranging from 600 to 1150 hours of
leaching.

4.2. NRM

All 250 specimens were submitted to a short-
period viscosity test [25]. 83% have a short-period
viscosity coefficient lower than the 20% limit we
have chosen as the maximum allowed value for
our paleomagnetic investigations.

In-situ NRM directions are somewhat scattered
but do not appear to show any significant present-
day field overprinting (Fig. 4).

Tilt correction does not induce any improve-
ment in these distributions either in the gradient
population (group I) or in the fold (group II). So
we have here an apparent paradox: on the one
hand NRM directions are closed to the expected
Permian direction (SW declination and shallow)
and therefore should be considered as pretectonic;
but on the other hand, tilt correction does not
improve these distributions, which is normally
characteristic of syn- to post-tectonic magnetiza-
tions. One possible reason for this is strain.

4.3. Thermal demagnetization
Thermal demagnetizations were carried out on

76 specimens and have shown single (Fig. 5a) or
double (Fig. 5b) component NRM behaviour. In
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Fig. 4. NRM directions of the specimens of group I (top) and group II (bottom). IS: in-situ (left); TC: tilt-corrected (right). Open
symbols: negative inclinations. Closed symbols: positive inclinations. Stereographic projections.
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Fig. 5. Thermal demagnetization curves in Zijderveld {40] vector projections. Open symbols: projection of the vector end-points onto
the vertical plane. Closed symbols: projection onto the horizontal plane. Temperature in °C is indicated.

the latter case, it was often impossible to separate
the two components by this technique because of a
nearly complete overlapping of the unblocking
temperature spectra. This kind of data was treated
by the great circle method [26]. Another problem
especially present in the most deformed sites, was
the appearance of strong viscous magnetization
components in the higher-temperature steps of the

N|Up
E
E
10%m’”
1107’
N
W |Down S|{Down

(a) (b)

Fig. 6. Chemical demagnetization curves. Cumulative time of
leaching is indicated in hours. Same conventions as in Fig. 5.

procedure, that conceal the characteristic magneti-
zation. Some IRM acquisitions performed on un-
heated and heated specimens [27] show the pres-
ence of a low-coercivity magnetic carrier (magnetic
or maghemite) after annealing and an absence of
this phase in the fresh specimens. Thus we appear
to have magnetite production during the heating
process as described by Dunlop [28]. When these
mineralogical modifications occurred, we rejected
the results from further consideration.

Fig. 7. In-situ ChRM directions obtained by thermal (circles)
and chemical (squares) demagnetization in four sites of group I.
Same conventions as in Fig. 4.

{ S | B v e s




152

132
4.4. Chemical demagnetization

In order to isolate a characteristic component
and to avoid mineralogical changes during heat-
ing, chemical demagnetization by hydrochloric acid
was performed on 82 specimens. In this case, too,
we observe either single (Fig. 6a) or double (Fig.
6b) component behaviour, but here the two com-
ponents appear to be clearly separated during
leaching. IRM acquisitions done on pairs of
leached and non leached specimens [27] show that
more than 90% of the magnetization is carried by
a very high-coercivity phase, fine-grained hematite,
so the NRM of these rocks is probably of chemical
origin [29-31].

4.5. Summary of data obtained by demagnetization
Three kinds of magnetic behaviour have been

recovered:
(1) Thermal demagnetization led to determina-

TABLE 2

tion of remagnetization planes for each treated
specimen (sites A and I). In this case, the mean
direction of the site is determined by the intersec-
tion of the great circles, and an “ellipse of confi-
dence” [32] is calculated. The very poor intersec-
tion determination from these great circles for site
I (see Table 2) render this site unusable.

(2) Characteristic remanent magnetization
(ChRM) directions have been isolated either by
thermal demagnetization (site J) or by chemical
demagnetization (sites P1 to P6) or by the two
techniques (sites C, E, F, G). In the latter case the
populations obtained by the two techniques are
nearly identical (Fig. 7).

(3) When both ChRM directions and great
circles have been determined (sites B and D), we
have two estimates of the mean paleomagnetic
direction of the site, one by Fisher statistics on the
ChRM directions, and the other by great circles
intersection. A final mean direction is calculated
by averaging these two estimates.

In-situ (IS) and tilt-corrected (TC) mean directions after chemical and thermal demagnetization

Sites N IS TC k ags
D I D 1
A 9 195 -4 194 -6 (p=15 r=9
B 11 213 -15 212 -12 21 13.0
C 14 205 10 205 -8 39 6.5
D 15 215 10 216 -18 22 10.0
E 12 193 -9 208 -29 15 11.5
F 16 204 5 206 -29 50 5.3
G 8 202 -7 202 11 4 29.5
(I 7 223 3 - - p=235 r=9
J 211 -1 222 ~29 14 14.0
P1 8 210 0 207 —40 4 30.0
P2 12 207 -26 202 -39 25 9.0
P3 9 210 -57 217 13 50 7.5
P4 7 242 -2 246 -39 25 9.0
Ps 8 235 13 234 -5 10 18.5
P6 8 232 4 234 26 10 18.5
Group I 8 205 -15 208 -15
(A=) k=45, ags =8.5 k=245 aes=11.5
Group 1 6 224 -1 224 -15
(P1-P6) k=175, ag5 =26 k=6, a95=29.5

k, ays: parameters of Fisher statistics; p, r: 1/2 angles of the “ellipse of confidence”. The results of the site I are not taken into

account in the calculation of the means.
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5. Results—analysis of the ChRM directions
5.1. Group I (gradien: sites)

From the results obtained by demagnetization
(Table 2), two main conclusions can be drawn.
First, the within-site dispersions remain rather high
after demagnetization, with always low values of
k. This contrasts with the results obtained on
undeformed beds [8]. Although these directions
look like Permian magnetizations, tilt corrections
do not produce any improvement in the between
site dispersion.

The fact that the regional trend of shortening
axis (Z) of the strain ellipsoid is subhorizontal in
a SSW direction (i.e., more or less parallel to the
pretectonic magnetization vector for the unde-
formed part of the series (Dome de Barrot)) sug-
gests that the large observed within-site dispersion
represents an increase of the initial dispersion, due
to a shortening the axis of which is close to the
mean of the vectors population.

To check this interpretation, the paleomagnetic
data have been compared with a simple numerical
model. The modeling conditions are as follows:

(1) The calculations are done on fictitious sets
of vectors, each having a Fisherian distribution
characterized by the usual statistical parameters
(k, ags) [33].

(2) We apply an axisymmetric strain to the
vectors.

(3) The shortening axis is exactly parallel to the
initial mean direction of each population.

(4) The vectors behave as material lines under
strain (see Appendix 1).

(5) Strain intensity, estimated by the parameter
r=»XA/A;+XA,/A;—1[41] is incremented by reg-
ular coaxial steps until r = 5.

(6) At each strain step, the mean of each popu-
lation is recalculated with its statistical parame-
ters.

These calculations performed on four popula-
tions with different initial value of & (14.5, 39, 70,
and 125) give the following results:

(1) The mean direction of each population stays
parallel to the Z axis.

(2) There is a rapid decay of the Fisher &
parameter with increasing r (Fig. 8). In other words,
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Fig. 8. Curves of modeled behaviour of Fisher's k parameter as
a function of strain intensity r [41]. Black dots are real parame-
ters of the group I sites.

the dispersion of a vectors population under these
conditions becomes rapidly large, even for rela-
tively small strain intensities.

With one exception (site F), the real
paleomagnetic and structural data for each of the
eight sites B to J show a good fit with calculated
curves for an initial population of k parameters in
the range 50-100, which is the usual value for this
kind of rock. In nature, there is probably seldom
any true parallelism between pretectonic mean
direction of magnetization and shortening axis,
and moreover the strain is not uniaxial. Neverthe-
less, this model may explain the within-site disper-
sions.

5.2. Group II (fold sites)

Although chemical demagnetization allowed us
to isolate a stable component for each treated
specimen, the dispersions remain very high except
for site P3 (Table 2; Fig. 9). In this field, char-
acteristics and intensities of strain are more or less
identical from site to site but we have variations in
the angles between the strain axes and the bedding
plane, in other words, variables angles between the
shortening axis and the pretectonic magnetization.
It is possible to find, as before, a coherent attitude
of paleomagnetic data with respect to strain direc-
tions. Comparison of the data shows that in sites
P1 and P4 from the southern limb (see Fig. 2).
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Fig. 9. In-situ ChRM directions obtained by chemical demag-
netization in the six group II sites. Same conventions as in Fig.
4.

there exists a large scatter of paleomagnetic data
(with k& values respectively 4 and 7), as well as in
sites P2, P5, P6 from the hinge; this high scatter is
consistent with the low angle between the Z-axis
and the expected mean pretectonic magnetization
direction, as observed in the group I sites; in
contrast, in site P3 of the northern limb, where this
angle is much higher, scatter remains small in the
observed state (k = 50), but there is a deviation of
the whole population away from the shortening
axis, towards steep upwards inclinations.

As mentioned above, a simple tilt correction
does not bring any improvement in the clustering
of the site-mean directions. This is due to the fact
that the site-mean directions of the two limbs
bypass each other during unfolding (Fig. 10). This
type of situation is classically attributed to a syn-

DOWN

Fig. 10. Site-mean ChRM directions of group II in a vertical
stereographic projection. Dots are contoured depending on
their southern (S) or northern (N) limb site position. IS: in situ;
TC: tilt-corrected; asterisk: recent field axis (reverse polarity).
Closed symbols in the southern hemisphere.

tectonic origin of magnetization. However, this
cannot be the case here, because the Tertiary age
of the deformation would imply a remagnetization
field close to the Tertiary field and yet somewhere
between the directions of the two limbs, which is
not at all the case. Instead the directions are
distributed around a Permian field direction. We
suggest therefore that strain induces a deviation of
the initial magnetization. In a general way, strain
has to be considered as an alternative interpreta-
tion for magnetic data which show this kind of
by-passing upon unfolding.

5.3. Conclusions

(1) When it is possible to isolate a stable ChRM
direction in each specimen, these directions are
generally scattered within the deformed sites.

(2) This dispersion shows an increase with strain
when the shortening direction is close to the
paleomagnetic one.

(3) When the angle between the Z-axis and the
theoretical pretectonic mean paleomagnetic direc-
tion is higher, the within-site dispersion seems to
remain unaffected, but the whole population is
deviated towards the cleavage ( X7Y') plane.

Thus the behaviour of the paleomagnetic vec-
tors population studied here is similar to the be-
haviour of passive vectors under strain. In order to
test this hypothesis, and to recover a mean
paleomagnetic direction consistent with the Per-
mian direction of Stable Europe, the effects of
strain have been removed from each ChRM direc-
tion.

6. Strain removal
6.1. Principle

The analysis of deformation is a geometrical
description of the transformation from an initial
state to a deformed state. This description, which
is totally independent of the mechanism and the
path of deformation, is mathematically decom-
posed into (a) strain (i.e., changes in relative posi-
tions of points, (b) rigid-body rotation, and (c)
rigid body translation. The latter is generally not
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Fig. 11. Schematic sketch of strain removal. From the in-situ paleomagnetic and strain data, both vectors and planes are corrected for

strain. Then the inverse rigid-body rotation is done by tilt correction from the unstrained bedding plane.

easy to detect and does not affect paleomagnetic
vectors; therefore, it will no longer be considered
here. Consequently, total deformation has been

removed from the ChRM vectors in two steps

(Fig. 11):

(1) First, according to theoretical relationships

CA: | 2R

T

TABLE 3

Mean-site and mean-group directions after strain removal and tilt correction from the unstrained bedding plane with the results of the
test k, > k,

Sites N D ! k ags ksp/kis F Test
A 9 194 -11 (p=15 r=9)

B 4 213 -12 36 _13.0 1.70 4.28 ?

C 14 194 -8 67 4.9 1.73 1.92 ?

D 7 204 -9 82 5.0 4.45 2.69 +

E 12 180 -1 73 4.9 5.03 2.05 +

F 16 196 -16 351 2.0 7.02 1.84 +
G 8 204 -1 4 8.5 9.78 248 +

J 9 196 -16 45 7.8 3.08 2.29 +
P1 8 205 -7 125 5.0 31.25 2.48 +
P2 12. 208 -11 193 3.0 7.72 2.05 +
P3 9 221 6 115 5.0 2.30 2.29 +
P4 7 217 -9 174 4.5 10.23 2.69 +
Ps 8 218 -0.5 96 5.7 9.60 2.48 +
P6 8 217 7 107 5.5 10.70 2.48 +
Group | 8 198.0 -10.5 59 7.5

Group 11 6 2145 =25 65.5 8.0

ksr/ks: k ratios for strain removed and in-situ directions; F: value of the Fisher-Snedecor table at the 5% level for the AN-=-1),

2(N —1) degrees of freedom.
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Fig. 12. Group I: site-mean directions with their circles of
confidence. IS: in-situ; TC: tilt-corrected; SRTC; after strain
removal and tilt correction from the unstrained bedding plane.
The Fisher k parameters refer to the between-site dispersions.

between initial and final positions of a passive line

under strain (see Appendix 1) the inverse strain

tensor S™! has been used to recalculate the initial
direction of the ChRM of each specimen, without
any rigid-body rotation.

(2) The mean strike and dip of the bedding
plane of each site has always been determined by
using surfaces with no rheological contrast with
the layers where reduction spots were measured. In
this case, bedding plane can be considered as a
passive plane during deformation and thus, the
observed strike and dip of these planes is the result
of the superposition of a rotationnal part due to
strain and a rigid-body rotation. Consequently, the
strain was also removed from the bedding plane
(see Appendix 1). The residual strike and dip of
the recalculated plane (so-called “unstrained bed-
ding plane”) was considered as the part of rigid-
body rotation which is associated with the total
deformation. Inverse rigid-body rotation of the
ChRM vectors was then performed by bringing
the recalculated bedding plane of the site to the
horizontal with a classical tilt correction (rotation
about the strike line, of an angle equal to the dip).

Mean directions of the two groups are given in
Table 2 for in-situ and tilt-corrected directions and
in Table 3 after strain removal and tilt correction
from the unstrained bedding plane. These data for
the three stages are illustrated Fig. 12 for group I
and in Fig. 13 for group II.

6.2. Effect of strain removal on within-site disper-
sions

Strain removal performed on ChRM vectors

induces a general displacement of each vector to-

SRTC

Fig. 13. Group II: site-mean directions with their circles of
confidence. Same abbreviations and conventions as in Fig. 12.

wards the Z-axis of the site. Because in most of
our sites the Z-axis is close to the mean of the
paleomagnetic vector population there is a general
decrease of the within-site dispersions (Table 3).
For the sites distributed along the gradient (group
I), the improvement in the clustering, reflected by
the k,/k, ratios, begins to be significant in a
statistical sense after the pencil structure stage (site
C), and increases towards the north with the strain
intensity. The increase of the k,/k, ratios, due to
the increase of the inverse strain intensities applied
to the directions, is to be related to the general
decrease of the k values of observed in-situ ChRM
directions along the gradient (group I), reported
above. For the six sites of the fold (group II), the
improvement in the within-site clustering is always
statistically significant but one can notice that the

. value of the k,/k, ratios depends upon the angle

between the strain axes and the paleomagnetic
direction (site P3: 2.3, site P1: 31.2)

The behaviour of the vector populations under
strain removal is illustrated by the reduction of the
circles of confidence in Figs. 12 (SRTC) and 13
(SRTC).

Starting from within-site distributions, which
were in some cases almost unsuitable for
paleomagnetic purposes, strain removal allows us
to improve these distributions, and this first step
of the treatment may be considered as quite posi-
tive.

6.3. Between-site dispersion

The second step which consists of a tilt correc-
tion from the unstrained bedding plane of each

T
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180

Fig. 14. Group I (triangle) and group II (square) means com-
pared with seven Permian directions (circles) recalculated for
the Argentera sites from the poles of Stable Europe [34].

site, gives us further control on the directions
recovered by strain removal. Comparison of the
~site-mean statistics at the three-different stages
(Ta 2 and 3) for group I and II shows an
improved clustering of the directions after this
inverse rigid-body rotation. This improvement is
statistically significant with respect to simple tilt
correction for group I data (k goes from 24 to 59;
n = 8) and to both in-situ and tilt-corrected data
for group II (k from 7 and 6 to 65; n=6).
Furthermore, the mean paleomagnetic directions
from the two groups (Fig. 14) show a very good fit
with the directions recalculated for the Alpes
Maritimes red bed location using the seven most
reliable Permian poles of Stable Europe, as re-
viewed by Van der Voo et al. [34].

This second step of the treatment appears to be
positive for the clustering of the between-site dis-
tributions as well as for the improvement of the
paleomagnetic direction accuracy. It is also the
most significant since it is not controlled as strongly
as the first step by the shortening axis.

7. Summary of the analysis

The observations arising from this study are the
following:

137

(1) The “primary” chemical remanent magneti-
zation acquired by the Permian red beds of the
Alpes Maritimes before deformation undergoes an
important deviation during the Alpine deforma-
tion of these rocks.

(2) This deviation shows a coherence with re-
spect to the strain axes that is reflected by (a) a
large scatter of the within-site populations of
paleomagnetic vectors, which increases with strain
intensity, when the angle between the shortening
Z-axis and the initial mean direction of the popu-
lation is low; (b) a deviation of the whole popu-
lation when this angle is higher.

(3) The deviation which can tentatively be cor-
related with hematite reorientations during defor-
mation, as shown by texture goniometry [27], shows
similarities with macroscopic material lines be-
haviour. Therefore, an attempt has been made to
recalculate pretectonic directions of magnetization
by strain removal using the theoretical equations
for deformation involving passive lines and planes.

Recalculating each individual ChRM direction
by using the inverse strain tensor determined at
each sampling site, we obtain positive results at
two levels: (a) First, the particular relationships
between the Z-axis and mean paleomagnetic direc-
tion lead to an improvement in the clustering of
the population at the site and thus, to an improve-
ment in the site mean direction; (b) after inverse
rigid-body rotation by tilt correction from the
undeformed bedding plane, the overall mean di-
rections of the two groups of sites show good
consistency with known Permian paleomagnetic
directions of Stable Europe [34], with good statisti-
cal quality parameters.

8. Discussion

Strain removal technique applied to remanent
magnetization vectors {35,36] has been partly used
by Kligfield et al. {20] on their data obtained from
the same rocks. These authors observe an im-
portant improvement in the within-site clustering
of the ChRM directions during strain removal.
Based on the fact that under inverse strain, passive
markers inevitably move towards the shortening
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Z-axis, they conclude to a probably large com-
puting effect.

In our opinion, the most important observa-
tions are (a) the coherence of the angular deviation
of the ChRM vectors with respect to the strain
axes directions and intensity, and (b) the agree-
ment with the inferred initial magnetization direc-
tion. Therefore, the strain may be considered as
responsible for the scatter of the data. Thus, the
observed improvement in the within-site distribu-
tions during strain removal may no .longer be
regarded as only a computing effect, even if there
is a possible over correction, as far as we cannot
be sure of the exact passive behaviour of the
vectors. On the other hand, the decomposition of
total deformation into strain and rigid-body rota-
tion is a geometrical notion which is not necessary
related to the natural processes involved in folding
and cleavage development. Therefore, strain re-
moval techniques should include inverse rigid-body
rotation. This is only with this second step which
has shown positive results in the improvement of
between-site distributions, that the treatment may
be regarded as fully positive. These results lead us
to assume that strain measured in the field gives us
a good estimation of the corrections to apply to
the ChRM vectors.

In spite of all the points that are to be investi-
gated, these promising results show that it seems
possible to use paleomagnetic directions as markers
not only of rigid rotations and translations of
plates or microplates, but also when plastic de-
formation occurs.

Acknowledgements

We thank Dr. P.R. Cobbold for helpful discus-
sions.

This 'is a contribution of L.P. C.N.R.S. No.
4661; the work was supported by the French CNRS
and Institut National d’Astronomie et de
Géophysique through the National Research Proj-
ect ATP Geodynamique.

Appendix 1

Macroscopic material line behaviour under strain

[37]

A material line is defined to join two material
points P, and P, the vector positions of which are,
in a convenient cartesian coordinate system, r; and
r,. Thus the line is defined by the vector dif-
ference:
l=r—r

The change in position of points P; and P,
under a homogeneous strain (neglecting rigid-body
rotation and translation) leads to new vector posi-
tions r; and r;, related to the initial r;, r;, by (f:
final, i; initial):
rr=S-r,
where S is a symmetric (strain) tensor. The material
line joining the two points is then defined by the
vector difference:

[f=rf| —rfz=S'ri1 —S'riz

= S'("i1 - ’iz),
;=S8-1

So the change in length and coordinates of a
material line is directly related to its initial length
and coordinates and to the strain tensor S.

With respect to the chosen coordinate system,

the cartesian components of S are (using the sum-

mation convention):
S =a 8" Sim (i,j,k,m=1,2,3)

where S’ is the matrix of the three eigenvalues of S
and is of the form:

l1+e;, O 0
S'=10 l1+e, 0
0 0 1+e,

e;: elongation along each axis and g,; are the
direction cosines of the three eigenvectors in the
chosen reference frame.

Knowing the coordinates of the vector defining
a material line in the deformed state, the initial
coordinates can be calculated in the same way by

using the inverse strain tensor:

L=8"1.1,

P e
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where
(i,j,k,m=1,2,3)

-1 _ . o1
Sij =d ajm Skm

Matzerial plane behaviour {38,39]

We define n; (n;) as the normal to the initial
(final) plane and /, (/;) as a vector within the
initial (final) plane.

/ and n are at right angle, thus their scalar
product is:

nli=n;1;=0

from equations above, we have /; =S - /; so:
nli=ng 8-

n,=ST-n,

where ST is the transpose of S; S is a symmetrical
tensor, therefore:

n,=S5-n;

So initial coordinates of the normal to a passive
plane are recovered by multiplying the strain tensor
to the final (observed) normal coordinates.
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Paleomagnetic direction obtained by strain removal in the Pyrenean
Permian redbeds at the “Col du Somport” (France)
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In order to investigate the possibility and limitations of paleomagnetic works within strained regions, a paleomagnetic
study, related with strain analysis has been conducted in the deformed Pyrenean Permian redbeds in the “Col du
Somport” area. Paleomagnetic sampling together with strain estimates have been conducted in 6 sites through a fold.
The results obtained by measuring the orientation and axial ratios of elliptical reduction spots show that (1) the shale
beds have undergone a penetrative strain, (2) the sandy beds can be regarded as tectonically unstrained with reduction
spots flattened in the bedding, showing that they recorded the compaction. It is shown that the total strain recorded in
the slaty beds probably results from the superimposition of tectonic strain upon the compaction fabric. The
paleomagnetic study shows that the primary pretectonic magnetization is widely overprinted by a secondary syn- or
post-tectonic magnetic component. As both components appear to be carried by hematite pigment, their separation
using classical demagnetization procedures has been difficult. A characteristic remanent magnetization (ChRM) has
however been determined, when possible, as the hardest component in demagnetization curves. Then, the ChRM
direction distributions are represented in stereographic density plots. Although these ChRM directions exhibit a clear
tendency towards SE declinations and shallow inclinations, characteristic of Permian paleomagnetic field direction for
the Iberian plate, the tilt correction does not induce a clustering of these directions. Strain is inferred to be responsible
for this situation. Assuming that both pretectonic magnetization directions and bedding planes closely follow the
material plane and line strain response model of March [1], an attempt has been made to remove the effect of strain
upon the remanent magnetization. It is shown that when using a reconstructed tectonic strain tensor (i.e., the total
strain tensor as measured in the field, corrected for an estimated compaction) we obtain a significant clustering of
ChRM directions. The computation of the relevant VGP, gives a pole position (210.5°E, 42.0 ° N) compatible with the
reference APWP for the Iberian plate. It is therefore inferred that the strain removal technique is a usable tool in order
to obtain paleomagnetic results within such strained rocks. :

folds [5]. However, all the proposed techniques
consist of more or less complicated rotations, as-
suming only a rigid-body rotation part in the total
deformation, and cannot deal with internally

1. Introduction

The use of paleomagnetic methods to help the
understanding of ancient plate motions as well as

of geodynamic evolution of some orogenic zones,
is based upon the assumption of a time stability of
the remanence acquired at a given age until now.
The deformation, sensu-lato, whose effects are
especially crucial in orogenic belts, is well ad-
mitted to cause deviations of primary (pre-
tectonic) magnetization direction in folded or frac-
tured rocks. Since Graham [2] has proposed the
fold test to determine pre- or post-tectonic
acquisition age of remanence in folded series, some
developments of the simple tiit correction have
been done, to take into account plunging axis
folds [3], non-cylindrical folds [4] or superposed

0012-821X /87 /%03.50
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deformed, or strained, rocks [6,7].

In order to investigate rock magnetism proper-
ties and remanent magnetization behaviour in nat-
urally deformed series, we recently conducted some
studies in deformed red slates. The first one dealt
with the Permian red shales and slates of the
Alpes Maritimes (France). In these rocks, we
showed a nearly material-line behaviour of the
deviated pretectonic direction of magnetization
under strain [8]. It has been shown that these
deviations are controlled by progressive hematite
platelets reorientation during the cleavage devel-
opment in these rocks [9] and, with the help of a
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numerical simulation, that passive rotation of
platelets bearing micromoments may induce an
actual material line-like behaviour of resultant
magnetization [10]. In these series, we made an
attempt to remove strain, using the strain data
measured in the field. This allowed a reliable
Permian paleomagnetic direction to be recovered,
even though in-situ and tilt corrected directions
were too scattered to be consistently interpreted.

In order to verify the assumptions of a material
line behaviour of primary paleomagnetic vectors
in such strained rocks, other paleomagnetic inves-
tigations related with structural analysis have been
carried out in a fold from the Permian redbeds of
the Pyrenean chain.

2. Geological setting and sampling sites

The studied area is situated at the “Col du
Somport” (0.5° W, 42.8° N), at the southern border
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of the “Axial Primary Zone” of the Pyrenean
chain (Fig. 1a). An Autunian age is inferred from
the paleontologically based age of lateral equiv-
alent formations at the “Sierra del Cadi” [11].
Here, the red series show ESE-WNW trending
asymmetrical folds, slightly recumbent to the
south, characteristic of the fan-shaped cross sec-
tion of the chain (Fig. 1b) [12]). The location of
this area, southwards of the North Pyrenean Fault
System, which is suspected to be the limit between
the Iberian and European plates during the Creta-
ceous opening of the Bay of Biscaye [14], points to
its Iberian belonging. These structural observa-
tions are controlled by the paleomagnetic data
obtained by Schwarz [15] on the Permian ande-
sites of the Rio Aragon, a few kilometers south of
the Col du Somport area. Paleomagnetic vectors
have a shallow inclination with a SSE declination,
characteristic of Permian and Permo-Triassic data
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Fig. 1. (a) Schematic structural map of the Pyrenean chain (after Choukroune [12]). The Somport area is circled, and the
emplacement of the cross-section of Fig. 1b is indicated. Pointed area: Hercynian basement. Hatched area: Secondary Eocene
*“décollé”. (b) Schematic N-S cross-section through the axial zone (after Choukroune [13]). The Somport structural emplacement is

indicated.
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Fig. 2. Schematic cross-section t:lllrough the folded red forma-
tion showing the structural position of the six sites studied.

for the Iberian plate [16,17]. The major Pyrenean
phase is responsible for the axial planar northerly
dipping slaty cleavage development in these red-
beds. :

66 cores were drilled and oriented in 6 sam-
pling sites (A to F; Fig. 2), along the N157 road-
side on about 500 m of cross section under the Col
du Somport. Three sites (A, B, C) are situated in a
southern steeply dipping limb, the others in a
northern long slightly dipping limb. Samples of
site B were drilled in a fine-grained red sandstone
bed, about one meter thick, the others from the
slaty mudstones. The area of the sites, generally
1-10 m?, was chosen in order to ensure a good
homogeneity of the strain (see Ramsay [18]) within
each site.

3. Strain estimates

The red series studied are mainly mudstone
slates with alternance of some sandstone beds
which underline the bedding plane. The well-
developed slaty cleavage which affects the muddy
beds, exhibits a large refraction at the sandy beds
interface. In these beds, cleavage becomes of frac-
ture type and the sedimentary fabric appears to
remain unaffected by the tectonic strain. At each
site, a mean strain tensor has been' estimated by
measuring in the field the orientation and axial
ratios. of elliptical green reduction spots and little
quartz pebbles, on natural fracture planes as close
as possible to the principal strain planes. It is to
be noted that when both strain markers are pre-
sent in the same measurement plane, their mean
axial ratios are, on the average, identical. From
the measurements on at least two sets of per-
pendicular strain planes, and assuming no volume
change (i.e. A|A,A;=1), the principal strains A,
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Fig. 3. (a) Flinn [19] diagram for the strain data of the 6 sites
studied. (b) Stereoplots of bedding (S,), cleavage (S;) and
strain principal axes. Stereographic projections in the lower
hemisphere.

and related strain parameters are computed. The
results are listed in Table 1 and shown in Fig. 3.

In the slates, the ellipsoids are flattened in the
cleavage plane, with the maximum elongation axis
(A;) parallel to the stretching lineation which has,
on the average, a 90° pitch in the cleavage. The
ellipsoids are triaxial, with a shape parameter X
[19] lower than 1, and intensities r [20] ranging
from 1.9 to 3.7. In contrast, the sandstone bed of
site. B shows oblate ellipsoids (A, =A,>A,),
flattened in the bedding, which underline the pre-
served sedimentary fabric. The shape and orien-
tation of elliptical reduction spots as well as the
non-penetrative fracture-type cleavage, show that
these sandy beds can be regarded as tectonically
unstrained and that only the compaction is re-
ponsible for the shape of the reduction spots.

A very important observation arises from these
results: one can note that strain intensities and
ellipsoid shapes show variations with the site loca-
tion in the southern (A, C) or northern (D, E, F)
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TABLE 1
Mean structural data for the sites of the Somport area
Site So S, a X A A, A, K r

strike dip strike dip D I
A 160 65 287 66 110 17 66 1.395 1.072 0.670 0.558 1.9
B 297 88 277 49 - - - 1.281 1.281 0.609 0 2.1
C 166 40 292 70 95 22 70 1.633 1.020 0.600 0.886 2.3
D 254 19 274 51 33 4 51 1.678 1.119 0.533 0.546 2.6
E 274 28 282 62 34 12 62 1.715 1.429 0.408 0.145 3.7
F 278 25 277 52 27 7 52 1.890 1.260 0.421 0.369 35

Notes: Sy and S, are the bedding and cleavage planes; their orientations are defined by strike and dip. « is the angle between pole to
cleavage and pole to bedding. The orientation of the principal elongation axis X is defined by D (declination) and I (inclination). A;
are the eigenvalues of the strain tensor, with A;A,A; =1. X and r describe the shape [19] and intensity [20] of the strain ellipsoid.

limb of the fold. More precisely, the lower the
angle between pole to cleavage and pole to bed-
ding, the greater the strain intensity and the lower
the shape parameter (Table 1). In other words,
when compaction and tectonic shortening axes are
close to each other, the total strain ellipsoid re-
corded by the elliptical markers are more flattened,
and with a greater intensity, than when this angle
is higher. It is thus inferred that the strain mea-
sured in the field results from the superimposition
of the tectonic strain upon a noticeable compac-
tional fabric. It will be shown that recovering the
tectonic part of total strain is a critical point in
order to remove its effects upon pretectonic rema-
nent magnetization.

4. Paleomagnetic analysis

All the magnetic measurements have been done
with a computer-assisted Schonstedt DSM-1
spinner magnetometer of sensitivity 10~° A m?.
Progressive IRM acquisition experiments were
done with a Brucker BE-10 electromagnet (maxi-
mum field 1.25 T). A Schonstedt TSD-1 non-mag-
netic furnace was used for thermal demagnetiza-
tion procedures. Chemical demagnetizations were
carried out following the classical procedures
[21,22): samples immerged in HCI in individual
closed recipients were prepared by drilling a 1 cm
diameter hole in order to increase the leaching
surface, and let in a field-free space during in-
creasing time steps. This was performed at room
temperature and required a total leaching time
ranging from 500 to 1000 hours.

The 127 specimens of this study were submitted

to a short-period viscosity test [23]. 94% have a
viscosity coefficient lower than the 20% value we
have chosen as the maximum allowed for our
paleomagnetic investigations. The NRM intensi-
ties are rather low, ranging from 1073 to 1071 A
m~!, The NRM directions are widely scattered.
The density plots of the in-situ directions (Fig. 4,
up) reveal a bipolar distribution, with one north-
erly steeply dipping maximum and one subhori-
zontal southeast maximum. Tilt-correcting these
directions (Fig. 4, down) induces a scattering of

180

Fig. 4. Density plots of the NRM directions of the Somport
redbeds. Upper: in-situ (IS); lower: tilt-corrected (TC); left:
lower hemisphere (LH); right: upper hemisphere (UH). Con-
tours are 1, 2, 3.5, 5 and 8% of the data in 1% of the
hemisphere surface. Equal-area projections.
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the first group, that can thus be thought to be
post-tectonic remagnetizations. On the other hand,
this does not improve the SE directions distribu-
tion, although they can be thought to be character-
istic of the Iberian Permian paleomagnetic direc-
tion, and therefore, antetectonic in age. We can
thus suspect both effects of remagnetization, and
of strain upon the pretectonic magnetization di-
rections.

Both thermal and chemical stepwise demagneti-
zation techniques were used as an attempt to
separate the contributions of the two groups of
magnetization. 80 specimens were demagnetized
thermally and 36 specimens by hydrochloric acid
leaching. The NRM evolution during demagneti-
zation can be summarized site by site as follows:

—All the specimens of the sandy bed of site B
exhibit linear demagnetization paths in the
Zijderveld [24] diagrams (Fig. 5a) in thermal as
well as in chemical demagnetization. The unblock-
ing temperatures are high, near the Curie point of

N/
e 10%Am g

1 837
ag60 £69
N 77
. \ 330

-+ \ \
9 \‘\ N,

Th(°C) \FiB16 \Ch(hrs) E/Up
S

\TD o N Py S

400 \ . 477

200 ‘ EkE]

550-575{ fﬁ |5sfé

S/Down
suoq'/
Th{°C) wos| PAQ7 ¢ (Chihrs)
200 ,

C1e073a/ml
in

, *
NRMS SNRM

E Up .
\ W/Down

Thee) o~ (b)

| ThieC)

, Ny
10'3:\/m // annd

PES0A / PE4IA %% PC238

/ P00
WiDown dram /

Fig. 5. Thermal (Th) and chemical (Ch) demagnetization curves
in Zijderveld [24] vector projections. Demagnetization steps are
indicated in ° C and hours of leaching (hours). Closed (open)
symbols: projection onto the horizontal (vertical) plane. (a) (b)
(c): see text.
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hematite (Fig. 5a, left). This reveals a single mag-
netization component, whose southeasterly strik-
ing is characteristic of the Iberian Permian
paleomagnetic direction.

—In sites A and F (Fig. 5b), a north to north-
easterly steeply dipping component predominates.
Although in some cases, the demagnetization
curves do not converge towards the origin (see, for
example, Fig. 5b specimen PA 07), they suggest a
nearly total overprinting of the pretectonic magne-
tization by a secondary magnetization component.
Such directions appear consistent with the Creta-
ceous and Lower Tertiary remagnetizations as de-
scribed by Schott [17] through the whole Pyrenean
chain.

—In the three other sites (C, D, E; Fig. 5¢), the
demagnetization curves clearly show the presence
of at least these two components. Thermal demag-
netization was the most successful mean of sep-
arating them (Fig. 5c, specimen PE 50A). How-
ever, the least stable component has unblocking
temperatures as high as 600 ° C, sometimes higher,
which may partially overlap the high unblocking
temperature spectra of the hardest component.
This results in some cases in an incomplete sep-
aration of the components, as can be seen in Fig.
53¢, specimen PE 49A. In most cases, the chemical
demagnetization by acid leaching did not allow a
good separation of the components (Fig. 5c, speci-
men PC 23B). This kind of situation could arise
either from a bad penetration of HCl into the
specimen, or from identical magnetic carriers for
both magnetization components.

Isothermal remanent magnetization (IRM)
acquisition experiments were performed on pairs
of leached and unleached specimens from the
same core. The curves obtained (Fig. 6) are typical
of red series, with the predominance of high coer-
civities in the fresh specimen, which are thought to
be characteristic of the ultrafine red hematite pig-
ment [25]. After acid leaching, this phase tends to
disappear, and a lower coercivity phase (0.1-0.3
T) remains, which seems to be unaffected by
leaching in HCL. The low coercivities could be due
either to magnetite or to large specularite hema-
tite. However, the comparison of the magnetiza-
tion intensities acquired at 1.25 T, shows that the
dissolved phase, the pigment, bears more than
98% of the IRM acquired by the fresh specimens.
Since a similar NRM percentage is carried by the
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Fig. 6. IRM acquisition curves for pairs of leached (1) and nonleached (nl) specimens of samples PA 06 and PE 44. The IRM intensity
acquired at the 1.25 T field is indicated at the endpoint of the curves. Inset: coercivity spectra.

dissolved phase (Fig. 5), it is thought that the
lower coercivity phase has probably a negligible
contribution to the total NRM of these rocks.

From these experimehts, as well as from the
similarities between chemical and thermal demag-
netization curves, it is thus inferred that NRM is
predominantly carried by a single magnetic
mineral, the red hematite pigment. This explains
the difficulties encountered in separating NRM
components which show a nearly to complete
overlapping of both unblocking temperature and
solubility spectra.

5. Results of the paleomagnetic analysis

From the above comments, it appears that the
straight portions of demagnetization curves in
Zijderveld [24] diagrams are not necessarily well
resolved single NRM components, and that there
exists a real possibility of measuring the vectorial
sum of two components simultaneously de-
magnetized. It is therefore unappropriate to clas-
sify the isolated components in groups depending
upon their unblocking temperature ranges or solu-
bility spectra, and to treat them following the
classical Fisher [26] analysis. Another reason to
avoid the Fisher’s statistics is that the strain can
disperse data initially clustered, and a population
can loose its Fisherian distribution. A classical

Fisherian analysis could lead to reject some data
which show anomalous direction, although the
anomaly itself is significant with respects to the
strain. In the present study, this is complicated by
the fact that magnetization components are sus-
pected to be poorly separated, and it was often
impossible to decide if one component direction
resulted from a strain-induced deviation or from a
partial overprint, or a composition of both effects.
Therefore, in order to avoid an a-priori interpreta-
tion of the components, we have preferred to
define, whenever possibie, a characteristic rema-
nent magnetization (ChRM) as the last compo-
nent in the demagnetization curves. The ChRM
are then interpreted, not on a site-by-site basis,
but all together in the same projections. It is
assumed that if the whole strain removal tech-
nique is valid, only the part of pretectonic direc-
tions should cluster, all the other directions (sec-
ondary and overprinted components) should be
dispersed by the treatment. To have a better vision
of the distributions of points, density plots of
these directions are used. From the 116 demag-
netized specimens, 38 were rejected, since it was
not possible to determine a stable ChRM compo-
nent. The following analysis is thus done on 78
magnetization directions.

The density plots of the ChRM directions are
shown in Fig. 7, as in-situ (up) and tilt corrected
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Fig. 7. Density plots of the 78 ChRM directions isolated by
demagnetization. Upper: in-situ (IS); lower: tilt-corrected (TC),
left: lower hemisphere (LH); right: upper hemisphere (UH).
Same contours and projections as in Fig. 3. In the upper left
projection, star is the normal present-day dipole field direction,
open triangle is the mean strain A; axis of the five slates sites.

(down). The in-situ directions show a large scatter
which draws approximately a great circle con-
taining the present-day dipole field axis. A first
group of data clusters near the normal dipole field
direction, as shown by a submaximum of density.
The tilt correction using the classical procedure as
described by Graham [2], disperses the data of this
first group (Fig. 7, down), which are thus inferred
to be post-tectonic in age. Furthermore, one can
note that, in the in-situ projection, the maximum
of this first group is slightly deviated from the
dipole towards the A;-axis of the strain (see Fig.
7). This could illustrate the effect of anisotropy
due to the cleavage development upon the
post-tectonic magnetization acquisition.

At the other end of the girdle drawn in the
in-situ projections (Fig. 7, up) by intermediate
(probably unresolved) magnetization directions, a
more important group of directions shows south-
easterly declinations, with shallow, negative and
positive inclinations. The classical tilt correction
does not induce any significant improvement in
the distribution of this population, and submax-
ima which are observable in-situ, remain scattered
after this procedure. However, such declinations

and inclinations are only compatible with Permian
paleomagnetic directions known for the Iberian
plate, and therefore should be pretectonic in age.
The absence of effects of tilt correction could be
partly explained by the fact that the fold axis
trends subhorizontal in an ESE direction, that is,
close to the remanent magnetization directions.
Nevertheless, even in this case, unfolding should
appreciably cluster pretectonic magnetization di-
rections if they are dispersed by rigid rotations
only.

As in the case of the Alpes Maritimes redbeds,
where a similar situation was described [8], the
strain is inferred to be responsible for the failure
of the fold test. A further observation may be
done about the remanent magnetization declina-
tions. As a matter of fact, if the magnetization
were Permian, it should present a declination
around 160 °. But we observe that remanent mag-
netization declinations trend 120-140°, as well
in-situ as tilt corrected, that is between the
expected declination (160 ° ) and the cleavage plane
direction (100-110°). This is in good agreement
with the expected behavior of remanent magneti-
zation vectors in such strained rocks [10].

6. Strain removal

Here as in the case of the Alpes Maritimes
redbeds, an attempt has been made to correct the
magnetization vectors using the inverse strain
tensor determined from field measurements. As-
suming that both ChRM vectors and bedding
plane closely follow the material lines and planes
strain response model of March [1], strain removal
is done in two steps [8]. First, each ChRM direc-
tion is corrected by using the inverse strain tensor
of the relevant site. On the other hand, the bed-
ding plane tilt, as observed in the field is decom-
posed into two parts, a rigid-body rotation, and a
strain-induced rotation; the strain is therefore
removed from the bedding plane in a similar way.
The strain removal of the paleomagnetic vectors is
then achieved by a tilt correction using the
unstrained bedding plane. Some remarks must be
done about this treatment. First, the final orienta-
tion of a material line within a homogeneously
strained volume does not depend upon the strain
history, but only upon the initial orientation of the
line and the finite strain tensor. Therefore the
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folding style does not interfer with the strain
removal technique, providing that corrections are
made at a scale where strain is homogeneous, and
that the total strain itself is accurately determined.
This accuracy is limited by the fact that the treat-
ment is made at the site scale, in a discrete manner.
In particular, the rigid-body rotation within a site,
which is estimated from the tilt of the undeformed
bedding plane, is not fully constrained for the
rotations about vertical axes. To summarize, we
can say that, compared to an ideal undeforming
method, the strain removal applied here is of the
same simplifying level as the classical tilt correc-
tion of Graham [2] with respect to more elaborated
unfolding methods [3-5] taking into account the
fold geometry.

Results of this treatment are shown in Fig. 8,
where the density plots are drawn in vertical E-W
projections for a better visualization, since the
changes in the distributions of points are expected
to be around the horizontal plane. For compari-
son, Fig. 8a shows the tilt corrected directions as
in Fig. 7 (lower). The strain removal technique,
applied by using the strain tensor directly de-
termined from the elliptical markers measure-
ments in the field, leads to the results of Fig. 8b. It

Fig. 8. Density plots of ChRM directions in vertical E-W

projections in the upper hemisphere. (a) Tilt-corrected (TC) -

data. (b) SRTC1: data after strain removal and tilt correction
from the unstrained bedding plane, using strain tensors di-
rectly derived from the field measurements. (¢) SRTC2: same
treatment, but using strain tensors corrected for the compac-
tion. Same contours and projections as in Fig. 3.
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is clear from this figure, that the treatment does
not bring any improvement in the dispersion of
the ChRM’s. Thus, in a first approach, this could
be interpreted as a failure of the procedure. How-
ever, a more careful analysis of the dispersion of
Fig. 8b has shown that the southernmost direc-
tions belong to the northern limb sites of the
studied fold, and the easternmost directions to the
southern limb sites. And, whereas the first group
seems to be overcorrected, the latter is undercor-
rected. Two main reasons for this situation can be
evoked: (a) a bad estimation of the rigid body
rotation part of the total deformation, in par-
ticuliar, as it was noted above, of the rotations
about vertical axes, which are not recovered by the
unstraining method we propose; (b) a bad estima-
tion of the tectonic strain which induces the ChRM
deflections. This last hypothesis is corroborated
by the remarks we made about the strain distribu-
tion within the fold limbs: it has been shown that
there is a relation between the total strain inten-
sity (greater in the northern limb than in the
southern one) and the angle between A; and the
pole to bedding in each site. This has been inter-
preted as resulting from the superimposition of
the tectonic strain upon a noticeable compactional
fabric. Since ChRM is carried by ultrafine pig-
ment which is generally believed to form in-situ,
during or after diagenesis [27], it can be.thought
that the time of primary magnetization acquisition
is situated between the two main strain events of
compaction and deformation. On the other hand,
reduction spots appear to have recorded.both
events. Therefore an estimation of the tectonic
part of the total strain tensor has been made by
removing its compactional part.

Formally, if we express the total strain tensor S
(determined from elliptical markers measurements
in the field) as:

S=T-C

where T:is the tectonic strain tensor, and C the
compaction tensor, we estimate T as

T=S-C!

then T is used to correct ChRM, as described
above. In each site, the tensor C has been con-
structed with eigenvalue ratios A;/A,=1 and
A,/A; =2, the order of magnitude of eigenvalue
ratios of site B, with the compaction direction
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normal to the bedding plane.

Another problem is to improve the corrections
applied to site B data. As described, the sandy bed
does not show any internal deformation induced
by the folding of the rock unit. Therefore, ChRM
directions have not been changed with respects to
the bedding reference frame and in the previous
treatment, site B data were only corrected by a
simple tilt correction. However, in all the other
sites, bedding tilt was always measured at sandy
and pelitic beds interface as it was for the site B.
The bedding plane of site B can thus be consid-
ered as a passive material plane, like in the other
sites, and its actual attitude, as resulting from a
rigid body rotation and a rotation induced by the
strain of the plastically deforming pelitic matrix in
which it is embedded. In order to remove this
strain induced rotation an estimated strain tensor
was constructed at this place by averaging the
nearly homogeneous strain data (intensity and
direction; see Fig. 3) of sites A and C which are
the nearest to site B. Then the rigid body inverse
rotation was done by a classical tilt correction, by
using the undeformed bedding plane tilt, as in the
other sites. During these rotations, ChRM direc-
tions remain fixed within the bedding reference
frame,

The results obtained by correcting ChRM di-
rections using the. estimated tensor T are il-
lustrated in Fig. 8c. It is clear from this figure that
the paleomagnetic directions cluster to form a
single density maximum. It is thus inferred that
the most significant part of the dispersion ob-
served in Fig. 8b was actually induced by a bad
estimation of the tectonic strain in each site, and
the insufficiency of a simple tilt correction for site
B data.

The density contours of the maximum in Fig.
8c show that these directions have a nearly Fish-
erian distribution. We can thus calculate their
mean direction and compare it with the mean of
the same specimen directions in the in-situ and
simply corrected situations. We obtain:

m-situ:
D, =140.0° I = -2.5°
k=12. 0gs =6° N=350

tilt-corrected:
D, =142.0° I =7.5°

k=12 atgs = 6° N=50

undeformed:
D, =1575° I, =1.5°
k=28 ags =4° N=50

These results can be summarized as follows: (a)
there is no change in grouping induced by tilt
correction; (b) tilt corrected data strike too much
to the east with regards to the known Iberian
Permian paleomagnetic directions; (c) the removal
of tectonic strain induces a clustering of direc-
tions. The computation of the relevant VGP’s
gives:

tilt-corrected:  226.5°E, 32.0°N
undeformed: 210.5°E, 42.0°N

As a final control on the recovered paleomag-
netic direction, these VGP’s are compared with
the available apparent polar wander path (APWP)
of the Iberian plate from the Upper Carboniferous
to the Lower Jurassic (after the compilation by
Schott [17]) (Fig. 9). The VGP calculated after the
classically tilt corrected data is broadly away from
this APWP. In contrast, the undeformed ChRM
directions give a VGP which appears compatible
with the Lower Permian published results. Over-
all, the strain removal technique not only im-
proves the clustering of the paleomagnetic mean
direction at the formation scale (which could have
been interpreted as being only a computing effect),
but also allows us to obtain results of geodynamic
significance,

7. Summary and conclusion

The analysis of the results obtained by struct-
ural and paleomagnetic studies on 6 sites distrib-
uted in both limbs of the fold shows that at least
two magnetization components are carried by the
red hematite pigment. The recovering of primary
pretectonic magnetization by the mean of de-
magnetization techniques has been difficult, due
to the large remagnetization of these rocks, prob-
ably when or shortly after the Carboniferous de-
formation occurred. However, the characteristic
remanent magnetization directions distribution has
been globally interpreted by analysing their den-
sity path. This shows a grouping of ChRM’s to-
wards SE directions, which can be a-priori thought
to be Permian, and therefore pretectonic in age.
The effect of strain upon these directions is two-
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Fig. 9. Squares: virtual geomagnetic poles from the present
study (/: after the tilt-corrected data; 2: after the correction
for strain (SRTC2 in Fig. 7¢)). Circles: Iberian apparent polar
wander path (after the compilation by Schott [17]). Cu: Upper
Carboniferous; PI: Lower Permian; Pu: Upper Permian; T7:
Lower Trias; JI: Lower Jurassic.

fold: first, they show a non-positive fold test,
mainly due to a significant scatter of the direc-
tions in inclination, after tilt correction. This
strain-induced change in angular relationships be-
tween magnetization and bedding has already been
described in previous studies in such redbeds.
Secondly, ChRM declinations appear deviated to-
wards the east by a significant amount of about
20-40°. This is in good agreement with expected
sense and amount of magnetization deviations,
when the initial angle between the pretectonic
magnetization and the strain shortening axis is in
the range of 40-50°. Although the relationships
between strain and deviated magnetization direc-
tions are less precise and less well documented
than in the Alpes Maritimes redbeds, it has been
assumed that global behaviour of remanent mag-
netization closely approaches the material line
strain response model of March [1], as it has been
shown in other natural series [8] and in analogic
simulations [28], as well as numerical ones [10].
We therefore decided to use the strain removal
technique we previously proposed [29,30], in order
to test the hypothesis of a passive line behaviour
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of remanent magnetization vectors. Applied to the
paleomagnetic directions of this study, this tech-
nique did not bring an improvement in the vectors
distribution, when using the strain tensors directly
derived from the elliptical markers measurements.
Nevertheless, it has been shown that the observed
anomalies in the corrected directions can be ex-
plained by a bad estimation of the actual tectonic
strain undergone by each site. The strain tensors
have thus been corrected from a compactional
part estimated from the measurements of site B
elliptical reduction spots.

The strain removal, using these corrected
tensors, induces a clustering of the paleomagnetic
directions. Although they can appear as somewhat
complicated, the proposed improvements do not
question the basic hypothesis of a nearly material
line behaviour of ChRM. However, they put for-
ward the need of an extreme care in analysing the
deformation and paleomag.....~ vectors relation-
ships. The recovered mean paleomagnetic direc-
tion then gives a VGP which well fits the Permian
part of the Iberian APWP. It is thus concluded
that the strain removal technique has proven
helpfull in recovering a mean pretectonic direction
of magnetization in a series which has suffered a
significant strain, and where the structural correc-
tions classically used in mountain belts should
have given a non positive fold test and, without
other controls, false geodynamic results. It is
therefore argued that paleomagnetic studies are
possible within strained regions, under the condi-
tion of a carefull analysis of strain, NRM compo-
nents and directions, and their interrelationships.
Although the limitations of the method are not
currently known, such results, if verified on other
examples, should open new fields of paleomagnetic
investigations within strained regions of orogenic
belts.
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Déformation, anisotropie de susceptibilité magnétique et
paléomagnétisme des séries rouges de la formation de
Pont-Réan (Bretagne centrale, France).
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Déformation, anisotropie de susceptibilité magnétique et paléomagnetisme des
séries rouges de la Formation de Pont-Réan (Bretagne centrale, France).

1. Introduction.

L'étude conjointe de la déformation, de l'anisotropie de susceptibilité
magnétique et du paléomagnétisme des séries rouges du Sud de Rennes
(Formation de Pont-Réan) a été& entreprise dans le but d'une part, de
documenter la caractérisation des effets de la déformation interne sur
l'aimantation rémanente antétectonique, et d'autre part de vérifier
i'applicabilité de 1'algorithme de déformation inverse des aimantations
proposé précédemment (Cogné & Perroud, 1985).

La formation rouge de Pont-Réan marque le début de 1la sédimentation
paléozoique dans la région du sud de Rennes. Elle repose en discordance sur
les schistes Briovériens et passe de maniére continue & la formation des Grés
Armoricains. Bien que non datée avec précision, elle est considérée comme
étant d'age Cambro-Trémadocien. Cependant un age Arenig a &té proposé pour
l'équivalent latéral de la formation du Moulin de Chateaupanne (Région
d'Ancenis; Cavet et al., 1979) et wun age radiométrique de 473 * 15 MA par
méthode U-Pb sur les intercalations volcaniques dans la formation du Cap de
la Chévre, Presqu’ile de Crozon {Bonjour et al., 1987), également considérée
comme équivalent latéral de la formation de Pont-Réan. Il semble par
conséquent raisonnable de supposer un age Ordovicien Inférieur pour cette
derniére.

La zone des synclinaux du Sud de Rennes (Fig.1) a fait l'objet d'études
structurales détaillées (Le Corre, 1978; Le Théoff, 1977; Crambert, 1981;
entre autres). Celles-ci ont montré que le plissement hercynien est
accompagné d'une déformation pénétrative marquée par le développement d'une
schistosité de plan axial subverticale d'orientation E-W (Le Corre, 1978).
La présence de marqueurs tels gque les galets déformés du conglomérat de base
(Le Thé&off, 1977) ou les taches de réduction elliptiques {Crambert, 1981) ont
permis de quantifier la déformation totale en de nombreux points et de mettre
en évidence un gradient de la déformation du NW vers le SE de la structure.
Cela a conduit Percevault et Cobbold (1982), par le biais d'une déformation
inverse tridimensionnelle, 3 attribuer la structuration de la région & un
cisaillement dextre d'échelle crustale. Une interprétation identique a é&té
proposée par Barbotin (1987) sur la base de 1'étude des trajectoires de
déformation de tout le domaine Centre Armoricain.

Enfin, un travail récent de Ballard et al. (1986) et Brun (comm. pers.),
basée sur 1'étude des discordances Briovérien-Paléozoique, des variations
d'épaisseur de la formation de Pont-Réan et du Grés Armoricain, des faciés
conglomératiques de base etc.. a conduit ces auteurs & proposer un contexte
distensif de la région pendant la sédimentation des séries rouges du Sud de
Rennes. Le dépot se serait alors effectué sur une suite de blocs Briovériens
basculés entre failles normales, délimitant des petits bassins de section
triangulaire (Fig.1d). Il faut noter qu'a proximité de ces failles normales,
le plan de dépot peut présenter un pendage synsédimentaire de 100 & 200 vers
le centre du bassin. On verra que ce point a probablement une influence non
négligeable sur la distribution finale des directions d'aimantation primaire.

Du point de vue paléomagnétisme, 1'étude de 3 &chantillons a permis a Duff
(1979) de montrer 1l'existence d'une composante d'aimantation a forte
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RENNES

Fig.1: (a) Carte de situation de la zone étldiée; aire pointillée: sédiments

paléozoiques. (b) Localisation des sites d'échantiilonnage;
pointillée: formation rouge de Pont-Réan. Les traits gras indiguent
failles normales synsédimentaires (voir texte). Traits fins n0 1 &
coupes de la Fig.tc. (c¢) Coupes schématiques & travers les synclinaux
Sud de Rennes (d'aprés Le Corre, 1978). (d) Coupe schématique donnant
structure des bassins séaimentaires lors du dépot de la formation
Pont-Réan (d'aprés Ballard et al., 1986); 1: Briovérien, 2: Formation
Pont-Réan, 3: Formation du Grés Armoricain. :
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inclinaison dans ces séries. Ces fortes inclinaisons sont caractéristiques du
champ magnétique Ordovicien du Massif Armoricain (cf. la compilation de
Perroud, 1985). Cela nous a permis de suspecter & priori l'existence d'une
aimantation rémanente antétectonique dans ces séries.

L'étude présentée ici reprend et complate 1'étude préliminaire effectuée
sur 4 sites (Texier, 1985; Cogné et al., 1986). Au total, 13 sites distribués
autour de la structure synclinale ont été échantillonnés (Fig. 1b). Dans le
but d'étudier les effets de la déformation interne homogéne sur 1'aimantation
antétectonique & 1'échelle de chaque site, la taille de ceux-ci est limitée
au volume dans lequel on peut considérer la déformation comme homogéne. Les
critéres de terrain d'homogénéité de la déformation sont (a) des surfaces
initialement planes restent planes (plan de stratification par exemple) (b)
des surfaces initialement paralléles restent paralléles. 177 carottes (2.5 cm
de diameétre, 5 & 10 cm de long) ont été forées et orientées sur le terrain &
1'aide de compas magnétiques et solaires. Parallélement a cet
échantillonnage, les mesures structurales (orientation et pendage des plans
de stratification (Sgy) et de schistosité (Sq), linéation..) ont été faites
sur chaque site. Au moins un échantillon contenant des taches de réduction
elliptiques (de taille généralement millimétrique) a été prélevé sur chague
site, sauf SH, dans le but de quantifier la déformation interne.

2. Déformation interne et anisotropie de susceptibilité magnétigue.
2.1. TECHNIQUES ET MESURES.

Sur chaque site le ‘tenseur de déformation totale a été défini de la
maniére suivante. La normale & Sy est assimilée & 1la direction principale
d'élongation minimum A 3, et S4 au plan principal A1 A 2. La linéation
d'étirement mesurée sur le terrain correspond & la direction principale
d'élongation maximum ﬁ1. Dans tous les sites étudiés, celle-ci est confondue
avec la linéation d'intersection S5/Sq. Ceci correspond avec les observations
de Le Corre (1978) et le Théoff (1877). Compte-tenu de la petite taille des
taches de réduction elliptiques, leurs rapports axiaux ont &té mesurés sur
des agrandissements photographiques des sections suivant les plans principaux
de déformation des é&chantillons. A partir des mesures, et en supposant un
changement de volume nul (AqA 5} 3=1), les valeurs principales Aj=1+ej
(i=1,2,3) sont déterminées. Notons que j'ail préféré déterminer le rapport
axial moyen de chaque section par une moyenne arithmétique des rapports
axiaux, plutdt que par la méthode des abaques Rf/2 de Dunnet (1969). Ceci
permet en effet de calculer un écart-type sur les rapports axiaux moyens d'un
plan donné, et par la suite, de fournir wune estimation des barres d'erreur
sur les valeurs principales Aq,% o et A 3 de la déformation totale d'un
échantillon donné.

Les mesures d'anisotropie de susceptibilité magnétique ont ét& effectuées
pour une part sur l'appareil Digico du CFR, Gif-sur-Yvette (échantillons des
4 sites de 1'étude préliminaire) et d'autre part (sites SA & SJ) sur
l'appareil Digico du laboratoire de paléomagnétisme de Rennes, en tenant
compte de la correction de procédure de calibration proposée par Hrouda et
al. (1983). Des tests ont &té faits, qui n'ont pas montré de différences
significatives entre les résultats obtenus sur des échantillons mesurés sur
ces deux appareils. A partir des mesures de N specimens par site, le tenseur
moyen d'anisotropie de susceptibilité magnétique est <calculé d'aprés la
statistique tensorielle de Jelinek (1978). Briévement, le tenseur moyen est
estimé par la somme des N tenseurs normalisés (normalisation & 1l‘'invariant
k11+ kgp+ k33 : somme des termes diagonaux). Le calcul de la matrice de
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Fig.3: Diagrammes de Flinn (1965) des données de déformation (Strain) et
d'anisotropie de susceptibilité magnétique (AMS).
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covariance attachée & cette somme permet une estimation de l'écart-type sur
les valeurs propres du tenseur moyen, et également le calcul d'ellipses de
confiance (pour une probabilité donnée) analogues aux cercles de confiance de
la statistique de Fisher pour les vecteurs.

2.2. RESULTATS.

Les estimations moyennes de déformation interne et d'anisotropie de
susceptibilité magnétique sont données Tables I et II et illustrées Fig. 2 et
3. Du point de vue des directions (Fig.2) on peut noter que la susceptibilité
maximum k4 montre en général wune bonne coincidence avec l'intersection du
plan de schistosité (Sq) et du plan de stratification (Sgp), c'est & dire,
avec la linéation observée sur le terrain. La susceptibilité minimum est
généralement proche du pole de la schistosité, A 3. Il existe toutefois des
exceptions (sites SG, SI) ol k3 et kp ont des directicns intermédiaires entre
les poles de So et Sq. Ceci peut 8tre interprété comme la marque de fabriques
magnétiques intermédiaires entre la fabrique initiale due & la compaction et
la fabrique développée par la déformation tectonique. Cette interprétation
est corroborée par les données exceptionnelles du site SF ol, contrairement a
tous les autres sites, l'axe de susceptibilité minimum est proche du pole de
la stratification, bien qu'une schistosité soit déja mesurable sur le
terrain. Notons enfin que pour <ce site, ainsi que pour le site LC ol 1la
taille des ellipses de confiance autour de k» et k3 montre que ceux-ci sont
pratiquement non deéefinis dans le plan kpk3, cette fabrique magnétique
correspond & un débit en crayon de la roche.

La forme des ellipsoides et 1l'intensité de la déformation et de
I'anisotropie de susceptibilité sont illustrées sur les diagrammes de Flinn
(1965) de 1la Fig.3. Les points se répartissent dans les champs de
constriction et d'aplatissement, aussi bien pour la déformation que pour
lfanisotoropie de susceptibilité. Les intensités sont généralement faibles, r
2.5 et %An 5% pour la majorité des sites. Par ailleurs, les intensités les
plus fortes sont atteintes par des points situés dans le champ de
l'aplatissement. Ceci est en bon accord avec les résultats de Crambert
(1981). Une différence notable existe entre la forme des ellipsoides de
déformation et d'anisotropie de susceptibilité. Les elliposides d'anisotropie
de susceptibilité magnétique apparaissent en effet plus constrictifs que les
ellipsoides de déformation. Cependant, compte tenu de la faiblesse des
intensités, de faibles variations de l'axe intermédiaire (Ao ou k» normalisé)
autour de l'unité peuvent etre responsables de variations significatives des
valeurs relatives Aq/A5 et A2/A3 d'une part, et kq/kp et kp/k3 d'autre part.

Afin d'établir, si elle existe, wune relation entre déformation et
anisotropie, il parait préférable de comparer la longueur des axes plutot que
les rapports axiaux. Suivant en cela 1la relation empirique établie par
Kligfield et al. (1981, 1983) dans les séries rouges des Alpes Maritimes, on
a donc reporté les susceptibilités normalisées ("principal susceptibility
differences” Mi=(ky-ko)/kg; ko=(ky.k2.k3)1/3) en fonction des “déformations
naturelles" ( €i= 1In(A 1)) (Fig.4). La correlation entre ces paramétres
apparait bonne (r=0.943) et la droite de régression &£i=13.6Mi-0.04 passe
pratiquement par zéro. Cela signifie que, malgré les différences observées en
diagramme de Flinn, les wvariations des tenseurs d'anisotropie sont, dans
l'ensemble, reliées aux variations des tenseurs de déformation. La remarque
faite ci-dessus au sujet de la forme des ellipsoides dans les diagrammes de
Flinn est justifiée par la répartition des axes intermédiaires (Ag et Mp:
triangles) autour de zéro dans la Fig.3.
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Ei=In(1+1i) a
i
. Mi
005 =(Ki-Ko)/Ko :
£i=136 Mi-004
r=0.943
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Fig.4: Susceptibilités principales normal;sées (Mi)_en fonction des ‘“"strains
naturels" (€j). La droite de régression est tracée et son équation est
donnée. Symboles: voir Fig.2.
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Firalement, 1'ensemble des ces observations peut etre interprété de
maniére classique en terme de déformation progressive: une fabrique
sédimentaire initiale développe une anisctropie dont l'ellipsoide est de
révolution autour de 23. Ce stade n'est pas observé dans le cas présent, mais
est attesté par la position de k3 perpendiculairement & Sy dans le site SF.
Au cours de la déformation tectonique, le raccourcissement subhorizontal fait
passer l'ellipsoide de déformation totale dans le champ de la constriction.
Puis, avec l'augmentation de 1'intensité de la déformation, les ellipsoides
repassent dans le <champ de 1'aplatissement. Ceci est accompagné par le
développement de la susceptibilité maximale kq suivant 1'intersection Sg/Sj
et par un réajustement progressif de la susceptibilité minimale k3 depuis 1a
normale & Sy (site SF) jusqu'a la normale & Sy (sites SA, SB, SD, SE, SH, SJ,
PM, MB, CB) en passant par des fabriques intermédiaires (sites LC, SG, SI).

Sans entrer dans le détail, ce point-ayant déja fait 1'objet d'études plus
poussées (Le Théoff, 1977; Le Corre, 1978; Crambert, 1981; Percevault, 1983;
Barbotin, 1987), on peut remarquer que les intensités de déformation et de
fabrique magnétique sont plus fortes vers le SE (sites SB, CB) que vers le
NW (site SF en particulier, ol la fabrique magnétique est encore dominée par
la fabrique sédimentaire). Ce gradient a déja été interprété en terme de
cisaillement dextre transcurrent d'importance crustale, affectant toute la
couverture sédimentaire de la Bretagne Centrale.

3. Analyse paléomagnétique.
3.1. A.R.N.

Les intensités de l'aimantation rémanente naturelle (Fig.5 & gauche) sont
globalement comprises entre 10-2 et 10-3 Am-', valeurs classiques pour les
séries rouges. Ces intensités, assez faibles, sont cependant suffisantes pour
permettre l'analyse de l'aimantation par les techniques de désaimantation, et
la mesure au magnétométre spinner Schonstedt DSM-1 (sensibilité 10-4am-1).
Les directions d'ARN, représentées en diagramme de densité Fig.5, montrent un
étalement des points entre des directions SSW faiblement inclinées et des
directions WSW & trés forte inclinaison. Il n'apparait pas de trainage
significatif des .directions d'ARN vers la direction actuelle du champ
magnétique du dipole axial centré. D'une maniére générale, et compte tenu des
données paléomagnétiques connues pour le Massif Armoricain (Perroud, 1985),
la distribution globale des directions d'ARN pour la formation de Pont-Ré&an
peut etre interprétée comme résultant de la réaimantation partielle de
directions primaires ordoviciennes fortement inclinées, dans le champ
magnétique carbonifére SW faiblement incliné (réaimantation hercynienne
largement connue dans la chaine varisque).

3.2. DESAIMANTATIONS

Dans le but de séparer les différentes composantes d'aimantation et de
tenter d'isoler une composante primaire antétectonique dans chague site,
l'analyse vectorielle de l'aimantation au cours de désaimantations
thermiques progressives a été effectuée.

Le comportement de l'aimantation au cours des désaimantations s'est en
général révélé assez simple. Deux types de courbes de désaimantation ont été
obtenues (Fig.6). (1) D'une part, lorsque 1'ARN présente initialement de
fortes inclinaisons, l'aimantation décroit progressivement avec la
température, sans changement - de direction (Fig.6a). Dans ce cas,
l1'aimantation est donc univectorielle. On peut remarquer que les températures
de blocage se répartissent en 2 groupes: déblocage progressif d'une partie de
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Fig.5: ARN: gauche: histogramme de fréquence des intensités; droite:
diagramme de densité des directions. Projection i aire équivalente dans
I'hémisphére inférijeur. Contours: 1- 2.5- 5 et 10% des données dans 1% de
la surface de l'hémisphere.
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l'aimantation entre 20 et 6000C, puis stabilité de 600 & 6500C et enfin
décroissance finale de 1'aimantation entre 660 et 680CC, température de Curie
de 1'hématite. (2) Le deuxiéme type de comportement a é&té observe
principalement sur les échantillons présentant des ARN & inclinaison faible
ou intermédiaire vers le SW. Il est caractérisé par la présence de deux
composantes d'aimantation (Fig. 6b): une composante basse température (BT),
qui se désaimante jusqu'a 6000C; elle présente des déclinaisons S & SSW et
des inclinaisons faibles & intermédiaires. La désaimantation se termine par
la mise en évidence d'une composante haute température (HT), de température
de déblocage 640-6500C, d'inclinaison plus forte et de déclinaison W a SW. La
bonne séparation de ces deux composantes n'est pas toujours assurée, ainsi
qu'il est montré sur l'exemple de la Fig.6b, specimen SA04.

La séparation en deux composantes BT et HT a été obtenue sur 5 sites (SA,
SD, SH, SI, et LC); une seule composante fortement inclinée et couvrant la
quasi-totalité du spectre de température, a été mise en évidence sur les
autres sites.

La répartition bimodale du spectre de température plaide en faveur d'au
moins deux phases de porteurs magnétiques. Les courbes d'acquisition
d'aimantation rémanente isotherme (ARI) effectuées par Texier (1985) n'ont
cependant mis en évidence qu'un seul type de minéral magnétique, de
coercivité élevée, typique de 1'hématite. L'étalement des températures de
blocage des composantes BT est compatible avec 1'hématite pigment, les hautes
températures correspondraient alors & de 1'hématite plus grossiére, voire de
la specularite. Les composantes BT faiblement inclinées pourraient résuiter
de la remobilisatin du pigment, plus sensible & la circulation des fluides,
durant l'orogenése hercynienne, et seraient donc réellement secondaires.

4 _Analyse des directions dfaimantation rémanente.
4.1.COMPOSANTES BASSE TEMPERATURE.

Comme il a &té dit ci-dessus, la composante BT n'a &té isolé&e que sur 5
sites. Les directions moyennes in-situ (IS) et corrigées du pendage (CP) sont
données Table III et illustrées Fig.7. Avant correction de pendage, celles-ci
possaddent une déclinaison assez homogéne d'environ 2000, mais montrent
d'importantes variations en inclinaison. La correction de pendage ne regroupe
pas la distribution inter-site. De plus, bien que l'on ne posséde des données
BT que sur un seul site du flanc sud du synclinal (site SD), on peut
remarquer que cette direction moyenne croise les directions des sites du
flanc nord (SA, SH, LC) au cours du déplissement. Une application classique
du test de plissement nous conduirait donc & interpréter ces aimantations
comme étant syntectoniques. Cependant les études paléomagnétiques des séries
rouges des Alpes-Maritimes (Cogné & Perroud, 1985) ou des Pyrénées (Cogné,
1987a) ont montré que les critéres classiques d'évolution des groupements de
vecteurs paléomagnétiques au cours du déplissement pefdent toute
signification dans les roches déformées. Le caractére syntectonique des
composantes BT n'est donc pas absolument démontré ici. Plusieurs hypothéses
peuvent etre émises pour expliquer la dispersion de ces composantes et son
évolution lors de la correction de pendage:

1. Mauvaise séparation de ces compcosantes d'aimantation et des
composantes HT fortement inclinées. Ceci est probable dans le cas du site I,
dont l'inclinaison est anormalement forte par rapport aux autres sites, bien
que la déformation y soit analogue.

2. Acquisition d'une aimantation post tectonique par des roches
anisotropes. En effet, le plan de schistosité subvertical S4 est en moyenne
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Fig.7: Directions moyennes intra-site des composantes BT (basse température)
avec leurs cercles de confiance. [IS: in-situ; TC: corrigées du pendage
(tilt-corrected). Etoile: direction du champ magnétique du dipole axial
centré Carbonifére (Perroud, 1985). Symboles fermés (ouverts): projection
dans 1'hémisphére inférieur (supérieur). Projections stéréographigues.
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Fig.8: Directions moyennes intra-site des composantes HT (haute température)
avec leurs cercles de confiance. Carrés: directions moyennes des sites du
flanc sud. Memes abréviations et conventions que dans la Fig.7.~
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perpendiculaire aux déclinaisons des aimantations BT. Lteffet de
l'anisotropie serait donc essentiellement sensible sur les inclinaisons.

3. Acquisition syntectonique de 1'ezimantation au cours du plissement
hercynien, L'zimantation serait alors acquise par un matériau déja anisotrope
et continuant & se déformer. On ne peut donc  pas tenter de corriger les
effets de la déformation comme on 1'a proposé pour les aimantations
antétectoniques (Cogné & Perroud, 1985), car on ne peut connaitre avec
exactitude le taux de déformation subi par ce type d'aimantation, acquise au
cours de la déformation progressive.

4. Enfin, en toute rigueur, on ne peut écarter 1'hypothése d'une
aimantation antétectonique déviée par la déformation, dans la mesure ol les
Critéres de déplissement n'ont plus de signification.

Cependant, sur la base de leur affinité avec la direction du champ dipole
carbonifére du Massif Armoricain (étoile, Fig.7), on admettra que les
composantes BT isolées ici sont probablement des réaimantations hercyniennes,
sans toutefois pouvoir déterminer leur age syn- ou post- tectonique
sensu-stricto, ni par tonséquent, calculer de direction moyenne de cette
aimantation.

4.2, COMPOSANTES HAUTE TEMPERATURE.

Les moyennes intrasite des composantes d'aimantation haute température
sont données table IV et illustrées Fig.8 in-situ (IS) et aprés correction de
pendage classique (CP, ou TC pour "tilt- corrected"). Comme il a été noté
plus haut, ces directions présentent de fortes inclinaisons, avec des
déclinaisons W & SW. De telles directions sont tout & fait similaires aux
directions paléomagnétiques des séries rouges Ordoviciennes de la formation
de Chateaupanne (D=2280, 1=819; Perroud et al., 1986), ou du Massif de
Thouars (D=186C, 1=81%; Perroud & Van Der Voo, 1985). Par ailleurs, elles se
démarquent nettement de la direction du champ du dipole axial centré actuel.
Dans la mesure ol l'on ne connait pas de fortes inclinaisons du champ
magnétique depuis 1'Ordovicien dans le Massif Armoricain (Perroud, 1985),
l'hypothése que 1'on a bien 1isolé la composante d'aimantation rémanente
antétectonique primaire dans ces séries est retenue.

L'examen des données, Table IV et Fig.8, améne immédiatement deux
remarques

1. A l'échelle de chaque site, les composantes d'aimantation sont
extrémement bien groupées, exception faite des sites CB et SA sur lesquels je
reviendrai ultérieurement. Les param@tres k de la statistique de Fisher sont
fréquemment supérieurs & 100, parfois & 200 et, pour le site SD, & 1000. Ces
valeurs, courantes dans les roches volcaniqgues od l*aimantation
thermorémanente fossilise le champ magnétique de maniére instantanée, peuvent
etre considérées comme anormalement élevées pour une série sé&édimentaire, ol
l'ordre de grandeur de k pour 1 site est en général 50 & 100 (Cf. Perroud et
al., 1986; Van den Ende, 1977; Schott, 1985; pour quelques études de séries
rouges).

2. La deuxiéme remarque concerne la comparaison des distributions
inter-site in-situ et aprés correction de pendage (Fig.8). Il est évident que
la correction de pendage 1induit une dispersion de la population assez bien
groupée in-situ, dispersion liée & la"divergence des aimantations en fonction
de leur position structurale dans le flanc sud ou dans le flanc nord du
synclinal. En utilisant les critéres de déplissement classiques, cette
évolution est considérée comme caractéristique d'une aimantation
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post-tectonique. Il y a donc 1& anomalie du comportehent des aimantations
anté-tectoniques vis & vis du déplissement.

Cependant l'interprétation de ces anomalies est aisée, si l'on se référe
aux analyses des effets de la déformation interne sur l'aimantation
antétectonique, effectuées d'aprés les résultats de modéles analogiques
(Cogné, 1987h) ou numériques (Cogné et al., 1986) et d'études
paléomagnétiques de séries rouges déformées (Cogné & Perroud, 1985; Cogné,
1987a). On a ici un exemple supplémentaire de la cohérence globale des
déviations de ltaimantation induites par la déformation interne.
L'interprétation proposée est schématisée Fig.9. A partir de couches
supposées subhorizontales et ayant une aimantation subverticale {(Fig.9az), 1la
déformation interne provoque le développement d'une schistosité de plan axial
durant le plissement. Du fait de l'angle é&levé entre direction de
raccourcissement (subhorizontale) et direction paléomagnétique initiale
(fortement inclinée), la déviation de l'aimantation rémanente vers le plan
d'aplatissement (Fig.9b) se traduit par les deux faits observés. (1) A
1'échelle du site o0 la déformation est homogéne, la déviation de
ltaimantation se fait sans dégradation du groupement des aimantations
mesurables, comme c'était le cas dans les séries rouges des Alpes Maritimes
(Cogné & Perroud, 1985). Au contraire, la déformation tend & réduire les
dispersions naturelles, de maniére analogue 3 ce qui a é&té observé lors de la
déformation expérimentale d'échantillons synthétiques (Cogné, 1987b). Le
groupement intrasite anormal décrit ci-dessus apparait donc comme un résultat
de la déformation interne sur 1'aimantaiton rémanente. (2) L'aimantation
rémanente &tant initialement proche du plan d'aplatissement, sa déviation
vers celui-ci provoque un regroupement inter-site des directions sur
l'ensemble de la série plissée, comme indiqué sur le schéma de la Fig.9b.
Ceci explique le bon groupement in-situ des directions moyennes, et la
dispersion inévitable produite par la simple correction de pendage (Fig.%¢c).

ici, comme dans les autres cas précédemment étudiés, la déviation de
l'aimantation rémanente mesurable peut etre attribuée & une rotation des
micromoments élémentaires, et par conséquent des minéraux magnétiques qui les
portent, vers le plan d'aplatissement. Ce mécanisme de rotation des
particules d'hématite est, de plus, attesté par les données d'anisotropie de
susceptibilité magnétique. On a pu en effet constater que l1'orientation
préférentielle de 1'hématite, mesurée par l'anisotropie de susceptibilité,
est controlée par la déformation totale de la roche. Ceci est observé aussi
bien pour les spécimens présentant une aimantation secondaire (signe d'une
remobilisation chimique de 1'hématite, 1liée & la dé&formaticn) que pour les
spécimens n'en présentant pas. Il parait donc raisonnable d'attribuer la
réorientation de l'hématite primaire portant l1'aimantation antétectonique, a
des rotations.

A la lumidre de cette interprétation, les faibles groupements des
directions d'aimantation dans les sites SA et CB apparaissent anormaux vis a
vis du comportement global. Cependant, les composantes haute température dans
ces 2 sites (Fig.10) montrent une distribution allongée depuis de fortes
inclinaisons de direction W vers une direction SW de moindre inclinaison. Il
se pourrait donc que les composantes d'aimantations ordoviciennes et
hercyniennes aient été mal séparées lors des désaimantations, comme il a 6té
montré, par exemple, Fig. 6b. Dans la mesure ol il! s'agit probablement ici de
composantes d'aimantations intermédiaires, d'une part la mauvaise qualité de
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Fig.9: Schéma interprétatif des effets de la déformation interne sur
l'aimantation primaire dans les schistes rouges de la formation de
Pont-Réan. (a), (b) et (c): voir texte.
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Fig.10: Composantes HT des sites SA et CB et leurs moyennes (astérisques) en
projection stéréographique dans le repére in-situ.
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*

leur groupement n'interfere pas avec l'interprétation proposée ci-dessus, et

d'autre part, j'ai été amené & les éliminer de la suite de cette &tude.

5. Déformation inverse des aimantations rémanentes antétectoniques.

A partir de 1'analyse des déviations de 1'aimantation rémanente
antétectonique, le probléme qui se pose est donc de tenter une détermination
fiable de la direction du champ magnétique de 1'époque d'acquisition de cette
aimantation. L'analyse des résultats faite ci-dessus montre que les
déviations de l'aimantation vers le plan d'aplatissement et la qualité des
groupements sont compatibles avec les déviations subies par les lignes
passives suivant le modéle de March (1932). En fait, il est difficile de
vérifier avec exactitude, d'aprés 1'état final, le caractére passif de
l'aimantation. Cependant, si l'on fait a priori, l'hypothése de ce
comportement et si l'on effectue une déformation inverse en utilisant cette
hypothése, le résultat de 1la dé&formation inverse doit la valider ou
1'infirmer.

5.1. TECHNIQUE DE DEFORMATION INVERSE DES AIMANTATIONS.

Le principe de la technique wutilisée & déja été détaillé (Cogné &
Perrcoud, 1985). Briévement, elle repose sur les points suivants:
l'orientation finale d'une ligne passive ne dépend pas de l'histoire de 1la
déformation progressive, mais uniquement de son orientation initiale et de la
déformation totale. par conséquent, on peut décomposer cette dernidre en deux
composantes: une composante de déformation interne, et une composante de
rotation rigide (la troisieéme composante, la translation rigide, n'intervient
pas dans le probléme posé). Tout le probléme revient donc 3 estimer ces deux
composantes. En ce qui concerne la déformation interne, son estimation est
relativement aisée, pour peu que l'on posséde de bons marqueurs. La rotation
rigide totale est par contre plus difficile & définir. Jusqu'd présent, le
plan de stratification est admis comme un bon marqueur de la
paléo-horizontale. Cependant si 1'on considére que ce plan s'est lui-meme
comporté comme wun plan passif, il est nécessaire de dédéformer celui~ci,
avant d'utiliser son pendage comme estimation de la rotation rigide. Il faut
noter qu'a 1'échelle d'un site de déformation homogéne, le pendage de 1la
stratification dédéformée ne fournit une estimation gue de la composante de

rotation autour d'un axe horizontal. Les rotations possibles autour d'axes’

verticaux ne sont par conséquent pas quantifiables par cette technique. Dans
le cas présent, on peut cependant estimer gue les fortes inclinaisons de
l'aimantation rendent 1'effet de ces derniéres négligeable.

Pour résumer, la déformation inverse totale des directions d'aimantation
s'effectue en deux étapes: (1) dédéformation du vecteur aimantation par le
tenseur inverse de déformation interne; (2) rotation rigide inverse par
correction de pendage de 1la stratification, aprés déformation inverse de
cette derniére.

5.2. ESTIMATION DU TENSEUR DE DEFORMATION INVERSE.

En ce qui concerne la déformation inverse des aimantations rémanentes de
la formation de Pont-Réan, les mesures d'anisotropie de susceptibilité ont
€té mises & profit pour améliorer |1'estimation de la déformation interne en
chague site sur les 2 plans suivants. (1) La précision de l'orientation des
carottes prélevées par les méthodes d'échantillonnage paléomagnétique d'une
part, et le traitement statistique des mesures d'anisotropie de
susceptibilité d'autre part, autorisent & penser que la détermination des
directions des susceptibilités principales (k1,kz,k3) se fait avec une trés
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bonne précision. Considérant que les directions des susceptibilités
principales sont globalement confondues avec les directions principales de
déformation sur l'ensemble des sites étudiés, on admettra que les écarts
angulaires constatés sur certains sites résultent principalement d'erreurs et
d'imprécisions des mesures des plans et linéations effectuées a la boussole
sur le terrain. Par conséquent, le tenseur de déformation utilisé sur chaque
site pour corriger les directions d'aimantation aura pour vecteurs propres
les directions des susceptibilités principales mesurées en laboratoire (Table
II). (2) Un raisonnement analogue a &té tenu pour les valeurs propres du
tenseur de déformation; d'un coté, les mesures de rapports axiaux des taches
de réduction ont é&té effectuées sur des blocs de petite taille, et 1la
représentativité de ces mesures par rapport & la déformation .moyenne d'un
site n'est pas assurée,. Par contre, l'échantillonnage des spécimens
paléomagnétiques est plus étendu et posseéde une meilleure représentativité
statistique de l'anisotropie moyenne d'un site donné. Ici également, on peut
estimer que les valeurs propres des tenseurs mesurés sont globalement
corrélées (cf, Fig.4) sur l'ensemble des sites, et que les é&carts observés 2
l'échelle de chaque site sont principalement dus 3 1'imprécision des mesures
de dé&formation.

On a donc redéfini, sur chaque site, des valeurs principales de
déformation, & partir de la droite de correlation générale £1=13.6Mi-0,04 et
des données moyennes d'anisotropie de susceptibilité magnétique.

5.3. RESULTATS.,

Contrairement au cas des Alpes Maritimes, la déformation inverse n'a pas
été effectuée ici sur chacun des specimens de chaque site, mais sur la
direction moyenne du site. Ceci est simplement du au fait que dans les Alpes
Maritimes, les relations entre direction de raccourcissement et direction
movenne d'aimantation provoquaient vune forte dispersion intrasite de cette
derniére. Il était par conséquent nécessaire, avant de considérer l'évolution
des groupements inter- site, de récupérer une moyenne intrasite bien définie.
Dans le cas présent de la formation de Pont-Réan, la définition de la moyenne
a 1'intérieur de chaque site est suffisamment bonne pour rendre cette é&tape
intermédiaire inutile.

Les directions moyennes d'aimantation rémanente antétectonique apres
déformation inverse sont données Table IV et comparées Fig.t1 avec les
distributions In-Situ et corrigées du pendage par la correction classique. On
constate que le traitement de dé&formation inverse permet d'obtenir un bon
groupement des directions d'aimantation. Le paradoxe du comportement de
l'aimantation lors de la simple correction de pendage se trouve donc levé, et
l'hypothése d'une aimantation antétectonique est validée. Le bon accord entre
la direction moyenne & |'état dédéformé (Table IV) avec les directions
d'aimantation Ordoviciennes connues dans le Massif Armoricain, permet de plus
d'argumenter la validité et l'applicabilité de 1la technique de déformation
inverse de l'aimantation dans les séries rouges déformées de la formation de
Pont-Ré&an.

Cependant, wun examen plus approfondi des directions d'aimantation
dédéformées (Fig.11 SRTC) permet d'identifier 2 groupes de directions bien
distincts. L'un composé de 7 sites (PM, SB, SD, SE, SF, SG, et SI) montre des
inclinaisons supérieures & 709, l'autre composé des 4 sites restants (LC, MB,
SH et SJ) a des inclinaisons inférieures & 600. Par ré&férence avec les
données paléomagnétiques connues, ces derniéres paraissent un peu trop
faibles. Ceci a pour effet de donner un allongement N-S au nuage de points.
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Fig.11: Directions moyennes HT et leurs moyennes intersites (astérisqueg).
IS: In situ; TC: apras correction de pendage;- SRTC: aprés déformation
inverse et correction de pendage de la stratification dédéformée.
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Fig.12: Moyennes pour les 7 sites retenus de cette étude. IS, TC, SRTC: voir
fig.t1. Les paramétres de groupement k sont indiqués.
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Une premiére hypothése pour expliquer cet allongement serait de supposer que
l'on a ici un effet de surcorrection des directions d'aimantations, aqui
montreraient alors une tendance vers l'axe de raccourcissement 3,
globalement horizontal et de direction N-S. Cependant, les 1intensités de
déformation dans ces 4 sites ne différent pas significativement des

intensités de déformation dans les autres sites (Table I). Il n'existe donc .

pas & priori de raison particuliére pour qu'une surcorrection de déformation
interne se produise ici et n'affecte paé les autres sites. Une deuxiéme
hypothése pourrait etre une appréciation erronée de la rotation rigide
inverse, estimée par le pendage de la stratification dédéformée. En effet,
comme indiqué en introduction, Ballard et al .. (1986) ont mis en évidence une
sédimentation de la formation rouge sur des blocs Briovérien basculés par
failles normales dans un contexte distensif de la région. A proximité des
failles normales, le plan de sédimentation peut avoir eu initialement un
pendage non négligeable, de l'ordre d'une quinzaine de degrés ou plus, vers
le centre du bassin., Il se trouve précisément gue les 4 sites (LC, MB, SH,
SJ) incriminés ici se situent & proximité de telles failles (cf. Fig.1), que
leur écart mbyen & l'autre groupe est d'une quinzaine de degrés, et que le
sens de cet écart est compatible avec l'orientation et le pendage des failles
normales.

Ces considérations m'aménent & <conclure que les données de ces 4 sites
sont effectivement anormales par vrapport & l'autre groupement. Notons
toutefois que si cette interprétation est la bonne, 1'anomalie de la
correction appliquée & ces aimantations n'est pas directement liée &
l'algorithme de déformation inverse, mais aux conditions de sédimentation de
la formation, et & 1l'hypothése, généralement admise mais difficile &
controler, du plan de stratification comme marqueur de la paléo horizontale.
Le caractére anormal des directions paléomagnétiques de ces 4 sites me
conduit par conséquent & les éliminer de l'estimation finale de la direction
moyenne d'aimantation.

On retiendra donc, sur la base des 7 sites restants, les directions
moyennes d'aimantation suivantes (Fig.12) '

In Situ Dp=2540 Ip=670 k= 23 Kgg= 130
Corrigé du pendage Dp=25809 Ip=700 k= 13 Agg= 1790 N=7
D&édéformé Dp=2350  Ip=750 k= 87 o*gs= 6.50

C'est cette derniére direction d'aimantation dédéformée que 1l'on
retiendra comme étant la direction d'aimantation caractéristique
antétectonique des séries rouges de la Formation Ordovicienne de Pont-Réan.
On remarquera enfin que la direction moyenne retenue est identique & la
direction du champ dipole Ordovicien (astérisque sur la Fig.12) recalculée
pour le lieu 489N, 2.50W {Perroud, 1985). ’

6. Conclusions
On peut résumer les principaux résultats de cette étude de la maniére
suivante:

1. La déformation interne des séries rouges de la Formation de Pont-Réan
est accompagnée par le développement d'une anisotropie de susceptibilité
magnétique. lLeurs tenseurs sont corrélés tant du point de vue de leurs
vecteurs propres que de leurs valeurs propres. On peut donc considérer que la
déformation interne <controle la fabrique magnétique. Compte tenu de la
préservation d'une aimantation rémanente antétectonique dans la plupart des
sites, et donc de 1'hématite qui la porte, l'orientation préférentielle de
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1'hématite est interprétée comme résultant globalement d'un mécanisme de
rotation. .

2. Les effets de la déformation interne sur l'aimantation rémanente
antétectonique correspondent exactement & ce que 1'on pouvait prévoir d'aprés
les modéles analogiques et numériques (Cogné, 1987b; Cogné et al., 1986), et
l'analyse globale du probléme (Cogné et Perroud, 1987). Du fait de 1l'angle
initialement fort entre direction de raccourcissement et direction
d'aimantation, la déviation de celle-=ci se fait sans dispersion de
l'aimantation 4 l'intérieur d'un site de déformation homogéne, mais avec au
contraire un effet probable de resserrement de ces directions. Pour la meme
raison, la distribution inter-site se trouve regroupée 3 1'état déformé,.

3. La technique de déformation inverse appliquée 3 ces directions
d'aimantation s'est révélée efficace. Aucune surcorrection significative,
liée & l'approximation des vecteurs aimantation comme lignes passives, n'a
&té observée., Cela signifie que cette approximation est une hypothése de
travail correcte dans l'étude paléomagnétique de séries rouges modérément
déformées, comme cela était suggéré par les résultats des études précédentes
(Cogné & Perroud, 1985; Cogné, 1987a).

Finalement, 1'étude détaillée des relations aimantation/déformation a
permis de déterminer une direction d'aimantation antétectonique bien
controlée, sur une série déformée que 1'analyse paléomagnétique classique
aurait nécessairement rejetée.
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Site S s L A A, A3 K r
D P D P Pe I

SA 5135 262 81 79 18 1.400 1.000 0.714  1.00 1.80
SB 269 38 277 80 278 7 1.486 1.189 0.566  0.23  2.35
SD 280 19 57 82 59 13 1.527 0.848 0,771  8.00 1.90
SE 299 30 252 88 71 23 1.472 1.090 0.623  0.46 2.10
SF 146 13 7790 257 12 1.191 0.916 0.916 - 1.30
S6 87 20 87 90 87 0 1.278 1.065 0.730  0.45 1.65
SH 9026 270 71 30 0 - - - - -

ST 112 9 261 Bl 262 4 1.339  0.864 0.864 - 1.55
SI 90 37 278 79 97 5 1.652 1.180 0,513  ©0.31 2.70
MB 66 28 88 86 89 12 1.449 1,115 0.619  0.37 2.10
PM 56 33 91 &0 95 22 1.206 1.096 0.756  0.22 1.55
LC 135 22 69 86 247 20 1.392 0.928 0.774  2.50 1.70
CB 280 56 101 86 101 0 1.618 1.471 0.420  0.04 3.60

Table I: Données structurales moyennes des sites de la formation de

Pont-Réan. Les plans de stratification (8g) et de schistosité (S1) sont

repérés par D: direction, et P: pendage (dans la direction D+90°), La

lineation (L) est repérée par De: déclinaison, I:

AlvAZ et A3 sont les valeurs propres du tenseur de déformation 1n&erue,

inclinaison vers le bas.

déduites des mesures des rapports axiaux des taches de réduction. K:

paramétre de forme, K=(A1/A2-l)/(A2/A3-1): r:

r-/\]_//\zner//\:;-l.

paramétre d'intensitd,
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Site N IS CP k g5
De I De I

SA 7 201 3 204 -14 43 9

SD 5 200 6 201 25 49 11

SH 7 202 23 200 - 2 58 8

SI 5 183 54 186 45 41 12

LC 6 206 31 208 10 44 10

Table III: Directions moyennes des composantes d'aimantation basse
température isolées sur 5 sites. N:

Fisher (1953). Directions repérées par De: déclinaison, I:

nombre d'entrées dans la statistique

inclinaison

(positive vers le bas, négative vers le haut). Is: in-situ, CP: apres

correction de pendage; k: paramétre de groupement de la statistique de

Fisher,®Xgs5: 1/2 angle d'ouverture du cone de confiance a 95%.
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In-Situ Déplissé Dédeformé

Site n/N De I De I De I k Hgg
SA*  6/8 248 40 216 42 - - 34 10
SB 7/8 272 82 347 51 268 75 268 4
SD 7/8 218 46 234 62 202 70 1008 2
SE 8/8 257 56 310 64 231 85 178 4
SF 7/8 229 79 233 66 233 74 211 4
SG 8/8 263 71 220 62 227 69 115 5
SH 7/8 254 73 209 55 188 56 103 6
SI 8/8 264 65 249 60 251 67 100 5
"sJ 7/9 289 70 214 55 184 60 79 7
MB 9/9 264 58 220 56 205 57 79 6
PM 6/6 284 55 223 66 238 81 213 4
LC 6/6 223 61 224 40 202 54 168 5
CB* 5/6 217 63 348 57 . 23 16
Mean 11/13 254 67 237 64 213 70

k=29 Xg5=8 k=13 Lg5=13 k=35 °(95=8

Table IV. Moyennes intrasites des composantes Haute Température des
Séries rouges‘de la Formation de Pont-Réan. n/N: nombre d'entrées dans la
statistique/ nombre d'échantillons analysés. De,I: déclinaison,
inclinaison.(¥) Sites rejetés pour le calcul de la moyenne inter-site

(Mean). k,¥ g5: Paramétres de groupement de la statistique de Fisher.
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Introduction

One of the main goals of paleomagnetic
studies is to produce evidence for ancient
continent displacements and thus produce
paleogeographical reconstructions of the
earth in the geological past. To achieve this
goal, paleomagnetists use the direction of re-
manent vectors as measured in rocks to de-
rive latitudinal and azimuthal data, according
to the model of the Earth magnetic field
(EMF). One of the many difficulties faced by
these researchers is the determination of
whether the rock deformation may have al-
tered the original paleomagnetic direction. If
so, the paleomagnetists must correct the ef-
fect of such a deformation. Obviously, this as-
pect is of secondary importance in cratonic
areas where beds lie flat or are gently folded,
and in earlier times, most paleomagnetic
studies were conducted in such areas. Howev-
er, it now appears that we cannot avoid work
within orogenic belts if we want to resolve
geodynamic problems [Van der Voo and Chan-
nel, 1980]. It therefore became necessary to
examine more carefully the interaction be-
tween magnetizations and deformation. Dur-
ing the last decade, several teams have con-
ducted research efforts in this direction.

Our aim in this paper is first to review the
results of such work, and second, to present
our analysis of the difficult problem of inter-
nal deformation (strain) effects upon rema-
nent magnetization. In this latter part, we
shall argue the possibility of correcting paleo-
magnetic vectors within strained rocks.

Historical Review

A rock volume under stress may undergo
three types of permanent transformations
[Ramsay, 1967):

® a whole translation, which, on a local
scale, is of no consequence for paleomagne-
tism;

¢ a rigid body rotation; or

® a change of relative position of particles
within the rock volume, which changes the
shape of the body.

This third type of transformation is named
internal deformation, or strain.

The first attempt to correct the effects of
deformation upon paleomagnetic direction
was concerned only with the rigid body rota-
tion. This was Greham's [1949] classic tilt cor-

rection, which consists of a rotation of the
bedding around the strike line back to the
horizontal. The comparison of magnetization
dispersion before and after the correction al-
lows determination of the relative chronology
between the magnetization acquisition and
folding ages. In a structural point of view,
this treatment should apply strictly in the case
of concentric folds with a horizontal axis,
without any strain. However, it was widely
used in different situations until paleomagne-
tists began to work in orogenic belts, where
the strong need for more elaborate unfolding
methods appeared. As an example, the dis-
crepancy between net and apparent tectonic
rotation due to plunging fold axes and/or
faulting is emphasized by MacDonald [1980]
on the basis of various theoretical cases. In a
paleomagnetic study of the Asturian arc
(Spain), Bonhommet et al. [1981}] successfully
recovered a pretectonic magnetization direc-
tion by applying two successive inverse rota-
tions in an area deformed by two interfering
folding phases. In a similar way, Perroud and
Cobbold [1984] took structural history into ac-
count to correct the magnetization directions
in an inclined axis fold hinge in the redbeds
of the San Pedro formation (Asturias, Spain).
Courtillot et al. [1986] used remagnetization
that occurred between two phases of folding
in a fold of Hercynian age in the Montagne
Noire (France) to determine the shape of the
structure prior to the remagnetization. All
these studies have in common the assumption
that only rigid body rotations are involved in
the folding processes of the studied rock unit.
However, the need for assessing the lack of
strain is mentioned in each of them.

The possibility that folding processes may
alter the initial angular relationship between
the magnetic vector and the bedding plane
has been cited by Graham [1949], Tarling
[1971], and Facer [1983], among others. For
this reason, strongly deformed series were
generally avoided for paleomagnetic studies.
In fact, the first attempts to correlate magnet-
ic vector deviations with the amount of short-
ening in magnetized bodies originate in the
wide problem of “inclination error” due to
compaction in sedimentary rocks. Simulta-
neously, Kodama and Cox [1978] and Blow and
Hamilton [1978] presented the results of ex-
perimental studies on the effects of compac-
tion of artificial sediments upon the inclina-
tion of detrital remanent magnetization. Ko-
dama and Cox did not obtain any coherent
bias of their magnetization with respect to the
compression axis. This was explained by the
brittle deformation mechanism in their sam-
ples, in which shortening had been achieved
by undeformed blocks gliding along two con-
jugate fault sets. On the other hand, Blow
and Hamilton showed systematic deflections
of the magnetization away from the compac-
tion axis, and the amount of deflection was

Copyright 1987 by the American Geophysical Union.
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related to both initial inclination and degree
of compaction. Ozima [1980} obtained the
same kind of results by shortening magne-
tized Cu-Co alloy disks. Morash and Bonhommet
[1981] used hematite-bearing plasticine sam-
ples to show that isothermal remanent mag-
netization (IRM) deviates toward the flatten-
ing plane during coaxial shortening experi-
ments with various initial angular
relationships and increasing deformation
steps.

In parallel with these laboratory simula-
tions, studies of deformed rocks were devel-
oped. One case, dealing with the Permian red
slates from the Alpes-Maritimes (France), was
the subject of efforts of different teams.
These series, whose red coloration is due to
the hematite pigment, contain some zones of
decoloration that are named reduction spots.

These green reduction spots are generally as-

sumed to develop spherically in isotropic me-
dia, and if a deformation occurs, they become
ellipsoidal. This characteristic allows quantifi-
cation of the strain within deformed redbeds
by measurement of axial ratios and principal
directions. In the Alpes-Maritimes, Graham
[1978] used these elliptical green reduction
spots to demonstrate the presence of a strain
gradient from the south to the north. The
first paleomagnetic results were obtained by
Van den Ende [1977], who observed that when
cleavage appears, the tilt correction leads to
incoherent results. He proposed that this was
caused by strain. In a study of finite strain,
magnetic susceptibility, and remanent magne-~
tization in the same deformed beds, Lowrie
and Kligfield {1981] concluded that remanent
vectors are too scattered by the strain to be
suitable for paleomagnetic purposes.

In contrast, Cogné et al. [1982] and Cogné
[1983] found a good agreement between the
paleomagnetic vectors deviations and princi-
pal strain directions, consistent with experi-
ments by Morash and Bonhommet [1981). They
therefore introduced a new correction for
these deviations that uses the inverse strain
tensor determined at each site. The correc-
tion consists of applying the inverse strain
tensor to first, the magnetic vector and sec-
ond, to the bedding plane. In fact, the appar-
ent bedding is caused by the superimposition
of a strain-induced rotation upon the rigid
body rotation. Finally, the initial direction of
magnetization is recovered by a tilt correction
using the unstrained bedding plane. This
treatment is primarily based upon a strain re-
sponse model known as March’s [1932] pas-
sive deformation theory. Kligfield et al. [1983]
attempted to correct magnetization vectors by
using this strain removal technique, but they
did not correct for bedding strain—induced
distortions. They concluded that this treat-
ment is not valid because the inverse strain
inevitably produces a deflection of the mag-
netization toward the finite strain Z axis of
each site. A careful examination of strain and
magnetic vector relationships allowed Cogné
and Perroud [1985] to show that magnetic vec-
tor deviations were similar to strain-induced
passive line deviations. They found that the
strain removal technique allows the elimina-
tion of the anomalous within-site dispersion
of magnetizations, elimination of the be-
tween-site dispersion of mean paleomagnetic
directions along a fold, and recovery of a reli-
able Permian paleomagnetic pole. They
therefore decided to use this technique in
other situations and obtained successful re-
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sults in Ordovician redbeds from Brittany
[Cogné et al., 1986].

More recently, Lowrie et al. [1986] acknowl-
edged the need for correcting the bedding
plane for strain before any rigid body rota-
tion, but they did not agree to the application
of inverse strain to paleomagnetic vectors. In
another example from the Alpine Helvetic
Nappes, Hirt et al. [1986] analyzed the effect
of intense strain upon remanent magnetiza-
tion. They found a girdle distribution of vec-
tors that they interpreted as resulting from a
heterogeneous horizontal simple shear rotat-
ing the remanent vectors as passive line
markers.

Finally, some numerical models and simu-
lations have been proposed to aid in under-
standing the interactions between strain and
natural remanent magnetization. Rochette
[1983] used a two-dimensional numerical
model to characterize the deviations of mag-
netizations acquired by anisotropic materials
in which the magnetic minerals show pre-
ferred orientation distribution or by isotropic
populations that later undergo some pre-
ferred orientation development processes. By
using three-dimensional numerical simula-
tion, Cogné et al. [1986] showed that the pas-
sive rotation of platy hematites, each bearing
a micromoment, produces a nearly passive
line behavior of the net resultant magnetiza-
tion of the population. They argued that the
strain removal technique applied to paleo-
magnetic vectors should be valid if the defor-
mation mechanism of hematite is achieved
mainly by a passive rotation of hematite
platelets during the cleavage development.
This has been verified in the case of the
Alpes Maritimes redbeds by Cogné and Gapais
[1986], who showed that the preferred orien-
tation development of hematite, estimated by
X ray texture goniometry, is conveniently de-
scribed by a passive rotation mechanism.

Discussion

Lowrie et al. [1986], who were mentioned
previously, defended their opinion that the
strain removal technique that we have pro-
posed is not valid and leads to an overcorrec-
tion of the vectors. In the remainder of this
paper, we shall try to show first, that their ar-
gument is based upon some statements that
are not supported by the resuits of the pub-
lished case histories and second, that a care-
ful and complete analysis of the relationships
of magnetization and deformation provides
the basis of our method. We shall demon-
strate the validity of the treatment in the cas-
es that we have studied and show that this
technique should be used more widely.

Analysis of the Effects of Strain Upon
Remanent Magnetization

When a rock unit contains visible deformed
objects, such as fossils, ooliths, reduction
spots, etc., it is easy to use these strain mark-
ers to estimate the strain state by applying the
tectonic and microtectonic techniques of
strain analysis [e.g., Ramsay, 1967; Means,
1976; Ramsay and Huber, 1983]. Where such
markers are rare, some strain-induced physi-
cal properties modification can be used.
There are principally two techniques that al-
low the quantification of mineral-preferred
orientations: the X ray diffraction method
and the anisotropy of magnetic susceptibility
(AMS) measurements. Although the first one
has been the subject ot numerous studies and
has allowed empirical relationships tc be
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Undeformed —

Deformed

anomalously high within-site dispersion
slight between-site dispersion

very slight within-site dispersion
slight between-site dispersion

vé{riable within-site dispersion
{(weak to anomalously high)
large between-site dispersion

Fig. 1. Schematic drawing of two-dimensional characteristics of paleomagnetic vectors
distributions resulting from gently folding rock units with cleavage development. Examples
are given for different initial angular relationships between mean paleomagnetic direction,
bedding plane, and strain axes. The direction of the paleomagnetic vectors is assumed to be
perpendicular to the fold axis. These sketches result from observations of naturally de-
formed series and from numerical and analog simulations. Cases illustrated in () and (c)
find their analogy in the Alpes-Maritimes redbeds [Cogné and Perroud, 1985}, while the case
in () is found in the Pont-Rean formation redbeds [Cogné et al., 1986).
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found between mineral fabrics and finite
strain [Tullis and Wood, 1975; Siddans, 1976;
Wood and Oertel, 1980; Miller and Christie,
1981; Gapais and Brun, 1981], its practical ap-
plication and interpretation are rather diffi-
cult. On the other hand, the AMS technique
provides a rapid means of estimating the de-
gree of preferred orientation of magnetic
minerals. The magnetic fabric of a rock is
mathematically expressed by a second-order
symmetrical Cartesian tensor, analogous to
the strain tensor. A large body of literature
shows that these two tensors are related, in
the direction of their axes and in the magni-
tude of their principal values, in several rock
types from different deformed regions [Wood
et al., 1976; Rathore, 1979, 1980; Kligfield et
al.,, 1981, 1983; Hrouda, 1982; and others].
However, the quantitative relationships be-
tween the magnitudes of strain and AMS
principal axes must be established for every
rock type, and a minimum amount of classi-
cal strain markers is generally needed. Never-
theless, a systematic check of the strain state
by the AMS method is desirable when per-
forming paleomagnetic studies in folded
rocks within orogenic belts.

For the studies summarized above, it seems
that there is a consensus about the effect of
homogeneous strain upon the remanent mag-
netization. This can be described as one dom-
inant phenomenon, the deviation of the mag-
netization vector of a given rock volume from
its original direction toward the flattening
plane or away from the shortening axis. This
s described by analog models [Blow and Ham-
ilton, 1979; Ozima, 1980; Morask and Bonhom-
met, 1981] and by numerical models and sim-
ulations [Rochette, 1983; Cogné et al., 1986], as
well as by studies of natural remanent mag-
netization in deformed rocks [Cogné and Per-

roud, 1985; Hirt et al., 1986]. It has been
shown that this deviation in the redbeds is
controlled by the strain rotation of micromo-
ment-bearing hematite platelets [Cogné et al.,
1986; Cogne and Gapais, 1986]. The problem
now is to understand how this phenomenon
interferes with the distribution of the mag-
netic vectors. As this is highly dependent
upon the geometrical configuration of the
initial magnetization and main axes of defor-
mation, we will try to envision it in several sit-
uations in the theoretical case of homoge-
neous strain. These situations are schema-
tized in Figure 1.

Let us first consider the case, in which the
strain-shortening axis is parallel to the initial
direction of magnetization. If parallelism is
strict, the direction of magnetization theoreti-
cally should not be deviated. However, the
resultant magnetization in rock samples is the
average of population of micromoments that
present a natural dispersion. Therefore each
micromoment will be deviated by the shorten-
ing. If the sampling is adequate, the resultant
magnetization will stay unchanged, while the
dispersion of micromoments will increase
with increasing strain. With this effect, we
should theoretically observe a decreasing of
the magnetization intensity. In fact, this ob-
servation seems difficult to realize in nature,
since intensity is monitored primarily by oth-
er parameters {magnetic mineralogy, iron ox-
ides concentration, and so on). This strain-in-
duced within-site scattering has been de-
scribed by Kligfield et al [1983] and related to
strain intensity by Cogné and Perroud [1985] in
the case of the Alpes Maritimes redbeds. It is
very important to point out that this scatter-
ing effect of strain is not a characteristic phe-
nomenon but is specifically a consequence of
the particular relationships that exist between
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Unstrained

Fig. 2. Schematic illustration of the bypass effect caused when the classical tilt correction
is applied to strain beds bearing an initially vertical magnetization. (left) Folding by rigid
body rotation. The angular relationship of bedding and magnetization is not altered, and
the tilt correction clusters the vectors around their initial direction. (right) The strain in-
duces a rotation of the vectors from their initial tilted attitude (dashed lines) toward the
cleavage plane (light vertical lines). During the classical unfolding, the deviated in situ mag-
netic vectors (single arrows) bypass each other, and the tilt-corrected data (double arrows)
can be as scattered as in situ. These situations are shown below in stereoplots as in situ
(dots) and tilt corrected (stars); asterisks indicate the fold axes.

Strained

the direction of magnetization and the strain-
shortening axis in this rock unit.

If we now consider the case in which the
pretectonic direction of magnetization is ini-
tially parallel to either the intermediate or the
maximum elongation axis, the simulations of
Cogné et al. [1986] suggest not only that the
mean magnetization of the site stays un-
changed but also that the clustering of the
measured vectors should increase. Although
the clustering in nature cannot be observed
beyond the minimum measurement error
range, the directions of magnetization should
present a grouping at least as good as that in
the same but undeformed rock type. Cogné et
al. [1986] observed this in the redbeds of the
Pont-Rean formation (Brittany, France),
where the magnetization is close to the steep-
ly dipping cleavage plane.

From these two extreme cases, it can easily
be deduced that intermediate angles between
magnetization and strain axes will result in a
deflection of the whole magnetization vector
population toward the flattening plane and
probably toward the elongation axis, with a
scattering or a clustering of the population
depending upon the “close” or “far” position
of initial magnetization with respect to the
shortening axis. What “close” and “far” mean
exactly is not currently known, and further-
more, a rotating set of vectors can be close to
the shortening axis in the first stages of de-
formation and later can be located far from
it.

An important point, common to all these
situations, is that if the bedding plane in each
site behaves passively [Cogné and Perroud, -
1985; Lowrie et al., 1986], the strain will in-
duce a rotation of this plane independently
from the strain-induced rotation of the mag-

netic vectors. Therefore, in the general case,
strain alters the angular relationships of bed-
ding plane and magnetization, leading to in-
conclusive results in the classical fold test
[Graham, 1949]. This was described first by
Van den Ende [1978] and later by Kligfield et
al. [1983] in the Permian Alpes-Maritimes red
slates. Later authors found that the tilt-cor-
rected remanent vectors lie on a great circle.
In the same series, Cogné and Perroud [1985]
show that the mean paleomagnetic direction
from the two limbs of a fold bypass each oth-
er along this great circle during the classical
tilt correction. This situation, which is gener-
ally considered to be characteristic of a syn-
folding age of magnetization acquisition, has
been shown here to be purely an effect of
strain upon the pretectonic magnetization.
This particular effect on the between-site dis-
tributions is illustrated in Figure 2. Note that
in this figure, the fold axis is perpendicular
to the initial direction of magnetization, an
attitude that induces a great circle distribu-
tion of the tilt-corrected data from the
strained beds (shown by the stars in the ster-
eoplot, Figure 2). This distribution, which has
been noted by Kligfield et al. [1983] in the
Alpes-Maritimes redbeds (in which such a sit-
uation exists), is thus shown to arise from the
particular angular relationships between mag-
netization and fold axis. However, the classi-
cally tilt-corrected vectors of strained beds
cannot be expected to lie on a great circle in
the general case. Another illustration of the
strain-induced angular modification of mag-
netization with respect to the bedding ap-
pears in the Pont-Rean redbeds [Cogné et al.,
1986). In these beds, the mean site directions
are clustered more closely before the classical
tilt correction than after, although the uncor-
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rected mean paleomagnetic direction has no
younger equivalent and cannot be interpret-
ed as a remagnetization.

Is a Correction for Strain Possible?

From the analysis presented above, one can
see that the effect of homogeneous plastic
strain upon magnetization in hematite-bear-
ing sediments can be described as a single
phenomenon. The logical consequences of
this phenomenon upon the distribution of
paleomagnetic vectors can be envisioned as
relationships between strain directions and
initial mean paleomagnetic directions. We
have shown here that the theoretically expect-
ed behavior of magnetization fits quite well
with the small number of case histories in the
literature, both in cases of naturally de-
formed series and in models and simulations.
Since the magnetization distributions can be
analyzed in the terms of a single mechanism,
we can now ask whether it is possible, in our
state of knowledge of this problem, to pro-
pose a correction of the paleomagnetic vec-
tors for the effects of strain.

In our own paleomagnetic analysis of the
Alpes-Maritimes redbeds, we have shown that
the distribution of the observed magnetic vec-
tors is globally similar to the effects that the
strain would have on passive vectors. We
therefore proposed to treat them as passive
vectors, and we described a strain removal
technique based upon the passive behavior
concept [Cogné et al., 1982; Cogné and Perroud,
1985]. As noted above, this method was suc-
cessful at several levels: It reduced the strain-
induced within-site dispersions, reduced the
between-site dispersion after the tilt correc-
tion from the undeformed bedding plane,
and recovered a mean paleomagnetism direc-
tion compatible with the one expected from
the paleomagnetic reference pole.

This demonstration has been strongly criti-
cized by Kligfield et al. [1983)] and Lowrie et al.
[1986). Their main points are that inverse
strain inevitably moves passive vectors toward
the shortening Z axis of the strain and that
this results in a clustering of the corrected
paleomagnetic directions around the shorten-
ing axis. They conclude that the mean direc-
tion obtained loses its paleomagnetic signifi-
cance because it mainly reflects the mean
strain Z axis direction. We cannot agree with
this argument. First, it seems well established
that strain induces a deflection of the magne-
tization away from the Z axis. Therefore,
whatever the unstraining method used, it
should necessarily induce a rotation of mag-
netization towards this axis. Second, in the
case of the Alpes-Maritimes, the directions of
magnetization cluster around the site Z axis
because in most sites, they were initally dis-
tributed around this direction. It can be
shown that even if we do not correct the di-
rections for strain, their within-site mean is
close to the Z axis. A third point is that the
shortening direction is roughly constant over
the entire folded area. Therefore, if one con-
siders that unstrained paleomagnetic vectors
are the Z axis in each site, their between-site
distribution should be grouped more com-
pletely before any tilt correction than after.
Such behavior was not observed, but in con-
trast, we obtained a significant clustering of
the mean site direction after the last step of
the treatment, i.e., tiit correction from the
unstrained bedding plane.

It is thus shown that the clustering effect of
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the strain removal technique is specifically
due to the particular relationships between
strain axes and pretectonic paleomagnetic di-
rection in the case of the Alpes-Maritimes
redbeds. It should furthermore be noted that
this effect does not exist when this special an-
gular relationship is not met (for example,
see site P3 of Cogné and Perroud [1985] and
the preliminary results obtained by Cogné et
al. [1986] in the Pont-Rean redbeds forma-
tion). Therefore we strongly stress that the
clustering in itself cannot be considered as a
proof of the invalidity of the strain removal
technique.

Nevertheless, we agree that although the
strain removal technique appears basically
correct in its principle, it is probably an ap-
proximation of the exact correction to be
made, and therefore it needs some improve-
ment. Two main issues remain:

® The results of numerical simulations
[Cogné et al., 1986] have shown that the devi-
ations of magnetization toward the flattening
plane, although large, may be not exactly
equal to passive line deviations. However, it is
not possible at present to state the conse-
quences of this discrepancy categorically for
the magnetization deviations within naturally
deformed rocks.

® The second critical point is the accuracy
with which the total deformation at each site
is determined. As a matter of fact, the pro-__
posed strain removal technique is applied at a
site scale (where strain is homogeneous), that
is, in discrete points within an inhomogen-
eously deformed region. The compatibility
between undeformed sites through the whole
study area is thus not verified and cannot be
used as a control on the undeformed state. In
particular, the rigid body rotation within a
site, which is estimated from the tilt of the
undeformed bedding plane, is not fully con-
strained for the rotations about vertical axes.
This problem is at the same level as the prob-
lem of improving the simple tilt correction of
Graham [1949] to take complex fold geome-
tries into account.

Conclusion

We can draw the following conclusions:

® Pretectonic remanent magnetization di-
rections are deviated by strain. This implies
that in strained rock units, the classical un-
folding methods cannot be used as tests for
the relative age of folding and magnetization
acquisition.

® In deformed redbeds, the effects of
strain-induced hematite rotations upon rema-
nent magnetization have been globally char-
acterized.

® The conclusion just mentioned allows us
to propose a strain removal technique based
upon the approximation that magnetizations
behave as passive lines during deformation.

@ [t is only with new paleomagnetic investi- -

gations within strained regions that the limi-
tations of this technique can be stated and
improvements achieved. For now, the results
obtained by using this technique lead us to
consider it as an efficient approximation for
recovering magnetzation directions in mod-
erately strained rock units.
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RESUME.

L'ensemble des travaux rassemblés dans ce mémoire constitue un essai de
caractérisation des effets de la déformation interne sur l'aimantation rémanente
des roches. Bien que le champ des investigations paléomagnétiques ait été
récemment étendu aux zones déformées des plaques continentales, de tels effets
sont actuellement mal connus. L'étude détaillée des relations entre aimantation
et déformation interne apparait par conséquent nécessaire, dans le cadre du
développement des méthodologies du paléomagnétisme en zone orogénique. Les
principaux résultats obtenus sont les suivants

- L'étude de la déformation interne, de l'anisotropie de susceptibilité
magnétique (AMS) et du paléomagnétisme du granite de Flamanville (Normandie,
France), montre que la déformation, liée a la mise en place du granite, controle
le développement d'une forte fabrique magnétique. L'AMS, due & une orientation
préférentielle de grains allongés de magnétite polydomaine, est accompagnée par
une anisotropie d'acquisition de 1l'aimantation thermorémanente (ATR) du matériau
déformé. Une relation quadratique simple a été établie entre ces 2 tenseurs.
Cette relation, vérifiée par des tests expérimentaux, a été appliquée au cas du
granite de Flamanville: le tenseur inverse d'anisotropie d'ATR, estimé par la
mesure de 1'AMS, permet de corriger les déviations de 1'ATR, et de déterminer une
direction de champ magnétique fiable.

- Le probleme des effets d'une déformation , interne postérieure a
l'acquisition d'une aimantation a été abordé par le biais de simulations
analogiques et numériques, et d'études paléomagnétiques de 3 formations rouges
déformées (Alpes-Maritimes, Pyrénées, Bretagne). Il est montré que la rotation
des porteurs magnétiques, induite par la déformation interne, et traduite par le
développement de fabriques cristallographiques et magnétiques, produit une
rotation de l'aimantation rémanente (& 1'échelle du specimen mesurable) depuis sa
direction initiale vers le plan d'aplatissement de la déformation. A partir de
cette description, 1'évolution de populations de vecteurs & 1'échelle d'un site
de déformation homogeéne peut etre prédite, en fonction des relations angulaires
entre direction moyenne initiale de 1'aimantation et directions principales de
déformation. A 1'échelle de la série plissée, la modification des relations
angulaires aimantation/plan de stratification induit des anomalies de
comportement vis-a-vis du test de pli.

- Il est finalement montré que les déviations de 1'aiman-

tation, dans les modeles et dans les séries rouges étudiées,

sont proches des déviations de lignes matérielles suivant le

modele de March (1932). Il apparait donc possible d'effectuer
~une déformation inverse de 1'aimantation, dans le but de

déterminer la direction d'aimantation antétectonique a 1'état

non déformé.

Bien que tous les problemes posés par la déformation =

interne en paléomagnétisme ne soient pas résolus, 1'aspect

positif des résultats obtenus ici permet d'envisager 1l'exten-

sion des investigations paléomagnétiques vers les zones modé-

rément déformées des chaines de montagnes.
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