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Formation doctorale : Structure et évolution de la lithosphère

Ecole doctorale : Sciences de la Terre et de l’Eau

Fluctuations du champ paléomagnétique terrestre
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direction de mise en place.
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MM. Marc DAIGNIERES, Professeur, Université Montpellier II Président
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�



����������	�




�



� ��� �����	�
��� ������

Ces trois dernières années d’étude n’auraient pas pu aboutir au présent manuscrit sans le concours de

l’ensemble des personnes que je voudrais évoquer ici. Chacune à sa façon aura contribué à ce que je

m’épanouisse pleinement au cours de ma thèse et me sente à l’aise dans mon travail.

Je tiens à remercier en premier lieu toute l’équipe de paléomagnétisme qui m’aura supporté au cours de

cette aventure : Lili pour les innombrables essais de réglage du KT ; Thierry pour sa patience et son mer-

veilleux VTM-télécran de Patagonie ; Brigitte pour sa gentillesse et son soutien ; Michel pour ses conseils

avisés, souvent déstabilisants, qui m’auront toujours amené à appréhender mes problèmes sous un

angle plus intéressant ; Mireille pour m’avoir montré une autre façon d’interpréter les diagrammes de

paléointensité et son courage mis à rude épreuve au cours du périple Val Travers-Val Studer ; et enfin

Pierre, parfois dur mais toujours juste, qui m’aura remarquablement encadré et guidé durant ces trois

années. Nos expériences communes à Kerguelen, en particulier celles de la plaine Ampère, resteront

bien longtemps gravées dans ma mémoire. Je tiens aussi à faire un petit clin d’oeil à Joël, pour avoir

notamment solidifié l’étagère à échantillon qui menaçait de s’effondrer, et Patrick, que j’aurais finalement

épargné.

Je pense aussi aux personnes qui ont passé quelques temps au sein de notre équipe alors que je m’y

trouvais ou qu’il m’a été donné de rencontrer par la suite : Avto pour tout l’intérêt qu’il témoigne à mes

travaux et sa présence bienveillante ; Bernard Henry pour m’avoir accueilli au laboratoire de Saint Maur

et initié à l’analyse de la fabrique magnétique, Charly Aubourg pour le temps qu’il m’aura accordé à Nice

suite à mon exposé de l’EGS et pour ses conseils et commentaires qui m’auront grandement servi lors

de la rédaction de mon troisième article ; Maxime le Goff pour ses petits programmes et les mesures de

cycles d’hysteresis, il semblerait aussi qu’il s’occupe de mon dossier à l’ANPE (véridique !) ; Andreı̈ Kos-

terov pour son attention ; Lisa Schnepp pour avoir parfumé le four à paléointensité ; Claire pour ces

nombreux mails et que j’ai hâte de retrouver autour d’une bière (ou plutôt entourée de bière !) ; Mou-

loud toujours à fond ; Stéphanie disparue depuis dans le monde impitoyable de l’informatique et enfin

Edouard avec qui j’aurais eu l’immense plaisir de partager le bureau des étudiants en paléomagnétisme.

Ceci m’amène tout naturellement à évoquer Rob Coe que j’aurais eu la chance d’accompagner du-

rant son séjour à Montpellier. Cette expérience quotidienne à ses côtés m’aura été particulièrement

bénéfique, au niveau de l’anglais tout d’abord, même si j’ai apparemment encore beaucoup de progrès

à faire, mais aussi et surtout du point de vue scientifique. Comme convenu, je garde précieusement sa

bouteille de Cognac pour une grande occasion à laquelle j’aurais plaisir de l’associer.

Je tiens à citer également : Frédéric Bouchette pour son aide précieuse en général, et en particulier avec

les programmes TCL-TK, awk et latex, rien d’étonnant à ce que nos manuscrits se ressemblent après

qu’il m’ai généreusement proposé d’utiliser ses fichiers types ; Henry de la Boisse pour m’avoir donné

l’occasion d’effectuer de nombreuses vacations dont celle de tuteur lors de la mise en place du modules

de méthodologie ; Jean-Patrick Respaut qui lors d’un stage de terrain en License m’a convaincu de faire

des études plus longues ; Jean-Marie Dautria pour sa traduction exceptionnelle de ”flood basalts” ; Anne

Delplanque, terroriste attachante à la bombe à colle, pour ses coups de mains sous Adobe illustrator et
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durant mes combats avec la Calcomp ; Christophe Nevado pour m’avoir préparé mes lames minces en

toute urgence et les secrétaires Nathalie, Martine, et Céline, elles aussi souvent sollicitées au dernier

moment que ce soit pour les ordres de mission, les bons de commande ou autres envois de courrier im-

portants. Merci à Marie-France pour sa participation lors de l’organisation de la journée des doctorants.

J’aimerais remercier aussi Benoı̂t Ildefonse auquel j’ai fait appel pour le traitement de mes lames minces,

et à travers lui les membres du laboratoire de Tectonophysique qui dès mon D.E.A. se sont montrés très

sympathiques à mon égard et ce bien avant le rapprochement prochain avec notre équipe.

Je tiens également à remercier comme il se doit l’Institut Polaire Français pour avoir financé le pro-

gramme paléomagne 310 qui m’aura permis de me rendre par deux fois dans les Terres Australes et

Antarctiques françaises pour y prélever mes échantillons. Sans leur soutien financier et logistique, ce

travail n’aurait bien évidemment pas été possible.

Ces deux voyages fantastiques à destination des ı̂les Kerguelen m’ont permis de faire connaissance

au cours des transferts sur le Marion Dufresne II ou sur les bases militaires avec des personnes non

moins extraordinaires : Alain Lamalle, chef des opérations mais surtout roi de la BLU ; Roland Pagny et

ses parallèles (halte au feu !) ; Roland Gauthier, commandant du Marion, qui à deux reprises nous aura

ramenés à bon port avec son équipage ; Denis le chef des cuisines fou du Marion dont la lettre et les

saucissons me font encore chaud au coeur ; Tonton qui m’aura offert un merveilleux baptême de l’air en

hélicoptère ; Jean-Marc et ses équipages de la Curieuse, qui a bien failli devenir un bateau à bulle ; Ber-

nard et ses bois de cerf ; Guillaume, l’autre malchanceux ; Jessy ; Fabianna le miss Ker99 en compétition

avec miss moule sur le Marion ; Johann le géophy de Crozet qui m’aura fait beaucoup rire ; Florence

de Lyon ; Serge ; Hubert le bout de bois alsacien ; David le gener ; Sylvestre dit Léon pour les chats et

les lapins ; Patrick l’artiste de la Mortadelle ; Anne la botachoux ; John le bibou ; Testos ; François plus

connu sous le surnom de popy ; les militaires de la base de Port aux Français aux cuisines, à la cop, à

l’hôpital, au BCR (tchao Jacky) ou plus souvent à ”Totoche” ; les petits oiseaux Florence et Francesco ;

les petits poissons Patrice, Philippe et Xavier (merci à l’ensemble du banc pour les chocolats de Noël !) ;

les petits cailloux Bertrand, Christophe, Thomas et Jean-Yves ; les petits choux Jacques, Albert-Jean et

Irène ; Christophe et Laurent qui traı̂naient cette fois dans la boue et enfin Kirsten qui aura eu le mérite

de nous supporter Pierre et moi durant un mois complet à la pleine Ampère.

Autre lieu, mais une ambiance toute aussi chaleureuse, je tiens à remercier mes compagnons du grand

voyage initiatique qu’est la thèse. Tout d’abord ceux qui m’auront souvent attendu au resto U : Marc,

Florence, Laure, Eric, Xavier, Jérôme V., Dirk, Jérôme B., Benoı̂t, Maggy, Olivier, Aurélien, Philippe et

Florence. Mais aussi ceux qui auront été assez sages pour manger plus tôt ou ailleurs, Sébastien,

Benoı̂t, Ghislain, Loic, Philippe, Aude, Youri, Gwladys, Julie et Marianne.

J’ai une pensée toute particulière pour ma famille et mes proches qui m’auront toujours soutenu même

si je sais que dans le fond, mon travail sera resté un grand mystère pour la plupart d’entre eux. Merci

à Marie-Eve pour son soutien quotidien et son écoute, ma mère, mon père, Nicolas et Géraldine (et

...), Anne-Sophie, Olivier, Fabienne, mes grands parents paternels, Anne, Alain et ses enfants, Benoı̂t,

Thomas, mais aussi David de Paris, David et ses petits suisses, Dominique, Lilian, Stéphane, Chris-

tophe, Jérôme, Arnaud, Marc, Katia, Céline et JP, Ben, Pierre, Jean, Céline, Bertrand, Antoine et tous

les autres... pour m’avoir entouré durant ces années d’études.

Je remercie enfin Annick Chauvin, Marc Daignières, Bernard Henry et Pierre Rochette qui m’ont fait

l’honneur de juger ce travail.
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�	w L��!]OL N?B LUJ �,]^FPVMLUF`J 	 B 	GTWV!F`D�	XKSRML��!p�	G]`FOL'V �,JoLU] N?B g T|LUp�� g BONut ��	 N � N?BON LUJ 	 =

-�. ; . � /q����� �c���	/8�#�C-8790:+4� 143 5!�4�.���
�IÈ � D�	�D g KG] N ] 	�L�� T N 	 ��Ê K 	GF � �!K B �ML BON ���!F 
 N J 	GF B[N TWV �,] B L�� B D�	�D N F^V �,F 	G]qD	w 	 �!] 	Gp N F B ] 	ªÇ

T 	 � B FPD��°KSRMLUTWVhT|LUp�� g BONut ��	 B 	G]^] 	GF B ] 	{] g VMLU] BON FPJ 	cV!J �!F ��� N?j �,]^T g T 	 � B V �,F^F N d!J 	{nqJoL F �!] j LUK 	
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D�� p,J �,d 	'n°D N : g ] 	 � B 	GF g V � t ��	GF = b � � BON J N F 	[V ���!]{K 	GJoL°D�	GFET 	GF �!] 	GFED N ] 	GK B 	GFED�� KSRMLUTWV 
 	 j Ç
j 	GK B � g 	GF4D�	GV�� N F >ky,a Í DML��!FIJ 	GF �,d!F 	G]e_UL B � N ] 	GF`T|LUp�� g BONut ��	GF4L N �!F N�t ��	 D�	GF4T 	GF �!] 	GF N �!D N ] 	GK B 	GF
V!] �k_�	 �ML�� B D	w g B �!D�	GF2LU]^KSR g �,T|LUp�� g BONut ��	GF�4 i �!F t �	w n >k< <,<,< L��!F 	 ��_ N ] ��� 6 	 B VMLUJ g �,T|LUp�� g BONut ��	GF =
l 	GF[D�	G] � N?2 ] 	GFqV!] �k_ N 	 ����	 � B D�	�] ��KSR�	GF'L¶\�L�� B 	 �!] 	Gp N F B ] g J 	|KSRMLUTWV T|LUp�� g BONut ��	�LUTqd N L�� B L��
T �,T 	 � B D�	%J 	 �!] j �,]^T|L BON ��� 	 B V 	G]^T 	 B^B 	 � B D	w �,d!F 	G]e_�	G]°J 	GF � �!K B �ML BON ���!F�D��¸KSRMLUTWV¸F �!]hD�	
p,]OL��!D�	GF V g ] N ��D�	GFED�	 B 	GTWV!F = � w ����	�T|L�� N?2 ] 	Wp g � g ]OLUJ 	�
&J 	GF ] ��KSR�	GFqF g D N T 	 � B L N ] 	GFEV �,F^F 2 D�	 � B
����	qL N T|L�� B L BON ���°] g T|L���	 � B 	 D g B ] N?BONut ��	qLUK t � N F 	 VMLU]4Jxw �,] N 	 � B L BON ���°T g K¶L�� Nut ��	 D�	GFcT N � g ]OL���Ê
T|LUp�� g BONut ��	GFcF 	GJ ����JoL�D N ] 	GK BON ���%D��¥KSRMLUTWV¥LUTqd N L�� B L��¥T �,T 	 � B D�	[J 	 �!]cD g V C B¶=�@ JuJ 	GF j ���!]9Ç
� N F^F 	 � B ����d ��� 	 �!] 	Gp N F B ] 	GT 	 � BXB 	GTWV �,] 	GJ�D���KSRMLUTWV VMLUJ g �,T|LUp�� g BONut ��	�
	K �,TWV B 	 B 	 � ��D�	WJoL
K ��� BON � � N?B g D�	GFPD g V C B FPF g D N T 	 � B L N ] 	GF =!l 	GJ � N Ç K N V 	 � B K 	GV 	 �!DML�� B�E�B ] 	cd N L N F g D�� j L N?B D�	cJoLEp,]OL�Ç
_ N?B g 4 	G]^] 	 �!]`F �!]`Jxw N �!KGJ N �ML N F ��� 6 ���QD�	XJoLqV!] g F 	 �!K 	 D�	XK ���!]OL�� B F`V 	G] B �!]^dML B 	 �!]^F4L��°T �,T 	 � B D��
D g V C B 4 	G]^] 	 �!]{F �!]{JoL|D g KGJ N �ML N F ��� 6 
�T|L N F 	 �!K �,] 	[VMLU]cJxw LUK t � N F N?BON ���zD	w ����	'L N T|L�� B L BON ���Q] g T|L�Ç
��	 � B 	4V �,F B Ç D g B ] N?BONut ��	@4�V!J �!F N TWV �,] B L�� B 	`V ���!].J 	GF.p,]OL N �!F:È �!F 6 L��|T �,T 	 � B D�	4JoLXK �,TWVMLUK BON ��� =
Z 	GFI] ��KSR�	GFI_��,JuK¶L�� Nut ��	GF 
 t �ML�� B n 	GJuJ 	GF 
6LUK t � N?2 ] 	 � B ����	 L N T|L�� B L BON ��� B R�	G]^T ��Ç ] g T|L���	 � B 	XD���Ç
]OL�� B J 	 �!][T N F 	 	 ��V!JoLUK 	 =CZ 	GF'T N � g ]OL���Ê¡T|LUp�� g BONut ��	GF 	 �!] 	Gp N F B ] 	 � B JoLzD N ] 	GK BON ��� D���KSRMLUTWV
LUTqd N L�� B L¶_�	GK ����	 N � B 	 �!F N?B g t � N J � N 	GF B V!] �,V �,] BON ������	GJuJ 	{D 2 FcJxw N �!F B L�� B ��� N JuF4L B^B 	 N p���	 � B J 	 �!]
B 	GTWV g ]OL B �!] 	 D N?B 	qD�	qd!J ��K¶LUp�	 	 �¥F 	[] 	 j ] � N D N F^FOL�� B¶=�Z w 	 �!] 	Gp N F B ] 	GT 	 � B D��¥KSRMLUTWV�T|LUp�� g BONut ��	
	GF B DML��!F[K 	�K¶LUF t �MLUF NPN �!F B L�� B L�� g nzJxw g KSR�	GJuJ 	|D�	GF B 	GTWV!Fqp g �,J �,p Nut ��	GF 
�T|L N F d 	¶L��!K ���!V V!J �!F
È6LUd!J 	 	 B V 	G]^T 	 B F �!] B ��� B 
�DML��!F:D�	GF:K ���!D N?BON ���!F j L¶_��,]OLUd!J 	GF 
�D�	`] 	 B ] ���8_�	G]:Jxw N � B 	 �!F N?B g D��WKSRMLUTWV
L��!K N 	 � = bc]`DML��!F`J 	Xd�� B D�	XD g È � N ]`J 	c_�	GK B 	 �!]4KSRMLUTWV B � B LUJ 
 N J 	GF B � g K 	GF^FOL N ] 	 t ��	EJ 	GF 	 �!] 	Gp N F9Ç
B ] 	GT 	 � B F�V�� N F^F 	 � B ] 	 �!F 	 N p���	G]2nEJoL j � N F.F �!]�JoLXD N ] 	GK BON ��� 	 B Jxw N � B 	 �!F N?B g D���KSRMLUTWV�T|LUp�� g BONut ��	�

F ��i 	 B^B 	GF B ��� B 	GFXD�	 ��Ê�L���Ê � �!K B �ML BON ���!F =&Â LU]{K ���!F g t ��	 � B J 	GF{] ��KSR�	GFX_��,JuK¶L�� Nut ��	GF j ���!] � N F^F 	 � B
D�	GF 	 �!] 	Gp N F B ] 	GT 	 � B F4D�	qT 	 N JuJ 	 �!] 	 t �MLUJ N?B g D��%KSRMLUTWV 	 B F ��� B V!J �!F4LUV!V!] �,V!] N g 	GF4V ���!]IJxw g B �!D�	
D�	GF � �!K B �ML BON ���!F`D��°KSRMLUTWVQT|LUp�� g BONut ��	 =

-�. ; . � � �	�c��/�-87²-8790:+ 14��� 140:+4+4����� 1479��� 0:+47 �c�9��� ��- 0�������56-87 h79+47²-879�:�
Z L|H N p��!] 	 > V!] g F 	 � B 	qJoL'D N F B ] N d�� BON ���Qp g �,p,]OLUV!R Nut ��	ED�	GF4F N?B 	GF ���zD�	GF4D������ g 	GFcD N ] 	GK BON ����Ç

��	GJuJ 	GF#D�	P] ��KSR�	GFC_��,JuK¶L�� Nut ��	GFCD	w �Up�	 �,J N p���K 2 ��	 4 �Ua Ç a,a �zL 6 ��� B g B g �,d B 	 � ��	GF17 v J �,dMLUJ Â LUJ 	 �,T|L�Ç
p���	 BON K � L B LUdMLUF 	cÇ:_�	G]^F N ��� � = a �QK @ JuR N ����\°L��!D Z ��KSÅB4 >k},}
�<6 = = b �°\ �,d!F 	G]e_�	 ���°D g F g t � N J N d!] 	
N TWV �,] B L�� B D�� ���,Tqd!] 	PD�	2D������ g 	GF:D N F^V ��� N d!J 	GF 	 � B ] 	2Jxw R g T N F^V!R 2 ] 	 A �,]^D 	 B Jxw R g T N F^V!R 2 ] 	 	 �!D
	 B K 	 	 �%VMLU] BON K �!J N 	G]2V ���!]IJ 	GF4JoL BON?B �!D�	GF`] 	GJoL BON _�	GT 	 � B g J 	�_ g 	GF =�Z L|H N p��!] 	 � V!] g F 	 � B 	 t �ML�� B n
	GJuJ 	�JoLcD N F B ] N d�� BON ��� B 	GTWV �,] 	GJuJ 	�D�	GF:T �,T 	 � B FCD N V C,JoL N ] 	GF&_ N ] B ��	GJuF14 � �PÉ F 6 
,_ULUJ 	 �!]CD��'T �,T 	 � B
D	w ����D N V C,J 	 t � N:j ���!] � N ]OL N?B Jxw N � B 	 �!F N?B g D��¡KSRMLUTWV�T|LUp�� g BONut ��	 �,d!F 	G]e_ g 	 � ���¡J N 	 � 	 B n�����	
g V � t ��	ID������ g 	�
�K¶LUJuK �!J g F�nEVMLU] BON ]:D�	ID g B 	G]^T N �ML BON ���!F:D�	IVMLUJ g � N � B 	 �!F N?B g D N F^V ��� N d!J 	GF�V ���!].D�	GF
�Up�	GFXK �,TWV!] N F 	 � B ] 	 �Ua 	 Bqa,a �zL = b ��] 	GT|LU] t ��	|LUJ �,]^F t ��	|J 	GFXD������ g 	GF \¥F ��� B 	 �!K �,] 	WV!J �!F
]OLU] 	GF 
�D�� j L N?B D�	'JoL�D N�� K �!J B g n �,d B 	 � N ]{D�	GF 	GF BON T|L BON ���!FcD�	'VMLUJ g � N � B 	 �!F N?B g 
 	 B ��	'K ���8_�] 	 � B
VMLUF ��� N?j �,]^T g T 	 � B JoLXV g ] N ��D�	`D�	 B 	GTWV!F �,d!F 	G]e_ g 	 =Ml �,TWT 	`V ���!].J 	GF:D������ g 	GFPD N ] 	GK BON ������	GJuJ 	GF 

JoL[D N F B ] N d�� BON ���hp g �,p,]OLUV!R Nut ��	 	GF B 	ªÊ B ] E T 	GT 	 � B4N � g p�LUJ 	XL¶_�	GK V!J �!F`D�	 y,<	� D�	GF4D������ g 	GF4V!] ��Ç
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������� >�� �4N F B ] N d�� BON ���|p g �,p,]OLUV!R Nut ��	{D�	GF2D������ g 	GF`D N ] 	GK BON ������	GJuJ 	GF�V!] �k_�	 �ML�� B D�	GF2] ��KSR�	GF2_��,J Ç
K¶L�� Nut ��	GFqD	w �Up�	 �,J N p���K 2 ��	57 v J �,dMLUJ Â LUJ 	 �,T|LUp���	 BON K � L B LUdMLUF 	|Ç{_�	G]^F N ��� � = a �QK @ JuR N ����\ L��!D
Z ��KSÅ 4 >k},}
�<6 = =

_�	 �ML�� B D�	EJxw R g T N F^V!R 2 ] 	 A �,]^D =
Â LU]#K ���!F g t ��	 � B 
,D�	GF 	 �!] 	Gp N F B ] 	GT 	 � B FCn4JoL j � N F�D�	�D N ] 	GK BON ��� 	 B D�	�VMLUJ g � N � B 	 �!F N?B g D�� l � Ì 


N F^F �!FID�	 ] ��KSR�	GFI_��,JuK¶L�� Nut ��	GFIJ ��K¶LUJ N F g 	GF`DML��!FIJxw R g T N F^V!R 2 ] 	 	 �!D%nWD�	GF4JoL BON?B �!D�	GF`] 	GJoL BON _�	GT 	 � B
g J 	�_ g 	GFIV ���!]`JoL[V g ] N ��D�	 bcJ N p���K 2 ��	 g B 	 �!D���	�4 �U< Ç � < �zL 6 T|L�� t �ML N 	 � B 	 �!K �,] 	 L��QT �,T 	 � B ���
K 	 B^B 	 B R 2 F 	ED g d�� B L N?B¶=

Z w �,d�i 	GK BON?jMN � N?BON LUJ�D�	�T ���qD���K B �,]OL B 
 t � N F 	G]OLcD g _�	GJ �,V!V g DML��!FCJoLIV!] 	GT N?2 ] 	.VMLU] BON 	�D�	PK 	�T|L�� �!F9Ç
KG] N?B 
�K ���!F N F B L N?B D����!K`n 	": 	GK B ��	G] ����	 g B �!D�	2VMLUJ g �,T|LUp�� g BONut ��	�K �,TWV!J 2�B 	�4�D N ] 	GK BON ��� 	 B VMLUJ g � N ��Ç
B 	 �!F N?B g 6 D�	qF g t ��	 �!K 	GFX_��,JuK¶L�� Nut ��	GFcD	w �Up�	 �,J N p���K 2 ��	EV!] �k_�	 �ML�� B D�	qJxw LU]^KSR N V 	GJ&D�	GFXr 	G]^p���	GJ 	 � 

F N?B � g n � }
	 �U< w&D�	|JoL BON?B �!D�	 	 �!D 	 B Í <
	 �U< w&D�	|J ���!p N?B �!D�	 @ F B¶=�l 	GJoLQTQw LQLUT 	 � g nzVMLU] BON K N V 	G]
n�D�	 ��Ê�K¶LUTWVMLUp���	GF'D�	°V!] g J 2 _�	GT 	 � B 
�È �ML��!K g 	GFWDML��!F'J 	hK¶LUD!] 	°D�� V!] �,p,]OLUTWT 	�VMLUJ g �,T|LUp���	
a8>k< VMLU]'Jxw À �!F BON?B � BWÂ �,JoL N ] 	hHM]OL�� �¶L N F�4 À9Â H 6 D��!]OL�� B J 	GF'R N _�	G]^F >k},},} Ç �U<,<,< 	 B �U<,<8> Ç �U<,< � 4�K j9=
H N p��!] 	 a<6ª=:Z 	GFWD������ g 	GF N F^F ��	GFWD�	QK 	GF B ]OL¶_UL���Ê D�	�_UL N 	 � B VMLU]'JoL¥F � N?B 	°K �,TWV!J g B 	G]'J 	GF'dMLUF 	GF
D�	hD������ g 	GF N � B 	G] �ML BON ���MLUJ 	GF 	ªÊ N F B L�� B 	GF 	 B K ��� B ] N d���	G]'L N �!F N�N �!D N ] 	GK B 	GT 	 � B n ����	hT 	 N JuJ 	 �!] 	
K �,TWV!] 	GR�	 �!F N ��� D�	WJoLhD8\ �MLUT Nut ��	 N � B 	G] ��	WD�� ���k\�L�� B 	G]^] 	GF B ] 	 =Cl 	 B^B 	 g B �!D�	�
�DML��!FEJoLhJ N p�� g 	
D�	GFcL��MLUJ?\�F 	GF 	 � B ] 	GV!] N F 	GFcF �!]4D	w L�� B ] 	GF4F 	GK BON ���!F4V!] g J 	�_ g 	GFXL��!VMLU]OL¶_UL�� B 4 l LUTWV!F 	 B LUJ = 
 �U<,<,a<6 

_ N FOL N?B DML��!F2J 	4T E T 	 B 	GTWV!F2nqV!] �,F^V 	GK B 	G]2D	w g _�	 � B ��	GJuF 	 �!] 	Gp N F B ] 	GT 	 � B F2D g B L N JuJ g F.D	w N ��_�	G]^F N ���!F
D�� l � Ì{=
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������� ��� �4N F B ] N d�� BON ��� B 	GTWV �,] 	GJuJ 	�D�	GF�T �,T 	 � B FCD N V C,JoL N ] 	GF&_ N ] B ��	GJuF�4 � �PÉ F 6 K¶LUJuK �!J g F�ncVMLU] BON ]
D	w 	GF BON T|L BON ���!F{D�	WVMLUJ g � N � B 	 �!F N?B g �,J N p���K 2 ��	GF 
�D N F^V ��� N d!J 	GFXDML��!FEJoL°dMLUF 	WD�	|D������ g 	GF N � B 	G] �ML�Ç
BON ���MLUJ 	hD�	%VMLUJ g � N � B 	 �!F N?B g D�	%Jxw À � v �ÃÈ � >k},},}8=.Z L J N p���	 	 �ºV � N � BON JuJ g F 	GF^VMLUK g F 4�] 	GF^F 	G]^] g F 6
F ���!J N p���	cJoL _ULUJ 	 �!]2D�� � �PÉ T �k\�	 �QD g B 	G]^T N � g V ���!]2JoL[V g ] N ��D�	 < Ç <8= a �zL54 <8= a Ç a,<,< �zL 6ª=

����� � !$# ��� ����� � �"!$#�� �
�
	�� !*�"!�	*�"� ���������	$��� �"��#
-�. � . ; ��79��-80�/!79�P34�
� 	GV�� N F2FOLqD g K ���8_�	G] B 	XJ 	 > � H g _�] N 	G] > Í,Í � VMLU]PJ 	cKSR�	�_ULUJ N 	G]��:_�	GF`D�	{r 	G]^p���	GJ 	 ��Ç Ì ] 	GT|LU] 	GK�


Jxw LU]^KSR N V 	GJ�D�	GF�r 	G]^p���	GJ 	 � 
UD	w ����	2F �!V 	G]eÈMK N 	2D�	 Í ��> � Å�T�� 
,L g B g F ��i 	 B ncD�	 ���,Tqd!] 	 �!F 	GF g B �!D�	GF
p g �,J �,p Nut ��	GF =�Â LU]^T N F:J 	GF 	ªÊ8V!J �,]OL BON ���!F:J 	GF.V!J �!F N TWV �,] B L�� B 	GF 
 ���|] 	 BON 	 �!D!]OL ��� B LUTWT 	 � B J 	GF 	ªÊ�Ç
V g D N?BON ���!F�D������������! #"%$&��' 	 B D���()$*��+���,.-�/10 T 	 � g 	GF.VMLU]:J 	`K¶LUV N?B L N ��	 l � �,Å�4 > Í,Í �<6 
,D�	IJxw!23/�-546 7�
	 B D��98:-�/1/���/QT 	 � g 	GFqVMLU] 	�N ] f �,F^F�4 >ky � <<6 
&D��<;>=@?.�A�*-�'#BC-�/°T 	 � g 	�VMLU] J 	|K¶LUV N?B L N ��	 A4LU] 	GF
4 >ky Í � 6 
 	 B 	 �8È ��J 	GF 	ªÊ8V g D N?BON ���!FXLUJuJ 	GT|L��!D�	GF{D�	D�E?GF�?�HI-��A�*-84 >ky Í � Ç Í �<6 	 B D��JF�?. 7���B4 >k},< � 6ª=
l 	 �	w 	GF BWt �	w n�VMLU] BON ]qD�	 >k},<,y%t ��	°JoL�HM]OL��!K 	 	": 	GK B �ML¥F 	GF'V!] 	GT N 	G]^Fq] 	GV g ]OLUp�	GF'F � N?B 	°n ����	
N � N?BON L BON _�	�V!] N _ g 	`D�	GF j ] 2 ] 	GF f LUJuJ N 	G]#D���9PL B \ t � N F N JuJ ����� 2 ] 	 � B J 	GF�K
C B 	GF 	 B 	": 	GK B � 2 ] 	 � B J 	GF�V!] 	ªÇ
T N 	G]^FC] 	GJ 	�_ g F:R�\�D!] �,p,]OLUV!R Nut ��	GF = � �!F t �	w L��|T N J N 	 � D�	GF.L���� g 	GF�_ N �!p B 
,JoLcp g �,J �,p N 	�D�	Ir 	G]^p���	GJ 	 �
D�	GT 	 �!]OL N?BEB ] 2 F[F �,TWT|L N ] 	 	 B KUw 	GF B � �!d 	G] B D�	�JoL f�K 	 4 >k},a � 6{t � N 	 ��V��!d!J N L�� B JoLzV!] 	GT N?2 ] 	
K¶LU] B 	�p g �,J �,p Nut ��	.K ��� B ] N d��MLcn ����	PT 	 N JuJ 	 �!] 	:D�	GF^KG] N V BON ���qD�	PJxw 	 �!F 	GTqd!J 	�D�	PJxw LU]^KSR N V 	GJ = � VMLU] BON ]
D�	 >k} ��> 
�JoL HM]OL��!K 	4D N F^V �,F 	4D	w ����	{F B L BON ���|V 	G]^T|L���	 � B 	cn Â �,] B L���Ê�HM]OL�� �¶L N F�V 	G]^T 	 B^B L�� B L���Ê
] 	GKSR�	G]^KSR�	GF�p g �,J �,p Nut ��	GF 
 	 � B ] 	PL�� B ] 	GF 
�D	w E�B ] 	�V!J �!F#V ���!F^F g 	GF 	 B D�	�V!] �,p,] 	GF^F 	G]#V!J �!F#]OLUV N D�	GT 	 � B¶=
@ � >k} Í < 
 � LUK t ��	GF A ���!p N 	G] 	GF B LUJ �,]^F 	 �|T 	GF �!] 	4D�	IV!] �,V �,F 	G] ����	IK¶LU] B 	4D�	I] 	GK �����ML N F^FOL��!K 	cL��
>IL �U<,<{<,<,<�M D�	`JoL{p g �,J �,p N 	PD�	GF�NoJ 	GF:r 	G]^p���	GJ 	 �84�K j9= H N p��!] 	 � 6ª=�Â J �!F:] g K 	GTWT 	 � B 
�D������ML�� B F � N?B 	
nIJxw g B �!D�	PD	w ����	 � ����	 B 	GF B K 	 � B ] g 	2F �!]#J 	GF#V!] 	GF t �	w NoJ 	GF � 	¶L�����	PD	w �4]^K 	 B f ���MLU]^KUw R�4 Z 	�\�] N?B 	 B LUJ = 

>k},},<<6 
 ���°V!] �,p,]OLUTWT 	4F^K N 	 � BON È t ��	XV!J �!] N Ç9L���� ��	GJ�T 	 � g F ���!F`JoL ] 	GF^V ���!FOLUd N J N?B g D	w � �!D!] g v{N ] 	 B
4%O � N _�	G]^F N?B g D�	 	 L N � B Ç @CBON 	 ����	 6 L¶_UL N?B V ���!] �,d�i 	GK BON?j D�	4D!] 	GF^F 	G] ����	4K¶LU] B 	4p g �,J �,p Nut ��	`D g B L N JuJ g 	
L�� >IL�>k<,<[<,<,< M D�	{Jxw LU]^KSR N V 	GJ =8Z w g JoLUd �,]OL BON ����D�	{K 	 B^B 	 �����8_�	GJuJ 	{K¶LU] B 	{p g �,J �,p Nut ��	 4�V��!d!J N K¶L BON ���
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������� a � � 6 f`g K¶LUV N?B �!JoL BON?j D�	GF�F 	GK BON ���!F.V!] g J 	�_ g 	GF�F �!].Jxw LU]^KSR N V 	GJMD�	GFPr 	G]^p���	GJ 	 �WDML��!F.J 	`K¶LUD!] 	
D��¡V!] �,p,]OLUTWT 	'VMLUJ g �,T|LUp���	 a8>k< È �ML��!K g VMLU]EJxw À �!F BON?B � BqÂ �,JoL N ] 	WHM]OL�� �¶L N F�� > 6XÂ �,] B'l R!] N F B Ç
T|LUF�� > � K ���!J g 	GF54 � y8= � Í 	 	 
 �,}8= < � 	O@�6 
 � 6 ����� B 9 �!] 	¶L���� >ky K ���!J g 	GF54 � y8= } Í 	 	 
 �,}8= a � 	O@�6 
 a<6
Â �,] B f L¶\�T ���!D�� } K ���!J g 	GF$4 � }8= a � 	 	 
 �,}8= y,<
	O@�6 
 � 6�À J 	 s L�� B 	�� �U} K ���!J g 	GF$4 � }8= a,}
	 	 
 �,}8= } � 	O@�6 

� 6qÂ �,] B � 	¶L�����	QD	w �4]^K�� �Ua K ���!J g 	GF54 � }8= � Í 	 	 
 �,}8= y � 	O@�6 
 �<6 ����� B D�	GF f �!KSR�	GF�� >ky K ���!J g 	GF
4 � y8= y Í 	 	 
 �,y8= }8> 	O@�6 
 Í 6 ����� B D�	GF Ì 	GTWV E�B 	GF�� �U< K ���!J g 	GF 4 � y8= y,y
	 	 
 �,}8=?>,> 	O@�6 
 y<6 ����� B D�	
JoL f LUd ��� N JuJ 2 ] 		� >k} K ���!J g 	GF 4 � }8= <,} 	 	 
 �,}8= � � 	 @�6 
 }<6 ����� B D�	¡JoL Ì ���!]^T 	 � B 	
� a,a K ���!J g 	GF
4 � }8= a,<
	 	 
 �,}8= � <
	O@�6 
 >k<<6 ����� B �4T 	G]e\�� y�{y K ���!J g 	GF 4 � }8= �U}
	 	 
 Í <8= <
�
	O@�6 
 >,> 6�Z 	GF B ] � N F � g ��	GF9Ç
B ] 	GJuF�� � � K ���!J g 	GF 4 � }8= � a
	 	 
 �,}8=?> Í 	O@�6 	 Bq> � 6`Z 	GF 	 	 � BON ��	GJuJ 	GF�� >ka K ���!J g 	GF 4 � }8= ��Í 	 	 
 �,}8=?>ky
	O@�6ª=
Z 	GF�F 	GK BON ���!F > n � 4�K¶LU]^] g F ��� N ]^F 6 ��� B g B g2g KSRML�� BON JuJ ����� g 	GF�D��!]OL�� B Jxw g B g L��!F B ]OLUJ >k},} Í Ç >k},},y8=�Z 	GF
F 	GK BON ���!F � n >k< ��� B g B g V!] g J 	�_ g 	GFED��!]OL�� B JoL�K¶LUTWVMLUp���	[D	w g B g >k},},} Ç �U<,<,< 	 B ��� B{j L N?B Jxw �,d�i 	 B
D	w ����	 g B �!D�	'D N ] 	GK BON ������	GJuJ 	 F 	 �!J 	GT 	 � B 4�] ���!D!F ��� N ]^F 6 ���¥K �,Tqd N � g 	'n ����	 g B �!D�	'D�	'VMLUJ g � N ��Ç
B 	 �!F N?B g 4�] ���!D!FPd!JoL��!KGF 6ª=!@ �8È �hJ 	GFPF 	GK BON ���!F >,> 	 B{> � 4 B ] N L��!p,J 	GF ��� N ]^F 6 ��� B g B gcg KSRML�� BON JuJ ����� g 	GF
D��!]OL�� B JoLWD�	G] � N?2 ] 	 K¶LUTWVMLUp���	 D�	 V!] g J 2 _�	GT 	 � B �U<,<8> Ç �U<,< ��= 9 6 J ��K¶LUJ N FOL BON ���hD�	qJxw LU]^KSR N V 	GJ&D�	GF
r 	G]^p���	GJ 	 �°DML��!F`Jxw bcK g L�� À �!D N 	 � =
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������� � �%l LU] B 	qp g �,J �,p Nut ��	ED�	q] 	GK �����ML N F^FOL��!K 	qD�	GF NoJ 	GF4r 	G]^p���	GJ 	 ��L�� >IL �U<,<|<,<,< M 4 A ���!p N 	G] 

>k} Í < d 6ª=
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������� � �¡v ]OLUV!R Nut ��	������ � 	 � j ���!K BON ����D�	���� �
	����� � N JuJ �!F B ]OL�� B J 	GF D N : g ] 	 � B F B \�V 	GF[D�	
dMLUFOLUJ B 	 	ªÊ8V!] N T g F'V ���!][J 	GF[F 	GK BON ���!F[D�	 Â �,] B � 	¶L�����	°D	w �4]^K 4 	 ��� B R�	¶LUF B 6 
�D�� ����� B �4T 	G]e\
4 l ] � �GN 	G] 6 
2D�� ����� B 9 �!] 	¶L�� 4 À J 	 H ��KSR 6 
2D�� ����� B D�	 JoL f LUd ��� N JuJ 2 ] 	 	 B D�� ����� B D�	 JoL
Ì ���!]^T 	 � B 	�
MD	w LUV!] 2 FIHM] 	�\ 	 B LUJ = 4 �U<,< � 6ª=

V!] g _ ��	 	 � �U<,<,a<6 FGw 	GF B LUKGK �,TWVMLUp�� g D	w g B �!D�	GFQV g B ] �,p,]OLUV!R Nut ��	GF 	 B p g ��KSR N T Nut ��	GF 4 v L�� BON 	G]
	 B LUJ = 
 >k},},<��8v{N ] 	 B 
 >k},},<�� 	 KSR!J N KSRhL��!D v{N ] 	 B 
 >k},} � � � 	 N F2L��!D v{N ] 	 B 
 >k},} � � � 	 N F 	 B LUJ = 
 >k},},y��
HM] 	�\ 	 B LUJ = 
 �U<,<,<<6 L N �!F N�t ��	cD�	 ���,Tqd!] 	 �!F 	GF2DML B L BON ���!FPLUd!F �,J ��	GF 4 ��L��!p 	 B LUJ = 
 >k},},y�� A N K �,JoL¶\�Ç
F 	 � 	 B LUJ = 
 �U<,<,<�� � ���!K 	 B 	 B LUJ = 
 �U<,< � 6�t � N ��� B V 	G]^T N F2D	w �,] N 	 � B 	G] ���,FID N : g ] 	 � B 	GFIK¶LUTWVMLUp���	GF
D	w g KSRML�� BON JuJ �����MLUp�	 VMLUJ g �,T|LUp�� g BONut ��	 =	Z w 	 �!F 	GTqd!J 	'D�	GF B ]OL¶_UL���Ê¥V��!d!J N g F{nhK 	4i ���!]{V 	G]^T 	 B D�	
] 	 B ]OLUK 	G]`D�	 j L�� ���°D g B L N JuJ g 	cJxw R N F B � N ] 	4p g �,J �,p Nut ��	cD�	GF�NoJ 	GF2r 	G]^p���	GJ 	 � =

-�. � . � �¸��0:�90:�:79��14����� � /!5!�47 � ���

Z w LU]^KSR N V 	GJ8D�	GF�r 	G]^p���	GJ 	 �[] 	GV �,F 	2F �!]CJoLIVMLU] BON 	 A �,]^D[D��[V!JoL B 	¶L�� ��K g L�� Nut ��	PD�	`r 	G]^p���	GJ 	 ��Ç
v L��!F^F^d 	G]^p =�À J 	GF B K ���!F BON?B � g n V!J �!FPD�	 },<	� D�	c] ��KSR�	GF�_��,JuK¶L�� Nut ��	GFPK �,]^] 	GF^V ���!DML�� B nqJoLEK ��� BON Ç
� �ML BON ���EL g ] N 	 ����	 �,J N p���K 2 ��	14 � � Ç a,< �zL 6 D�	.Jxw LUK BON _ N?B g D��EV � N � B KSRML��!D D�	.r 	G]^p���	GJ 	 � 
�n`JoL t ��	GJuJ 	
FGw Lki ��� B 	qV ���!K B ��	GJuJ 	GT 	 � B D�	GF{LUV!V �,] B FcD�	qJoLW] N D�	 ��K g L�� Nut ��	 	 �!D�Çeb ��	GF B{N �!D N 	 ����	 =	l 	q_��,JuK¶L�Ç
� N F^T 	�ÈMF^F �!]OLUJID�	 B \�V 	 B R��,J g N?BONut ��	°L g _��,J � g V!] �,p,] 	GF^F N _�	GT 	 � B _�	G]^F ����	QF 	GK ���!D�	zV!RMLUF 	zD�	
_��,JuK¶L�� N F^T 	�
�nQK¶LU]OLUK B 2 ] 	hLUJuK¶LUJ N � K 	 B^B 	 j � N F 
 t � N V!] 	 �!D V!JoLUK 	�nzVMLU] BON ]ED�	 � � �zL 	 B i �!F t �	w n
Jxw LUK B ��	GJ�4�HM] 	�\ 	 B LUJ = 4 �U<,< � 6 	 B H N p��!] 	 � 6ª=�l 	 B^B 	EF 	GK ���!D�	 V!RMLUF 	 j L N?B F � N?B 	En ����	EV g ] N ��D�	XD�	
] g T N F^F N ���|_��,JuK¶L�� Nut ��	XL¶\�L�� B 	 � B ]OL�N � g 	{D�	XJxw g ] �,F N ��� 	 B JoL j �,]^T|L BON ����D�	 � N _�	¶L���Ê°K ���!p,J �,T g ]OL�Ç
BONut ��	GF =�Z 	GFID N : g ] 	 � B F g VML��!KSR�	GT 	 � B F4_��,JuK¶L�� Nut ��	GF@4 � � ��DQdMLUFOLUJ B F 6 ��� B 	 � B ]OL�N � g JoL j �,]^T|L BON ���
D�	�V!JoL B 	¶L���Ê¡dMLUFOLUJ BONut ��	GF ] 	GV!] g F 	 � B L�� B L���i ���!]^D	w R � N D�	GF[] 	GJ N 	 j F D�	 �,<,< n },<,< T D	w LUJ BON?B �!D�	�
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F � N?B 	qn ����	 g ] �,F N ���%p,JoLUK N?2 ] 	E] 	GJoL BON _�	GT 	 � B4N TWV �,] B L�� B 	 = � 	GF N � B ] �!F N ���!FI_��,JuK¶L����|V!J � B ��� Nut ��	GF
LUJuK¶LUJ N ��	GF�4�p�LUd!d!] �,F 
!p,]OL�� N?B 	GF 	 B Fe\�	 � N?B 	GF 6 
6D���� B J 	cD N LUT 2�B ] 	4_ULU] N 	{D�	 > n > � Å�T�
���� B V 	G] j �,] g
V!J �!F B LU]^D N _�	GT 	 � B K 	GF{] 	GJ N 	 j F 
6V!] �k_�� t �ML�� B D�	 ���,Tqd!] 	 �!F 	GF j ]OLUK B �!] 	GF{D���� B J 	2i 	 �%_�	G] BON K¶LUJ 	GF B
] 	GF B g K 	GV 	 �!DML�� B J N T N?B g =

-�. � . � �³�:�:+4��-80:��-�/!�C-879��/!���c�479����- S���4/!79�P34�����:�:+4��-879�P34�
�IÈ � D	w LUV!V �,] B 	G] ����	�K ��� B ] N d�� BON ���¡nzJoLQK �,TWV!] g R�	 �!F N ���¡p,J �,dMLUJ 	'D�	�JoLQp g �,J �,p N 	'D�	hr 	G]9Ç

p���	GJ 	 � 
 �����!F[L¶_ N ���!F[V!] g _ ��D 2 F[J 	�D g d�� B D�	hK 	 B^B 	 B R 2 F 	°D	w � BON J N F 	G]EJ 	GFq] g F �!J B L B FqD�	hJxw g B �!D�	
D N ] 	GK BON ������	GJuJ 	`V ���!] g B LUd!J N ] ����	cT|LUp�� g B �,F B ]OL BON p,]OLUV!R N 	2D g B L N JuJ g 	ID��|_��,JuK¶L�� N F^T 	 �,J N p���K 2 ��	ID�	
r 	G]^p���	GJ 	 � =�É ���!F.JoL B ] ���8_�	G] 	 � 	ªÊ8V �,F g 	4DML��!F�J 	`V!] 	GT N 	G]:KSRMLUV N?B ] 	ID�	IK 	4T|L�� �!F^KG] N?B¶=�Z w �,d�i 	GK BON?j
g B L N?B D�	 T N 	 ��Ê�	GF BON T 	G]4J 	GF N � B 	G]e_ULUJuJ 	GF`D�	 B 	GTWV!F4D�	 T N F 	 	 ��V!JoLUK 	 D�	 KSRMLUK ����	[D�	GFcF 	GK BON ���!F
g B �!D N g 	GF 
�nhJxw L N D�	 D�	GFXDML B L BON ���!F{LUd!F �,J ��	GF{D N F^V ��� N d!J 	GF 	 B D�	'K �,]^] g JoL BON ���!F4p g ��KSR N T Nut ��	GF =�l 	
B ]OL¶_UL N J �����!F2LqV 	G]^T N F�D�	{] g _ N F 	G]PK ���!F g K � BON _�	GT 	 � B J 	GF 	GF BON T|L BON ���!F.D�	GF B L���ÊhD	w g ] �!V BON ���hV!] ��Ç
V �,F g 	GFIL��!VMLU]OL¶_UL�� B 4 A N K �,JoL¶\�F 	 � 	 B LUJ = 
 �U<,<,<<6ª=

9 N 	 � t �	w 	GJuJ 	GF �	w L N 	 � B VMLUF g B g V!] g _ ��	GF N � N?BON LUJ 	GT 	 � B 
kJ 	GF g B �!D�	GF.D�	2JoL j LUd!] Nut ��	2T|LUp�� g BONut ��	
D�	GFcF g t ��	 �!K 	GFX_��,JuK¶L�� Nut ��	GFcF 	qF ��� B L¶_ g ] g 	GFXVMLU] BON K �!J N?2 ] 	GT 	 � B4N � B g ] 	GF^FOL�� B 	GFXV ���!]4K ��� B ] N d���	G]
D�	 j L�� ���°V!J �!F N TWV �,] B L�� B 	 	 �!K �,] 	EL���Ê g B �!D�	GFIp g �,J �,p Nut ��	GFPT 	 � g 	GF4n'r 	G]^p���	GJ 	 � =6Z L[F 	GK ���!D�	
VMLU] BON 	�D�	°K 	 B^B 	 B R 2 F 	°V!] g F 	 � B 	zJxw LUV!V �,] B D�	°K 	 B \�V 	°D	w L��MLUJ?\�F 	GF t ��	QK 	°F � N?B DML��!F'J 	hK¶LUD!] 	
D	w ����	 g B �!D�	zJ ��K¶LUJ 	hDML��!FWJ 	GF 	 ��_ N ] ���!F|D�	 Â �,] B � 	¶L�����	zD	w �4]^K 4�KSRMLUV N?B ] 	 a<6 ��� D	w ���ºV � N � B
D�	'_ ��	WV!J �!FEp,J �,dMLUJ�L�È ��D�	WT N 	 ��Ê¥J ��K¶LUJ N F 	G]{J 	GFXK 	 � B ] 	GF g ] �!V BON?j FXD�	GF V!] �k_ N �!K 	GFE_��,JuK¶L�� Nut ��	GF
D�	'r 	G]^p���	GJ 	 � 4 l RMLUV N?B ] 	 � 6ª= O ��	 g B �!D�	'D�	'Jxw L�� N F � B ] �,V N 	ED�	'F �!F^K 	GV BON d N J N?B g D�	'JoL�F 	GK BON ���¥D��
����� B D�	{JoL Ì ���!]^T 	 � B 	 	GF B g p�LUJ 	GT 	 � B2N �!KGJ �!F 	cDML��!F2J 	cV!] 	GT N 	G]�KSRMLUV N?B ] 	{D�	cK 	 B^B 	 B R 2 F 	 =M@ JuJ 	
_ N FOL N?B n{_ g ] N È 	G].F N D�	GF.K �,]^] 	GK BON ���!F:D�	`V 	 �!DMLUp�	GF.D�	�_UL N 	 � B E�B ] 	 	": 	GK B � g 	GFPV ���!]�K 	 B^B 	IF g t ��	 �!K 	
_��,JuK¶L�� Nut ��	�
�V!] g F 	 � B L�� B ����V 	 �!DMLUp�	[D�	 > � 	 F 	GJ ��� ��� L �GN T � B D�	qV!J �!Fcp,]OL��!D�	qV 	 � B 	[D�	 y,y 	 

V ���!]2Jxw L��MLUJ?\�F 	{D�	XF 	GF`D N ] 	GK BON ���!F2T|LUp�� g BONut ��	GF =
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f 	�_ =�v g �,p,] =6v g �,J = � \ � = � 
 �Ua8> V!V =

9�] ���!R�	GF 
�9 = 
 >k},<
�8= f 	GKSR�	G]^KSR�	GFqF �!]EJoLhD N ] 	GK BON ���¥D	w L N T|L�� B L BON ����D�	GFE] ��KSR�	GFE_��,JuK¶L�� Nut ��	GF = �8=
Â R�\�F = � 
 Í < � � Í � � =

9 �;: 	 B 
 9 = 
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.Jxw g _��,J � BON ���¸D�	�JoL¡F �!F^K 	GV BON d N J N?B g
T|LUp�� g BONut ��	|D	w ��� L�� B ] 	 g KSRML�� BON JuJ ����D�	|JoLQT E T 	WK ���!J g 	 B ]OL N?B g B R�	G]^T Nut ��	GT 	 � B L g B g
�,d!F 	G]e_ g 	 VMLU]2D g j L�� B �
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Publié dans Phys. Earth Planet. Int., 133 (2002) 127-146

We report palaeomagnetic determinations in order to estimate the palaeosecular variation of the geo-

magnetic field for the upper Oligocene period from a southern site. We measured the anisotropy of

magnetic susceptibility (AMS) of basalts from five sections to check the reliability of applying tectonic

correction and concluded that no stratigraphic corrections were needed. A positive reversal test implies

that secondary components were sufficiently removed from the characteristic remanent magnetization.

Also, the sampling was sufficiently random to accurately reflect upper Oligocene palaeosecular variation.

Calculations of the between-flow angular standard deviation ( �! ) from the geographic pole show values

between 21.2 " and 21.8 " . This palaeosecular variation estimate agrees with Model G for palaeosecular

variation (McFadden et al., 1991), which is axisymmetric and assumes an equatorial symmetry of the

geomagnetic field. The virtual geomagnetic poles (VGPs) from the Mont des Ruches section seem to

exhibit two polarity changes : reverse-normal (R-N) first, and in more detail a second normal-reverse

(N-R) one. Finally, assuming that no polarity chrons are missed by any of the sections, we compare the

magnetostratigraphy we defined to the global geomagnetic polarity scale of Huestis and Acton (1997)

using previously obtained radiometric dates to correlate the sections (Yang et al., 1998; Nicolaysen et al.,

2000; Doucet et al., 2002). The precise age constraints furnished by these correlations allow an estima-

tion of eruption rates from 0.30 to at least 1.31 km/my, with wide variations from section to section and

an increase of eruption rate for younger sections. However, due to the non uniqueness of the correla-

tions, the age limits of the sections and consequently the extrusion rate estimations can vary. Moreover,

assuming the Mont des Ruches section has probably recorded all the magnetic polarity intervals, the

� Í
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Mont de la Rabouillère and Mont de la Tourmente intermediate VGP directions may indicate unrecorded

polarity chrons. The eruption rates calculated can thus be overestimated.
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We report palaeointensity estimates obtained from three Oligocene volcanic sections from the Kerguelen

Archipelago (Mont des Ruches, Mont des Tempêtes, and Mont Rabouillère). Of 402 available samples,

102 were suitable for a palaeofield strength determination after a preliminary selection, among which

49 provide a reliable estimate. Application of strict a posteriori criteria make us confident about the

quality of the 12 new mean-flow determinations, which are the first reliable data available for the Kergue-

len Archipelago. The VDMs calculated for these flows vary from 2.78 to 9.47 with an arithmetic mean

value of 6.15 � 2.1 10
z�z����/z

. Compilation of these results with a selection of the 2002 updated IAGA

palaeointensity database lead to a higher (5.4 � 2.3 10
z�z ��� z

) Oligocene mean VDM than previously

reported (Goguitchaichvili et al., 2001; Riisager, 1999), identical to the 5.5 � 2.4 10
z�z����/z

mean VDM

obtained for the 0.3-5 Ma time window. However, these Kerguelen palaeointensity estimates represent

half of the reliable Oligocene determinations and thus a bias toward higher values. Nonetheless, the

new estimates reported here strengthen the conclusion that the recent geomagnetic field strength is

anomalously high compared to that older than 0.3 Ma.
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B. Henry, G. Plenier & P. Camps
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Statistical analysis of the magnetic fabric of samples from several successive lava flows emplaced in

the same conditions can allow determination of the mean flowing direction when data from individual

flows does not lead to reliable results. For 22 flows of the Jeanne d’Arc peninsula, the difference of the

obtained flowing direction with that of the present dip points out a weak tilting after lava emplacement.

Paleomagnetic data from this area can therefore be corrected for this weak tilting. The magnetic fabric

data allow here the reconstitution of the different conditions of the emplacement of two series of lava

flows and of formation of the local thick conglomerate interbedded between these series.
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We report AMS study carried out on six Oligocene volcanic sections from the Kerguelen Archipelago in

order to infer their direction of emplacement and possibly precise the corresponding location of the erup-

tive centers. Because of permutation axis frequently observed for lava flows, the results at flow scale and

at section scale are checked with density diagrams and thin section analysis. Imbrication, also pointed

out by discrepancy of the strongly dipping principal axis relative to the vertical, and axes distribution al-

lowed to determine the flowing direction of each lava pile. Therefore, specifying the observations made

by Nougier (1970a), it helps to sharpen the location of the different eruptive centers.
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T|L B R 2 F 	[L N �!F N�t ��	 D�	GFc] g F �!J B L B F4V!] �k_�	 �ML�� B D�� � = @2= � = D	w @ TWT|L�� ��	GJ l ��K �ML��!D 	 �!K¶LUD!] g J � N
L��!F^F N VMLU] � N ] 	 N JuJ 	 Â:@ fIf À A�L��!VMLU]OL¶_UL�� B 
 ��� B g B g Lki ��� B g F`V ���!]2K �,TWV!J g B 	G]2K 	 B^B 	 g B �!D�	 =

Z w 	 �!F 	GTqd!J 	XD�	GF`D������ g 	GF4LUK t � N F 	GFID��!]OL�� B K 	 B^B 	 B R 2 F 	 	GF B D N F^V ��� N d!J 	cF �!]`J 	{F N?B 	 �
�1" � �* #' $A,�� � ��' " ��� � �1/�� �: @4�� �@?.�*-�� ��?�B	��8 = -���-
� �:�*-�' $&-�/��

Z 	 �!]�T N F 	zn¡D N F^V �,F N?BON ��� _ N F 	�n�V 	G]^T 	 B^B ] 	�L��ºJ 	GK B 	 �!]�D�	'i �!p�	G]�D�	%J 	 �!] t �MLUJ N?B g 	 � B ��� B 	
�,d�i 	GK BON _ N?B g =�À JIFGw LUp N?B D�	GF|D������ g 	GF ����� N � B 	G]^V!] g B g 	GF t � N V ���!]^]OL N 	 � B g _�	 � B ��	GJuJ 	GT 	 � B F 	G]e_ N ]
F N D�	GFc] 	GKSR�	G]^KSR�	GFEV �,F B g ] N 	 �!] 	GFcn|K 	GF B ]OL¶_UL���Êz] 	GT 	 B^B L N 	 � B4B � B LUJ 	GT 	 � B ���%VMLU] BON 	GJuJ 	GT 	 � B ���,F
] g F �!J B L B F 	 �zK¶L��!F 	 =�Z L'K �,TWV N JoL BON ����D�	XD������ g 	GFcL�� B g ] N 	 �!] 	GF t �	w N J�TQw L g B g D������ g D�	E] g LUJ N F 	G]
D��!]OL�� B Jxw g B �!D�	XD�	EVMLUJ g � N � B 	 �!F N?B g TQw L'LUV!V!] N FIn t ��	GJ�V � N � B ���,F N � B 	G]^V!] g B L BON ���!F`V 	 �8_�	 � B E�B ] 	
] 	GJoL BON _�	GF 	 B�t ��	zF 	 �!J 	QJoL t �MLUJ N?B g D�	GF|T 	GF �!] 	GF 	 B JoL¥D N F^V ��� N d N J N?B g D�	GF|] g F �!J B L B FWK �,TWV B 	 � B
] g 	GJuJ 	GT 	 � B¶=
Z 	 ���,Tqd!] 	 N TWV �,] B L�� B D�	`D������ g 	GF�n B ]OL N?B 	G]�D��!]OL�� B K 	 B^B 	 g B �!D�	`TQw L{VMLU]:L N JuJ 	 �!]^F�LUT 	 � g n

D g _�	GJ �,V!V 	G] 
!L¶_�	GKcJxw L N D�	ID�	 Â�N 	G]^] 	 l LUTWV!F 
 ����	 N � B 	G] j LUK 	4p,]OLUV!R Nut ��	4D�	GFPV!] �,p,]OLUTWT 	GF j ���!] � N F
VMLU] Ì L���Ê 	 	 B LUJ = 4 >k},},y<6ª=!Z 	XK ��D�	XT �!J BON V!JoL B 	ªÇ j �,]^T 	 ÌIlPZ Ç Ì r 
 	 �!K �,] 	EJ � N ��D	w E�B ] 	 �,V BON T N F g 

	GF B D N F^V ��� N d!J 	cDML��!F`J 	{T E T 	c] g V 	G] B � N ] 	 =
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� � � � � � �

� �	� � � � � � � � ��� � � ���

Z L�T g B R���D�	[d � � B F B ]OLUV 	GF B ��� ��� BON J � �!T g ] Nut ��	 t � N V 	G]^T 	 B D�	[D g B 	G]^T N ��	G]{JoL|T �k\�	 ����	
	 B JoL{D N F^V 	G]^F N ���WD	w ��� 	 �!F 	GTqd!J 	ID�	1A½D������ g 	GF�D���� B ��� ��	IK �����ML�N B VMLUF:JoL j ���!K BON ���WD�	ID�	 �!F N?B g
D�	zV!] �,dMLUd N J N?B g =:l 	 B^B 	%T g B R���D�	QK ���!F N F B 	%n F g J 	GK BON ������	G]�LUJ g L B � N ] 	GT 	 � B A 	 �!] 	Gp N F B ] 	GT 	 � B F
VMLU]^T N K 	GFcD������ g 	GF 
�K 	G] B L N ��	GF4V ���8_UL�� B E�B ] 	 ] g � BON J N F g 	GFIV!J �!F N 	 �!]^F j � N F 	 B D	w L�� B ] 	GF:iOLUT|L N F 
 	 B
D	w 	 �[K¶LUJuK �!J 	G]�JoLIT �k\�	 ����	2D N?B 	�d � � B F B ]OLUV!V g 	�4�J N?B^B g ]OLUJ 	GT 	 � B V!] �,p,]OLUTWT g 	 6ª=�@ �[] g V g B L�� B K 	 B^B 	
�,V g ]OL BON ��� ��� B ] 2 F.p,]OL��!D ���,Tqd!] 	`D�	 j � N F14 >k<E<,<,< VMLU] 	ªÊ 	GTWV!J 	 6 ���|D N F^V �,F 	`D	w ��� 	 �!F 	GTqd!J 	ID�	
T �k\�	 ����	GFcd � � B F B ]OLUV!V g 	GF t � N 
 ����	 j � N FIKGJoLUF^F g 	GF4VMLU] �,]^D!] 	EKG] � N F^FOL�� B 
�V 	G]^T 	 B D�	 D g B 	G]^T N ��	G]
��� N � B 	G]e_ULUJ!D�	2K ���8È6L��!K 	`n } ��� L�� B ���!]CD�	2JoL4T �k\�	 ����	`K¶LUJuK �!J g 	PV ���!]CJ 	GFCD������ g 	GF N � N?BON LUJ 	GF = 	�N
Jxw 	 �!F 	GTqd!J 	CD�	:D������ g 	GF N � N?BON LUJ�V �,F^F 2 D�	 ����	:D N F B ] N d�� BON ���cp�L��!F^F N 	 ����	�
¶K 	 B \�V 	:D�	�F B L BON F BONut ��	 �	w L
g _ N D�	GTWT 	 � B VMLUFqp,]OL��!D N � B g ] E�B 
�T|L N F N J:V 	G]^T 	 B DML��!FqJ 	WK¶LUFqD�	�D N F B ] N d�� BON ���!F t ��	GJuK ��� t ��	GF
V ���!]|J 	GF t ��	GJuJ 	GF�J 	GF�K¶LUJuK �!JuF|D	w g K¶LU] B�B \�V 	 �	w ��� B V!J �!F�D�	%F 	 �!F 
2D	w 	GF BON T 	G]|JoL�D N F^V 	G]^F N ���ºD�	GF
D������ g 	GFEVMLU]{]OLUV!V �,] B n°JoL�T �k\�	 ����	 =&À J 	GF B n ��� B 	G] t ��	'K 	 B^B 	 	GF BON T|L BON ���%D�	WJxw N � B 	G]e_ULUJuJ 	 D�	
K ���8È6L��!K 	'n } ��� L�� B ���!]cD�	[JoL�T �k\�	 ����	 	GF B LUFe\�TWV B � BONut ��	�
 $�� -�� t �	w 	GJuJ 	 B 	 �!D�_�	G]^FXJoL|_ULUJ 	 �!]
	ªÊ!LUK B 	 D�	 Jxw N � B 	G]e_ULUJuJ 	{D�	 K ���8È6L��!K 	 V!J �!FIJ 	 ���,Tqd!] 	ED�	 T �k\�	 ����	GFcd � � B F B ]OLUV!V g 	GF4K¶LUJuK �!J g 	GF B
N TWV �,] B L�� B¶=
l 	GV 	 �!DML�� B JoLzT g B R���D�	|d � � B F B ]OLUV¡F N TWV!J 	 t � N _ N 	 � B D	w E�B ] 	 	ªÊ8V �,F g 	hD g V 	 �!D�JoLU]^p�	GT 	 � B

D�� ���,Tqd!] 	ID�	4D������ g 	GFPK ��� B 	 � ��	GFPDML��!F�Jxw 	 �!F 	GTqd!J 	IK ���!F N D g ] g N � N?BON LUJ 	GT 	 � B¶=,Â ���!] ��� ���,Tqd!] 	
D�	 D������ g 	GF B ] �,V%V 	 BON?B 4 � �U<<6 
6J 	GF4J N T N?B 	GF2D�	qK ���8È6L��!K 	qF 	q] 	 B ] ���8_�	 � B F ���!F 	GF BON T g 	GF 4 Ì L���Ê 	
	 B LUJ = 
 >k},}8> 6ª= 	�N J 	GF�D������ g 	GF 	ªÊ8V g ] N T 	 � B LUJ 	GF N � N?BON LUJ 	GF�F ��� B LUF^F �,] BON 	GF�D	w ����	 N �!K 	G] BON?B �!D�	�
 N J 	GF B
LUJ �,]^FcV �,F^F N d!J 	qD�	'] 	GT g D N 	G]XnhK 	'V!] �,d!J 2 T 	 	 � � BON J N FOL�� B JoLhT g B R���D�	[d � � B F B ]OLUV�VMLU]OLUT g B ] g 	 =
� L��!FEK 	WK¶LUF 
 ��� F �!d!F BON?B ��	|KSRML t ��	|D������ g 	|F g J 	GK BON ����� g 	|LUJ g L B � N ] 	GT 	 � B K �,TWT 	WL��!VMLU]OL¶_UL�� B
VMLU] ����	|D������ g 	 ��ÈMK BON _�		��V!] N F 	WDML��!F ����	|D N F B ] N d�� BON ��� V �,F^F g DML�� B JoL°T E T 	'T �k\�	 ����	 	 B J 	
T E T 	 g K¶LU] BEB \�V 	 t ��	|Jxw 	G]^] 	 �!]ELUF^F ��K N g 	|nQJoLhD������ g 	|K ���!F N D g ] g 	 =#Z 	GFEF ���!F 	 �!F 	GTqd!J 	GF D�	�A
D������ g 	GF'D�	hF �!d!F BON?B � BON ����] 	 � 2�B 	 � B T N 	 ��Ê LUJ �,]^FqJoL%D N F B ] N d�� BON ��� N � N?BON LUJ 	'J N T N?B g 	|n t ��	GJ t ��	GF
D������ g 	GF 	 B J 	GF N � B 	G]e_ULUJuJ 	GF'D�	zK ���8È6L��!K 	zFGw 	 � B ] ���8_�	 � B T N 	 ��Ê D g È � N F t �	w L¶_�	GK%JoL¥T g B R���D�	
d � � B F B ]OLUVhF N TWV!J 	 =
l 	 B^B 	ET g B R���D�	XD�	Ed � � B F B ]OLUV°V 	 � B VMLU] 	ªÊ 	GTWV!J 	 E�B ] 	 � BON J N F g 	 	 �zVMLUJ g �,T|LUp�� g BON F^T 	4V ���!]

	GF BON T 	G]PJoL T �k\�	 ����	 	 B JoL D N F^V 	G]^F N ���hVMLU]2]OLUV!V �,] B nqK 	 B^B 	{T �k\�	 ����	XD	w ��� 	 �!F 	GTqd!J 	XD�	{D N ] 	GKªÇ

> Í a
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BON ���!F =M@ JuJ 	cV 	G]^T 	 B L��!F^F N D�	ED N F BON �!p���	G]PD�	 ��ÊQD N ] 	GK BON ���!F2T �k\�	 ����	GF 	 �°_ g ] N È6L�� B F N J 	GF`J N T N?B 	GF
D�	qK ���8È6L��!K 	Wn } ��� D�	[JoL�T �k\�	 ����	[D	w L��¥T � N �!F ����	[D�	[J 	 �!]^FcK � �,]^D������ g 	GFXK¶LU] B g F N 	 ����	GF ��	
F 	X] 	GK ���8_�] 	 � B VMLUF =6Z 	 B 	GF B d � � B F B ]OLUV°D	w N ��_�	G]^F N ��� 
 � BON J N F g DML��!F`J 	{V!] 	GT N 	G]2KSRMLUV N?B ] 	XD�	XK 	 B^B 	
B R 2 F 	�
�K ���!F N F B 	ILUJ �,]^F�n{K �,TWVMLU] 	G]�JoLcD N ] 	GK BON ���[T �k\�	 ����	ID�	GF:K ���!J g 	GF:D�	`V �,JoLU] N?B g ���,]^T|LUJ 	2L¶_�	GK
K 	GJuJ 	:D�	GF#K ���!J g 	GF�D�	�V �,JoLU] N?B g N ��_�	G]^F 	PdMLUF^K �!J g 	GF#D�	 >ky,<
	G= 	�N K 	GF#D�	 ��ÊqD N ] 	GK BON ���!F&T �k\�	 ����	GF#F ��� B
D N F BON �!K B 	GF 
!J 	 B 	GF B d � � B F B ]OLUV°D	w N ��_�	G]^F N ����	GF B � g p�L BON?j 
�	 B`N J 	GF B V �,F N?BON?j DML��!F`J 	{K¶LUF`K ��� B ]OL N ] 	 =
Â ���!]4J 	GF g B �!D�	GFcD�	EJoL j LUd!] Nut ��	ET|LUp�� g BONut ��	�
MJoLWT g B R���D�	Ed � � B F B ]OLUVzL|L��!F^F N g B g LUDMLUV B g 	

V ���!]cD g È � N ]cD�	GF 	GJuJ N V!F 	GF4D�	[K ���8È6L��!K 	'L�� B ���!]cD�	GF{_�	GK B 	 �!]^FXV!] �,V!] 	GF{D�� B 	 �!F 	 �!]{D	w L�� N F � B ] ��Ç
V N 	 4 l ���!F B LUd!J 	hL��!D Ì L���Ê 	�
 >k},},<<6ª=#Z 	GF 	 �!F 	GTqd!J 	GF'D�	hD������ g 	GF'F g J 	GK BON ����� g F'LUJ g L B � N ] 	GT 	 � B
VMLU]^T N J 	GFcD������ g 	GF N � N?BON LUJ 	GF`F 	G]e_�	 � B n|D g B 	G]^T N ��	G] B ] � N FI_�	GK B 	 �!]^FXV!] �,V!] 	GF{d � � B F B ]OLUV!V g F =�@ �
] g V g B L�� B K 	 B^B 	4F g J 	GK BON ��� ���|p,]OL��!D ���,Tqd!] 	ID�	 j � N F 
�J 	GF.J N p���	GF:D�	4K ��� B ���!].] 	Gp,] ���!VML�� B2} ��� D�	
Jxw 	 �!F 	GTqd!J 	'D�	|KSRMLUK ��� D�	GFE_�	GK B 	 �!]^F[V!] �,V!] 	GF d � � B F B ]OLUV!V g FEV 	G]^T 	 B D�	|D g È � N ]EJ 	 �!]^F 	GJuJ N V!F 	GF
D�	XK ���8È6L��!K 	En } ����=
� 	 ��Ê B \�V 	GFPD�	Id � � B F B ]OLUVWVMLU]OLUT g B ] g F.F ��� B K 	 B^B 	 j � N F:D N F^V ��� N d!J 	GF = � Jxw g KSR�	GJuJ 	`D�	IJxw g KSRML���Ç

BON JuJ ��� B ��� B D	w LUd �,]^D 
�	 �zLUF^F �!T|L�� B`t ��	EJ 	GF N �!K 	G] BON?B �!D�	GF2D�	XT 	GF �!] 	{F ��� B ���,]^T|LUJ 	GT 	 � B D N F B ] N Ç
d�� g 	GF =	Â ���!]IKSRML t ��	 B 	 �!F 	 �!]cD�	 F �!F^K 	GV BON d N J N?B g F 	GJ 	GK BON ����� g LUJ g L B � N ] 	GT 	 � B 
!J 	GF g J g T 	 � B FIF ��� B
F �!d!F BON?B � g F N �!D N _ N D���	GJuJ 	GT 	 � B VMLU]2D	w L�� B ] 	GF g J g T 	 � B F`V!] N F2DML��!F ����	XD N F B ] N d�� BON ��� ���,]^T|LUJ 	 t � N
L��!]OL N?B J 	'T E T 	 g K¶LU] BEB \�V 	 t ��	WK 	GJ � N D�	WJxw g KSRML�� BON JuJ ���¥K ���!F N D g ] g =�Z 	GF 	GJuJ N V!F 	GFXD�	WK ���8È6L��!K 	
n } ��� F ��� B LUJ �,]^FXD g È � N 	GF K �,TWT 	'V!] g K g D�	GTWT 	 � B¶= � Jxw g KSR�	GJuJ 	'D	w ���¡F N?B 	 	 �!F � N?B 	�
 	 �¡K ���!F N Ç
D g ]OL�� B K 	 B^B 	 j � N F t ��	'J 	GF{D������ g 	GFXV!] �k_�	 �ML�� B D	w ����	[T E T 	q] ��KSR�	'D�	[K �,TWV �,F N?BON ���zF �!V!V �,F g 	
R��,T �,p 2 ��	.F ��� B ���,]^T|LUJ 	GT 	 � B D N F B ] N d�� g 	GF =UÂ ���!]CKSRML t ��	 B 	 �!F 	 �!]CD�	�F �!F^K 	GV BON d N J N?B g F g J 	GK BON ����� g
LUJ g L B � N ] 	GT 	 � B 
�J 	GF g J g T 	 � B F t � N F 	|F �!d!F BON?B ��	 � B F ��� B K 	 B^B 	 j � N FEV!] N F DML��!F ����	�D N F B ] N d�� BON ���
���,]^T|LUJ 	 t � N L��!]OL N?B J 	`T E T 	 g K¶LU] B.B \�V 	 t ��	4K 	GJ � N D g B 	G]^T N � g VMLU] B ��� B 	GF�J 	GF.D������ g 	GFPD��|F N?B 	 =
Â LU]`L��MLUJ �,p N 	4L¶_�	GKXJoL K �,TWVMLU]OL N F ����D�	GF2D N ] 	GK BON ���!FPT|LUp�� g BONut ��	GFPT �k\�	 ����	GF 
MK 	GJuJ 	cD�	GFP_�	GKªÇ

B 	 �!]^F4V!] �,V!] 	GFcT �k\�	 �!F{r��=� � 
�r ����� 	 B r�� ��� 
�D g B 	G]^T N � g F4VMLU]4JoLWT g B R���D�	 d � � B F B ]OLUV 
6V 	G]^T 	 B
VMLU] 	ªÊ 	GTWV!J 	%D�	�D g B 	G]^T N ��	G]�JoL j �,]^T 	%D�	�Jxw 	GJuJ N V!F ��²D�	°D	w L�� N F � B ] �,V N 	zD�	�F �!F^K 	GV BON d N J N?B g T|L�Ç
p�� g BONut ��	 =�l 	GJ � N Ç K N 	GF B F^V!R g ] Nut ��	hF N J 	GF B ] � N FqL�Ê 	GFqF ��� B K ��� j ���!D��!F 
 �,d!JoL B 	|F N r��=� � 	 B r �����F 	 �!J 	GT 	 � B F ��� B K ��� j ���!D��!F 
	V!] �,JoL B 	EF N#N J&FGw LUp N?B D�	[r ����� 	 B r�� ��� 	 B 	 �8È � B ] N L�Ê N LUJ&F N J 	GF B ] � N F
L�Ê 	GF`F ��� B D N F BON �!K B F =



� � � � � � �

� � �Y� ���� ��� � � � � � �

� �*),+��)	$#�� ��� � � � 	���� � ��	���� �

����� � 9 =?> � 	 	GK BON ���°D�	 Â �,] Bcl R!] N F B T|LUF

l ���!J g 	 g VML N F^F 	 �!]ºL�� =�l ���!J g 	 A f 	GT|LU] t ��	GF �4J B4�T 6 4�T 6 4�T 6

l L > � Ç Í l ���!J g 	X] 	GJoL BON _�	GT 	 � B T|LUF^F N _�	 = a �l L � Ç Ç Í Ç � �l L a a Ç � 	�N?B � g 	EL�� � N _�	¶L��QD��QJoLUK = � �l L � a Ç Í Ç �Uyl L � Ç Ç ��Â LUF4D�	 J N T N?B 	 j ]OL��!KSR�	qL¶_�	GK l L � =�@ KSRML�� BON JuJ ����� g 	
n[JoL[dMLUF 	XD	w ����	 � ����	XT|LUF^F N _�	 =

�8>
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F �!] ����	 � ����	XV!J �!F`d��!JuJ 	 �!F 	 4 � T 6ª=
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V!J �!F4L�� 	�=	l ���!F BON?B � g 	 D�	qd!J ��KGF t � N F 	GTqd!J 	 � B 	 �
V!JoLUK 	 =

>,> �

f L � > � �,< Í l ���!J g 	ET|LUF^F N _�	EV ���8_UL�� B K �,]^] 	GF^V ���!D!] 	qn'JoL'K ����Ç
J g 	XF N?B � g 	En'JoL[dMLUF 	ED�	EJoL[F 	GK BON ���zD�	XJxw À J 	 s L�� B 	 =
f 	GV!] N F 	XD�	XJoLqK ���!V 	 a,<,< T L�� 	8@2=

>ky,<

f L � > � Ç Í l ���!J g 	ET|LUF^F N _�	EV ���8_UL�� B K �,]^] 	GF^V ���!D!] 	qn'JoL'K ����Ç
J g 	{F N?B � g 	En[JoL[dMLUF 	XD�	XJoLqF 	GK BON ���QD�	XJxw À J 	 s L�� B 	 =
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f L Í y Ç Í l ���!J g 	XT|LUF^F N _�	 = �Ua �f L y � � < Í l ���!J g 	XT|LUF^F N _�	 = � � �f L } a � < Í l ���!J g 	qF �,TWT N?B LUJ 	{V 	 �¥LUJ B g ] g 	[n|VML BON ��	 d!JoL��!KSR�	

F �!] ��� � N _�	¶L�� ] ���!p�	 � B ] 	 =&@ Ê N F B 	 �!K 	WV �,F^F N d!J 	[D�	
K ���!J g 	GF&F 	 B 	G]^T N �ML�� B 	 �Ed N F 	¶L�� 	 � B ] 	 f L y 	 B f L }8=
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<
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 B ] 2 F&ÈMF^F �!] g 	 	 B LUJ B g ] g 	
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� N _�	¶L��Q] ���!p�	 � B ] 	

> �

s L a a �U< y 	�N?B � g 	 �U<,< T�V!J �!F�n{Jxw @2= D�	 s � > 	 B.s � � 
,JoL4dMLUF 	
D�	XJoL[K ���!J g 	 	GF B d N 	 �°_ N F N d!J 	 =

a �
s L � a8= � Í H6LUK N?2 F B ] 2 F`d��!JuJ 	 ��Ê 
 � g �,J N?BON F g 	 	 B LUJ B g ] g 	 = � �s L ��� D a � \�Å�	W] 	GK ���!VML�� B s � � n s � � L��¥T � N �!F 	 B F N?B � g

n � T n|Jxw @2= D�	 s � � 4 },y�lP< � � 6 	 B � T n|Jxw b�D�	
s � � 4 },y�lP<,a,a<6ª=

� �

s L � � >k< Í @ KSRML�� BON JuJ ���MLUp�	2F 	G]^] g K¶LU].K 	 B^B 	IK ���!J g 	 	GF B.B ] 2 FPLUJ Ç
B g ] g 	 4�d ����	{T|LU]^] ��� 6 D	w ��� ���QK¶LU] � B^B LUp�	{D N�� K N J 	 =

� }
s L � � Ç Í a,< Í � �,J N 	4K ���!J g 	cT|LUF^F N _�	 	 B V!] N F^T g 	 t � N F 	XF � N?B DML��!F

J 	¡VML¶\�FOLUp�	 F �!]%V!J �!F N 	 �!]^F%K 	 � B L N ��	GF�D�	 T 2�B ] 	GF =
Ì ] 2 F j ]OLUK B �!] g 	�
�	GJuJ 	4D�������	 ����	{d ����	cp,] N F 	cL��hK¶L�Ç
] � B^B LUp�	 = A N _�	¶L��QD�	 � g �,J N?B 	GF2V!] g F 	 � B n[JoL[dMLUF 	 =
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s L Í y � � y f 	GV �,F 	IF �!] ��� j LUK N?2 F�LUJ B g ] g ] 	GV!] g F 	 � B L�� B J 	`F �,T[Ç
T 	 B D�	 s � �8=Pl ���!J g 	�LUJ B g ] g 	�L¶_�	GK�V!] g F 	 �!K 	¥D�	
� g �,J N?B 	GF 
 	GJuJ 	 j �,]^T 	¡J 	¡V!JoL B 	¶L�� t � N K �,]^] 	GF^V ���!D
L��zV � N � B K �!JuT N �ML�� B¶=MZ 	GF � D�	G] � N 	G]^F g KSRML�� BON JuJ ���!F
F ��� B V!] g J 	�_ g F4n 	 ��_ N ] ��� a,< T L��5A =

�,<

s d > Ç a � Í Â ] g J 	�_ g 	qDML��!FcJoL'KG] Nut ��	[L���ÊzKG] ����	GF =	@�t � N _UL�� B n
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<
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j ]OLUK B �!] 	GF 	 B D������ML�� B D�	GFId ����	GFIp,] N F 	GF = 9PLUF 	 �,d�Ç
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F �,TWT 	 B¶=

y,<
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Ç
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� �,<
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H6LUK N?2 F`LUF^F 	 � T|LUF^F N?j9=
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�U<,<
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B ] 2 F`] g D�� N?B 	 �QJoLU]^p�	 �!] =

� � �
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������� 9 = � �hZ ��K¶LUJ N FOL BON ����D�	XJoLqF 	GK BON ���QD�	XJxw À J 	 s L�� B 	 =

Ja
1-11

Jb
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A-D
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>k<
f �!K � a �U< Í @ � B ] 	 f �!K > 	 B f �!K � 
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,n{p,] N �!FCÈ �!F
4�K¶LU]^] � BON 	G]PK¶LUF^F g 6ª=

a
�,<
Ì ��� > Í � Ç Í l ���!J g 	 T|LUF^F N _�	 n p,]OL N �!F�È �!F¡L¶_�	GK ��� � N _�	¶L��

] ���!p�	Xn'JoLqdMLUF 	 =
a � <

Ì ��� >ky � Ç � Ç Í l ���!J g 	 T|LUF^F N _�	 n p,]OL N �!F�È �!F¡L¶_�	GK ��� � N _�	¶L��
] ���!p�	Xn'JoLqdMLUF 	 =

a,a,<
Ì ��� >k} >k< Ç Í l ���!J g 	¸T|LUF^F N _�	¸n�p,]OL N �!F�È �!F 
[d 	¶L��!K ���!V V!J �!F

j ]OLUK B �!] g 	 t ��	 J 	GF�V!] g K g D�	 � B 	GF L¶_�	GK ����� N _�	¶L��
] ���!p�	Xn'JoLqdMLUF 	 =6Â ] g F 	 �!K 	 D�	Xp g ��D�	GF`D�	 � �MLU] B �U=

a �U<

Ì ��� �U< � Ç Í A N _�	¶L��Q] ���!p�	 �,d!F 	G]e_ g n'JoLqdMLUF 	 = a,< �Ì ��� ��> � Ç Í @ KSRML�� BON JuJ �����MLUp�	cK ���!K 	 � B ] g n[JoL[dMLUF 	 = �U},<Ì ��� � � � Ç Í @ KSRML�� BON JuJ �����MLUp�	�] g LUJ N F g D�	�VMLU] B 	 B D	w L�� B ] 	 D��
] � N F^F 	¶L�� =

�Uy,<
Ì ��� �Ua � Ç � Ç Í Â ] g F 	 �!K 	QD�	�p,] �,F^F 	GF'p g ��D�	GF[D�	 � �MLU] B �U= A N _�	¶L��

] ���!p�	 � B ] 	 �,d!F 	G]e_ g n[JoLqdMLUF 	 =
� �U<

Ì ��� � � � Ç y Ç Í @ KSRML�� BON JuJ �����MLUp�	�] g LUJ N F g D�	�VMLU] B 	 B D	w L�� B ] 	 D��
] � N F^F 	¶L�� = A N _�	¶L��Q] ���!p�	Xn[JoL[dMLUF 	 =

� � <
Ì ��� � � y Ç >k< Ç Í @ KSRML�� BON JuJ �����MLUp�	�] g LUJ N F g D�	�VMLU] B 	 B D	w L�� B ] 	 D��

] � N F^F 	¶L�� = A N _�	¶L��Q] ���!p�	Xn[JoL[dMLUF 	 =
� �U<
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l ���!J g 	 g VML N F^F 	 �!]ºL�� =�l ���!J g 	 A f 	GT|LU] t ��	GF �4J B4�T 6 4�T 6 4�T 6

Ì ��� � � � Ç y Ç y H N �QD�	 JoL'K ���!V 	EV!] g J 	�_ g 	qV!J �!F4L�� 	8@2= L��zD�	GF^F �!F
D�	2JoLcK¶LUdML���	 =�l LU] � B^B 	GF�V!] g J 	�_ g 	GF 	 �WdMLUF 	2D�	2K ����Ç
J g 	'L�� D�	GF^F �!FED	w ��� � N _�	¶L�� ] ���!p�	54 � < Ç �,< KGTYn >
T 6ª=

��>k<

Ì ��� � Í � Ç y Ç Í l ���!J g 	WT|LUF^F N _�	�nQp,]OL N �!F{È �!F 
�FOL��!F p,] �,F^F 	GF � g ��Ç
J N?B 	GF2L¶_�	GK ����� N _�	¶L��°d��!JuJ 	 ��ÊhV!J �!F ���°T � N �!F�] ����Ç
p�	 � B ] 	En[JoLqdMLUF 	 =

�U<,<

Ì ��� �Uy � Ç y Ç Í l ���!J g 	qT|LUF^F N _�	[n�dMLUF 	[K ���!p,J �,T g ]OL BONut ��	 j �,]^T g 	
D�	Xp,] �,F2p�LUJ 	 B F2D�	XdMLUFOLUJ B 	GF =

>k},<
Ì ��� �U} � Ç � A ���8_�	¶L��¡D g K¶LUJoLUp�	[_�	G]^F J 	 	8@2= H6LUK N?2 FXd 	¶L��!K ���!V

V!J �!Fhd��!JuJ 	 ��Ê t �	w L¶_UL�� B¶= � 	 ���,Tqd!] 	 �!F 	GFQV 	 BON?B 	GF
K ���!J g 	GF|F ��� BhN � B 	G]^K¶LUJ g 	GF 	 � B ] 	 Ì ��� �Uy 	 B�Ì ��� a,<
T|L N F B ] �,V LUJ B g ] g 	GF&V ���!]&V ���8_�� N ] E�B ] 	 g KSRML�� BON JuJ ����Ç
� g 	GF =

>ky,<

Ì ��� a,< Ç Ç Í l ���!J g 	IV!J �!F.T|LUF^F N _�	IT|L N F:V!J �!F j ]OLUK B �!] g 	 	 B LUJ B g Ç
] g 	 = A N _�	¶L��Q] ���!p�	 � B ] 	Xn'JoLqdMLUF 	�4 � Ç >k< KGT 6ª=

> �,<
Ì ��� a8> � Ç Í l ���!J g 	�] 	GV �,FOL�� B F �!] ��� � N _�	¶L�� ] ���!p�	 � B ] 	 B ] 2 F

g VML N F�4 > T 6 F N?B � g L�� D�	GF^F �!F|D�� F �,TWT 	 B LUJ B g ] g
d��!JuJ 	 ��Ê[D�	`JoLcK ���!J g 	`F ���!F9Ç?iOLUK 	 � B 	 =�Z 	`F �,TWT 	 B D�	
K 	 B^B 	XK ���!J g 	XK �,]^] 	GF^V ���!Dzn ���°] 	GV!JoL B¶=

>ka �

Ì ��� a � � Ç Í A N _�	¶L��º] ���!p�	Qp,] �,F^F N 	G]|D	w g VML N F^F 	 �!]|_ULU] N LUd!J 	 �,d�Ç
F 	G]e_ g n'JoLqdMLUF 	�4 � Ç � < KGT 6ª=

> �U<
Ì ��� a,a � Ç � Ç Í A �,Tqd!] 	 �!F 	GFIV 	 BON?B 	GF2p g ��D�	GF`D�	 � �MLU] B �U= >,>k<
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������� 9 = y �hZ ��K¶LUJ N FOL BON ����D�	XJoLqF 	GK BON ���QD�� ����� B D�	XJoL Ì ���!]^T 	 � B 	 =

������� 9 = } �hZ ��K¶LUJ N FOL BON ����D�	XJoLqF 	GK BON ���QD�� ����� B �4T 	G]e\ =
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����� � 9 = } ��	 	GK BON ���QD�� ����� B �4T 	G]e\

l ���!J g 	 g VML N F^F 	 �!]ºL�� =�l ���!J g 	 A f 	GT|LU] t ��	GF �4J B4�T 6 4�T 6 4�T 6

�4T 	 > � Ç Í �4N ] 	GK B 	GT 	 � B L�� D�	GF^F �!F D�	½JoL�D�	G] � N?2 ] 	½K ���!J g 	
g KSRML�� BON JuJ ����� g 	{VMLU] s 	 �!]e\ 	 B4Â J 	GF^FOLU]^D =

�U<,<
�4T 	 � � Ç y Ç Í Ç � � �
�4T 	 a � Ç y Ç Í Ç � �U<
�4T 	 � � � Ç Í É 	 � B F B ] 2 F j �,] B F#D��!]OL�� B Jxw g KSRML�� BON JuJ �����MLUp�	 =�Â LUFCD�	

J N T N?B 	ID�	XK ���!J g 	 g _ N D�	 � B 	 =
� Í <

�4T 	 � a Í Ç y Í É 	 � B F B ] 2 F j �,] B F2D��!]OL�� B Jxw g KSRML�� BON JuJ �����MLUp�	 = �Uy,<
�4T 	 � � � Ç Í Ç a,a,<
�4T 	 Í � � Ç Í @ VML N F^F 	 �!]�D�	 JoL K ���!J g 	¡D N�� K N J 	¡n 	GF BON T 	G] =�� 	

���,Tqd!] 	 ��ÊEV 	 BON?B F�L�� 	 �!] 	GT 	 � B F#F ��� B F g VMLU] g 	GF#VMLU]
D�	GF j L���Ê°V!JoL B F B ] 2 F`J ���!p,F =

a � <

�4T 	 y �X> Ç Í l ���!V 	zK ��� BON � � g 	%L�� 	8@ D�	zJoL ] N _ N?2 ] 	 B �,TqdML�� B
DML��!F.JoLXK¶LUF^K¶LUD�	4K¶LUKSR g 	 = b ��LUdML��!D�������	4JoL{K ���!V 	
LUV!] 2 F�L¶_�� N ] �,d!F 	G]e_ g D�	GF.D8\�Å�	GFPFGw 	 � B ] 	GK ���!VML�� B L��
� N _�	¶L��QD�	XJoLq] N _ N?2 ] 	 =

a � �

������� 9 =?>k< �hZ ��K¶LUJ N FOL BON ���|D�	XJoL[F 	GK BON ���°D�� ����� B D�	XJoL f LUd ��� N JuJ 2 ] 	 =
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����� � 9 =?>k< ��	 	GK BON ���°D�� ����� B D�	XJoL f LUd ��� N JuJ 2 ] 	

l ���!J g 	 g VML N F^F 	 �!]ºL�� =�l ���!J g 	 A f 	GT|LU] t ��	GF �4J B4�T 6 4�T 6 4�T 6

f LUd > � Ç y Ç Í � � 	8@2= D�	XJoLq] N _ N?2 ] 	 = �f LUd � � Ç Í Ç yf LUd a > Ç � Ç y Ç > �f LUd � � Ç y v ] �,F^F 	GF.p g ��D�	GF.D�	 � �MLU] B � �,d!F 	G]e_ g 	GF2nXJxw L�� 	 �!] 	ªÇ
T 	 � B¶=

�U<
f LUd � � Ç y Ç Í A N _�	¶L��Q] ���!p�	 4 � KGT 6 �,d!F 	G]e_ g n[JoLqdMLUF 	 = a,<f LUd � � Ç Í Ç � �f LUd Í � Ç � Ç Í Ç �,<f LUd y � Ç y Ç Í Ç y,<f LUd } � Ç y Ç Í l ���!J g 	Xd 	¶L��!K ���!VQV!J �!F2D��!] 	 = >k<,<f LUd >k< � Ç � Ç Í Ç > �U<
f LUd >,> � Ç y >k< Í A N _�	¶L��Q] ���!p�	 4 � < KGT n > T 6 �,d!F 	G]e_ g n[JoLqdMLUF 	 =Y>ka,<f LUd > � � Ç y Ç Í Ç �U<f LUd >ka � Ç � Ç Í A N _�	¶L���] ���!p�	°n�JoL%dMLUF 	 =:@ Ê B 	 �!F N ��� R��,] N�� ��� B LUJ 	

B ] 2 F N TWV �,] B L�� B 	�
�JoL4K ���!J g 	2F 	2F � N?BCB ] 2 F j LUK N J 	GT 	 � B
DML��!FqJ 	|VML¶\�FOLUp�	 =�Z 	�F �,TWT 	 B j �,]^T 	 ��� V!JoL B 	¶L��
L¶_UL�� B D	w L B^B 	 N �!D!] 	{JoLqK ���!J g 	 f LUd > � =

> �,<

f LUd > � � Ç � Ç Í @ �!K �,] 	 ����	XK ���!J g 	{T|LUF^F N _�	{D�	Xp,]OL��!D�	 	ªÊ B 	 �!F N ���
JoL B g ]OLUJ 	 =!Z L[] ��KSR�	 	GF B D��!] 	En'K¶LU] � B^B 	G] =

> Í <
f LUd > � � Ç Í @ � B ] 	 f LUd > � 	 B f LUd > � 
 ����	WK ���!J g 	 B ] 2 F LUJ B g ] g 	

�����°V!] g J 	�_ g 	 =
>k},<

f LUd > � � Ç y Ç y�@ � B ] 	 f LUd > � 	 B f LUd > � 
�����	2K ���!J g 	2T g B ] Nut ��	*4 ���
V 	 � B Ç E�B ] 	 � ��� a<6 �����°V!] g J 	�_ g 	 =

�Ua,<
f LUd > Í >k< Ç Í @ � B ] 	 f LUd > � 	 B f LUd > Í 
 ����	.K ���!J g 	 ��� V 	 �qT � N �!F

g VML N F^F 	 t ��	 f LUd > Í �	w L'VMLUF g B g V!] g J 	�_ g 	 =
� �U<

f LUd >ky � Ç Í Ç � Í <f LUd >k} � � Ç Í A N _�	¶L��Q] ���!p�	 �,d!F 	G]e_ g n'JoLqdMLUF 	 = �Uy,<
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� �*),+��)	$#�� ��� � � � ���*��	 � ���*� �

����� � 9 =?>,> ��	 	GK BON ���°D�	GF Ì ] � N F � g ��	GF B ] 	GJuF

l ���!J g 	 g VML N F^F 	 �!]¸L�� =6l ���!J g 	%A f 	GT|LU] t ��	GF �4J B4�T 6 4�T 6 4�T 6

��	 ��� > >k< >k< } 9PLUF 	 ����� _ N F N d!J 	�F ���!F�����	 j L N d!J 	 g VML N F^F 	 �!]QD�	
T �,]OL N ��	GF ��� D�	¥K 	 �!D!] 	GFzT|LU]^] ���!F = f ��KSR�	 D��!] 	
L��°K¶LU] � B^B LUp�	 =

� �

��	 ��� � a >k< y 	 � B ] 	 ��	 ��� > 	 B ��	 ��� � 
 � N _�	¶L���D�	IK ���!p,J �,T g ]OL B
] ���!p�	�
 �¶Ê�\�D g 	 B K �,TWV �,F g D�	[KGJoLUF B 	GF{LU]^] ���!D N F 4 a
T 6ª=Ml ���!J g 	XT|LUF^F N _�	 	 B2j ]OL�NoKSR�	 =

a �

��	 ��� a Ç > � y l ��� B LUK BEN �!K 	G] B L N ��T|L N F{F 	GTqd!J 	[] 	GV �,F 	G]ED N ] 	GK B 	ªÇ
T 	 � B F �!] ��	 ��� � L¶_�	GK ��� � N _�	¶L��¡D�	|F g D N T 	 � B F
] ���!p�	GF`K � N?B F N � B 	G]^K¶LUJ g 	 � B ] 	XJ 	GF`D�	 ��Ê =

��Í

��	 ��� � � Ç a >k< � l ���!J g 	XT|LUF^F N _�	 L��zF �,TWT 	 B _ g F N K �!JoL N ] 	 	 B LUJ B g ] g
DML��!F`J 	 t ��	GJ ���°V 	 � B _�� N ]2D�� � �MLU] B �U=

�,<
��	 ��� � � � � O ��	qK ���!J g 	 ����� g KSRML�� BON JuJ ����� g 	 	 � B ] 	 ��	 ��� � 	 B

��	 ��� ��= 	 �,TWT 	 B d��!JuJ 	 ��ÊQL���ÊQ_ g F N K �!J 	GFcLUV!JoL BON 	GF
4 � Ç � KGT D�	XD N LUT 2�B ] 	 6ª=

Í <

	 	GK ���!D�	 VMLU] BON 	cD�	EJoLqF 	GK BON ���QF g VMLU] g 	ED�	XJoL[V!] 	GT N?2 ] 	{VMLU] ����	ED N F^K �,]^DML��!K 	XT 	 B^B L�� B
	 � g _ N D�	 �!K 	 ����	WVMLUJ g �k_ULUJuJ g 	 =	Z 	GFEK ���!J g 	GFEL�� K ��� B LUK B �	w ��� B VMLUF g B g V!] g J 	�_ g 	GFqL�È �
D�	WFGw LUF^F �!] 	G] t �	w 	GJuJ 	GF{F � N 	 � B d N 	 �¥V!J �!F�i 	 ����	GF t ��	'K 	GJuJ 	GFXD�	'JoL�V!] 	GT N?2 ] 	[VMLU] BON 	 =�Z L
F 	GK BON ����D g d�� B 	Qn 	 ��_ N ] ��� �U< Ç Í < T L�� D�	GF^F �!FWD�	hJoLzD N F^K �,]^DML��!K 	�
:L�� � N _�	¶L���D	w ���
] 	GV!JoL B¶=�@ JuJ 	 	GF B J N T N?B g 	En|Jxw b�VMLU] ����	 j L N JuJ 	 N TWV �,] B L�� B 	�
 	 B n|Jxw @ VMLU] ����	 j ]OLUK B �!] 	
t � N F 	cF � N?B KGJoL N ] 	GT 	 � B DML��!FPJ 	IVML¶\�FOLUp�	 	 B2t � N ��	cF 	GTqd!J 	4VMLUFPL¶_�� N ]�D�	:i 	 ��ÊW_�	G] BON K¶LUJ =
��	 � 9 > a a,< Í l ���!J g 	c] 	GJoL BON _�	GT 	 � B LUJ B g ] g 	�
 g KSRML�� BON JuJ ����� g 	{n[JoL

dMLUF 	 =
y �

��	 � 9 � � > � Í l ���!J g 	{VMLU] BON 	GJuJ 	GT 	 � B LUJ B g ] g 	 = },<
��	 � 9 a � > � Í l ���!J g 	 K ���!p,J �,T g ]OL BONut ��	�4�L N p�� N JuJ 	GF 	 B KGJoLUF B 	GF

�¶Ê�\�D g F 6 	 � B ] 	 ��	 � 9 � 	 B ��	 � 9 a8= H6LUK N?2 FET|LUF^F N?j
L¶_�	GK � N _�	¶L��h_ g F N K �!JoL N ] 	 �,d!F 	G]e_ g n[JoLqdMLUF 	 =

} �

��	 � 9 � Ç >k< Í � K ���!J g 	GF 4 � 6 ������V!] g J 	�_ g 	GF 	 � B ] 	 ��	 � 9 a 	 B
��	 � 9 � =!l ���!J g 	4LUJ B g ] g 	 	 B.j ]OLUK B �!] g 	�
�K ��� B LUK B dML�Ç
FOLUJ�V 	 ��KGJoL N ] =6Â 	 BON?B D8\�Å�	[K ���!VML�� B JoLWF 	GK BON ����F �!]
J 	 �6L��!K �,V!V �,F g D�	XJoL j ]OLUK B �!] 	 =

>,> �

��	 � 9 � Í Ç y �U< Í l ���!J g 	XT|LUF^F N _�	�
6LUV!R�\�] Nut ��	�
 j �,] B 	GT 	 � B`j ]OLUK B �!] g 	
	 B L : 	GK B g 	�VMLU] t ��	GJ t ��	GF°_�	 N ��	GF 4 l LUJuK N?B 	 	 B1L ���
� �MLU] B � 6ª=

>ka,<

��	 � 9 � > >k< Í � �%D�	GF^F �!FXD�	 � T D�	qD g d!] N F 	 B4B ] � N F4K ���!J g 	GF{LUJ Ç
B g ] g 	GF ����� g KSRML�� BON JuJ ����� g 	GF�4 � T�
 � T�
 > T 6 
�K ����Ç
J g 	`T|LUF^F N _�	�
�D��!] 	cnEK¶LU] � B^B 	G] 
�L¶_�	GK t ��	GJ t ��	GF._ g F N Ç
K �!J 	GF =	Â ] g F 	 �!K 	'D	w ���¥V 	 BON?B F N JuJ#L : 	GK B L�� B J 	 F �,T[Ç
T 	 B D�	XJoLqK ���!J g 	 =

> � �
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l ���!J g 	 g VML N F^F 	 �!]¸L�� =6l ���!J g 	%A f 	GT|LU] t ��	GF �4J B4�T 6 4�T 6 4�T 6

��	 � 9 Í > Ç � >k< Í @ � B ] 	 ��	 � 9 � 	 B ��	 � 9 Í 
����°VMLUF^F 	 ���°F N JuJ 	 B D�	GF
K ���!J g 	GF2D g B ] N?BONut ��	GFPD	w g VML N F^F 	 �!]P_ULU] N LUd!J 	 = ��	 � 9 Í
] 	GV �,F 	 D N ] 	GK B 	GT 	 � B F �!] ����	 K ���!J g 	¡D g B ] N?BONut ��	 =
Ì ���!FIJ 	GF g KSRML�� BON JuJ ���!F2F ��� B V!] g J 	�_ g F4n[JoLqdMLUF 	 =

> � �

��	 � 9 y > � >k< Í l ���!J g 	{V!] N F^T g 	{L¶_�	GK t ��	GJ t ��	GF`V!R g ����KG] N F B L���ÊhD�	
V!JoLUp N ��KGJoLUF 	GF 	 B D�	¥V�\�] �¶Ê 2 ��	GF 
I] 	GV �,FOL�� B F �!] ���
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Abstract

Thirty-two flows (247 cores) were sampled in the V1 (Geotimes) and V2 (Lasail) volcanic units of the Semail
ophiolite, Oman (Aswad, Fizh, Hilti, Sarami, Wuqbah, and Tayin massifs). Paleomagnetic analysis of the samples
was complicated by a large overlap of the two components of magnetization carried by the rocks: a crystalline
remanent magnetization (CRM) acquired in the present day field, probably during weathering, and an older CRM
probably produced by oxidation of the original titanomagnetites during hydrothermal event(s). If the magnetization
carried by the V1 samples was acquired during the hydrothermal event related to the emplacement of these lava,
e.g., during and/or shortly after cooling, the tectonic unity of the northern domain has to be questioned and a
differential rotation considered between the Aswad and Hilti-Sarami massifs but, by the time of emplacement of
the V2 series, this northern area seems to behave as one large unit. As only one set of data is available for the
southern Tayin-Sumail massif, it is premature but a possible relative rotation on the order of 90◦ can be suspected
between the Hilti-Sarami and Tayin-Sumail massifs, rotation which would have occurred after emplacement of the
V2 series.

Introduction

Many rock types of the Semail ophiolitic complex
have been studied paleomagnetically. These are :
gabbros (Luyendyk and Day, 1982; Shelton, 1984;
Thomas et al., 1988; Weiler, 2000), sheeted dikes
(Luyendyk et al., 1982; Shelton, 1984), sedimentary
rocks and a few lavas (Thomas et al., 1988). Although
large rotations during intraoceanic thrusting have been
proposed, due to uncertainties about the acquisition of
the different groups of magnetic directions and their
polarity, the sense of rotation of the nappe remained
questionable (Thomas et al., 1988).

An extensive study (Perrin et al., 1994) was then
conducted on the volcanic sequence of the ophio-
lite because lavas are usually better paleomagnetic
recorders than intrusive or sedimentary rocks. This
study concentrated on the Salahi area of the Hilti mas-

sif (Figure 1) because it is the only area where the
sequence of volcanic rocks is complete, going from
pillow basalt extruded at the oceanic ridge before the
detachment of the nappe, up to lava extruded before
the end of the obduction (e.g., Alabaster et al., 1982).
Moreover, the occurrence of sediments interbedded
with and overlying the lavas allowed a good control
of the paleohorizontal. The paleomagnetic Euler pole
analysis, which could luckily be conducted there, has
shown that the movement of the Salahi area could be
modeled by a single, large rotation of about 145–150◦

around an Euler pole located close to the nappe (less
than 200 km away). Combining plate tectonic con-
cepts, a mantle-anchored hotspot reference frame, and
paleomagnetic data the initial paleolatitude (around
10◦ N) and paleolongitude (around 45◦ E) as well as
the paleorientation (NNW/SSE to N/S) of the ridge in
hotspot coordinates was determined for Salahi, with
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Figure 1. Geologic map showing sampling locations (full dots).

a linear velocity of the nappe between the period of
accretion at the ridge and the end of the obduction onto
the Arabian peninsula slightly less than 2 cm per year.

As the Semail nappe is divided into structural mas-
sifs (e.g., Nicolas et al., 2000b), each several tens of
kilometers long (Figure 1), the question is whether
the Salahi results are representative for the entire Hilti

Massif, for the northern part of the ophiolite nappe,
or for the entire ophiolite nappe. In order to test this,
additional volcanic rocks were sampled in various
massifs.
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Volcanic units and sampling

Three episodes of submarine volcanism can be dis-
tinguished on petrologic and geochemical grounds
(Alabaster et al., 1980; Pearce et al., 1981; Lip-
pard et al., 1986; Ernewein et al., 1988). The first
episode V1 (Geotimes), interpreted as ridge-axis vol-
canism, consists mainly of large pillow basalt with
some massive flows that directly overly the sheeted
dike complex. The second volcanic episode V2 (La-
sail) consists of small pillows or sheet flows in the top
part and clearly post-dates the V1 episode but absence
of a continuous sedimentary layer between these two
episodes indicates no substantial interruption in vol-
canic activity. Biostratigraphic ages determined from
radiolarian faunas present in the pelagic sediments
interbedded with the volcanic sequence also indicate
that the two first volcanic episodes occurred within
a very short time interval. According to Ernewein
et al. (1988), the V1 episode took place from late
Albian to early Cenomanian (approximately 100 Ma
ago) at mid-ocean ridge and the V2 episode occurred
shortly afterwards at the start of oceanic thrusting dur-
ing Cenomanian to Turonian times (possibly before
∼95–96 Ma, e.g., Hacker et al., 1996). The third
volcanic episode V3 is characterized by thick flows
showing columnar jointing and doleritic texture. A
thick pelagic sedimentary layer (up to 15 m) of Cam-
panian age is observed between the V2 and V3 units.
The age of the V3 episode remains unclear. Ernewein
et al. (1988) suggested formation as due to intraplate
seamount volcanism, produced some 15–20 Ma after
the beginning of oceanic thrusting but preceding the
end of the obduction of the ophiolite onto the Arabian
continental margin. This last episode is now found
only in the Hilti massif. Hydrothermal circulations,
contemporaneous with the various phases of volcanic
activity, appear to have induced some recrystallization
in the lava and interbedded sediments (Karpoff et al.,
1988; Pflumio, 1988).

Results from two successive samplings will be
presented in this paper. A preliminary sampling was
kindly made in 1994 by Edwin Gnos, on the side of
his geologic work. One V1 flow (9 cores) and one V2
flow (11 cores) were sampled in the Sarami massif
(23.84◦ N, 56.87◦ E), three V1 flows (20 cores) in
the Wuqbah massif (23.66◦ N, 56.59◦ E) located on
the western front of the ophiolite, and one V1 flow
(11 cores) in the Tayin massif (22.76◦ N, 58.01◦ E).
To complete this sampling, a second field campaign
was organized in 1999 with the aim to cover as well

the northern than the southern parts of the ophiolite.
However, most of the sampling had to be done in the
northern part of the ophiolite because of the extreme
difficulty to find outcrops suitable for a paleomagnetic
sampling in the southern part of the nappe (high de-
gree of alteration of the rocks and common absence
of sediments which precludes estimation of the paleo-
horizontal). Nine V2 flows (76 cores) were sampled
in the Aswad massif (between 24.82 and 24.83◦ N,
and between 56.32 and 56.33◦ E), six V2 flows (44
cores) in the Fizh massif (between 24.55 and 24.58◦ N,
and between 56.39 and 56.47◦ E), seven V1 flows (50
cores) in the Wadi Barghah area of the Hilti massif
(24.23◦ N, 56.52◦ E), and four V2 flows (26 cores) in
the Sarami massif (23.87◦ E, 56.82◦ E). All cores were
drilled directly in the field using a gasoline-powered
core drill and oriented using both magnetic and sun
compasses. In the laboratory, each core was cut in
one to eight half-standard size specimens (2.5 cm in
diameter and 1.1 cm in height). Location of the differ-
ent sampling areas is shown in Figure 1. Distinction
between V1 and V2 units was made according to the
1:50 000 geological maps produced by the Ministry of
Petroleum and Minerals of Oman (1993).

Trace and major element analysis

In the field, the V1 and V2 volcanic units are hardly
distinguishable and to find discrimination criteria be-
yond all question is one of the challenges of the study
of the Semail volcanic unit. Field criteria such as sam-
ple colour (dark brown for V1, greenish for V2), flow
jointing (large pillow for V1, small pillow or sheet
for V2) and erosion resistance (relatively high for V1,
low for V2) have been successfully used in the lo-
cation of massive sulfide deposits (Alabaster et al.,
1980). However application of these criteria is often
insufficient and even error bearing, as we will see in
this study. Even petrologic criteria used classically for
lava discrimination, such as texture and clinopyroxene
composition, are here inefficient because both V1 and
V2 basalts are hyalopilitic and contain identical low Ti
and Na endiopside. Furthermore their groundmasses
cannot be used because hydrothermal alteration have
cancelled their possible initial specificity : they are
in both cases identically altered to chlorite, quartz,
hematite, Fe hydroxyde, epidote, prehnite and zeolite.
The best approach to discriminate the two series is
a geochemical analysis, as shown by Albaster et al.
(1982), Pearce et al. (1981), Lippard et al. (1986),
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Figure 2. La/Yb versus Zr/Hf diagram. N-MORB from Sun and
McDonough (1989).

Ernewein et al. (1988) and recently confirmed by Go-
dard et al. (submitted). Titanium, Rare Earth Element
(REE), Zirconium and Hafnium appear to be the most
discriminant elements. For example, the V1 lavas dis-
play TiO2, La and Zr amounts systematically higher
than V2 lavas. The La/Yb ratio of V1 is systematically
nearly 1 (or slightly higher) while that of V2 is signif-
icantly lower (< 0.8); the Zr/Hf ratio of V1 is near 35
and that of V2 lower than 30. Moreover, the V1 lava
display N-MORB REE chondrite-normalized patterns
while the V2 are more depleted, particularly in light
REE.

On this base, we carried out major and trace ele-
ment analysis on one specimen from each fl ow sam-
pled in 1999. The La, Yb, Zr, Hf and TiO2 amounts
are listed in Table 1 and the La/Yb vs. Zr/Hf dia-
gram is given in Figure 2. Clearly, all fl ows from the
Hilti massif belong to the V1 series while those from

Sarami and Fizh are typically V2, as shown on the
1:50 000 geological maps. Only the V2 unit has been
mapped in the Aswad massif whereas surprisingly our
geochemical analysis show that both V1 and V2 series
were sampled there: fl ows 1, 5, and 7 display unques-
tionable V1 geochemical characteristics, while fl ows
2, 3, 4, 6, 8, and 9 have a V2 signature similar to those
of Sarami and Fizh. This geochemical stratigraphy is
always in agreement with the relative position of the
fl ows in the field when it can be estimated. This em-
phasizes the suitability of the geochemical method on
its own to discriminate the volcanic units of the Semail
ophiolite.

Paleomagnetic analysis

Remanent magnetization of the rocks was measured
with commercial devices (JR5 spinner and CTF cryo-
genic magnetometers), while both the zero-field oven
and the AF demagnetizer are home-made. Most of the
samples (90%) were thermally demagnetized, how-
ever alternating fields (AF) demagnetization up to
140 mT was also performed with 5, 10, 15, 20 or
30 mT steps. Stepwise thermal treatments up to 655 ◦C
were applied with 10 to 150 ◦C steps. After each heat-
ing step, the magnetic susceptibility K was measured
at room temperature with a Bartington bridge to detect
possible mineralogic changes in the specimens. Com-
ponents of magnetization were estimated through prin-
cipal component analysis (Kirschvink, 1980). Charac-
teristic directions were corrected for local tilt using the
attitude of the interbedded sediments.

Most samples showed two components of magneti-
zation whose relative strength varies strongly depend-
ing on the samples (e.g., Figures 3a and 3b versus 3c
and 3d). The most difficult aspect of the paleomag-
netic analysis was the extremely large overlapping of
the unblocking temperature spectra for the two com-
ponents. Complete overlap was observed in the worse
cases. Thermal demagnetization (Figures 3a to 3c)
was generally found more efficient than AF demag-
netization to isolate the characteristic components of
magnetization, as also noticed by Perrin et al (1994).
The only exception was the Tayin fl ow for which ex-
cellent results were obtained with AF demagnetization
(Figure 3d).

In a few cases, the lower temperature (LT) com-
ponent could be estimated by principal component
analysis below 300 ◦C but, most of the time, the
orthogonal diagrams are curved right from the start,
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Figure 3. Representative orthogonal demagnetization diagrams (in situ coordinates) on the left side of the figure (open and full circles corre-
spond respectively to the horizontal and vertical plane), with the corresponding variation of the intensity of magnetization J (stars) and the room
temperature susceptibility K (circles) on the right side of the figure.
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Figure 3. Continued.
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Table 1. TiO2, La, Yb, Zr and Hf concentrations in the studied lavas from Oman.
Titanium was analyzed on the ICP-AES at C.R.P.G (Nancy), the other elements on
the ICP-MS at I.S.T.E.E.M (Montpellier). Complete analyses are available from dau-
tria@dstu.univ-montp2.fr.

TiO2 La Yb Zr Hf La/Yb Zr/Hf

(wt %) (ppm) (ppm) (ppm) (ppm)

ASWAD

Flow 1 0.73 1.34 2.04 39.50 1.30 0.7 30.4 V2

Flow 1 0.74 1.32 2.09 39.43 1.32 0.6 29.9 V2

Flow 2 1.83 4.30 4.12 113.47 3.17 1.0 35.8 V1

Flow 3 0.47 0.64 1.32 21.36 0.73 0.5 29.3 V2

Flow 4 0.66 1.97 2.12 36.82 1.21 0.9 30.4 V2

Flow 5 1.73 4.57 4.05 110.27 3.10 1.1 35.6 V1

Flow 6 0.60 1.61 2.13 30.67 1.02 0.8 30.1 V2

Flow 7 1.41 3.15 3.37 75.97 2.31 0.9 32.9 V1

Flow 8 0.47 1.17 1.67 22.55 0.78 0.7 28.9 V2

Flow 9 0.51 1.45 1.86 24.72 0.86 0.8 28.7 V2

FIZH

Flow 2 0.38 1.12 1.64 17.88 0.60 0.7 29.8 V2

Flow 3 0.32 1.01 1.47 16.03 0.55 0.7 29.1 V2

Flow 4 0.73 1.07 2.05 31.57 1.09 0.5 29.0 V2

Flow 4 0.74 1.06 2.06 30.91 1.09 0.5 28.4 V2

Flow 5 0.56 0.86 1.65 26.09 0.92 0.5 28.4 V2

Flow 5 0.56 0.90 1.67 26.24 0.93 0.5 28.2 V2

Flow 6 0.79 1.54 2.29 29.47 1.22 0.7 24.2 V2

Flow 7 0.78 1.42 2.23 25.80 1.02 0.6 25.3 V2

HILTI

Flow 1 1.15 6.46 5.57 164.20 4.78 1.2 34.4 V1

Flow 2 1.20 7.94 5.09 151.58 4.38 1.6 34.6 V1

Flow 3 1.23 7.09 5.29 155.98 4.54 1.3 34.4 V1

Flow 4 1.16 6.29 5.49 160.96 4.75 1.1 33.9 V1

Flow 5 1.30 5.23 4.37 127.39 3.83 1.2 33.3 V1

Flow 6 1.21 4.61 3.56 105.33 3.18 1.3 33.1 V1

Flow 7 1.30 6.80 5.11 150.85 4.40 1.3 34.3 V1

SARAMI

Flow 1 0.87 1.36 2.33 34.60 1.27 0.6 27.2 V2

Flow 2 0.74 1.38 1.98 19.04 0.81 0.7 23.5 V2

Flow 3 0.80 1.30 2.13 35.04 1.22 0.6 28.7 V2

Flow 4 0.83 2.05 3.05 53.30 1.85 0.7 28.8 V2

indicating an early overlapping of the two compo-
nents. However, the few LT directions which could be
obtained (Figure 4), when plotted in situ (e.g., without
tilt correction), have declinations close to zero and a
mean inclination around 40◦, the large dispersion be-
ing mainly due to imprecise determinations in many
cases. These LT directions are thus in good agreement
with the 41◦ inclination of the present dipole field
in the area. Even when the overlap precludes a prin-

cipal component analysis of the LT component, the
first steps of the thermal treatments usually followed a
great circle going through the dipole direction. These
observations clearly evidence the recent nature of this
remagnetization.

Because of the large overlapping of the unblocking
temperatures, the characteristic components of mag-
netization could only be estimated at high tempera-
tures, above 400-550 ◦C. Nevertheless, the determina-



Rotation of the Semail ophiolite : additional paleomagnetic data from the volcanic sequence – 209 –

188

Figure 4. Distribution of the recent remagnetization (in-situ coordi-
nates) on a polar equal-area projection. The shaded area corresponds
to the confidence limit α95 around the mean direction.

Figure 5. Barghah mean directions of magnetization (stratigraphic
coordinates) per fl ow, Hilti massif. Polar equal-area projection.

tions are usually good (e.g., Figure 3), with maximum
angular deviations (Kirschvink, 1980) mainly below
1 and always less than 3. Half of all samples al-
lowed definition of a final direction. As also noticed
by Perrin et al (1994), the V1 samples usually have
a better paleomagnetic behavior, mainly related to a
stronger resistance to alteration under present surface
conditions.

Hilti massif
In order to check if the Salahi results are representative
of the whole Hilti massif, a new V1 section (7 fl ows)
was sampled in a small canyon oriented ESE–WNW
and located close from Wadi Barghah in the northern
part of the Hilti massif. Analysis of these samples was
usually straightforward and well-defined mean direc-

Figure 6. Hilti V1 directions (stratigraphic coordinates): circles and
squares correspond respectively to the Barghah (this study) and the
Salahi (Perrin et al., 1994) areas. Polar equal-area projection.

tions of magnetization per fl ow could be estimated in
all cases (Table 2; Figure 5).

These Barghah V1 results were compared with pre-
vious results from Salahi (Perrin et al., 1994). The two
data sets show good agreement, with a tighter distrib-
ution when the 84 individual directions are corrected
(κ = 36; α95 = 2.6) than uncorrected (κ = 24;
α95 = 3.2) for local tilt. Even though the differ-
ence between the respective statistical parameters is
not large enough for a robust fold test (passage of F-
test only at 95% confidence), it is a clear indication of
the ancient nature of this component of magnetization.
The Barghah’s results tend to have a slightly steeper
inclination than the Salahi’s results (Figure 6). This
is likely due to uncertainties on the paleohorizontal
estimation and was not considered as significant. The
mean V1 direction from the Hilti massif was therefore
calculated using all available data (Table 3) and is only
a few degree away from the Salahi V1 mean direction.

Aswad massif
Analysis of these samples was not as straightforward
as the previous ones and it was not possible to esti-
mate characteristic components for most samples of
fl ows 6 to 9. It was noticed in the field that the se-
ries tend to be steeper, almost vertical near the Wadi
Hatta suture zone (Figure 1), a WNW–ESE shear zone
and fault with borders the southern part of the Aswad
massif (Nicolas et al., 2000a). Magnetization of fl ows
6 to 9 may have been disturbed by hydrothermal al-
teration, thought to have affected the upper crustal
part (dikes and lava) in relation with the shear zone
(Reuber, 1988).
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Table 2. Mean paleomagnetic directions per flow. N/N0: number of sam-
ples used for calculation/total number of samples; (Inc, Dec): characteristic
mean inclination and declination corrected for tilt; (kappa, α95): Fisher statistic
parameters.

Massif Unit Site N/N0 Inc. Dec. α95 κ

Aswad V2 1999-1 7/9 53.1 69.1 14.7 18

1999-3 4/5 17.5 101.9 11.8 62

1999-4 10/10 11.6 119.4 8.5 33

Aswad V1 1999-2 6/9 8.4 88.3 10.1 45

1999-5 5/7 30.2 86.7 11.7 44

Fizh V2 1999-5 3/9 25.5 131.2 – 459

1999-7 5/7 36.4 108.3 9.4 67

Hilti V1 1999-1 7/7 22.4 153.6 5.0 147

1999-2 6/7 28.8 148.2 10.6 41

1999-3 5/6 28.8 148.0 6.4 142

1999-4 6/6 31.7 144.6 6.0 126

1999-5 5/8 30.1 166.7 15.0 27

1999-6 7/8 36.2 169.3 6.8 79

1999-7 6/8 26.5 158.1 5.5 150

Sarami V2 1999-1 6/7 2.0 88.3 14.9 21

1999-2 3/7 14.9 71.9 – 36

1999-3 4/5 2.3 71.4 16.9 31

1999-4 3/7 −9.8 77.4 – 49

Sarami V2 1994 9/11 −5.7 121.9 9.4 31

Sarami V1 1994 3/9 9.2 166.7 – 162

Wuqbah V1 1994-1&3 6/8 15.0 104.8 7.2 88

Tayin V1 1994 10/11 −9.6 48.8 4.3 129

Table 3. Mean paleomagnetic directions per volcanic unit for each massif. N: number of spec-
imens used in the calculation; (Inc, Dec): characteristic mean inclination, declination corrected for
tilt; (kappa, α95): Fisher statistic parameters; (V1-V2): angle between V1 and V2 directions, positive
(negative) if clockwise (counterclockwise) rotation.

Massif Sampling Unit N Inc Dec α95 κ V1-V2

Aswad 1999 V1 11 18.3 87.7 9.3 25 26◦

1999 V2 14 13.4 114.5 7.6 28

Fizh 1999 V2 8 32.8 117.5 9.6 34

Hilti 1999 V1 84 23.9 151.7 2.6 36 −43◦

Perrin et al., 1994 V2 18 17.6 106.5 4.9 51

Sarami 1994 V1 3 9.2 166.7 – 162 −47◦

1994 V2 9 −5.7 121.9 9.4 31

1999 V2 16 2.3 78.9 8.2 21

Wuqbah 1994 V1 6 15.0 104.8 7.2 88

Tayin- Sumail 1994 V1 10 −9.6 48.8 4.3 129 −36◦

Thomas, 1991 ∼V2 6 7.4 17.2 7.7 77
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Figure 7. Aswad mean directions of magnetization (stratigraphic
coordinates) on a polar equal-area projection.

Flow 1 has a significantly different mean value
(Figure 7) compared to the other fl ows. The defin-
ition of fl ow 1 components was not as good as the
others, with larger maximum angular deviations (up to
2.1) and a larger dispersion at the fl ow level (κ = 18
compared to 25 up to 62 for the others, Table 2). Fi-
nally the directions estimated for fl ow 1 are located
close to the great circle (Figure 7) which connects
the two components defined by the rest of the V2
samples. These observations indicate that fl ow 1 di-
rections likely result from an unresolved overlapping
of components, impossible to detect if the conjugated
destruction of components occurs with a constant ra-
tio for a certain temperature interval. For this reason,
fl ow 1 values were not used in the calculation of the
mean V2 direction for the Aswad massif.

Initially we thought that all fl ows sampled in the
Aswad massif belong to the V2 series. However, the
geochemical analysis revealed that three fl ows (2, 5,
and 7) are in fact V1 volcanics. Considering the lim-
ited number of determinations available as well for
V1 than for V2, individual directions were averaged
to define an Aswad mean direction for both series.

Even though the directions defined for the V1 and V2
fl ows (Table 3) are not extremely different, the V1 di-
rections have significantly lower declinations and the
absence of overlap between the α95 confidence limits
associated with the mean V1 and V2 directions (Fig-
ure 7) confirms the statistical difference between these
directions.

Fizh massif
Only the V2 series was sampled there and results were
very disappointing, with less than one-third of the
samples allowing definition of characteristic compo-
nents of magnetization. For only one fl ow a significant
mean direction could be calculated (fl ow 7, Table 2).
The difficulty to define the components of magnetiza-
tion does not seem to be related to a simple overlap
of two components but to a multi-component rema-
nent magnetization. Furthermore the orientation of the
interbedded sediments is extremely variable and no re-
gional tilt correction can be estimated. However, the
complex nature of the crustal sequence in the Fizh
massif (Reuber, 1988) may preclude a much better de-
finition of the magnetization of the volcanic sequence.
Here again, because of the very limited number of
determinations, the mean V2 direction (Table 3) was
calculated at the sample level.

Sarami massif
Rocks from this massif were sampled during both field
trips: one fl ow in each V1 and V2 series in 1994, and
4 fl ows in the V2 series in 1999. During the second
campaign, a complete survey of the massif was made
to check the sediments for paleohorizontal estimates
and most of the areas had to be abandoned because of
the extreme variability of their attitudes maybe related
to paleotopography. Furthermore, the tectonic unity of
this massif can also be questioned. These various fac-
tors very likely explained the different results obtained
from both V2 samplings (Table 2). Even the V1 sam-
ples behave poorly and no more than a crude estimate
of the V1 mean direction could be obtained (Table 2).

Wuqbah massif
This is an important area because it is the only one
where relatively good volcanic outcrops are found
on the west side of the nappe. However, this mas-
sif is complicated by thrusting with a strong local tilt
(80◦ SE) for the sampled fl ows. Only two out of the
three fl ows sampled in the V1 unit of this massif gave
paleomagnetic results and the mean V1 direction was
again calculated at the sample level (Table 2). Because
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of the limited number of determinations and the tec-
tonic complexity, this direction has to be considered
with caution.

Tayin massif
This V1 fl ow also deserves special attention because
is the only one we have from the southern part of the
ophiolite. Luckily, the analysis was here very straight-
forward, with excellent determinations even with AF
treatment (e.g., Figure 3d) and a very good grouping of
the mean direction at the fl ow level (Table 2). During
the 1999 field trip, an extensive survey of the whole
southern area was made in order to locate more V1
fl ows. Unfortunately no additional outcrops suitable
for a paleomagnetic sampling were found, either be-
cause of the weathering of the rocks or because of the
absence of sediments to estimate the paleohorizontal.

Magnetic carriers and nature of the components

Prior to demagnetization, magnetic viscosity of some
samples was estimated by comparing the remanent
magnetization carried by the samples after a one-
month storage in zero-field with the remanent magne-
tization carried by the same samples after a two-week
stay with the present Earth’s magnetic field applied
along the Z-axis of the cores. The viscosity index thus
defined is very low, with an average value of 4%,
similar to values found by Perrin et al. (1994). There-
fore viscous remanent magnetization, which may have
been acquired by these rocks, is expected to be fairly
low and easily removed in the early steps of the
thermal treatment. The intensity and the unblocking
temperature spectra of the actual field component de-
fined in the study are thus much too large for the LT
component to be only of viscous origin and this re-
magnetization has to be a recent crystalline remanent
magnetization, likely acquired during weathering of
the rocks.

In order to characterize the magnetic carriers and
their Curie temperatures, the susceptibility of some
samples was continuously measured during heating-
cooling cycles. A Bartington bridge coupled with a
furnace was used, with the samples placed in vac-
uum to minimize oxidation of the rocks during the
experiments. Two to four heating-cooling cycles have
been done to detect the onset of the transformation.
Three characteristic K/T curves were found, two of
them strongly irreversible. The first type of curves
(Figure 8a) is reversible during the 200 ◦C cycle but al-

ready irreversible during the 400 ◦C cycle. The change
in the magnetic parameter is afterwards progressive,
up to at least 600 ◦C. This is in agreement with the
room temperature measurements of susceptibility K
made after each heating steps of the thermal demag-
netization, which show a stable behavior of K up to
300–400 ◦C followed by a decrease of K. The second
type of curves (Figure 8b) shows an unusually large
and irreversible increase of susceptibility up to 250 ◦C
(possibly related in part to some strain release), fol-
lowed by a sharp decrease between 250–350 ◦C, and
an almost reversible phase for which a pseudo Curie
point of about 580 ◦C was estimated using Prevot
et al. (1983) method. The last type of curves (Fig-
ure 8c) is almost entirely reversible, with a Curie point
around 580 ◦C. The magnetic phase, stable up to about
300 ◦C, is likely to be a titanomaghemite which is
typical in sub-marine basalt and well-known for its
thermal instability above 300–400 ◦C. The magnetic
phase with a 580 ◦C Curie point corresponds to a pure
magnetite.

For the first two types of K/T curves, the clas-
sic question is whether the magnetite forms from
titanomaghemite during the laboratory experiments,
leading to the question of the reliability of the di-
rections defined at high temperatures. The facts that
some samples contain only magnetite, that the type
of K/T curves and the number of components are not
related, and that similar characteristic directions are
obtained for all K/T curves, indicate that the high tem-
perature components are chemical remanent magne-
tizations acquired during hydrothermalism which ac-
companied the emplacement of submarine lava fl ows.
It is expected that most of the breakdown of the ti-
tanomaghemite had occured during the first hydrother-
mal event, related to the emplacement of the lavas,
but it is possible that later hydrothermalism (V2 hy-
drothermal event on V1 rocks, for example) may still
transform the rocks leading to a later remagnetization.
Although newly formed magnetite commonly forms
rims on titanomagnetite grains, many tiny grains form
from the alteration of clinopyroxene (or olivine in V2),
and from volcanic glass.

Discussion

Mean V1 and V2 results per massif are summarized in
table 3 and plotted for each volcanic series in Figure 9.
In addition to results presented in this paper, the V2
result obtained from Salahi (Perrin et al., 1994) and
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Figure 8. Characteristic K/T curves.

a result obtained by Thomas et al. (1988) on radiolar-
ites (considered as equivalent of V2) from the southern
Sumail massif are included. No examples of antipodal
directions were found within either the V1 or the V2
units. Both V1 and V2 units were emplaced during
the Cretaceous Superchron (long normal polarity in-
terval), which lasted from the early Aptian (around
114 Ma, Odin and Odin, 1990) to the late Santonian
(around 83 Ma, Odin and Odin, 1990). As discussed
above the magnetization of the lavas is thought to have
been acquired shortly after deposition of the lava, we
consider therefore their characteristic directions to be
of normal polarity.

Except for the Sarami direction found with the
1999 samples, all V2 directions are fairly coherent
for the northern part of the ophiolite. This indicates
that, prior to V2 magnetization, the northern part
of the ophiolite behaves as one tectonic unit. How-
ever, difference exists between the V1 directions of
the northern area, with the Hilti and Sarami values
in good agreement but different from the Aswad and
Wuqbah directions. Two hypothesis are possible to
explain this difference: (i) the directions found for
Aswad and Wuqbah are in fact later remagnetizations,
acquired during hydothermal activity related to the V2
emplacement, or (ii) differential rotations occurred be-
tween the extreme northern tip, and maybe the western
side, and the main center part, with unification of this
northern area by the time of emplacement of the V2
units. The large similarity between the magnetic prop-
erties of the sampled rocks and the characteristic of
the thermal events in the various massifs suggests a
comparable mechanism of remanence acquisition in
the whole domain. Because of the large difference be-
tween the V1 and V2 characteristic directions from
Hilti, the CRMs carried by these two sets of direc-

tions could not have been acquired during the same
hydrothermal event. Because of these two observa-
tions, we favored the tectonic hypothesis to explain the
directional difference between the various massifs. If
the V1 directions are considered to have been acquired
early at the ridge, then a clockwise rotation around
26◦ is necessary to fit the V1 to the V2 directions
obtained from the Aswad massif (counterclockwise
rotation of the massif) compared to a counterclock-
wise rotation to fit the V1 to the V2 directions from
the Hilti and Sarami massifs, respectively on the order
of 43 and 47◦ (clockwise rotation of the Hilti-Sarami
bloc), a movement occurring before the magnetization
of the V2 lava. Geologic evidence exist (Nicolas et al.,
2000a) for a counterclockwise rotation of the Aswad
massif north of the Wadi Hatta suture zone but not for a
clockwise rotation south of the suture zone but it could
well be that one massif is rotating counterclockwise
in a generally clockwise obduction. The absence of
V1 results for the Fizh massif may preclude further
testing of a model for differential rotations between
the Aswad and Hilti-Sarami massifs.

Directions obtained from the Tayin-Sumail mas-
sif are very different from those of the northern area,
with an angle of 106◦ between the V1-North and V1-
South and 95◦ between V2-North and V2-South. This
indicates a large rotation of the northern relative to
the southern parts of the ophiolite. But obviously the
only data set available is not enough to propose any
general evolution of this extremely complex southern
domain. However, it is worse noting that an counter-
clockwise rotation of about 36◦ is necessary to fit the
V1 to the V2 directions of the Tayin-Sumail massif,
on the same order as for Hilti and Sarami. Because
of the absence of additional volcanic outcrops suitable
for a paleomagnetic sampling in the southern massifs,
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Figure 9. Mean directions of magnetization (stratigraphic coordinates) with confidence circles for V1 and V2 series grouped by massif (full
circles and solid lines indicate lower hemisphere, open circles and dashed lines upper hemisphere).

it is very unlikely that the understanding of the relation
between the northern and southern parts of the Semail
ophiolite will be gained from the volcanic sequence,
and a sampling of the gabbros of the southern area
(Weiler, 2000) was alternatively carried out during the
1999 campaign.

Conclusion

The interpretation of the paleomagnetic results ob-
tained from the volcanic sequence of the Semail
ophiolite is not unambiguous, as the timing of the
magnetization of the series cannot be surely estimated.
However, if the paleomagnetic results are taken at
face value, they tend to question the tectonic unity
of the northern part of the Semail ophiolite (Aswad,
Fizh, Hilti, Sarami and Wuqbah massifs) at the time of
emplacement of the V1 lavas but, by the time of em-
placement of the V2 series, this northern domain can
be considered as one tectonic unit. On the contrary,
the relative movement between this northern part and
the southern domain (Tayin-Sumail massif) seems to

have happened after emplacement of the two volcanic
series.
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Résumé
La compréhension de la dynamique interne du noyau terrestre nécessite l’observation des
fluctuations du champ magnétique en des sites répartis uniformément à la surface du globe
pour différentes périodes de temps. La première partie de cette thèse présente les résultats
d’une étude paléomagnétique, en direction et en intensité, réalisée sur des laves oligocènes
de l’archipel des Kerguelen (49

	
20’S, 70

	
20’E) en vue de compléter les bases de données

internationales. Celle-ci a permis d’évaluer la dispersion angulaire inter-coulées entre 21.2 et
21.8

	
par rapport au pôle géographique. Cette estimation de la variation paléoséculaire oli-

gocène est en accord avec le Modèle G de McFadden et al. (1991) pour la période 22.5-45
Ma. Les 12 déterminations de paléointensité reportées sont les premières d’une bonne qualité
technique obtenues pour cette région. Le moment dipolaire virtuel moyen leur étant associé
(
���������
	������� � ����� �

), est plus élevé que la valeur précédemment estimée pour l’oligocène.
Néanmoins, il reste bien inférieur a la valeur moyenne obtenue pour les périodes récentes
( � 0.3 Ma), qui semblent anormalement élevées.
D’autre part, le travail réalisé au cours de cette thèse contribue aux recherches géologiques
menées à Kerguelen en apportant des contraintes propres au paléomagnétisme. A partir
d’études de la fabrique magnétique, une meilleure localisation des centres éruptifs des dif-
férentes provinces volcaniques ainsi qu’une chronologie détaillée de la mise en place d’une
section de la partie Sud-Est de l’archipel, sont proposées. Le report sur une échelle magnéto-
stratigraphique globale des successions de polarité observées pour cinq sections a permis par
ailleurs de préciser leurs intervalles de temps de mise en place et réviser ainsi l’estimation de
leurs taux d’éruption respectifs.
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Abstract

Numerous observations of the magnetic field variations, uniformly distributed on the Earth’s
surface for different time windows are needed to improve our knowledge on the inner-core dy-
namic. The first part of this work reports a paleomagnetic study, direction and intensity, carried
out on oligocene lava flows from the Kerguelen archipelago (49

	
20’S, 70

	
20’E) in order to im-

plement international databases. A between-flow angular standard deviation of 21.2 to 21.8
	

from the geographic pole has been computed. This estimation of the oligocene paleosecular
variation agrees with McFadden et al. (1991) Model G for paleosecular variation between 22.5-
40 Ma. The 12 new paleointensity determinations reported are the first estimations obtained
for this archipelago with good technical quality. The mean VDM of

����������	������� � � ��� �
increases

the mean oligocene estimate but is still lower than recent value ( � 0.3 Ma), which seems ab-
normaly high.
Moreover, this work brings additional constraints to the geological researches carried out on
Kerguelen. We proposed a better location of the eruptive center for the different magnetic pro-
vinces and a detailed chronology of emplacement for a southeastern site by means of magnetic
fabric studies. Correlation of the polarity successions for five sections with a global geomagne-
tic polarity scale allowed refinement of the emplacement time of these volcanic sequences and
consequently reevaluation of their extrusion rates.


