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Les exemples qu'on prend Pour Prouver d'autres ehoses, si on

voulait prouver Ies exemples, on Prendrait 1eE autres choses Pour en

être les exemples ; car, comme on croit toujours que Ia difficulté est à

ce qu'on veut prouverr on trouve les exemples plus clairs et aidant à le

montrer. AinEi, quand on veut montrer une chose généraIe, il faut en

donner  Ia  règ le par t ieu l ière d 'un e45. . .

Pascal

(Les Pensées)

meg parents,

Myriam, Nicolas, 0livier et Laurent
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P R E I I I E R E  P A R T I E

CONTRIBUTIOII A L'EI'T'DE DES I.IECÀNISI,IES DE

FORl.lATIOll DES I,IARGES COffiIilEI|IALES PAS$MS





I . INTRODUCTION

Les hypothèses de formation et d'évolution des marges passives

en extenEion font appel à un ou plusieurs mécanismes. Elles peuvent être

divisées en quatre groupes :

- Ie fluage de Ia eroûte continentale inférieure en direetion de

1'océan sous I 'effet d'une surcharge différentiel le (Bott,

1973)  ;

le métamorphisme cruEtal qui, par augmentation de la densité

des roehes de Ia croûte inférieure, entraine une subEidence

(Falvey, 1974 ; Artemjev et Artyushkov, 1971, ;

I'amincissement crustal par soulèvement et érosion (51eeP,

1971 r, pâF étirement uniforme (McKenzie , 1978 ; Le Pichon et

Sibuet, 1981), ou par intrusions volcaniques (Royden et aI.,

1 9 8 0 ) .

- 1'amincisEement par fai l les plates (Wernicke, 1985). '

sun les marges très EédimentéeE, Êomme Ia marge nord-amérieaine,

I'effet de la 
. 

surcharge sédimentaire peut êtne retiré par

"backstripping" (e.9. l tatts et Steckler, 1979 ; Beaumont et aI.,  1982)

pour accéder à la subsidence tectonique. Cependant, la rigidité

flexurale de Ia lithoEphère, la compaction des sédiments, 1a

paléobathymétrie et leE mouvementg eustatiques sont des facteurs dont

t 3



f indétermination ou leE êrreurs affectent Ia détermination de la

Eubsidence tectonique. Cette subsidence tectonique 5e décomPose en une

Eubsidence initiale, produite lors de Ia formation de la marge, suivie

d'une subsidence thermique. L'amplitude de Ia subsidence initiale déPend

des mécanicmeE de formation de la mârge ; Ia subsidence thermique est

due au refroidissement de la litho=phère et dépend également des

mécanismes de formation de Ia marge.

En revanche, sur les màrges passives peu sédimentées, comme dans

l 'Atlantique Nord-Ëst, i l  n'est pas possible de déterminer la subsidence

tectoniquê âvec une précision suffisante, parce que Ia paléobathymétrie

est trop imprécise en domaine bathyal inférieur. Cependant, comme les

épaisseurE sédimentaires sont très faibles, nous Pouvons accéder aux

styles de déformations des séries antérifts et de la crotte continentale

supérieure. En Particulier, }a géométrie des systèmes de failles

normales ou listriques permet de contraindre les modèIes de formation

des marges (e.g.  Montader t  e t  a1. ,  1979 ;  Le Pichon et  $ ibuet '  1981) .

Partant de I'ensemble des données géologiques et géophysiques

obtenues sur les marges de I'Atlantique Nord-Est, Ie but de ce travail

eEt de définir les directionE de 1'extension pour les différents

segnents de marges, puis de contraindre les modèles de formation des

t 4



marges, afin d'essayer de quantif ier 1'extension. Le schéma proposé est

un essai d'intégration des eontraintes géologiques .et géophysiques

actuellement à notre dispoEition, sachant que les futures données sur Ia

structure profonde deE marges Pourront le remettre en cause très

rapidement. LeE premières conséquences cinématiques de ce schéma sont

examinées.

l 5



II . ESTIMATION DE LA DIRECTION DEs PALEOCONÎRAINTES LORS DE LA PHASE DE

RIFTINS DES MAR€ES DE L'AÎLANTIOUE NORD-EST

Les marges continentales de I'Atlantique Nord-Est se sont

formées Far distension du Jurassique supérieur au Crétacé moyen, au

cours d'un ou de plusieurs éPisodes de ri f t ing (e.9. Mauffret et

Montadert, 198?). De 1'éPeron de Goban au banc de Çalice, el les

présentent généralement deE structures en blocs baEculés (e.9. Montadert

et al.,  1979 ; Le Pichon et Sibuet, 1981 ) caractérist iques de 1a

déformation cassante de Ia partie Eupérieure de Ia croûte continentale.

Si la,direction de 1a contrainte principale est paral1èle aux directionE

des zones de fractures en domaine ocÉanique, êI revanche il est

diff ici le d'estimer les directions deE contraintes horizontales

principales lors de l'épisode de rifting. En effet, nous ne disPosons

sur les marges passives que d'élémentç Etructuraux Pebmettant de déduire

des cartes de fracturation ou des rosaces de directions d'accidents,

'pondérées. Ou 'non pondérées', suivant que l'on tient comPte ou non de

Ia tai l le de chaque accident (Lallemand et Sibuet, 1?86).

LeE accidents structuraux sont d'ailleurE to,,r.r*na restreints aux

fai l les normales l imitant les blocs baseulés, sans qu' i l  soit Possible

de mettre en évidence une composante de cisaillement éventuelle le long

de ces failles. Sur eertaines marges, eomme la marge de I'éPeron de

1 6



Goban, des failles plus ou moins perpendiculaires aux précédentes

délimitent deE pënneaux de blocs basculés. Le Pichon et Sibuet (1981)

ont montré que de telles failles pouvaient préEenter des reiets

verticaux et horizontaux variables le long de leur tracé. Finalement,

une dernière famil le de fai l les correEpond au rejeu d'éléments

structuraux antérieurs repris au cours de 1'épisode de ri f t ing (e.9,

Lal lemand et  S ibuet ,  1986) .

Excepté pour Ia mer Rouge ou le golfe de Suez, on ne dispose que

rârement d'observations de terrain par submersible permettant des

mesures de teruain sur 1es objets géologiqueg appropriés. Nous sommeg

donc limités à I'utilisation de résultats de modèles expérimentaux et

analytiqueE appliqués aux seules donnÉes structurales.

Dans les rifts continentaux ou sur les marges passives, Ia

direction du déplacement relatif des plaques est perpendiculaire ou

oblique à 1a direction du ri f t  (ou à la l imite océan-continent). Dans Ie

cas d'un ri f t ing oblique, les deux compogantês d'extension et de

cisaillement, respectivement perpendiculaire et parallèIe au rift,

contribuent à Ia formation de celui-là. Le rapport des amplitudes des

composantes d'extension et de cisaillement dépend de I'ang1e ai€u u

entre les directions du rift et du mouvement relatif entre leE côtés

opposés du ri f t .  l^ l i thjack et Jamison (1?86) ont décrit  I 'état des

contrainteE et Ie réseau de failles normales et de cisaillement produit
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par un rifting oblique, ên utilisant indépendamment des techniques

analytiqires et expérimentales. Nous nous ProPosons d'aPpliquer ces

techniques aux mêrges de I'Atlantique Nord-EEt et en Particulier à

différents segments des mârges du golfe de Gascogne. En effet, de

nombreux autêurs (e.9. Bacon et Gray, 197A I Montadert et l^linnock, 1971 i

Boil lot, . l984) ont suggéré que le mouvement relati f  de Ia péninsule

ibérique par rapport à I'Europe stable, eu cours du rifting Crétacé

inférieur, se faisait en direction du sud-ouest. En revanche, sur Ia

base d 'arguments c inémat iques (e.g.  Choukroune et  a I . ,  1973;  0 l ivet  e t

ê1. ,  1984 ;  Savost in  et  a I . ,  1986)  re la t i fs  à  la  d i rect ion du mouvement

de l'Afrique par rapport à I'Europe au cours du Crétacé inférieur, ce

mouvement Ee ferait plutôt en direction du sud-est et se prolongerait

par le même type de mouvement au cours de la formation du domaine

océanique du golfe de êascogne, En dépit des restrictions propres à la

méthode de l l i thjack êt Jamison (1986), i1 est posEible de I 'ut i l iser

pour choisir entre ces deux hypothèses danE leEquelles 1a direction du

mouvement de I'Ibérie par rapport à l'Europe diffère de 90o au cours du

n i { t i n o
r  - r  L + . . È r

l 8



1)  Méthode de  t f i th iack  e t  JamiEon (1986)

Le dispositif expérimental est constitué Par deux Plaques

verticaleE de 30 cm de longueur, distantes de 23 em et dont l'une est

fixe. La base .du dispositif est un ruban de caoutchouc simulant Ie

comportement ductile de Ia partie inférieure de la croûte, Une couche

d'argi le molle de 2,5 cm d'épaisseur simule }e comportement fragile de

}a croûte supénieure. L'axê du rift est parallèIe êux Plaques

verticaleE. La plaque mobile est dép1acée parallèlement à Ia plaque fixe

suivant un angle fl pouvant varier de 0o (eisaillement Pur) à 90o

(extension pure) par rapport à 1a direction du rift. Des marques

circulaires à Ia surface de I 'argi le donnent 1'état des contraintes
I

avant expérimentation. Au cours de 1'expérience, 1es cercles 5e

déforment en ellipses dont leE grands axes sont dans Ia direction de Ia

plus grande extension horizontale (€rrr ) et les petits axeE dans la

direetion de la plus grande contraction horizontale (€rre). Les rapports

des longueurs des axes àu diamètre initial des cercleE donnent les

valeurs des déformations principales horizontales. La valeur de Ia

déformation principale verticale €- egt calculée en suPPosant qu'iI n'y

a pas de changement de volume au cours de I'expérience. Ce modèIe

d'argile trèE simple ne rend compte ni de 1a nature hétérogène de la

croûte, ni évidemment du facteur temps, sachant que I'aPParition d'un
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r i f t  océanique ne se fait qu'après plusieurs dizaines de M.a,. Néanmoins,

i l  semble que si Ia vitesse de déformation affecte I 'espacement et 1e

décalage deE fai l les, el1e n'affecte pas leur direction (Bain and Beebe,

1 9 5 4  ; O e r t e 1 ,  1 9 6 5 ) .

tJithjack et Jamison (1986) ont calculé analyt iquement . les

contraintes et I'orientation des failles aPrès un déPlacement

inf initésimaI, ainEi que Ia déformation après des mouvements f inis. I1

existe une très bonne correspondanee entrë les résultats expérimentaux

et analytiques. La figure 1 montre la rosaee des directions de fraetunes

par rapport à Ia direction R du rift, ainsi que }a direction de Ia plus

grande déformation horizontale €nr pour différentes valeurs de 1'angle

fr.

rJithjack et Jamison (1?86) ont appliqué les résultats de leurs

modèles aux golfeE de Californie et d'AdÊn, deux rifts continentaux

miocènes produits par un rifting oblique. I1s exPliquent ainsi la

présence et I'orientation deE failles normales à composante de

cisaillement et de failles de cisaillement 1e long des marges du golfe

de Californie, mais aussi Ia direction oblique Per râPPort au rift de

nombreuses failles normales observées Ie long des marges des golfes de

Cal i forn ie et  d 'Aden.
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Figure 1 : Diagramme de directions des failles prédites Par le modèIe de

rif t ing oblique développé par t l i thiack et Jamison (1986). R

est la direction du ri f t .  L'axe f léché indique la direction

du déplacement entre les côtés opPosés du rift. 5*' est la

direction de Ia plus grande déformation horizontale. Les

Iignes avec les petites fIèches indiquent la direction des

failles à composante déerochante. Les lignes avec hachures

corresPondent aux failles normales.
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a) La marge de I'éPeron de 6oban

La rnarge de l'éPeron de Êoban est limitée Par 1a baie de

porcupine au nord-ouest et 1'escarpement Jean-Charcot au sud-est. ElIe

présente une structure globalement cylindrique sur une centaine de

kilomètreE de longueur (figures 2 et 3) et résulte du mouvement relatif

des plaques Amérique du Nord et EuroPe. E]le a été créée Par

amincissement crustal âu cours de la phase de rifting datÉe du Crétacé

infér ieur  à l 'A lb ien moyen (Masson et  a I . ,  1985) .

Une carte structurale détai l Iée (f igure 4) a été établie à

partir de 1'ensemble des données de sismique réflexion monotnece et

mult i trace obtenues dans cette région (f igure 5, Sibuet et aI.,  en

préparation). La marge de l'éFeron de Goban est caractérisée Par la

présence d'une série de blocs basculés dont les PlanE de failles

normaleE sont orientés N161o (table 1), de horsts et grabens (f igure 6)

parfoiE l imités latéralement par des fai l les orientées N68o (table 1 ) de

même orientation que les zonêE de fractures identifiées dans Ie domaine

océanique adjacent. 11 faut cependant noter Ia présence d'un accident

majeur orienté N132o (table 1), recoupant I 'enEemble du domaine. C'est

probablement un accident ancien ayant reioué courE de

cisai l lement1'épisode de rifting en faille normale avec comPosante

dextre.

au

de
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La l imite continent-océan suit probablement Ie pied de la r ide

topographique en bas de pente qui avait été interprétée comme un bloe

basculé érodé dans sa partie sommitale avant les forageE du leg 80 (de

Graciansky, Poag et â1. , 1 985a). Les résultats du site 551 (de

Graeiansky, Poag et aI.,  1985b) ont montré I 'existence sur Ia r ide d'une

coulée basaltique plane sous Ia craie du Cénomanien supérieur. Une

anomalie magnétique dipolaire al1ongée de forte amplitude, associée à

cette coulée basalt ique, définit  son extension latéra1e (f igure 7).

Cette coulée s'est mise en place à la f in de 1'épisode de ri f t ing danE

le demi-graben limité par les deux rides topographiques en bas de pente

(f igure 4). Une vitesse de 5,5 km./s est attr ibuée à ce corps volcanique

à partir des données de sismique réfraetion obtenues à I'aide de

sonobouées mises en oeuvre êu cours de la campagne Norestlante II

(S ibuet  e t  a I . ,  en préparat ion) .

Le profil tlAM, réaliEé en 1985 dans Ie cadre des Programmes

BIRPS et ECORS, passe par Ie Eite 551 et est orienté perPendiculairement

à la direction de 1a marge. 11 montre que cette coulée volcanique s'est

probablement propagée vers le Nord-Est à partir de eentres d'émission

localisés au niveau de la dernière ride toPographique (figure 8)' Aucun

réflecteutr n'est observé au sein de cette ride. En revanche, une croûte

inférieure 1itée, ayant les mêmes caractéristiques lithologigues qu'en

mer Cel t ique (Cheadle et  a} . ,  1986) ,  ex is te sous Ia  r ide mais d isParaî t

29
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à 1a l imite continent-océan proposée (f igure 4). Cette r ide ferait donc

encore partie du domaine continental aminci et serait un bloc basculé

largement affecté Par un volcaniEme de type "haut marginal", souvënt

décrit dans 1a littérature, et mis en place dans la Pârtie profonde du

bassin, juste avant Ia séParation des continents.

La l imite continent-océan (f igure 4) comespond à une série de

segments orientés N'162o (table 1), déca1éE Par des zones de fraetureE

marginales. Les directions de I 'axe du ri f t  (R) et des fai l les normales

(NF) sont donc voisines ; les fai l les de cisai l lement (F) '  peu

nombreusesn sont approximativement perpendiculaires aux failleE normales

( f igure 9) .  L 'appl icat ion,  t r iv ia le  ic i ,  de la  méthode de Wi th iack et

Jamison (1996) montre que le déplacement entre les côtés oPPoEés du rift

( ici  les mêrges de 1'éperon de Goban et Nord-Américaine), et la

direction er*r de la plus grande déformation horizontale en tension, sont

confondues et orientées N72o. La marge d'e l'éperon de Goban eEt done une

marge en extension purë (fi = ?0o). Les zones de fractures en domaine

oeéanique étant orientéeE N70o entre la limite corrtinent-océan et

I 'anomal ie  34 (Sibuet  e t  â1. ,  1984) ,  Ia  d i rect ion du mouvement  de

I,Amérique du Nord par râpport à l'gurope est donc conEtante (N70o) du

Crétacé inférieur au Crétacé Eupérieur, e'eEt-à-dire au cours.du ri f t ing

et de la formation du domaine océanique le Plus ancien.
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Figure 9 : Diagrammes de ttithjack et Jamison (1986) correspondant aux

différentes marges de I 'Atlantique Nord-Est (table 1 ). Même

légende des symboles que dans 1a figure 1.
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b) Ia marge celtique

La marge celtique a été particulièrement étudiée Ëu courE des

phases de préparation puis d'exPloitat ion du leg DSDP 48 (e.9.

Montader t ,  Rober ts  et  a l . ,  1979 ;  Montader t  e t  a l . ,  1979) .  E l Ie  résu1te

du mouvement relatif deE plaques Europe et Ibérie mais présente une

structure générale moins cylindrique que celle de Ia marge de 1'éPeron

de Goban (Lallemand et â1. , 1 985a et b) . ElIe a été créée Par

amincissement crustal au cours de Ia Phase de rifting qui aurait

commencé au JuraEsique supérieur - Crétacé inférieur et se serait

terminée au Barrémien, du fait de l 'absence de I 'anomalie J dans le

golfe de Easeogne, ou à l 'Albien d'aPrèE Montadert et aI .  (1979).

La cârte structurale détaillée de Ia figure 10 a été établie à

partir de l,ensemble des données de sismique réflexion disponibles en

1978 (Montadert et a1., 1979). La marge celt ique eEt earactériEée Par Ia

présence d'une série de bloes basculés l imités par des fai l leE normales

orientées N115o entre 1eE longitudes 90 et 10oll  (table 1). Entre les

Iongitudes I et 9oU, leE fai l les orientées N83o (table 1 ) l imitent les

bordures des escârpements de Meriadzek et de Trevelyan. El1es ont été

réaetivéec au cours de Ia phase de compreEEion Pyrénéenne, les rejeux

verticaux pouvant atteindre 1 500 m dans Ie canyon de Shamrock (Pastouret

et al. ,  1 981 ). Des fai l les normaleE aPPartenant à }a famil le de

1. /,



\ /
|  À ^  .  a

gon Spur m0rgrn /

Cel t ic  morgin

. T 5

fiffi
',,r. ̂/ )ii),::,,
./7rrr 

"'/,;;;;.;;;;.;ïii;)
I
2
z

4
R

6
7

qrfr)

50.'
N

4 8 0

Figure 10 : Schéma struetural des marges de I'éperon de Goban et
cel t ique (d'après Montadert  et  al . ,  1979, montrant Ia
distribution géograpl:ique des surfaees d'érosion. LéËende
des symboles :  1 )  s i tes des forages DSDP ; 2) fai l les
tranEverseE ;  3) fai l les normales ;  4) surfaces d'érosion
Crétacé infér ieur ;  5) l imite cont inent-océan ;  6)
eompression Tert iaire '  infér ieur i  7) pl is ou fai l les
Tertiaire irrférieur.
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directions N1150 existent également dans ce secteur. Nous supposons donc

que leE failles normales de 1a marge celtique sont essentiellement

représentées Par  Ia  fami l le  N1150.

Le Echéma de 1a f igure 10 fait ressort ir un réseau de fai l les

trangverEes sensiblement perpendieulaires à la direction générale des

marges de l'éperon de 6oban et celtique. La PluE grande partie de ces

faiIleE n'ont pas été observées sur les profilE sismiques obtenus

perpendieulairement à 1a direetion des marges. Elles ont été déduites de

Ia répartition des failles normales observées. Le nouveau schéma

structural de la marge de l 'éPeron de 6oban (f igure 4), étab1i à Part ir

de I 'ensemble trèE dense de profi lE sismiques (f igure 5) obtenus

perpendiculairement et Parallèlement à la direction de Ia mârge'

illustre bien le fait que leE failtes transverses Eont Peu nombreuses.

De p1us, lorsqu'un réseau Eerré de lignes Eismiques est disPonible,

Chenet et aI. (sous presse) ont montré que très souvent iI n'existe Pas

de fai l leE perpendiculaires à Ia direction des ri f ts continentaux

décalant les extrémités des fai l les normales en-échelon. I1 en est

probablement de même pour la marge celtique où Ie réseau de failles

transverses orientéeE N240 (table 1 ) est certainement moins dévelopPé

qu' i1  n 'apparaï t  sur  Ia  f igure 10.

La limite continent-océan, identifiée à Partir de quelques

profils de sismique réflexion et de magnétiEme, est assez mal définie
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(en t re  N100o  e t  N138o ,  t ab le  1  ) .

Les diagrammes de {l|ithiack et Jamison (1986) suggèrent que

l 'angle u est voisin de 3Oo (f igure 9), La direction adoPtée Pour Ie

r i f t  (N135o)  est  a lorE proehe d 'une deE bornes ext rêmeE ( tab le 1) .  Au

courE du rifting, Ie mouvement de }a marge nord-espagnole Par raPPort à

la marge celt ique aurait suivi Ia direction N1650 et la direction eHr de

Ia pluE grande déformation horizontale en tension serait N150.

c) Ia marge efinorlcar.ne

Contrâstant avec les marges celtique et de l'éPeron de Goban, Ia

marge armoricaine présente une pente continentale abrupte. Linéaire Eur

300 km de longueurn el le est orientée N135o. ElIe a été interprétée par

Le pichon et al. (19?'t) comme une marge en cisai l lement, du fait de son

para11èIisme avec les directions d'ouverture du domaine océanique

adjacent. La pente continentale étant abruPte, les bloes basculés ne

sont réellement observéE que dans 1a partie inférieure de la marge où

i1E sont enfouis sous les sédiments Postri f ts, (Barbier et aI.,  1986 ;

Le pichon et Barbier, 1987). L'orientation deE blocs baseulés n'est donc

pas directement accessible. Cependant, une êtude Etatistique de Ia

direction deE canyons (Lallemand et Sibuet, 1986) montre que la pluPart

des eanyons Elt ivent les directions N2Oo-30o' N4Oo et N60o (f igure 11'

37



Con jugoted  sys tem
l h e  m o i n  s h e o r  f o u l t s
the  Armor icon Moss i f

-l

-30 0 30
,  N S

D i r e c t i o n s  o f  c o n y o n s  (  i n  d e g r e e s )

: Directions des canyons sur la marge armoricaine. Le5 zones

3a et 3b correspondent aux Portions de marges orientées

respectivement Nl35o (la PIus grande part ie de Ia marge

armoricaine) et N11Oo (au nord du Plateau de5 Landes). Les

directions gravitaires correspondent aux ligne= de Plus
grande pente. Le nombre normalisé d'événements est Ia

fréquence des longueurs eumulées de segments de canyons
exprimée en fonction de Ia direction des canyons (Lallemand

e t  S ibue t ,  1986) .

o f
o f

tn

c,
(l)

q,

o

c,
1

E
=
E

E
(l,
N

0
E

o
z.

-90
E W

Figure 1 1

N 3o (1o3v ' )

m 3b  (26v ; )

3B



table 1 ). Les directions N20o-30o et N40o sont des directionE de plus

grande pente et pourraient être d'origine gravitaire. La direetion N60o

pouruait correspondre à des failleE avee compoEante de eisaillement. La

l imite continent-océan eEt orientée N135o (Derégnaucourt et Boil lot,

1982) paral lèlement à Ia direction générale de Ia marge armoricaine.

Les diagrËmmes de t l i thjack et Jamison (1986) suggèrent que c =

0o (cisai l lement putr, f igure 9). Les directions observées N40o et N60o

correspondent au secteur des failles de cisaillement dextre deE modèles

expérimentaux et analyt iqueE de t l i thjack et Jamison (1?86, f igurp 1). La

direction de plus grande pente N40o serait donc également une direction

Etructurale. Au cours du rifting Ie mouvement de la plaque Ibérie par

rapport à Ia plaque Europe aurait Euivi la direetion N135o et la

direction exr de la plus grande déformation horizontale en tension

Eera i t  N1 78o.

d) la marge nord-espa€nole

La marge nord-espagnole, globalement orientée E-W, était

I'homologue de la màrge celtique avant I'ouverture du golfe de Gaseogne.

EIle a été repriEe au cours du Tertiaire inférieur par la tectonique

compressive liée à Ia phase pyrénéenne avee formation du fosEé marginal

nord-espagnol  (e .g.  S ibuet  e t  Le Pichon,  1971 ;  Boi l lo t  e t  a l . ,  1979) .
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ElIe présente une pente continentale abrupte qui contraste avec Ia

morphologie de Ia marge celt ique. Les directionE principales de

fractures, généralement attribuéeE à Ia teetonique hereynienne ou tardi-

hereynienne, ont été reprises au cours du rifting pui.s lors des phases

de compression tertiaire, comme I'ont montré les plongées du submerEible

Cyana (groupe Cybère, 1984). C'est ainsi que les fai l les normales qui Ee

sont développées lors de 1'épisode de ri f t ing ont rejoué en fai l les

inverses au eours de Ia eompreEsion Eocène (f igure 12 ; Témine, 1984).

Leur direction est N62o (table 1) dans 1a région de Ia f igure 12. La

même direction caractérige ce type d'accidents tout le long de la mârge

nord-eEpagnole et guide Ie cheminement des canyonE (figure 13, Lallemand

et  Sibuet ,  1986) .  Les fa i l les t ranEverseE sont  or ientéec N133o ( tab1e

1). La l imite continent-océan actuelle, située êu pied de la pente

eontinentale, ne correspond plus à la l imite eontinent-océan init iale.

En I 'abEence d' indication précise, nous prenonE donc comme direction du

nift  Ia direction générale N95o de Ia port ion oecidentale de la marge

nord-espagnole.

Les diagrâmmes de Withjack et Jamison (1986) suggèrent que c =

45o (f igure 9). Au cours du ri f t ing, Ie mouvement de Ia P1aque EuroPe

par rapport à la plaque lbérie aurait donc Euivi la direction N1 40o et

la direction €',. de Ia plus grande déformation horizontale en tenEion

40



l'E:-æl prisme d,taccrétion tectonique

+ + + Zone de socle

tfr Fallle no:male

n*- Faille inverse

L Decrocnemenc

Axe slmclJ.nal

A;<e anticlinal

Figure 12 : Schéma structural interprétatif du plateau et de la pente
continentale du promontoire dr0rtégal (marge nord-espagnole)
d 'ap rès  Témine  (1984) .
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sÊra i t  N  1  600.

e) la $arge ouest-ibérique

La marge ouest-ibérique (f igure 14a), située au sud-ouest du

banc de Galice senEu stricto, a fait I'objet de nombreusêg campagneg

océanographiqueE, notamment danE le eadre de la préparation et de 1a

valoriEation des forages IP0D (leg 478, Sibuet, Ryan et al.,  1979) et

ODP ( l eg  103 ,  Bo i l l o t  e t  â1 . ,  1985 ,  1986a) .  L ' éP isode  de  r i f t i ng  es t

daté JuraEsique supérieur à Barrémien-Aptien inférieur. I1 5e

décompoEerait en deux phaEes de rifting di.stinctes (Mauffret et

Montadert, '1987). Cette marge est carectérisée per une série de blocs

basculés orientéE nord-sud, à forte extension latérale (50 km). Les

fai l les normales l imitant leE blocs bascuiés sont orientées N3o (f igure

14b, table 1). Dans 1e voisinage de la transit ion continent-océan, des

pér idot i tes ont  é té draguées (Boi l lo t  e t  a I . ,  1980)  et  forées (Boi l lo t

et al.,  1985, 1986a) sur une structure topographique orientée nord-sud

et se prolongeant vers Ie nord jusqu'à Ia pente continentale du banc de

Galiee, oû 1es mêmes péridotites ont été draguées (f igure 14a, Sibuet et

ê1. ,  1987)  et  préIevées par  submerEib le (Boi l lo t  e t  ê1. ,  1986b) .

QuelqueE rares fai l les transverses, orientées N58o à N69o (f igure 14b,

table 1 ) décalent très faiblbment les blocs basculés de Ia marge
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(Thommeret, communication Fersonnelle, 1?87). Si nous suPposons'

première approximation, que }a ride de péridotites corresPond à

l imite continent-océan, I 'orientation du ri f t  eEt nord-sud (table 1 ).

LeE directions de 1'axe du ri f t  (R) et des fai l les normËIes (NF)

sont donc voisines. Les diagrammeE de Withjack et Jamison (1?86)

suggèrent que q = 90o (extenEion Pure, figure 9). Au eours du rifting

(nous supposons ici que les deux phases tectoniques mises en évidence

par Mauffret et Montadert (1987) corresPondent aux mêmes directions de

contraintes principales), Ie mouvement de la Plaque Amérique du Nord Par

rapport à I ' Ibérie aurait donc suivi 1a direction est-oueEt, et la

direction er*r de 1a plus grande déformation horizontale en tension

serait également est-oueEt.

2) DiscuEsion des résttltats

Les résultats eoncernant les mârges de I'Atlantique Nord-Est

sont récapitulés danE la table 2 et sur la figure'15. Tous les tyPes de

marges sont représentés, depuis les marges en extension Pure (0 = ?0o,

marges de 1'éperon de Goban et ouest-ibérique) jusqu'aux mërges en

cisaillemÊnt pur (fl = Oo, mêrge armoricaine), en Pê5sant Par les marges

à ri f t ing oblique (u = 30o, marge celt ique ; s = 45o, marge nord-

espagnole). Les directionE d'ouverture des domaines océaniques du golfe

en

1a
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Marge de I'éperon
de Goban

900 N730 N730

Marge celtique 300 N1  60 N1  660

Marge armoricaine oo N1 780 N1  350

450Marge nord-
espagnole

N1 600 N1 400

Marge ouest-
ibérique

Table 2 : valeurs de s (angle aigu entre la direction R du rift et la direction de

déplacement de la marge homologue par rËpport à 1a marge considérée),

Enr (direction de Ia plus grande déformation horizontale en tension) et
A (direetion du déplacernent relatif des plaques àu courE de I'épisode de

rifting Far rapPort à la marge considérée).

900 N900 N900
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Figure 15 : Schéma structural général de I'Atlantique Nord-Est et

linéations magnétiques en domaine océanique (gibuet et aI.,

1987). Signification des symboles : 1 ) front de

chevauchement nord-ibérique ; 2) failles tardi-hercyniennes ;

4) Limite continent-océan ; 5) directions d'ouverture de

I'Atlantique Nord-Est et du golfe de Gascogne ; 6) tracé des

. canyons sur les marges eontinentales. Les flèches et les

segments en trait gras représentent respectivement Ia

direction du déplacement relatif des plagues au cours de

l'épisode de rifting par rapport à ta marge considérée et 1a

direction de la plus grande déformation horizontale en

tens ion  ( tab le  2 ) .
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de Gascogne et de I'Atlantique Nord-Est sont reportées sur Ia figure 15

(Lallemand et Sibuet, 1986). 0n constate que Ies directions du

déplacement relatif des plaques, au cours du rifting, par rapport à Ia

plaque où se situe la marge considérée, Eont sensiblement para1Ièles aux

directions d'ouverture du domaine océanique adjacent, à 1'exception de

Ia marge oueEt-ibérique où I 'ang1e entre ces deux directions est d'une

vingtaine de degrés.

Cette correspondance est remarquable pour Ia marge de I'Éperon

de Goban (N73o, comparable à la direction N70o des zones de fractures

océaniqueE) et pour leE marges du golfe de Êascogne. Lallemand et Sibuet

(1986) ont nontré, à partir des directions des accidents antérieurs à la

phase de rifting, que la rotation de I'Ibérie par rapport à I'Europe

(depuis Ie Jurassique terminal) était voisine de 23o. Les marges

celtique et nord-espagnole étant homologues, Ia direction du mouvement

Ie long de la marge nord-espagnole àvant la phaEe de rifting serait de

14Oo + 23o = 1630, à comparer avec la direetion N166o comespondant à Ia

marge celtique.

De même, comme l 'avaient  montré Le Piehon et  a I .  (19?1) ,  Ia

direetion du mouvement le long de Ia marge armoricaine est parallèIe à

la direction de la mârge et à Ia direction d'ouverture du domaine

océanique adjacent. gi les mouvements de I'Amérique du Nord et de

l'Ibérie par rëpport à l'Europe se font dans la même direction, au cours
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de Ia phase de rifting et êu cours de la première phase d'accrétion

océanique, il doit en être de même pour 1e mouvement de l'Amérique du

Nord par rapport à I ' Ibérie. 0F, i l  existe un angle d'environ 20o

(figure 15) entre leE directions d'ouverture correspondant à la Phase de

rif t ing et à I 'accrétion océanique (paramètres de Olivet et aI.,  1984).

Cette différencê n'est peut-être pas signif icative, eu égard aux l imites

de Ia méthode uti l isée. EIle pourrait toutefois résulter d'un mouvement

anti-horaire du banc de Galice Par raPPort à I'Ibérie, au cours de la

phase de rifting, entrai.nant la formation du bassin intérieur situé

entre le banc de Galice et Ie plateau continental esPagnol. Cette

hypothèse pourrait expliquer 1'existence de deux épisodes distinctE de

rifting (oxfordien-Kimméridgien inférieur à Valanginien et Valanginien à

Hauterivien) bien qu' i I  ne soit Pas Possible d'aff irmer qu' i l  y ait eu

changement de direction de I 'extension d'une phase à I 'autre (Mauffret

et  Montader t ,  1987) .

La direction de 1a pIuE grande déformation horizontale en

tension E,{r rapportée à 1a Plaque EuroPe est de N16o Pour la marge

celt ique, N178o Pour la marge armoricaine et de N3o (N160o + 23o) pour

la marge nord-espagnole. La valeur moyenne de €x., est N6o, c'est-à-dire

approximativement nord-Eud Pour les mârges du golfe de Gascogne, au

cours de l'épisode de rifting. En ce qui concerne les marges en

extenEion pure de 1'éPeron de Goban et ouest-ibérique, €nr eEt
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pêrpendiculaire à Ia direetion générale des marges et de leurs blocs

baEeulés.

Une limitation importante de 1a méthode est qu'e1Ie ignore

I 'hétérogénéité de la croûte continentale. LaIlemand et Sibuet (1986)

ont montré que les directions strueturâIes anciennes étaient rePriEes

au cours de la phase de rifting. La déformation de Ia croûte

continentale fragile peut done être différente de celle du matériau

homogène deE modèIes. De plus, Ie direction du rift n'est pas forcément

identique à la direction de la l imite continent-océan. Ma1€ré ces

limitations, la cohérence deE résultatE obtenus sur 1es marges des

golfes de Californie et d'Aden (tJithiack et Jamison, 1986) et de

1'Atlantique Nord-Est est satisfaisante.

Les directions du mouvement des plaques Amérique du Nord et

Ibérie par rapport à l'Europe sont donc les mêmeE au cours du rifting

crétacé inférieur et au . cours de Ia phase initiale de formation du

domaine oeéanique ancien, Ceci conforte 1'approche de Olivet et al.

(1984) qui, sur la base d'arguments de cohérence des mouvements

cinématiques à 1'éche}}e de I 'océan Atlantique, ont montré qu' i l  est

impossible que le mouvement de I']bérie Par rapport à l'Europe suive, au

eourE de Ia phase de ri f t ing, une direction très différente de celle de

I'ouverture oeéanique. Le mouvement de l'Ibérie vers le sud-ouest au

eours de Ia phaEe de rifting, proposé par Bacon et 0ray (1970) et rePris

5 1



par Boil lot (1984), n'existe pas. Si I 'extension des marges au cours de

la Fhase de ri f t ing peut être estimée, i l  eEt alors Possible de

reconEtruire la position des continents autour de I'Atlantique Nord au

JurasEique terminal. t'objet du chapitre suivant sera de mieux cerner

les mécanismes de formation des mârges pour accéder à une estimation de

l'extension des marges au cours de la phase de rifting.
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I]T - MECANISMES DE FORMATION DE9 MARGE9 CONTINENTALES EN EXÎENSION :

EXEMPLE DE LA MARGE OUEST-IBERIAUE

A partir du modèle d'étirement homogène de Ia lithoEphère (Mc

Kenz ie ,1978) ,  Le  P ichon  e t  S ibue t  (1981)  e t  Le  P ichon  e t  a l .  ( 1982)  on t

proFosé Ie modèle du paquet de carteE basculant êvec un angle de plus en

fort en direction du domaine océanique. Ils se sont appuyés sur des

mesures de I 'extension superf ieiel le réaliséeE à part ir de Ia géométrie

des blocs baEculés obEervés sur les marges nord-Gascogne et ouest-

ibérique. Comme I 'extension superf iciel le est compatible avec

1'amincissement de la croûte continentale (f igune 16), i Is ont suggéré

que le méeaniEme d'étirement uniforme s'appliquait à 1'ensemble de }a

lithosphère. Les meEures de flux de chaleur réalisées sun la merge

celt ique sont eompatibles avec un teI modèle (Foucher et $ibuet, 1980).

Cependant, Chenet et al. (1983) ont mis en câuEe Ia val idité de

la méthode de détermination de I'extension superficielle en reprenant

f interprétation de ]a géométrie du bloc basculé uti l isé, à t i tre

d 'exemple,  pâF Le Pichon et  S ibuet  (1981,  f igure 17) .  Ce b loc basculé,

situé au pied de la terrasse de Mériadzek, était 1e seul exemple de

sismique mult i trace migrée, publié à cette époque. La queue du bloc, en

contËct avec la faille normale limitant le bloc amont, présente en effet

des fai l les antithétiques dont I ' interprétation en termes d'extension a



k
" \ *

J Ë
trEtr L

d\

l igure 16

- \  

( 1 r / p )

:  Relation entre I 'aminciEsement crustal et la profondeur (Le

pichon et sibuet, 1981 ). Les ovales correspondent aux

donnéeE de réfraetion, leE autres çymboles aux mesures

d' extenEion suPerf iciel le.
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été su jet te  à d iEcussion (Le Pichon et  a l . ,  1?gJ ;  Chenet  et  a I . ,  1983) .

pour pallier cette difficulté, 1a pluE grande partie des blocs basculés

retenuE ultérieurement pour le ealcu1 de I'extenEion ne présente Pas

cette eomplexité.

pour Brun et Choukroune (1983) et Brun et al. (1985), les blocs

basculés de Ia marge nord-GaEcogne auraient glissé par gravitê, 1e long

d'une surface de décollement eomespondant à I'interface entre la

couverture mésozoïque et Ie substratum hercynien. Le modèle d'étirement

uniforme ne s'appliquerait donc.pas, au moins Pour Ia Port ion de marge

où cette surface de déeollement, appelée "réflecteur 5" Par de Charpal

et  a I .  (1?78) ,  ex is te.  Cependant ,  Barb ier  e t  Le Pichon ( ' t986)  et  Le

Pichon et Barbier (1987) ont démontré que le réflecteur S

correspond, sous 1a marge nord-Gascogne, à une discontinuité tectonique

intracrustale recoupant des niveaux structuraux différents. De même, sur

la marge ouest-ibérique, si Boil lot et al.  (1985, 1?86a) croyaient avoir

montré, 5ur Ia base des forages du leg oDP 103, que Ie réflecteur s

pouvait correspondre à f interface entre la couverture sédimentaire

mésozoique et 1e subEtratum hercynien, ên revanche les plongées de Ia

campagne galinaute (Boil lot et â1., 1986b) ont établi  que les blocs

basculés contiennent des éléments de socle (granodiorites). Le

réflecteur S est donc bien un réflecteur intracrustal, contrairement à

I 'a f f i rmat ion de Brun et  Choukroune (1983) .
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1 ) Géométrie et nature de I 'horizon S sous Ia marse celt ique

L'horizon S eorrespond à 1a }imite inférieure des blocs

basculés. I1 a été mis en évidence sur les marges nord-Gascogne et

ouest- ibér ique ( f igures 17 et  18,  e .g.  Montader t  e t  a l . ,  1979)  mais est

absent sur Ia marge de l 'éperon de Goban (f igure 8). Les fai l les

limitant leE blocs baEculés sont généralement limitées au réfleeteur 5.

Parfois, elleE se prolongent sous le réflecteur S. Sous Ia marge nord-

Gascogne, le réfleeteur g plonge en direction du continent mais iI

n'est plu= identif ié sous Ia pente continentale.

A part ir d'une méthode d' inversion des vitesses sismiques

(init ialement proposée par Le Pichon êt à1., 1968), Barbier et al.

(1986) et Le Pichon et Barbier (1987) ont calculé 1eE viteEses

de tranche, 
'depuis 

le sommet des blocs jusqu'à I 'horizon Sn â part ir

d'un réseau régulier de 6 500 km de donnéeE de sismique réflexion

mult i trace. Près de 1a l imite continent-océan de 1a marge celt ique,

dans Ie secteur de Ia tertrasse de Mériadzek, une vitesse de 4,6 km./s a

étÉ calculée pour les sédiments antérif tE <fieure 19). En baE de pente

continentale, les blocE basculéE Eont plus épais. I1s sont constitués

d'une part ie Eupérieure 1itée, identique à cel le observée en bas de

marge, et d'une part ie inférieure non l i tée. La vitesse moyenne est de

5 7
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5,2 km/s. En supposant une vitesse de tranche moyenne de 4,6 km./s pour

1a part ie ] i tée, 1a part ie non l i tée aurait une vitesse moyenne de 6,0

km/ç, caractéristique de la croûte eontinentale EUPérieure. La

eomparaisôn âvec 1es données de réfnaction de Ginzburg et al. (1985)

montre que I 'horizon réfracteur, comesPondant à f interface 6,0-6,5

km/=, eEt à Ia même profondeur que le réflecteur S et représenterait

donc la même diEcontinuité.

Le réfleeteur S met donc en contact la base des blocs basculés

avee la croûte inférieure à 6,5 km/s. I1 s'approfondit de I km en bas

de marge à 13,5 km en bas de pente continentale. 11 ne Peut donc être

conEidéré comme une surface de déeollement Ie long de laquelle les

blocs basculés auraient glissé Par gravité, en direction du bas de la

marger coffine l'ont propoEé Brun et Choukroune (1983) et Brun et aI.

(1985). La profondeur du Moho, calculée d'après leE données de

réf ract ion (Ginzburg et  â1. ,  1985)  et  de grav imétr ie  (La1aut ,  1981) '

permet de connaitre l'éPaisseur de Ia tranche située entre le

réfleeteur S et Ie Moho. Cette tranche s'éPaissit de 2 km en bas de

mar-ge à 9 km au pied de la pente continentale. Barbier et al. (1986) et

Le Pichon et Barbier ('198?) concluent donc que 1eE blocs

baEculéE du pied de la pente continentale celtique comPrennent une

part ie supérieure de 4 à 5 km d'épaisseur de sédiments iurassiques (4,6

km/s), et une partie inférieure constituée de croûte continentale

60



supérieure (6,0 km,/s) pouvant atteindre 5 km d'épaisseur. En bas de

marge, 1es blocs basculés sont trop peu épais pour contenir de 1a

crôute continentale Eupérieure. Ils reposent directement sur la eroûte

inférieure à 6,5 km/s. L'horizon S recoupe donc des niveaux crustaux de

plus en plus profondE en direction de la pente eontinentale.

gous la mârge armoricaine, 1a profondeur de 1'horizon 5 varie

de 9 à 1O km en bas de marge à 11 km au pied de Ia pente continentale.

Dans la région où Ie réflecteur S est observé, Ie Moho est situé à

environ 1 à 2 km en dessous de ce réflecteur. Notons que cette mËrge â

fonctionné en' cisai l lement.

2) Géométrie et nature du réflecteur 5 sous 1a marge oueEt-ibérieue

Sous Ia marge ouest-ibérique, 1e réflecteur S disparaît à une

dizaine de ki lomètres à 1'est de I 'axe de }a r ide de péridotite,

structure située à la tranEition continent-océan (figures 14 et 20) ou

proche de celle-ci. Son extension latérale, de I 'ordre de 35 km en

direction de 1a pente continentale, eEt beaucoup plus faible que 5ou5

1a marge nord-Gascogne (90 km). Le profi l  sismique de la f igure 18

montre que Ie réflecteur S s'arrête brutalement avant d'atteindre Ie

pied de la pente eontinentale, 5an5 qu'une variat ion notable de

1'épaiEEeur des blocs basculés et des séries Eyn et postrifts soit

b l
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observée, Le mâme phénomène est observé sur I'ensemble deE 5 profils

multitraceE obtenuE perpendiculairement à 1a marge (Mauffret et

Montadert, 1?8?). La disparit ion du réfleeteur S ne semble donc Pas

Iiée à une atténuation du signal réfléehi âvec la profondeur. Je

propose que ce réfleeteur correspond à une surface de déeollement

apparaissant à I'interface des milieux ductiles et caEgantg, lorsque le

faeteur d'extension devient trop éIevé, cè qui expliquerait 5a

disparit ion sous la pente. Au contraire, Le Pichon et Barbier (1987) et

Barbier et aI. (1986) ont attr ibué 1a disparit ion du réflecteur g à une

pénétration inEuff isante de 1a sismique réflexion uti l isée.

Sur les coupes temps, le réflecteur S présente un effet de

remontée souE leE blocs basculés dt au contraEte Iatéral de vitesseE.

La mauvaise connaissance de la viteEse de tranche des blocs basculés ne

permet paE de restituer correctement Ia morphologie du réflecteur 5.

Cependant, êr supposant une vitesse de 2,9 kn/s Pour les sédiments

synriftE et de 4,3 kn/s pour les blocs baEculéE (résultats Peu

contraints deE profi ls réfraction non inversés, Sibuet et aI.,  1987),

Ie réflecteur S serait sensiblement p1an. 11 peut parfois présenter une

forte dénivelée à regard vers I 'océan, au droit des Plans de fai l les

l imitant les blocs basculés (f igure 21 ). Cette dénivelée eEt

interprétée comme un effet de rampe par Mauffret et Montadert (1987).
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:  Profi ls sismiques mult i traces GP101 et GP102 obtenus sur Ia

marge ouest-ibérique. Le réflecteur S corresPond à une zone

de réf lecteurE at te ignant  0,6 s . t .d .  d 'éPaisseur .  Légende

deE symboleE : 1) Actuel à ol igocène ; 2) Eocène à camPanien

3) Cénomanien moyen à Aptien terminal ;  4) Aptien terminal à

Hauterivien ; 5A) Hauterivien à valanginien ; 58) Jurassique

terminal (Mauffret et Montadert, 1987).
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Figure 21 (  s u i t e  )
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Si Ie réflecteur S se présente parfois sous Ia forme d'un seul

réflecteur (f igure 18), i l  correspond généralement à une zone de

ré f l ec teu rs  de  A ,4  à  0 ,6  s . t . d .  d ' épa isseu r  ( f i gu re  21 ) ,  e ' es t -à -d i re

environ 1,5 km d'épaisseur, en supposant qqe eette zone soit

i ,ntracruEtale (6,0 ou 6,5 km/s). Le Pichon et Barbier (1?87) aruivent à

1a même conelusion. 11 s'agirait donc d'une zone de cisai l lement et non

d'un décollement simple.

Le réflecteur 5 présente globalement un pendage vers I'océan de

1 ,6  s . t . d .  su r  35  km,  pou r  I e  p ro f i l  GP101  ,  e t  de  1 ,9  s . t . d .  su r  32  km,

pour le profi l  cP1O2 (f igure 21). En tenant compte d'un réajustement

isostatique loca1 dû à la surcharge deE sÉdiments syn et postrifts, le

pendage du réflecteur S serait de 20 en direction de I 'océan.(f igrre

22). En bas de marge nord-ËaEcogne, ce pendage est également de l'ordre

de 20, mais dans 1e senE opposé, Puis croit brutalement sous 1a pente.

Deux phases de rifting ont été identifiées sur Ia marge ouest -

ibénique (Mauffret et Montadert, 1987). La première est d'âge 0xfordien-

Kimméridgien inférieur à Valanginien, Ia deuxième d'âge Valanginien à

Hauterivien. Cette dernière phase est la PhaEe majeure de rifting au

cours de laquelle les sédiments synrifts de la Première Phase de rifting

ont  été rePr is  (Boi l lo t  e t  â1. ,  1985,  1986a,  1986b) .  L 'épaisseur  des

blocs baEculés incluant les EédimentE synrifts de Ia première Phase
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vê r iê  de  0 ,9  à  1 ,4  s .d . t .  ( f i gu res  18  e t  21 ) .  Ce t te  fou rche t te  eE t  I a

même que pour les blocs du baE de la marge nord-Gascogne. Par

eompÊraison avêc les données de la marge nord-Gaseognê' 1a partie

inférieure des blocs basculés situés en pied de marge pouruait donc ne

contenir qu'une tràs faible épaisseur de croûte continentale. En

revanche, plus à I 'Est, près des sites de forages 638, 639 et 641, des

granodioriteE ont été observées et prélevées le long du Plan de failles

l imitant deux blocs basculés (Boil lot et â1., 1986b). Une forte

épaisseur de la crotte continentale est donc impliquée danE les blocs

baseulés de la partie centrale de 1a marge.

Les données du profil réfraction non inversé 9r tiré

perpendiculairement à la marge (f igure 20, Sibuet et ê1., 1987)

suggèrent que la couche Eédimentaire basale à 4,3 km/s rePose sur une

eouche à 6,1 km,/s earactériEtique de la croûte continentale suPérieure.

Le Moho est à environ 1,5 km en-dêssous du toit de la couche à 6,1 kn/s.

II  n'est pas possible d'aff irmer, sur Ia baEe de ee profi l  réfraction,

qu' i1 n'existe pas de crotte continentale inférieure à 6,5 km/s, Parce

que }e contraste de vitesse et I'épaisseur de la croûte continentale

amincie sont faibles. De même, i l  n'est pas possible de dire Ei Ie

réflecteur S est au toit ou à f intérieur de la couche à 6,1 kn/s.
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3) Mesure de I'extension dans la croûte caEsante

gur I'exemple du bloc basculé de la marge nord-Gascogne (figure

17), 
l" 

Pichon et al. (1983) ont montré d'une Part qu' i l  faut tenir

compte des parties érodées des blocs basculéE dans Ie calcul de

1'extension, et d'autre part que 1'extension caleuIée en surface était

inférieure à I'extension calculée à partir des couches inférieureE des

blocs d'un facteur pouvant atteindre 20 7". Sur Ia mËrge ouest-ibérique,

1a partie Eommitale deE blocs baEculés est Eouvent érodée. 11 faut donc

en tenir compte dans Ie caIcul de I 'extension. En revanche, les queues

de blocE sont bien moins déformées que dans l 'exemple de la f igure 17,

au moins pour les blocs de Ia pente continentale et 1'extension ealculée

en Eurface ne diffère que de quelques Z de I'extension calculée danE 1a

part ie inférieure du bloc.

Le caIcul de l 'extension est fait  à part ir d'un réflecteur peu

déformé situé à f intérieur du bloc conEidéré (figure 23). II est

rapporté au point P, milieu de Ia partie Eommitale du bloc, dont la

profondeur est corrigée de la surcharge des Eédiments syn et PoEtrifts

(ajustement isostatique local). La figure 24 donne la Profondeur des

blocs baseulés en fonction de (1-1lB), pour les différents blocs

basculéE de Ia mârge ouest-ibérique. Ces blocs, numérotés dePuis Ie haut

de }a marge, ont été recoupés plusieurs foiE par les profils sismiques

6 9
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de la campagne Ëeagal (gibuet et aI.,  1987). Le bloc 9 correspond à Ia

ride de péridotite. 11 a été conservé pârce qu' i l  pourrait correspondre,

au nord de Ia montagne 5100, à une structure dissymétrique de type bloe

baEculé (Meuffret et Montadert, 1987).

La figure A5 reprend IeE mêmes données, Ëvee une indication

supplémentaire Eur la qualité de Ia mesure et une barre d'erreur

eomespondant à un réaiuEtement isoEtatique dû à la surcharge

sédimentaire de type plaque, pour des valeurs extrêmes raisonnables de

l 'épaisseur élastique de la l i thosphÈre (Diament et aI.,  1986)' Les

valeurE eorrespondant aux 5 premiers blocE basculés à Partir du haut de

la marge su ivent  la  dro i te  Z = 7,5(1-1 lF) ,  a lors  que ce l leE de 1a par t ie

inférieure de la marge s'écartent Eystématiquement de eette droite. Par

conséquent, 1'extension en surfaee déterminée à partir des mesures sur

les blocs baEculéE eEt compatible avec un modè}e de formation de Ia

marge par étirement uniforme, jusqu'à une profondeur de 5,5 km

(surcharge Eédimentai.re exclue). En ce qui eoncerne leE blocs baEeulés

de Ia partie inférieure de la marge, I'extension mesurée eEt nettement

plus faible que celle que I 'on pourrait attendre du modèIe d'êtirement

uniforme, même si certains blocs sont à une profondeur inférieune à

celle du bloc 4. Ce phénomène apparait également Eur 1e graPhique de Le

pichon et Sibuet (1981), bien que Ie nombre de meEures soit plus faible

et que la disperEion des mesure's soit Plus forte.
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Les figures 26 et 27 donnent l'angle de basculement 0 des blocE

en fonction de leur profondeur. Comme Le Pichon et Sibuet (1981)

1'avaient montré, I'angle de basculement augmente avee Ia profondeur

mais semble limité à une valeur maximum de 20 à 30o. Les données sont

aussi disperEées que dans leur exemple, ên particulier pour les

profondeurs supérieures à 4 km.

4) Modèle proposé de formation des marEes en extension du tvpe ouest -

ibéricue

Au niveau de la marge nord-Gascogne, Barbier et al. (1986)

et Le Pichon et Barbier (1987) ont montré que le réflecteur S recoupait

différents niveaux de Ia croûte continentale. IIs interprétent ce

réflecteur comme unê surface de décollement à faible Pendage qui

rejoindrait en profondeur Ia limite fragile-duetiIe. Cette hypothèse

di f fère de 'ceI Ie  de t lern icke et  Burchf ie l  (1982)  et  [ . lern icke (1995) ,

dans Ia mesure où Ia surface de déeollement ne traverse pa= toute la

croûte continentale. Le Pichon et Barbier (1987) suggèrent que cette

surface de décollement prendrait naissance à une quinzaine de kilomètres

de profondeur, à la limite fragile-ductile et se ProPagerâit vers Ie

haut à travers Ia croûte continentale Eupérieure (figure 28). Au fur et

à mesure que I 'extension augmente, des fai l leE antithétiques 5e
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développeraient, donnant naiEEance à des blocs dont Ie basculement

augmenterait avec l 'extenEion. Sur 1a mërge opposée, i1 n'y aurait Pas

ou peu de blocs baEculés et les sédiments syn et postrifts pourraient

être directement en eontact àvee la croùte supérieure.

Au niveau de 1a marge ouest-ibérique, nous âvons montré que

1'extension superf iciel le mesurée corrêspond à I 'extenEion Prédite par

le modèIe d'étirement uniforme pour la partie supérieure de la marge

jusqu'à une profondeur de 5,5 km (blocs basculés 0 à 4 de la f igure 24

figurés par des symboles pleins sur la figure 25). Le réflecteur I est

abEent sous cette port ion de marge. I1 aPparait PIus à I 'ouest, du bloc

E au bloc 8. Pour la partie inférieure de la mËrge, 1à où le réflecteur

S a été cartographié, 1'extenEion superfieielle mesurée (symboles évidés

Eur Ia figure 25) est plus faible que I'extension prédite Pêr le modèle

d'étirement uniforme. 0n peut donc Pênger que I 'horizon S

correspondrait, comme pour Ia marge nord-€ascogne, à une surface de

décollement. Cependant, Ie méeanisme donnant naisEance à cette surface

de décollement pourrait être différent Pour les deux marges.

En ce qui concerne la mêrge nord-GaEcogne, une discontinuité

traversant la croûte suPérieure aurait ioué comme Eurface de

cisaillement le long de laquelIe leE deux compartiments de croûte

cassante auraient coulissé. Cette surface disparaîtrait lorsqu'eIle

rejoint 1a croËrte inférieure ducti le (Le Pichon et Barbier, 1987). Dans

7B



cette hypothèse, 1'amincissement crustal est d'autant plus imPortant que

le Fendage de la surface de ciEaillement est plus fort. Lorsque cette

surface devient pre=que horizontale et a quasiment rejoint Ie niveau

duct i le ,  i1  n 'y  a p lus d 'aminc issement  s ign i f icat i f .

En ce qui concerne la marge ouest-ibérique, I'horizon s

apparaitrait au cours de 1'étirement uniforme, lorsque les taux

d'extenEion seraient supérieurs à 2,8-3,2, c'eEt-à-dire à Part ir du

moment où le baEculement des blocs atteint une valeur limite de 1'ordre

de 2o à 30o (f igure 26). En effet, si 1e bloc reste r igide et ne peut

basculer davantage, une discontinuité méeanique doit apparaitre à 1a

limite fragile-ducti le. I1 n'en demeure Pas moinE que 1'extension

superficielle mesurée est inférieure à celle prédite par le modèIe

d'étirement uniforme. 0r, Boil lot et a1. (1?85 et '1986a) ont montré que

la partie supérieure des blocE baEculéE de bas de marge (site ODP 640)

eEt constituée de sédiments d'âge valanginien. Ces blocs seraient donc

constitués en grande partie de Eédiments Eynrifts déposés dans la partie

profonde du baEsin au cours de Ia première phase de rifting du

Jurassique terminal au Valanginien, puis repriE au cours de Ia seconde

phase de rifting. L'extension mesurée en bas de marge ne serait donc

qu'une part ie de I 'extension totale. Les données de la mârge ouest-

ibérique sont donc compatibles avee le modèle d'étirement uniforme bien

que I 'on ne puisse pas exclure, à la f in du ri f t ing, Ie fonctionnement

7 9



d'une faiI le de décollement, comme celle ProPosée par Le Pichon et

Barbier (1987) pour 1a marge nord-Gascogne, Bien que 1'émergence

d'une tetle fai l le de décollement ne soit miEe en évidence ni sur 1a

marge ouest-ibérique, ri sur Ia marge symétrique (Tankard et tlelsink,

çoug presEe), si une telIe fai l le fonctionnait en eiEail lement à la f in

du ri f t ing, i I  n'est pas évident qu'el le puisse être rePérée du fait de

Ia forte épaiEEeur sédimentaire.

Nous proposons un modèle de formation des marges passives en

extenEion par étirement uniforme dans Iequel I ' interface fragile-ducti le

se comporterait comme une surface cohérente juEqu'à une valeur maximum

de 13 pouvant  at te indre localement  2,8 à 3,2( f i8ure 29,  schémas 1 et  2) ,

dans }e voisinage de I'axe du bassin. A la fin du rifting, une surface

incohérente Ee développerait âu niveau de f interface fragile-ductile

précédente (f igure 29, schéma 3). Cette interface incohérente

progresserait Ie long de la surface cohérente précédente et 5e

développerait symétriquement des deux côtés du baEsin (exemPle possible

de la mârge oueEt-ibérique, figure 29, schéma 3). Remarquons que les

deux Etades d'évolution du rifting (pré et post fonctionnement de Ia

surface incohérente) ne sont pas néeessairement liés à I'existence des

deux phaEes de rifting crétacé inférieur identifiéës pâr Mauffret et

Montader t  (1987) .
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DeE discontinuités intra-crustales (zones de suture, dê

ciEail lement, fai l les normaIes,...  ) antérieures âu ri f t ing Peuvent

exister danE Ia croûte supérieure. DanE 1a mesure où un accident majeur

présente une orientation teI1e qu'il puisse être repris au eours de

1'extenEion, une surfaee de déeollement privi légiée se déveloPPerait Ie

Iong de cet accident dèE Ie début du rifting (hypothèse de Le Pichon et

Barbier) ou à partir d'un stade intermédiaire de la formation du bassin

( f igure 29,  schémas 2t  e t  3 ' ) .  Comme Ia l i thoEphère s 'êminc i t ,  Ie  to i t

de I'asthénosPhère remonterait et du magmatisme suPerficiel' Iié à

I 'augmentat ion de la  fus ion par t ie l le  (Foucher  et  â1. ,  1982)  '

apparaitrait.

Au courE du stade final de formation des marges, l'extension

crustale atteindrait la limite à partir de laquelle Ie domaine océanique

aFparait, avee mise en Place éventuelle, au cours de la Phase

tranEitoire, de péridotites provenant du manteau supérieur (figure 29,

schémas  4  e t  5  ou  4 '  e t  5 ' ) .

Lorsqu'une surface ineohérente se dévelopPe, 1e modèle prédit

une augmentation du eisaillement Eoit des continents en direction de

1'axe du ri f t  dans 1'hypothèse de 1'étirement uniforme, soit d'un

continent vers I'âutre, dans I'hypothèse de Ia surface de décollement

( f i gu re  29 ) .
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De nombreux bassinE intra-continentaux se- forment suivant leE

deux processus envisagéE. Une faille pré-existante majeure ioue Ie rôIe

de surface de décollement et Eon fonctionnement induit la formation de

failles normales antithétiques limitant 1es blocs basculés. De nornbreux

exemples exiEtent dans Ia province des "Bâsin and Range" (e.9.

Allmendiger et ê1., 1983 ; Wernicke et Burchfiel,  1982 ; AnderEon et

â1., 1983 ; bassin d'Albuquerque, Snelson, communication Personnelle,

1 9 8 0 ) .

C'est à part ir de tels exempleE que tJernicke (1985) a ProPoEé un

modèle (f igure 30) où le fonctionnement d'une zone de ciEail lement

affeetant toute la lithosphère entraine un aminciEsement important de

cel le-c i .  Boi l lo t  e t  a l .  (1985,  1986a et  1987)  ont  rePr is  cet te

hypothèse en la poussant à I'extrême. IlE expliquent ainsi la Présence

de péridotites serpentiniEées près de Ia transition cqntinent-océan

(montagne 5100), Pâx dénudation tectonique du manteau (f igure 31). A

partir d'une comparaison des donnéeE structurales et stratigraPhiques

deE Grands Bancs de Terre-Neuve et de 1a marge oueEt-ibérique, Tankard

et Welsink (sous presse) expliquent également le fonctionnement des deux

marges homologueE à part ir du modèIe de tJernicke (1985). Mais, dans ce

dernier eas, Ia surface de décollement plongerait du banc de Galice en

direction de Ia marge américaine !
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LeE nouvelles données géophysiques de la marge ouest-ibérique

semblent en contradict ion aussi bien avec le modèle de Boil lot et al.

f i9gb, 1986a) que celui de Tankard et WelEink (sous Pregge). En effet,

i1 n'y a pas d'arguments montrant 1'existence d'Une surface de

décollement majeure remontant sous Ie banc de Galice ou souE les Gnands

BancE de Terre-Neuve. De p1us, i l  semble diff ici le d'asgocier le

réflecteur S, dont 1'extension latérale est l imitée È une surface de

décollement intra-t i thosphèrique, suivant Ie modèle de Wernicke (1985).

Aetuellement, nous n'avons êucune indication permettant d'affirmer que

cette surface de décollement serait encore plus profonde, au niveau du

Moho par exemple, comme Ie suggèrent Boil lot et al.  (1987).

I1 exiEte de nombreux exemples de baEsins intra-continentaux

plus ou moins symétriques, maiE rares sont les exemPles dg ftÉls

symétriqueE (Ba1ly, 1981). Certaines seetions du graben Viking (Thomas

et  aI . ,  1985 ;  Z ieg ler ,  1982)  et  du bass in de More (Hamar et  Hje l le ,

1984) montrent une tel le Eymétrie. L'abEenee de f luage et de diapir isme

salifère permet de suivre la géométrie des blocs basculés jusqu'à I'axe

des grabenE. Des surfaces de décollement majeures nê Eemblent PaE avoir

été à I 'origine de 1a formation de ces basEins. Bien que I 'on n'ait Pas

d'information sur 1a gtructure de Ia croûte continentale amincie, ceg

bassinE pouruaient avoir été forméE par étirement uniforme, sans que Ie

stade où Ie réflecteur S aPParait ne soit atteint. A I 'aPPui de cette
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hypothèse, Barton et tJood (1984) montrent que les données de subsidence

obtenues à partir des forageç du graben central de la mer du Nord, ainsi

que les contraintes de 1a modèlisation des données de réfraction

concernant la Etructure de 1a croûte continentale amincie sont

expliquées par Ie modèIe d'étirement uniforme.

Nous avons donc les deux termes extrêmes de 1'évolution des

bassins intra-continentaux : le bassin symétrique, où le modèIe

d'étirement uniforme semble E'appliquer, êt Ie bassin dissymétrique, où

une Eurface de décollement semble fonctionner dès 1e début de

1'extension. La marge ouest-ibérique serait I 'aboutissement, par Ie

mécanisme d'étirement uniforme, de 1'évolution d'un bassin symétrique,

1'horizon S ne repréEentant qu'une Eurface de décollement mécanique à

f interface fragile-ductile. Ën revanche, 1a màrge nord-Gascogne

pourrait correspondre à I'évolution finale d'un basEin dissymétrique, ou

à 1'évolution intermédiaire d'un bassin symétrique évoluant en basEin

disEymétrique à part ir d'une certaine vÉleur de 1'extenEion.

Le mécaniEme proposé est obscurci ou ne s'applique Pag Pour

certaines mârgeE pas=ives en extension. En effet, les -réEultatE

préliminaires de sismique réfraetion (bouées perdables) obtenus

parallÈlement à la marge de 1'éperon de Goban montrent 1'existence d'une

croûte inférieure à 7,7 knls d'au moins 5 km d'épaiEEeur, sous une

5,6-6,3 km/E ( f igure 32r .  L 'erueur  sur  laeroûte Eupérieure
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détermination ae la vitess e 7,"7 km/s peut être importante. 0F, 1'un des

principaux résultats du projet LASE est la mise en évidence, sous la

marge américaine, d'une croûte inférieure à 7,2 km/s de 6 à 9 km

d'épaisEeur ne présentant pas de discontinuité de vitesse de part et

d'autre de la tranEit ion continent-océan (Lase Etudy group, 1?86). Des

vitesses de I 'ordre de 7,0 à 7,5 km/ç ont également été observées sur de

nombreuEes marges passives en extengion (Nouvelle Ecosse, Keen et al.,

1975;  Austra l ie ,  Falvey et  Middleton,  1981 ;  Nord-Ouest  Af r ique,  t le ige l

et  a1. ,  1982) .  Le groupe Lase (1986)  suggère que cet te  couche à7,2kn/s

aurait une origine plutonique (gabbroE) et aurait été mise en place au

cours du rifting ou juste après. La fuEion partielle du manteau

Eupérieur, conséquence de la remontée des isothermes lors de 1'épisode

de rifting, Fuis le refroidissement des produits de fusion dans Ia

partie inférieure de 1a croûte, entraîneraient la formation d'une couche

plutonique similaire à cel1e de la part ie inférieure de Ia croûrte

océanique (Foucher  et  a I . ,  1?82) .

Le seul bloc baEculé permettant de quantifier I'extension

superf iciel le sur Ia marge de l 'éperon de Goban (f igures I et 32, au

niveau du site DSDP 549) est à une profondeur coruigée de 3,45 km pour B

= 1,20. L'absence du réflecteur S poumait être due aux faibles valeurs

de cette extension superf iciel le. DanE 1'hypothèse de 1'étirement

uniforme, Ia profondeur du bloc est de 2 km trop forte pour B=1,20. La

B 9



présence de mâtériëI dense dans Ia partie inférieure de Ia croûte

amincie poumait expliquer une partie de la trop forte subEidence de la

marge au niveau du site 549. Mais, =i I 'extension est faible (13 < 2), Ie

taux de fusion partielle et les produits de refroidisEement sont donc

peu importants (quelques 7., Foucher et al.,  1982). Comment exPliquer

alors l'absence d'une telle couche plutonique à 7,2 km/s sous les marges

nord-Gaseogne et ouest-ibérique ? L'acquisition de données de réfraction

précises sur les deux mârges de I'éPeron de Goban et ouest-ibérique

devient donc une priorité pour mieux comprendre les différents

mécaniEmes de formation des margeE.
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IV - SUELAUES CONSEEUENCES DU MODELE PROPOSE

Les megureg de flux de chaleur et de sismique réfraction déjà

obtenues sur certaines mËrges ou qui seront obtenues sur leE marges de

1'éperon de Goban et ouest-ibérique devraient permettre de tester ce

modèIe ou de Ie préciser. En part icul ier, 1'existence d'anomalies de

flux de chaleur dissymétriques sur les mêrges correspondantes du nord

de Ia mer Rouge (Martinez et Coehran, sous PreEse) ou du nord de la

Méditerranée occidentale (Burrus et Foucher, 1986) Pourrait être

expliquée par le fonctionnement d'une surface de dÉeollement. Les

conséquences qui découlent du modèIe FropoEé sont multiples. Nous ne

développerons ici que les contraintes apportées par ce modèIe sur les

reconEtructionE cinématiques prenant en comPte la direction et

I 'amplitude de I 'extension âu cours du ri f t ing et les conséquences du

modèIe sur 1'Érosion deE blocs baseulés lorE de leur glissement et de

leur basculement les uns par rapport aux autres.

1 - ConEéquences cinématiques

Pour reconstituer Ia poEition des continents autour de I'océan

Atlantique Nord et Central au courE du Jurassique, il est nécessaire de

quantifier I'extension Jurassique supérieur - Crétacé inférieur des
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mârges et baEsins intracontinentaux de I'Atlantique Nord et des

continents adjaeents. Une première tentative a été réa1isée par Savostin

et a1. (1996) en suppoEant que 1'extension était perpendiculaire aux

structureE distensives et que leE marges et bassinE intra-continentaux

avaient été formés Par étirement uniforme. Bien que cê5 hyPothèses

soient grossières, Savostin et aI. (1986) ont montré que les mouvements

obtenuE pour les plaquês âutour de I'Atlantique Nord durant Ia Phase de

rifting étaient cohérents et plus ou moins dans la même direction que

les mouvements postérieurs. L'application de la méthode de Llithjack et

Jamison (1?86) âux marges de 1'Atlantique Nord-Est a permis d'obtenir la

direetion probable de 1'extension pendant le rifting entre 1'Amérique du

Nord,  I 'Europe et  I ' Ibér ie .

Moyennant des hypothèses plausibles 5ur les directions

d'ouverture deE bassins intra-continentaux, nous Pouvons suPPoser que Ie

système des directions de déplacement deE différentes plaques est à peu

près contraint. II n'en est pas de même en ce qui concerne Ia

quantification de I'extension suivant ces directions. Quel que soit Ie

mÉcaniEme de formation des marges, si 1'extension est mesurée

parallèlement à €rrr, i I  faut introduire une correction due à l 'obl iquité

du rifting. LeE diagrammes de prédiction de Ia direction des failles

produites par un rifting oblique (tJithjack et JamiEon, 1986) montrent

que 1'angle 7 entre la direction des fai l les normales l imitant leE

9 2



blocs basculés et 1a direction

1'ang1e a entre 1eE directions

f ierrrec; ?.? pt 34) suivant Ia loi-  5 â s r

0 , 0 1 6 3  p o u r  3 0 o < q < 9 0 o .

d et 1' étant exprimés en degrés.

de 1'extension varie en fonetion de

du r i f t  e t  de I 'extens ion ( tab le 3,

empirique suivanle | = 28,8 + sin a /

L' extension superf iciel le crustale étant mesurée

parallèlement à Ënr (perpendiculairement à Ia direction des bloes

basculéE), il faut donc diviser cette valeur par sin 7 pour tenir compte

du ri f t ing oblique. La f igure 35 donne le facteur mult ipl icati f  à

appliquer à Ia valeur de I 'extension mesurée en fonction de s. 11

augmente exponentiellement avec I'obliquité du rifting. Pour Ia marge
i

cel t ique (s :30o) ,  Ie  facteur  correct i f  sera i t  de 1,17.

L'extension totale entre deux continents peut être caIculée dans

1'hypothèse de 1'étirement uniforme, à part ir de 1'extension

superficielle ou à partir de Ia géométrie de Ia crofrte continentale

amincie (Le Pichon et Sibuet, 198' l).  En revanche, lorsque I 'extension se

traduit par Ie fonctionnement d'une gurface incohérente se développant

1e long d'un accident crustal antérieur (modèIe Le Pichon et Barbier,

1987), le point crucial est de Eavoir si le volume de croûte continentale

est conEervé. S' i I  l 'eEt, les mesures de réfraction permettent de donner

la quantité d'extension totale entre deux continents.
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1 /sin?

90o

750

600

450

300

900

880

8 1 0

750

590

1

1 , C I 1

1  , 0 4

1  , 1 7
r l _ -- l-_------.-l

Table 3 : Variation de l'angle ?: en
fonction de I 'obl iquité du ri f t ing
d'après Ie modèIe de {^tithiack et
Jamison (1986). f lr  angle entre les
directions du ri f t  et de I 'extension
7 angle entre les directions des
fai l leE normales et de I 'extension.
1/çLnl est Ie facteur correctif à
appliquer à I'extension mesurée
parallèlement à 1a plus grande
déformation horizontale errr .
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B o  s i n

ex tens ion

Figure 33 : schéma d'un bassin avec rifting oblique. N, fai11e normale I
u, angle aigu entre la direction R du nift et la direction
de déplacement entre les côtés opposés du rift (axe fléché) ;
7 angle entre les directions des failles normales et de
I I extension.

C o n t i n e n t o  I
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oo 50"

: Loi empirique de comespondance
.direct ions des fai l les normales
q étant I 'obl iqui té du r i f t ing.

90"

entre I 'angle 7 entre 1es
et de I 'extension et s in u,

Figure 34

Figure

o

? R

50" go"

Facteur comectif à appliquer à Ia valeur de I'extension

fonct ion de I 'obl iqui té q du r i f t ing.
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2 - ConséquenceE sur 1'éroEion des blocs basculéE

Les crêtes des blocs basculés situÉs en haut de marge sont

souvent tronquées par des surfaces généralement planes, horizontales ou

à faible pendage vers I'océan, formant un angle pouvênt atteindre plus

de 10o avec Ia strati f ication des Eéries antérif ts (f igures 36 et 37).

CeE surfaceE ont été interprétées comme des reliques de surfaces

d'éroEion sub-aérienne créées à 1a fin ou iuste après la Phase de

rif t ing (Montadert et al. ,  1979 ; GrouPe Galice, 1?79 ; Sibuet et Ryan,

1979). L'amplitude de l 'éroEion peut atteindre 1 km (f igure 37). La

distribution gÉographique des surfaces d'érosion sur les marges celtique

et de 1'éperon de €oban (f igure 10) montre qu'el les se Eituent

essentiellement à des profondeurs inférieures à 2 km. Sur 1a merge ouest-

ibérique, 1es Eurfaces d'érosion se trouvent également dans Ie même

contexte (Sibuet et Ryan, 1979). Nous proposons de montrer quê I'érosion

Eub-aérienne des blocE basculés est à 1a fois la conséquence du

basculement des blocs amenant leur partie Eommitale à I'air libre et de

1'effet de li conduction latérale entrainênt un soulèvement des bords du

r i f t .
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Nous avons vu que Ie modèle d'étirement uniforme s'appliquait à

1a marge oueEt-ibérique au moins iusqu'à une valeur 0-o de 2,8 à 3,2 et

que Ia phaEe de rifting affectait une lithosphère continentale dont Ie

toit était proche du niveau de la mer (carbonateE de plateforme du

JuraEEique terminal). Le facteur d'ét irement F est fonction des

paramètres qui définissent la géométnie deE bloes basculés (figure 23,

Le  P ichon  e t  S ibue t ,  1981) .

B  =  s i n ( f l ' + 0 ' - 0 ) / s i n ( q ' + 0 ' )  -  d h / d l t g ( u ' + 0 ' )

où q est le Eupplément de I'angle du Plan de faille Par rapPort

au pendage deE couches, ê eEt l 'ang]e de basculement des blocs, u' et 0'

étant relatifs au bloc amont précédent, dI est Ia largeur initiale du

bloc et dh est Ia différence de hauteur entre deux blocs consécutifs.

B est également fonction de la profondeur h+dh du bloc à la fin

du ri f t ing :

h + d h  =  3 , 6 ( 1 - 1 / B )

En éliminant B de ce système de deux équations, nous PouvonE

donc modéliser la morphologie d'unê marge. A t i tre d'exemple,

connaiEsant les paramètres dI, dh, u et 0 Pour chaque bloc basculé du

profil perpendiculaire à la marge ouest-ibérique de Ia figure 20, nous

congtatons une bonne corregpondance entre la morphologie et le modèIe

(figure 38). En particulier, la bonne correspondance entre les positions

des blocs basculés de I 'exemple et du modèle démontre 1a validité du

1 0 0
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modèIe -d'étirement uniforme pour toute Ia partie supérieure de la marge.

Des essais de modélisation complémentaires ont permis de montrer que les

btocs situéE près du rebord du plateau continental peuvent émerger

quelles que soient les valeurE de s et 0 si dI > 10 km. A condit ion que

la largeur des blocE soit supérieure à 10 km, nous avons donc un premier

mécaniEme permettant d'expliquer 1a pré=ence de surfaces d'érosion

affectant Ia part ie Eommitale des blocs baEculés.

L'effet de Ia conduetion latérale dans Ie modèle d'étirement

uniforme a été mis en évidence et testÉ par t latremez (1980) puis par

d i f f é ren tgau teu rg  (e .9 .  A l va rez  e t  â1 . ,  1984) .  Le  modè le  b i -

dimensionnel init ial,  résolu par 1a méthode deE différênces f inies,

supposè un étirement instantané. Les deux conséquenceE du modèle Eont

d'une part un refroidissement et donc une subsidence plus rapides de la

zone étirée, , et d'autre part un réchauffement et done un soulèvement de

la lithosphère non étirée près du rebord du plateau continental (figure

39). La croissance du bombement et sa hauteur maximale h dépendent de la

largeur Âx de Ia zone de transition. Avec les valeurs des constantes

chois ies par  Watremez (1980) ,  pourÂx = 50 km, h = 400 f f i ,  e t  pourÂx =

100 km, h = 150 m (f igure 40), mais la valeur maximale du bombement est

atteinte environ 10 Ma après I 'ét irement instantané (Alvarez et aI.,

1984). De plus, Alvarez et al. ont montré que I 'amplitude du bombement B

augmentait avec 1a durée t du rifting selon Ia loi emPirique :
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Figure 39 : Modè1e bi-dimensionnel de subsidence d'une marge formé par

étirement uniforme instantané. La largeur de la marge est de

80 km' [J-.*  = 7 (Watremez, 1980).
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B =  21  ,5 to ' 2 " t  Êh r - / L

pour  5<t{50

B étant exPrimé en mètres et t en Mâ, hL et L=2Âx étant

respÊctivement l'épaisseur dê }a lithosphère et la largeur du baEEin.

L'effet de Ia conduction latérâIe est donc très faible au début

de la phaEe de rifting et maximum juste aPrèE la fin du rifting, ce qui

va dang le sens d'une surrection des blocs basculéE et d'une érosion

maximales dans Ia partie supérieure de la pente continentale. Au cours

du rifting, Ia largeur de ]a bande de lithosphère affectée Par

1'extension pourrait augmenter, lês fai l les l imitant les blocs basculés

eommençant à jouer de plus en plus tardivement en direetion du

continent. Autrement dit, à contrainte congtante, Ia déformation

initiale et la subsidenÊe seraient très importantes au début du rifting

et diminueraient àvee Ie temps, au fur et à mesure que Ie domaine

affecté par 1'extension serait pluE important. Dans cette hypothèse, Ia

subsidence des blocE baEculés actuellement en baE de marge serait très

rapide au début du rifting, la crête deE blocE basculés n'arrivant pas à

l 'émersion (si d1<10 km) ou ne restant pas suff isamment à I 'air l ibre

pour être érodée. CeE deux mécanismes pourraient expliquer 1a présence

des surfaces érodées essentiellement limitées à la tranche O-2000 m de

profondeur (f igure 10). Toutefois, dans le golfe de Suez, les blocs

basculéE de la partie supérieure de la marge ont émergé et ont été
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érodés après une première phase de subsidence. Cette suruection pourrait

être liée à un bombement asthénosphérique (X. Le Pichon, communication

personnel le ,  1  987) .

Les surfaees d'érosion sont planes ou très Iégèrement concaveg

vers le bas. Cette concavité pourrait être 1e réEultat d'une érosion Eub-

aérienne contemporaine de 1'émersion et de Ia rotation deE blocs

basculés suivant Ie mécanisme suggéré danE la figure 41. L'angle de

surfaees d'éroEion planes avec I 'horizontale a été mesuré pour 14 blocs

basculés de la marge celtique dont Ia longueur initiale dl est comprise

entre 9 et  24 km. Le pendage moyen est  de 1,0ot1,3o en d i rect ion de

1'oeéan. Dans Ie modèle d'étirement uniforme, la subsidence thermique

d'une marge formée i l  y  a  120 M.a.  (Le Pichon et  S ibuet ,  1?81)  est

7 r , n  =  3 , 9  ( 1 ' 1 / B )

c'est-à-dire de 2,7 km pour B*.* = 3,2. En supposant que 1a largeur de

la marge celt ique soitÂx = 150 km, le basculement de la mÊrge dû à la

subsidence thermique serait de 1 o. Le pendage moyen des surfaceE

d'érosion de 1o vers l'océan corregpond donc à la subsidence thermique

de la marge celtique. 11 est probable quê 1a subsidence thermique

calculée à part ir d'autres modèles (e.9. surface de décollement)

donnerait une valeur du basculement de la mârge peu différente.
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V - CONCLUSIONS

Les modèles de formation et d'évolution des marges continentales

passives n'ont pu âtre élaborés, modifiés et testés seulement parce que de

nombreux levés géologiques et géophysiques de détail on été acquis,

notamment par les institutionE françaises et anglaises, sur les marges

peu EédimentéeE de I 'Atlantique Nord-Est. L' intégration de I 'ensemble de

ees données nous amène aux conclusions suivantes :

- Au courE de 1'épisode de ri f t ing, les directions des

mouvementE deE plaques Amérique du Nord, Europe et Ibérie sont

identiques aux directions d'ouverture du domaine océanique adjacent.

- Quantif ier 1'extension totale résultant du ri f t ing nécessite

de mieux appréhender 1eE processus de formation des marges. Les valeurs

de I 'extension superf iciel le, meEurées à part ir de Ia géométrie des

blocE basculés de Ia marge ouest-ibérique, sont compatibles avec Ie

modèle d'étirement uniforme pour Ia partie Eupérieure de la marge,

jusqu'à une profondeur de 5,5 km. En bas de marge, Ie réflecteur S est

observé. I1 est interprété comme une discontinuité méeanique qui

apparaîtrait pour deE valeurs de I 'extension supérieureE à 2,8-3,2,

lorsque le basculement deE blocs atteint Ia valeur l imite de 20 à 30o.

L'extension mesurée est inférieure à celIe prédite Par 1e modble

d'étirement uniforme car elIe ne rend compte ql le d'une part ie de
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I 'exteneion, eelle qui affecte les sédiments synrif tE déposés au début

du rifting. Les donnéeE de Ia marge ouest-ibérique sont cependant

compatibles avec le modèle d'étirement uniforme. Ce type de marge

pourrait être considéré comme 1'évolution f inale d'un bassin intra-

continental Eymétrique créé par étirement uniforme.

Au contFaire, en ee qui concerne la marge nord-GaEcogne, Le

Pichon et Barbier (1987) supposent qu'une Eurface de déco1lement,

traversant toute la croûte supérieure jusqu'à f interface fragile-

ductile, aurait fonctionné dès le début de 1a phase de rifting. Les

fai l les l imitant Ies blocs basculés Eeraient alors des fai l les

antithétiques, Ce type de marge pouruait être considéré comme

1'évolution f inale d'un basEin intra-continental asymétrique où une

Eurface de décollement reprendrait un accident ancien et fonctionnerait

dès le début de 1'extension.

A titre d'hypothèse, nous proposons un modèle de formation deE

marges continentales par étirement uniforme dans lequeI, après une phase

d'extension, où loealement 1'extenEion Peut atteindre 2,8 à 3,2, Ia

Eurface cohérente située à la transition fragile-ductile évoluerait en

surface incohérente. Lorsque des aceidents structuraux majeurs exiEtent

dans Ia croûte continentale, un accident particulier pourrait être

uti l isé comme surface de décollement privi légiée. Cette surface de

déeollement pourrait fonctionner dèE Ie début du rifting (modèIe Le
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Piehon et

bassin.

Barbier) ou à partir d'un stade intermédiaire de formation du
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GÉOLOGIE MARINE. - Présentation d'une carte bathymétritlue de l'Atlantique
Nord-Est. Note de Serge Lallemand, Jean-Pierre Mazê, Serge Monti et Jean-Claude
Sibuet, présentée par Georges Millot.

On présente une carte b4thymétrique de I'Atlantique Nord-Est intégrant I'ensemble des données conventionnel-
les disponibles et des données du sondeur multifaisceaux < Sea-beam >> acquises jusqu'à ce jour.

MARINE GEOLOGY. - New Bathymetric Map of the Northeast Atlantic Ocean.
A bathymetric compilation in the North-East Atlantic based on auailable conuentional data and all Sea-beam

data acquired by the R. V. lear. Charcot is presented.

Des cartes magnétique [1] et gravimétrique [2] de I'Atlantique Nord-Est ont été présen-
tées à I'Académie des Sciences le 2 avril 1979[3] et le 16 février 1981[4]. Nous sommes
en mesure de présenter aujourd'hui, pour la même partie de I'Océan Atlantique, une
carte bathymétrique [5], complétant ainsi une série de documents relatifs à la façade
maritime ouest de la France. Ce document a été réalisé en utilisant deux sources de
données : les cartes bathymétriques conventionnelles, établies à partir de données obtenues
à I'aide des sondeurs à faisceau large (30"), dont tous les navires océanographiques sont
équipés; les informations du sondeur multifaisceaux < Sea-beam > en fonctionnement sur
le N. O. Jean Charcor depuis 1977161. Le < Sea-beam ) est un système émettant puis
recevant 16 faisceaux étroits et adjacents dans le plan perpendiculaire à I'axe longitudinal
du navire. La largeur de la bande de terrain levée est approximativement égale aux deux
tiers de la profondeur d'eau.

Le document ( pl. I) a été réalisé en projection Mercator en utilisant I'ellipsoide
W.G.S.72, àl'êchelle du 1/2400000 à 41"N, de l'W à 20"W en longitude et de 36'N à
51oN en latitude. Les courbes bathymétriques sont exprimées en mètres corrigés par les
tables de Matthews [7]. Les courbes topographiques ont été généralisées à partir des
cartes espagnoles et anglaises (t8l à t100. L'équidistance des courbes est de 200m à terre
comme en mer, I'isobathe 100m. étant reportée en pointillés. Au verso du document
( pt. I\, lisible par transparence, figurent la toponymie ainsi que les références des
documents récents et transits < Sea-beam > qui ont été utilisés pour modifier les cartes
de Laughton et coll. [9], interpolées des brasses en mètres, et de Roberts et coll. [10]. Les
données conventionnelles nouvelles utilisées sont les cartes bathymétriques publiées depuis
1974 correspondant aux orles 1 à 13 sur la planche II (Ull à [20]), les cartes GEBCO
(General Bathymetric Chart of the Oceans of the International Hydrographic Organiza-
tion) du Golfe de Gascogne[2l] et de I'Ouest de la Mer Celtique (orle n'14 sur la
planche lIl22l). Dans un premier temps, elles ont été incorporées au document de base,
établi à partir des cartes de Laughton et coll. [9] et de Roberts et coll. [10]. Dans un
deuxième temps, les cartes bathymétriques < Sea-beam ) de détail, correspondant aux
orles 15 à 39 sur la planche II ([6], [23] à [34]) ainsi que les transits < Sea-beam ) T 1 à
T20[35] (pl. ID ont été incorporés.

La carte des transits et zones levés par le N. O. Jean Charcot (pl.II) montre que de
nombreux travaux ont été réalisés ces dernières années sur les marges continentales de
I'Atlantique Nord-Est. Ces travaux I'ont été dans le cadre de la préparation et de
l'etploitation des forages profonds des phases IPOD puis AODP (parcours 47 b, 48 et
80 du Glomar Challenger et parcours 103 de la plate-forme SEDCO 471), mais aussi
dans le cadre des programmes des différentes institutions françaises. Les grands traits

0249-6305185130000145 $ 2.00 @ Académie des Sciences
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ExplrcertoN oes PLeNcHss

Planche I

Carte bathymétrique de I'Atlantique Nord'Est.

Bathymetric map of the North-East Atlantic.

Planche lI

Toponymie et réfêrences des cartes bathymétriques récentes et transits < Sea-beam >, correspondant au verso

de la planche I.

Legenil and references ofrecent bathymetic maps and Sea-Beam proJiles, cotesponding to the oerso of Plate I.

bathymétriques de I'Atlantique Nord-Est étaient bien sûr connus depuis les travaux de

BertÀois ([11], [36] et [37]), mais nous disposons maintenant d'un document plus prêcis

pour les marges continentales, qui devrait cependant être âmélioré en ce qui concerne le

domaine océanique.

Ce travail a été rêalisé au Centre de Brest de I'IFREMER. Les chefs de mission des campagnes et transits

du N. O. Jean Charcot nous ont permis d'utiliser les donnêes bathymétriques. P. M' Hunter, D. Mougenot et

J.-R. Vanney nous ont apporté leur-collaboration. Nous présentons cette carte bathymétrique de I'Atlantique

Nord-Est à I'Académie des Sciences. Le B.R.G.M. en assurera la diffusion et la vente[S]. Nous déposerons à

I'Académie pour ses archives, un exemplaire au l/2400000 en couleurs, pour en permettre la consultation.

Contribution IFREMER n" 22, Dêpartement Géosciences marines'

Remise le 19 novembre 1984.
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Essais Charcor, 1983; T. t6 : A. CoLtN oe VenotenE, Topogulf, 1982; T. 17 : J.-R. VANNEY, Transmarge 83,

1983; T. 18 : J.-C. Srsuer, Norestlantel, 1983; T. 19 : L. p'OzouvtLLr, Essais Sonar, 1983: T.20: J.'L. Ottver,

Norestlante II, 1983.
[36] L. BenrHors, R. BRENoret P. AtLLouD, Reu. Trau. Inst. Pêches Marit.,29, 1965, p.321'342.

[37] L. Benrnors, R. BneNor et J. DEBvsER, Reu. Inst. Franç. Perr. Ann. Comh. Liquides, 23, 1968,
p. 1046-1049.

S. L. : Laboratoire de Géologie dynamique, Dëpartement des Sciences de Ia Terre,
Uniuersité d'Orlëans, 45046 Orlëans Cedex:

J.-P. M., S. M. et J.-C. S' : IFREMER,
Centre de Brest. B. P. n' 337, 29273 Brest Cedex.
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GÉOpHYSIQUE. - Prësentation d'une carte grauintétrique de I'Atlantique Nord-Est [1].
Note (*) de Philippe Lalaut, Jean-Claude Sibuet et Carol Williams, présentée par Georges

Millot.

On présente une carte des anomalies à I'air libre de l'Atlantique Nord-Est intégrant l'ensemble des données
gravimétriques marines disponibles.

A contpilation oJ'Jiee-air arutntalies in the North-East Atlantic basetl on auailable grauity data is presented'

Le 2 avÀl t979 a été présentée à I'Académie des Sciences une carte magnétique de

I'Atlantique Nord-Est [2]. Nous sommes en mesure de présenter aujourd'hui, pour la même

partie de l'Océan Atlantique, une carte gravimétrique. Dans le cadre du programme

Fig. l. - Carte gravimétrique de I'Atlantique Nord-Est:
anomalies à I'air libre en mer, anomalies de Bouguer à terre.

C. R., 1981, l" Semeste. (T. 292, N" 7)
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I.P.O.D. (International Phase of Ocean Drilling), deux parcours du navire foreur Glomar
Challenger ont été effectués en L976,sur les marges de I'Atlantique Nord-Est. Des forages ont
été réalisés au sud du Banc de Galice (site 398, Ouest Portugal [3]) et sur la marge celtique
(site 399 èL 402141). D'autres forages sont programmés en 1981, sur la marge celtique. marge
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Fig. 2. - Contrôle des routes gravimétriques marines et toponymie" Les deux frgures sont superposables et
représentent la réduction photographique ar L/LL 700000 des documents originaux au 1/2400000.

peu sédimentée, où il est possible d'atteindre les séries antérieures à sa formation (séries
< ante-rifting >) [5]. L'interprétation des données gravimétriques permet notamment de
préciser les densités et natures de structures créées lors de l'épisode de formation de la marge
continentale (blocs basculés) ou postérieurement (constructions récifales, diapirs) [6]. Cette
carte s'étend en latitude de la ligne Açores-Gibraltar, au sud des îles Britanniques, et en
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longitude, du continent européen à 20"W Ug. l). Une interprétation complète de cette carte

est en cours ([6], [7]).
plus de 100 000 valeurs gravimétriques ont été compilées et réduites en utilisant I'ellipsoide

international de 1930. Elles proviennent des organismes suivants : Bureau gravimétrique

international (F.), Centre océanologique de Bretagne (F.), Defense Mapping Agency

(U.S.A.), Deutsches Ozeanographisches Datenzentrum (R.F.A.), Institute of Geological

Sciences (G.8.), Institute of Oceanographic Sciences (G.B.), National Geophysical and

Solar-Terrestrial Data Center (U.S.A.), Service Hydrographique et Océanographique de la

Marine (F), University of Cambridge (G.8.), University of Edinburgh (G.8.).

La carte des anomalies à I'air libre de I'Atlantique Nord-Est [8] est rédigée en projection

Mercator à l'échelle du 112400000 (même projection et même échelle que les cartes

bathymétrique [9]et magnétique ([2], [10])de I'Atlantique Nord-Est. Elle est complétée sur le

continent par les anomalies de Bouguer reprises à partir de documents déjà publiés

(111 à [14]). L'équidistance des courbes est de 10 mGal $g.l). Le contrôle des données de

surface apparaît sur la flgure 2.

Une étude statistique a été effectuée sur les différences de valeurs aux intersections de

routes utilisées. La valeur moyenne de ces différences est de 10 mGal avec un écart-type de

10 mGal, ce qui correspond à la précision que I'on est en droit d'attendre pour un ensemble

de mesures gravimétriques marines de provenances diverses. L'histogramme de ces

différences fait ressortir deux pics anormaux à 14 et 30 mGal, le premier pic pouvant

correspondre,à la différence de niveau entre les systèmes de référence I.G.S.N.71 et de

Postdam. Si i'on corrige le niveau moyen des proirls anonnaux, la valeur moyenne des

différences observées aux intersections est alors de 4 mGal et l'écart-type de 4 mGal. Ceci
justifie un choix qui ne soit pas inférieur à 10 mGal pour l'équidistance des courbes.

Ce document n'a pu être établi que grâce aux institutions qui nous ont communiqué des

données gravimétriques. Nous présentons cette carte gravimétrique de I'Atlantique Nord-

Est à I'Académie des Sciences. Le B.R.G.M. en assurera la diffusion.et la vente[8]. Nous

déposerons à I'Acadêmie pour ses archives un exemplaire au 1/2400000 en couleurs avec

contrôle des routes utilisées au verso, pour permettre la consultation.

(*) Remise le 9 février 1981.

[1] Contribution no ?15 du Centre océanologique de Bretagne (Département de Géologie, Géophysique et

Géochimie marines).

[2] P. Gurr.rr.roc, H. JoNQUrr et J.-C. Stsuer, Contptes rentlus,288, série D, 1979' p. l0l l.

t3 l  J . -C.SrsueretW.B.F.RYANetcol l . , /n i r ia l  ReportsoJ ' rheDeepSeaDri l l ingProject ,U.S.Government

Printing Ofllce, Washington, 47, part2, 1979,787 p.

[4] L. MoNraDERr et D. G. Ronenrs et coll., htitial Reports o!'the Deep Sea Drilling Proiect, U.S. Government

Printing Ofllce, Washington, 48, 1183 p'

[5] L. MoNr,qDERr et D. G. Rosrnrs et coll., Sire 401, in L. MoNreDERr, D. G. Rosenrs et coll., lnirial Reports

o!'the Deep Sea Drtlling Project, U.S. Government Printing Office, Washington, 48, 1979, p' 73'124'

[6] p.Lnr.aur,J.-C.SlsugretC.A.Wrlr-rnus"lnterprëtationdelacartegraainrëtriquedel'AtlantiqueNord-Est

(en préparation).

t7l J.-c. srsuer et coll., Evolution de I'Atlantique Nord-Est (en préparation).

[8] p.Lrr-aur,J.-C.SrsueretC.A.Wrllt lus"Carregrauimëtriquedel'AtlantiqueNord'Est,tchellel12400000'

1981, publiée par le Centre national pour I'Exploitation des Océans (C.N'E.X"O.), Paris, diffusée par le

B.R.G.M.. Service Promotion er Vente" B.P. no 6009" 45018 Orléans Cedex (à I'impression)'

[9] A. S: LeucHroN, D. G. Rogenrs et R. Gnaves, Deep-sea Research,22, 1975, p.791-810.

Ugl p. GueNNoc, H. JoNeUEr et J.-C. Stsuer, Carte magnétique de I'Atlanrique Nord'Esr, anomalies tlu champ

total,ëchelle l/2400000, 19?8, publiée par le Centre national pour I'Exploitation des Océans (C.N.E.X.O.)'

paris, diffusée par le B.R.G.M., Service Promotion et Vente, B.P. no 6009, 45018 Orléans Cedex.
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fLLl .At:ance lel Mapa Grauimetico, Peninsula lberica, Anontalias Bouguer, 1972, Servicio de Cartographia y

Talleres del Instituto Geografico y Catastral' Madrid.

ll2l Carta Grauimerrica tle Portugal, 1958, lnstituto Geografico e Cadastral, Lisboa.

[13] Comité national français de Géodésie et Géophysique, cartes gravimétriques de France, 1951'1956'

complétées en 1960 et 1969 par S. Coron.

t14l S. I. MARooF, J. Geol. Soc. Lond.,130' 1974' p.471474.

P. L. et J.-C. S. : Centre océanologique tle Bretagne, B.P. no 337,29273 Brest Cedex:

C.A.W. ; Uniuersity of Cambridge, Madingley Rise, Mutlingley Road,
C ambridg e, C B3 O EZ, Eng land.
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GÉOPHYSIQUE. - Présentation d'une carte magnétique de I'Atlantique Nord-Esr [1].
Note (*) de Pol Guennoc, Hélène Jonquet et Jean-Claude Sibuet, présentée par Georges
Millot.

On présente une cafte des anomalies du champ magnétique terrestre de I'Atlantique Nord'Est intégrant les
donnéés aéromagnétiques et les doonées de surface disponibles.

A compilation ofmagnetic anomalies in the N orth-East Atlantic based on aoailable aeromagnetic anil surface data is
presented.

Dans le cadre du programme I.P.O.D. (International Phase of Ocean Drilling), deux
parcours du navire foreur < Glomar Challenger > ont été effectués enL976, sur les marges de

I'Atlantique Nord-Est. Des forages ont été réalisés au sud des Bancs de Galice (site 398,

Ouest Portugal [2]) et sur la marge armoricaine (sites 399 à 402 [3]). Aussi bien pour

documenter les propositions de sites de forages, que pour interpréter les données de forages, il

était nécessaire de réaliser une compilation des données magnétiques débordant largement le

cadre du levé aéromagnétique du golfe de Gascogne [4]. La zone retenue s'étend'en latitude

de la ligne Açores-Gibraltar au sud des îles Britanniques, et en longitude, du continent

européen à I'ouest de I'anomalie 34 (limite Santonien-Campanien datêe 79 M. A. d'après

van Hinte [5]). Cette carte magnétique du domaine océanique anté-Crétacé terminal (19.) est

donc I'un des documents de base permettant de délinir les mouvements initiaux entre

Amérique du Nord, Europe et Espagne ([6], [7], [8]).
Environ 50000 km de prolils magnétiques obtenus depuis 1959 ont été compilés. Les

données ont été réduites en utilisant I'I.G.R.F. (International Geomagnetic Reference Field)

1965.0 [9] pour les données antérieures à t975.0, et I'I.G.R.F. 1975.0 [10] pour les données

postérieures à 1975.0. Elles proviennent des organismes suivants : Cambridge

University (G.8.), Centre océanologique 'de Bretagne (F), Bedford Institute (Canada),

Durham University (G.8.), Institut français du Pétrole (F), Institute of Oceanographic

Sciences (G.8.), Lamont-Doherty Geological Observatory (U.S.A.), Netherlands Hydro-
graphic Department (H), Service hydrographique de la Marine (F), Université Pierre-et-

Marie-Curie (F).
La précision des mesures de surface (de I'ordre de 50 nT) est diffrcile à évaluer, puisqu'elle

dépend à la fois de la précision de la navigation (de I'ordre de la dizaine de kilomètres pour

certains profrls anciens obtenus de 1959 à 1969) et de la méthode de réduction des données

(champ magnétique de référence extrapoié dans le temps). Le contrôle des données de surface

apparaît sur la carte magnétique de I'Atlantique Nord-Est [11] rédigée en projection

Mercator à l'échelle du 1/2400000 (même projection et même échelle que la carte

bathymétrique de I'Atlantique Nord-Est [12]). L'équidistance des courbes est de

50 nT (fis.).
Des levés aéromagnétiques d'excellente qualité ont été réalisés en Manche et au-dessus du

golfe de Gascogne. Les altitudes de vol et l'époque de réduction de ces levés étant différentes,

les courbes ne sont pas continues d'un levé aéromagnétique à I'autre (lig.). Néanmoins, nous

avons choisi d'intégrer ces données aéromagnétiques à la carte présentée plutôt que d'utiliser

les données desurface existantes, moins nombreuses, moins précises et moins homogènes que

ces dernières. Les documents aéromagnétiques utilisés sont au nombre de trois :
- carte magnétique du golfe de Gascogne (C.N.R.S.,I.N.A.G.,I.P.G. Paris) : altitude de

vol 500 m, données réduites à 1968.5;
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Carte magnétique de I'Atlantique Nord'Est : anomalies du éhamp total.

Bathymétrie simpliliee d'après Laughton et coll. [12]. Identilïcation des anomalies magnétiques 33-34.
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- carte magnétique de France (Ç.N.R.S., I.P.G. Paris) : altitude de vol 3 000 m;
- carte aéromagnétique de Grande-Bretagne, Angleterre et Pays de Galles

(T. Stubblesield, Geological Survey, 1965) : altitude de vol 500 m.

A la frontière entre les données aéromagnétiques du golfe de Gascogne et les données de

surface utilisées, les courbes ont été raccordées car, globalement, I'erreur commise est

inférieure à la précision des mesures de surface. Le document présenté se prête donc

davantage à une interprétation semi-quantitative, s'appuyant sur la foime et I'amplitude

moyenne des anomalies magnétiques, qu'à une interprétation quantitative, nécessitant une

prolongation du champ magnétique terrestre à une même altitude.

Une identification préliminaire des anomalies magnétiques a déjà permis de replacer les

données du forage I.P.O.D. 398 effectué sur la marge ouest de la péninsule ibérique dans le

contexte de l'évolution cinématique de I'Atlantique Nord ([6], [7]). Une interprétation plus

complète de cette carte est en cours [8].
Ce document n'a pu être établi que grâce aux institutions qui nous ont communiqué des

données magnétiques. Nbus tenons à les remercier. De plus, cette carte est dédiée à la

mêmoire d'Eugène Le Borgne, inspirateur et maître d'æuvre du programme de levés

aéromagnétiques de la France, du golfe de Gascogne et de la Méditerranée occidentale, qui a

suivi avec dévouement et compétence les premiers travaux de l"un d'entre nous (J. C. Sibuet).

Nous présentons cette carte magnétique de I'Atlantique Nord-Est à I'Académie des Sciences.

Le B.R.G.M. en assure la diffusion et la vente [11]. Nous déposons à I'Académie pour ses

archives, un exemplaire au 1/240000 en couleurs, pour en permettre la consultation.

(*) Remise le 26 mars 1979.

[1] Contribution no 638 du Centre océanologique de Bretagne (Département de Géologie,. Géophysique'

Géochimie marines).

t2l W. B. F. RynN et J.-C. Srsuer et coll., Initial Reports of the Deep Sea Drilling Project (leg 47 B)' U.S.

Government Printing Oftice, Washington (sous presse).

[3] L. MoNrnDERr et D. G. Roeenrs et coll., Initial Reports of the Deep Sea Drilling Project (leg 48)' U.S.

Government Printing Office, Washington (sous presse).

[4] E. Le BoncNe et J. Le Mourl, Comptes rendus,271, série D' 1970, p. 1167.

t5] J. E. vnN HtNlr, Amer. Assoc, Penol. Geol. Bull., 60, 1976, p.498'516.

[6] J.-C. Srsuer et W. B. F. Rynn, Sire 398 : Euolution of thè West lberian Passiue Continental Margin in the

Framework of the Early Euolution of the North Atlantic Ocean in W. B. F. Rvnu et J.-C. StsuEr et coll., Initial

Reports of the Deep Sea Drilling Project (Leg 47 B), U.S. Government Printing OIIice, V/ashington (sous presse).

t1 i.-C.Srsuer et coll, Deep Drilling results of Leg41 B (Galicia Bank area) in the framework of the early

evolution of the North Atlantic ocean, in PhiI. Trans. Roy. Soc. London (sous presse).

l8l J.-C. SrsuET, P. GueNr.loc, H. JoNeuer et C. A. Wtrlnnas, Interprétation de Ia carte magnétique de

I' Atlantique N ord-Est (en préparation).

[9] International Geomagnetic Reference Field 1965.0. I.A.G.A., Commission 2, Working Group 4, Analysis of

the Geomagnetic Field, (J. Geophys. Res.,74, no 17 , 1969, p. a,407'a408l.

[10] International Geomagnetic Reference Field, 1975. I.A.G.A., Division 1, Study, Group. J. Geophys. Res.' 81,

rf 28,1976, p. 5163-5164.

[11] P. GurNr.roc, H. JoNeuer et J.-C. Srsusr, Carte magnëtique de I'Atlantique Nord-Est, anomalies du champ

roral, échelle 1/2,+00000, 1978, publiée par le Centrenational pour I'Exploitation des Océans (C.N.E.X.O.), Paris'

diffusée par le B.R.G.M., Service Promotion et Vente, B.P. no 6009, 45018 Orléans Cedex.

l12l A. S. LaucHroN, D. G. Rosetrs et R. GRAvEs, Deep-Sea Research,22, 1975, p. 791-810.

H. J. et J.-C. S. : Centre océanologique ik Bretagne'

B.P. no 337,29273 Brest Cedex;'

P. G.:, Département de Géologie marine du B.R.G.M.,

B.P. no 6009, 45018 Orléand Cedex.
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M A G N E T I C  A N O M A L I E S  I N  T H B  N O R ' I ' H E A S T

A T L A N T I C  O C E A N  ( 3 5 " . 5 0 "  N )

J .  V E R H O E F I ,  B .  J .  C O L L E T ' I ' E I ,  P .  R .  M  I  L E S ] ,  R .  C .  S E A  R L E ] ,  J . - C .  S I  B U E T 3 ,

A N d  C .  A .  W I L L I A M S " I

(Received l4 October,  l9 t i5)

Absiract. A rnagnetic anonraly chart is prcsenterJ of the Northcust Atlantic Ocean between 35' and

59.N. This chart is based upon meitsurements obtained during tlre period 1956-l9tt4. In this paper a

description is given <lf the data sct, of the c()nrputcr progranr which was used to obtain grid values from

the daia pointi ancl <lf the subsequent contouring. As a check on the accuracy and internal consistency

of the data set, a cross-over analysis was perfornrcd for dilferent parts of the area.

A general description of t lre nragnetic anomalies is givcrr against the background of the ktrown

structure of the arca. A detaile<J interpretation of thc anonralies falls outside the scope tlf this paper.

1. Introduction

This paper presents a magnetic anomaly chart from the compilat ion of total

magnetic intensity measurements obtained in the Northpast Atlantic Ocean during

the period 1956-l9tt4. The magnetic data were collected during detai led surveys

(e.g.  B lack et  a l . ,  1964;  Mat thews et  u l . ,  l9( r9;  Krause and Watk ins,  1970;

Aumento et  a l . ,  L97l ;  Sear le  and Whi t r l ler rsh,  l97u; ' l -wigt  e t  a l . ,  1979;  Sear le ,

lgttg; Whitmarsh et al.,  l9t l2), ancl lronr numerous nleasurenlents made during

passage through the area (unpublished clata of the contributing insti tutes). 
' fhis

chart fol lows those previously published by Gueltrtoc et al. (1979) and Roberts ef

a/. (19ti5), formerly referred to as Rtlberts altd Jones (unpublished)'

The total compilat ion, the gridding process and the subsequent contouritrg were

done by computer. As a check on the accuracy and i l l tcrnal consistency of the total

data set, a cross-over analysis was performed for diflerent parts of the area.

The bgundaries of the area of the chart are 35o-50o N and Z"-32" W. The greater

part of the area is occupied by the Eurasiart plate. West of the Mid-Atlantic Ridge

is the American plate ancl south of the Azores-Cibraltar plate boundary the

African plate. At the junction of these plate boundaries is the Azores tr iple

juncticln. For reasons of comparison wit lr exist ing cltatrts in this area (e.g. Laughton

et  a l . ,  1975) ,  the scale used for  the enclosed c l tar t  is  l :  2400000 at  41"N-

This paper wil l  describe the total clata set, t l te procedure fol lowed in the

preparation of the contours and the nrajor magnetic features of the area- 
' fhe

6etai led interpretation of their origin fal ls outside t lre scope of this paper.

I Vening Meinesz Laboratorium, University <lf Utrccht, Utrccht, ' l 'he Nethcrlands.
2 lnstitute of Oceanographic Sciences, Worrnley, Unitecl Kingdonl.
3 lfremer. Centre de tsrest, Brest, I;rance.
a Bullard Laboratories, University of Canrbridge, Canrbrit lge, United Kingdom.

Marine Geophysical Researches E (1986) l-25.

@ 1986 by D. Rei<lel Publishing Company.
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2. Descript ion o[ Data Set

The data set used in the compilat ion of the magnetic clrart of the European plate

consists of the tracks obtained lry the l]ul lard Laboratories of the University of

Cambridge (U.K.); the Insti tute of Oceanographic Sciences at Wormley (U.K.);

the Insti tut Français de Recherche pour I 'Explorati t ln <le la Mer ( l fremer) at

Brest (France) and the Vening Meinesz Laboratorium, University of Utrecht

(The Netherlands). Addit ional data were obtained frorn the NOAA- National

Geophysical and Solar-Terrestr ial Data Center. "Ihe trackchart of the magnetic

data is shown in Figure l ,  while Table I specif ies the di lTerent sources.

The measurements were performed over the period 1956-1984. Figure 2

'TABI-E I
'l'otal clata set

Origin
'fotal of krn

United Kirrgdom
France
The Netherlands
NOAA data center

171 9(Xl
57 250

t47 330.
n5 750

4622301'

" About l5% of the data are from thc Hydrographic Service of the

Itoyal Netherlands Navy.
l '  ' Ihe coverage of magtretic data alt lng tracks sltown is about 967o.

56 58  60  62  6 / t  66  68  f0  72  71  76  78  80  82  81

YEAR -  1 9OO
Fig.2. Data distribution over the peritxl 196-5-1984. Note that about 8% of the total data set was

obtained before 1965.
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shows the distr ibution of thc data as a functiorr of the year. From this Figure i t
follows that about tl"/" of the rneasurements were performed before 1965 and
that, with the exception of l9(t4, there are magnetic data for every year during
the per iod 1956-1984.

3. Reduction to Anonralies

The reduction o[ thc total interrsity nragnctic values to a common datunr level is
usually dtlne by renrovi l tg t l tc long wavelengtlr cornponent with a t ime clependent
reference f ield. In this conrpi lat ion t lrc anonrerl ics were calculated relative to the
lA( iA rs l 'ercncc l ie lds ( IAGA Div is ion l  work i r rg  sroup l ,  lg t i l ) :  DGRF 1965,
DCIIF 1970,  DCRF l t )75 ancl  ICRI . -  t9 t t0 .

' l"hesc 
referetrcc f iclds colrsist of a nrodcl ol the rnain l ield at 1965.0 (DGRF

1965) ,  1970.0 (DGRF 1970)  and 197-5.0 (DGI l ,F 1975)  wi th  l inear  i r r terpolat ior r
t l f  the mtldel coell icients I 'r lr  irrterverring dates. A provisional reference f ield is
del i r rcd for  the i r t terva l  1975.0 to  19t30.0 ( I 'CRI . -  1975)  and in  the IGRF l9 t i0
f ield a secular variat ion forecast nxldel is included.

' l ' l te 
above ntentit lned reference t ields are defined from 1965 on. Since about

8% of the measurements were perfornred before 1965 and since we wanted to
include t l tese data also in our compilat ion, i t  was decidetl,  as a f irst ap-
prt lxintati t ln, to extrapolate thc reference l ield DGRF l9(r5 lrackwards in t ime to
I  956.

Figures 3a and 3tr show exanrplcs ol '  the retcrcrrce f ields irr the area, together
with their secular variat ion. i .e. the incrcase irr one year. Tlre values for the
reference f ield varies froln about 42(XX) lr ' l -  in thc southeastenr part of the area to
more than 49000 nT in the ntlrthwest. - l 'he 

secular verri :rt ion varies frorn about
l0nT/a to  about  -40n1' /a  for  the year  1975. ' l -he secular  var ia t ion for  the
cxt rapt l l i t tcd re lcret rce l ie ld  lCRl ;  l9( r0 var ics f ronr  2O n ' l ' /a  to  -10 n ' l ' /a .  In
general, therc is a gradual castward shift  lor t lrc l ines o[ cqual secularr variat ion
over t lre period 1960-l9tt0.

4. Cross'-over Analysis

In order to estinrate the accuracy and intcrnal cunsistency of the total data set, a
cross-over analysis was perfornted in four subarcas labeled A-D in Figure l .  1'he
magnetic data along the tracks were stored as t ime-series on magnetic tape and a
computer program was used to calculate the coordi lrates and t imes o[ the points
t l f  intersection t l f  the dif ierent slr ip-tracks together with the values of the
nragltet ic anonral ies at t l tese locations (Verhoef and Scholten, 1983). Figure 4
gives a lr istttgram ol the cross-over.err()rs for area U. 1'he definit ion ol the sign of
the dif ierences is such that they denote the anomaly value of the track compared
t t l  the o lder  one at  a  cross ing. ' l 'he observed mean value of  - t4nT o[  the 1293
crossil tgs, with a standard deviation of 52 n' l ' ,  denotes that the secular variat ion
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Fig. 3a-b. Total magnetic intensity values of the references fields (continuous lines) with a contour

interval of 1000 nT. The dashes denote the secular variation, contour interval l0 nT/a. The field IGRF

1960 (in a) denotes an extrapolation of the DGRF 1965 field'
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l l o  o f  c r o s s i n g s  :  1 2 9 3

m e a n  v a l u e  :  - 1 4  n T
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C R 0 S S - 0 V E R  E R R 0 R  ( n  T )

Fig. 4. Histogram of cross-over errors for area B (see Figure I for the location). Anomalies are given

relative to the referencc tields.

given by the reference fields is too high. 
'l 'able Il shows, in the column observed

anomalies, the results for the areas A-D. One observes for all four areas a

negative mean value, with standard deviations varying between 48 and 62 nT.

Excluding from the cross-over analysis tltose tracks which were sailed before

1965, one obtains a mean value closer to zero in areas A and D where a

TABLE II
Cross-over analvsis

c| 200
z.
U.J
f
g  r 5 O
trl
É.
u-

l 0 o

Number of
crossings

Observed Corrected Corrected
anomalies anomalies anomalieso

A
(45"-49'N/7'-l i" W)

B
(39"-43'N/19"-23'W)

C
(35'-39'N/25'-31'W)

D
(35"-39'N/9'-14" W)

r )  309s
2)2s2O-

t) 1293
2) t2O3

1)  1394
2\ t2s9

- 1 4 + 4 8  n T
-  4 i 3 9  n T

- 1 4 * 5 2  n ' t
- l 3 r 5 l  n T

-20* .62nT
- 1 9 * 6 1 n T

-25*5'7 nT
- 1 9 * 5 2 n T

t4*46 nT
l5  È43 n1

3 t 5 l  n T
3 f 5 0 n T

-  5 * 6 0 n T
-  6 4 5 9 n T

-  4 t50n ' l '
-  l * 4 8 n T

1.3  i4 .9  nm

0 . 1 * 2 . 0  n m

-0.2* .1 .7  nm

0 . 0 + 3 . 1 n m

r) 803
2) 729

,'Mean value and standard deviation calculated with respect to local gradient at crossing.

l) Total data set uFed for cross-over analysis.
2) Only tracks sailed after 1964 used in cross-over analysis'
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signif icant number of the crossings have <ltte track sailed before 1965. In

addit iol,  the standard deviations decrease sl ightly for al l  areas when the tracks

before 1965 are excluded.
Tlre results of the cross-over analysis thus indicate t l tat, after applying the

reference fields, tlre magnetic anoinalies are still time dependent. [n order to

el iminate this t irne-dependency, especial ly for the tracks sailed before 1965, i t

was decided to deline an extra correction. This was done by grouping the dala

into periods of five years, except for the data before 1965 which were all put into

one group. From tlre data for the di l lererrt groups, grid values were calculated

using a large low-pass wavelength of the applied cl igital f i l ter (see next section for

a description of the cornputer progranr used for the calculation of the grid

values). In doing so, only the long wavelengths of the anomalies remain. ln order

to reduce possibte edge effects, the data used in the calculation of the grid values

were, wherever possible, extendecl beyond t l tc standard area. The result ing grid

values were next smoothed by applying a two-ditnensit lnal running mean pro-

cedure with a Gaussian weight function (halfwidth l(X)0 km).

The result ing long wavelength anomalies are given i lr  
' Iatr le II I  as a 4o x 4"

grid, together with a code indicating the number of data points in the 4" x 4"

subarea. The values for the period 1956-19(r4 are signil icantly larger th:rn those

for the other periods. This indicates that the l irst approxirnation for the reference

lield for this period (the lrackwartlextrapolatiort of t l te DGI1F 1965) gives r ise to

higher secular variation residues than the later, better delined reference lields.

The long wavelength anon'ralies given in 
'l'able ill can be used to define

additional terms of the correction for tlte secular variation defined by the

reference fields, as required by the present data set. These terms were computed

as follows. The values for tl're dilïerent periods were assumed to hold for the year

halfway through the respective period (i .e. 1960, 1967, 1972, 1977, and t982).

For the years in between linear interpolation \/as used to obtain the correction.

As a reference year the year 1977 was taken, since the period 1975-1979 is the

most recept one for which the reference fields are defined in a definitive way. The

actual correction is then obtained by correcting the rnagnetic anomalies for the

differences of the grid values of that year with the values of the period

197 5-t979
Figure 5a shows the histogram of the cross-over errors for area B after the

above correction was applied" The mean value is close to zero and the standard

deviation is somewhat reduced. Table Il shows the results for the four areas in

the column corrected anomalies. Although in general the mean values are now

close to zero, an exception is formed by area A where the correction was too

large, resulting in a positive mean value of 14 nT. The results when the tracks

sailed before 1965 are excluded are no longer significantly difÏerent.

Although Table II indicates that there is no systematic error left, the standard

deviations still amount to 60 nT. The short period variations of the magnetic

field, i.e. the daily variations, are not taken into account by the reference fields.
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TABLE I I I

Long wavelength anomalies after reductitln tor reference fields (in nT)

Longitude

Latitude 3(P W 26o W 22" W I 8 " W  l 4 0 w  l 0 " w 6 ' W

Period 1956-1964
49o N l0() (a) 9tt (b)
45'N 9tt  (a) 100 (c)
4 l o N  -  t 0 6 ( b )
37'N - 97 (b)

Period 196-5-1969
4 9 " N  - l ( a )  - 7 ( a )

45" N 26 (c) 27 (b)
41" N 40 (c) 52 (c)
37" N 33 (b) 53 (c)

Period 19'10-1974
4 9 o N  - l ( b )  - 4 ( b )

45o N 40 (b) 36 (c)
41'N 64 (a) 56 (c)
37'N 60 (c) 52 (c)

Pcr iod 1975-1979
4 9 " N  - l t J ( a )

4-5" N 26 (c)
4 f " N  4 7  \ c )
37 'N  47  ( c )

Perio<l I9tt0-|9l '14
4 9 o N  - 1 4 ( b )

450N |  ( b )
41" N t i  (b)
37 'N  o  ( c )

9-5 (a) tt4 (a) 7l (b) -5t't (c) 34 (c)
gtt (a) t)7 (c) 102 (c) 102 (c) ttlt (b)
etl (b) l0-3 (b) l2() (c) l2e (c)
t t5 (b) -  l2( l  (b) 127 (c) 12 I  (b)

- l  ( a )
29 (c)
45 (c)
45 (c)

23 (c)
3 l ( c )
42 (c)
s2 (b)

_ _"s (b)
2tt (c) 27 (c)
57 (b) 55 (c)
6ti (c) 76 (b)

-4 (c) 5 (c)
29 (c) 27 (c)
47 (c) 42(c)
43 (c) 45 (c)

1 6 ( a )  2 l ( a )
29 (c) 2t t  (c)
40 (c) 40 (c)
40 (c) 4tl (c)

4  ( c )  l 0  (b )

3-l (c) 45 (c)
5t3 (c) 66 (c)
67 (c)  -51 (c)

l6  (c)  |  t l  (c)
29 (c) 2tt (c)
4 l  (c)  3-s (c)
45 (c) 2tl (c)

tt (c)
46 (c)

4s (b)

2 2 ( c l
27 (lrl

t 7  ( b )

2 l  ( c )  l e ( c )
2t) (c) 27 (b)
3-5 (c)
33  ( c )  13  (b )

-  - 1 0 ( a )  l 3 ( a )
r (b) I (b) I (b)

12  ( c )  l  l  ( c )  l 2  ( c )
tt (c) I () (b) l6 (lr)

23 (c )  -2  (c )  -3 l  (b )
9 (c) - l -s (c) -52 (c) .

l ( l  (c )  -5  (c )
16  (c )  17  (c )  3 ( l  (b )

Explanation:
- No data in subarea.
(a) Less than 1000 data points in subarea.
(b) Between l(XX) and 5(100 tlata points in subarea. -
(c) More than 5(XXl data points in subarea.

ln local landbased surveys the daily variat ions are corrected by using the
recordings of the geomagnetic lield intensity ils a function of tirne from the
various magnetic observatories. On open sea this cannot lre done rel iably when
the land base stations are far away. Reagan and Rodriguez ( 198 l) give world
wide averages of the amplitudes of the daily variat ions at difÏerent lat i tudes.
Between lat i tudes 35" and 5(f N the anrpl i tudcs of t lre total f ield daily variat ions
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Fig. 5. Histogram of cross-over errors for area B, using the corrccted anomalies (a).

cross-over errors are related to the local gradient at the crossing.
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In (b) the
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are about 50 nT. 'this indicates that at least part of the standard deviation of the

cross-over errors may be ascribed to daily variations.
Another source for errors of a measured value at intersection points lies in the

navigation. The accuracy of the navigation of the different tracks is variable; the

oldest tracks have celestial navigation while the more recent ones have satell i te

navigation. ln orcler to examine how navigatitln errors may inlluence the

differences in the magnetic anomalies at the cross-overÇ' \'rre referred these

differences to the local gradient of the magnetic anomalies. This local gradient

was obtained from the magnetic anonralies alttng the two intersecting tracks lying

within 3 nm distance of the intersection point. ' l 'wo alternative calculations of the

gradient were made. First was to take the maximunr gradient alorrg tlte intersec-

ting tracks. Second, the gradient obtained along both tracks \ryas averaged by

normalizing over the area around the intersectiott point. Figure 5b shows a

histogram of the cross-over errors in areu Il norrrralized with respect to the

gradient. The standard deviation of 2.0 nm would then indicate the standard

deviation of the navigation errors, provided that navigitt ion errors are the only

èrror-source. Table II gives the mean values and standard deviatit lns at the

crossings expressed in the gradient of the magnetic anomaly at the crossing. The

values refer to the maximum track gradient at the crossing. If the meall gradient

along the tracks is taken (the second calculation), the resulting standard devia-

tions are generally higher. In area Il this results into a standard deviation of

2.4 nm.

5. Computer Contouring

ln this study a computer progranl was used to tratrsform the approximate L2

mill ion clata points along the tracks itrto values on a square grid. The gridding

algorithm is a combination of an adjustable digital f i l ter with the weighting

method as was described by Slootweg (1978). With the computer program grid

values can be calculated which are unbiased by the track-line geometry. The

method has the disadvantage that along-track details with wavelengths shorter

than the mean track spacing are lost.
The computer contouring consists tlf three steps:
(l) generating a square grid over the area to be contoured;
(2) estimating mesh point vil lues for t lr is grid from the data point values;
(3) drawing contour lines using tlte mesh ptlint values.
The calculation of mesh point values fronr data points which are not evenly

spaced implies a kind of f i l tering. The computer program applied in this study

uses a weighted mean method with a spatial f i l ter for the weighting function. As

spatial f i l ter, a 6dB/octave.roll ofÏ Butterworth l i l ter is chosen. The choice of the

cut-off wavelength of the fi l ter depends on the data point distribution and

expected spectral content of t lre variable to be contoured. In general, data points

along a ship-track are more closely spacecl than in directions perpendicular to it.
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Fig. 6. Spatial representation of the Butterworth filter used in the calculation of grid values.
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I f  one chooses the cut-ofÏ wavelength too low. the coherent structure of the
result ing contour l ines is disturbed by the data point distr ibution, i .e. the
ship-tracks. If ,  on the other hand, the cut-otï wavelength is chosen too high,
short wavelength detai l  is lost in the chart. Thus an optimum value has to be
established which will depend on the mean distance between the tracks. Figure 6
gives the spatial representation of the filter for values of the cut-ofï wavelength

of respectively 10, 20, and 40 nm. One observes how the radius of the data points
which contribute to the calculated value at the grid point depends upon this
cut-off wavelength.

The use of an adjustable mathenratical f i l ter in the gridding algrlr i t l rm gives the
chartmaker the opportunity to choose the l i l ter constants, minimizing data
distr ibution effects, and at the same time to know how much l i l tering wil l  occur
for any wavelength. Addit ionally, thc f i l tering wil l  also dirninish the inl luence of
residual positioning errors.

The result ing f i le contains fr lr each mesh point:
(a) the summation of the weighting function t imes the values of the contribut-

ing data points ,
(b) the summation of the weight function proper, and
(c) the number of contributing data points.

Data points contribute to a grid value whenever the weight function, which
depends on the distance between the data poinf and the grid point, is higher than
O.3"/" of the maximum value. This maximum value occurs when data point and
grid point coincide.

After processing al l  data points one calculates the values at the grid points

from the obtained sum in (a) divided by the total weight function of (b). If the
number of data points contributing to one grid point is less than an arbitrary
l imit, a zero is stbred indicating 'no value' in areas of low density.

Storing the three values a-c for each grid points has the advantage that,

whenever new dater are available, it is possible to update the contour file.
Moreover, suppose that after the contouring one observcs that several contours
are obviously disturbed by a part icular track. Eliminating this track is easily
possible by correcting the values a-c for data points of this track, by adding a
hypothetical track with reverse values and resett ing the weight function.

The f inal contour chart is produced by drawing l ine segments within the
elementary grid squares. The end points of these segments are found by linear

interpolation between the mesh points.

6. Filtering Effect of the Contouring

The mean distance between the tracks shown in Figure 1 is such that the

optimum cut-olï wavelength for the filter used by the computer program was
found to be 20 nm. As can be seen in Figure I at places the data distribution is
not dense enough to obtain rel iable grid-values with this cut-ofï wavelength.
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Here the grid values \ryere calculated using a two dimensional running mean
procedure with a Gaussian weight function, rather than using a larger cut-olï
wavelength in the gridding process. The distance between the grid points at
which the magnetic anomalies were calculated was chosen at 0.05 degree, i .e.
N-S at a distance of 5.5 km. Therefore. in the gridding process wavelengtlrs
shorter than about I I  krn are el inrinated and an arrt i-al ias f i l ter should be applied
before the griddirrg can be perfornred. The f i l ter used by the computer program
can function as t l ' re anti-al ias f i l ter. ' l 'he' f i l tering etïect of a 20 nm Butterworth
fi l ter is demonstrated in Figures 7a and 7b.

Figure 7a shows the seafloor spreetdirrg anomalies, calculated at 4l 'N assuming
a plan-paral lel horizontal rnagnetic layer with i ts top at 3 krn arrd i ts b<lttom at
4 km. The magnetic nxrdel is based on the t ime scale of Lowrie and Alvarez
( l9 t t l )  us ing a f ixed hal f -spreading rate of  l .2cnr /a. ' l 'he parameters for  the
incl ination arrd declination of the present and arrcient rnagnetic f ielcl,  indicate<l in
Figure 7, fol low from the paleo-poles for the Eurasiarr plate given by lrving and
l rv ing (  l9 t t2) .

Figure 7b shows the spreading anonralies f i l tered 20 nm, 6 dBloctave rol l-olT.
One observes t l tat individual short reversals are hardly visible, sometintes t lrey
only show as small arnpli tude variat ions. Anomalies 3() and 31, sl-rowilru in Figure
7a as two peaks, beconre conrpletely merged into one anonraly 3(y3l in Figure
7b. Thc elfcct of the l i l tcr ing cart i t lso lrc ol 'rscrvecl in the rcductiolr ol thc
amplitude <lf the seafloor spreading anonralies

Figure 7c shows the contours of the seafloor spreading anontal ies, calculuted at
a grid of 0.05 degree, using the 20 nm Butterworth f i l ter for the colrtouring. T'he
anomal ies were ca lcu lated for  the urea aroutrd 4 l 'N.

' fhe presentatiott of the grid valucs lry way of a corrtour chart hns the
disadvantage that small amplitude l irreations with amplitudes smaller than the
contour interval may get lost. A possible solution l ies in the presentation of a
three dimensional view of the grid values. as was done for the spatial represen-
tation of the filter used in the gridding process (see Figure 6). Another possitrle
solution can be found in the presentation of slopes instead of the values itself.  For
this the directional derivative <lf the grid values can be.used.' l 'he directi ï lrr
depends on the slopes one wants to enhance. For instance if  t lre direction clrosen
is the seafloor spreading directiorr the slopes of t lre sealkror spreading anonralies
wil l  l ine up and enhitnce the posit ion of t lre anomulies. Figure 7d shows the result
for the calculated seafloor spreading anomalies.

7. Final Editing

The cross-over analysis was only perforrned for parts of the total area. This
leaves open the possibility that there remain parts of tracks whose magnetic
anomalies are not consistent with those of other adjacent tracks. [n order to find
these tracks, or parts of them, the following procedure was adopted. First the grid
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values were calculated using al l  data. From these grid values, synthetic anontal ies
were calculated along all tracks. The resicluals, i.e. the dilïerence between the
altt tmalies used i l t  the calcul i t t ion <tf the grid values ancl the anornalies obtarinecl
from them, should then be short wavelength anomalies with no bias. However, i f
a track (or part) has anomalies which are not consistent with those of other
adjacent tracks then the residuals will be biased and have the same sign over a
longer distance. Therefore, the residuals were averaged from the time-series of
the tracks over four hour blocks, about 65 km, and these averages were printed.
All those parts of tracks where these averages have the same sign over a 24h
period (with an average ship's speed of 9 knots over a distance of about 4U0 km)
were eliminated from the data set. However, if the part of the track runs along a
continuous anomaly of one sign, then that part was not el iminated. Also parts
where the averages have high values and no adjacent seamounts or islands occur
were eliminated. In total, using the above described procedure about 2"/" <tT the
data set was discarded.

8. The Contour Charts of the Magnetic Anomalies

Following the above described procedure, contour lines were drawn from the
grid values as shown in Figure 8 and in the accompanying map at a scale of
I :2 400 000 at 41'N. Areas where the data distr ibution was not dense enough to
obtain reliable contours were filled in using a two dimensional running mean
procedure with a Gaussian weight function. These areas are shown at the back of
the map with boxes. Also shown are the track l ines from Figure l .  Discontinuous
track lines denote places where data gaps of more than 30 min occur (approx.
8 km at 9 knots).

The directional derivative of the magnetic anomalies is given in Figure 9. The
direction was chosen to be 285", thus enhancing the seafloor spreading
anomalies.

9. Magnetic Anomalies Reduced to the Pole .

In general, magnetic anomalies are phase-shifted when observed away from tl're
magnetic pole. The shift in position, or skewness, of the magnetic anomalies is
caused by the nonverticality of the involved magnetic vectors. These vectors are
the remanent magnetization vector and the present f ield vector (e.g., Verhoef,
1984). This phase-shift  of the magnetic anomalies can, in principle, be el iminated
if the orientation of these two magnetic vectors is known. This is termed
reduction to the pole.

Assuming that the bodies causing the magnetic anomalies are two-dimerrsional
structures, the reduction to the pole can be made by correcting for the phase-
shift  parameter theta (Schouten, 1971). For three dimensional structures the
correction for the skewness of magnetic anomalies can be described by the
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operator'reduction to the pole' (RP) definecl ir t  the Fourier domain (Le Mouël et
al.,  1972\. The nragnetic anomalies as defined from the grid values obtained after
the gridding process are transformed to the Fourier domain using standard 2-D
FFT routines. The Fourier transformed anomalies are then mult ipl ied by the
RP-operator and after inverse transformation the reduced to the pole nragnetic
anomalies are obtained.

The parameters needed for the RP-operator are t lre incl ination and declirrat iott
of the present magnetic l ield and of the ancient magnetic f ield, i .e. the f ield at the
time the involvecl structures obtained t lreir magnetization. ' l ' l te ancient f ield
parameters were calculated using the paleo-poles of lrvirrg and lrving (l9lt2). As
the parameters show a signif icant variat ion over the area involved, i t  was decided
to perform the transformation using clilferent sets ol parameters for the eilstenr
and westcrn half of thc data anrl nrcrging t lrc rcsults. Frlr thc western part of the
are: r  (west  o f  l9oW) the parameters i l re  as fo l lows:  remanent  inc l inat ion:54" ,
renranent declinatiot l :  -2o, present incl ination: 59" artd present declination: - l7o.

For the eastern part of the area (east of 2(f W) the parameters used are:
renranent incl ination:. 46", remanent declination: lo, present irrcl inart ion: 59o and
present declination: -12". Tl 're variat inn in range of parameters for each area
compared to those actually used were: renranent incl ination: tt i",  rent: lnent

declination: t l",  present incl ination: t5o ancl present declination: f2o. The

reduced to the pole anomalies in the area betweett l9o and 2(f W were t lren
merged. The results are shown in Fig. 10, together with the bathymetric con-
tours. 

' I 'hese 
bathymetric contours are taken fr<lm the digital bathymetric data

base (DBDB5, l9lt4). Figure I I  shows the same batlrynretr ic contours with the
addit ion of shadins.

10. ldentification oI Sealloor Spreading Anomalies, Kirtematic Implications and
the Relation of Magnetic Anomalies with Bathymetry

The data presented in this magnetic anomaly chart represent three aspects in the
development of marine geology and geophysics o1ï SW Europe. First is the
fidelity in resolving geomagnetic reversal signatures in the oceanic crust. Second,
concerns the space and time relationships between the various tectonic provinces
existing throughout the area of the chart and third, the magnetic expression of
important bathymetric features.

The major seafloor spreading anomalies identified in Figure tl have been
defined from the reversal t imescale of Lowrie and Alvarez (l9ttl) as shown in
Figure 7 and the enhanced resolution afforcled by the directional derivative ol the
magnetic anomalies shown in Figure 9. Figure 9 enables the identilication of
magnetic isochrons which are not evident in Figure 8, the main chart or in
previous compilations. In particular, the weak anomaly seen between 30/31 and
33 can be traced almost continuously from the European-African plate boundary
up to 50'N. This anomaly is identif ied as anomaly 32. Anomaly 24 is seen clearly
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to the north and south of King's Trough with the anomaly l ineations on the south
flank of this feature substantiating the interpretation of Miles and Kidd (in press).
Anomaly 13 follows the interpretation of previous authors (e.g., Srivastava and
Tapscott, in press) as the most prominent anomaly lineation of this age in an area
of subdued anomaly amplitudes and low data coverage.

Anomaly identification and tracing of isochrons is difficult between anomalies 6
to 18 although a number of identif ications have been made (Archambault, 1984;
Srivastava and Tapscott, in press). Anomaly 6 is readily identifiable as well as
anomaly 5. It is possible that anomaly 5 is traceable through the Azores complex.

The ridge-anomaly (anomaly l) stands out by its large amplitude. [t is dissected
by a number of offsets in our area of coverage (Searle and Laughton, 1977;
Bhattacharyya et al., 1975).

Anomaly 34 marks the end of the Cretaceous Magnetic Quiet Period. A
problem of the oldest identifiable anomalies in this part of the Atlantic (Mesozoic
anomaly MO or anomaly J) concerns their locartion or extent. In Figure 9 the
easternmost magnetic l ineation extends due north along 3(f W to 41o N, the latter
position being the ocean-continent boundary west of Galicia Bank (Groupe
Galice, 1g7g).

The early comprehensive analysis of magnetic anomalies given by Pitman and
Talwani (1972) for the North Atlantic, and the kinematic studies which sub-
sequently used the results, were significantly modified by the re-identification of
anomalies 3l and 32 as 33 and 34 by Cande and Kristoffersen (1977). A
consequent reconstruction (Kristoflersen, 1978) illustrated the significance of an
anomaly 33 reconstruction overlap as quantifying a NW Tertiary motion of the
Iberian plate. More recently, lberia is proposed tcl have moved with Africa until
anomaly 10 time (Srivastava and Tapscott, in press). The later publications on
North Atlantic reconstructions affecting the area of the chart have used magnetic
anomaly l ineations as major constraints back to the Campanian (anomaly 33).
The Cretaceous Magnetic Quiet Period and the Mesozoic anomalies adjacent to
the Portuguese margin provide poor constraints on closure reconstructions
(Sull ivan, 1983; Olivet et al., 1984; Masson and Miles, l9tl4; Srivastava and
Tapscott, in press).

In Figure l0 the magnetic anomalies reduced to the pole show several
outstanding correlations with the regional bathymetry and structure. Additionally
there is a relationship between large bathymetric features and the occurrence of
very large magnetic anomalies. These relations are most evident over the
Mid-Atlantic Ridge (MAR in Figure I l), the Azores (l), King's Trough (2), the
seamounts on the southern Azores-Biscay Rise (3) and the Madeira-'I'ore Rise
(4). Interesting exceptions are the Biscay seamounts (5) and the seamount which
flanks anomaly 33 at 40"N/lB"W. Galicia Bank (6) shows clearly as the seaward
continuation of the continent-ocean crustal boundary N of the Iberian Peninsula.
The Azores-Gibraltar plate boundary shows from lineations both in the bathy-
metry and reduced to the pole anomalies.
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1L. General Discussion

The early formation of oceanic crust in the area of the North Atlantic covered by
the chart remains controversial in its palaeo-tectonics if not in time. Emplace-
ment of oceanic crust around the continental margins of SW Europe began in
Late Aptian west of Galicia Bank (Sibuet and Ryan, 1979) and in the northern
Bay of Biscay (Montadert et al., 1979) and in Lower Albian west of the Goban
Spur continental margin (Masson et al., 1984). To the east of Goban Spur the
ocean-continent boundary of the North Biscay margin, which l ies well off the
continental slope, is marked by the magnetic anomalies. The same seems true for
the compressed southern margin which extends westward of the lberian Peninsula
and passes north of Galicia Bank. A number of init ial spreading geometries have
been proposed for the otherwise ill constrained areas of oldest oceanic crust
adjacent to the margins (Olivet et al., 1984; Masson and Miles, 1984; Sull ivan,
l9tt3; Srivastava and Tapscott, in press). The existencc of Ibcria as a separate
micro-plate, its relative motion arrd the degree of continental overlap in alter-
native reconstructions (particularly Galicia Bank) has featured in much of the
literature on this area.

A spreading triple junction existed to the west of Biscay from the mid Albian
following the initiation of spreading between Eurasia and North America (Wil-
liams, 1975). Spreading in Biscay probably stopped after anomaly 34 times. This
extinct triple junction is evident orr the chart at 45oN/14.5"W. West of lberia
confused anomalies result partially from Late Cretaceous and Miocene com-
pressive phases in the area of the Madeira-Tore Rise.

As said before, the identification of Mesozoic anomaly MO (or anomaly J)
north of the Azores-Gibraltar plate boundary in this area is difficult. The DSDP
and ODP programs have sites dri l led south and west of Galicia Bank which are
Iocated on rotated fault blocks of a ri l ted margin. tf this type of structure is
continuous to the south in the deep waters off Portugal, this is one way of
explaining the low amplitude anomalies in this area.

The Tertiary deformation of the north Spanish margin is well documented (Le
Pichon and Sibuet, 1,971; Boil lot et al., 1979; Grimaud et al, 1982; Olivet et al.,
19tt4 and Groupe Cybere, 1984). The proposed interpretations have implications
for the area west of the lberian Peninsula. West of the prominent magnetic
anomaly 33 a number of interesting features exist which have not been fully
explained. Two major features, King's Trough and the Azores-Biscay Rise, have
appeared in much of the l iterature on this area (e.g., Searle and Whitmarsh,
1978; Whitmarsh et al", l9tt2). An important aspect of these features concerns
the significance of the Pyrenean orogeny to their origin and development.
Whitmarsh et al. (1982) found no evidence of subduction or transform motion
being related to the Azores-Biscay Rise. The data in this paper suggests a
continuity of magnetic lineations over the Rise as can be seen on the chart and in
Figures 8 and [0. These results directly aflect proposals requiring part of the
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Azores-Biscay Rise to be a plate boundary (Grimaud et a1.,.1982; Olivet et ul.,

1983;  Gr imaud et  a I . ,  1983;  Sr ivastava and' fapscot t ,  in  press;  c f . ,  a lso Schouten

et al.,  in prep.) Apart from the topographic efÏect of the seamounts on the

southern part of the Rise, this feature shows no signif icant magnetic chitrac-

teristic. King's Trough trends across the magnetic isochrons and pr<lduces some

disturbance in the l inearity of the anomalies, part icularly on its southern f lank.

Tlr is f lank has been discussed extensively (Le Pichon and SibueT, I97l; Searle

arrd Whitmarsh, [978; Grimaud et al.,  1982: Olivet et al.,  l9t i3; Olivet et ul.,

19U4). Small offset fracture zones (Schouten and White, 1980) f lanking King's

Trough, near 42" N122" W, have been postulated from the magnetic anomalies

18-24 (Miles and Kidd, in press).

ln the SW corner of the chart, the Azores tr iple junctiort has a large efÏect on

the anomalies (Searle, 1980). The Tydeman Fracture Zone (I 'wigt et al. ,  1979',

Collette et a1.,1984) can be seen along the southern margin of the chart at 36'N

south of the extensive lineation of the East Azores Fracture Zone noted above

from the reduced to the pole anomalies. To t lre north of the Azores, at 41" N on

the ridge, the magnetic anomaly contours may suggest that the Kurchatov

fracture zone (Searle and Laughton, 1977) can be traced east as far as the

Azores-Biscay Rise, i ts trend correlating with the southern l imit of the seanrounts

on this part of the Azores-Biscay Rise.

Acknowledgements

Particular thanks are extended to J. H. M. Hoofd for the data preparation and his
perseverance in the data presentation and copy proofing of the chart. Dr. M. T.

Jones of MIAS is thanked for making a large amount of inaccessable' data
accessible which significantly influenced the results of this work.

The first author (J. V.) acknowledges the funding obtained for the project from

the Netherlands Organization for the Advancement of Pure Science (ZWO)

through the Stichting AWON.

" Reterences

Archambault, M. F.: 1984, 'Evolution cinématique post-Eocène de I 'Atlantique Nord et Central.
Implications sur le fonctionnement des Açores et l 'évolution due domaine méditerranéen occidental',
Ph.D. Thesis, Université de Bretagne Occidentale, 211 pp.

Aumento, F. D., Loncarevic, B. D., and Ross, D. I.: 197 l, 'Hudson Geotraverse: Geology of the
Mid-Atlantic Ridge at 45"N', Phil. Trans. Roy. Astr, Soc. London, A 268,623-650.

Bhattacharyya, P. J., Hyndman, R. D., and Keen, M. J.: 1975, 'The Mid-Atlantic Ridge near 45" N,
XXIII, Analysis of Bathymetric and Magnetic Data', Can. J. Earth $ci., 12,337-346.

Black, M., Hil l, A. S., Laughton, A. S., and Matthews, D. H.: 1964,'Three Non Magnetic Seamounts
off the lberian Coast', Quat. J. Geol. Soc. Lond.l2l,47'7-517.

Boil lot, G., Dupeuble, P.-A., and Malod, J.: 1979,'Subduction and Tectonics on the Continental
Margin of Northern Spain', Mar. Geol.32, 53-70.

1 6 3



24 J .  V E R H O E F  T i I ' A L .

Cande, S. C. and Kristofferson,Y.: 1977, 'Late Cretaceous Magnetic Anomalies in the North Atlantic',
Earth Planet. Sci. Leu. 35,215-224

Collette, 8.J., Slootweg, A. P., Verhoef, J., and Roest, W. R.: 1984,'Geophysical Investigations of the
Floor of the Atlantic Ocean between 10" and 38'N (Kroonvlag-project)', Proc. Kon. Ned. Ak. Wet.,
ser ies B,  87, l -76.

DBDB5: 1984,'Navoceano Digital Bathymetric Data Base, Unclassified'.
Grimaud, S., Boil lot, G., Collette, B. J., Maufret, A., Miles, P. R., and Roberts, D. G.: 1982,'Western

Extension of the lberian-European Plate Boundary During the Early Cenozoic (Pyrenean) Con-
vergence: A New Model', Mar. Ceol. 45,63-77.

Grimaud, S., Boil lot, G., Collette, B. J., Maufret, 4., Miles, P. R., and Roberts, D. G.: 1983,'Western
Extension of the lberian-European Plate Boundary During the Early Cenozoic (Pyrenean) Con-
vergence: A New Model-Reply', Mar. Geol. 53,238-239.

Groupe Cybère: 1984, 'La marge déformée du Nord-Ouest de I'Espagne', Cnexo publications,
Résuhats des campagnes à Ia mer 29, 135 pp.

Groupe Galice: 1979, 'The Continental Margin off Calicia and Portugal: Acoustical Stratigraphy,
Dredge Stratigraphy and Structural Evolution', in Sibuet, J.-C." Ryan, W. B. F. et al., lnit. Repts.
DSDP, 47, part 2, Washington (U.S. Govt. Printing Olfice), pp. 633-662.

Guennoc, P., Jonquet, H., and Sibuet, J.-C.: 1979, 'Présentation d'une carte magnetique de
I'Atlantique Nord-Est', C. R. Acad. Sci. Paris, Ser. D,288, pp. 1011-1013.

IAGA Division I Working Group: 1981,' lnternational Geomagnetic Reference Fields: DCRF 1965,
DGRF 1970, DGRF 1975, and IGRF 1980', EOS Trans. Am. Ceophys. Un.62,1169.

Irving, E. and lrving, G. A.: [982, 'Apparent Polar Wander Paths Carboniferous through Cenozoic
and the Assembly of Gondwana', Ceophys. Surf . 5,l4l-189.

Krause, D. C. and Watkins, N. D.: 1970,'North Atlantic Crustal Genesis in the Vicinity of the Azores',
Geophys. J. Roy. Astr. Soc. 19,261-283.

Kristofferson, Y.: 1978,'Seafloor Spreading and the Early Opening of the North Atlantic', Earth.
Planet. Sci. Lett. 38, 27 3-290 "

Laughton, A. S., Roberts, D. G., and Graves, R.: 1975, 'Bathymetry of the Northeast Atlantic:
Mid-Atlantic Ridge to Southwest Europe', Deep Sea Res.,22,791-8 10.

Le MouëI, J. L., Galdeano, 4., and Le Piohon, X.: 1972, 'Remanent Magnetization Vectrlr Direction
and the Statistical Properties of Magnetic Anomalies'" Geophys. J. Roy. Astr. Soc.30,353-37l.

Le Pichon" X., and Sibuet, l.-C.:1971, 'Western Extension of the Boundary between European and
Iberian Plates During the Pyrenean Opening', Earth Planet. Sci. Lett. 12, 83-88.

Lowrie, W. and Alvarez, W.: 198 l, 'One Hundred Mill ion Years of Geomagnetic Polarity History',
Ceology 9,392-397.

Masson, D. G., and Miles, P. R.: 1984, 'Mesozoic Seafloor Spreading between lberia, Europe and
North Amerièa', Mar. GeoI. 56,279-288.

Masson, D. G., Montadert, L., Scrutton, R. 4., and Gruvel, J.-P.: 1984, 'Evolution of the Goban Spur:
History of a Starved Passive Margin', in Graciansky, P.-C., Poag, C. W. et ql., lnit. Repts. DSDP, 80,
Washington (U.S. Govt. Printing Ollice), pp. l l l5-1140.

Matthews, D. H., Laughton, A. S., Pugh, D. T., Jones, E. J. W., Sunderland, J., Takin, M., and Bacon,
M.: 1969, 'Crustal Structure and Origin of Peake and Freen Deeps, N.E. Atlantic', Geophys. J. Roy.
Astr. Soc. L8,517-542.

Miles, P. R. and Kidd, R. B.: in press,'Correlation of Seafloor Spreading Magnetic Anomalies ac oss
King's Trough, N.E. Atlantic Ocean', in lnit. Repts. DSDP, 94, Washington (U.S. Govt. Printing
Office).

Montadert, L., Roberts, D. G., de Charpal, O., and Guennoc, p.! tg7g, 'Rifting and Subsidence of the
Northern Continental Margin of the Bay of Biscay', in Montadert, L., Roberts, D. G. et al., Init.
Repts. DSDP 48, Washington (U.S. Govt. Printing Office), pp. 1025-1060.

Olivet, J.-L., Auzende, J. M., and Beuzart, P.: 1983, 'Western Extension of the lberian-European Plate
Boundary During the Early Cenozoic (Pyrenean) Convergence: A New Model-Comment', Mar.
Geol. 53.237-238.

Olivet, J.-L., Bonnin, J., Beuzart, P., and Auzende, J. M.: 1984, 'Cinématique de I 'Atlantique Nord et
Central', CNEXO Rep. Sci. Tech. 54, 108 pp.

t64



MACNEI'IC ANOMALIES IN THE NOII 'THEAS'I '  A1'LANTIC OCEAN

Pitman, Ilf , W. C., and Talwani, M;1972, 'Sea-Floor Spreading in the North Atlantic', Geol. Soc. Am.
Bull.83. 619-646.

Reagan, R. D., and Rodriguez, P.: 198 l, 'An Overview of the External Magnetic Field witlr Rcgard to
Magnetic Surveys', Ceophys. Sunt. 4, 255-297.

Roberts, D. G., Jones, M. T., and Hunter, P. M.: 1985,'Magnetic Anomalies in the Northeast Atlanticl,
Inst. Ocean. Sci. Rep., 2O7,9 pp +2 charts.

Schouten, J. A.: 197 1,'A Fundamental Analysis of Magnetic Anomalies over Ocean Ridges', Mcr.
Ceophys. Res. 1, I I l-144.

Schouten, H., and White, R. S.: 1980, 'Zero Offset Fracture Zones', Geology 8, 175-179.
Schouten, H., Srivastava, S. P., and Klitgord, K. D.: in prep., ' lberian Plate Kinematics: The African

Connection'.
Searle, R. C.: 1980, 'Tectonic Pattern of the Azores Spreading Centre and Triple Junction', Eartlr

Planet. Sci. Leu. 51, 4l 5-434.
Searle, R. C., and Laughton, A. S.: 1977, 'Sonar Studies of the Mid-Atlantic Ridge and the Kurchatov

Fracture Zone', J. Ceophys. Res. 82, 5313-5328.
Searle, R. C., and Whitmarsh, R. B.: 197U, 'The Structure of King's Trough, Northeast Atlantic, from

Bathymetric, Seismic and Gravity Studies', Ceoplrys. J. R. Aslr. Soc.53,259-287.
Sibuet, J.-C., and Ryan, W. B. F.: 1979, 'Site 39tl: Evolution of the West-lberian Passive Continental

Margin in the Framework of the Early Evolution of the North Atlantic Ocean', in Sibuet J.-C., Ryan
W. B. F. et al., lnit. Repts. DSDP 47,part 2, Washington (U.S. Govt. Printing Office), pp.46l-475.

Slootweg, A. P.: 1978,'Computer Contouring with a Digital Filter', Mar. Ceophys. Res.3,401-405.
Srivastava, S. P., and Tapscott, C. R.: in press, 'Plate Kinematics of the North Atlantic', in Tucholke,

B. E., and Vogt, P. R. (eds.), The Ceology of North America: The Western Atlantic Region, Geol.
Soc. Am. DNAG series 1..

Sull ivan, K. D.: 1983,'The Newfoundland Basin: Ocean-Continent Boundary and Mesozoic Seafloor
Spreading History', Earth Planet. Sci. Leu. 62,321-329.

Twigt, W., Slootweg, A. P., and Collette, B. J.: 1979,'Topography and Magnetic Analysis of an Area
Southeast  of  the Azores (36 'N,23oW)' ,  Mar.  Geoph.  Res.4,9 l -104.

Verhoef, J.: 1984, 'Geophysical Study of the Atlantis-Meteor Seamount Complex', Ph.D. thesis,
Ceologica Uhraiectina 38, 153 pp.

Verhoef, J., and Scholten, R. D.; 1983, 'Cross-Over Analysis of Marine Magnetic Anomalies', Mcr.
Geophys. Res. 5, 421-435.

Whitmarsh, R. 8., Ginzburg, A., and Searle, R. C.: 1982, 'The Structure and Origin of the
Azores-Biscay Rise, North-east Atlantic Ocean', Geophys. J. Roy. Astr. Soc.70,79-107.

Will iams, C. A.: 1975,'Seatloor Spreading of the Bay of Biscay and its Relationship to the North
Atlantic', Eqrth Planet. Sci. Lett.24, 440-456.

25

r 6 5



( 6 )

II - INTERPRETATION DEs DONNEES CEOLOçIQUES ET GEOPHYSIOUES DES MARGES

DE L'EPERON DË GOBAN ET OUEST.IBERIOUE

( 5 ) S ibue t  J . -C . ,  Ha th i s  8 . ,  Pas tou re t  L . ,  Auzende  J . -M . ,  Foucher  J . -P , ,

Hunter  P.M. ,  Ouennoe p. ,  de Çrac iansky P.-C. ,  Montader t  L . ,  e t

Magson D.G., 1984. Morphology and basement structures of the Goban

Spur continental margin (NE Atlantic) and the role of the Pyrenean

orogeny. Init ial Reports of the DeeP-gea Dri l l ing Proiect, 80,

tJashingtor ,  U.S.  Government  Pr in t ing Of f icê,  P,  1153-1165.

Sibuet  J . -C. ,  Math is  8. ,  e t  Hunter  P.M. ,  1?84.  La r ide Pastouret

(plaine abyssale de PorcuPine) : une structure éocène. C.R. Acad.

S c .  P a r i s , 2 9 9 ,  p .  1 3 9 1 - 1 3 9 6 .

Cheadle M. ,  Mat thews D. ,  McGeary 5. ,  l ,Jarner  M. ,  Masclê 4. ,  0ar ie l

0 . ,  M o n t a d e r t  L . ,  L e f o r t  J . - P . ,  L e  G a l l  8 . ,  S i b u e t  J . - C . ,  C a z e s  M . ,

et Schroeder I.J., 1986. DeeP Eeismic reflection profi l ing between

Eng1and, France and lreland. J. 6eol. Soc., 143, P. 45-52.

gibuet J.-C., et Ryan I,I .B.F. , 1979. Site 398 : Evolution of the LJest

Iberian continental margin in the framework of the early evolution

of  the Nor th At lant ic  0cean.  In  Sibuet  J . -C. ,  Ryan ht .B.F '  e t  a l . ,

Init ial Reports of the DeeP Sea Dri l l ing Project, 47, part 2,

l lashington, U.S. Government Print ing Off ice, p. 761'?75,

( 7 '

( 8 )

166



( 9 )  S i b u e t  J . - C . ,  M a z é  J , - P . ,  A m o r t i l a  P . ,  e t  L e  P i c h o n  X . , 1 9 8 7 .

physiography and structure of the western lberian continental margin

off Galicia from Sea-Beam and Eeismic data. In Boil lot G., tdinterer

E . L . ,  e t  a 1 . ,  P r o c . ,  I n i t .  R e P t E  ( P t  A ) ,  O D P ,  1 0 3 '  P .  7 7 - 9 7 .

t67



Reprinted from Graciansky, P. C. de' Poag, C. W" et. al. '  1984

Initial Reports of the Deep Sea Drilling Project, Volume LXXX, Washington (U'S' Government Printing Office)

s6. MORPHOL/OGY AND BASEMENT STRUCTURES OF THE GOBAN SPUR CONTINENTAL
uencrN (NoRTHEASTERN ATLANTTC) AND THE ROLE OF THE PYRENEAN OROGENY1

Jean-Claude Sibuet, Benoît Mathis'
Léo pastouret,2 Jean-Marie Auzende, Jean-Paul Foucher, Peter M. Hunter, Pol Guennoc,

Pierre-Charles de Graciansky, Lucien Montadert, and Douglas G. Masson3

ABSTRAST

A new bathymetric map, based mainly on Seabeam data, has been esrablished for the Goban Spur area during a
po.i.tuir. **.y of DSDP'Leg 80. Using both Seabeam data and a new scries of eight seismic profiles obtained perpen-

ài*l"r to the côntinental ratlin, *r hàve constructed a new detailed structural map of the Goban Spur continental

tnargin *frictt clearly reveals Câedonian and Variscan trends. Both the thinning of the Goban Spur continental crust,

Lff g*itCnoceoïs 11ate Cimmerian phase) to middle Albian time, and subsequent widening of the adacent oceanic

à"-r"i", fi"* middle Àbian to Campanian iime, resulted from tensional movem€nts in a N70o direction which fol-

lowed ialedonian trends. During the rifting phase, the tops of the tilted fault blocks remained close to sea level. The

iàpiO suUsidencc of the margin Jeems to hâve occurred in the early Albian during the.last stage of rifting.-- 
Èo..ni int.plate deformition âffecred the whole Goban Spur continental margin, but is panicularly wident at_the

p"riou..i niJg", a reactivated oceanic fracture zone. The oceanic domain underwent a slight intraplate compression,
which fractured the old oceanic crust through its entire thickness, probably along previous zones of weakness, such as

fracture zones.

INTRODUCTION

During DSDP Leg 80, four sites (548-551) were drilled
on the stàrved continental margin of Goban Spur and
on the adjacent Porcupine Abyssal Plain (Figs. I and 2).
The main objectives of this cruise were to investigate the
structural evolution and depositional history of a series
of tilted fault-blocks and half-grabens and their thin
Cretaceous and Tèrtiary cover.

During October 1983, a CNEXO (Centre National
pour I'Exploitation des Océans) postcruise survey Y/Éui
conducted in this area on the R/V Jean Charcot (Fie. 3)'
equipped wifh a bathymetric mapping system and a sin-
gle-channel high-speed.seismic-refl ection survey system.
Sound sources were two 1.5-l water guns or four 9-l air
guns. Altogether, 2300 km of profiles were acquired- As
Seabeam gives the bathymetry in a band about two-
thirds as wide as water depth, the survey \l'as designed to
avoid any ambiguity about the lateral oltension and cor-
relation of morphologic features from profile to profile -

over the entire surveyed area (Fig. 3). The postrift sedi'
mentary cover is thin, so most of the basement features
are recorded in the morphology, and their trends have
been clearly establish€d.

In this chapter, tffe present a new bathymetric map
(Fig. 2) based on all available conventional, Seabeam,

and GIORIA data, and a map of basement features (Fig.
3) showing the main structural trends. These data are ex-
amined in the light of drilling results from Leg 80 and
data from observations and sampling during recent dives
of the Cyano submersible on the Pendragon Escarpment
and on King Arthur's Castle (Fig. 2). We also discuss
these data within the regional geological framework,
showing that the Goban Spur continental margin was
formed in an area previously affected by the Caledonian
and Variscan orogenies. And we o€mine the intraplate
consequences of the Pyrenean orogeny, especially as re-
gards the oceanic domain, where a new bathymetric fea-
ture, named the Pastouret Ridge, has been discovered,
and where the entire thickness of ocean crust has clearly
been faulted.

REGIONAL TECNONIC SETTING

The Goban Spur continental margin, about 200 km
long, is located south of the Porcupine Sea Bight (Fig.
l), and it results from the relative motion of North
America and Europe. It was created by crustal thinning
during a rifting phase dated Early Cretaceous (late Cim-
merian phase) to middle Albian (Masson et al., this vol.).
The end of this rifting phase corresponds to the first
creation of ocean crust. Southeastward of the Goban
Spur continental margin, the Celtic margin is a resuit of
the separation of Iberia and Europe. Although the rift-
ing phase also started there during the late Cimmeri-
an phase (Late Jurassic-Early Cretaceous), the onset of
spreading has been dated as Aptian to middle Albian
(Montadert, Roberts, de Charpal, et al., 1979).

The Goban Spur continental margin seems to have
been affected, before its formation, by both the Caledo-
nian and Variscan orogenies, and by their related ten-
sional phases and wrench-faulting.
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Figure l. Generalized sketch of southwest€rn Europe, indicating the location of the Goban Spur survey done with lhe Jean Charcot during.the
Norestlante I cruise. (Bathymetry in meters.) Key to symbols (upper left corner): I = Faults in Ireland (from Ma.n er al. [1983]; in Great Britain
and in the Celtic Sea, Pegrum and Mounten€y [19781; on the continental margins, Montadert, Roberts, de Charpal, et al. [1979] and this study).
2 = Variscan front from Gardiner and Sheridan (1981). 3 = Normal or listric faults. 4 = Location of the seismic profile shown in Figure 9. 5 ='Theoretical directions of the initial opening of the North Atlantic Ocean (Olivet et al., in press). 6 = Continent-ocean boundary (Montaderr,

. Roberts, de Charpal, et al., l9?9, and Masson eJ al., this vol.). 7 = DSDP sites drilled during Legs 48 and 80. 8 = Approximate present limit of
Jurassic sediments (Pegrum and Mounten€ry, 1978). 9 = Triassic basins.

Chronology and Nature of Paleozoic Deformations

The Caledonides resulted from the collision of conti
nents that closed the Iapetus Ocean between the middle
Silurian (420m.y. ago; Paleozoic ages from Van Eysinga
U9751 geological timetabie; Mesozoic and Cenozoic ages
from Odin t19821) and the early Devonian (380 m.y.
ago). The Iapetus Suture, located along the Southern
Uplands Fault (Fig. l), follows the general NE-SV/ ori-
entation of the Caledonides fold belt (Leggett et al:,
1983), and lies in the direct prolongation of the north-
western border of the Porcupine Sea Bight.

Between mid-Devonian and early Carboniferous time
(365-335 m.y. ago), a large sediment basin, the Cor-
nish-Rhenish Basin (Ziegle\ 1978,1981) developed un-
der a tensional setting in an area stretching from Ger-
many to the Celtic shelf. The position of the nonhern
boundary of the Cornish-Rhenish basin is at present
poorly documented. Between the late early Carbonifer-
ous (late Visean, 325 m.y. ago) and the middle late Car-
boniferous (late V/estphalian, 295 m.y. ago), the Cor-
nish-Rhenish Basin was incorporated into the Variscan
deformation belt. Becagse the Variscan facies patterns
and deformation trends were controlled primarily by the
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morphology of the southern margins of the Celtic Sea-
Walés and Brabant massifs, Gardiner and Sheridan (1981)
hypothesized that the Variscan front, previously located
in'southern lreland, should follow the arcuate Bristol
Channel lineament, which flanks the Celtic Sea-Wales
Massif (Fig. l). If their hypothesis is correct,- the Vari-
scan fronicould be coincident with the Goban Fault
(Fig. 2), which lies immediately north of DSDP Sites
i+f a"a Sst (Fie. 1) (Gardiner and Sheridan, 1981; Din-
gle and Scrutton, 1979). This new definition of the Vari-
ican front may arplain why there is no evidence of
WNW-ESE Variscan structural influence in the Celtic
Sea (as in Brittany), and why basement reactivation dur-
ing tire Mesozoic occurred mainly along the ENE-'WSV/
ut? Ng-Sw Caledonian structural trends. Therefore,
the prwious location of the Variscan front in southern
Irelàd is not rejected, because this feature is associat-
ed there with clear strike'slip faulting (Lefort, this vol')
and affects the whole continental crust (S\ilAI profile,
Matthews, pers. comm.).

Granite intrusions of Cornwall and of the Cornubian
Ridge, marked by negative gravity anomalies (Sibuet 1972'
tgZi), and granites dredged just south of 9oban Spur
(Pauiot et al., 1976) are presumed to be-of Variscan ori-
gin, and are aligned on a trend parallel to and 100 km
Joutheast of the Variscan front. Northwest of the front,
Variscan deformations seem only to reflect localized
basement movements allied with lithological variations
in a series of disconnected basins (Gardiner and Sheri-
dan, 1981).

Late Variscan wrench'faulting, dated late Carbonifer-
ous to early Permian (Stephanian, 285 m.y. ago, to Autu-
nian, 2?0 m.y. ago) occurred along the previous NE-SV/
Caledonian and Variscan trends, but also along the con-
jugate directions, and is considered to have been a tran-
iitionA $age between the closing of the Paleozoic oceans
and the opening of the Mesozoic ones (e.9., Arthaud
and Matte, 1977; Russell and Smythe' 1983).

In the miôdle Permian, a general period of extension
began, marked by subsidence in the Celtic Sea, the Bris-
tol Channel, the Western Approaches Basln, and the areas
of the future plate margins. These features continued to
subside during the Tbiassic Q04-245 m.y. ago), when
clear graben féatures appeared (Kent, 1978). The overall
Triassic extension heralded the breakup of Pangaea. By
late Tfiassic time, the Variscan fotd belt orpressed only
disjointed low relief within the monotonous flat plain of
noithwestern Europe (Ziegleg 1978). But until the Early
Cretaceous crustal separation was achieved in the Bay of
Biscay and the North Atlantic, most of northwestern
Euroie was subjected to regional ertension, especially
in thè Porcupine Sea Bight, Celtic Sea, Bristol Channel,
and WestenApproaches Basin, where thick sedimenta-
ry strata accumulated (Fig. 1).

In conclusion, the geological development of the Go-
ban Spur area seems to have been largely controlled by
structural and physiographic features created during the
Caledonian orogeny. The Variscan orogeny also affected
this area, since the Variscan front seems to be located
southeast of the Porcupine Sea Bight. Older NE-SV/
Caledonian features were probably reactivated during the

MORPHOTOGY AND BASEMENT STRUCTURES

Variscan orogeny. During the late Variscan strike-slip
faulting, the conjugate N\M-SE trends appeared for the
first time. Then, during the Permian to Thiassic tension-
al phase, both conjugate trends were occupied by nor-
mal and shear faults.

MORPHOITOGY OF THE GOBAN SPUR
CONTINENTAL MARGIN

New Bathymetric MaP

The new bathymetric map of the Goban Spur area,
constructed from data acquired by conventional large-
aperture echo-sounders and the Seabeam and GLORIA
systems, is presented in Figure 2.

The Seabeam system is a multibeam echo-sounder
comprising 16 adjacent narrow beams. The width of the
contour swath beneath the track is approximately two-
thirds of the water depth (Renard and Allenou' 1979).
The GLORIA Mark II of the Institute of Oceanograph-
ic Sciences is a dual-scan sonar towed at shallow depths'
with a maximum scanning range of 30 km on each side
of the ship's track (Somers et al., 1978). CI.ORIA sono-
graphs have been produced at the s:rme scale as the Sea-
beam data (working scale, l:250,000 at 38"N).

The track control of Seabeam data is shown on Fig-
ure 3. Detailed Seabeam maps established during the
Marmor cruise (Pastouret et al., 1982) for Austell Spur,
King Arthur's Castle, and the Pendragon Escarpment
have been incorporated in the final map (Fig. 2)' and are
located in Figure 3. Conventional bathymetric data (e.9.'
Berthois, 1966; Laughton et al., 1975) have been used to
fill the gaps in the Seabeam data. North of 49o20'N,
the bathymetric map of Hunter and Kenyon (in press)
has been incorporated. Depths are in uncorrected me-
ters (1500 m/s). In addition, GLORIA data available
for the vicinity of Austell Spur and King Arthur's Castle
and King Arthur Canyon have been used to constrain
the direction of trends identified on both bathymetric
and GLORIA data.

Morphology
The Goban Spur continental margin is limited to the

northwest by the Porcupine Sea Bight and to the south-
east by the Jean Charcot Escarpment (Fig. 2). The gen-
eral orientation of this escarpment is N70", correspond-
ing to the Caledonian or late Hercynian directions, al-
though this N70o direction seems to be slightly offset by
ESE-V/NW trends, which are also the fault trends ob-
served on the Celtic margin (Fig. l).

The Jean Charcot Escarpment was called "South
Boundary Fault" by Dingle and Scrutton (1979) and the
Jean Charcot Escarpment by Pastouret et al. (1982). We
proposed to retain the latter designation, mainly be-
cause the Dingle and Scrutton name was defined only
with respect to the Goban Spur continental margin.

The NW-SE-trending Pendragon Escarpment and
another NV/-SE escarpment-located 35 km southeast-

' ward, close to DSDP Site 551, and named "Outer Bound-
ary Fault" by Dingle and Scrutton (1979)-are offset or
stopped by NE-SW faults such as the Goban Fault (Fig.
2).

t 7 0
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14'-W

Figure 2. Bathymetric map, in Mercator projection, of the Goban Spur continental margin, estâblished from Seabeam data (locations of tracks and
local surveys [Pastouret et al,, 1982] in Figure 3), conventional data (Benhôis; 1966; Laughton et al., 1975; Hunter and Kenyon, in press), and
unpublished GLORIA data from IOS. Depths are in uncorrected meters (1500 m/s). Contour spacing every 100 meters. Locations of DSDP sites
drilled during Leg 80 are shown. The Pastouret Ridge is a newly named bathymetric feature.

11 '13'

On the Porcupine Abyssal Plain, 4500 m deep, a new
bathymetric feature, oriented roughly N70o, about 50 km
long and 300 m high, was discovered during the Norest-
lante cruise. Vy'e propose to name this feature "Pastouret
Ridge," in memory of Léo Pastouret, who was particu-
larly involved in the geological investigations of the Cel-
tic and Goban Spur continental margins.

North of the Jean Charcot Escarpment, the bathym-
etry of the Goban Spur continental margin is compli-
cated by the presence of serreral NNW-SSE-trending can-
yons, such as King Arthur Canyon. South of the Jean
Charcot Escarpment, the average water depth over the
continental margin is more than 1000 m greater than
north of the escarpment. This portion of the continen-
tal margin, at the intersection of the Coban Spur and
Celtic continental margins, has probably been affected
by the interaction of tectonic movements linked to the

I r 56

formation of both margins during the Early Cretaceous.
Nevertheless, the main structural trends of this area,
such as Granite Cliff, Menez Bihan (Pautot et al., 1976),
Menez Braz, and the Pendragon Escarpment, are orient-
ed N330'.

We infer from the directions of morphologic trends
that the formation and evolution of this poftion of the
North Atlantic continental margin have been controlled
mainly by the prwious Caledonian and late Variscan oro-
genic trends, as previously indicated by continental geo-
logical evidence.

STRUCTURE AND GEOI]OGICA,L EVOLUTION
OF THE GOBAN SPUR CONTINENTAL MARGIN

During the Norestlante cruise, æ00 km of single-chan-
nel seismic reflection profiles were collected in the area

1 7 l
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Fieure 3. Structural map of the Goban spur continental margin, established using seismic and seabeam data fiom lhe Jean clrarco' Norest-

lanre I cruise. Simplified bathymetry from Figure ?. ûËï B' 
"na 

C 
"t" 

irevious Seabeam detaileô surveys done in 1979 during the

Jean charcot Marmor çruise (pastouret" et al., 1982). sÀ;;e;r"", .orroponà to the eroded surfaces of tilted blocks' Kev to symbols (up-

oerleftcorner): I = Axisof highs.2 = Axisoraupru.lonr. s : possiulèfaulrs.4 = Theoreticaldircctionsof theinitialopeningof the

i.Iorth Atlantic ocean (olivet er al., in prcss). 5, ttrin riiJ'= iooliàni or r"ismic and Seabeam profiles used in this studv; thick lines =

Location of seis.ic pronre, a io 
" 

rhà"'rir" ÉlgJ. a to 6 aîd g,î= êo;pr.mentary seâbeam tracks used to establish the bathvmetric map

of Figure 2. 7 = DSDp ;; illÈ; d;ng LËg 80. s l'ô;ùngr idrrtit et a.' tczq; Dingle and scrutton, 1979)' 9 = Locations of

Cyanâ divæ, l0 = Continent-ocean boundary'

of Goban Spur (Fig. 3). T\ryo types of seismic sources
*ite ,rsea: d"o t.S-i water guns towed at l0 knots with

u iftot spacing of 10 s; and four 9-l air guns towed at
e f.nott wittr istrot spacing of 30 s (in order to have bet-
æi penetration and 1o deploy sonobuoy refraction e:(-
periments).- - 

Èight Éarallel profiles with 8-mile spacing were col-
teciea-in itre region of Leg 80 sites, from the continental
shelf to the typical oceanic domain (Fig. 3)' Their ENE-
WSW oti"niation is perpendicular to the direction of
the continental margin. Because Seabeam data are avail-
able in real time, it was possible to identify the geometry

ôi il f."tut s marked by topographic orpression and to
follow their lateral ei$ension and orientation, and con-
siquentty to correlate them from profile to profile' A

few complementary short profiles were.implemented to

follow stiuctures or to speéify the termination of struc'

tures.

Basement Structurcs of the Goban Spur Continental
Margin

The starved Goban Spur continental margin is char-

acterizeà by a series of tilted fault-blocks, horsts, and

e;Ë; trenaing roughlv parallel to the NW-SE direc'
;i;;i ttt" .oniin.nta llôpe (lvtontadert, Roberts' de

ôtt"-d, et al., 1979; Dingle and Scrutton,.1979; Mas-

son ei al., this vol.). The position of the continent-ocean
;;;;lô; Gies. t'and 3i has been located on the basis

oi rn"lnl,trc, ieismic, and drilling data.(Montadert' de

Charpâ, et al., 1979; Masson et al', this vol')'

172

I 157



J. C. SIBUET ET AL.

Using both Seabeam and seismic data, the positions
of depressions and highs within the rift system have been
inferred over the whole area (Fig. 3). These structures
trend N-S or NNW-SSE. North of the surveyed area,
the NNW-SSE features are interrupted by the Goban
Fault, oriented N70o, as shown on the bathymetric map
(Fie. 2) and known from the prwious work of Dingle
and Scrutton (1979). Near 48.5oN, l3ow, three tectonic
lines of discontinuity, oriented N45o, are visible. Also in
this area, N-S trends are recognized. On the.basis of
this detailed survey, we infer an abrupt change in the
trends of structures or a juxtaposition of different struc-
tural provinces, rather than a progressive bending of
structures from N335' to N360o, as suggested by Mas-
son et al. (this vol.). The three tectonic lines of discon-
tinuity just mentioned follow the previous Caledonian
and Variscan trends, and delimit different structural prov-
inces. Horizontal movements of unknown limited artent
could have taken place along these lines during the rift-
ing phase.

In the oceanic domain, the sediments of the Porcu-
pine Abyssal Plain bury the basement features, except
for the topographically high Pastouret Ridge (Figs. 2-
5). The southern flank of the Pastouret Ridge is a fault
trending N7lo, which is almost exactly the direction of
the Goban Fault, of the Jean Charcot Escarpment, and
of the theoretical directions of the early opening of the
North Atlantic Ocean in this region (Le Pichon et al.,
1977; Olivet et al., in press; Figs. I and 3). This sug-
gests that the Pastouret Ridge is an oceanic fracture zone
which has been subsequently reactivated.

Consequently, the formation both of the Coban Spur
continental margin, from the Early Cretaceous (130 m.y.
ago) to the middle Albian (100 m.y. ago), and then of
the adjacent oceanic domain, from the middle Albian
(100 m.y. ago) to the Campanian (Anomaly 33, 80 m.y.
ago), resulted from N70o tensional movements which
were parallel to the Caledonian trends. This is because
initial plate motions are severely constrained by prwious
structural features of the continents, which become lines
of weakness that guide early motions of plates (e.g., Si-
buet and Mascle, 1978; Olivet et al., in press). In the
case of the North America-Eurasian continent (Pan-
gaea), the ENE-IVSW Caledonian and Hercynian direc-
tions preferentially controlled the initial motion of con-
tinents along the oldest direction of the Charlie-Gibbs
Fracture Zone (e.g., Olivet et al., 1974), which also cor-
responds to the orientation of the northern border of
Porcupine Bank and of the southern Rockall Bank.

Nature and Significance of Pre-Rift Basement
Structures

The seismic profile of Figure 6 shows that the pre-rift
basement is not homogeneous but consists of alternate
opaque and layered sequences. The inclined layered se-
quences (e.g., between 4.30 and 5.fr) on Fig. 6) are pre-
rift sedimentary sequences, older than Late Jurassic,
which tilted during rifting. The progressive tilting and
the contemporaneous sedimentation are evidenced here
by the convergence of syn-rift reflectors toward the
ocean (Fig. 6 between 5.00 and 5.20). The continental
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basement was sampled by driline at Sites 548 and 549
and by dredging (Auffret et al., 1979; Dingle and Scrut-
ton, 1979) on the southern part of Goban Spur @ig. 3).
In 1982, during the Cymor II cruise, several sampling
dives @ig. 3) with the Cyana submersible were made on
the Pendragon Escarpment, King Arthur's Castle, and
Austell Spur. Preliminary results of these dives are com-
pared with the drilling and dredging results.

At DSDP Sites 548 and 549, the basemenr consists of
middle (365 m.y. old) to upper (350 m.y. old) Devonian
graphitic quartzites and black shales (Lefort et al., this
vol.) belonging to the Hercynian basement. Nearly ver-
tical bedding, a slight metamorphic cleavage, and mica-
ceous lineations indicate Hercynian tectonism (de Gra-
ciansky et al., in press).

Sampling during the Cyana dives on King Arthur's
Castle and the Pendragon Escarpment (Figs. 3 and 7)
recovered numerous sedimentary and metamorphic Pa-
leozoic roeks, Cyana dive 44 (Fie. 3), on the Pendragon
Escarpment, sampled a structural situation similar to
that of DSDP Site 549. The Paleozoic basemenr, sam-
pled at water depths between 2200 and 2500 m, is com-
posed of schists and gneisses (Fig. 7) of higher meta-
morphic grade than the rocks recovered at DSDP Sites
548 and 549. Five dives (39-43) were made around King
Arthur's Castle (Fig. 3). The lithologic description @g.
7) shows that the basement there also consists of Paleo-
zoic schists and gneisses, as for the basement sampled
on dive 44. Abundant fragments of chloritic schists af-
fected by a low-grade metamorphism (Auffret et al., 1979;
Dingle and Scrutton, 1979) have also been dredged in
this area.

Granitic rocks, mainly granodiorites, have been
dredged on the Granite Cliff and Menez Bihan, two fea-
tures just south of the Jean Charcot Escarpment (Fig.
3). Rb-Sr and K-Ar dating give a 275 m.y. (total-rock)
or 290 m.y. (biotite) age for these rocks artributed ro the
Hercynian basement (Auffret et al., 1979). In the Go-
ban Spur area, Upper Jurassic shallow-water limestones
characteristic of intertidal environments were reported
only on the Granite Cliff (Auffret et al., 1979), although
these samples may not have been in place. It is only at
the level of DSDP Site 401, 200 km sourheasrward, that
white shallow-rvater limestones of perireefal environ-
ment have been reported (Site 401 chapter, Montadert,
Roberts, et al., 1979).

Thus, in the Goban Spur area, basement rocks are
mainly middle Devonian (365-m.y.-old) and lower Car-
boniferous (335-m.y.old) schists, gneisses, and limesrones
emplaced in shallow-water conditions, with some grir-
nitic intrusions. These Paleozoic rocks were affected by
metamorphism during the Variscan phase, and show an
increasing metamorphic grade from Sites 548 and 549
toward the south. These observations are compatible
with a location of the Variscan front in the nonhern
part of the Goban Spur area, as hypothesized by Gar-
diner and Sheridan (1981) (Fig. l), and with a south-
ward bending of the main Variscan deformation-trend
from Brittany in the direction of the Iberian Peninsula
replaced in its initial position (Sibuet, 1973). The Celtic
Sea basins were intruded during the Variscan orogeny by
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Pendlagon Es6Jpment

Cyana diua 44

King Arthur's Castl€
Cyara div6 39 to 43

Figure 7, Lithostratigraphic comparisons between Sites 548 and 549'
drilled on the tilted fault blocks, and Cyona dives on the Pendrag-
on Escarpment and the flanks of King Anhur's Castle' Locations
of DSDP sires and Cyana dives in Figure 3. Depths are in meters
below sea level.

sranites belonging to the batholithic axis (Sibuet, 1972'

igz3), *tri.tt can Ue followed straight from Cornwall to
ttt. fôot of the continental margin on Granite cliff'
south of the Jean Charcot Escarpment (Fie. l)'

Nature and Significance of Syn'Rift Deposits

In the Goban Spur area, a rifting phase began in the
Early Cretaceous and ended in the latest early Abian

ltut"iron et al., this vol.). At Site 549,-th€ oldest syn-rift
àediments are shallow-water interbedded calcareous and
noncalcareous sandy mudstones and mudstones (Barre-
mian, 113 m.y. old) (Site 549 chapter, this vol.). These
sediments are overlain by a thin dolosparitic bed (Fig'
7), possibly an Aptian remnant' which in turn is over-
lâin by a series of uppermost lower and middle Abian
(98-1ô2-m.y.-old) calcareous siltstones deposited in a
ùathyal environment. If the presence of this unconform-
ity was associated with a major sea-lwel drop in the
*iaat" Aptian (110 m.y. ago; Vail et al., 1977)' the

MORPHOTOCY AND BASEMENT STRUCTURES

change from a shallow-water to a bathyal environment
corresponds to a post-Aptian deepening of the margin.

At Site 550, situated about 15 km west of the conti-
nent-ocean boundary the oldest sediments on the ocean
crust are early late Albian (98 m.y. old; Miiller' this vol.;
Sigal and Magniez, this vol.). Coupling the dating of the
oldest syn-rift and the youngest post-rift sediments at
Site 549 and the dating of the oldest sediments above
the ocean crust at Site 550, Masson et al. (this vol') pro-
pose to date the transition from rifting to spreading be-
tween latest early Albian and middle Albian (98-102
m.y. ago).

On the Pendragon Escarpment, at?2ffi m water depth,
Cyana dive 44 (Figs. 3 and 7) showed that an erosional
unconformity o<ists between the Paleozoic basement
and the overlying sedimentary sequence' composed of
alternating conglomerates and massive limestones of the
Urgonian facies. Similarly, Cyana dives 39 to 43, on the
flanks of King Arthur's Castle, (Figs. 3 and 7) showed
that above the erosional unconformity there exists an al-
ternation of conglomerates, breccias, and massive lime-
stone layers of the Urgonian facies, deposited in the ear-
ly Albian and more than 1000 m thick. These detritics
contain reworked fragments from both the Paleozoic
basement and the interbedded Urgonian limestones.
This shows that, simultaneously with the building of a
carbonate platform during early Albian times, major
faults were active on the continental margin. In con-
trast, on the eastern flank of King Arthur's Castle, Up-
per Cretaceous chalk (200 m thick) was deposited in a
deeper environment.

Along the Meriadzek Escarpment and Shamrock Can-'
yon, located on the Armorican continental margin in
ihe vicinity of DSDP Leg 48 sites, observations from a
submersible also suggest an important phase of faulting
dated early Albian or just after, also linked to the onse!
of spreading in the Bay of Biscay (Groupe Cymoc l98l).

Interpretation in Terms of Rifting Pmcesses

During the rifting phase, in which tilted fault:blocks
developed and rotated, it seems that the tops of the tilt-
ed blocks remained close to sea level, as shown by the
observations at Site 549, on the Pendragon Escarpment,
and on King Arthur's Castle. This could have resulted
from the relative uplift of the oceanward parts of the
blocks during rotation along their longitudinal axes, which
would have compensated for the regional subsidence due
to stretching.

During the early Albian, there was a distinct increase
of subsidence, probably because most of the tilting of
the deeper blocks had occurred during the beginning of
the rifting phase, so the degree of subsidence should be
directly linked to the increase of the stretching factor in
the upper part of the continental margin.

Finally, in the middle Albian, the post-rift phase be-
gan, and the whole margin thermally subsided.

Eocene Deformations
The relative northward motion of Africa with respect

to Eurasia, deduced from the kinematic wolution of the
central and North Atlantic oceans, stâJtd in the Late Cre'

Goban Spur
DSDP Sits 548

Goban Spur
DSDP Sits 549
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taceous. The convergence rate was ma:rimum from the
Iâte Cretaceous to the late Eocene (34 m.y.), and then de-
creased slightly (e.g., Olivet et al., in press; Savostin et al.,
in press). The consequence on the Iberian Plate was a
northwestward motion with respect to Europe, around a
pole located southwest of Iberia. The Pyrenees and the
North Spanish marginal trough resulted from this com-
pressional phase. The plate motion lasted from the Late
Cretaceous to the late Eocene, with maximum activity
during the Eocene,

Linked to the relative convergent motion of Iberia
and Eurasia, intraplate tectonics developed on both the
Iberian Plate (e.g., Groupe Galice, 1979) and the Eur-
asian Plate (e.9., Montadert, de Charpal, et al., 1979;
Masson and Parson, 1983). On land, numerous studies
show that the deformation occurred in France, Great
Britain, and Germany, and was created by compression
along a 10-20'N direction (de Charpal et al., 1974;
Bergerat and Geyssant, 1980; Letouzey and Tlémolières,
1980). Following the orientations of pre-existing struc-
tures, this compression phase created strike-slip faults,
reverse faults, folds, and uplifts.

On the north Biscay margin, the faulting caused the
uplift and creation of the Tlwelyan Escarpment; but this
tectonized E-W-trending belt disappears toward the north-
west. There it merges into a single strike-slip fault sys-
tem, oriented NW-SE, which can be followed as far as
the southern edge of Goban Spur (Montadert, de Char-
pal, et al., 1979). Other effects of the late Eocene defor-
mation include elongated folds oriented broadly E-W
on the Meriadzek and Tievelyan escarpments, rejuve-
nated rift-faults, reverse faults, and even some thrusts
along pre-existing E-W discontinuities in the basement.
When the basement discontinuities are oriented roughly
NW-SE, as on the Armorican margin and the Gascony
ridge, the N-S Eocene compression is marked essential-
ly by faults with a strike-slip component (Montadert, de
Charpal, et al., 1979).

On the-Goban Spur continental margin, all the Norest-
lante seismic profiles (Fig. 3) show evidence of this late
Eocene tectonic phase. As an oample, the two seismic
profiles of Figures 6 and 8, which include DSDP Sites
548 and 550, show a slight but very clear unconformity
at the limit between acoustic Units I and 2. This seismic
unconformity characterized by onlapping reflectors in
the overlying sediments, is a consequence of a tectonic
deformation. It can be traced over the whole area.

Using velocities measured on samples from Sites 548
and 550 (site chapters, Sites 548 and 550, this vol.), identi-
fication of the main stratigraphic gaps leads us to a cor-
relation between the acoustic stratigraphy and the litho-
stratigraphy slightly different from the one proposed in
the site chapters. The discontinuity between acoustic Units
I and 2 is correlated with the lower Oligocene-upper
Oligocene hiatus identified at 348 m sub-bottom at Site
548, and with the lower Eocene-upper Oligocene hiatus
identified at 312 m sub-bottom at Site 550.

The Pastouret Ridge is the most striking Eocene struc-
tural feature of the Goban Spur area. Illustrated by the
three seismic profiles of Figures 4 and 5, the deforma-
tion there affects both the ocean crust and the overlying

tt62

sediments. On the migrated section of Figure 5 (between
shot-points 3100 and 3400, in the western part of the
Pastouret Ridge (Fig. 3), the deformed sediments corre-
spond to a faulted monocline and consequently to a mo-
tion with a compressional component. Faint evidence of
fracturing within the ocean crust is provided by the pres-
ence of features dipping on the outside of the Pastouret
Ridge near shot-point 3200. In the central part of the
Pastouret Ridge, where its topographic relief is about
300 m, the deformation always seems to occur along a
fault oriented N70o and situated on the southern flank
of the ridge. The direct correlation of the seismic units
with rhe Site 550lithostratigraphy allows us to establish
that the end of the deformation occurred at the bound-
ary of acoustic Units I and 2 and beiongs to the Eocene
deformation pattern. Since the orientation of the ridge
coincides with the directions of the oceanic flow-lines,
we conclude that the Pastouret Ridge is an Eocene reju-
venated oceanic fracture zone.

Another oemple of Eocene deformation is shown in
Figure 9 (shot-point 1000). Reverse faulting affects both
the ocean crust and the sediment layers older than Oli-
gocene. During the Norestlante II cruise (Le Suroit,
March 1984), we have demonstrated that this Eocene
feature is oriented N70o, as is the Pastouret Ridge.

The Eocene deformation observed in the Porcupine
Abyssal Plain affected preferentially the previous ocean-
ic fracture zones. Consequently, under a slight intraplate
compressional component; the old ocean crust of the
Porcupine Abyssal Plain has been fractured along pre-
existing fracture zones. This o<ample could,represent the
early stage of overthrusting within thÊ ocean crust.

Another very important point is that the features with-
in the ocean crust can be followed doy/n to 8.5 s (two-
way traveltime), which is 1.5 to 2.0 s (two-way travel-
time) below the top of the ocean crust, with a dipping
angle about 25 to 35o and a spacit'rg between faults
about l0 to 15 km (Fig. 9). If the velocity within the
ocean crust is about 6 km/s, these features affect 4.5 to
6'km of oceah crust,.which correslonds roughly to the 5
km orpected thickness of a lOGm.y.-old normal ocean
crust. The Moho discontinuity is not visible on the pro-
file, but it seems that the faulting affects the whole
thickness of the ocean crust. Because the seismic line is
oriented very near to the strike direction of the ocean
crust, Masson et al. (this vol.) interpret these features as
oblique crossings of normal faults of the type formed at
mid-ocean ridges. lVe have established that parts of
these features were reactivated during the Eocene com-
pression and belong to the fracture-zone pattern.

On the northern Bay of Biscay and Goban Spur con-
tinental margins and in the adjacent oceanic domain of
the Bay of Biscay and Porcupine Abyssal Plain, the Eo-
cene intraplate deformation affects both the crust and
the overlying sediments. Tlpical compressive structures
(folds and rex/erse faults) seem to be more frequent along
E-V[ trends (e.9., Cantabria, ïiwelyan, Porcupine Abyss-
al Plain), and strike-slip faulting (with a compressive
component) more frequently trends NW-SE or NE-SW
(e.g., Cascony Ridge, NW-SE trend along the Armori-
can margin, southern part of Porcupine Sea Bight, Pas-

t 77



MORPHOI.OGY AND BASEMENT STRUCTURES

a

u

o

I

a

I

q

t-
-.:
I

d
E.

o

o

^o
q

o

I

r v E

À 9

> P
5 ; i

. * 8

,i qi

À c
U E
o o

t h
À È
o o

q c

o 3
E <
: L

T H
= À= =

A . =: s
. J

o\ . .
9 :
3 q
o0

T
- l
: l" l

I

N

o

"o^ 
I

; = Y^
ù

! a ( I

F

o

o

a

q

o

a

o

h
h i
o a

u)

4

I

u

o

x oe t r
2 ô
É ç
9 . 9
+ E
e o

ç ô
q  : a. E Ë
4 9 4
-q? o

9 r
E >
d ^

d r ;
d t r

6 E

Ë <
O

ô 9 ,

: ê i
X ' E
; t r

d g
ç r P= *
u

h

(sl sullle^srl ^em.or l

È o ( ' '

{!} ourllleml ^34{sl-

u t | ' F

r
- l
: l' l

I

dl

:#+ffi
I 163

17B

=.r, I | ,,lfj'fri.ffi$iliffiP:*i-*Tt



J. C. SIBUET ET AL.

touret Ridge). These observations are compatible with a
submeridian compression, as proposed on the basis of
land data (Letouzey and Îémolières, 1980).

CONCLUSIONS

l. A new bathymetric map based on Seabeam, con-
ventional, and GLORIA data has been established, and
a structural map has been proposed based on Seabeam
data and seismic profiles oriented perpendicular to the
continental margin. This structural map reveals Caledo-
nian and Variscan trends.

2. Trends in a N70o direction, corresponding to Cal-
edonian trends, have been identified both on the thinned
continental crust (Goban Fault, Jean Charcot Escarp-
ment) and on the oceanic domain (Pastouret Ridge).

3. The continental margin and the adjacent oceanic
domain resulted from continuous tensional movement
along the N70o Caledonian direstion from the Early Cre-
taceous to the Campanian.

4. Subsidence of the tops of tilted blocks in the up-
per part of the continental margin seems to have oc-
curred preferentially at the end of the rifting episode
during the early Albian.

5. Eocene intraplate deformation affected the whole
Goban Spur continental margin.

6. Under a slight intraplate compression, the old ocean
crust of the Porcupine Abyssal Plain was fractured again
over its entire thickness along previous fracture zones,
which are considered as zones of weakness. In particu-
lar, the Pastouret Ridge corresponds to a reactivated
fracture zone.
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GÉOPHYSIQUE. - La ride Pastouret (plaine abyssale de Porcupine) : une structure

éocène [1].
Note de Jean-Claude Sibuet, Benoit Mathis et Peter Hunter, présentée par Xavier Le

Pichon.

Reçue le 10 septembre 1984.

Une carte bathymétrique détaillée de la marge continentale de l'Éperon de Goban (S.W. Irlande) a été
établie à partir des donnees Sea-Beam. Une nouvelle structure lathymétrique d'une soixantaine de kilomètres
de longueur et de 300 m de hauteur a été découverte en bas de pente continentale. Elle a été baptisée ride
Pastouiet. Cette structure a été formée lors de la phase de compression pyrénéenne par déformation intraplaque
le long d'une ancienne zone de fracture ocêanique.

GEOPHYSICS. - The Pastouret Ridge (Porcupine Abyssal Plain): an Eocene Structure.

A new bathymetric map, mainly based on Sea-Beam data has been established for-the Goban Spur continental
margii {5.W.- Ireland). Eocene inffaplate. deformation has affecteil the whole area bur is particularly euident at
the Pasiouret ridge, a new bathymetic feature which is a reactiuated oceanic fracture zone.

Au cours de la campagne Norestlante I (octobre 1983) du N.O. "/ean-Charcot,
2 300 km de profils Sea-Beam et de sismique réflexion ont été réalisés sur la marge
continentale de l'Éperon de Goban (S. W. trlande). Les profils étaient implantés perpendi-

culairement à la marge avec un espacement de I'ordre de 8 miles, de façon à éviter toute
ambiguïté sur la validité des corrélations morphologiques de profil à profil.

La carte bathymêtrique (lig.) a été élaborée en utilisant simultanément les données
obtenues à I'aide des sondeurs conventionnels, du sondeur multifaisceaux (( Sea-Beam )

du N.O. Jean-Charcot et du sonar latéral < Gloria >. Le Sea-Beam est un sondeur
comportant 16 faisceaux étroits juxtaposés permettant de couvrir en continu une bande
bathymétrique dont la largeur est égale aux deux tiers de la profondeur d'eau [2]. Le
< Gloria Mark II > de I'Institute of Oceanographic Sciences est un sonar latéral dont la
portée latérale maximale est de 30 km de part et d'autre de la route du navire [3].

Les cartes bathymêtriques Sea-Beam de détail établies par Pastouret et coll. [4] pour

l'Éperon d'Austell, le château du Roi Arthur et I'escarpement de Pendragon ont été
incorporées dans la compilation des données Sea-Beam. Pour compléter I'information,
les données bathymétriques conventionnelles ([5], [6]) ont été utilisées. Au Nord de
42"20'N la carte bathymétrique de Hunter et Kenyon [7] a également été incorporée.
Finalement dans la zone de I'Eperon d'Austell et du château du Roi Arthur, les données
Gloria ont permis de contraindre les directions morphologiques.

La marge continentale de l'Éperon de Goban est limitée au Sud-Est par l'escarpement
Jean-Charcot et au Nord-Ouest par la baie de Porcupine (fiç.).La faille de Goban,
situêe dans la partie septentrionale de cette marge, et I'escarpement Jean-Charcot sont
des accidents orientés N70'qui correspondent aux directions calédoniennes et/ou tardi-
hercyniennes mises en évidence à terre et sur le plateau continental adjacent [8]. L'escarpe-
ment de Pendragon et celui situé au niveau du site D.S.D.P. 551, orientés N 150o, sont
des plans de failles limitant les deux derniers blocs basculés du domaine continental
aminci en bordure du domaine océanique ([8], [9]). Ces escarpements, individualisés au
Crétacé inférieur lors de la phase de structuration de la marge, pourraient également
correspondre au rejeu d'accidents conjugués calédoniens et/ou tardi-hercyniens [8].
Comme la direction initiale d'ouverture du domaine océanique adjacent (plaine abyssale
de Porcupine) est N70" [10], il est probable que la formation de la marge continentale
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Carte bathymêtrique en projection Mercator de la marge continentaledc l'_Ép9rgn de_Goban-établie^à partir
des donriees Seà-Bearn(C-ampagne Norestlante I et 41, conventionnelles 5, 6, 7) et Gloria. Les. pr-ofondeurs
sont en mètres non corrigés (t 5OO mis). L'espacement des isobathes est d€ 100 m. Les sites de fo_rages du
Leg D.S.D.P. 80 sont loàtisés. Les quatre profils sismiques Qtlanches I et II) recoupant la ride Pastouret
sont positionnés.

The bathymetric map of the Goban Sptr continental maryin has been established using conuentional (5, 6, 7'1,
Sea-Béam (Noresilanie I cruise arut- ) and Gloria data. Mercator projection. Depths in^uncorrected meues
(1,500 rnls). Isobath spacing: 100 m. Locations of Leg 80 D,S.D.P. sites anil of the four seismic protiles
(plâtes I and II) arc shown.

ExPLIcATIoNs DEs PLANCHES

Planche I
Profils sismiques CNEXO monotrace haute vitesse (10 næuds) obtenus à travers la ride Paslouret. Exagéra.
tion verticalê: 4. Localisation des profils a (Norestlante II, mars 1984) et ô (Norestlante- I, octobre
1983) sur la figure. Les principales irnites acoustiqu$ sont identiliees par conélations avec les données
llthostratigraphiques du site 550 (12) : unité l, Oligocène supérieur à actuel; Unité 2: Albien superieur à
Eocène inférieur; B, croûte océanique.

CNEXO high speed single channel seismic proliles (10 &zots) obtatneil across the Palouret Rldge. (ertigel
exaggeraiioni 4. Locaiions of seismic profiles a (Norestlante II cruise, March 1984) and b (Noresthn-te_I 9ryis9,
October 1983) are shown ii the Jigure. The main acoustic units are iilentiJied by-conelation-with D.S.D.P'
sdre 550 lithostatigraphtc r.nttu (12) : Unit I, Upp* Oligocene to Recent; Unit 2, Upper Albian to Lowet
Eocene: B, oceanic crust.
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Planche II

Profils sismiques obtenus à travers la ride hstouret et localisés sur la figure. E1qe9rq1i91 v-erticale:4. c,-profil
sismique iNfXO monotrace haute vitesse (10 næuds); d,.profil multitrace IOS CMO5 migré par I'I.F.P.
Les principales unités acoustiques sont identifiées par corrélatiols avec les donnees lithostr-atigraphiques 9u
site 3SO (1i): unité 1, Oligocène supérieur à actuei; Unité 2: Albien supérieur à Eocène inférieuç B. croûte
océanique.

Seismic proJiles obtaineil across the Pastouret Ridge and located in the Jigure. Vertical e-xaSSerotion: 4. c,
CNE*O-high speed single channel sersmic protile (10 knots); d, multichannel,seîsmic-proJile CMO 5 obrained
by IOS anil prôcessed àt Lf.P. (8). The main acoustic units are identiJied by cotelation with-D.S.D.P. site
i50 ltthostratigraphic units (12'): Unit l, lJpper Oligocene to Recent: Unit 2, Upper Albian to Lower Eocene:
B, oceanic crust.

de l'Éperon de Goban puis du domaine océanique adjacent du Crétacé inférieur au
Campanien résulte d'une extension suivant la même direction N 70'. Dans cette hypothèse,
le mouvement initial des plaques Amérique et Europe aurait donc été guidé par les

directions calédoniennes et/ou tardi-hercyniennes [8].
A 4 500 m de profondeur, dans la plaine abyssale de Porcupine, une nouvelle structure

bathymétrique orientée N70o, d'une soixantaine de kilomètres de longueur et de 300 m

de hauteur a été découverte au cours de la campagne Norestlante I (lig.). Cette structure a
été baptisée < ride Pastouret D en hommage à Léo Pastouret [11]qui était particulièrement
impliqrié dans les études de stratigraphie et d'évolution verticale des marges celtique et
de l'Éperon de Goban.

Les profils sismiques recoupant la ride Pastouret, montrent qu'elle a été mise en place

à la fin du dépôt de I'unité acoustique 2 Qtlanches 1 et 2). Par corrélation avec les
données lithostratigraphiques du site D.S.D.P. 550 proche l12l,la mise en place de cette
ride est datée Eocène supérieur. La ride Pastouret serait donc une manifestation intrapla-
que de la phase pyrénéenne. De plus, la faille délimitant le flanc sud de la ride Pastouret
est orientée suivant une direction N 70' correspondant à la direction d'ouverture initiale
de I'Atlantique Nord au niveau de la plaine abyssale de Porcupine [10]. La ride Pastouret
est donc une ancienne zone de fracture ocêanique remobilisée à l'Éocène. A une centaine
de kilomètres au Sud de la ride Pastouret, une faille inverse orientée N 70' décale à la
fois la croûte océanique et les couches sédimentaires ante-Oligocène [8]. Cette observation
suggère qu'une composante compressive a affecté de façon privilégiée d'anciennes zones
de fractures océaniques de la plaine abyssale de Porcupine, donnant ainsi naissance à
des structures topographiques comme la ride Pastouret.
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Deep seismic reflection profiling between England, France and Ireland

B R I T I S H  I N S T I T U T I O N S  R E F L E C T I O N  P R O F I L I N G  S Y N D I C A T E  ( B I R P S ; I ' :  *
ETUDE DE LA  CROUTE.CONTINENTALE ET  OCÉANIQUE PAR RÉFLEXION ET

REFRACTION S ISMIQUE (ECORS)2 '4

Abstract: The South West Approaches Traverse comprises 1600km of profiling to 15 seconds
two-way time . The profiles were planned to investigate Variscan structures in the crust and upper
mantle. In Ireland, Slt England and NW France, Variscan deformation and granite intrusion extend
from Middle Devonian to Early Permian time, about 370to270Ma ago. We have imaged a normal
fault dipping gently south under the Celtic Sea that corresponds at surface, in position and trend, with
the Variscan 'front' and can be traced down to at least 20 km depth. As under Caledonian Britain to
the north, the lower crust is everywhere strongly reflective from about 6 seconds two-way time down
to the Moho at about 10 seconds. The Haig Fras granite and Cornubian batholith, crossed west of the
Isles of Scilly, appear only as unusually shallow portions of the lower crustal reflectors.

Data for the South West Approaches Traverse (SWAT)
were acquired by Seismic Profilers Ltd in September and
November 1983. Their ship towed a wide airgun array with
four subarrays totalling 5800 cu. in. fired at 2000 p.s.i. every
50 m. The signal was detected by a hydrophone streamer
3km long towed at 15m depth and having 60 sections,
giving 30-fold cover. Processing was carried out by
Seismograph Services (England) Limited, working closely
with BIRPS.

In order to reduce the risk of side echoes through the
water or the rocks, the profrles were arranged to be
perpendicular to the coastline and to the trend of
sedimentary basins known to the oil industry (Naylor &
Shannon 1982) (Fig. 1). They cross the Cornubian granite
batholith and other Variscan structures (Hutton &
Sanderson 1984), as well as WSW-trending monoclines,
faults and geophysical anomalies in the English Channel
(Smith & Curry 1975). The interpretations presented here
are based on unmigrated time-sections (Figs 2 and 4)
supplemented by some preliminary 2-D depth migrations of
the line drawings. The lines on Figs 2 and 4 were traced
through prominent correlations observed on the 1:50,000-
scale processed records. The original tracings have been
digitized and reduced for publication. The SWAT results
add to those already obtained north of Scotland along
Moine and Outer Isles deep seismic reflection traverse
(MOIST) (Brewer & Smythe 1984) and off NW Britain
along WINCH (Brewer et al. 1983).

We assume that the reflections we observe from
crystalline rocks originate from areally extensive contrasts in

I Bullard Laboratories, Deparment of Earth Sciences, lJniuercity
of Cambridge, Madingley Rise, Madingley Road, Cambridge, UK
CB3 OEZ.

2 ltrstitut Francais du Pétrole, 1 Auenue de Bois-Préau, 92506
Rueil-Malmaison, Haux -de-Seine, France.

3M. Cheadle, D. Matthews, S. McGeary, M. Warner, and
Associates E. J. Armstrong, D. Blundell, A. Chadwick, G. Day
and J. W. F. Edwards.

oA. Mascle, O. Gariel, L. Montadert, J. P. Lefort, B. Le Gall,
J-C. Sib{uet, M. Cazes and L J. Schroeder.

their physical properties. It follows that reflections from
ancient structures will have been overprinted by the efrects
of more recent t€ctonic events. The most recent event that
we recognize is Tertiary compression, responsible for the
inversion of some Mesozoic sedimentary basins, for
example, the folding of the North Celtic Sea Basin (profile
4, Figs 2 and 3) and the monoclines in the Eastern Channel
Basin (profile 11, Fig. 4), one of which is exposed on the
Isle of Wight. But the dominant event is the post-
Carboniferous subsidence responsible for the formation of
the sedimentary basins (Ziegler 1982). We believe that its
effects overprint Variscan and Caledonian structures on the
reflection profiles.

The two deepest basins are the North Celtic Sea Basin
and the Plymouth Bay Basin (Fig. 1) which respectively
attain depths of about 9km (on profile 5, Fig. 2) and about
10 km (on profile 9, 'Fig. 4), converting to depth using
appropriate interval velocities.

SWAT lines 2,4 and 5 (Fig. 2) cross the North Celtic Sea
Basin; a fourth crossing of its eastward extension is provided
by the southernmost profile of WINCH. The sediments
infilling the basin are Triassic to late Cretaceous in age
(Naylor & Shannon 1982, and British, French, and lrish
published offshore geological maps). The four deep profiles
show that the basin varies in structure along its length.
Profile 5, the westernmost, shows a symmetrical basin
without an underlying fault. Interpretation of profile 4 (Fig.
3) shows the basin in the hanging wall of a low angle fault,
which has a ramp-and-fl4t geometry and a mean apparent
southerly dip of 17'. This fault can be traced down until it
merges with the uppermost reflectors of the lower crust at a
depth of about 20 km. Steep listric normal faults interpreted
within the basin sediments do not displace the fault plane
reflection and could merge with it. This décollement may
have acted as a normal fault during the formation of the
basin. Inspection of commercial non-exclusive seismic
survey lines close to our profile 4, to which we have been
given access by Western Geophysical and Merlin Profilers,
showed that the strike of the upper ramp of the fault is 100',
which is the local strike of the Variscan front on land. The
reflection on profile 4, interpreted here as a low-angle fault,

45
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Fig. l. Map showing parts of England, Ireland, Wales and NW
France, with SWAT profiles (solid lines), and the southern end of
the WINCH profile (broken line). Cornubian (SW England) and
Brittany granites are shown in solid black. Shading indicates
principal post-Carboniferous sedimentary basins; ECB, Eastern
Channel Basin; NCSB, North Celtic Sea Basin; SCSB, South Celtic
Sea Basin; WAB, Western Approaches Basin; WCB, r#estern
Channel Basin. Diagonal ruling marks the Plymouth Bay Basin
which underlies part of the Western Channel Basin. BF, Bala Fault;
HF, Haig Fras; L, LizaÂ;LP, Lleyn Peninsula; SP, Start Point; St.
M,. Saint Malo.

does not persist quite up to the seabed, but extrapolation
suggests that it would be exposed precisely where profile 4
intersects the traditional Variscan front (Dunning 1977). We
therefore suggest that the low-angle fault seen on profile 4 is
related to the Variscan front which is generally thought to
be a sole thrust on land, but which has been reactivated here
as a Mesozoic normal fault, locally controlling both the
trend and structure of the North Celtic Sea Basin.
Elsewhere the basin has a Caledonian trend" Reactivation of
pre-existing Palaeozoic thrusts as low angle normal faults
has been proposed to account for basins seen on MOIST
(Brewer & Smythe 1984) and on WINCH (Brewer et al.
1983). Profile 2 also crosses the traditional position of the
Variscan front but here the reflection is much less
continuous. This profile supports the suggestioh of Barr et
a/. (1981) that the offshore continuation of the Caledonian
Bala Fault system controls the southern margin of the North
Celtic Sea Basin. Farther to the east, the basin bifurcates
around the Lleyn Peninsula of north-west Wales (Naylor &
Shannon 1982) and was crossed by WINCH (Fig. 1). Here
too we believe its form is controlled by reactivated.
Cafedonian faults (Brewer et al. L983),

It is clear from profile 4 that the normal fault that in its
upper part follows the Variscan front, penetrates to a depth
of about 20km near the midpoint of the profile, much as
Shackleton et al. (1982) sketched it at the north end of their

figure 7c. It has a ramp- and llat geometry. Both statements
are consistent with results from other profiles (Brewer 1984)
that cross the Variscan Front farther east in England, the
Strait of Dover, Belgium and Germany, and in the Paris
Basin (Bois et al. in press), but in Europe there is little or no
evidence of reactivation. Comparing profiles 4 and 2 we
might conclude that reactivation improves the continuity of
reflections from faults. However. unreactivated faults have
been seen on reflection profiles in the U.S.A. and elsewhere
(Brewer et al. l98O\.

Other reflections that we relate tentatively to Variscan
faulting include one with a southerly dip north of Cornwall,
as seen at the south ends of profiles 3 and 4, The northerly
dipping events off the Cotentin and Brittany peninsulas, that
cut continental crust, might conceivably be of pre-Variscan
age (profiles 7-11) (Autran et al. L98O).

Industrial drilling shows that the deep Plymouth Bay
basin (Fig. 1) contains a thick sequence of Permo-Triassic
red beds. Unusually strong reflectors within this sequence
seen on profiles 8 and 9 (Fig. a) are tentatively identified as
lavas because 3-D modelling indicates that their presence
could account for the isolated magnetic anomaly over the
basin. Profiles 8 and 9 (Fig.. a) show that the basin overlies
southerly dipping reflection events (F) that Day & Edwards
(1983) correlate with the Carrick, Lizard and Start thrusts,
of Variscan age, on land in SW England (Leveridge et al.
1984). These reflections are not continuous on the SWAT
proliles and we are not sure whether they are primary
reflections or not. Farther west" on profiles 6 andT (Fig. 5),
there definitely are continuous southerly dipping reflections,
named here the Scilly Isles Fault System, that can be
followed into the reflective lower crust to depths of at least
20 km. These reflections have been traced to the continental
margin on shallow commercial profiles (Day & Edwards
1983). We see the Plymouth Bay Basin as a deep unfaulted
basin. However neither the top of the reflective lower crust
nor the Moho is depressed (in time) beneath it. Beneath the
Basin we see a strong reflection at c, 6 seconds tlvo-way time
(twt) which we cannot explain but, which we suspect may be
related to the origin of the basin. This reflection comes in
earlier than the usual top of the reflective lower crust.

A seafloor exposure of the Haig Fras granite is crossed on
profile 5 (Fig. 6), and profile 6 (Fig. a) crosses the gravity
anomaly of the Cornubian grainte batholith just west of the
Scilly Isles. The Cornubian batholith is a major Variscan
feature of late Carboniferous age which can be traced from
the continental margin by a negative Bouguer anomaly
(Lalaut er al. L98t; Day & Williams 1970) and surface
exposures as far as Dartmoor, a distance of 600 km. Granitic
rocks dredged from the foot of the continental slope have
yielded radiometric ages similar to those from the Dartmoor
granite (Auffret et al. 1979). Gravity modelling by Bott
suggested that the Dartmoor granite extends down to at
least 10km (Brooks et al. 1983), and Edwards (1984) has
modelled the shape of the offshore Haig Fras and Scilly Isles
granites. We see no reflections that would serve to outline
the granites, but under the granites the reflections
characteristic of the lower crust come in about 3 seconds
earlier than elsewhere, at about 3.5 seconds twt off Scilly,
i.e. at a depth of about 10.25 km calculated at 5.85 km/s, the
velocity measured by Holder & Bott (L971). Similar
observations have been made over granites off the coast of
France (Fig. 1) crossed at the south end of profiles 10 and
11, although it is not certain whether these granites are
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Variscan or Cadomian (650-590 Ma) in age (Autran et al.
1980). We have not yet devised an experiment to choose
between possible explanations of the shallow reflections
beneath the granites. Nor have we been able to image the
batholith, the Blackstones Gabbro crossed on WINCH, or
the sources.of gravity and magnetic anomalies crossed in
mid-channel. COCORP in the USA have been no more
successful in imaging major igneous intrusions (Nelson el
a/., in press; Cheadle et c/., in press).

Reflections from the lower crust dominate the records
drawn in Figs 2 and 4. They are absent along a 50 km
section off the coast of Wales (profile 2, Fig. 2) but are
ubiquitous elsewhere. They are numerous, short (3-10 km),
and subhorizontal (Fig. 7). Similar reflections have been
seen on BIRPS proflles north of Scotland, across the
Caledonides from the Hebrides to Wales, and on the
ECORS line across the Paris basin (Bois et a/., in press).
They have also been reported from Germany (Meissner &
Wever, in press), Australia (Mathur 1983), and the USA
(Hauser et al. 1984) and their origin has been hotly debated
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S. Celtlc Sôa Basin

H. F, granite H. F. Basin

in recent meetings (Hall, in press; Barazangi, in press).
Evidence is accumulating that the Moho, defined by
wide-angle refraction/reflection experiments, coincides with
the bottom of the reflective zone (Barton et al. 1984;
Matthews, in press). The relation between the normal
incidence reflections described here and the wide-angle
reffections described by Brooks et al. (1984) will be
discussed elsewhere.

The appearance of the reflective lower crust varies with
azimuth: sections in the strike direction have more
reflections, perhaps from off-line (see for example profile 1
in Fig. 2) which is sub-parallel to the Caledonian strike and
perpendicular to profile 2 (Fig. 1). (Two other examples
occur on WINCH: in Brewer et al. 1983, Fig. 2 where the
southern end of the line crosses SWAT profile 1; and
between HG and EF.) The appearance also varies from
place to place along the profiles. We do not think that the
variation within the SWAT profiles over Variscan crust is
less than the variation within the 'ù/INCH profiles over
Caledonian crust. and we do not find evidence that Variscan
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Fig.2. Line drawings of unmigrated time sections of SWAT profiles l-5. Approximately true scale assuming mean
velocity 5 km/s. To convert time to approximate depth in kilometres multiply seconds by 3 (in the crust) or by 4 (in the
mantle). The lines are drawn through prominent correlations observed on the records; apart from this the only
interpretation is implied by the naming of features. For location of profiles see Fig. 1. HF, Haig Fras; SCSB, South
Celtic Sea Basin. Vertical lines across profiles 4 and 5 mark location of photographs of orjginal records shown in Figs 3
and 6 respectively.
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and Caledonian crust can be distinguished by reflection
character.

The reflection time to the Moho, identified as the base of
the layering, is curiously constant over all the profiles seen
in Figs 2 and 4 (except at the northem end of line 11). The
larger basins appear not to influence the reflection time to

G. dc St. ilalo

O  s o k m-_l

the Moho. A preliminary depth migration of the line
drawing suggests that the Moho rises only about 3 km under
the Plymouth Bay basin, although the total thickness of the
crystalline crust beneath the sediments is reduced from
about 30 km to about 21 km. Likewise, the reflection time to
the top of the reflective lower crust appears surprisingly

1 1 N 1 1 S

Fig. 4. Line drawings of unmigrated time sections of SWAT profiles 6-11. See caption to Fig. 2. Intersection of

profifes 8 and 9 marked by a numbered tick. Vertical lines across profrle 617 mark location of Fig. 5. Rectangle on

profile 8 is location of Fig. 7. SMR, Sub-Moho Reflection.
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constant, Several sub-Moho events can be seen on the
unmigrated profiles shown in Figs 2 and 4. Most of them
resemble diffractions and collapse after 2-D depth migration
of the line drawings, but two, on profiles 4 and I, remain as
events in the upper mantle and lower crust similar to the
Flannan Fault seen on MOIST and IVINCH.

The records and tapes of the SWAT lines can be obtained
at the cost of reproduction by writing to the Programme
Manager, Marine Geophysics Research Programme, British
Geological Survey, Murchison House, West Mains Road,
Edinburgh EH9 3LA, UK. Telex 727343.

BIRPS is funded by the Natural Environment Research Council.
Twenty five per cent of the cost of SWAT was paid by the ECORS
group (INAG, IFP, Elf-Aquitaine, IFREMER). Scientists from
British Geological Survey and Universities visiting the BIRPS core
group to work on the data in Cambridge, were supported
respectively by the Department of Energy (London) and by Shell
Expro (UK) Ltd.
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38. SITE 39E: EVOLUTION OF THE \ryEST IBERIAN PASSIVE CONTINENTAL MARGIN

IN THE FRAME}VORK OF THE EARLY EYOLUTION OF THE NORTH ATLANTIC OCEAN I

Jean-claude sibuet, centre ocdanologique de Bretagne, B.P. 337,29273, Brest, cedex, France
ano

william B.F. Ryan, Lamont Doherty Geological observatory, Palisades, New York

INTRODUCTION

DSDP Site 398 is located on the Vy'est lberian passive

continental margin, south of Galicia Bank, 20 km to the
south of Vigo Seamount (Figure l). The kinematic evo-
lution of the Iberian plate is closely controlled by the
relative motions of the African, European, and North
American plates. A study based on magnetic data and
land data was undertaken to better define the relative
motion of Iberia with respect to these main plates
(Sibuet et al., in preparation). Trapped between these
plates, microcontinents such as Galicia Bank and Flem-
ish Cap (located between lberia and North America) as'
sumedtheir own relative motions with respect to lberia
and North America during the early evolution of the
North Atlantic. Consequently, the initial oceanic cir-
culation between small basins corresponding to the Bay
of Biscay and the North Atlantic west of lberia and
Europe is closely controlled by relative positions and
movements of these microcontinents. Site 398 paleoen-
vironment data, therefore, are of crucial interest in
understanding the early evolution of the North Atlantic
and the vertical evolution of continental margins.

ACOUSTIC STRATIGRAPHY

Site 398 was drilled about 400 meters laterally off the
IFP-CNEXO Flexichoc seismic line GP 19 near shot'
point 440 (Figure 2, see location on Figure l), in a water
depth of 3900 meters. A total penetration of 1740
meters was obtained. Four main acoustic units (Figure
2) lie over the acoustic basement (Groupe Galice' this
volume).

The acoustic basement is clearly of sedimentary
origin on this profile. It is highly diffractive in most
plaies and shows strong relief either as broad undula-
iions or as sharp crests corresponding to buried highs.
Some of these highs may even outcrop as shown on
some seismic profiles. Sharp crests and strongly dipping
layers in the basement suggest the presence of tilted
fault blocks frequently observed over passive margins.
On some profiles, several highs are flat-topped and
covered by a thin sedimentary blanket which suggests
that they have been affected by subaerial erosion.

Formation 4, which is a moderately to strongly lay'
ered formation, is separated from the overlying Forma-

tion 3 by a strong reflector. Formation 4lies in troughs
between horsts and tilted blocks. Layering is quite con'
formable between its base and the top of the basement
in the lowest part of the fill. At the top, it can be almost
flat. This indicates that sedimentation occurred as base-

ment blocks were being tilted.
Formation 3 is generally transparent or slightly lay'

ered. It fills depressions similar to Formation 4, but
actually differs from it by its less inclined or even hori-
zontal bedding. It may be absent on top of some struc-
tural highs.

Formation 2 often seems to have been deposited on
an almost flat topography. It is a layered sequence
marked by several good reflectors. Bedding is generally

flat and conformable with the lower boundary.
Formation I is acoustically transparent on top

(acoustic Unit lA). Layering increases towards the base
(acoustic Unit lB) where it merges into Formation 2.

STRATIGRAPHY FROM PISTON CORES'
DREDGE SAMPLES, AND HOLE 398D CORES

The acoustic formations just described can be related
to the lithologic column of Site 398 and to the stratigra-
phy obtained from core and dredge samples (Dupeuble
et al., 1976 and this volume; Site 398 Report; Groupe
Galice; de Graciansky and Chenet; Sigal; Maldonado;
all, this volume).

Based upon correlations between lithologic and
acoustic units, stratigraphic and seismic hiatuses,
physical properties, mineralogical composition of sedi-
ments, and acoustic impedance, the proposition has
been made that the lowermost 73 meters were drilled
into acoustic basement (Site 398 Report; Bouquigny and
Willm, both, this volume), This lowermost section con-
sists of a complex sequence of marlstone, siltstone, and
white indurated limestone of late Hauterivian to early
Barremian age. The white indurated limestones were
deposited under pelagic conditions, whereas marlstones
anâ siltstones could have been emplaced by low-density
turbidity currents in a quiet'water environment. Lime-
stones were deposited above the CCD but probably at
depths reaching 2 km at the site (Site 398 Report, this
volume).

Acoustic Formation 4, corresponding to upper Bar-
remian to latest uppermost Aptian, consists of sand'silt-
clay graded sequences interbedded with thick (l to lOm)
slumped beds or debris flows. These sequences resulted
frorn the redeposition of older deposits on submarine
slopes and on a subsiding sea floor (de Craciansky etlContribution 616 of the Scientifïc Department of the Centre

Océanologique de Bretagne.
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Figure 1. Location of Site 398 and bathymetric msp of the Galicia Bank area (Laughton et al,, 1975 ) in corrected fathoms,

al., in press). A stratigraphic break exists in the upper- Acoustic Formation 3 corresponds to lower Albian to
most Aptian which corresponds both to a sharp litho- middle Cenomanian. At its base, lower to middle
logical change and to a major reflector between Forma- Albian laminated dark shales, mostly of continental
tions 4 and 3. proveRance, are succeeded by interbedded dark shales
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and marlstones of middle to upper Albian and by upper
Albian to middle Cenomanian redeposited pelagic marl
and chalk. Acoustic Formations 3 and 2 are separated
by the well-known Cenomanian to lower Senonian
hiatus.

Acoustic Formation 2, corresponding to Senonian to
upper Eocene, consists of two main lithologic units.
Reddish to yellowish brown marly nannofossil chalk,
calcareous mudstone, claystone, and siliceous mudstone
in the lower part underly siliceous marly nannofossil
chalk and mudstone interbedded with turbiditic sand-
silt-marl sequences.

Acoustic Formation I spans recent to Oligocene sedi-
mentation, and consists of rhythmically bedded marly
nannofossil ooze, nannofossil ooze, marly nannofossil
chalk, and nannofossil chalk.

MAGNETIC DATA: THE EARLY EVOLUTION
OF THE NORTH ATLANTIC

The sedimentary evolution of this continental margin
should be considered in the general context of the kine-
matic and tectonic evolution of the North Atlantic. All
published kinematic solutions for the evolution of the
Atlantic north of the Azores-Gibraltar line, and also all
reconstructions of continents before their separation
(Le Pichon, 1968; Pitman and Talwani; 1972; Laugh-
ton, 1972i Le Pichon et al., 1977i Groupe Galice, this
volume), are based on magnetic lineations and/or frac-
ture zone trends. As a general rule, the fit of corre-
sponding magnetic anomaly lineations, on each side of
the spreading ridge axis, from anomaly 32 (Upper Cre-
taceous) to the present gives a good idea of the kine-
matic evolution of the North Atlantic (Pitman and
Talwani, 1972; Laughton, 1972). No magnetic data
were available to provide other kinematic constraints
between the anomaly 32 fit and the pre-opening posi-
tions of the continents. These positions were deduced
from the shape of the continental margins, the corre-
spondence of trends of the oldest oceanic portions of
fracture zones, and of pre-rift linear markers on land
(Le Pichon et al., 1977).

Figure 3 presents a new map of magnetic lineations in
the northeast Atlantic based on a compilatiôn of pub-
lished data north of the Charlie-Gibbs fracture zone
(Pitman and Talwani, 1972; Kristoffersen and Talwani,
1977), west of anomaly 25 (Williams and McKenzie,
l97l; Pitman and Talwani, 1972; Williams, 1975;
Laughton et al., 1975; Cande and Kristoffersen, 1977),
and on a ne\i' re-examination of magnetic profiles east
of anomaly 25 (Sibuet et al., in press). Magnetic anoma-
lies 33 and 34 have been identifïed using the proposed
criterion of Cande and Kristoffersen (1977).

A triple junction point probably existed west of the
Bay of Biscay at the time of anomalies 33 and 34, as
proposed by Williams (1975). Although LateCretaceous
to late Eocene compressive movements have affected
the initial configuration of anomalies 33 and 34 in the
Bay of Biscay, the shape and amplitude of these
anomalies associated with the Charcot-Biscay-Canta-
bria seamounts do not seem to have been strongly af-

764

fected by this compressive episode. (Sibuet et al., in
preparation).

In the Iberian Abyssal Plain, west of the Iberian
Peninsula and east of anomaly 34, magnetic anomalies
reach about 150 nT. The size and spacing of these
anomalies are similar to those of the Cretaceous quiet
zone west of North Africa (Hayes and Rabinowitz,
1975). From south to north, the eastern limit of the
domain outlined by these anomalies corresponds to the
Tore-Madeira rise along the ,I anomaly (Pitman and
Talwani, 1972: Olivet et aL., 1976i Rabinowitz et al.,
1979), then to a positive anomaly which continues the
Tore-Madeira rise to the 4l oN parallel and which could
Correspond to the iy'O anomaly, and finally to a line
which bounds the northwest corner of Galicia Bank.
The .I anomaly has been identifïed with the I/G
Ml anomaly (Rabinowitz et al", 1979) dated as late Aptian
(Leg 53, Francheleau, personal communication; van
Hinte, 1976)..If those assumptions are correct, the
wide area located between anomaly 34 and this feature
should correspond to the Cretaceous quiet magnetic
zone. East of this feature, the M sequence would not
exist. Nevertheless, this should not necessarily imply
that oceanic crust created by sea-floor spreading is lack-
ing east of the "I anomaly.

LEG 478 RESULTS IN THE FRAME1VORK OF THE
EARLY EVOLUÎION OT THE NORTH ATLI\NTIC

Trlassic-Liasslc or Older Tenslonal Episode
The first epoch of rifting of continents in the North

Atlantic is still being debated. It is thought to be linked
to several tensional phases occurring from permian to
late Lias in the aontinental Eurasian-American frame-
work {e.g., Arthaud and Matte, 1975; Croupe Calice,
this volume) and to the early history of the Mesogea
(e.g., Aubouin, 1977). Generally, the existence of this
rifting eposide is supported by the presence of thick
evaporitic series linked to a fast subsidence of continen-
tal blocks. Reliable age data around the lberian Peninsula
and Grand Banks exist, especially for the Triassic-Lias
episode. On the Grand Banks, Jurassic and older form-
ations are presented in structural basins bounded by
block-faulted basement structures and display salt dia-
pirism (Daily Oil Bulletin, 1973). In Aquiraine, Triassic-
Liassic sedimentation is characteristiè of a subsiding
basin filled with thick detrital and evaporiric deposits
(Winnock, l97l; Dardel and Rosset, lg7l; Winnock et
al., 1973). In initial reconstructions of continents, the
Aquitaine basin could be continued towards the west by
grabens and basins related to the Labrador-Biscay Fault
(Laughton, 1972; Le Pichon et al., l97lù. In the in-
terior basin (Figure l) between Galicia Bank and lber-
ia, the deep sedimentary layers may be Jurassic or
older (Croupe Galice, this volume). Nevertheless, the
very thick sedimentary series shows no evidence of salt
diapirism on seismic profiles and does not indicate that
this area has been affected by a Triassic-Liassic episode
of rifting. In the smaller basins of the continentalilope,
however, formations are affected by salt diapirism, as
between the Porto seamount and the portuguese shelf
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(Montadert et al., 1974:. Wilson, 1975; Groupe Galice,
this volume). Consequently' numerous studies support
the hypothesis that the initial Eurasian-American conti-
nent has been affected, at least locally, by intense frac'
turing and by an episode of rifting giving rise to subsid-
ing basins filled with Triassic-Liassic evaporites and/or
clastic sediments. The westernmost extension of these
basins is located east of the Cretaceous quiet magnetic
zone (Figure 3), but cannot be traced easily because of
the great thickness of sedimentary cover' especially in
the iberian Abyssal Plain south of Galicia Bank. The
amount of oceanic crust, if any, which was created dur-
ing this tensional episode cannot be determined. This
crust is probably a mixed type, neither purely oceanic
nor purely continental as supported by seismic velocities
in similar zones of early opening.

Late Jurassic-Early Cretaceous Tensional Episode

South of Grand Banks, on the western Scotian shelf,
a Berriasian/Valanginian hiatus has been discovered in
sediments deposited in a shallow marine environment
(Cradstein et al", 1975). On the Grand Banks, the most
striking structural feature is a major angular uncon-
formity at the base of the Cretaceous section. Beneath
this unconformity, Jurassic and older formations are
preserved in structural basins bounded by basement
block-faulted structures (Daily Oil Bulletin, 1973).
Coeval tensional episodes have been noticed in the
Alpine-Mesogean domain (e.g., Aubouin, 1977).

ln the Galicia Bank and Vigo Seamount areas, a
major tectonic event responsible for the main mor-
phologic trends of the continental margin (Groupe
Calice, this volume) occurred in the Late Jurassic'Early
Cretaceous. Faulted blocks subsided and rotated along
faults of Panamean type. Rotating faults were active on
both the Iberian and Armorican margins during this
episode (Montadert, Roberts, et al., 1977a). However,
since the last 73 meters of core from Site 398 drilled into
a half-graben structure seem to have been redeposited
above the CCD at a depth up to 2000 meters (Site 398
Report, this volume), it is impossible to evaluate how
much vertical motion is associated with each tensional
episode. Fan-shaped sedimentary accumulations, ob-
served in acoustic Formation 4 (Figure 2), show that
sedimentation occurred during tilting of basement
blocks (Site 398 Report; Groupe Galice; both' this
volume). Latest Aptian is the age determined from
borehole data for the end of the Late Jurassic'Late
Cretaceous episode.

The Creqaceous magnetic quiet zone is bounded on
the east by the .I or I/0 anomaly (Figure 3). East of this
limit, the M sequence is lacking, but a quiet magnetic
domain exists and could be related either to a continen'
tal subsided area or to the Jurassic magnetic quiet zone
(Sibuet et al., in preparation). If these assumptions are
correct, this would mean that either the Permian to Lias
tensional episode has affected a large area between
North America and the Iberian peninsula with oceaniza-
tion of continental crust, or, more probably, that an
early opening of limited extent occurred during the Mid'
dle Jurassic after the Permian to Lias tensional episode.
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In both hypotheses, as the Msequence is lacking, there
is no creation of typical oceanic crust between North
America and the lberian Peninsula in the Early Creta-
ceous before the late Aptian.

J Anomaly and the Beginning of True Sea-Floor
Spreadlng in the Northern Atlantic

Following the above events, the history of the
Tethyan Ocean becomes independent of the Atlantic
evolution. While compressive phases induced the first
Alpine deformations, opening of the Atlantic is occur-
ring. A first approximate configuration of the land-
masses is given in Figure 4. The relative positions of
Africa and North America are well established (personal
communication from Shouten, rn Rabinowitz et al.,
1979). The relative position of the lberian Peninsula
with respect to North America is based on a well-
documented position for the eastern limit of the Creta-
ceous quiet magnetic zone seaward of the lberian Penin-
sula and on some limited identification of the "/ anomaly
using available magnetic profiles located east of Grand
Banks (Pitman and Talwani, 1972). ln a first attempt'
positions of Europe and Rockall are those of the initial
fit of Le Pichon et al. (1977). This fit can be improved
by using a better shape of M0 anomalies on each side of
the northern Atlantic and by including fracture zone
constraints, which is not the case in Figure 4. Neverthe-
less, this new preliminary step in the kinematic evolu-
tion of the North Atlantic provides further constraints
on the early opening and on the initial fit of continents.

By definition, the "/ anomaly is associated with topo-
graphic features (Pitman and Talwani, 1972) such as the
iore-Madeira rise on the eastern side of the North
Atlantic and the ""I-Anomaly Ridge," south of Grand
Banks and the Newfoundland fracture zone. Ballard et
al. (1976) have proposed that these .I anomaly twin fea'
tures rflere associated with an Azores-like hot spot. The
formation of these twin structural features, whatever
their mode of formation, must have modified both the
tectonic evolution of the nearby continental margins
and the style of sedimentation. This could explain the
change in sedimentation type from the Aptian graded
sequences emplaced by turbidity currents to the Albian
dark shales and also the presence of the main seismic
discontinuity between acoustic Formations 4 and 3
(Figure 2). The middle Aptian dark shales found on the
Armorican margin (Montadert, Roberts, et al., 1977a)
may have been deposited at an earlier date because the
connection between the Iberian Abyssal Plain and the
Bay of Biscay \rras not established north and south of
the Flemish Cap-Galicia Bank structural feature at the
time of anomaly "I.

Since latest Aptian, the western continental margin
of the Iberian Peninsula has subsided because of vertical
cooling of the lithosphere as the accreting boundary
moved westward.

Anomaly 34: A Step in the Opening of the
North Atlantic

The trend and length of anomaly 34 on each side of
the North Atlantic have been defined from numerous
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data. Between the Charlie-Cibbs fracture zone and the
Azores-Gibraltar line, it is impossible, using the con'
straints of these two fracture zones' to match the corre-
sponding plate boundaries at the time of anomaly 34
(upper Santonian in the van Hinte scale U9761),' -Le 

Pichon and Sibuet (1971), having examined the
kinematics of the Eocene episode of compression
between the lberian and European plates, show that the
boundary between the t\4'o plates extended west of the
Pyrenees, along the Spanish marginal trench to end west
of King's Trough at a triple junction point. Consequent-
ly, thJ positions of anomalies 34 on each side of this
plate boundary have been shifted after their creation.
Segments of anomalies 34, located north and south of
the Charcot and Biscay seamounts, have been matched
without any ambiguity with anomaly 34 on the Ameri'
can side, using the trend constraints of the Charlie'
Gibbs fracture zone and the Azores-Gibraltar line.
One of the main kinematic implications is that at the
time of anomaly 34, the Bay of Biscay was not com-
pletely created. This is supported by the possible pres-

io." 
-of 

anomalies 34 and 33 in the central part of

the Bay of Biscay (Williams, 1975; Sibuet et al., in
preparation).

In late Santonian time, the open sea is well devel'
oped south of the Charlie-Gibbs fracture zone (53'N).
The sudden occurrence of primary minerals formed
in upstream soils (illite, chlorite, sandy silicate, kao-
linite) from late Santonian to at least early Maestrich'
tian is probably due to the supply of minerals inher'
ited from high latitudes and transported by the newly
established north-south oceanic circulation (Chamley et
al., this volume). This oceanic circulation could have
been established during the early opening of the Labra-
dor Sea (Le Pichon et al., l97lb) which is at the time of
anomaly 34 (Figure 5).

General Evolution of the Vltest lberian Continental
Margin ln the Framework of the Early Evolution of
the North Atlantlc

Based on arguments which have been developed, the
following evolution is tentatively proposed. The rWest

Iberian continental margin was likely created during the
Permian Triassic-Lias rifting episode (280 to 174 m.y.
B.P.).

A limited oceanic domain (about 100 km wide)
opened between the lberian peninsula and Grand Banks
in the Middle Jurassic (174 to 150 m.y. B.P.)' However'
no oceanic opening occurred in Late Jurassic-Early
Cretaceous (150 to 109 m.y. B.P.) but, simultaneously'
a second tensional episode would be responsible for
fault-block subsidence and tilting on the rWest Iberian
continental margin. In latest Aptian (109 m.y. B.P.)'
the main features of the continental margin morphology
would have been in place. Since then (109 m.y. B.P.),
the continental margin has subsided regionally except in
a few zones such as the northern part of Galicia Bank
where Late Cretaceous-Tertiary compressive move-
ments have occurred. The decisive opening of the north'
ern Atlantic dates from that time.
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MECHANISMS OF FORMATION AND
EYOLUTION OF PASSIVE
CONTINENTAL MARGINS

To estimate vertical movements, one must consider
the structural and tectonic evolution of a passive con-
tinental margin. North of the Azores-Gibraltar line in
the North Atlantic where graben-type subsidence oc-
curred prior to splitting in Permian to Lias time, the
vertical evolution of continental margins is hidden by
the complex posterior evolution which has taken place
since Early Cretaceous. Indeed, in the Bay of Biscay and
between the Iberian peninsula and Grand Banks' a pos'
sible Middle Jurassic limited oceanic opening followed
by a Late Jurassic-Early Cretaceous tensional episode
has affected the vertical evolution of both the Armor'
ican and West lberian continental margins.

Several mechanisms to explain the formation and the
evolution of continental margins have been proposed
(Bott, 1976). Doming of continental crust before and at
the time of the break-up of continents is generally not
observed according to Kent (1977) except along the Red
Sea and the East African rifts. However, thermal re-
sponse to the emplacement of hot material should cause
vertical movements during and after splitting. During
the break-up of continents, the thickness of the con-
tinental crust along [he newly created margin is reduced
by subaerial and subcrustal processes. Afterwards, the
continental shelf subsides, probably due to the thermal
contraction of the lithosphere with a time constant of
about 50 m.y. (Sleep, l97l).

Bott and Dean (1972) suggest that differential stress
occurs along continental margins and is the result of
unequal loading across the margin. This implies a vary-
ing stress system between the lower continental crust and
the adjacent upper mantle, which causes a migration of
lower continental material by creep in the sub'oceanic
mantle. This process may cause subsidence of the shelf'
which favors normal faulting in the brittle upper con'
tinental crust (Bott 1971, 1973). Such a subsidence,
intense at the time of splitting, may continue at a
decreasing rate indefinitely thereafter.

Subsidence may also occur in response to increased
crustal density produced by metamorphic processes
such as the gabbro to eclogite transition (Ringwood and
Green, 1966; Collette, 1968), or the greenshist to am-
phibolite transition (Falvey, 1974), or by intrusions of
basic or ultrabasic igneous rocks (Beloussov, 1960;
Sheridan, 1969). Lithosphere should respond to such
variation of the density structure by a lithospheric flex-
ure involving margin subsidence (Walcott' 1972). Re-
cently, Foucher and Sibuet (in press) questioned the
validity of this last mechanism and proposed an inter-
pretation of heat-flow data from the Armorican margin
compatible with a thinning of the continental crust by
creep in the lower part of the crust, the upper brittle
part of the crust being affected by Panamean or normal
faulring (Montadert et al., 1971b). All of the above
mechanisms may contribute to margin subsidence; the
problem is to assess their relative importance.
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YERTICAL MOVEMENTS AT THE LEVEL
OF SITE 39E

The complexity and diversity of proposed mech-
anisms to explain the formation of continental margins
are partly due to the fact that paleodepths across con-
tinental margins are unknown. The history of subsid-
ence remains to be unraveled using sedimentological
patterns on the sea floor depending on, for example,
dissolution and productivity for opal and carbonate,
and of surface and deep water circulation. The vertical
distribution of benthic faunas allows paleodepth estima-
tion as follows: continental shelf (0 to 200 m), upper
bathyal (200 to 500 m), middle bathyal (500 to 1000 m),
and lower bathyal (1000 to 2000 m). In the abyssal
domain (>2000 m), depth distinctions are often im-

. possible.
We will try to show how the Site 398 results, placed in

the general context of the West lberian continental mar-
gin evolution can provide constraints about the ver-
tical evolution at Site 398 (Sibuet et al., in press).

Eroded surfaces 2.5 km deep, unaffected by the Late
Jurassic-Early Cretaceous tensional episode, exist both
on the Armorican and West Iberian continental mar-
gins. Site 398 paleodepth will be estimated using data
concerning the vertical evolution of these eroded surfaces.

Eroded Surfaces

Flat surfaces covered with postJatest Aptian sedi-
ments have been identified on the Armorican and West
Iberian continental margins at depths ranging from 1.5
to 2.8 km (Figure 6). These surfaces are horizontal or
diÈ gently toward the ocean. We interpret them as relics
of subaerially eroded areas which were at zero depth in
preJatest Aptian time. They are identified on Calicia
Bank, on Vigo and Vasco da Gama seamounts (Figure
l), and between these features. The depth of these sur-
faces is at 1.5 km on Galicia Bank and 2.5 to 2.8 km
elsewhere. Because a subduction zone functioned in the
Bay of Biscay, north of lberia, from Late Cretaceous to
Eocene time (Sibuet and Le Pichon, l97l; Le Pichon
and Sibuet, l97l; Choukroune et al., 1973), the north-
ern border of Galicia Bank could have been affected by
this compressive phase. Depths of these surfaces âre
consequently constant on the Armorican (Montadert et
al., 1977b) and West Iberian continental margins, but
not on Galicia Bank itself.

These eroded surfaces have subsided on a regional
scale from zero level to their present depth since the
beginning of the real opening of the North Atlantic,
which is dated as latest Aptian. Isostatic readjustment
due to local or flexural loading is minor; sediment cover
on the eroded surfaces (Figures 6 and 7) does not exceed
0.8 km. Consequently, the subsidence could be related
to the thermal cooling of the lithosphere as the spread-
ing axis moved away.

Several authors suggest that the subsidence of the
entire continental margin follows the thermal oceanic
subsidence curve since the creation of oceanic domain
(Watts and Ryan, 1976; Montadert et al., 197?b). Seis-
mic reflection profiles show that the whole fault pat-
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tern of the West lberian continental margin was sealed
up since latest Aptian (Groupe Galice, this volume), ex-
cept locally where tertiary compressive phases took
place. Consequently, either the whole margin subsides
globally, the vertical motion being consumed at the level
of a vertical fault pattern parallel to the margin trend,
or the continental margin was flexured, continental and
oceanic plates being coupled or not (Figure 8). Because
such a fault pattern has not been noted, the second
hypothesis seems more probable.

Yertical Evolution at the Level of Site 39E

We have supposed that the subsidence curve of the
eroded surface was an exponential type (Figures 9 and
l0) and that at the level of Site 398, located 20 km south
of such an eroded surface, the same subsidence curve
could be applied, even if the drill site is 2 km deeper
than the present depth of the eroded surface. Conse-
quently, the paleodepth of the acoustic basement should
be at least 2 km in the Lower Cretaceous, which is com-
patible with the paleodepth of sediment emplaced at this
time (Site 398 Report): The local isostatic readjustment
has been calculated using shipboard density measure-
ments (Site 398 Report) (Figure 9). Compaction has
been taken into account to calculate the Site 398 paleo-
depth (Figure l0). The extremes of the CCD curve,
superimposed on the paleodepth curve in Figure 10, are
arbitrary.

During the ante-latest Aptian evolution, we presume
that the acoustic substratum was affected by the two
episodes of rifting of Permian-Triassic-Lias and Late
Jurassic-Early Cretaceous ages, without knowledge of
the relative subsidence contribution of each phase.
Between these two. phases, during the Middle Jurassic,
the West lberian continental margin could regionally
subside by thermal cooling linked to the removal of the
heat source (Fieure l0).

CONCLUSION
The paleodepth at the level of a drilling site can only

give local information on the vertical evolution of a
passive continental margin. Only biostratigraphic data
from wells belonging to a transect of the margin linked
to structural and tectonic processes could permit quan-
tification of the vertical evolution of a continental
margin and the understanding causes of subsidence. If
the thermal subsidence seems to be the main cause of the
vertical evolution of a continental margin, subsidence
due to sediment and water load including sealevel
changes must be taken into account.
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5. PHYSIOGRAPHY AND STRUCTURE OF THE \ryESTERN IBERIAN CONTINENTAL
MARGIN OFF GALICIA, FROM SEA BEAM AND SEISMIC DATA

Jean-Claude Sibuet,r Jean-Pierre Mazé,t
Philip Amortila,r'2 and Xavier Le Pichonl

ADSTRACT

A new bathymetric map, based on Sea Beam data, was compiled for the continental margin south of Galicia Bank'

in the area ofôcean Drilling program (ODP) Leg t03 drilling. Using a new series of l2 single-channel seismic profiles

ori.nt.O p.rp.nOicularly to ihe co-ntine;tat margi; and multichannel seismic profiles previously. acquired in the areà' wc

;il;;i.e; i;iaitea Âap of tne surface of thelilted fault blocks and half grabens formed during the Earlv Cretaceous

ili}rïiriiit"g. iitteA tàutt btocks t3-18 km apart and oriented roughly north-south, are continuous over distances

;i;;;A;;60 km. wc divided the upper and iower parts of the margin on the basis of magnetic dâta' distance be-

tween-tilted fault blocks, nature of sediÀents involvedin the rifting processes (pre-and_syn-rift or only syn-rift sedi'

.."iO. if,i, report also discusses the significance of the S reflector located below the tilted fault blocks.

INTRODUCTION

In early 1982, the Seagal cruise was conducted by IFREMER
(Institut Français de Recherche pour I'Exploitation de Ia Mer)
oî rhe Jean Charcot to collect Sea Beam and single-channel
seismic-reflection data to investigate the early geologic history
of rifting, subsidence, and sedimentation of the western Galicia
continental margin. With two 90'in'r water guns and four 540'
in,3 air guns, 1800 km of seismic data were acquired. Sea Beam
coveragè was designed to avoid any ambiguity concerning lateral
extension or correlation of morphologic features between pro-
files over the entire surveyed area (Fig' l)' Because the post-rift
sedimentary cover is thin, most of the basement-rock features
have bathymetric expression, and their trends are clearly estab-
lished by Sea Beam data.

In this chapter, we present a new bathymetric map based on

these Sea Beam data. This map has been integrated into the gen-

eral bathymetric map of the northeast Atlantic Ocean, recently
publisheâ by Lallemand et al. (1985a and b) (Fig. l)' The data
Ire ."atnin"O in the context of preliminary drilling results of
ODP Leg 103 (Boillot, Winterer, et al., 1985, t986; see site chap'
ters, this-volume)' riy'e also discuss these data within a geological

framework, whiéh indicates that the western Iberian continental
margin was formed in an area previously affected by-the late

Heràynian orogeny and subsequent tensional phases (Fig' 2)'

METHODS

Sea Beam Data Processing

The new bathymetric map of southwest Calicia margin pre'

sented in this paper was compiled exclusively from-Sea Beam

data. Basic data àre those of the Seagal cruise, but all available
Sea Beam transits acquired in the area have been used' The Sea
Beam system is a muliibeam echo-sounder, comprising 16 adja-

cent nairow beams. Width of the mapped swath beneath the

iÀct is approximately two'thirds of the water depth (Renard

I TFREMER Centrc dc Brcst, B.P. 337,29n3 Brcst céd€x, France.
2 Now at Geophysicâl company of Norway (U'K.), Thc GECO Ccntrc' Knoll

Rise, Orpington, Kent BR6 OXC' England.
j Ecôle Normale Supérieurc, Dépiltement dc Géologie' 24, ruc Lhomond'

75231 Paris cédcx 05' France.

and Allenou, 1979). The track control of Sea Beam data used to
compile the bathymetric map is shown in Figure 3.

During the Seagal cruise, twelve N95oE parallel profiles' each
about 150 km long, were acquired perpendicular to the trend of
the titted fault blocks formed during the Early Cretaceous rift-
ing episode. Profile spacing was 5'5 km. Sea Beam transverse
profiles are important because they cut the Seagal N95"E pro-
iiles and provide improved navigation through bathymetric con-
straints, The REGINA (Recalage Graphique Interactif de la Navi-
gation à partir du Sea Beam) software package developed by
ifRg,ugn allowed us to fit the Sea Beam bathymetric contours
of two crossing lines by moving one line with respect to another.
This was done on a color screen in a normal or automatic mode'
If the bathymetry was not flat, each crossing gave a navigation
constraint (i.e., two points corresponding to the same position)'
Then, this new set of Sea Beam navigation constraints was merged
with the conventional navigation data set to provide a new navi'
gation data set. The transit satellite navigation was consequent-
iy improved, and distortions owing to automatic contouring pro-
iedures were avoided near crossings' Several types of interpola-
tion procedures could be used to create a regular grid. The size
of the grid net and the smoothing rate of Sea Beam data were
chosen as a function of both the navigation accuracy and the
Sea Beam coverage. The resulting bathymetric contour map apa
pears in Figure 4. The Sea Beam coverage is about 50% in the
western part of the study area but only about 3090 in the upper
part of the margin to the east. The accuracy of the bathymetric
map consequently diminishes slightly eastward. lepths are in
unCorrected meters (assuming a water velocity of 1500 m/s)'
and the bathymetric contour interval is 50 m. Detailed maps
having lO-m isobath spacing are shown near ODP Leg 103 sites.

A three-dimensional bathymetric diagram was also construct-
ed (Fig. 5; see frontispiece, this volume), presenting a viervpoint,
vertic;l exaggeration, and smoothing rate that give the best exhi-
bition of the Galicia margin morphologic trends.

Seismic-Refractlon snd -Reflection Velocities

Three seismic-refraction profiles using sonobuoys were ac-
quired in the abyssal domain during the Seagal-cruise (location
in Fig" 3). The seismic source was four 940-in.3 air guns towed
l0 m below sea surface at a speed of 6 kt. Shots were spaced ev-
ery 25 s. Velocities and thicknesses were calculated from both
wide-angle reflection and refraction arrivals (Le Pichon et al,
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l v  v u15'00'

Figure l. Bathymetric map of the Galicia Bank area (after Lallemand et al,, 1985a and b). Contour spacing 200 m; for ease-of identification' contours

are labeled in both meters (smalier numbers) and kilometers (larger numbers). ODP sites are located within the box showing th€ limits of the Seagal

bathymetric map.

lg6g). 'Ihble I lists sonobuoy refraction and- reflection velocities precise. Nevertheless, these results are consistent with the com-

ô;;;â-;th;;;suàption ofâiuiiui.-round-channel velocity of pressional wave velocities (Fig. 6) obtained bv the Dix relation

i.jt mZr. Becausjthe refraction profiles were not reversed and irom root mean square (rms) lelocity- spectra after processing

*"r. ,tot perpendicularly to the basement features, velocities the multichannel seismic profile GP-Ot located near the refrac-

determined foi the tilted iault blocks and the tower crust are not tion profiles (Croupe Galice' l9?9; Fig. 3).
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Tsbte l Refraction and wide-rnglc reflectlon resulls from sonobuoy dstr'

Position of the
ends of profiles

Lâtitude Longitude

vclocity of laycrs (in km/s) Thickness of layers (in km)
Refraction

profile

r . 5 l

l . 5 l

1 . 5 !

s l

s2

S3

42.15',N l2'46',\Àt
42.13' ,N r2 '19' ,W
42.26'N l3'03',W
42"27'N 13"2?',W
42.37' ,N 13"24' ,w
42.!4',N l2'53',W

2.05 2.55

2.36

2.36

6. | 8.01

5.E7 7 .8

5 .8

5.t75 0.595 1.02

5.2E1 l . l2

5.280 1.O1

0,91 1.47

t.06 0.93

0.31

3 .12

! .  l 4

0.373

0.5

L t

4.33

4.2

4.3

0.5  1  1 .5  2
Two-way traveltime (seconds)

Figure 6. Results of the thr€e sonobuoy profiles listed in Tàble I' com-
paied with velocities calculated from multichannel seismic profile GP'
ô8 (Croupe Galice, 1979) and Leg 478 results (Sibuet' Ryan' et al.'
1979b).

Results of the velocity-depth correlation at Site 398 (Sibuet'
Ryan et al., 1979a) are also reported. A fair agreement exists bei
tween the different data. We adopted the velocity-depth profile
of Figure 7 to compute the thickness of the post-rift sediment
layers and to deduce the depth of sediments affected by rifting
for the entire southwestern Galicia margin.

REGIONAL TECTONIC SETTING

The starved continental margin of western Calicia Bank was
formed during several phases of extension since the Permian and
was affected by early Tèrtiary and Miocene compressions.

,xqi.o l
3 t

ç l
- l

v
0.95

k
| . 67

e
\%

0 1 2
Two-way traveltime (seconds)

Figure 7. Depth-velocity profile adopted to compute basement depths
on southwestern Calicia margin.

Permian to Lias Phases of Distension

The Permian to liassic phase of distension documented in
northwest Europe (Ziegler, 1978, t98l) and in Morocco (Man-
speizer et al., 1978) is interpreted as being the first phase of
doming before rifting in the western lberian Peninsula (Mougenot
et al., l9?9). Extension is indicated in late Tliassic-early Liassic
time by the large basins occurring in Algarve (Mougenot et al.'
1979) and probably in the eastern part of the Tagus Abyssal
Plain (Olivet et al., 1984) where thick Liassic and Dogger sedi-
mentary strata accumulated.

:<
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Only during the Liassic did the large subsidence rates occur
that are observed in narrow and deep basins, for example, as in
Portugal. This Liassic phase of distension, which is also marked
by large volcanic emissions, is associated with the first rifting
phase (Mougenot et al., 1979). Sibuet and Ryan (1979) empha-
sized this phase in their interpretation of the subsidence history
at Deep Sea Drilling Project (DSDP) Site 398 (Sibuet, Ryan et
a1,,, 1979a). During the Middle Jurassic, marine sediments de-
posited in Portugal (Lusitanian Basin, Mougenot et al., 1979)
suggest the existence of a regional subsidence that we associate
with the thermal cooling of the lithosphere after the late Tiias-
sic-Liassic phase of rifting.

Latest Jurassic to Early Cretaceous Phases of
Distension

The latest Jurassic to Early Cretaceous phases of distension
resulted in the formation of the present-day continental margins
of the North Atlantic Ocean north of the Azores-Cibraltar frac-
ture zone, These phases affected the entire northwest European
and Arctic-North Atlantic rift system. The timing and geome-
try of this rifting phase have been well established both from the
interpretation of seismic data and from DSDP and ODP holes
drilled on the eastern North Atlantic continental margins dur-
ing DSDP Legs 478, 48, 80, 81, and ODP Leg 103 (Sibuet, Ry-
an, et al., 1979b; Montadert, Roberts, et al., 1979a:' de Cra-
ciansky, Poag, et al., 1985; Roberts, Schnitker, et al., 1984; Boil-
lot, Winterer, et al., 1985, I986).

From Goban Spur to Gibraltar (Fig. 2), the overall tectonic
style of continental-margin deformation is characterized by a
series of tilted fault blocks bounded by normal or listric faults,
which delineate half grabens. Tilted fault blocks developed within
the Jurassic sedimentary cover. Vfestern Galicia margin is the
most spectacular erample of this tilted fault-block geometry. One
of the most important results of ODP Leg 103 was to show that
the extension and deepening of the western Galicia continental
margin occurred in several stages. The Jurassic carbonate plat-
form faulted and subsided during the latest Tithonian-earliest
Valanginian. Depressions were partly buried by Valanginian and
Hauterivian interbedded turbidite sandstones and claystones'
themselves affected until the Aptian by normal faulting and ro-
tâtion of fault blocks (Boillot, Winterer, et al., 1985, 1986),
Consequently, faulting and tilting began at least as early as Ear-
ly Cretaceous and continued episodically until late Aptian. A
comparison with the land and shelf geology shows that the lat-
est Jurassic-Early Cretaceous phase is in fact a succession of
tectonic phases, the main one being the Austrian phase (Baranyi
et al., 1976; IGmerling, 1979).

Onset of Seafloor Spreading

The initiation of seafloor spreading in the northeast Atlantic
is well documented in DSDP and ODP data by both dating of
the first oceanic crust and dating of the regional unconformity
that marks the end of the rifting phase on continental margins.
The oldest oceanic magnetic anomalies identified are M0 (late
Aptian) west of Galicia Bank and 34 (late Santonian) in the Bay
of Biscay and west of the British Isles (Fig. 2; e.g., Guennoc et
al., 1978, 1979; Sibuet and Ryan, 1979); From drilling results,
the first appearance of oceanic crust was dated to be late-early
Albian at Goban Spur (Masson et al., 1985), early Albian near
the Meriadzek Tbrrace in the Bay of Biscay (Montadert et al.,
l979ci Groupe Cymor, l98l), and late Aptian west and south of
Galicia Bank (Sibuet and Ryan, 1979; Boillot, Winterer, et al.,
1985, 1986). This indicates that the initial formation of oceanic
crust after the Late Jurassic-Early Cretaceous rifting phase prop-
agated from south to north.

Cenozoic Compressive Phases

From late Cretaceous to late Eocene, compressive movements
resulted in uplift of the Pyrenees, the maximum tectonic activity
being during the Eocene. The Pyrenees, the northern Spanish
marginal trough, the Açores-Biscay Rise, and the King's Tiough
complex have been interpreted, according to distribution of mag-
netic anomalies in the North Atlantic, as features created at the
plate boundary between lberia and Europe (Le Pichon and Si-
buet, l97l) and resulting from a counterclockwise rotation of
Iberia rvith respect to Europe around a pole located west of Mo-
rocco (Olivet et al., 1984).

ln the oceanic area. maximum deformation occurred near
the north lberian-European plate boundary. Numerous areas
were uplifted during late Eocene, including both the oceanic do-
main and the continental margins (Montadert et al., 1979d;
Groupe Gâlice, 1979; Groupe Cybère, 1984; Sibuet et al.' 1985).
In the Galicia Bank area, the large faults that run along the
northwest edge of Galicia Bank continue to the southwest, where
large deformations with clear reverse faulting affect the Meso-
zoic and Eocene sedimentary layers (Montadert et al., 1979d;
Réhault and Mauffret, 1979; Groupe Cybère, 1984). Contempo-
raneous movements occurred in the Interior Basin, between Ga-
licia Bank and the continent.

Numerous studies show that deformation occurred on land
in the whole'continental domain of North Africa, lberia, and
Europe (de Charpal et al., 1974; Letouzey and Tfémolières, 1980;
Bergerat, 1985). The stress field is characterized by a north-
south horizontal compression, in agreement with the relative
north-south compressive motion of Africa with respect to Eu-
rope (Savostin et a1., 1986), which resulted in a transcurrent [ec-
tonic regime from northeastern Iberia to the Rhine graben and
the Bohemian Massif.

The Miocene compressive episodes mostly affected the Tbre-
Madeira Rise, the Gorringe and Ampère Banks, and the adja-
cent continental margins, as well as the Betic and Rif System on
land. North of this deformation belt and up to the northern Bay
of Biscay margin, hiatuses reveal Miocene movements (Site 398,
Sibuet, Ryan, et al., t979a) and a slight angular unconformity
(Olivet et.al., 1976; Groupe Galice, 1979).

MORPHOI.OGY OF THE SOUTH1ryEST
GALICIA BANK CONTINENTAL MARGIN

Detailed bathymetric Sea Beam surYeys were performed on
the western lberian continental margin north of Cap Ortegal
(Groupe Cybère, 1984), north (Croupe lansmarge, 1984) and
east (this study) of Calicia Bank, on Vigo, Oporto, and Vasco
da Gama Seamounts south of Galicia Bank (Mougenot et al.'
1984), in Nazaré Canyon (Groupe Tlansmarge, 1982), and on
Tore Seamount (J. L. Olivet, personal communication, 1985).
These features were included in the bathymetric map by Lalle-
mand et al. (1985a and b, Fig, l), which provides a more precise
morphologic depiction than does the Laughton et al. (1975) docu'
ment,

The roughly north-south continental margin west of Iberia
consists of two contrasting physiographic provinces north and
south of 40'N latitude. Calicia Bank lies in the northern prov-
ince, which also includes several other seamounts such as Vigo,
Porto, and Vasco da Gama. The margin is separated from the
narrow continental shelf by the Interior Basin, a large sediment-
filled depression, which trends generally north-sôuth and stretches
from the southern Bay of Biscay to Vigo Seamount' The sea-
mounts may represent either horsts formed during the Early
Cretaceous rifting episode (Laughton et al., 1975; Groupe Ga-
lice, 1979; Montadert et al., 1979d) or uplifted Eocene struc-
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tures (Boillot et al., 1979; Mougenot et al., 1984). South of
40'N latitude, large prominent canyons (Nazaré, Lisboa, Setu-
bal, and Saô Vicente Canyons) appear to be controlled by the
Iate Hercynian fracturc pattern (e.9., Boillot et al., 1974; Sibuet
and Berthois, 1979).

The Seagal Sea Beam survey was restricted to the part of the
continental margin south of Galicia Bank from the typical oce-
anic crust east of l3oW longitude to the first lilted fault block
facing the Interior Basin at ll'25'W longitude (Figs. I and 4).
The principal morphologic trends are the roughly north-south
tilted fault block features, which correspond either to ridges (e.g.,
at l2ow longitude), to steep bathymetric gradients (e,g.' at
12'12'W longitude), to a line of elongated seamounts (e'9., at
12o30'W longitudc), or to a combination of steep gradients and
elongated seamounts (e,9., at 12o50'W longitude). tiy'e interpret
these features as having resulted from progressive westward bur-
ial below sediment of tilted north-south basement fault blocks.

Canyons can be traced continuously throughout the study
area (Figs. 4, 8, and 9). A dendritic pattern with primary and
secondary tributaries is observed on steep slopes between
11"40' and 12"12'W longitude, whereas such canyons are absent
or poorly defTned when slope gradients decrease. The trends of
the major canyons roughly follow the north-south basement
structures and are bayonet-shaped where they pass through the
north-south basement structures. The main canyons are fed
from the north-south basement highs located on each of their
sides (Fig. 9). ODP Site 641 is at the intersection of one main
canyon and two tributaries just at the edge of the only observed
depression in the area (Fig. 9). This depression, about I km in
diameter and 20 m deep, is at a major slope break (7o to 2o).
Such depressions, called "splash pools" by Le Pichon and Renard
(1982), arc commonly observed on Sea Beam or Cloria records
(Le Pichon and Renard, 1982; Kenyon et al., 1978) acquired on
continental margins, Surveys made from a submersible of the
Provence lower continental-slope canyons demonstrate that
deep-water transport can carry large boulders, which tend to ac-
cumulate where the slope flattens out. Dams are thus built
across the canyons, creating bathymetric depressions (Le Pi-
chon and Renard, 1982). Slumped sediments, including Upper
Cretaceous debris were.recovered in the upper section of ODP
Hole 641 (Site 641 chapter, this volume); ODP Site 641 is proba-
bly located on such a dam.

STRUCTURE OF THE SOUTH\ilEST GALICIA
BANK CONTINENTAL MARGIN

The rift structures are illustrated by seismic profiles GP-ll
and GP-12, which show a series of tilted fault blocks that delin-
eate half grabens (Fig. l0). Normal faults bound the western
side of these blocks. These structures on Galicia margin are wen
more impressive than the structure of two tilted fault blocks de-
scribed south of the Meriadzek Tèrrace on the northern Bay of
Biscay margin (Site 400, Montadert, Roberts, et al., 1979b).
These latter two blocks display .internal deformation and sec-
ondary faults, which fostered a debate about the estimated amount
of extension (Le Pichon et al., 1983; Chenet et al", 1983).

One of the main results of ODP Leg 103 was to show that
faulting and tilting occurred during several stages from very ear-
ly Cretaceous to late Aptian (Boillot, Winterct et al., 1985, 1986).
The basement rock is composed of conglomerates with low-grade
metamorphosed sedimentary rocks of possible Paleozoic age and
altered volcanic rocks. Near Sites 638, 639, and 641, the upper
section of the tilted fault blocks includes Tithonian and Lower
Cretaceous limestones, probably resting directly on the base-
ment rock, Syn-rift deposits probably include Valanginian and
Hauterivian turbidite sandstones and claystones overlain by Bar-
remian to Aptian limestones, thin turbidites, and debris flows.

PHYSIOCRAPHY/STRUCTURE OF GALICIA MARCIN

At Site tro, located at the base of the margin, west of the
previous sites, the upper section of a tilted fault block com-
posed of Lower Cretaceous sandstones was drilled. This sug-
gests that a second phase of rifting affected syn-rift deposits.
Consequently, the 25-m.y.-long rifting, depending on the geom-
etry of syn-rift deposits and on the position on the continental
margin, affects both the pre-rift Jurassic and the syn-rift Lower
Cretaceous deposits. In the following sections, we will refer to
the surface lying at the top of both pre- and syn-rift sediments
deformed during the different stages of the rifting phase as the
rifting surface.

Figure I I shows an interpretation of the composite multi-
channel seismic profiles GP-l I and CP-12 across the entire mar-
gin. Figure I lA is a line drawing in two-way traveltime (in sec-
onds). Figure llB is a depth profile without vertical exaggera-
tion drawn from the velocity-depth profile shown in Figure 7.
Sl, 52, and 53 are the locations of the refraction profiles. The
position of the Mohoroùicié discontinuity is shown below the
oceanic domain (S2) and the possibly thinned continental crust
(st).

The location of the seismic-transition zone (Fig. ll) was in-
ferred from seismic-reflection and -refraction data, magnetic da-
ta, and ODP Site 637 results (see Site 637 chapter, this volume).
The zone is probably located just west of Hill 5100, where ser-
pentinized peridotite were dredged (Boillot et d,, 1980) and drilled
(Boillot, Winterer et al., 1985, 1986).

The profile presented here can be considered as a typical sec-
tion across a tilted fault-block margin. Rotated fault blocks are
well expressed in the upper part of the margin. In contrasti in
the lower part of the margin, extending east of the Hill 5100 for
more than 30 km, the top of the rifted series is highly irregular.
Faulting and tilting in that region affect the Lower Cretaceous
syn-rift sediments deposited during the early phases of rifting
(ODP Site 640; Boillot, Winterer, et al., 1985, 1986). Below the
syn-rift series, a strong reflector, named the S reflector (Figs. l0
and ll), shows undulations, which are mainly due to a pull-up
effect below the tilted blocks. This reflector, however, is not strict-
ly planar. The seismic velocity below the S reflector is about 6. I
km/s, and the Mohoroùicié discontinuity is roughly 2 km below
it. We shall discuss this later.

Figure 12 displays the Seagal east-west profiles in which only
the topography of the top of the rifted series is shown. Profiles
are represented in the east-west vertical plane without vertical
exaggeration. The basement depth was calculated using the ve-
locity-depth profile of Figure 7. The profile+o-profile corre-
spondence of tilted fault blocks can easily be followed on the
block diagram of Figure 12, which outlines the lateral extension
of tilted fault blocks. The topographic map of the tilted fault
blocks (Fig. 13) was established using all available seismic data
(Fig. 3) and indicates the following:

l. The roughly north-south tilted fault blocks are continu-
ous for as much as 60 km,

2. A change of about l0o in the direction of the crest and
valley system is observed at 42'15'N latitude. As in the north-
ern Bay of Biscay (Montadert et al., 1979d), a possibly transect-
ing Nl00'E fault does not show any lateral displacement. On
the other hand, a slight slope change is observed along the strike
of the features, A similar boundary also oriented Nl00'E limits
the southern part of Galicia Bank.

3, The tilted blocks and half-graben features dip southward
about 3o west of l2ol5'W longitude and about 6" east of this
longitude and south of Galicia margin, as apparent in the sea-
floor morphology (Fig. 5).

4. The spacing between consecutive fault-block crests varies
systematically between 9 and 18 km (Figs. 13 and l4). East of
l2o I 5'W longitude, tilted fault blocks consist mostly of pre-rift
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Lower part ol
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Figure 14. Distribution of crest and depression axes: (l) crests, (2) axes of half grabens or depressions, (3) subsiding part of tilted fault blocks. Blank

"iË*.ôr*ipô"a 
to the exposed part oi normal faulti àlong which tilred fault blocks glide, (4) eastern side of the peridotite ridge, (5) eastern side of

oceanic riages, (6) lower and uppir parts of the continental margins, distinguished by the block spacing, the presence of the S reflector, and the mag-
netic data.

material and display a regular seaward increase in tilt. Their the edge of the oceanic domain is associated with a large anom-
crest spacing is lj-lB km.-Between l2ol5'W longitude and the aly, identified as the J anomaly (Sibuet and Ryan, 1979;'Iitchol-
iiip.niini".-a peridotite ridge, syn-rift deposits appear to con- ke and Ludwig, 1982). Thus, the magnetic anomalies confirm

stiùte the main part of tilted fault blocks-above tire S reflector. the proposed subdivision of the margin into three domains'

Tilting is irregulaç and crest spacing is only9-13 km- NATURE AND ORIGIN OF HILL Sl00
To conclude, seismic data allow us to distinguish three main '- - ---- 

- 
-- -. --

domains on southwestern Galicia margin: 
- 

Several seismic profiles were obtained across the north'trend-

l. East of 12" I5,W longitude. The-upper part of the margin ing Hill 5100 and its north-south prolongation below the lberi-

is characterized by a serieiof tilted taultbloéks, which include an Abyssal Plain. ODP Site 637 recovered 74 m of serpentinized

syn-rift depositr. ôDp Sit.r 638, 639, and 641 were drilled here peridotite (see Site 637 chapter, this volume), confirming the

iiii iiæ .hupt.rr, this volume). previous results of dredging (Boillot et al.' 1980). Figurc 16 shows' 
2. Bemeàn 12" IS, l1/ Iongiiude and the peridotite ridge, The the Sea Beam bathymetric map and single'channel seismic data

lower part of the margin is'characterized by less well-àefined collected over this feature during the Seagal cruise. The feature

tilted fàult blocks creatéd within syn-rift deposits. ODP Site 640 acted as a dam, at least during the Cenozoic Period' which cor-
was drilled in this region (see Sité 640 chaôter, this volume). responds to the upper 0.7 s (two-way traveltime) of sediments.

3, The peridotite iidge ànd the probable oceanic domain west Although seismic profiles are extremely-short, the interpretation

of the ridje. ODP Site 637 *"r driled on this ridge (see Site 637 of the large seismic coverage (e.g', profile 9P-12' Fig. 16) cali-

c-haptef ihis volume). brated at DSDP Site 398 (Croupe Calice, 1979) shows that hori'- 
Iù;g";ai; unô*"fi.r (Fig. 15) were mapped during the Jean zons A and B correspond to m1i.1 discontinuities linked to the

Charc:6t survey. Diurnal vaiiations were nôi removed. The map compressive late Eocene and middle to late Miocene movements.

has an overail accuracy of about 30 gammas (nT), on the basis At the contact of Hill 5100, an upward curvature of the reflec-

of intersections between tracks. Becàuse the àmpiitudes of the tors increases downward and can be interpreted either as a 150-

anomalies are about 100 nT peak to peak, this is a significant m uplift of the ridge during the late Eocene or, more probably'

iimilation to the accuracy of tiTe contours and the trend;. ln the as differential compaction on the ftanks of the ridge (Fig. 16'

upper part of the margin, the morphology of the blocks is an profile GP-2)-
obvious control on the trends of tire finèàr anomalies. Quasi- About 50 km north of ODP Site 637, we recovered alkali ba-

circular anomalies are superposed on these linear anomaliès. In salt and serpentinized peridotite rocks in the same DR02 dredge

tt . tot".. part of the maùin, the anomalies have a lower ampli- station (from latitude 42"39.7'N, longitude 12o50'0'w to lati'

tude, whiôh may be explainéd by ttre larger depth to basem;nt tude 42o38,9'N, longitude. 12'49'0'W from 48fi) to 4500 m wa-

(6 initead of 4 km, ,esùlting in à ratio oi t :z tôr linear anoma- ter depth). Dredged samples belong to outcrops because of the

iies and l:3 for point anom'alies;. However, the anomaly trends high tension (7tons) recorded during the operation' The serpen'

do seem to diverge from the bloék trends, and their wavelengths tinized peridotite is characterized by an abundance of chryso-

ari significantlyiarger than the spacing between blocks. Finàlly, tile, antigorite, and olivine minerals. The chemical composition
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characterized by high water (23.3q0 at 1050'C) MgO (20'290)

and CaO (tg.4a/o) c;ntents agrees well with the presence.of these
minerals. Dredge DR02 and ODP Site 637 belong to the same
north-south baiement ridge (Figs. 4 and l3). lt is tempting to
suggest that the peridotite ridge should extend north-ward along
thà-base of westérn Galicia margin over a distance of about 100
km (Fig. l). Nevertheless, we must note that the structural con-
text diiferi considerably along this trend; the Hill 5100 base-
ment feature seems to deepen northward and then to rise up
again, becoming part of the lower steep continental slope west
of Galicia Bank.

DISCUSSION

We previously noted that the lower margin blocks- are mostly

made-oi syn+ifisediments and apparently do not include "true"
upp...*it basement rock. This is similar to the situation at the

biie of the Armorican margin, where Barbier (1986)' Barbier et

al. (in presÙ, and Le Pichon and Barbier (in press) reported that

ttt.lo*.t biocks are made entirely of layered sediments and do

not contain 6-km/s basement rock. They further showed that
the restored vertical thickness of blocks systematically increases

toward the continent.
Below the blocks, in the Armorican margin area, Barbier

(1986) and Barbier and Le Pichon-(in press) mapped the depth

àif u-i.n..tot 
"t 

the base of the blocks that progressively in'

creases toward the continent. Using the refraction results of Ginz-

Uuig.t uf. (1985) and their own wide-angle velocity.determina-
tionls, they ihowed that the 6'5-km/s tayer below the reflector
ii.r im."âi"t.ty below 4.6-km/s layered sediments on the lower

marein but belôw 6.0-km/s basement rock further inland' They

.àn.iqu.ntfv interpreted this reflector as being a tectonic dis-

contin;ity, éutting-obliquely across the upper crust, its upper
part being in direct contact with the lower crust'' 

In the-Galicia area, the extent of the intermediate S reflector

is much more limited, as it has been followed far below the up-

Der Dart of the continental margin. Thus, we do not know wheth'

!i we are aealing with the sami type of reflector as that on the

Armorican -atgin. The question then is does the 6'km/s layer

Lrfo* tft. S refléctor consist of 2-km'thick lower crust material

ài ào.t it consist of pre'rift platform carbonates or crystalline
basement rock, as proposed by Boillot, Winterer, et al' (1985'

1986) and MeYer et al. (t985)'
In either instance, the extreme thinning of the crust in the

lower margin (2 km, exclusive of the syn-rift s€diment thick-

n.ttl.f.uù cànnot be accounted for by the relatively modest

,ti.i'.fting tiat affected the block layer itsetf (LePichon and Si-

buet, 198'l; Chenet et al., 1983). Note that, with such extreme

thinning, local outcrop of serpentinized peridotite ridges across
the remiining thin veil of crust is not unusual'

CONCI,USIONS

Data acquired during the Jeon Charcot Seagal cruise allow

us io estaUlistr a Sea Bàam bathymetric map of the ODP Leg

iôf arilting area and to compare the morphology with tilted

Ëio.ti t..tion single-channel ànd multichannel seismic profiles'

Following are the main findings of this study: .-- 
i. Noittt-touth tilted fault blocks are continuous over dis-

tances of as much as 60 km. They are spaced from 9 to l8 km

apart.
2, The margin southwest of Galicia Bank can be divided into

three main areas: (A) East of 12'15'W longitude, the upper part

of the margin is chaiacterized by a series of regularly tilted fault

Uio.is rl-ia km apart, which inctude syn-rift deposits in their

uppir section. Magàetic anomalies appear to be partly.controlled

UiGt.t.nt faulting' (B) Between 12"15'w and Hill 5100' the

Ët".i outt of the margin is characterized by irregularly tilted
fault blocks formed mainly of syn'rift deposits' The distance

PHYSIOCRAPHY/STRUCTURE OF CALICIA MARCIN

between blocks is only 9-13 km. The deep S reflector underlies

this area. Magnetic anomalies have an orientation different from

orientation ol the blocks' (C) The oceanic domain is located

west of Hill 5100 and is associated with thc J anomaly'
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NoRTHEAST ATTANTIC PASSIVE CONTINEI\NAL MARGINS: RIFTING AND SUBSIDENCE PROCESSES

Lucien Montadert and Olivier de Charpal
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David Roberts
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Pol Guennoc and Jean-Claude Sibuet

Centre 0céanologique de Bretagne, 29273 Brest, France

AbstrâcË. Frou geophysical data and DSDP dril-

linilesnrts (Legs 47B and 48) in the NE Atleneic
(caiieia-portugal and Northern Bay of Biscay) ' a

rnodel  for  r i f t ing,  at tenuaÈion and subsidence of  a

passive concinentâl  margin is  proposed.

Introduction

The northern nargin of the Bay of Biscay and

the Galicia marginal plateau tlere selecÈed for

<lr i l l ing dur ing I .?- .O.D.,  because Èhey of fer  one

of the unique areas in the AElantic Ocean, where

dr i l l ing could reach easi ly  layers deposiced dur ing

the ear ly stages of  ehe evolut ion of  a passive con-

t inenËal  rnargin.  The four s i tes dr i1 led,  398'  400'

401,  402 did not  atÈâin al l  the object ives ;  never-

theless, complemenued by intensive oultichannel

seismic ref lect ion prof i l ing and dredgings,  Ehey al -

lolrus to ProPose a model of evolution of a passive

contineltâl rnargin. The geological structure of

th is part  of  the N.E. At laot ic  and of  their  conÈi-

nental" nargins is cornplex because it resulEs not

only from rifting and drifting of Europe, fberia

and North Anerica, but aLso froo convergence beË-

ween Europe, Iberia and Mliea" The age and kine-

oatics of the opening of the Bay of Biscay is

still matter of contioversy. If one accepts iden-

tification of anomaLies 33 - 34 following CANDE

et â1 (1977),  Èhe cïeat ion of  Oceanic Crust  in

Biscay finished before anoualies 33 - 34 or even-

tuâlly teroinated just after, if these anooalies

are also recognized in the axis of the Bay (tripLe

junct ion dur ing anonal ies 33 -  34,1 ' r i11iaaq'  1975) '

ihe beginning of accreÈion is oost probably intra

Apt iaa (see Seet ion I I I ) .  One tust  thus dist inguish
(ilouralem et al, 1974) the western part of Ga!'icia

Bank area and the Northern Bay of Biscay margin

wich its onshore prolongat.ion in the Aquitaine ba-

sin which temained essentiâlly stable during their

enËire history, and tbe North Spanish nargin inclu-
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ding che northern Palt of Gal'icia bank which was

actlve almogt sincà the opening of Ehe Bay of Biscay

(Cenomanian movements recorded in the ?yrenées) and

ât least  unt i l  Lhe Eocene-ol igocene.
Bathlmetry of the Part of the Northeasc Atlantic

consideied iâ ttris paper shows clearly different

provinces ( f ie.  t ,  2)  (BERTI{OIS et  a1 1966'  1968) :

l. From Nazare canyon to the latitude of ?orto

offshore ftou lhe Portugal sedimentary basin, the

conEinenÈal ghelf 40 to 50 krn wide is linked to

rhe Iberian Abyssal Plain by a relatively narro!Û

co[tinental sloPe.
2.  Farther North,  a l l  lhe way to Cape Fin iscerre '

the continertal shelf is about 30 kn wide and is

bounded in the Easc by the llercynian basemenc of

Gal ic ia.  In the West as opposed !o Ëhe Preceeding
zone, it is prolonged for nearly 200 kn by a tuar-

ginal plateau. This glateau comprises the large

Calicià Bank whose top is 600 n deep, and several

other seamounts (Vigo, Vasco de Gaoa) ; it is sepa-

raeed from the shelf by an Interior Basin running

in a North-South direetion from the Biscây Abyssal

?1ain Eo ?orto Seamount.  DSDP si te 398 is  located

20 kr  to Èhe South of  Vigo Seamount ( f ig. l '2) '

3. The northern steep rnargin of Spain which had

been strongly affected by the Pyrenean orogeny'

4. The Aroorican rnargin from Aquitaine to lhe

western Approaches basin is narro$7 and steep and--

bounded tà- the west by the deeP and chick Mesozoic-

Cenozoïc Àrroorican marginal basin. It corresponds

on the shelf to a liercyaian baseûent covered by a

thin wedge of sedinents.
5. The Western Approaches aargin is broader

with several large topographic features e.g. the

Meriadzek Terrace, the Trevelyan escarPnentr Ehe

ShaBrock Cânyon. It intersects the NE-SW WesEern

Approaches Mesozoic-Cenozoic basin on the shelf.

Lt; SE bouodary with the Arrnorican nargin is very

sharp near the Black Mud Canyoo and is coatrolled

by a NE-SW fault zone known also on the shelf.
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t' ig. 2 A. BachYrnetrY and locaÈion of  seismic prof i les (N.  Biscay urargin)  '

6. The Goban Spur oargia has a quite different

physiography with a broad sltooth rise relacively

"nârror 
(àbôve z0o0 ro) deepening abruptl'y along

the Pendragon escarPnent. It intersects a base-

roent high in the proLongation of Cornwall' The

connection with the Western Approaches nargin is

narked by several topographic feaÈures like Èhe

Graoi te Cl i f f ,  and the Austel l  Spur separated

by large canyons trending NW-58.-  
Z.  i t re Poreupine Sea Bight  is  a depression

correspondiag tô a thick Mesozoic-Cenozoic basin

intersected bY the nargin.

The area considered in the Norchern Biscay

correspottds to the Westero Approaches margin where

sices i00 - 40t - 402 have been dri1Led, and the

Gobaa Spur nargin. Its detailed bathytetty by

BERTITOIS is shown figure 2À.

Previous published seisrnic reflection data in

lhese areas àe aritting lrere scarce. In the Galicia

Bank area,  BLACK et  a l .  (1964) '  I I jNNEL gg at '  (1969)

carried out geophysical surveys and got nunerous

dredge datâ. IFP-SNPA carried out a regional roulci-

Fig .  2
seisuic

B. Bathyrnetry and locacion of
prof i les (W. Gal ic ia uargin) .
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channel seisnic reflection survey (MOMADERT et â1'
1974).  For the Leg 478 (Groupe Gal ice,  in press),
CNEXO-IFP shot 2600 kn of additional nultichannel
seisrnis reflectioa profiLes while CNEXO and Univer-
sity of Paris (Laboratoire de Géologie Dynamique)
carried out several. cruises wich single channel
seissic reflection profiling (5800 kn) and nume-
rous dredgings. In northera Biscay, sing!.e chaanel
profiles (STRIDE ec a1 1968, DTNGLE and SCRUIToN
1977, C.0.8.  unpubl ished prof i les)  and nulr i -
channel  prof i les (M0NTADERT et  a l .  1971, 1974)
have shown the existence of horst and graben struc-
tures and of Cenozoic and Mesozoic sediuents. 1o
prepare Leg 48 dr iL l ing s i tes,  French inst i tu-
tions (Institut Français du Pétrole, CNEXO, CEPM)
nade 3600 km of aulcichannel seiso:ic profiLes.
After the Leg, these iastitutions carlied out a
nelr survey with 1300 km of nultichannel seisuie
profiLes conpleced by high resolution nultichaûrel
seisuic otr the three si!ês. The Institut of Ocea-
nographic Sciences (U.K.) oade aLso about 2000 ktus
of multichanaeL seisûic profiles in this area.

Stratigraphy

This gection will be devoged naiuly to the
seismic strat igraphy cal ibrated'by boreholes and
dredge data.

Acoust ic  st rat igraphy (Fig.  3 and 4)

the seismic secÈions show in nos! cases 4 raain
sedituentary units over an acouslic baseoenÈ.

Acoustic basernent. The "basement" is distinj
guiffiâ-trom-6@îng sedirnenes either by its
di f f ract ive character  or  by dipping ref lectors.
Folding is present 1oca1Ly (Devonian, Carboni-
ferous ?) .  A strong ref lector  def ines the basement
surface and is characterized by a strong relief
consisEing of  sharp cresÈs, undulat ions,  f lat  hor i -
zonlal gurfaces that co!ûPrise Uhe buried relief
(fig. 3, 4).. The basement itself appears to be
divided by faults into blocks (horsts and half
grabens) of different heights, very frequently
t i l ted along rotat ional  faul ts ( f ig.  5) .  ! , I?rere the
I'basementil is also composed of sedioentary tocks,
their thickness stây reâch Elto secondg, or rnore
chan 3 kilometers assuming a nean souod velocity
of  3,5 kn/sec ( f ie.  5) .  Ia the Gal ic ia area,  where
the acoustic basemeut is of sedinentary natule'
it seems generally not so well layered (fig. 8)
as in the upper pârt of the Biscay oargin. The
dips and feults shott that i! was fractuted and
displaced prior to the deposition of most of the
overlying sedinentary cover.

Fornat ion 4 ( f ig.  3,  4,  5,  6) .  Fornat ion 4,  which

is ËÏffirate1y to strongly Layered formatioa, is

separated fron the overlying fotmation 3 by a strong

reflector. Fornation 4 lies in troughs betrteen
horsts and Eil.ted blocks. layering is quite confor-
nable at the base with the top of the basement in

the lolrest part of the fiLls and at the top can be

almost flat. This indicates that Eedinentatioo
occurred as baseoent blocks were being tilted.

Format ion 3 ( f ig.  3,  4,  6) .  Format ion 3 is  in
qost câses transparent or slightly layered. It
is thickest in Èhe deep troughs between large ti1-
ted bl .ocks (e.g.  800 n in Mer iadzek) ( f ig.  6)  but
ia the abyssal  p la in i t  êppeals as a th in cont i -
nuous layer (about 200 n thick) overlying Forna-
t ion 4 ( f ie.  7) .  Bedding oay be s l ight ly  inc l ined
in troughs and basins but dips are rnuch Less than
in Fonration 4. In general, che Fornation appears
Ëo be âbsent on Ehe structural  h ighs,  and i ts
upper boundary lies well beLon the highs ; holrever
very condensed equivalents nny be present on some
high points (s i te 401).  Deposi t ion of  Format ion 3
inf i l led the depressions between Ehe faul t  b locks
resul t ing in a subdued but  not  tota l ly  bur ied uopo-
graphy. Dips within Formacion 3 between uilued
blocks ref lects only d i f ferent ia l  coupact ion.  In
contrast  to Foroat ion 4,  deposi t ion took place
afqer the basement had ceased !o Eove activeLy.

Fo rma t i on  2  ( f i g .  3 ,  4 ,  5 ,  6 ,  7 ) .  The  sequence
above Formatj.on 3 consists in several strong
refl.ectors separated by finely layered strata. It
cannot be considered as a single unit since a
structural or erosional unconforoity frequently
occurs within the sequence. tts lower part has
been cal led Fornat ion 2 and is  d ist inguished easi-
ly from the upper part called Formation lb where
Èhese two uni ts are unconforrnable ( f ig.  8) .  Etse-
where,  the uni ts are ident i f ied only on the basis
of layer-co-layer correlacion. Generally Foroa-
t ion 2 contains nore ref lectors than Ib,  excepË
in areas of  th ick d ista l  deposi t ion (uhe abyssal
plain), qhere it. rnay be Èhe contrary. It should
be noËed that Fornâtion 2 is layered in mosE
areas.  In those câses where post-r i f t  deforurat ion
is observed, Formation 2 is always affecced but
not  lb.  Thickness of  Foroat ion 2 is  betseen 200
to 800 rûetels lhick, reaching its naximum beneath
the abyssal plain but it uay be condensed into
a s ingle ref lector .  On Biscay margin (Mer iadzek
Terrace),  iE rnay be couplet ly  eroded ( f ie.  5) .

Formation l. Forrnation I is the rnost recentlv
deposiced sequence and is  weakly layered.  Often,
it can be divided into trdo meobers, la and lb,-
the latler one being nore intensely layered. If
h igh resolut ion seismic prof i les are considered,
a higher menber of subunits can be Loca11y distin-
guished but their correlation Chroughout the êreâ
is very difficult. The lower oenber lb is often
unconformable on Foroalion 2r but nay be confor-
nable over large ateas. Member la is almost every-
where conforuable ltiEh lb. The whole Fonnation I
is  600 co 900 neters th ick,  and i ts  th ickness is
greatest beneaÈh the abyssal Plain and the
Cont ineûcal  s lope (1200 to 1400 n).  This fonna-
tion is characterized by large scal'e sedinentary
feâtules.

Cor1lation of for.atiotg
units of Èhe holes

-
Decailed correlatioas between seisnic.units

and najor lithologic changes or che holes are

MONTADERT 159

237



èo
H

à
(d
o
o

z

.t

ru
!

ôo

l.
!

u

(!
q

lr
!
o

à

o

(n

o
p

u
q

o

o
X

è0

o
lt
c
=
c

6
c
.9
E
E
-o
L

;ô o- o
s
o

E -r,
C'

.gç
g
t
(J
o
o
x
lrJz(.,
o-
lr

.9
o
o.

z
rr)

=
o

t-
d ,
< r i ç

160 MONTADERT



F ô I

.tt

lrj
z
z

z

H(!

à
q

z

qr

!()
3

q)

!

(Ë
H
èo
!
q

lrg

o
I

ts

èo
,1

E
J
|r)

oâ
E=É
c
.9
C'
E
o

l!

a;

o .

o
ôl
C ) o
o

èû
H
1,

à
q
q

.d

z

g

lr

o

(n

à

L
0o
g

rû
lr
g

o
u
6

€
c,

! . l
t o l

I
I

I
I
I

I
I

I
I
I

L I

-t o,
E=
E

c
o

Ë,
E
Ê
+
o

ox
lrJ
z()

t

o.
l!

=
o al,

E oo
è
(,
t Ê F' = ô
ô o

ox
lrJ
z,
C)

I

S =

;
o
ê
.9
Eo r -' 6 ô l
( n q ) N

:a
l!
N

3
UJ
=

161MONTADERT

239



always one of the Eajor ProbteEs for extending

regiànal1y resuLts of  DSDP hoLes.  At  s ice 398'

coir"latiôns have beec i4roved by coqutation

of synthetic seismogram, using acoustic iqedance

values deduced from core oeasureoents and coryu-

tation of acoustic i4edance pseudologs

(BOUQUIGIIY and WIILM, in press). Ia Biscay,

à"""ity and velocity logging obtained in.holes 401

and 40i permit a good cotteLation, especially

because irigh resolution seismic reflectioo profi-

ling have been carried out on the sites after leg

ag : - ( s i . "  chap te r s  4O l ,  402 ,  l eg  48 ,  i n -P ress ) '  A

surnaly of these correlations is given below :

l to le 398 ( f ig.  8)  (Si te chaPter 398,  leg 478'

in E'ffsroopé c.lic", in press) ' Acoustic

e.rlitioi I is of Oligoceue age to Present aud is

essencialLy constituted by nanno ooze and-chaLk'

AcousËic fotmation 2 corresponds to Senonian to

Utper uocene. It consists of ftro main lithologicaL
'units : brown narLy naano chalk, calcareous ûudstonet

claystone and siliceous nudgtone in the lower part

which underlies Eiliceous oarly nannochalk and mud-

stone ioterbedded nith turbidicic sand-silt-narl

sequetrces. Acoustic for:roation 3 corresponds to

Lower ALbian to Middle Cenomanian' At its base'

ior"" to Middle Albian laoinated dark shales oostly

of continencal provecance are followed by incer-

bedded dark àhales and uarlstones fron Middle to

iate Alblian and by Late Àlbiân ro Middle Cenooanian

retteposi.ted ruarl ànd chalk of pelagic origin'

À"o"!ti" foroation 4 corresponds to taLe Barremian

to Uppenaost Aptian. It is constituted of sand-

sitclcray graaàa sequences interbedded with Èhick

( l  to lO o)  shlnped beds of  debr is f lows'  A stra-

Èigraghical breai< exists in the UPpernost Aptian

"oà "à""""ponds 
both to a sharp lithological

change and !o a major reflector betdèen for:rrations

a anà f. the acousiic basement is clearly of sedi-

oentary origin on Ëhis profile. It is highly

diffractive-in most plaàes and shows strong reliefs

either as broad undulations or as shârp crests

correspdnding to bur ied highs.  At  hole 398'  i t

consisis of narlstone, siltstone and shite indu-

rated li.nentone of J.atc liauterivian to early

Barremian age.
goles 400 -  4004 ( f ie.  5)  (400'  Si te chaptêr '

r eeTS-j-lffiForilât ion I a corre sponds to

quàternary, 
- 

Pl.iocene and Upper*{iddle Miocene

oozes aod- chalk. lb is the under!.ying layered

sequence whose base is the Oligocene/oiddle Eoceoe

hijtus. Ihis sequence is composed of an upper

slightly layered oenber and a lower Eore strongly

stràtified menber and corresponde to lower Miocene,

OLigocene oozes' nannofossils chalks and narly

chaiks trith nudstone layers. Although well defined

in the Site 400 a!ea' this sequence is aot easily

correlated far from the hole' because it is very

sinilar in appearance to Fornation 2 and the boun-

dary between the fito Folmations nay be not clear

wheie the fotoations are confornable' In sosê

cases, Fonacions lb and 2 have uot been distin-

guished. Foroatiot 2 correspoads io the-hole to

ifr"-".q""""" defined aE the top by the Oligoceae/
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rniddle Eocene hiatus and its base by the Upper/
Lorrer Cretaceous hiatus. This sequence is coupo-
sed of alternacing uarly chalks and mudeÈones.
Fonaation 3 was drilled in part and is cooposed
of carbonaceous !ûudsÈones, oarly chalks and liroy
claystones of Àlbian to Apcian age. This sequence
is correlated l r i th a l l  the t ranspalent  or  s l ight ly
Iayered sequences underlying lonnatiou 2 obgerved
on the profiles at depths below two and half
seconds beneath sea level. In nany places, these
layers are characterized by low iaterva!. velocity
al though th is is  not  the case ar  Si te 400.  Foroa-
tion 4 qras not reached and is assumed to be of
pre-Aptian Eally Cretaceous age.

! lo1e 401 ( f ie.  9)  (401 Si te Chaprer,  Leg 48,
in !ffi-. roroation I was partly ârilled ànd
corresponds $7ith the Quarternary Èo oligocene
sequeoce. The top of Formation 2 has been cor-
relêted nith the Lace Eocene uacoafonn:ity
(Ref lector  I  in  the hole)  that  is  c lear ly seen
in the r ight  part  of  the prof i le in f ig.  9.
Foraation 2 is comppsed of siliceous nannochalk
and oarly nannochalk of MiddLe Eocene to late
Cretaceous age. Fornation 3 is not visibl.e on
the prof i les near s i te 401,  where very th in
Upper Aptian chalks were driIled. It is welL
developped Ëo the North of rhe site where it
is characterized as elsewhere by weak layering
and low sound velociEy. The acoustic basement
dr i l - led ar  hole 40t  consists of  Late Jurassic
to possib le lowermost Cretaceous sheLf b ioclas-
Eic l imestones.

Hole 402 ( f ig.  l0)  (402 Sice Chaprer,  leg 48,
in press).  The upper fomat ion I  is  const i tuted
by Quaternary nuds and. oozes wiEh ice-rEfted
pebbles. Neogene is very reduced. The layered
sequence (fomation 2) couprises late Eocene
oozes and Middle Eocene siliceous nanno chalks
and limestones, above a series of carbonaceous
calcateous mudstones, and linestones of Albian
and Apt ian.age ( fornat ion 3) .  The top of  the almost
t"ansparent lower fornaËion 4 has probably been
attained (lower Aptiaa Nannoconus linestone). It
nust represent essentially pre-Aptian Early Creta-
ceous sedinents contenporaneous wirh the rifting.
the acoustic basement is interpreted as pre-rifting
Mesozoic platform calbonates.

The sËratigraphic controls provided by dredgings
wi l l  be discussed later  but  general ly  support  Ëhe
seismic interpretat ion.

The nain unconformities

SeveraL unconformities are observed oo the
North Biscay and Galicia continental rnargins.
Sooe are related to tecconie noveEents, others
to paleo-oceanographic events.

The first unconfornity of structuraL origiu
separates the post-rifting sedinents (foroacion 3)
from Ëhe underlying sedimeots (forroatioa 4 or
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acoustic baseroeot) which were affected by rift
tectonics. Since the paleotopography created by
rifting was very pronouneed (fig. 3' 4) and the
posÈ-lift sedinents are ver-v thin, ever-v situa-

Èion is present ftou no visible unconfornity in a

half graben co notr deposition of post-rifti 'ng

sediments on thê crest of a tilted block ; fault

block crests even outcrop on the sea bottom.
Ilowever beneath large parts of the margin, the
change in regine fron rifting to subsidence
occurred in deep lûaters so that deep syn-rift
sedinents grade without interruption to deep
post-rift sedimenls in half grabens. In these
caseg one cannot observe a conlinuoug break-up
unconforcity.

Another unconfonaity of Etructural origin is

observed 1ocal1y in areas which were affeccêd by

late Eocene coopressional oovements. This is par-

cicularly clear along the Trevelyen escalpoent
whieh was largely created at lhat tiûe and along

the northern flank of Galicia Bank (see last

sect ion) .

Another unconfornicy separates ehe uppe!

Cretaaeous chalks froo the Aptian-Albian "black
shaleg". A large hiatus of Cenomanian to santonian

age in Biscay and of Mid Cenooanian to early

Senonian in Gal.i.cia sepârat.eE the Ltto fonnations
(389 Si te chapcer,  1eg 478,  in press).  The uncon-

for:nity is emphasized by ehe change of seisnic
facies between the transparent formation 3 and

the strongly layered formaËion 2" Angular lruncâ-

tioa of Ehe black shales below foruration 2 at the

unconfornity is due to differential cornpactioa of

the black shales in the half graben during a
period of non deposition end bottoû current acti-

vity. This hiatus is known in nany Parts of lhe

Atlantic and ig due to a arajor paleo-oceanographic

event synchronous with. Ehe globa1 Cenooanian-

Turonian trans gression.

Betw.een Fonoatioo 2 (Upper Cletâceous to late

Eocene) and FornaÈion l, an unconfornity is also

of ten v is ib le and associated wi th sErong erosion
(fig. 6, 9). This event which occurred between
the Late Eocene and ol.igocene has not been dated

! . i th great  precis ion,  but  i t  c leaf , ly  Post  daces

Ehe raiddle Eocene paleo-oceanographic change thaE

is rnarked by a sharp increase of silica Ploduction.
This paleo-oceanographic event which resultêd of
a change in plate tectonic Botions is linked to

the onset  of  a strong bot tom water c i rcul 'at ion
that  caused erosion,  sedimenc dr i f t ,  dunes,  sedi-
ment lraves, resulting in a seismic facies very
different from Foroation 2 which is in contrast
uainly characterized by pelagic draping. This
evenE very probably affected the whole AÈlaûtic
aod could be synchrooous of the 'rgreat sculPtu-
ra1 eventtt described on the ltegterfl Àtlantic
nargin (TUCHoLKE, 1978) "

Forûation I is also conposed of different depo-

si tional sequencelt separated by unconf otmities

N

s
o
!

ôo

t{

èo
lr
|!

o

z

à

H
@

I(s
H
!

!

ct

5
n l

b l
l t l
Ê l
= l
c l

I
c l
o t' E l
o l
E o J
o

IL

+
o

!t
o
o
E
E
o
T(l
()
o
o

o
CL

o.E
l!
o(n

164 MONTADERT

242



that are particularly visible oo the upper slope'

and possibly related to eustatic changes in sea

level :  (v l l t  et  a1. ,  1977).  They are however d i f -

ficult to pick on the whole oargin.

The structural' evol'ution
of the contiaental oargin

The r i f t ing phase

Pre-r i f t ing gçologY. and.beginnir . rg of  f i f t iJ tg.
rn EÏGT] seIEmIc ief fèction prof iles show that

the faul t  b locks ( f ig.  3 '  4,  5)  contain e i ther

thick layered sediments whose paral'lel inclined

reflecLors are clearly seen in front of the

western approaches basin, or baseuent with a thin

sedinentary cover in lhe area of Goban Sput' Data

on the age and ûature of these rocks are rathel

scarce.  At  Si te 40t ,  on Mer iadzek Tertace,  late

Jurassic and possib l .y  eal l iest  Crêtaceous calca-

renites were Penetlated belos an horizontal ero-

sional surface. These sedinanEs oây replesent a

pre-rift cârbonate platfono. Late Jurassic

àalpionellid liurestones dredged on the Meriadzek

Ter iace (PASTOITRET et  a l . '  1976) supporc chis

interpretation, but indicates also more open seâ

condilions. Since the exact age for beginning of

the rifting phase is û,ot knotld' an alcernative

hypothesis is that the late Jurassic shallort

waier Carbonates found at Site 401 are geographi-

cal1y restricted to the highest poirlr of previous-

ly fàul ted blocks.  Several  dredges ia the-Goban

Spur area,  (Grani te Cl i f f ,  l lenez Bihan'  f ig.  2)

rècovered granitoides whose ages vary from 251 Mf

to 290 MY, indicating an hercynian basemen! (PAIITOT

et a1. ,  1976).  Metamorphic rocks have also been

dredged as well as sedimencary rocks as shallow

water carbonate of probable Carboniferous age

and sandstones (AUFFRET et al. ' in press). These

l iuhologic data conf i ros the seismic ref lect ion

data, and dgrnonstrate Èhe existence of lwo geolo-

gical  provinces Pl ior  to t i f t ing i .e.  one v i th

thick rnesozoic deposits in front of the western

Àpproaches basin, and another on Goban SPur that

côiresponds to a regional baseuent high vith a

thin Mâsozoic sedioentary cover. Ihese geological

realns are known on the shelf ag the rùestern

Approaches uesozoic basin and the basenent high

running ftom Cornwall to Goban Spur and are

intersÀcted by the Present rnargin and Ehe initial

r i f t .

0n Galicia plaÈeau, numerous dredges recovered

schists,  phyl lads,  gneiss,  granul i te and grani te

on the escarPmeflla of Galicia Bank' Vigo Seamount

and Vasco da Garm Seamount (DUPEUBLE et 41.' 1976)

(Groupe Galice, in PresE) indicating the Presence
of a continental baseoent of probably saltre neture

than known on land in GaLicia. The oldest sedimen'
tary tocks' obtaiued by dredgings ctr the-continen-

tal slope and on the uarginal banks of Vigo' Porto

and Vasào da Ganar are bioclastie linestones with

algae dated Late Kioeridgiao to Serriasian and

Calpionet la pelagic n icr i tes dated Late Ti thonian

to ear ly Berr iasian (Groupe Gal i .ce,  in press).  th is

meâns that ât the end of Jutassic times Ehere r'ras a

shaLlow epicontinental sea comunicating with an

open liea connected to the Mesogea. these sauples

seem to come either frod the acoustic baeeoent or

perhaps fron fornation 4. lhere is no direct

evidence on the oargin of sedimentary rocks older

Ehân Lâte Jutassic but on the cooEinental shelf

of  Portugal ,  a conplete nesozoic ser ies exists

including evaporites of Triassic age. Seisnic

refLectior surveys in the deep basin beÈveen

?orto.Seanount and the continental shelf show

diapir ic  st ructures '  ptobably l inked to these

Tr iassic evapor i tes (MoNTADERT et  41.  1974).  In

the alea of  s i te 398 ( f ig '  8) ,  the acoust ic

basenent is conscituted of tilted faulted bl'ocks

clearly of sedimentary origin. It has been Plo-
gosed Ehat Ehe lonerilost 73 neters were drilled

in the acousttic basement (Site 398 chapter, in

press).  This Lowernost  sect ion consisÈs of  a

èoroplex sequence of Dârlstone' sillstone and

whiie indurated.lioestone of Lâte Haucerivian !o

Early Barrenian ege. The white indurated line-

stones vtere deposited under pelagic conditione

whereas uarlstones and sillstones could have been

eurplaced by low density turbidity currents in a

very quiet environoent. Linestones have been

deposited aE a depth shallower than lhe CCD bur

probably at  depths reaching 2 k i l 'ooeters-at  Èhê

si te (s i te 398 chapter,  in Press).  I f  th is inter-

pretaBioû is  correct ,  the in ic iat ion of  r i f t ing

in ehis area sould have been early Barrecrian.

Nevertheless '  the acousÈic basemenË being steep

and irregular, and Eaking iû account lhe uncertain-

ty of  hole locat ion wi lh respect  Lo the-seisnic

piof i le ,  i t  is  possib le that  s i te 398 did not

p"t.trat. in the pre-rift formacions but bottomed

in the syn-rift formations.

]t is clear that pre-rifting geology in North

Biscay and Gal ic ia are s io i lar .  In,boch câses,
tifting occurled on a pre-existing. narine nesozoic
basin.

The pre-rift paleogeography is sti1l disputable

because of Ëhe lack of deep stratigraphic data on

the nârgins, and uncertainties on the pre-rift

reconstructions of Biscay. The llercynian basement

was subjecEed to a first phase of tensionâ1 tecto-

nics during Triassic-lower Liassic cine with
evaporite deposition that iE lrel1 known in
Àquitaine and part of Galicia-Portugal (WINNOCK

l97 l  , -  RossET  e t  a1 . ,  l 97 l  -  MoMADERT e t  a l . ,
l97l  -  1974 -  BRG}I  et  â1. ,  1974).  The t testern
Approaches basin could also have been initially
sËrucrured by this disteosion. It is notettorthy
that in the Aquitâine, the northenl boundary of
the thick Triassic deposits is a fault system
(the Celtaquicaine flexure of I{INN0CK, l97l)
which is exactly in the prolongation of the
preseût armoricaa continental ûârgirl. These ten-
sional movements ceased in Aquitaiae as well as
in Galicia-Portugal during ruosË of the Jurassic
when rnarine epicontinental sediments were depo-
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Fig.  l l .  Schenat ic tectonic paËteln of

sited indicating an opeo seâ. The bathyoetry of

this Mesozoïc sea is not well established off-
shore, but calpioaellid Limescones are known
all arouad Biscay and Galicia. Ia northera Biscay,

seisoic refl.ection profiles consistently show a

dowrrslope facies variatioo of the pre-rift meso-
zoïc, with the developenent of a well layered
seriea perhaps indicating nore basinal deposits.

This change is exaopl.ified by figure l0 upslope
aod by figure 5 dowuslope. After this quiet

Juragsic period, tensional tectonisu occurred
agaio at the end of the Jurassic alt over the
Europe-Aoerica plate, creating a couplex system
of rifts. Soroe of these subsequently abortec
like in the North sea or io the tlestert Approaches
but oEhers evolved to form a passive continenËal

166 'MONTADERT

uhe rift systeu on N. Biscay oargin.

rnargin with accretioa of nes oceanic crust. In
Northertr Biscay, the start of this rifting episode
is not rell documented. In the Western ApProaches
basia, results of the exploration we1ls have not
been published but ia the Cel.tic Sea the break up
unconformity is of Aptian age. In Aquitaine it is
particularly well docuoented for the Pareatis
Basio which opeas direcËly wesËward into Biscay.
Detailed naps based on drilling results (BR@4 et
aL., 1974) indicate. that the Pareotis Basin is
first identifiable io late Oxfordiaa time as an
area of slightl.y nore rapid sùbsideoce. Duriag the
Neocooian the larentis Baaia becaoe a large graben'
indicating a period of active rifting. Since che
northern boundary of the ParenËi.s Basiu is ia coa-
tinuity with the Amorican margia, che tioiog uay
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be extrapolated Ëo the NortheEt Biscay and is not
ia contradict ion wi th our observêt ions.  Si te 398
resul ts (see above) could indicate a sEart ing of
the r i f t ing episode or an episode in the r i f t ing
process io-Lower Barrenian iiue. 

- 
z

IË is thus concluded that ia this part of the
Northeast  At lant ic ,  act ive r i f t ing took place in
Lower Cretaceous liûer in a pteexiscing narine
basin in contrast to other rift systens which
were subaer ia l .

The Eectonic stv le of  the r i f t  sysrem. The'
tectonic sÈyle of  t ! . i t ] 'ng rs exanPrr t led by seve-
ral  interprerat ive deprh sect ions across both
nargios based on seisnic reflection profiles
( f ig.  3,  4) .  The overal l  tectonic aty le is  charac-
terized by a series of tilted blockg bounded by
faulLs which in rnany cases are clearly listric
faul ts.  these blocks del ineate haLf  grabens.  True
horsts are rare on the Biscay ruargin. Sooe of chese

bLocks are cut by erosional surfaces, which on too

highly exaggeraced profiles give the nisleading
appearence of horsts. ihere is a clear polarity

of the dip of faulËs towards the axis of the rift

systeu in Northern Siscay and in Ehe lrestern part

of  the Gal ic ia Pl .ateau.

À schernatic fault pattern of the rift system
developped during lower Cretaceous has been map-
ped from the seisuic profiles in North Biscay
(f ig.  l l ) .  The pat te ln is  best  documented in thê
area of Meriadzek where the spacing of che pro-

files is less than l0 km. llowever, delineation
of fault trends is often uncertain and r.ore so

in the area of Goban Spur. Spacing between conse-
cutive fault block crests varies froo a few kilo-

neters uo 30 kiloueters and the length of indivi-
dual blocks is linited to between several and

20 - 30 kiloEeters by Eranseclingnornal faults

thaÈ do not sholt horizontal dispracement. These
faults are sflen delineated by the lack of conÈi-

nuity of Èilted blocks. The apparenÉ throw can
vary along these faults since cregts and half
grabens do not coincide on both sides. Coupara-
bLe gatterns have been described on intraconti-
nental rift system such as the southern
Ethiopiaa r i f t  syscem (UOOnn et  a l .  1978).  The

trend of the tilted blocks generally follows the

strike of the nargin and changes between the

Goban Spur (t50' E) and the Metiadzek âree Eo

nore variable trends of 80o to l30o E. Trarsec-

ting faults oriected alnost perpendicular !o

the margin, vary in direction frou 60o E in

Goban Spur area to t5o - 3oo E in the Meriadzek

area where trends are agaia uore variable. If,

as is probable, faulting during lifting accouo-

dated irevious fractures ot inhotuogeneities in the

tlercynian basement, the observed differences in

fauli orientation Euggests that lhe Eercynian base-

Eent in the ateas of Goban Sgur and Meriadzek is

differenc on both I'ithology and structure. In any

case, the faul.ts trending at 80o E in the Meriadzek

area and controlling in particul'ar the Shamrock
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canyon, have cl.early the saoe orientation as the

Eertynian shear zones of Brittany (fig. 1).

of particular interesc and significance for

the riiting process is the nature of listric faults

c.reated during rotetion of the blocks. The base of

the syn-rifting sedinents is a datum which allolls

detemitration of the throw of the faulEs. For Lis-

tric faults this throw is a function of lhe auount

of rotation of the block and of ehe width of the

block. It nay be as ouch as 3 !o 4 kms for sooe

laige iadividual blocks. Tilting of the blocks

involves their roËation about axes Parallel to

their strike. Depch recoastruction frou seisnic
prof i les ( f ig.  3,  4)  show that  rotat ion of  the

ùlock is comonly 20o to 30o. lhe change of dip

of che faults with depth shich characterized tis-

t r ic  faulEs is  especia l ly  v is ib le beneath the r ise,

where Ëhe faults become near horizontal ltith depths

below the blocks. Figure 5 shows details of indi-

vidual block w'ith listric faults and figure l2 is

a depth reconstruction of the sâme Profile ltith

the saue horizoncal and vertical scales. Such

listric faults have been also described by BLAIR
(1975) and BOI{EN (1975) in the North Sea and pos-

tu lated by LoI . IELL Et a l .  (1972-1975) in the Red

Sea and by CARFIINKEL and BART0V (1977) in the

Suez Ri f t .  A ref lector ,  of ten very scrong'  under-

ly ing the base of  the l is t t ic  faul ts is  seen

tâneàtt r  Ehe r ise ( f ig.  l3) .  Var iat ions in t ravel

t.iue to this reflector are visible and shown as a

"pul l  upt '  below the cresË of  the blocks due to the

vêlocicy difference between beds within the blocks

and sedinents infiLling the adjacent half grabens.

It nay therefore be assumed that this reflector is

relatively flat aûd thus independent of the tecto-

nised layer above. An exactly sinilar feaÈure
(f ig.  14) observed at  the foot  of  Ehe l testern

escàrpoent of  the Gal ic ia Bank area ( f ie.2B) de-

rûonstrates that iE is not of loca1 origin. Such

a strong reflector nust corresPond to a sharp

contrast ia,acoustic irçedance and should Ehere-

fore correspond also to a refraction horizon' on

the N. Biscay roargin,  refract ion prof i le Dl2 of

Ewiag et  aL.  ( t959) is  unfor tunately loc4ted at

the lrestern end of lrevelyan (fig.2A) on both con-

tinental and oceanic crusts' thus rnaking the

resulÈE of  l i t t le  value ia th is respect .  However
a  recen t  p ro f i l e (n "  l 0 )  us i ng  0^8 .S .  pa ra l l e l

Eo the Meriadzek escarpuenc (fig.2A) (AVEDIK and

IIOI^IAIO, in press) crosses the refLection profile

showa f igure 12.  Below sedioents wi th 2 '1,  3,1 and

3,6 kro/sec velocities there is a 2 kro thick layer

of  4,9 kn/sec veloci ty  whose base is  s i tuated near

9,500 ks below sea leveI ,  a lnosE exact ly  aE Ehe

level rhere the listlic faults become near hori-

zontaL. Belosr thele is a 3 kD thick layer vith

6,3 km/sec velocity above the Moho discontinuity
(8,2 kn/sec) s i tuated at  12 k!û belotr  sea level .

Coaputing vertical sound travel time from the

seiiuic refraction data shows that the interface
between 4,9 and 613 kn/sec layers would lie at

9r2 sec tlto ltay travel tine ia good agreement
\rith the observed travel time of the horizontaL
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ref lector . le low the t i lÈed blocks.  Dr i11 and dred-
ge data sholr that tilted blocks include Mesozoïc
sedinents,- and others llercynian basenent showing
thaE the cectonised !.ayer includes continental
basement as well as sedimentary rocks. The geo-
logical and refraction data Èhus show thac the
boundary defined by Ëhe near horizontal base of
the lisÊric faults and the reflector does not
correspond to a palticular geological horizon in
sedioentary rocks a11owi[g decolleEent but ûe!e-
!.y to a nechaaical discontinuity within the upper
part of the continental crust. This disconcinuity
which cLear ly-existed at  the t iue of  r i f t ing,
wes situeted at around 6 ro 8 kn below sea level
in the central part of the rift South of Meriadzek
as calculated f rom the depth sect ion ( f ig.  l2) .

The Syn-rifting sedinents. Sedinents. deposited
during rifting (Fornation 4) are generally well
characterized by convergence of the reflectors
tonards the crest of che block indicating contem-
poraneouE deposition during tilting. Due to the
couplex fault block pattern Èhe distribution of
the syn-rifting sedinents is conglex âfld they Eay
be thin or abseat on top of the blocks' and very

th ick in Èhe hal f  grabens behind large t i lced blocks.
In soue grabens the upper part of ehe syn-rifting
sediments do noE show any evidence of tectonic
influence on their deposition and seems only to
infill a pre-existing depression. this uray indica-
te thac rotation of the blocks could have stopped
at differeut periods in different areas. Never-
theLess,  Ehe latest  âct iv i ty  which is  probably
intra-Aptiân without precision in Biscay is very
well defined in Galicia and dated latest Aptian
(site 398 chapËer, in press, SIBIIET and RYAN' in
p ress )  ( f i g .  8 ) .

No precise strât igraphic data are avai lable in
Northern Biscay becauçe leg 48 drill.ing was not
able to penetrate beLow the Àptian in a half gra-

ben. Some dredgings (AIIFFRET et â1., in press)
found Barreuian nicritic linestones or roarly
chalks deposited at she!.f or outer shelf depths
ir Ehe Shanrock Canyon, and Valanginian to
Barreoian shallow rûater liEestones or chal.ks on
Meriadzek escarpuent. 0n the contrary, in Galicia,
the hole 398 penetrated a syn-rift section of sand-
silt-clay graded sequences interbedded with thick
( I  to l0 n)  sh:nped beds or  debr is fLows dated

EROOED SURFACES
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Aptian and Barrenian and a cooplex sequence of front of the ApÈian shelf' one or several isolated

marlstone,  s i l ts tone, 'à ia *r t ia l  indurated l inesto-  shal low banks existed in the area of  Mer iadzek'

nes of LaEe l{auteri"i"i'-to-'Ë.iiy Barrernian age. outside these areas' water lras deeper. At site

4004, Aptian-Àlbian sedinents are interpreted as

T h e s u b . . d : . , r ^ r a t e r s e d i n e n t s d e p o s i t e d n o È f a r r b o v e t h e C C D .
! : : : :_

Tn Biscay, .[e cr].r! fia-dr-eage aaca and seÏ!îTc- Sinèe post-rifting sedinents including Êormation 3

ref lecr ion prof i les . i ï ; r - ; ; ; ; ; t t ruct ion of  the ate noi  faul ted,  the depth at  which Apt ian sedi-

topography of  the 
"""- t fooi  

at  the end of  r i f t ing ûenÈs were deposiCed aC si te 400 can be est imated

i n A p c i a n t i m e . f r o m t h e t h r o w o f t h e f a u l t s a l o n g E h e M e r i a d z e k
escarpmeoÈ, i .e.  f rorn the di . f ference of  a l t i tude

The BosL str ik ing feature al lowing th is. recons- between the Apt ian at .s i te-401 and s i te 400'  A

rruclion are horizorc;;-;1;;";-;hi"tr-",tr, in sone deprh of l500-2000 u is indicaced for the area of

areês,  rhe crest  of  r r r .  i i ia"a blocks ( f ig.  15),  s i te 400A on Trevelyan plateau âL the end of  r i f t ing '

and indicate snb""riaï-oi-tttàffo" submarine ero- In front of the ltestern Approaches basin' large

sion.  These erosional  surfaces are shown on f ig '  t l  areas of  lhe submarine r i f t  system were deep and

in grey. They extend nuch closer to the ocean-eon- a central trough existed of about 2000 n depth'

tinenc boundary 
"ff 

Gt;;; ip"t trtt" in uhe Meriadzek- At Lhe same time most of Èhe Gobân spur area was

lreveLyan area where lr't 
"ro"""c 

point to the boun- rnuch shallower since erosional surfaces are obser-

dary is  near s i te 401.  ved reLat ively c lose to the cont inentaL-oceanic

boundary ( f ig.  l l ) '  only a narrol r  deep crough

The age of this erosiooal evenE is given by existed therà at the end of rifting' This change

hote 401 and by att" ii-tt't strêlf' At lite aol of style betneen Ëhe Èr'ro areas nay be explained

(fie. g) outershelf 
"i"rt"-or "pper 

Ap-tian age by the difference in nature of the pre-rift rocks'

rest above shallow water carbontit"' o! lâte Julas- on coban Spur rifting affected an hercynian grani-

sic and possibly lower:ûost cretaceous age ; chis tic basenent without sedimentaty cover' but in

demonstrates at., 
""o"io"-o"""tt"d 

during ire- ihe Meriadzek area rifting affected an hercynian

ilï;";Ï;;ït;.;r;;r; 
'"s 'ctive' i 'à"while ' base'e"t probablv or a different nalure and coveted

blocks l tere rotaElng'- tq"àt  the shel f  edge'  ( f ig '  l6)  ty  
"  

t l t i " i t  tesozôic sequence'  This would suggest

calibration ot seis.i."ii""" rtot data àf'the drat Étre physiography of a rift systen nay be

wesrern Approaches basin demonstrate a lso t l : ! - ,^-  largely cànirof lea-ty the nat t t t "  of  the pre-r i f t

l i " -e" i fâ i , ' (pro-parte)-Alb ian rests on the eroslo-  rocks '

i.i ti,te.""" cutting the faulted blocks' The

seismic profiles Èherefore delineate areas Jn the In Galicia' the saûe erosional surfaces are

conr inental  margin ,h i"h *"""  ar  zero level-âur ing gb:g1:d . ( f ig.  
15,  17 )  buE no hole had been

rifting. Fig. I I sholrs thaÈ a large p.t. oi ifr" drillecl through' iloLe 398 which was drilled in a

oarsin in front of thê $res.etn epproacfres i"sin lolt demonstrated thaE syn-rift sedinents ltere

was below this level. However t""olt" ft"t ;;;â- deposited in a deep water environment above the

ging and hole 402 show areas rohere no 
"to"ili-- 

CCb tluring ltauterivian and Lower Barrenian and clear-

occurred but lrere nevertheless uoder stralili-t.a"" ly beneatË the cCD after Mid Apcian times" Even' if

during Àprian t:.r". i,i-.it- aOz 4ti"o-n1iiàn tract the.CCD on oargins could be differenÈ from oceanic

shales were deposited as a progradiog ,t"ii-o"-i- basins, an estiuaËe of water depth during Aptian

subsiding shallonn pr"tiot .'1t appeais th;; i; tirne is given by several authors (LE PIcËoN et

L72 MONTADERT

Fig.  t8.  Scheroat ic  crustal  secÈion t t r rough the N'  Biscay cont inental '  margin '
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Fig. 19. l{agnetic anomalies, and oceanic-conÈinencal clusEs boundary (N. Biscay rnargin).

al. in press, VAN AIIDEL et aL. 1977) around 1500-
2000 neterÉ. An independeÊt estinate of the sater
depth at the end of tiftiag is given by the diffe-
rence of levei.s betlreeû the Àptian depth at site
398 and the erosional surface evidenced on Vigo
Seamount and supposed to be of Lolrer Cretaceoua
age as in Biscay ; the value obtaiaed is arouad
2500 neters. Such result is in a good agreeoeot
lrith the estiuâtion roade in Biscay (1500-2000 n).
fhe higher value for Galicia is iu agreement with
the fact chat there, the Aptian was deposited
below CCD, whiLe in Biscay at site 400 it was
deposited slightly above. Ihe oajor coasequence.
of Ehese observationg iE that ou-the Northeast
Atlaotic during Àptian, at the end of riftiog,
large suboarine Ëroughs as deep e3 2500 u existed.

Discussion on rifting and thioning of the crust

Although rift tectonics are relatively siqle,
there is cotrtiûuing cootroversy about Ëheir nature
and developoent. Structural uodels are based raaioly
on the studies of coatineatat subaerial rift Eysteeg

like the East African riftsr the Rhine Grabeo, the
Suez r i f  t ,  .  . . .  ,

The clifferent hypochesis. A comon hypothesis
is Ehat intracont,ineotal rifts are related Ëo
doniag of the continertal crust (CLoSS 1939) and
the follosing stages. have beer recedtly proposed
(NEITGEBAIER 1978) : l. upwarpiag of the crust
2. iocipient volcanic activity 3. fornation of
faults and increasing volcaoic activity 4. subsi-
deace of grabea. SURKE and WSITEI.IAN (1973) consi-
dered also that rifts developed on clest of up-
lifta iaterpreted aE isostatic responses to Eass
deficiencies produced by partial nelting of Ëhe
Datrt1ê above rising pLuoes at the baSe of the
lithosphere. EREIII{D (1965) pointiûg out the diffe-
retrce ir lr"idth between the dif,ferert rifts, the
preseace or absence of a swelI, proposed a
neckiûg hypothesis with thinniag of the crust
belou accoqanied by rising of the Eâtt1e. Ee
also raised the quêstion of the spatial and teo-
poral relâtions betneen the rifts aad the orogeaies.
ARgEl.[tEV aad ARTYIISHKOV (1971) froo a study of
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the Baikal rift proposed a nechanism resulting

from crustal extension when neck shaped strains

in the crust âre developed. the lotter Part of Èhe

crusÈ is plastically attenuâted and faults occur

in the upper layer of the crust where the visco-

sity is 
-too 

high, FUCITS (1974) proposed a Eome!ûhat

sinilar model for the Rtrine Graben.

The cause of ctustal extension is also a mâtter

of controversy. ËEISIGNEN and VENING+IEIMSZ (1958)

proposed large scaLe ooveoents ia the roâûtle crea-

ied-by themal convection, while ARTEIdEV.and

ARTYU3iKov (1971) suggest gravity convection' others

relaËe r i f t ing to Ehe stress f ie ld exist ing in-

side plates as a consequence of collisions (IltIES

lg75 - GARFITNKEL and BARTOV 1977)'

Data oû rifting frou the study of continental

margias are relatively scarce because the.rift

scï;ctures are often àovered by a very Ehick sedi-

r""t""yo""tburdenhicling Ehe deep structures' This

difficulty is partly overcoÛe on the starved

North BiscaY and Galicia oargins'

Rifting and attenuation in ?is9ay 
â9 '

r.eg@soic reflecticn

trËfif"r demoasErated that on this area rifting

was subnarine (MONTADERT' ROBERTS eE aL' 1977' de

Charpal  et  a l .  1978) in concrast  to naoy r1rÊs

and ôccurred on a pre-existitg mesozoic sedimen-

a"ty U";i" perhaps shaped during.an-earlier Trias-

s i . '  teosionâl  episode ( I ' I INNOCK, l97l) '  Àl though

the onseÈ of  r i i t ing is  not  wel l  establ ished'

comparison with Aquitaine basins suggests r-c tây

f,""! U.g"" by late JurasEic but was probably oain-

iv 
""tii. 

auiing Neocomian. The end of rifting

"od 
th" onset oi spreading is very probably late

Àptian. As demonsÊrated in lhe previous section'

broad 2500 m deep troughs existed ât Ehat EiEe'

This fact and the LecËonic style observed ltiÈh

tiLeed blocks including the upper part of Èhe con-

t inental  crust '  boundeà by l i " t r ic  faul ts,  is

characÈeridtic of an extension of the crust wich

;;-;yt;;;;"ous developnent of a central cloush'

ùià."'"ootitttting exteniion the faulË blocks can

rotâte on1"y because the ceûtral trough is subsi-

âi"Ë-""-Iitâ. individual blocks dip away froû the

"*i!.-f" 
the lrough, the continental crust affec-

iËi-iv-îr"l"ic raitis uas about 6 to I ko chick ;

iià .'ot.tio" of the blocks reduced this thickaess

ro abour 4 -  5 kns ( f ig.  12)

l^Ie suggest Lhat rhe rnechanical discootinuity

which coilrolled the leveL above \thich continental

crusc rùas faulted during rifting coffesponds to

the transition betrreen the uPper brittle and the

ioàr auet i re cont inentaL crust  (çRrccs,  1960) 'This

boundary iE c lose to a st ïong hor izonEal  ref lec-

cor sitùated at about l0 kn belos sea leveI' This

reflector corresponds to an increaae of velocities

iron A,g kn to 6;3 km/sec as shown by refraction

ilata (fig. 18). (AVEDIK and ilOl'IARD' in press -

BOTT and I,7ATTS, t97l). the Moho discontinuicy was

àeterninea at l2 kn below sea level' These lesults
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demorstrale an alnost couPlete thinning of the duc-

tile continental crust' reduced to 3 kn as a

maximun, by sorne subcrustal Processr while it was

probably aiound t5 - 20 ko away from the rift (fig'

iA) .  n"ô"ot  heaÈ f low data obtained in North Biscay

naigin (FOUCIIER and SIBIIEI, in press) support thilt

oecianisro of thinning of che ductile Part of the

cootinefltal crus!. Phase chacges or intrusion in

the lower part of the ductile continenÈa1 crusË

could be nàchaaisns which pi'ayed a Part in crustal

attenuation. Nevertheless' as the layer affected

by these processes does not contain radiogenic e1e-

nâots, it is still necessâry to exp!'aio the atount

of  crustal  at tenuat ion and heat  f low data,  to in-

voke another plocess for thinning of the almost

ent i re duct i le crust .

The amount of horizontal extension can be esti-

Eated approxirnately for the uPPer Part of^Ehe con-

t inentai  c ïust .  lor  rocat ion of  20o to 30" of  the

blocks Ehe extension of the area between the pre'

seat shelf edge and the oceanic-contiflental crusts

boundary is aiound 10 - !5 Z of the previous width'

Also relevant Eo the rifting process is the fact

Ehat no erosion occurred before and during rifting

in the cefltlal Èrough of the rift systen' In this

case rifting ltas not preceded by and therefore is

rrot a 
"orr""quence 

of a large doning' The same ob-

servation was nade in the Rhine Graben and in the

Suez rift where nore or less couplete pre-rift

sediuentary Layers are preserved' the uplifting

of the shouldeis of the rift there Postdates the

initiation of Èhe graben. Such uplifting occurred

"iro 
L" Biscay 

"*"y 
frot the rift Etough but is

noÈ expressed- in the topography.s ince erosion kepÈ

pace with the uplift and oaincained the ârea af

ihe level  of  the sea.  lhe cause of  rhe upl i f t  of

Ehe shoulders of the rift could well be regional

isostacic adjustuent .

speculacign on t l re nEchani :T-oE-I i f := i lE '  From

our observatrons, crre-6ÏEê-Eos E appeaii:rg

r""t."itt for riiting would be stretching of the

l i thosphere as a response to int raplate s l resses'

i i " tà- ' ta"" t tes could be due to the di f ference bet-

* . " i -af t  absolute veloci t ies of  p late-boundar ies

àt-"oot"qrr"ttces of continentâl' collisions'

(FoRsTTlt and UYEDA, 1975). These EtreEsea nere

applied to a clust nade of lto layers of couple-

làiv airt"t"nt oechanical properties' As shown

;;;;";ï; excension is linited, but rhe thinning

oe tftà ductile part of the crust is much more

inportant than the til"il"e or the.bf,ittle part'

ty'tot.tiott of blocks. Rock oechanics experimenÈs

ii,our.rr, 1976) show Ehat strain of ductile roate-

il"i-i""""."es continuously when a certaia level

ir-"ai""t ig attained (viscous behavior) ' on the

"otat""y, 
the continuous strain of brittle nate-

iL"r  i t ' ie lat ively l io i ted for  increasing stress

""aif-. 
i"""arrtu is created which releases the

;;;;t. one Éust therefore conclude that there

w"s te.h.rrical decoupling beEween lhe ryo 
sections

of  the crus! .  For th is reason, i t  is  qul te Poss] . -
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b1e that thiuning of the ductile part of the cruEt
began before the creation of the first fault ia
che brittle crust. Ttren speculating Ehat tensile
stresses ale the same at the lateral boundaries
of the whole liËhosphere, the extecsion rrill be
more iuportant in che lower ductile part by
continuous viscous flon starting at a low Level
of stress accuouLation and sÈress relaxation
by faulting until coriplete break up of the 1i-
thosphere. The coutiauous necking of Ehe lower
ductile part of Èhe clust is accornpanied by
rising of the ûênt1e and a depression in the
upper brittlê crust (the rift trough) which
al lows rotat ion of  b locks along l is t r ic  faul ts.

The post  r i f t ing history

Conplete rupture of the lithosphere occurred
at the end of rifting in latest Aptian time and
new oceanic crust âccrered in deep waters aloag
the young Continental margin which began to
subside.

The different oechanisms for subsideoce.
Sev x-
plaining this subsidence of the êontinental
nargins.  STEEP ( t971,  1973),  SLEEP and SNELL
(1976) suggested that  post-r i f t ing subsidence
could be related to therual contraction of the
liuhosphere which occurred when the heat source
moves away the oargin after onset of spreading.
BOTT  (1971 ,  1973 ) ,  B0TT  and  DEAN (1973 )  sugges -
ted Èhat accoropanying or folLowing che thermal
conlract ion of  the l i thosphere,  subsidence could
occur as an isoscatic response to crustal thinning
caused by hot creep of tower contineûtâl crustal
uacerial tonards the suboceanic nantle. this would
be due to instability of young coûlinental margins
because of gravitacional energy associated lrith
the junction between oceanic and continental crust
lhat would ereate wedge subsidence in Ehe upper
britt.le layer. Finally WALC0TT (1970 - 1972) ex-
plained subsidence of the continental oargin under
loading by sedimeats by flexure of the lithosphere.

0n the starved North Biscay and Galicia oargins,
the post rifting sedioents are so thin that che
influence of loading on subsidence is negligible,
so chât the fundâsental rnechanism of subsidence of
a passfve continental nargin can be directly studied.

Transicion between continental and oceanic
cru ti-
nental crusÈ aad oceanic crust is relativel.y well
docr:oented by geophysical data. The mggnetic ano-
aaly oap of  che tota l  f ie ld ( f ig.  19) (SIBUET et
a1., in preparation) covera an area from the shelf
of the weste!!. Approaehes to the center of the
Bay of Siscay. The continental ehelf is characte-
rized by strong aqlitude anornalies (BILL and VINE'
1965 - SEGOÛFIN, 1975 - LE BORSNE and LE M0IIEL'
1970) which do not extend off che shelf break. on
the contineotal. slope, anooalies of generally
soal1 aqlitude are oriented paraLlel to the Ear-

gin with soae trensverse disconEinuities which
can be linkêd rl-ith transverse faults of Lhe rift
pattern. Northward, gravity and oagnetic anoualies
show the extension of  the bathol i t ic  axis of
SW England until the shelf break (EILL and VINE,
1965 -  DAY and WLLLIAMS, 1970 ;  SIBIJET, 1972).
The nap showE that this axis extends until che
foot of the continentâl slope where a late hercy-
nian granodioricic couplex have been found by
dredgings (PAUTOÎ et al. I 976) . the oceanic do-
nains of the Porcupine abyssal plain and of the
Bay of Biscay are characterized by nagnetic ano-
nalies often of strong arûplieude and soall rùave
length, shown as well oarked lineacions respecÈi-
vely or iented SSE-NNW and E. -  W. to ESE-I^INW.
In the Porcupine abyssal plain the firsc clearly
identified anooalies uay be anornalies 33 - 34
(CANDE and KRISTorrERSEN, 1977) of lare llpper
Cretaceous age (VAN UINTE, 1976).  Al though inter-
preÈatiotr of magnetic anooalies in Biscay is stil.1
under discussion, it seena that Èhe central ano-
nalies of che Bay, orienced E.W. and superinposed
on Èhe N. anÉ S CIIARCoÎ and Biscay seâmounts can
be identified as anonalies 33 - 34 (CANDE and
KRISIOFFERSEN, 1977 -  SIBUET et  a l . ,  in  press).
This lrould inply that a triple point was accive
during the last phase of opening of the Bay
( lntLIAMS, 1975 -  SIBUET et  a1. ,  in preparar ion).
However the Biscay seaûounËs are extensively tec-
tonised and uhis incerpretation tnÉly not be correct
(ROBERTS, Èo be publ ished).  L inear ions exist . ing
between the anonalies 33 - 34 and the oargin indi-
cate Ehe existence of  an oceanic c lust  of  pre-
Senonian age (An 34, 80 MY) (ALVARXZ et a1., t977 -
Van llINTE, 1976). these lineations are not very
continuous buË they exist. They have been delinea-
ted trainly froo the correlaÈion betr^reen profiles
of 3 soall positive anooalies. these anonalies
inside the rtquiet zonett nay be snall reversals as
observed for exauple in the Albian of Site 400 A
(HAILI.IOOD eË a1., in press). This is in good agree-
nenc lrith geological data on lhe oargin that indi-
cates an Aptian age for the end of rifting. Never-
theless it must be pointed out that anoualy MO of
Aptian age is not found along the nargin and accre-
tion of neçr oceanic clust just after anonaly MO
cânnot be excluded. AË the foot of the [argin the
transition froa continental crust Lo oceanic crust
is delineated from Èhe gravity and oagnetic profi-
les (fig. 20) and frorn seisoic reflection profiles
(fie. 2l , 22), ln Ëhe NW part of rhe ûargin, rhis
bouudary follows the base of the concinentaL slope
frou Porcupine Sea Bight as far as SouLhern end
of Goban Spur. The boundary is linear and very
sharp along Goban Spur ( f ig.  2 l ) .  South of  Goban
Spur, the Eransition is also sharp (fig. 22) since
Hercyaiaa granites have been dredged on Ehe last
tilted block and oceanic cruat ia .seen aÈout
l0 kn to the SW. In thig case, Eagrretic anonalies
auplitude begin to increase already below the
very attenuated continental crugt. SouÈh eastwards,
the boundary is shifted northward and it is close
a localized posirive nagnetic aoonaly and a stroag
aqlitude (oore than 400 1). Àlong the Trevelyaa
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escarpEent, it foll.ows a large negative Bagnecic
anornaly (250 f) which extends far ro rbe SE where
it is superiuposed on lhe north Gasgony ridge
(GMU er a1. ,  1973 -  MoNTADERI et  a i . ,  t975) which
is the Southern lioit of the deep thick Armorican
uargiual basin. Seisnic reflection data do noc
show evidence of foruation 3 (Aptian-Albian) on
the oceanic crust west of Goban Spur, but it is
present along Trevelyan (fig. 27). this nay indi-
cate that the opening along Goban Spur was slight-
Ly younger tha[ to the South. The nature and
origin of the Arnorican nargiual basin north of
the North Gasgony ridge is also raised bv these
resul ts.  IE is  e i ther a p iece of  pre-Apuian ocea-
nic crust covered by a thick mesozoic sedimenc or
it nay be thinned continental crust as at Trevelyan
covered by a uuch thicker layer of lower cretaceous
sedinents.

In the Calicia area, the nagnetic anonaly map
o f  t he  t o ta l  f i e l d  ( f i e .  23 )  (S IBUET  eu  a l . ,  i n -
preparatiotr - Groupe Galice, in press) covering Ehe
!.estern lberian contineltal part of Galicia iaclu-
ding Galicia bank, Vigo, Porto and Vasco de Gaûa
Seamounts, is characterized by nagnetic anomalies
of i 150 garmas without an obvious grain direction,
typical of contineatal areas. I,Iestlrards, e north-
south posi t ive feature has been interpreted,  South
of 4loN, as che MO anornaly (Groupe Galice, in
press). the MO anomaLy cannoË be traced north-
wards. Bet\reen MO and the lrell defined 34 anooa-
l ies exist  a ser ies of  posi t ive.and negaÈive ano-
roalies of t 150 garmtas ûrote o! less concinuous
and siniLar to the oagnetic quiet zone anomalies
described in the Bay of Biscay. Soue of lhese
uEgnetic lineations correspond probably to an iso-
chron in the quiet nngnecic zone and could be
associaced with the soal1 reversals observed bv
Hai lwood et  a l .  ( in press).  Northwards of  4 loNl
where Ehe M0 anooaly is not defined, the transi-
tion beF^reen continental and oceanic crusts is
evidenced by steep gradients in oagnetic anonalies
and is well defined on seisoic profiles as in
North Biscay" Southwards of 4loN and East of
aaomaly MO, Ëhe lberian abyssal plain has the
sane nurgtretic chatacter than the surroundings
cootinental area. IE could be either oceanic
crust older than Aptian either subsided thin con-
tineotal crust. The begianing of oceanic crust
fornaqion is clearly dated Latesr Aptian (MO
anoualy) in perfect agreement with Ehe age of the
end of rifting phase of Èhe oargin as shown by
s i ce  398  resuL t s .

-  
Thejo_st-r i f t iù .subsidence.  Signi f icanr faul-

tlng ot lne polrt-rifting sediuents is absent aud
only 1oca1 cenozoic deformations are observed.
Post-rifting suËsidence is thus characterized by
an overalL tilring of the nargin in post Aptian
tine rdth coupling between the oceaoic and conti-
neotal eruEt. lte âbsolute subsidence of che
oargin after rifting can be Eherefore estinated
by the difference betueen tbe aLtitude of the Ap-
tiao horizon at the end of rifting aud today.
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In Galicia, subside[ce cânnot be deterrnined

on a tlannect of the Eargin by Lack of data but
can be estiuâted in the ârea of site 398 (SIBUET

and RYAll, io press). Since at site 398 we have no
precise paleodepths, we first deter"nined Ehe sub-

sidence curve (fig. 24) of a subaerial ear!.y cre-

laceoulr erosional surface on lhe top of Vigo

Seaûount (fig. 15' 17) located 20 kro north of che

site. this sulface wbich was ât the sea-level at

the end of riftiag in Latest APtian tiae is pre-

sently 2,5 kn deep. We supposed that the zubsiden-

ce is related to the thermal cooling of the litho-

sphere since the opening of the North Atlantic,

and we have dram (figure 24) a subsidence curve

of exponential type. We have supposed that Èhe

saue iubsidence curve could be applied to the site

area if Ehe site location is 2 kn deeper Ehan thê

preseuc depÈh of the erosional surface. Consequen-

tly, the paleodepth of the acousËic basemenË should

be et about 2,5 kiloneters in Lower Cretaceous tine'

{hich is cotpaÈibLe ls'ith the PaleodePth of sedioent

emplaced at Èhris tine. The local isostatic read-
justoenc has been calcut'aËed using shipboard den-

iity neas,rreoetrts. conpaction has been taken into

accound to calculate the Eite 398 paleodepth. The

CCD curve have been superinPosed on Ehe paleodepth

curve. Extleoa of the CCD curve are arbitrary.-\
On the contrary' in North Biseay, data froto

leg 48 drillings, dredgings and constraints fron

seisrnic reflection profiles allow reconstlucÈion

of the topograghy of the sea fl.oor at the end of

rifting, and by subsLraction of the present depth

of Aptian caLculation of the absolute subgidence

along a trânsect trough the nalgin. the results

are pleaented on a s i rupl i f ied sect ion ( f ig.  25)

through the best docuoeltted area of lhe margin

from the shelf edge to the continenËal-oceaflic

crusts boundary. Although posc-rifting sediments

are onlv a few hundred neters thick, an isostatic

correction has b'een applied to the APtian horizon

for a local loading on an Airy-tlPe crust (Eee

for exarple WATIS and RYAN' 1976).

Fron f ig.  25,  i r  is  inferred thac the Present
depth attained by a point on lhe ûargin depends

on its âltitude at the end of rifting and on its

distance from the oceao-continent boundary, while

the absolute value of subsidence depends only on

the distance to the ocean-continent boundary. It

should be noted that estinaÈion of the subsidence

of a nargin requires knowledge of the topograPhy

at the end of rifriirg which nay be difficult to

determine. this diagran confirms that a good cou-

pling existed between Ehe conÈinenEal aud oceanic

àroets since oear the boundary' the contineotal

crust subsided practically as nuch as the adj.acent

oceanic crust. StEE? (1971) suggested that due to

cooling of the Lithosphere the subsidence rate

woul.d decay exponeatialLy with tine and that the

tirûe constant of zubsidence would be siailar cq

the tiroe constaot of subsidence of oid-oceaa

r idges,  i .e.  50 M.Y. f ig.  25 shows that ,  for  Èhe
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Fig. 23. Magnetic anooalies W. of
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same per iod of  Eime'  sây 120 I ' IT s ince-Àpt ian'  Ëhe

"rno,tti 
of subsidence is not the same for every

point of lhe margin, so that the tine constant

Il""à.-t.-.rt" 
".i" 

ior the whole nargin if subsi-

à"i""-4."t"âsed exponentiall'y with tine' 0n1y in

the lower part of the nargin is.the coûstant

rLLi .a-a" 'Ehe one of  the oceanic crust '  There is

tf..iÀtot" no! a single la\û that characÈerizes the

""iria.""" 
of a whoie oargin but one law for each

point .

The exponential decay of the sub-sidence.rate

\rith tine for different points on the margin can

i"" t. checked ftom paleàdepth estinaçe. for diffe-

;";.";";ï;;;-or-i i" '" i iài-Âpii"" ' rn the case or

Biscay, these curves cannot be dram with preci-

"io"-!i""" 
paleodepth estinates from paleontolo-

eicat daca àre less and less precise for- increasing

i"a"t à.pat" and for increasing ages'.Paleodepths

àrtir"t.'for the Mesozoic (DU?EUBI'E' in press) and

ioi-G"o".i. (SCHNITKER, in press - DUCASSE and

PEYPOITQUET, in press) nevertheless support an

exDo[ential decay especially at site 401 ' a]'though

;ï'";;h;t" there is nô conEradiction with the pale-

J"-."i"à1".r and sedimentological data (fig' 26) "
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In rhe l.ower part of the nargin where the conti-

nental crust is very thin' the subsidence rate

i" ,roa too different from the subsidence raEe of

i t .  àa5."""a oceanic crust  buc towards the shel f '

with iicreasing thickness of continental crust'

Ehe subsidence rate dioinishes considerably'

ciià"à." of slope on lhe subsidence versus distan-

"" "ittt. 
(fig. 25) reflect probably a sharper

change in thickness of the continental crust

( f is ;  l8) .  r t  is  therefore suggested lhat  Post

iiii i"g subsideace without influence of loading

is esséntially an isostatic adjustuent to

;;"ii;-"i thl tittrospirere . in which. the 
-conti-

;ental-crust has been previously thinned during

the rifting process. In lhat case' onê cao exPecc

a relationéhip between the absolute subsidence

of . point on a oargin and the thickness of the

contiîenÈaI crusE.

rhe ce"o"oic. (EoceT), dlforyligl?i,Il -
N. @r r i f t ing of the

r"tÈii, t,tb"ia"o"" occurred cilting regionally

tt"""igf"" Rejuveaacion of the rift faults is

ioi ou"!t""d diring chis period, alchough it nay

o"""t oo other oargins due to differential loa-

C C D  c u r v a

Po  l 6odoP th

2nd compress ive | 3t comprcssive
30  co sodo

Miocene Lsl€ Crsioc8ous
Eocene

depfh in Kl lomct€rs

t L E .  z c . Subsidence versus Ëime curve at site 398 (w' Galicia oargin) '

Aption depth ofter SedlmenlorYload cof tcc i lon

Thcrmol subsidenccof Lolc APlion horizon

nn ing  o f  Sco.  f loor  s
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ding under a thick sedinentary cover. The abseoce

of tectonic activity is in. good agreeuient with

the position of the North Eiscay rnargin within

che European plate during Cenozoic. Nevertheless
to the South, the northern edge of lberia inclu-
ding Galicia Bank area was a.plate boundary wfiere

some subduction of Biscay oceanic floor occurred

at least until late Eocene-Oligocene. InLense de-

fomacions linked to this compression phase occur

all along Lhe Northern boundary of lberia and

Gal ic ia Bank area (Pyrenean fo ld ings) ( f ie.  l ) .

Eêstlrards, toetalds the Mediterraneen area' Europe-

Iberia was in collision with Africa. In such con-

ditions, intraplate deforoations can occur and

indeed have been described both in the oceanic
and continental parts of Ehe European and Iberian
plaues.  Moreover,  South of  lber ia a long Bet ics

and Magrebian ranges, intense eerly to niddle

Miocene tectonics occurred. Sorne deforoations of

this age can be observed northqrards until Ehe

southern part of Galicia Bank area.

In the Galiiia area (Groupe Galice, in press) the

large faults which runs along lhe northwest edge

2OOkm

of Galicia Bank continues in the soulhqrest as a
flexure which affects the Mesozoic and Eocene
layers w'ichout disËurbiûg nore recenE deposits.
Movements of the sane age are also visible in the
Interior basin. Àu the fooc of the northlrestern
Galicia bank, the deforoat.ions are nuch lrore inten-
se with clear reverse faults linked with sone
overthrugting of Galicia Bank over the oceanic
c rus t  ( f i g .  27 ) .

Another way Èo quantify cenozoic defornations
oo the conËinental oargin is cq folLow the shaPe,
s.lope and altitude of the lower Cretaceous ero-
s ional  surfaces.  Figure l7 ghows s igni f icant  d i f -
ference in che altitude of Ehese surfâces beÈween
the southern part  (2,5 -  2 '8 kû) ând Èhe Gal ic ia
Bank (1,5 kn).  This could be explained by

uplifting of Galicia Bank during the Eocene coo-
pressional  events.  Nevertheless,  i f  one takes into
account the relationship between subsidence and
thickness of continenÈal crust as established in
N. Biscay, the higher level of Ehe surface of
Gal ic ia Bank s.s"  could be explained also by
thicker eoncinencal crusÈ there than south!.erds.

2O0ktn

2O0o -.1
o

" """ "ÂËi't'Ar'i'ïi ÛiË

. . . . . . . .  Aption horizon ol i i tude

I - end of r i f l ing

2- sfler subsidence

Fig.  25.  Absolute asount of  subsidence ( fu1l  l ine)  af ter  r i f t ing on a l ransect  through

N. Biscay nargin.

r q ôloo
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Ei.g. 26. Itypothetic subsidence versus tine curves for different poinÈs oo a transect through

N. Biscay uargin (compare wi th f ig.  18).
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Ia the oceanic area, to the north the Eeetonized

area (fig. t) along lberia, ûuûelous areas uplif-

ted during late Eocere can be defined (MoMADERT

er â1. ,  t97l  -  GRAIJ et  a1. ,  1972 -  MONTADERT et  a1. '

1974) fuorl seisnic reflection and drilliag. on

uplifted areâs' thin pelagic Porrt Eocene sedioenÊs

!ære deposited (DSDP site 119, IÂUCH!0N, BERGGREN

et a l . ,  1972) and are eâsi l 'y  d ist inguished f roa

turbidites deposited around Ehe high points. Nume-

rous faults of this age ale also visibl'e in the

abyssal plain as well as otr the concineatal oargia.

Ttràir occurrence has Led to overestioateE of their

role on the fornation of the contirrentâl nargin.

On land, nuaerouE studies sholt that defornatioa

occurred in the whoLe continental donain at the

same period (DE CHARPAL et â1.' 1974' TREM0LIERES'

to be published) in Francê' England, Getmany, lin-

ked to coopression along a l0o -  20o E di reccion.

Another coopressional event occurred since Miocene

tine but seeos to be restricted nainl'y to the

Southeastern Part of the Paris basin. The whole

Europeao plate was submitted during laÈe Eocene-

0ligàcene to coopression in the oceanic domain as

weli as in the contirrental one. Following orienta-

tioa of the Pre-existing structules' this compres-

s ion created str ike-s l ip faulEs,  levelse faul ts '

f o 1 d s ,  e t c . . .

on Ehe North Biscay oargin, the new seisnic
profiles aLLows a better estiuâte of the Cenozoic

àeformations. Faults are reLative!'y restricted to

soûe areas (fig. ll) and the nost striking featu-

res are observed aLong Ehe Trevelyan escarPoent.

ALong an E.W. be1t ,  nunerous faul ts,  inc luding

leverse faults, affected the series including

Forrnation 2 (fLe. 28). The fâulting caused up-

lift that created the Trevelyan escarPuent. This

strongly tectonized E.W. bel t  d isappears Progres-
s ively lowards the N.W.,  as indicated by the dis-

appearance of the escarPmentr and oerges into

al"loo"t a single fault systern oriented NW-SE which

can be followed as far aE the south of Goban

Spur ( f ig.  l t ) .  th is faul t  is  inte lPreted as a

slrike stip faui.t beeause of absence of vertical

throhr and deforoation of layers on both sides as

in drag fo lds.  Other ef fects of  late Eocene

deforoations include oaybe narrow elongated folds,

broadly oriented EIII, on top aad along Trevelyan

escarpoeot and Meriadzek escarpoent. In a few

cases,  re juvenat ioo of  r i f t  faul ts is  v is ib le.

The Cenozoic defornations observed in rhis Part of

the Dargin accord w"ith an almost N.S. direction of

Eocene laterâl compression as deternined on land.

Reverse fauLts and even sotne Èhrusting is observed

when a pre-existing almost Et'f discontinuity exis-

ted iu the basement. this is true for Èhe lrevelyaû

escarpoert wtrich is situated at the junccion bet-

treen the oceanic-continental crusts boundary and

Ëhe important structulal boundary seParâting Ehe

westera Approaches nargin from che Armorican mar-
gin and the Arnorican oarginal basin (fig. l).

fnis is true atso for the uplifted ârêa oriented

E.W. in the ceoÈer of Biscay with some features

like Cantabria Searoount, which are controlled by
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a very sharp !ise, orientêd E.l^I.' of the Ocean
crust. llhen the discontinuities or inhonogeneigies
in Èhe basemenc are oriented differently for exam-
ple MI-SE like the North.Biscay and Araorican
urargins or che North Gascony ridge in the cenEral
part of Biscay, the Eocene conpression is narked
essent ia l ly  by faul ts wi th a str ike s l ip cooponent.

Conclusion

A scheme of Ëhe structuraL evolution of a star-
ved passive continental nargin can be proposed

fron DSDP drilling results conbined with incensive
geophysical surveys. Environoent and uectonics of

the rifting phase has been established : active
rifting took place in Lower Cretaceous tiure in a
pre-existing narine basin and uith no volcanic ac-

tivity in contrast Èo nâny subaerial rift systens.
The overall tectonic Etyle is characterized by a

series of Èilted fault bLocks bounded in nany
cases by l is t r ic  fauLrs.  The rotat ion of  the blocks
(20-30')  a long List r ic  faul ls  reduced the th ick-
ness of the uppe!.contineirtal crust from 6-8 kn
to 4-5 kro. CLose to the near horizontal base of
ehe l is t r ic  faul ts,  a strong hor izontal  ref lector
corresponding co Ehe 6,3-4,9 ku/s refract ion
interfâce has t,een interpreted âs the boundary

beEveen the upper brittle and the lower ductile

conLinental crusts. The Moho discontinuity 25 kn

deep in the v ic in i ty  of  the shel f  break is  12 km

deep in the lower 'part  of  the roargin '  In th is area

the duct i le part  of  the c lust  (6,3 ko/s)  is  only

3 krn thick. Dritl dredge and seisrnic refleclion
data allow !o reconstruct lhe topography of sea
floor at the end of rifting in Aptian Eine. In the

axis of the rift systeu' submarine lroughs 2'5 km

deep existed. The thinning of the continentâl

crusc cannot be explained by the 10-15 7" of exten-

s ion est iûated for  Ëhe upper br i t t le  part"  One
suggests that the ductile part of the clusE is
thinned by creep in response to tension in the

conÈinental  p late.  Ri f t  would not  be re lated to

dorning of the continenËal crus! bu! ûerely to

strecching of the lithosphere as a resPonlte Èo

idtraplate stresses. Knowing the topography of '

the sea-fLoor at the end of rifting and Ëhe
plesent depth of Èhe APtian datun, one can deÈer-

uine the absolute amount of subsidence on a

transect of the oargin after the beginning of

accteÈion (late Apcian tine). This value deerea-

sed contiauously froo the oceauic-conLinental
crust boundary (4000 E) to the shelf break. For

each point of rhe dargin, the subsidence versus

time curve is an exponenEial shose Eioe constant

inereases with depth. This suggests lhat Post
rifting suÈsidence ntzrs essentially an isostatic

adjustment to cooling of rhe lithosphere in which

thà continental crust has been previously thinned

during the rifting process.

&glg1æ]!!-. L.M, D.C.R and J.C.S whish

to âffii@ÉE u.s. National Science Foundation,

the international JOIDES institutions and D'S.D'P-

261

MONTADERT 183



rPoD vho rnade legs 478 and 48 and their participa- young contineotal Eâlgins'-@-PU*j'

t ion possiËle. L.U, O.C' ?.C and J'C'S aie indeËted 235' 23'25' 1972'

iolinltir,rr Français du Pétrole, CNEXo and CEP!{ Bott' M'H'?' - Shelf subsidence ia relaËion to

(IF?, SNEA(P), CFp) utrich peroitted the acquisi- the evolution of young coûtinenlal roargins' -

i i ; ; ' " i ; ;È . , 'ana  h t . l r - f . l t i " ip . t io t r  to  L ;g  478 In : .Ta t l iag ,  D.E.  & .Runcora ,  S 'K '  (eds)  :

aad 48 studies. They are particularly grateiul to gltcattoT ?f çonli
rhe geophysicists (J.?.rnrr., n.oottlilEN,- J. cAssAND) Saelrces.EàAeûialress, Londoo, 2' 675-683,

arrd ére* âe tn. M.S Florence of the Insticut 1973'

i;;d;i; du ?étroLe which col.lected the geophy- Bott' !4.H.P' and watts A'B' - DeeP structure of

sical data in GaLicia pr"t".r, and in tn" r.y oe the continental nargin adjacent to Èhe British

Biscay before aaa attel ieà Àzg 
""a 

48 of tire rsles' rn-: Tle GeologY oE Ëhe-Egst c9nti49nçÊ1

Glomar Challenger. D.G.R. ;hishes to acknonledge - Eigln :  2 ;-Euroeg'^Ed' 
F'M'.Delany Report n-

t h e D e p a r t m e n t o t e n e i g y - . " p p o i t i n g . a c q u i s i c i o n o f f t . Z i - h s t i t u c e o f G e o 1 o g i c a 1 S c i e n c e s -
the seisnic data after- ieg 4b ana his part icipa- p'  93-109' 1971'

tion rr.ith Leg 48 sËudies. The authors are graieful Oouquigny R. and I'Iil1o, C' - Tentative Calibration

to M. powET (I3p) for his oany helpful suggesrions oi si té-398 and qpecial processing of part of l ines

and discussions and to P. VAIL (E:sàa Reseaich) and GPlg and-GP23' Iqr Initial Repg*s 9f lle Deeg

J . G R o w ( g . s . G . s . ) f o r t h e i r c r i c i c a 1 r e v i e g o f t h e @ r + l , v o 1 u n e . 4 7 B . 1 { a s h i n g t o n
nanuscript. Ïu"s: G"ter"netrt Printing office), in Press'

Bowen J.M. - Ttre Brent oil' fieLd" In : Petloleuo

References and the continental shel't of-North-Wegç EuEopg'
VoI I C""l.sv. Ed. A.W. i'Ioodland' Applied Science

Alvarez W.4., Fisher 4.G., Lowrie l{ . ,  Napoleone G., ?ubl ishers Ltd 353-362' 1975'

premoli silva L., noggenthen I^I.M. - llpper creta- BR@{ - ELF Re - ESSo REP - SNPA - Géologiç-É\t

ceous-paleoc"r,.  r"goËii" strat igraphy-àt Gubbio, Basgin drAquiçaine. Edit ions- :  BR@l Paris'  1974'

Italy - v - Type secrion for the lare Cretaceous- sum-aili-Thltenan A.J. - uplift,rifting and

i.i.â""rr" ,"gn.tic Èine scaIe. Geo1. soc. America the break-up of Africa. rn, lEplication of cgn--.

gÉ1, gg, 367-389, 1977. r ir lelrt l  gr i f t  to !4e egrt!  sciences' D.i I .  Tarl ing

ArEGJev, lf.f. and Artyushkov, E.V. StrucÈure and arAT-;-îGcorn. Eds" V' 2, P' 735-756, 1973'
-- i ; ;Ë;." i" i  

r f t .  g"i tâf r i f t  and rhe nechanism of Charpal 0. de, Trénotières P., Jean F" et l lasse P'-

r i fr iog. J. Geop.brgB€",76 z 1197.1211 , 1971. Un.exerçle de tectonique de plate-fotme' Les Causges

Auffret G.4., Pastout! i l ,  Cassat G., de CÉarpa1 O., najgglsl Bevi-. I+st '  franç' du Pétrole, l0( lK-s'

C r a v a t t e J . , G u e n n o c P . - D r e d g e d r o c k s f r o m t h e , p ' 7 1 5 - 7 3 2 ' 1 9 7 4 '
Araorican and Celtic ltargins. I; In:LËLÊLReports J Ctrarpaf o. de, Guennoc P., llontadert L.' Roberts D'G'

of Èhê o""p s". prrrrrrg-p l-  I  Rif t ing,crusÈal aErenuarion and subsidence in the

;. \  t" I  of-Biscay' Nature' YoL' 275' r: ," 5682' 26 oc'

Ia  p ress .  \  tobre  1978 '

Avediic F., I loward D. - prel ioinary results of a 
'Cande 

S.c., and Kristoffersen Y.-- Laee creÈaceous

seismic refraclion st,rày i(t the Meriadzek - ., uagnetic anonalies in the North AtLanCic' EarËh

Trevelyan .re.,  r"y-of âi"""y. In Init ial .Beports -,Plangt '  Sgi- '  Letre:s' . tr?: -2t5.-.224' 
1977'

àf 
-tir."O""p 

S". Orifftn" ptoi-""ar_""1"*e-4g, 
- 

C1o6s E.-- Ite6ung--SPaltung - Vulkanisous. GeoI.

"e). 
RuÊdsch',  30 : 405-527 '  1939 .

rn press" oaîTI- wi l l iaos c.A. - Gravity conpilat ion,in

Berthois L. and Brenot R. - Cartes bathyoétriques che northeast AElantic and inÈerpretation of

du talus du plateau continental en oûze feui lLes gravity in the Celt ic Sea. Earth Planet '  Sc'

à J l . e " "  p a r ' B e r t h o i s  L .  a v e c  l e  c o a c o u r s  d u  C N R S . '  E S , 8 , 2 0 7 , 2 1 3 ,  
t 9 7 O .

1966. oa?dEt n' l ' ,  and Rosset R" - l l Îstoire géologique

Berthois L., Brenot R. et Debyser J. - Remarques eE structurale du bassin de Parentis et de son
--rrri 

f. raofohologie de la naige continentalJ eatre prolongement en ûer; in Eislgire-stTuctgqâlg .
l ,rr lande er 1e cap Finisterie. Rev. I trst.  Frânçr àu go1!e,dg.=GÊsgggn?,-t.  1-rr :  Paris, Ed' Technip

à" -pà t "o r " .  vo l .  t * r I I ,  n .  9 ,  p . -1046-104% 1968 p .  IV .2- I -1V.2-28 ,  1971

Black M., Hi l l  M.N., Laughton A.s.,  Matthews D.H. Dingle R.V., Scrutton R.A. - contioental margin
--gfri". 

non nagnetic 
"""io,r.rt" 

off the lberian fault pattern anapped South ttest of lreland'

coast. Geol.-Soc. London Quart.  Jour, v. 120, I ' tature-vol.  268 - 25 Lug. 1977 p.720-723' 1977'

p, 477-517, !964. 
:  

ucasse 0., and leypouquet J.P: - CenozoÏc ostra-

Blair D.G. - st.ructuf,al. styles in North Sea oi1 coda : their inportance for 'bath1'netry, hydrolo-

lii c"J'tr"ià"i-ii-r".i"i""i "ia rt'" """.i1'."- qy ""q biogeographv. Ttr r+4+:+#;*
iài 'r'àre or.to'qr'-ry48Fi= ,t,ci:llav 

- 
9fg t=i::lÏ:-rli:lî3i';T?1Pi:oi--.::::l"t'o"

f f i " i _ i " ' ' " " r ' . ' l t i ' t ' " ' . ( U . s . G o v e r r r o e n t P r i n t i n g 9 f | i c e l . l i l I Î 1 ! :
iià iii::iel-;;i;: 

'-"-- 
Dupeuble,P' - !lesozoic.Fo'Tilif?"'-':9 'i:::r3:i"'

Bott, M.H.p. - Evolution of young continental. nar- irom sites 400 A, 401 and 402 A of the DSDP Leg

gins and fomation of sheli baàins - rectono- 48..In t"lti"1--tB"It,1=!l=lli=3"?pu l""l:*l*ig
i hy " ics ,  l l ,  5 ,  319-327,  1971"  Pr9 je9 t .  vq lgge-48 

: : : : : "g t t "
SoîfrJ.f  .  aod Dêan, D.S. - Sgress systeu'.s at Print ing gff ice). In press.

184 MONTADERT

262



Ewing J. and Eving il. - Seisoie refraction rneasu-
reueûts in the Atlantic ocean basing, in the
ltediterranean Sea, on the ltid-AËlantic Ridge'
and Che Norwegian S"a, Egll:..']ggl:]qq.]!g. 70,
29t  ,  1959.

Forsyth D. and Uyeda S. - On Ëhe relacive inpor-
tance of the driving forces of the plate motion.
Geophs .  . 1 .R .  As t r .  Soc .  43 ,  p .  ! 63 -200 '  1975

Fouctrer  J.P.  and Sibuet  J.C.  -  Thermat regine of
the Northern Bay of Biscay Continental margin
in vicinity of the DSDP sitEs 400 to 402. In

Pro-
rnmenË

Freuod R. -  Ri f t  Val leys.  Can. Geol .  Surv.  Pap.,
Pape r  64 -14 ,  p .  330 -344 ,  1965 ,

FuchE K. - Geophysical contributious to taphroge-
aesis.  In :  J . l l .  I l l ies aod K.  Fuchs (Edi tors) ,

Apploâches co Taphrogenesis. Schweizerbart,
Stuttgart, p. 420-432, 1974.

Funnel ,  8.M.,  Fr iend J.K.  and Ransey A.T.S.  -  Upper
- Maestrichtian planktonic fcraninifera from

Galicia Bank' West of Spain, -p!g!qbgy, 12,

Parr  l ,  19-42,  1969.
Garfunkel 2., Bartov Y. - fhe Tectonics of the Suez

Rif r .  ceoL.  surv.  Israel  Bu11 do 71,  1977,
Grau G.,  Montadert  L. ,  Del te i l  R. ,  and I ' I innock E.  -

sÈrucEure of the European continental margin
beLween Poltugal and lreland, from seismic data,
in Muel ler ,  S. ,  ed. ,  The structure of  the earthrs
crust :  lectonoplysics' v. 20, no. l-4, P. 319-339'
r  973 .

Griggs D.T. and Handin J. (Editors) - Rock deforma-
c i on .  Geo1 .  Soc .  A ro . .  Mem. ,79  z  l ' 382 ,  1960 .

Groupe GALICE. The continental nargin off Galicia
Bank and Portugal : acouatical stracigraPhy and
structuraL evolution. In @
Deeo Sea Dr i l l ing Proiect ,  volume 4lB'  Washington
(U.S. Government Pr inLing Off ice) '  in  Press.

I la i lwood E.A.,  Schni tker D. ,  Bock I { . ,  costa L. ,
Mul ler  C. ,  and Dupeuble P.A.  -  Northeast  At lant ic
Eagnetobiostratigraphy. In Initial Reports of
the DeeD,Sea Dr i l l ine Project ,  vol tne 48 -

I.I;EElngton (U.S" Governnent Printing Office)'
in press.

lleiskanen W.A. and Veuing-t'teinesz F.À. - The
Sert@. 470 PP. Mc Graw-Hill'
Ne!ù-Y;æ6. 

-

Hill M.N. and Vine F.J. - A prelininary lngnetic
survey of the wesÈeld Approaches to the Euglish
Channel .  Quart .  J1.  GeoL. Soc.  London, t2 l '  463-

4 6 5 , 1 9 6 5 .
Illiee J.Ë. - Recent. and paleo-intraplate tectonics

in stable Europe and the Rhiue graben rift system.
TectonophvEics ,  29  '251 '264,  1975.

Laughton 4.S. ,  Bergeo W.A.,  et  a l . .  -  In iËia l
of lhe Dee

a n d  l l 9 ,  I 9 7 2 .
Le Borgne E. and Le Mouë1 J. - Certographie aérooa-

gnétique du Golfe de Gascogne. C.R. Acad. Sc.
P a r i s ,  2 7 1  -  D ,  l l 6 7 - 1 1 7 0 .

Lowell J. and Genik G. - Sea-f1oor spreading and

structural evolution of the Eouchern Red Sea'

Am. Ass. Petroleuo eeo1.__gu!.!., 56, 247-59, 1972.
t o f f i T .H .  andTucke r

P.M. - Petroi.eum and plate tectooics of the
southern Red Sea. In : ?etroleuo and Global
rectoûics. Ed. A.c. risG?E?-31-frà6îlprin-
GFunivers i ty  Press.  p.  129-153, 1975.

Mon tade r t  L . ,  DaEo t t e  8 . ,  De l t e i l  J .R . ,  Va lê r y  P .
and Winnock E. - Structure géologique de la mar-
ge conÊinentale septentrionale du golfe de
Gascogne (Bretagne eÈ Entrêes de La Manche), in
Eisto i re structurale du gol fe de Gascogne. t .  I - I I :
Pa r i s ,  Ed .  Techn ip ,  p .  I I I .  2 - I - I I I .  2 -22 ;  l 97 l ) .

Mon tade r t  L . ,  Robe r t s  D .G . ,  Au f f r e t  G .4 . ,  Sock  W.0 . ,
Dupeuble P.4. ,  Hai lwood 8.4. ,  Harr ison W.,  Kagami H.,
Luosden D.N.,  Mul ler  C. ,  Schni tker D. ,  Thoupson R.W.,
Thonpson T.L. ,  T ioofeev P.P.  -  Glooar Chal lenger
sa i l s  on  Leg  48 .  Geo t i nes .  U ,  12 ,  19 ' 23 ,  1976 .

l lootadert  L. ,  Roberts D.G.,  Auf f ret  G.4. ,  Bock W.0. ,
Dupeubl .e P.A. ,  Eai lwood 8.A. ,  I larr ison tJ. ,
Kagani  8. ,  Lurosdeo D.N.,  Mul ler  C. ,  Schnicker D. ,
Thorpson R. l { . ,  thompson T.L. ,  T imofeev P.P.  -

Rifting and subsidence on passive cotrtinental
natgins in the North East  At lant ic .  -@vol .
2 6 8  n o . 5 6 1 8  p .  3 0 5 - 3 0 9 ,  1 9 7 7 .

lloncadert L., and Winnock E. - L'histoire structu-
ra le du gol fe de Gascogne, in Eisto i re structu-
ra le du gol fe de Gascogne. t .  I - I I  :  Par is,  Ed.
l echn ip ,  p .  V I .  l 6 - l -V1 .16 -18 '  1971 .

Montadert  L. ,  Winnock E. ,  Del te i l  J .R. ,  and Grau G.
Continental Margins of Galicia - Portugal and
Bay of Biscay. In the Geolow of Concinent.al
Margins,  C.À.  Burk and C.L.  Drake,  eds. 'Spr inger-
Verlag, NeeYork, 323-342, 1974.

Montadert  L. ,  RoËerts D.C.,  De Charpal  0. ,  Guennoc P.
Rifting and Subsidence of Èhe northern continen-
ca1 nargin of the 3ay of Biscay. In Initial
Report of the Deep_Sea DEilllrg-foject. voluoe

1!9 
-  Washington (U.S. Government Pr int ing Off ice) ,

i n  p ress .
Moore J.M.,  Davidson A. -  Ri f t ing Scructure on

Southern Ethiopa.  Tectonophys: lg 46 (1978) 159-173,
1978 .

Neugebauer H.J. - Crustal dooing and the nechanisn
of rifting Part I : Rift foroation. Tectonop.lty-

_9 . !Ë . , 45 .  oo  2 -3 .  159 -186 ,  1978 .
Pastouret  L" ,  Auf f ret  C.A.  -  Observat ions sur les

nicrofaciès des roches sédiqentaires prélevées
sur la marge armoricaine. Rev. ÎnsÈ. Françêig--du
Pétrole.  vol .  loGI,  no 3,  p.  401-425, 1976.

Pautot  G.,  Renard V. ,  de Charpal  0. ,  Auf f let  C.A. '
Pastouret L. - A granite cliff deep on Èhe North
At lant ic .  &!  ,  263,  1976, p.  669-672, 1976.

Poulet M. - Apport des expériences de oêcanique
des roches à la géologie structurale des bassins
EédinentaÎres. -Rev. Inst. E5êlçais du Pêtrole.
xxxr,  ao 5 p.  781-822, 1976.

Schnikter D. - Cenozoic deeptrater benthic Forani-
nifera. Bay of Biscay. In Initial Reports of the
Deep Sea.Driuins Proi - Washington
(U.S. Governuent Pr int ing Off ice) ,  in press.

Segoufin J. - Structure du plateau continental
arnoricain. In : A discussion on Èhe geology of

the Engl.ish Chaanel. Phil. Trans. R. Soc. London.

A  279  9 .  t 09 - l 2 t  '  1975 .

MONTADERT 185

ncing Off ice) Site l18

263



Sibuet J.C. - Coatriôution de la graviraétrie à

1réEude de 1a Bretagne et du ptateau conti.nental

adjacent .  C.R. Som. Soc.  Geol .  France.  24 avtLl

t972, 124-129, 1972,
Sibuet J.C., Ryan w.B; - Site 398 : Evolut ion of

the West fberian Passive Cootinental Margin io

Treroolieree P. - Les oêcanisrûeg de déformation
à.1téchel le d?un bassin.  1o be publ ished.

Tucholke 8.8. ,  l4ountaia G.S. -  L i thologic corre-
lation and significance of major seimic te-
flectorE in the Westerlt Nolth Atlantic. I&-
2d Ewing M. Menorial Slmposir:m. March 19-25-
1 9 7 8 , 1 9 7 8 .

Van Andel  T.8. ,  Thiede J. ,  Sclater  J.G. '  Hay I , I .W.
Depositional history of the South AËlaotic
ocean dur ing the last  125 oi l l ioa years.  J.  of

@19g,,  vol .  85 no 6 Nov.  77 p.  651-699, 1977.
Van Hinte J.E.  -  A Cretaceous l iue Scale.  Am. Ass.

Pe t r .  Geo1 .  8u11 . ,  60 ,  4 ,  498 -516 ,  1976 - -

Vening-Meinesz F.A. - Les "graben" africains,
résultats de coupression ou de tension daas la
croûte Ëerrestre.  8u11. Inst .  R.  Coloaia l  Be1ge,
2 t  :  539 -552 ,  1950 -

I{al.cott R"I. - Flexural rigiility, thickness and
viscosity of the lithosphere - J. Geophys.
Research,  75,  10,  3941'3954, 1970.

I{alcott R.I. - Gravity flexute and the growttr of
sedinentary basins at a conticental edge. -

Bu! .1.  geol .  Soc.  Amer. ,  83,  6,  1845-1848, 1972.

Watts A.B" and Ryan W.B.F. - Flexure of the litho-
sphere and continental nargins basins. Tectono-
phvsics no 36 p.  25-44,  1975.

Willians C.A. - Sea-floor spreading in the Bay of
Biscay and its relationship to the North Atlantic.
Earth Planet .  Sci .  Let ters,  24,  440-456, 1975.

Winnoek E. - Gêol.ogie succincte du Bassin d'Aqui-

ta ine (contr ibut ion à l rh isto i re du Gol fe de

Gascogne). In l t is to i re Strueturale du Gol fe de

Gascogne ,  l echn ip ,  Pa r i s ,  IV ,  I ,  l - 30 '  1971 .

the fraoework of the early evolution of the North

Àtlântic ocean - Iû Itritial Reports of çhe DeeP

Sea Dr i l l ine Proiect .  volume 478 -  WashingtoÛ
(U.S. GovernmenË Pr int iûg of f ice) '  : .n Press.

Si te chapter 398 -

Site chapÈers 400, 40t '  402 - In Init ial  RePorts
of the Deep Sea Dri l l ing Proieçt ' .volt jgg.48 -

@ot ?rinting office)
in press.

Sleep N.It. - Ihernal effects of the fotmation of
Atlantic Continental Margins by continental
break-up. Geophvs. J.R. Astron. Soc., 24' 325;
3 5 0 ,  t 9 7 1 .

Sleep N.H. - Crustal Thinning on AtlanÈic Conti-
nental Margings : evidence froo older oargins.
- In : Tarling D.It. & Runcorn S.K. (eds) :
Inolication of Continental Drift co the Earth

t  gzs .
s1"6 N.E and SnelL N.s. - Theroal Contraction

and flexure of Mid-Continen! and Aclantic rnargi-

nal  basins.  -  GeophYs. J.R.  AsÈron.  Soc. ,  45 '

1 2 5 - 1 4 3 , 1 9 7 6 .
Str ide A. l { . ,  Curray J.R.,  Moore D.G. and Belderson

R.If. - Marine geology of the Atlantic Continen-
ta l  nargin of  Europe, Phi1.  Trans.  Roy.  Soc.
(London) A264 31, 1969.

186 MONTADERT

264



TECTONTCS, VoL.  5,  N0.  7,  PAGES 1125-1143,  DECEMBER 1986

ÎECTONIC IMPLICATIONS OF CANYON DIRECTIONS
OVER T}IE NORTHEAST ATLANTIC CONTINENTAL
},IARGIN

I
Serge La l lemand-

LaboraEoire de Géodynamique, Département
d e s  S c i e n c e s  d e  I a  T e r r e .  U n i v e r s i u é
d '0 r Iéans  I  F rance

Jean-Claude Sibuet

DéparËenenË des  Géosc iences  Mar ioes ,
LFREMER, CenËre de Brest, France

Abstract. The basis of Èhis st,udy is a
newlâElilnetric nap of t,he northeast AE-
lantic cornpi led from previ.ously publ ished
naps nade fron conventional echosounder
data, plus al l  Sea Bearo data acqulred on
board the R/V JEAII CHARCOT since 1977. As
most of Ehe Sea Bean daËa have been ob-
taioed on the contlnental margin frou
Porcuplne Seablght to the south of the
Iber lan  Pen insu la ,  a  p ree ise  p ic tu re  o f
Ehe cont, iûenea1 slope is given. A stat is-
t ical analysis of Èhe canyons, based on
750 neasuretrenÈs, reveals that oany of the
canyons presenÈ sharp changes in Èheir
dtrect ion, indicating a sLruct,ural cooLrol
uainly l inked to che late Hercyniao
trends, especlal ly around Ehe lberian
Peninsula. l levertheless, the paths of
canyons may nerely ref lect recent gravity
processes ,  as  ln  the  Porcup ine  Seab igh t .
Canyons local ly fo11ow the direct ions of
l l s t r i c  and assoc ia ted  t ransec t iûg  fau lÈs
(Perralan to Trf_assic and upper Jurassic Èo
lower  Cre laceous) ,  as  on  the  Ce l t l c

raargin, and every type of tectonLc l i .nea-
ment--for exampLe, the I ' lorth Pyrenean
Paleogene Lhrust fronE which fr lnges che

Gouf of Cap BreEon. A coraparison of dia-
grams for the northern and southern Bay of
Biscay uargin (especial ly Erends predating
the openirg) is conpatible wlch a 25o
roËat ion  o f  lber ia  v l th  respec t  to  Europe.

INTRODUCTION

Rel iab le  ba thyuet r i c  naps  o f  the
norÈheast AElantic Ocean have been
ava i lab le  s ince  che ear ly  l96os .  The
conÈinenca l  narg ins ,  la rge ly  cu t  by  down
sJ .ope canyonsr  were  sys tenat ica l l y
surveyed by Berthois, who inplenenced
Èrack l ines  in  a  d i rec t ion  gara l le l  to  Èhe
cont inenta l  oarg in  t rends  L" .9 . '  Ber tho is
a n d  B r e n o t ,  1 9 6 0 ,  1 9 6 4 ;  B e r t h o i s  e t  a l " ,
1968]. Ttren an exhaustive coopilat ion of
conventional data in the northeast
At lan t ic  was  done by  Laughton  ec  a l .

[ ISZS] .  Ten years  a f te r ,  con t inenta l
nargins from the Porcupine Seabight to
Gibralcar were largely surveyed by the
Ins t i tu te  o f  oceanograph ic  Sc iences  ( I0S)

us ing  the  GLORIA Mark  I I  L " .9 . '  K idd  and
Rober ts ,  19821,  a  dua l -scad sonar  Ëo\ ted  a t
shal low depths with a maximtrn scanning
ranee of 3O lq! on each side of lhe f ish
cr"Jk fsor"rs et al.  ,  1978] and by che R//V
JEÆ,I CITARCOT equipped wich a raultibeara
echo sounder fRenard and Allenou, 1979]
since 1977. Both Sea Beæ and GLORIA are

lNor .a Ecole Norrnale Supérieure,
Département  de Géologie,  Par is .
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too ls  wh ich  prov ide  prec ise  in fomat ion  on
morphologic Èrends. lwency Sea Beam
cru ises  or  t rans i ts  have been car r ied
out ,  ma in ly  on  conÈinenta l  narg ins ,  wt r i ch
a l low us  Èo produce a  new deca i led
bathynetr ic rn-ap (r late 1) f lal  lenand et
a l . ,  1 9 8 5  a , b - [ .  M o s c  o f  t h e  S e a  B e a r n  d a t a
have been acqu i red  a long che cont inenEa l
narg ins  (P la te  2 ) ,  wh ich  prov ides  a  fa i r l y
good picture of lhe norphology of Ehe
nor theasE AElanEic  cont inenËa l  marg ins ,
espec ia l l y  a long the  s lopes .  Many o f  rhe
canyons c ross  lhe  narg ins  ob l ique ly  and
present  sharp  changes in  the i r  d i rec t ions .
This indicales thaË Ehe canyon Èrends are
not  on ly  concro l led  by  grav i ty  Processesr
but  they  are  a lso  la rge ly  ia f luenced by
È h e  s t r u c t u r a l  P a t t e r n  L " . g . r  B o i l l o Ë  e È
a I . ,  1 9 7 4 ;  K e n y o n  e L ,  a l . '  1 9 7 8 ;  S i b u e Ë  a n d
Berthois ,  L979). We propose to perfort a
s t a t i s t i c a l  s c u d y  o f  t h e  d i r e c È i o n  o f
canyons and Ëo cor re laËe these d i rec t ions
with che slructural pattern known on land
and on  Ehe conËinenEal .  she l f .

GEOLOGICAL EVOLUTION OF THE
NORTIT ATLANTIC OCEAN

Tensional episodes occured frora Permian
to  L ias  in  the  areas  o f  the  fu tu re  p laEe

boundaries beEneen Europe, North Anerica,
and lberia. The conÈinetEal crusl I tas
Ëhinned, sometimes with foraation of very

l in iced  amounË o f  ocean ic  c rus t  fe .g . t
Foucher  e t  a l . ,  19821,  buÈ the  compleEe
sÈruccura l  ouÈl ine  o f  a l l  conÈinenta l
marg ins  o f  the  nor theasc  At lan t ie .ocean
was mainly acquired during the lace
Jurass ic -Lar ly  c re taceous phase o f  r i f t ing
wt r ich  occured s inu lcaneous ly  * i th  t t re
open ing  o f  the  cent ra l  A t lan l i c  0cean.

l tre oldest nagneEic anooalies
ident i f ied  in  the  nor thees t  AËlan t ic  Ocean
are  M0 ( la te  Apt ian)  wesc  o f  Ga l ic ia  Bank
aod 34 (upper Sanconian) io the Bay of
B iscay  and west  o f  che  Br i t i sh  Is les

fs ibueË and Ryan,  1979;  Guennoc e t  a l . ,

I g z g ,  1 9 7 9 1  ( F i g u r e  l ) .  N e v e r t h e l e s s ,
ocean ic  c r -us t  s t i l l  ex is ts  beEween Ehe
oldesË identi f ied rnagnetic anomalies and
Ehe continenc-ocean boundary. From
dr i l l i ng  resu lLs  the  f i rs t  appearance o f
oceanic crusÈ has been dated lower Albian
aÈ Goban Spur  f t {asson e t  a l . ,  f984 ] ,  ear ly
Albian near Ehe Meriadzek terrace in the
nor thern  Bay  o f  E iscay  fMontadet t  eË a l . '

l 9 7 9 a , b ;  P a s t o u r e t  e t  a I . r  l 2 8 l l  a û d  l a c e
Aoc ian  wesÈ o f  Ga l ic ia  Baok I  S ibueE and
Ryan,. L97g1 . This indicates fhat che

La l lemand and S ibueE:  Tec ton ic  Iup l iea t ions  o f  Canyon D i rec t ions

in i t ia l  emplacemenE o f  ocean ic  c rus t
propagated  f rom souËh Èo nor th .

The fornation of the Bay of Biscay
resu l ts  f rom the  ro te t ion  o f  lber ia  w i th
respec t  to  Europe_around a  po le  loca ted  in
southwesc  Europe LLg P ichon ec  41 . ,  l97 l ;
O l i v e t  e t  4 1 . ,  1 9 8 4 1  f r o r a  l a t e
Jurass ic -ear ly  Cre tâceous to  the  t ine  o f
anom-aly 33 (Caopanian) fSibuet and Ryan,
19791 or during Èhe CreEaceous QuieÈ
Magnetic Zone (Albian to SaûÈonian) for
O l i v e t  e c  a l .  L 1 9 8 4 1 .  N o  c o n c l u s i v e
evidence from laod geology in Ehe Pyrénées
and Aquitaine Basin al lows us to
d iecr i ro ina le  beLween these two hypotheses .
Simultaneouslyr Ëhe North Atlantic opening
was going on. From late Cretaceous to laÈe
Eocene,  the  compress ive  Bovements  resu lced
in the upl i f t  of Pyrénées and Èhe
forraation of che North Spanish subducËion
zone wiEh a paroxysmal phase dur. ing Eocene

Ls ibuet  and Ig  P ichon,  1971;  Le  P ichon and
S i b u e t ,  1 9 7 l a J .

MAIN PHYSIOCRAPIIIC PROVINCES
ON CONTINENTAL MARGINS

the nor theasË AÈlanÈic  cont inenÈa l
oarg ins  can be  d iv ided in to  s ix  ma in
domains (Figure 1) on the basis of the
fo l low iog  c r icer ia :  ( l )  genera l  t rend o f
the  narg in ;  (2 )  s t ruc tu ra l  and k inenat ic
arguments ;  and (3 )  o r ien ta t ion  o f  canyoos.

The presence o f  spec i f i c  t rends
farni l ies of canyons al lows us to
d is t ingu ish  severa l  subzones in  a reas  2 ,
3 ,  5 ,  a n d  6 .

Area l .  The Goban Spur continental
narff i l r iented N33o', was formed in
lower Cretaceous during Èhe separation of
Europe and-north Anerica along a N7O'
d i r e c t i o n  f t { a s s o n  e È  4 1 . ,  1 9 8 4 i  S i b u e t  e c
a l . ,  1 9 8 4 a ' b l .

Area  2 .  The Ce lÈ ic  cont inenta l
narf ln, oriented approximately Nl lo' ,
resulted fron Ehe souÈheastrtard movement
o f  lber ia  w i th  respec t  co  Euras ia  in  lower
C r e È a c e o u s  [ " . g . ,  t e  P i c h o a  e Ë  a l . ,  l 9 7 f ] .

Area 3. The Armorican continenlal
narff i lor iented Nl35',  was also formed
dur ing  Ehe rocae ion  o f  lber ia  bu t
cor respoods Eo a  sheared cont inenta l
narg in  l -Le  f i chon ec  a l . ,  19711.  I t
p resents  a  nar rower  cooÈinenta l  s lope than
che Ce l t i c  narg in .

Area 4. The Landes Plateau is
bouiGi-to Ehe north and souÈh by Èhe Cap
FerreÈ Caoyon and the Gouf of Cap Bretont
respec t ive ly ,  wh ich  are  bo th  o r ien ted
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NIOO', and Ëo Ëhe west by Ëhe Santander
Canyon nrtrich is roughly north-souÈh in
t rend.

Area 5. The North Soanish
conETinetrcal nargin is t tre counÈerpart of

Ëhe Celtic oargin buÈ was largely
tectonized during Èhe lower Tertiary
compressive phase (100- i50 kro of
anplitude) wtrich gave rise to the
formaËion of the North Spanish marginal
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Fig.  l .  S inpl i f ied sÈruccural  nap of  the norÈheast  AclanËic region.  The nain
physiographic provinces of the continental nargin and the locacion of canyons
and Ëheir tributaries used in this study are shown. rdentif ied dragneËic
anomalies from Guennoc et al. ItSZe, L9791, l, North lberia Paleogene
thrusting front; 2, Late l lercynian faults [Parga, 1969; Arthaud and Matte,
1975;  Pegrun and Mounteney,  1978;  Montadert  et  aL. ,  L979a;  Sibuet  et  a l . ,
1948b I  .
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METHODOLOGY

Most  o f  che  tec ton ic  l ines
'appeared 

during Èhe formation
conEinenlal nargins rePresenc

t rough fSiUuec and Le Pichon,  1971;  Sibuec
e t  a l .  I  l 9 7 U  "

Area 6. ttre l lesÈ lberian continental
narffi ich is roughly orienced
north-souEh presenÈs r in its northern
portioor a large promontory named Galicia
Bank (subarea 6a) that is separaËed from
the coot inenËal  shel f  by Ëhe InÈer ior
Basin fi l- led up with sedinents l-Auzende eÈ
a l .  ,  1 9 7 9 1 .

erosional guides for incipient channels
and canyons.  Never the less ,  espec ia l l . y
during the Pl io-Ouaternary periodt
inportant sedimenEary gravity Processes r
occured along Èhe major gradienc of
s lopes ,  g iv ing  r i se  Èo canyons or ien ted
perpendicularly to the nargin. A
s ta t i s t i ca l  ana lys is  o f  the  or ienÈat ion  o f
the canyons was undertaken in order Èo
discrioinate between tectonic aod gravity

direct ions and to coopare these tecLooic
lrends with onland and offshore scructural
t rends .

Seven hundred and f i f ty rneasurements of
which orientat ion and lengËh of segmenls of
of the canyon axes have been made along the whole
pre feren l ia l  conc ine t ta l  marg in .  Accuracy  o f

Lal lemand and SibueÊ: Tectonic Inpl icat ions of Canyon DirecÈions

go4o'

Fig.  2.  Stra ight  l ineg corresponding to l inear  segmenÈs of  the shærock

""i"on 
axis anà iUs tributa.i.s s,tpeiinposed on Chà Sea Beæ nap fPastouret

eÈ ;1. ,  1982]  located ae box A on Figure 1.  Depths are in  uncorrected l leEerg
(1500 n/s)"  lsobach sPacing 2O rn.

go2o'

8040 g-o2o'
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D i r e c t i o n s  o f  c o n y o n s  ( i n  d è g r e e s )

P o r c u p i n e  S e o b i g h t  o n d  G o b o n  S p u r
con t i nen lo l  morg in  (82vo lues )

Fig .  3 .  D iagrao o f  normal ized  number  o f  events  as  a  func t ion  o f  Ehe
d i rec t ion  o f  canyons,  fo r  a rea  1  de f ined in  F igure  1 .

A r e o  ' l  :

rrteasuremenÈs is about 3'  for the
orienÉation and about 2 kn for the lengÈh
of  segmenÈs.  Genera l l y ,  th is  p rec is ion  is
beÈËer wtren measuremenËs have been carr ied
ouc  on  Sea Beao ba thyneÈr ic  maps.  I f  the
canyon is sinuous, we divide i t .  into short
segmencs taking into accounË the
sur round ing  morpho log ica l  d i recc ions  i f
necessary" Thus each measurement
corresponds to a port ion of canyon and noE
to  the  enÈi re  caoyon (see Ehe exanp le  o f
the Shamrock canyon, Figure 2). Data have
been norrnal ized as fol lows in order Èo
compare then beËween areas.

I f  L i  i s  the  cumulaË ive  lengEh o f
canyons fo l low ing  the  i  d i rec t ion
(expressed in  degrees  f ron  -89 '  to  +90 ' )

+90
in  an  area ,  F i  =  (a i  1  2  L i )  x  100

i : -89

Fi being Ehe frequency of cunulated length
o f  canyons fo l low ing  Èhe i  d i rec t ion .

1  1 2 Q

Curves have been then snooChed using
nob i le  averag ing  over  7 ' .

Resu l ts  appear  in  a  sec  o f  s ix  d iagraurs
( F i g u r e s  3 , 5 , 8 , 9 r  l O r  a n d  1 l )  s h o w i n g
the  d is t r ibu t ion  o f  canyons fo r  each o f
Lhe s ix  a reas .  Super inposed on  the  curves
are  Ëhe d i rec t ions  o f  on land s t ruc tu ra l
Èrends l ikely Eo extend offshore and
grav i ta t iona l  d i rec t ions  perpend icu la r  Èo
t h e  l o e a l  c r e n d  o f  c o n t i n e n c a l  s l o p e s .  F o r
example ,  i f  the  t rend o f  the  conÈineoEal
s l . o p e  i s  N l 2 0 ' + 1 9 ' ,  t h e  g r a v i t y
d i rece ion  o f  the  main  canyons wou ld  be
N 3 O ' + t g ' .

DISCUSSION OF RESULTS

Area 1: Porcupine and Goban Spur Margins

o
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E
3
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E
q,
N

=
È
o
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o
N S

-90
E W

' the 
presence of channels on the easËern

s lope o f  Èhe Porcup ine  Seab igh t  was  f i rs t
suggesEed by  Ber tho is  and BrenoE L i960 l
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1 130

r i f t ing  phase.

and then confirnçd by the sid-e-scan sonar
survey  o f  Kenyon ec  a l .  [19781.  the
systenr roughly E-laI orienEed, was named
the Golluo Channel system and corresponds
to Ëhe oaio concribution Èo Figure 3.
Inasmuch as numerous slr.rnp folds are
observed in  the  v ic in i ty  o f  these channe ls
(N.It .  Kenyon, personal comrunication,
1985) and as the heads of canyons are _
oa in ly  o r ienÈed perpend icu la r ly  Èo the
subc i rcu la r  shape o f  the  upper  s lope (see

the  main  peak  on  F igure  3) ,  these t rends

Lallenand and Sibuet: Tectonic Inpl ieations of Canyon Direcci,ons

.l30 120 l l o

i|+e'
Fig.  4.  BarhyoeÈr ic  nap of  che Goban Spur conËinenta i  narg in fSiUuet  et  a l . ,

.1984a, b] escablished frorn Sea Beau, conventional and unpublished GLORIA data
and localed as box B in Figure 1. DepÈhs are in uncorrecCed neters (1500

u/s) .  Conrour  spacing every IOO m. Ipcat ions of  DSDP leg 8O dr i l l ing s ices.
are shown. The JEAI{ CIIARCOT escarpEent aud Èhe Goban faulÈ are late Hercynian
features orienced N7O' and reactivated during Ehe lower CreÈaceous rift ing
phase. Betneen Èhese cwo features, the NNI,ù-SSE trendiog Pendragon escerpment
and another parallel escarpEeot on ntrich DSDP site 551 is located correspond
to Èhe cresL and oceanward s ide of  Èi t ted faul t  b lock creêCed dur ing the

are  l i ke ly  c lose  to  g rav i ty  d i rec t ions  and

do no t  l ruggesc  any  tec ton ic  cont ro l .
On che Goban Spur conËinental nargin

(Figure 4), the NW-SE trending Pendragon
Escarpmenc and another paral lel escarPtenË
locaEed 35 kn southwestward correspood to

Èhe fau lË  p lanes  wt r i ch  l in i t  Èhe È i l ted
fau l t  b locks .  They  are  o f fseE or
inÈerrupced by ENE-I{SW Ërending faults
such as the Goban faulc and the, JEAI{
CIIARCoT escarpDen! fSiU,ret et al. ,  1984b].
Nevertheless, as almosÈ no canyon exists

'13 0 1Zo
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Plate l. BathyE€tric nsp of the north€s8t Atlantic. MercaÈor projection (t{.c.S, 72 ell. ipsold). Contour epacing 2OO 6 flall4ând
G È  r l . r  l 9 8 5 b J ,
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La l lemand and S ibuet :  TecEon ic  l rnp l i ca t ions  o f Canyon Directions

Grov  i t y
D i  re ct ions
t-t

. L d t G  H e r c y n i o n  t r g n d s  ( Z b , Z c l

( ino lud ing  l ronsec t ing  fou  l t s  )

0 3 0 6 0
N S

c o n y o n s  ( i n  d e g r e e s )

A r e o  2 :  C e l t i c  c o n t i n e n t o l  m 0 r g i n  ( 2 1 3  v o l u e s )

Fig .  5 .  D iagrarn  o f  normal ized  number  o f  events  as  a  func t ion  o f  the
d i rec l ion  o f  canyons fo r  a rea  2  de f ined in  F igure  1 .

-30

D i r e c t i o n s  o f

a long Eh is  marg in  (F igure  /1 ) ,  Ëhere  is  no
cont r ibu t ion  Èo the  d iagram o f  these
Caledonian or lace l{ercynian tecÈonic
crends  reac t iva ted  dur ing  Èhe la te
Jurass ic -ear ly  Cre taceous r i f t ing  phase.

Area 2 :  Ce l t i c  Marg in

Subzone 2a  represents  the  connect ion
beÈween Lhe Goban Spur  and Ce l t i c  marg ins
and is  marked by  severa l  topograph ic
feaÈures  such as  Gran i te  C l i f f ,  Menez
Braz ,  Menez B ihan,  and Auste l l  Spur ,
separaLed by large NW to Nl,{t{  trending
canyons (P laces  I  and 2  and F igure  4) .
Three peaks  a t  -15 ' ,  -25 ' ,  and -5O'  appear
in  F igure  5  (Subzone 2a) .  For  bo th  the
Goban Spur nargin and lhe Ëransicion zone
2a,  the  Erends  o f  the  l i s t r ie  fau lcs  a long
wt r ich  Èhe t i l ted  b locks  g l ide  are  or ienced
- 2 5 '  ( e . g . r  t h e  P e n d r a g o n  E s c a r p û r e n È r
F igure  ! )  and fo l low Èhe sÈr ike  o f  lhe
narg in  LMonÈader t  ec  a l . ,  L979a i  S ibuet  eE
a l . ,  l 9 8 4 b l .  I h e  - 5 0 '  d i r e c t i o n  i s  r n a i n l y

I  I J J

due to  the  cont r ibu t ion  o f  the  WhiÈtard
canyon and i t s  t r ibu tar ies  . (P laces  I  and 2
and F igure  1) .  Th is  canyon coot inuous ly
changes o f  d i rec t ioû  f rom 6O'  in  i t s  upper
porg ion  to  -45 '  a long i t s  ma in  course  and
cuts  .Ehe Ter t ia ry  sed inentary  cover .

Subzone 2b presencs large topographic
feaLures  such as  the  Mer iadzek  cerace,
the Trevelyan escarpmenËr and lhe Shanrock
canyon.  Subzone 2c  has  the  sa$e regu la r
s lope as  lhe  Arnor ican  marg in  (subzone

3 a ) ,  b u t  i t s  g e n e r a l  d i r e c t i o n  i s  c l e a r l y
l inked to  tha t  o f  che  Ce lE ic  rnarg in .
Figure 5 showe Ehat Che main peaks occur
from -5' to 4O' and from 45' to 65' for
boËh subzones 2b  and 2c .  These peaks  are
l inked Ëo the direct ions of late t lercynian
fau l ts  in  Br i t tany  and on  the  coot inen ia l
shelf,  direct ions wtr ich vary fron NNE-SSW
to E-W in azimuth. The najor peak at N2O'
cor responds Èo the  grav i ty  t rends  bu t  a lso
Èo Ehe d i rec t ion  o f  ËrangecÈing  fau l ts
located in the Meriadzek area by Montadert
e t  a l .  [ tSZf " ]  and reacËivaced àur ing  rhe
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CELTIC MARGIN
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I  1 3 4

47?
50'

lower Cretaceous r i f t ing phase. Figure 6

displays the Sea Bearn baËhynetry of Èhe

upper  par t  o f  the  Ce lÈ ie  uarg in  (subzone

2c) .  The genera l  N2O'  o r ien taÈ ion  o f  Èhe

nunerous  canyons i l lusEre te  Ehat  i t  i s  a

major  coot r ibu t ion  to  F igure  5 .
Never the less ,  the  degree o f  downcuÈt ing

and the path of canyons also depend of the

l i thology as iÈ was demonstrated for the

Shamrock canyon notching the chalk and

calcareous marl and changing of direct ions

in  the  v ic in i ty  o f  hors ts  l -Auzende eE a l . t

1 9 8 1 ;  P a s t o u r e c  e t  a l . '  1 9 8 2 J  ( F i g u r e  2 ) .

Our  conc lus ion  is  thaË in  any  caser  even

i f  g rav icy  p rocesses  ex isË,  as  shown by

the presence of the N25' Peak, Ëhe
structuraL concrol remains for Èhe najor

Fig.  6.  sea Beam bathyneÈr ic  map of  the eastern par t  of  the cel t ic  narg in

loàared as box C in F i lure l .  Depche are in  uncorrected meters (1500 n/s) .

Isobach spacing is 100 rn. NoÈe the N2o'-30' general Erend of canyons

corresponding Ëo Ehe nain peak in Figure 5.

Lall .eoand and sibueÈ: Tectonic Inpl icat ions of canyon Directions

7040'

7040 7020

canyoas such as Ehe Shamrock canyon which

is  c lear ly  ob l ique (N8o ' )  to  Èhe s lope
Èrend and presents sharp changes in
direct ions wtr ich are conpaEible with Èhe

Ia te  t le rcyn ian  t rends .

Area 3: Arsrorican Margin

In  conËrasE w i th  the  Ce lc ic  uarg in r  Èhe

Arnorican margin is a l inearr narrolt l
sceep uarg in  o r ienÈed N l35 '  wh ich  fo l lows
che ear ly  Crecaceous t raos foru  d i rec t ion

of  open ing  o f  Èhe Bay o f  B iscay  Le .g . '  Lg

P i c h o n  e È  a I . r  1 9 7 1 ;  O l i v e t  e E  a l . '  1 9 8 4 1 .
the  overa l l  dendr i t i c  canyon PaÈtern  is

due Lo the numerous secondary val leys and

s ide-gu l leys  as  ev idenced on  the  de ta i led

7 o
o '40

7o

30'

8000
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ARMORICAN MARGIN

, r ' € L
v

Sea Beam bathymeËric uap of Figure 7. The
canyon axes Èhemselves change from sinuous

-to sÈraight and present freguent sharp
uurns  (F igures  1  and 7) .  F igure  I  shows
thac Ehe direct ions of canyons vary from
N-S to NIOO', with a najor peak which
cor responds Èo the  genera l  g rav iÈy  ! rend
belween N4O' and N5O' for subzone 3a and
becsreen N-S and N3O' for subzone 3b. 0n
the  cont inenta l  she l f r  nosÈ o f  the  fau lÈs
are  or ieoced N55 '  Èo N65 '  (F igure  l ) .  T t rey
are  con jugated  fau lËs  o f  Ehe la rge  shear
sysÈeE wtrich affects the Hercynian
basemenc o f  the  Armor ican rnass i f .  the i r
o r iencat ions  cor respond to  the  na jo r  N55 '
to N65' peak appearing on the diagran
( s u b z o n e  3 a ) .

Fig. 7. Sea Eean baLhyu.etr ic map of a porÈion of lhe Armorican uargin
locaÈed as  box  D in  F igure  1  fPas toureÈ,  t984] .  Depths  are  in  uncor iec ted
meÈers  ( l5OO n /s ) .  I sobath  spac ing  is  IOO n .  The caoyon pa tËerû  is  charac le -
r i zed  by  numerous  t r ibuEar ies . '

-: 
i'r'(r

4000

Area 4: Landes Plateau

In the souËheest corner of Che Bay of
B iscay ,  the  Laodes P la teau l ies  on  Ehe
pro longat ion  o f  the  Aqu ica ine  bas in  and
can be  cons idered as  a  p rograd ing  Ter l ia ry
sCructure over a prodonÈary ÈhaË includes
Triassic Ëo Mesozoîc Èerranes fValéry ec
a l  .  , -  l97 l  , '  Derégnaucour t  and Bo i  l  lo t  ,
t9821.  IC  is  l in i ted  to  Ehe norEh and
south by Ëhe Cap FerreE canyon and Èhe
Gouf of Cap Brecon respectively. Both show
a sËruc tura l  con t ro l :  the  Gap Fer re t
canyon fol lowing normal faults reacËivated
during lert iaqy fDerégnaucourt and
Bo i l lo t ,  1982- l  cor responds to  Ehe
exÈens ion  o f  the  on land ParenËis  bas in

,4"""

/.+
+ /

*oo

N- Î-,
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1136 La l leoand and s ibuet :  TecEon ic  Inp l iea t ions  o f  canyon D i rec t ions

Con jugot€d  sys tem
of  lhe  no in  sheor  fou l l s
o f  the  Armor icon Moss i f

t-l

tl,

c
c,

o)

o

(D
-cl 1

F

E
q,

o
z

N S

of  conyons  (  i n  deg rees  )

con i i nen to l  m  o rg in  ( . | 29  vo lues )

Fig. 8. Diagrao of normalized number of events as a function of Èhe

d i rec t ion  o f  canyons,  fo r  a rea  3  de f ined in  F igure  I .

D i  rect ions

A r e o  3 :  A r m o r i c d n

and Ëhe Gouf of Cap BreEon fr inges the

fronË of Ehe NorËh Pyrenean Paleogene

rhrus t  [no i t to t  e t  a i .  ,  Ig7q .  T t rese

feacureJ correspond t,o the main peaks

wtrich appear beÈween N7O' and Nll0'  on the

diaggan (Figure 9). The NW-SE lower
Cre taceous dex t ra l  fau lÈs ,  loca ted  on  tbe
p la teau i t se l f  and south  o f  i t  (such as

the Bitbao fault  trending NW-SE from

Bi lbao)  l -Derégnaucour t  and Bo i l lo t ,

1982], wàre reactivated during lhe lower
Tert iary Pyrenean phase of compression and

may have control led Èhe canyon pactern

correspondiog to lhe -40' peak of l igure
o

Area 5: North SPanish Margin

Ttre North Spanish nargin, which
consists of a narrow shelf (30-4O krn) and

e  s È e e p  s l o p e  ( 1 7 ' )  r i s i n g  d i r e c t l y  f r o n

Ehe Bay o f  B iscay ,  was  la rge ly  lecËon ized
during Ëhe laÈe Cretaceous Ëo late Eocene
phase o f  compress ion  resu l t ing  in  the
forraÈion of the North Spanish narginal
t rough presenËly  f i l l ed  up  w i th  sed imenÈs

fs ibuet  and Le  P ichon,  I97 l ;  S ibuet  e t

â f . ,  f g Z f ;  L e  P i c h o n  a n d  S i b u e È ,  1 9 7 1 a ] .
The B i lbao fau l t  and i t s  Poss ib le
exeension offshore l ini t  the Ëwo domains
(subzones 5a and 5b) of the North Spanish
cont ioenta l  marg in ,  charac ter ized  by  an
oceanic subducEion Èo Lhe l test and a
conÈinenÈal  co l l i s ion  r r i ch  two
over th rusE ing  f ronÈs- to  the  eas t  fBo l t fo t
and Capdev i l la ,  1977.1 .

Subzone 5a  inc ludes  t r ibu tar iee  o f  the
souÈhern f lank of the Gouf of Cap Breton.
The nain peaks occuring beÈween -40' and
-30' and bet,r leen o' and-30' (Figure l0)
are  l inked lo  the  presence o f  ear ly
Cre taceous ané ear ly  Ter t ia ry  Èec ton ic
features fGroope Cybère, f984] but also to
gravity processes for t tre second. family of
caryon trendg.

WiÈhin subzone 5b, the North Spanish
nargin is global ly oriented E-W, and no
najor peak eorrespoods to the gravity
d i rec t ions .  Th is  a rea  d isp lays  a  b road
var iecy  o f ' canyon Ërends  (F igure  lo ) .

Fron the Cybère diving cruise,
performed in 1982 on che western parÈ of
the North Spanish margin, f ive principal

N .o ( ro3v. )
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.La l lenand and Sibuet :  lecEon ic  l rnp l i ca t ions  o f  Canyoo D i recË ions

Di rec t ion  o f  the  Nor lh  Pyreneon Po leogene lh rus f
o n d  T e r l i o r y  n o r m o l  f o u l t s  ( c f .  P c r e n l i s  B o s i n )

L o w e r  C r e t .  d e x l r o l  f o u l l s

!  1 9 .
t  ion

' t 1 3 7

of  Parga
CenozoTc

Area 6: I{est tberian Margin .

Ihe wes! Iberian nargin can be
coos idered as  two conËras t ing
phys iograph ic  p rov inces  d iv ided a t  40 'N.
NorEh o f  th is  la t i tude  l ies  a  la rge
cont inenta l  p laÈeau wh ich  inc ludes  Èhe
G a l i c i a  b a n k  s e n s u s - s È r i c Ë o ,  b u t  a l s o
severa l  o ther  seamounts  such a6  V igo ,
PorÈo, and Vasco da Gana wtrich nay
represenCs hors ts  fo rmed dur ing  Ehe ear ly
crecaceous r i f t ing episode fAuzend-e et
a l  .  ,  1979 i  l . lon tader t  eL  a l  .  ,  L979af  .

0 n  È h e  G a l i c i a  b a n k  s . s .  L h e  m a j o r
d i rec t ions  o f  fau lÈs  a t  -30 '  ,  20 '  ,  and 5O'

fGr i rnaud,  l98 I ]  cor respond co  che lace
H e r c y n i a n  d i r e c E i o n s  ( F i g u r e  1 l ) .  O n  t h e
souchern  ?or tuguese marg in ,  Mougenoc eE
a l .  [ 1 9 7 9 1  a n d  S i b u e È  e E  a l .  1 1 9 8 6 l  h a v e
shown Ehat Èhe late Hercynian fracture

o 2
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N S

D i r e c t i o n s  o f  c o n y o n s  ( i n  d e g r e e s )

A r e o  4 : L o n d e s  p l o t e o u ( 4 ]  v o l u e s )

Diagran o f  nor rna l i zed  nunber  o f  events  as  a  func t ioo  o f  che  d i rec-
canyons,  fo r  a rea  4  de f ined in  F igure  1 .

90
EW

-90
E W

[tSOSl react ivated dur ine
t-iure fnoi t loc eE at . , t l i  +1.

d i recÈ ions  o f  f raccur ing  were  observed in
t h e  M e s o z o t c  È e r r a n e s :  O ' ,  2 0 ' ,  5 0 '  t o
70 ' ,_9o '  and -50 '  to  -60 '  

fGro , tpe  Cybère ,
19841.  D i rec t ions  o f  f rac tu re  observed in
Èhe Eocene cerranes are O" 50" 9o' aud
-60 ' .  As  boËh seÈs o f  d i rec t ions  are
s i n i l a r  ( e x c e p t  N 2 O ' ) r  t h i s  s u g g e s c s  È h a c
Èhe sarne net of fracturing eas reacËivated
dur ing  the  Eocene compress ive  phase.  The
2o ' ,  50 '  to  70 '  ,  and -50 '  to  -60 '

d i recÈ ions  are  para l le l  to  chose measured
in  the  Mesozo lc  basement  o f  Ga l ic ia  and
atEributed Eo the l lercynian and laCe
Hercynian Lectonics l-Parga, 1969; ArEhaud
and Mat te ,  L975J .  Consequent ly ,  i !  seems
Èhac che formation of the nargin and che
succeed ing  Terc ia ry  de fornaËion  na in ly
occur  a long_prev ious  f rac tu res  in  E .he
s u b s c r a È u m  l _ ! o i 1 l o c  e t  a l . ,  L 9 7 4 ;  G r o u p e
C y b è r e ,  1 9 8 4 1 .  F i g u r e  l O  c l e a r l y  s h o w s  a l l
these scruc tura l  d i recE ions .  The rna jo r
N6O'  peak  cor responds co  oûe o f  the
wel l -known laEe l le rcyn ian  Èec ton ic  l ines

2 7 7



1  1 3 8 La l lenand and S ibueË:  Tec ton ic  I rnp l i ca t ions  o f Canyon Direccions

L o t e  H e r c y n i o n  d i r e c t i o n g  o n l o n d  (  P o r g o  ' 1 9 6 9 )
r-{ H t-l

S y n  o r  p o s t  E o c e n e  f o u l f i n g  ( 5 b ) '  ( C y b à r c r 1 9 8 4 )

H H H

S y n  o r  p o s t  M c s o z o i c  l o u l l i n g  ( 5 b ) , ( C y b è r e r 1 9 8 4 )

H H I { l - {

C r c t o c o o u s  l o  l o w e r  T e r t i o r y  f o u l t i n g ( 5 o )
l-l t-l

Grovi. ty dlrecf ions

Nlsotts ' .  )

f::---ll sotet '. t

-90 -60 -30 0 30 60
E W  N S

Di rec t ions  o f  conyons (  in  degrees  )

A  r e o  5  :  N o r t h  S p o n i s h  c o n t i n e n t o l  m o r g i n  ( 8 O  v o l u e s )

Fig. 10. Diagrao of normalized nrurber of events as a function of che

d i rec t ion  o f  canyons,  fo r  a rea  5  de f ined in  F igure  1 .
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a  complex  tec ton ic  pa t te ro ,  la rge ly
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in subzones 6a and 6b, while the physio-
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patÈern have been reactivated several
t imes since the f irst Permo-Triassic
tensional episode, along Èhe NE-Sl. l ,
ENE-WSW, and NW-SE s t r i ke-s l ip  d i rec t ione.
Thus the large proroinent Nazaré, Lisboa,
Setubal, and Sao ,Vicente cênyons (subzone

6b)  a re  obv ious ly  cont ro l led  by  Ëhe la te
Hercyn ian  f rac tu re  pa l te rn  L" .g . ,  Bo i l loÈ
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A r e o  5 :  N o r t h  S p o n i s h  c o n t i n e n t o l  m o r g i n .

Fig .  12 .  Cor respondence o f  d iagrarns  o f  Ëhe Ce lÈ ic  and nor th  Span ish  narg ins
based on  a  23 '  roÈat ion  o f  lber ia  w iËh respecu to  Europe in  o rder  Èo
i l lus t ra te  the  na tch  beEween the  la te  l le rcyn ian  f rac tu re  pa t te rns  o f  each
side of Ehe Bay of Biscay. Ihe dark peaks underl ine Ehree nain late Hercynian
s t ruc tura l  d i rec t ions  fo l lowed by  eanyons.
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d i f fe rs  coos iderab ly .  The genera l  N-S
t rend o f  the  narg in  cor responds rough ly  to
E-W grav i ty  d i rec t ions  wh ich  do  no t  come
out  c lear ly  in  che d iagram.  Major  peaks
appear '  be lween -90 '  and -55 ' ,  and 5 '  and
7O'  aad aË -30 ' .  T t rey  cor respond Ëo the
laLe Hercyn ian  and ear ly  Cre taceous seÈ o f
fau lEs  reac t iva ted  dur ing  the  Pos t
È e c t o n i c  p h a s e s  f s i U u e t  e t  a l . ,  f 9 8 6 ] .

ARGI'MENTS IN FAVOR OF A 23. ROTATION
OF IBERIA !{ITH RESPECT TO EUROPE

The cur renÈly  accepted  hypoches is  abouE

che fo rna t ion  o f  lhe  Bay  o f  B iscay  is  Ehe

one in i t ia l l y  p roposed by  Le  P ichon e t  a l .

f r f zo ,  1971] .  S ince  tha t  Ë ime,  severa l
àuchors  havé proposed s l igh t  nod i f i ca t ions
which  concern  the  t in ing ,  the  po le
pos i t ion  or  the  roca t ion  ang l .e  l -e .8 . ,  Le

Pichon and Sibuet, l97lb; Choukroune et
a l . ,  1 9 7 3 ;  O l . i v e l  e È  a l . ,  1 9 8 4 ;  S a v o s c i n
e È  a I . ,  1 9 8 6 1 .  P u b l i s h e d - a n g l e s  o f
roLations vary from 30' [Le Pichon e! al.  I
19711 to Z3' Ï- le Pictron a-nd sibuet,
1 9 7 1 Ë ] .  o l i v e t  e t  e l .  [ t s a + ]  a d o p c e d  a n
ang le 'o f  24 ' .  Va lues  oF t t r iS  ang le  depend
on Ëhe pos i t ion  o f  the  roca t ion  po l .e  bu t
a lso  on  the  cho ice  o f  f i t ced  isobaÈhs or
fea tures .  In  a l l  lhese reconsLruc t ions ,
the  Nor th  Span ish  marg in  was in ie ia l l y
connecËed Ëo lhe  Ce l t i c  narg in .  IÈ  is
tenpting to look at Èhe angular
cor re laÈ ion  be tween l ineaments  p redaËing

the  open ing  o f  Ëhe Bay o f  B iscay :  in  th is

case,  the  la te  l le rcyn ian  f rac tu ra t ion
pa l te rn  even i f  i c  was  reac t iva ted  lacer .

We saw indeed tha t  Èhe geo log ica l  and

ÈecÈon ic  evo lu t ions  o f  boÈh uarg ins  d i f fe r
cons iderab ly  a fcer  lhe i r  c rea t ion  and
separaËionr  espec ia l l y  dur iog  Èhe Eocene
compressive phase wtr ich affecÈed Ehe
souÈhern  marg in .  Consequent lY t
cor re la t ion  beBweeo peaks  must  no t  be  done

on a  c r iÈer ion  o f  anp l iEude,  bu t  oo  a

cr iÈer ion  o f  g loba l  cor respondence o f
peaks  w i thout  Èhe in f luence o f  g rav i ty

P r o c e s s e s .
Figure 12 shows such a correspoodence

between peaks  be long ing  to  the  laËe
I le rcyn ian  f racEure  PatEern  on  bo th  Èhe
Cel t i c  and Nor lh  Iber ian  Pen insu la
marg ins .  Each dark  peak  represenÈs
ident i f ied  la te  l le rcyn ian  t rends  (F igure  5
and 1O) .  Peaks  in  subzones 2c  and 2a ,  2b
cor respond resPecEive ly  to  peaks  in
subzones 5a  and 5b .  The peak  a t  55 '  (w i th

respecc  to  a rea  2)  i s  cornnon beLween
subzones 2c and 5a and Ehree peaks aÈ
-85 ' ,  50 '  and 82 '  (w i th  respec t  Eo area  2)

La l lenand and S ibuet :  TecÈon ic  Inp l i ca t ions  o f  Canyon D i rec t ions

are common between subzones 2a, 2b, and
5b.  A  23 '  sh i f t  o f  the  NorÈh Span ish
marg in  d iagran  w i th  respec t  to  ÈhaÈ o f  the
Cel t i c  oarg in  accounts  fo r  th is  cor respon-
dence.  The er ro r  in  che de tern ina t ion  o f
Ehe roËac ion  ang le  cannoc be  eva lua ted  buE
is  p robab ly  a  few degrees .  th is  Èype o f
atÈenpÈ, derived for exæple frou the idea
Ehat  one caû consÈra in  in i t ia l  f i l s  by  Èhe
cor resoondence o f  o lder  l ineanenËs locaLed
o n  b o c h  s i d e s  l _ e . g .  ,  L e  P i c h o n  e Ë  a l .  ,
L977f ,  b r ings  an  independent  cons t ra in t  Eo
che ? i t t ing  o f  coa t inents  be fore  the
in i t ia t ion  o f  t .he  r i f t ing  phase,  as
d iscussed by  Le  P ichon and S ibueË L i98U
and SavosËin  eE a I .  L l986 l .

coNcI"usloNs

the new baÈhymetric map of the
nor theasc  AElan t ic  i s  na in ly  based on  Sea
Beæ daLa acqu i red  dur ing  20  c ru ises  on
Èhe R/v JEAl.l CIIARCOT in this area. From
che prec ise  p icÈure  o f  che  norpho logy  o f
the  norÈheasE At lan t ic  cont inenta l
m a r g i n s ,  a  s t a L i s È i c a l  a n a l y s i s  o f  t h e
or ien ta t ion  o f  canyons,  based on  75O
measurements ,  b r i r igs  the  main  fo l low ing
conc lus  ions  :

l .  The canyon Èrends  o f  the  conc inen-
ta l  s lopes  genera l l y  cor respond to
l ineamenEs idencif ied oo land or on the
c o n Ë i n e n t a l  s h e l f .

2 .  Grav iEy  processes  p lay  a  more
imporEanÈ role from Èhe Porcupine Seabight
to che Landes plateau than Ehey do around
che lber ian  pen inbu la ,  bu t  in  genera l ,
most  o f  the  canyons are  s t rucËura l l y
cont ro l led  by  the  laËe t le rcy t ian  fea tures
or  by  fea tures  c rea ted  dur ing  or  a f te r  Lhe
foroa t ion  o f  these con l inenÈa l  marg ins .

3 .  A  23 '  ro ta t ioo  o f  lber ia  w ich
respecc Eo Europe is in good agreeûenE
wich  the  cor respondence o f  idenc i f ied  la te
l lercynian l ineanents on boch sides of uhe
Bay o f  B iscay .
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summary. spectral analysis of eight marine gravity profiles and seven

SEASA| profiles, combined with corresponding bat5ymetric data over the

Northern 
-nay 

of Biscay origin, yield identical admittance functions for wave'

lengths gr.ui., than 120 km. The resulting admittance function has been

interpret-ed in terms of an Airy model of compensation for wavelengths

greater than 250 km and in terms of an elastic platemodel of compensation

for shorter wavelengths. The Airy model corresponds to a crustal thickness

variation across the margin. The plate model with an elastic thickness of 8 km

is associated with the regional compensation of a sedimentary load which was

probably emplaced during and just after rifting'

Key words: continental margin, Bay of Biscay, marine gravity, satellite

altimetrY, admittance t

Introduction

To explain the gravity or geoid anomalies which are obseryed across continental margins it

has often been assumed in many studies that the topography of continental margins

represents a stated isostatic equilibrium and that the Airy model of compensation is

applicable (e.g. Haxby & Turcotie IgTS,Rabinowitz 1982). In this case the gravity signal is

completelv'càntro[eâ by the crustal thickness variation, even though a so-called Airy iso'

static anomaly often exists across continental margins (Rabinowitz 1982)' Karner & Watts

(1982) and Louden (1983) used the spectral analysis approach, which characterizes the

irortuii. response (admittance) without àny a priori choice of a model (McKenzie & Bowin

Ig76),and concluded that the admittance must be interpreted in terms of a flexure model

of isostasy (elastic plate model). This type of modei explains satisfactorily the Airy isostatic

uromaly. Karner & Watts (1982) also àiscussed the long wavelength effect in the gravity
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894 M. Diament, J.-C. Sibuet and A. Hadaoui
signal due to the thermal isostasy (i.e. the effect due to the transition from oceanic tocontinental lithosphere) and concluded that the thermal gravity effect decays rapidly withtime after the initial rifting and that the gravity signal is dominated by the crustal structure.In fact, in order to study the lithospheric transitiJn, Àto anomalies are better suited thangravity anomalies because the geoid is much more sensitive to deep sources of anomaliesthan gravity data and also because the geoid anomalies provided by altimetric satellites havea better signal to noise ratio in the long wavelength domain (chapman & Taiwani 1979). onthe other hand, gravity anomalies are better suited for the investigation of crustal isostasy.In this paper we present the results of an analysis of altimetry and gravity anomalies inconnection with bathymetry carried out in order to quantify the isostaic rqiitiuriu.n of ,r,extensional continental margin. we choose to analyse the Northern Bay of Biscay margin forthree reasons: (a) a good set of marine data are avaitable in this area (gravity, bathymetry,seismic reflection and refraction); (b) the main trend of this margin is perpendicular to thedescendant SEASAT track direciions; (c) the observations of listric faults (Mon tadertet al.1979) and tilted blocks (Le Pichon 

-a sibuet lgsl) *ere used to propose models offormation and evolution of this starved. continental -"tgi" which have time control throughDSDP holes (Montadert et at. 1979). These models are b-ased on the assumption of local iso-stasy through a plastic behaviour of the lithosphere àrtirg ,tt. rifting *J nïirtt ing srages.

Geological setting

The present structure of the Northern Bay of Biscay margin (Fig. 1) is dominated by atensional phase during Lower cretaceous time which lasted 20-4oMyr (Mont adert et al.1979; sibuet & Ryan lgTg). Le Pichon & Sibuet (1981) and Le pichon, Angelier&sibuet(1983) have shown that exiensional values as large us r ar. cacuhted from the geometry oftilted blocks' A model of formation of this contirientJ."tpti" by simple stretching has beenproposed and takes into account both refraction uno rr.ut now data. The assumption of localisostasy in this model of a margin starved of sedimenturv louoing suggests that the flexuralrigidity of the lithosphere decreased dramatically during the rifting phase and later returnedto a typical value for a lithosphere of this aga. watts-& Ryan (1g75) also used a similarmodel for the Gulf of Lion.
A deep basin, the Armorican basin, located on the thinned continental crust, is observedalong the Armorican_margin (Fig. 2, between 300 and 3g0 km) but is absent along the celticmargin' The edge effect, seen on Fig. 3 from the free-air unom"ly map (Lalaut, sibuet &williams 1981a, b):- it- d,ue to the juxtaposition of two different vertical distribution ofdensities and partially hides deep structures. Nevertheless, two maximas of 30 and.60 mgalon the gravity map, which correspond to the Meriadzek r.rruæ and the Trevelyan Escarp-ment' respectively, cannot be explained simply by the morphology. These two maxima limitthe celtic and Armorican margins which are characterized by a different gravimetric pattern.

Data reduction

Eight profiles combining bathymetric, free-air anomaly and seismic reflection data-acquiredby IFREMER (Institut Français de Recherche pour l'Ëxploitation de la Mer) have been usedin this study' They are locatôd in Figs I and 3. In order to analyse the gravity edge effectassociated with the continental margin, each profile has been centred on the continentalslope' For this purpose' original data have been extended on the continental sheif using thegavity map of Lalaut et al. (1981a, b) and the bathymetric map of Lalleman d et al.(l9g5a,b)' The data have been projected normal to the tiend of ùe continental margin and the
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896 M. Diantent, J.-C. Sibuet and A. Hadaoui

Figure 2. Free-air anomaly profile G6 and seismic structure (Foucher et al. L982). Densities in gcm-3,
The base of the crust is obtained assuming local (solid line), regional (dotted line) and best-fitting model
(broken line).

lengths of the eight working profiles have been reduced to 350 km (Fig.4). Finally, in order
to use a Fast Fourier Transform (FFT), the data have been linearly interpolated with a step
of 2.75 km.

As previously mentioned, the direction of SEASAI tracks is approximately normal to the
margin. We have chosen to analyse profîles 600 km long. The corresponding bathymetry has
been taken from the topographic map of Lallemand et al.(1985a, b). The global spherical
harmonics up to degree and order l0 of the geoid were removed in order to subtract the long
wavelength anomalies which are not correlated with the topography. For that purpose, the
GRIM 3 model developed by Reigber et al. (1983) has been used. The profiles obtained
appear to show a good correlation with the topography (Fig. 5). The step of altimetric data
is about 5-6 m across the Northern Bay of Biscay margin and is similar to observations on
other margins (Haxby & Turcotte 1978 ; Kogan et al . 1985). There is also a small depression
in the altimetric data at the foot of the coniinental slope. That can be related to the flexure
of the lithosphere under the sedimentary load associated to the deep basin. Such an effect is
much more pronounced on continental margins loaded with major sedimentary deposits
such as the Bering Sea (A. Cazenave, private communication).

The altimetric data and the corresponding gravity data have been linearly interpolated
with a step of 4.75 lrcn. This interpolation step is larger than the one used for gravity data
only because the original sampling interval of altimetry is larger'(7 km instead of about I
km).

The correlation between the SEASA?" altimetric geoid corrected for the GRIM (10, 10)
long wavelentth model and the topography can also be seen on Fig. 6. This figure was
obtained using all of the descending and ascending SEASA?' tracks in the area after
minimization of the cross-over differences using the method described by Balmino, Brossier
& Moynot (1977).

Results

Admittances have been computed for both sets of data (gravity and altimetry) using the
method proposed by McKenzie & Bowin (1976). The response function obtained from the
altimetry data has been normalized for comparison by multiplying by gk where k is a wave-
number and I is normal gravity (Chapman 1979). It is important that the value for
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Figure 4. Marine data used in this study. Profile locations were given in Figs I and 3. Each graph plots

four data sets. From bottom to top they are: bathymetry (km); computed gravity (mgal); observed
free-air anomaly (mgal) and residual anomaly (mgal).

admittance at the longest wavelength (i.e. profile length) be reliable without loss of the
information in the short wavelength domain by possible aliasing caused by tapering the ends

of tfue profîles. The question of aliasing has been analysed by Diament (1985), who

demonstrated that the present method, based on the use of the spatial derivatives on profiles

with large gradients in the data, is appropriate for continental margins.
Fig.7 displays the various parameters computed with both the altimetry/topogaphy and

gravity/topography transfer functions. The results obtained with the gravity data for wave'
lengths greater than 33 km (wavenumbers smaller than 0.03) show that the phase is close to
zero and that coherence is high. This demonstràtes that the gravity in this v/aveband is
controlled by the topography and its isostatic response. As expected, thete is a linear decay
of the logarithm of the admittance for the short wavelength corresponding to the exp (- &d)
attenuation due to the water layer (d is the water layer thickness). The statistical parameters
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Figure 5. SEASAT data used in this study. Profile locations were given in Figs 1 and 3. Each graph plots

four data sets. From bottom to top they are: bathymetry(km);computedgeoid(m);observed SEASAT

altimetry minus the long wavelength geoid given by GRIM 3 (10, l0) model (m) and residual anomaly
(mm).

associated with ùe altimetric data set indicate that the admittance is reliable for wavelengths
greater than 100 km (wavenumberS smaller than 0.01). For shorter wavelengths, the

estimates of the admittances are not significant because the coherence is low and the values

of the phase are important. This loss of information at short wavelengths is related to:
(a) the use of altimetry data which does not contain information in the short wavelength

domain; (b) the power spectrum decrease of the bathymetry at short wavelengths due to

chosen linear interpolation step which is much smaller than the one used to digitize the

bathymetric data on the original'map (Kogan & Kostoglodov 1981;Ribe 1982); (c) the

altimetry and topographic profïles are out of phase because they were obtained separately,

while each measure of marine gravity is associated with a topographic value recorded

simultaneously.
Thus for wavelengths between 350 and 100km, reliable transfer functions can be com-
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Figure 6. SEASAT altimetric geoid superimposed on the simplitied bathymetric map. The long wave-

length geoid (GRIM 3 (10, l0)) has been removed.

puted from the two sets of data. This waveband contains information on the mechanical
properties of the lithosphere (Sandwell 1982).

The resulting admittances are plotted in Fig.8 together with some theoretical curves. Let
us first examine the experimental values. For wavelengths greater than 100 km, the values
of the altimetry/bathymetry admittance are consistçnt with those of the gravimetry/bathy-

metry admittance. For short wavelengths, the values of the gravimetry/bathymetry
admittance are scattered with respect to the expected exponential decay. This could be due
to:

(a) Bathymetric features are not always twodimensional features perpendicular to the
direction of profiles. Profïle Gl, for example, cuts into the eastern prolongation of the
Jean-Charcot escarpment, a major fault oriented N70o, which is an old Caledonian and/or
Late Hercynian feature reactivated during the Lower Cretaceous rifting phase. Also, the
Celtic continental margln is cut by canyons characterized by numerous changes in direction
which individualizes three -dimensional m orphologic features ;

(b) Local crustal heierogeneities vary from profile to profile as shown by the residual
gravity on Fig. 4. Lalaut (1980) has shown the presence of low density bodies within the
upper thinned continental crust on the Celtic continental margin with density contrasts of
-0.2 to -0.4 g cm-3 with respect to the crust.
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Figure 7. Logarithm of the admittances and associated statistical parameters computed with marine
gavity data (upper part) and altimetry data (lower part). The phase of the admittance tnust be close to
zero to infer the adnrittance reliably. The coherence is a measure of the fraction of the power spectrum
of gravity related to the topography. The filter is the inverse Fourier transform of the admittance. It
appears from this figure that the gravity admittance cln be interpreted for wavelengths greater than 30
km and that the altimetric admittance can be interpreted for wavelength greater than 100 km.

Nevertheless, no attempt was made to correct these two effects since deviations between the
experimental values and the theoretical curve are not critically large. '

As the two separate sets of data processed independently yield the same response for
wavelengths between 100 and 600 km, we conclude that as far as mechmical isostasy is
concerned, either gravity or altimetry can be used. Nevertheless the use of gravity gives
additional information in the short wavelength domain (i.e. À < 80 km) which can be used to
determine the basement density (e.g. McKenzie & Bowin \976),

Interpretation of the transfer function

The interpretation of the short wavelength donrain in terms of the effect of uncompensated
topography yields.a basement density of 2.75 gcm-3 and an equivalent water depth of
5500 m. This estimate is higher than the mean observed water depth on the topographic
profiles (2470 m) but is close to the depth observed in the abyssal plain (:4800 m). Since
the computed density is close to the value for crustal density, we assume that the short
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( b )  \  ( r n  k m  )

Figure 8. (a) Fit of an Airy model of compensation to the computed admittance for depths of
compensation of 20, 30 and 50 km, respectively. The adopted basement density is 2750 kg m-3 and
water layer thickness is 5500 m. Crosses are the admittance values computed with gravity data and points
are the admittance values computed with altimetry data and then normalized. (b) Fit of a plate model of
compensation to the computed admittances. Curves correspond to an elastic thickness of 8, l0 and l5
km, respectively. Crosses ate the admittance values computed with gravity data and points are the
admittance values computed with altimetry data and then normalized.

wavelength domain of the observed admittance is controlled by the main density interface
between seawater and the crust with no specific effect due to the thin sedimentary layer. At
longer wavelengths (70 km < À < 600 km), the comparison between the observed values of
admittance and the curves computed for either the flexural model of isostasy (elastic plate
model) or an Airy type model (Fig. 8a, b) indicate that neither model satisfactorily explains
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the data across the entire waveband studied. For wavelengths smaller than 250 km, the data

are well fitted by the elastic plate model but are poorly fitted by the Airy model. Thus, the

topography in this waveband appears to be regionally supported by an elastic plate whose

UJckness is 8 km. This represents in fact an average elastic thickness across the margin and

does not exclude a variation of the elastic thickness from the oceanic to the continental

domain. This result is consistent with that of Karner & Watts (1982) for the Southwest

African continental margin which,like tjre Northern Bay of Biscay margin, was fonned in the

early Cretaceous. For liavelengths larger than 250 km, the flexural model does not fit the

observed admittance (nig. 8b). The data are fitted better by an Airy model with a crustal

thickness of 20 km. Two possible explanations can be proposed:

(a) The transfer function in this waveband is dominated by the variation of crustal thick'

ness (from 5 to more than 30 km) across the continentai margin. According to Haxby &

Turcotte (1978), isostatic equilibrium must be achieved at thebase of the crust.Due to the

narrowness of the deep basin loaded at the foot of the Northern Bay of Biscay continental

margin, the sedimentary load only affects wavelengths smaller than 250 km. The thickness

of this sedimentary load is much less than those of the US East Coast continental margin

analysed by Karner & Watts (1982) or Louden (19S3). If we reject the values of admittance

plotied for wavenumbers associated with twice the length of the original profiles in Karner

A W"tt, (19S2) (see Diament 1986), their results are consistent with the plate model for the

entire studied wavebærd (À < 400 km) they used, although some local deviations larger than

the plotted error bars are present for the eastern North American and the Coral Sea margins.

Consequently the difference between our results and those of Karner & Watts (i982) may be

related simply to the different sizes of the sedimentary loads.

(b) The continental margin, as a transition zone between the oceanic and continental

lithosphere, ûây be affected by thermal isostasy. lf so, the observed admittance would be a

mixture of mechanical and thermal responses (Sandwell l9S2). The effect of a deep thermal

anomaly would be to ilcrease the observed response for long wavelengths comparecl to the

mechanical response (Kogan et al. L985). In the case of the Northern Bay of Biscay margin,

however, tle thermal effect has probably been removed completely by lateral conduction

(Louden & Forsyth I976;Watremez 1980) since its creation about 110 Myr ago. A simple

computation of a twodimensional isostatic model, compensated at the base of the crust,
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Figure 9. Computed geoid anomaly across the margin and along the REF seismic line (Avedik et al.1982)

compared to the two neighbouring (26 and32) SEASAT tracks. Isostasy is assumed to be achieved at the

base of t lte crust (see text).
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shows that it is not necessary to invoke deeper sources of anomalies. For this computation,
the density structure of the crust and of the overlying sedimentary layers have been inferred
from seismic reflection and refraction data (Avedtk et al. I9S2) obtained both along and
perpendicular to the REF line (Fig. 1). The computed geoid anomaly is similar to the
observed geoid anomalies along the adjacent tracks 26 and 32 (Fig. 9).

Discussion

Direct modelling of the geoid anomaly, combined with the results of the interpretation of
the transfer function, implies that the isostatic equilibrium of the Bay of Biscay margin is
controlled by both variation of the crustal thickness and by the flexure of the crust under
the sedimentary load. Each process dominates in a different waveband (Fig. 10). Bodine,
Steckler & Watts (1981), considering seamounts emplaced over lithospheres of different
age, have proposed a square root relationship between the effective elastic thickness (1")
and the age (t) of the lithosphere at the time of loading

T" = (4.3 t 0.5) \Æ.

This relationship has been conflumed in other studies (e.g. Cazenave et al.1980;McAdoo &
Martin 1984). A simplistic application of this relationship to the Bay of Biscay data implies
an age of about 3.5 Myr. This would mean that the sedimentary load had been emplaced on
a 3.5 Myr old lithosphere whichis presumed to be at 0 age at the end of the riftingphase.
The reality of the situation, however, is much more complex. Beaumont, Keen & Bouteiller

l / \  ( i n  k m - t )
o.o2

500 250 150 100
\ ( i n  k m )

Figure 10. Best adjustment of the two models as a function of wavelength. Area (1) corresponds to the
crustal thickness variation and area (2) to the flexure model under the sedimentary load.
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(Ig82), expressing the same idea as Le Pichon & Sibuet (1981), stated that'all the models of

evolution of margins which assume a local isostatic equilibrium may be approximately

correct for hot extending regions soon after rifting, but are increasingly in error in late stages

of evolution, when the cooling and thickening lithosphere becomes stronger and exhibits

significant bending or flexural charactersitics'. As noted previously, the Northern Bay of

Biscay rifting phase laste d 20-40 Myr ago. Synrift sediments were deposited during the

creation of half grabens between tilted fault blocks, based on the existence of fan'shaped

acoustic reflectors (Montadert et at. 1979). Synrift sediments were consequently deposited

on a lithosphere characterized by an elastic plate thickness which decreased when thinning

increased. At the end of the rifting phase, the morphology of the margin was acquired.

Sediments, consisting mainly of turbidites, preferentially fill depressions associated with half

grabens and the depression at the base of the continental slope (Foucher, Le Pichon &

Sibuet lg82). Since the end of the rifting phase, the equivalent elastic plate thickness has

increased due to the cooling of the lithosphere. As depressions have been fïlled, the

sedimentation becomes more uniform (Sibuet & Ryan 1979) corresponding roughly to the

emplacement of a uniform load over the whole margin.
Consequently, the estimate of an age of 3.5Myr for the lithosphere on which the

sedimentary load was emplaced gives a value which integrates over several phenomena. It

must be only considered as an indication for the deposition of the sedimentary load during

and just after the rifting phase.

Conclusion

(l) The use of a combined set of marine gravity and SEASAT altimetry data with bathy'

metry data yields additional constraints on the mechanical behaviour of the lithosphere for

wavelengths larger than 100 km. When marine data are not available, the altimetry data can

be combined with general bathymetric data (the GEBCO map for example) in order to

quantify flris meèhanical response.
(2) The observed transfer function in two wavebands across the Bay of Biscay margin is

dominated by two different processes. For wavelengths greater than 250 km, the transfer

function is dominated by the crustal .thickness variation. For shorter wavelengths, the

flexure of the lithosphere under the sedimentary load is the dominant process.
(3) The value of the elastic thickness implies that the sedimentary load was emplaced over

the Northern Bay of Biscay margin during and just after the rifting phase.
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Thermal régime of the northern Bay of Biscay continehtal margin in
the vicinitv of the D.S.D.P. Sites 400-402t

Bv J . -P .  Foucnrn  e ,No J .  C.  Srsunr
Centre Ocêanologique de Bretagne, 8,P.337,29273 Brest, France

Average heat flow values on land in western Burope are -about 2 h.f.u., whereas
recently acquired surface-ship measurements and the downhole heat flow determi-
nationd at D-.S.D.P. Site aOZ indicate that the heat flow is only about one-half of this
value over the continental slope and rise of the adjacent northern Bay of Biscay
margin in the vicinity of the D.S.D.P. Sites 400-402. Assuming that both the margin
and the adjacent continental area are close to steady state thermal conditions, we
suggest that the observed heat flow contrast reflects different radioactive crustal
contributions to the surface heat flow in the two areas. Under the margin, the crust
is thinner and would have a smaller radioactive contribution, the decrease in the
contribution being related to the nature of the crustal thinning process under the
margin.

The heat flow data are compatible with a model of crustal thinning that considers
this to be mainly a result of mechanical deformation of the crust through extension.

.  I N T R o D U c T I o N

Ten conventional oceanic surface heat flow measurements were made over the northern margin

of the Bay of Biscay in the vicinity of the D.S.D.P. sites 400-402 during the RV Suroit-SU 01
(December 19?5) and RVJean Charcot-CH 66 (February 1976) cruises of C.N.E.X.O. These

measurements, complemented by the heat flow determination made at Site 402 during Leg 48

of the Deep Sea Drilling Project (Erickson et al, ry79) provide information on the thermal
régime of the margin. The main observation is that the regional heat flow over the margin
is substantially lower than over the adjacent Western European continental area. We suggest
in this report that the observed heat flux contrast provides constraints on the debatable nature

of the crustal thinning processes under the margin.

RncroNer .  sETTINc

The study area lies north of the Bay of Biscay over the Western Approaches margin, in the

vicinity of the D.S.D.P. Sites 400-402 (figure 1). Extensive geological and geophysical work
(e.g. Auffret et al,, Montadert et al,, Avedik & Howard, all r9Z9) as well as drilling results

have provided detailed information on the structure of the margin. Under a thin upper

Cretaceous to Cainozoic sediment cover of 1-2 km thickness, a series of tilted fault blocks

extends from the mid-continental slope to the abyssal plain down to the Trevelyan Escarp-

ment at a depth of about 4 km (figure 2). The fault blocls trend subparallel to the margin

controlling the relief of the Meriadzek Terrace and are bounded by listric faults that become

near horizontal at a depth of about 4-5 km below the sediment surface (Montadert af a/.

r9Z9).Theyconsist of Mesozoicsediments drilled at Site 401, and/or Hercynian basement rocks

t Contribution no. 664 of the Scientific Department of the Centre Océanologique de Bretagne.

300



158 J , . -P .  FOUCHER AND J .  C.  S IBUET

dredged at the base of Goban Spur at about 4 km depth (Pautot et al,. ry76), It is now

widely agreed that the fault block structure of the margin was mainly shaped during the

rifting episode that is dated as Late Jurassic - Early Cretaceous and preceded the onset of the

opening of the Bay of Biscay in the Upper Aptian. Structural interpretation and geophysical

results suggest that the continental oceanic crust boundary lies south of the Trevelyan

Escarpment (figure 1) (Montadert et al., Avedik & Howard, both 1979). Under Trevelyan

seismic refraction data indicate that the Moho lies at a depth of 12-13 km compared with

z7-g} km under the continental shelf (Avedik & Howard t979), implying a considerable

thinning of the original continental crust.

Six of the ten surface heat flux measurements reported here form a transect from the mid-

, 2oo km , ' [IfTIIlTlTl r 7v7z f\ ...:: s ./ 
' 4 t:*j s

Frcunn 1. Main physiographic features of Western Europe and of the Bay of Biscay after Montade*ct al. $g7g).
Magnetic anomaly Se after Sibuet at ct. (this volume). The hatched area shows the continental - oceanic

crus-t boundary (Montadert'ct al: ry7g). (1) Hercynian ranges and Palaeozoii basins. (2) Continent-

ocean boundary (Montadertet al. r97g), (3) Boundaries of inshore basins. Blank areas inland rePresent

the.Mesozoic and Cainozoic basins. (a) Main fractured zones and fauls. (6) Main Hercynian fold trends.
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THERMAL RÉGIME OF NORTHERN B ISCAY 169

continental slope to the abyssal plain across the Meriadzek Trevelyan area; the four other

measurements are located over the North Western termination of tJre Meriadzek Terrace

known as the Aegis Ridge. The D.S.D.P. Site 402 heat flux determination waq located slightly

higher on the slope (figure 3).
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Frcune 2. Cross section of the Western Approaches continental margin along seismic reflexion profile OC 209
after Montadeft ct al. (rSZS). Location of profile in figure l.

Frouns 3. Location map of the C.N.E.X.O. heat flow measurements over the Western Approaches continental
margin. The D.S.D.P. Site 402 heat flow determination is shown by a triangle. The heat flow values are in
mW m-1.
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Sunrecs  cEor I {ERMAL DATA

The temperature gradients were determined from the temperatures measured at up to five

different depths in the upper 2-10 m of sediment by mears of thermistor temperature probes

attached at known vertical distances along the 10 m long barrel of a piston corer (Gerard et al.

196z). At each site, the temperature of each probe was measured about every 10s for a total

period of about 6.min, during which the corer was left undisturbed in the sediment. The

recording device, of the Wheatstone bridge and tlm recording (Lamont) type described by

Langseth (tg6S), was housed in a pressure vessel at the top of the corer. Equilibrium tem-

peratures in the sediment were extrapolated from the temperature transients recorded, by

linear fitting of the temperatures against the reciprocal of time (Bullard rg54).The accuracy

of the temperatures determined in the sediment with respect to the bottom water temperature

is better than 0.005 'C.

temperature/oC

Frcuns 4 Frconp 6

Frcuna 4. Temperature profiles in sediment at stations located along profile AA' (figure 3). Note the anomalously

low gradient at station GH 66-11. Temperatures are relative to the bottom water temPerature at each

station.

Frouns 6. Temperature profiles in sediment for the four stations over the Aegis Ridge. Temperatures are relative

to the bottom water temPerature at each station.

The thermal conductivity of the sediment was measured on board the ship at several points

along each core recovered, in most cases every 50 cm, by using the transient needle probe

technique (Von Henen & Maxwell 1959) and correcting the values to in situ temperature and

pressure conditions (Ratcliffe 196o). The accuracy of the needle probe technique has been

estimated to 3-4o/o (Von Herzen & Maxwell 1959). Larger errors can, however, occasionally

occur, owing to mechanical disturbances of-the sediment either during the coring operation

itself or afterwards during handling the core on board the ship. In practice, conductivity values

departing significantly from the trend defined by the other values were eliminated in the

absence of notable apparent changes in the lithology of the sediment.

The temperature profiles in the sediment are linear to a first approximation (figures 4 and 5).

The linearity is in particular indicated by the agreement between the extrapolated surface

sediment temperatures and the measured bottom water temperatures (table 1). Pronounced

curvatures downwards were, hàwever, observed at station CH 66-08 over Trevelyan (figure 4)

and srations CH 66-14, CH 66-16 and CH 66-16 over the Aegis ridge (figure 6). Bottom
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water temperature fluctuations may be one possible explanation of the curvature (see, for
example, Pugh 1975) but, in the absence of available long-term bottom-water temperature
records, this explanation remains hypothetical. However, at station CH 66-16 where the
maximum difference between the extrapolated and measured bottom water temperatures
occurs, the four temperature points at depths in the sub-bottom between 1.5 and 5.9 m are
nearly perfectly aligrred. If the curvature of the temperature profile at station CH 66-16
results from bottom water temperature fluctuations, the shape of the temperature profile then
suggests that these fluctuations are of short periods (periods of a few days or weeks) penetrating
only to small depths in the sediment (Pugh ry7ù. The occurrence of short-term bottom-water
temperature fluctuations may be related to instability of the water masses along the slope of
the margin. In the absence of any evidence on which to rely on to apply corrections to the
observed temperature profiles, no correction has been made. We consider the stations where
pronounced curvature of the temperature profiles are observed as being of moderate quality.

Table 1 summarizes the data obtained. The heat flux value at each station is simply taken
as the product of the mean vertical temperature gradient and the mean harmonic thermal
conductivity. The corrected heat flux values include correctioru applied to account for the

Tear,p 1. Suuueny oF TrrE C.N.E.X.O. HEAT FLow MEAsuREMENTs ovER THE

WpsrERN Appnoecnss MARcTN

(Included is the D.S.D.P" site 402 heat flow determination (Ericlson et al, ry7g.)

position

station

su01-01
CH6H5
CH6H8
CH6H9
cH66-11
cH66-12
cH66-13
cH66-14
cH66-16
cH66-16
IPoD Site 402

N

47" 39.6'
46" 82.6',
460 44,6'
46" 6t.6',
470 Lg,l,
470 28.8
470 05.8',
47" 3r,3'.
47a 82"0'
47" 93.6'
47" 62,6',

w
90 13.8',
80 26.5',
80 44,9',
80 48.7'
80 23.1',
8" 19.3',
80 40.9'
90 19.g',
90 28.6',

.9" r2,2'
8" 60.4',

latitude longitude no. of
temp. in

sed.

2
4
L
3
3
3
D

3
4
3

bottom
water

water temperature penetration/
depth/m oC m

3820 2,62 4.3
4732 2.64 4.7
3641 2.68 7.7
4081 2.63 8.7
2789 2.89 10.2
2096 3.62 9.7
4378 2.52 5.7
3304 2.66 8.8
4062 2.62 '  6.9
2972 '.83 7.7
2335 3.40

no. of
temperature conduc- topo-

gradient/km-l tivity thermal heat graphical sediment corrected
. (n.w.r. measure- conductivity/ flow/mW correction correction heat flow/

statiôn extrapolated) ments W m-r K-r m-s (%) (%) mW m-i

su01-01 30 (2.69) 7 1.22!0,18 37 -6 6 37
cH66-06 28 (2.66) 4 r.L? + 0.06 33 -4 6 83
cH6H8 34 (2.69) 13 1.09+0.07 37 7 6 42
cH6 9 38 (2.60) 19 1.0610.10 40 4 6 43
cH66-11 < 13 (2.90) 16 1.09t0.04 < 14 0 6 < 16
cH60-12 32 (3.60) r2 1.25 t 0.16 40 4 6 43
cH66-1S {r (2.66) 11 1.06+0.04 50 -11 6 47
cH66-14 28 (2.63) 7 t.31* 0.06 87 10 6 42
cH66-16 40 (2.68) $ r 1.14t 0.10 46 0 6 48
cH66-16 31 (2.90) t2 1.36 + 0.28 42 10 6 48
IPoD Site402 28.6 1.20t0.07 36

t t
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effects upon the near-surface temperature gradients of the large-scale topographic variations

across the margin (topographic corrections in table 1) and of the sedimentation (sedimentary

corrections in table f ). fopàgraphic corrections were computed by solving the two dimensional

steady state heat conduction equation (Sclater & Miller r97o) applied to topographic profiles

across the margin (see, for example, figure 6). Topographic corrections are typically 6lt, with

a maximum of lLo/oat station CH 66-13 at the top of the Aegis Ridge. Sedimentary corrections

È l k
EIE

TREVE IYAN
ESCARPMENT

I
V

ME RIADZEK
TE RRAC E

D.S.D.P.
S i te  402

+
:\

12  43

_L
-3-

FtcunB 6. (Bottom.) Corrected heat flow measurements superimposed on the interpretated seismic profil-e A'{

from Montad.r, a 
"i.-(iôzii 

located in figure 3. Sedimentary units as follow-s: (1) post-Eocene; (2) Caino-

*""i." to Eocenel tSl'Ajd;"-Albian. (T-op.) Effects of the topography on the surface heat flux assuming a

constant heat flrx ai depih of 42 mW m-t. The dotted line is a smoothed curve.

were calculated by using the Von Herzen & Uyeda (1963) procedure, adopting a thermal

diffusivityvalue of Bx10-8cmzs-l (Von Herzen & Maxwell p959). For a total sedimentary

thickness of ç-Zkm, assumed to have been deposited at a uniform rate over the Meriadzek

Trevelyan area since the end of rifting (110 Ma), the correction amounts to 3.3-6.6o/o. Over

the Aegis Ridge, sediments are lacking or reduced for the period ranging from 110-60 Ma'

Assuming then that the ca.l km thick sediments have been deposited over the last 60 Ma, the

correction amounts to 4.5%. L 60/o avenge correction was applied to all measurements

(table 1). The total correction at each station does not exceed 16 o/o, which justifies the simple

correction procedures adopted above. The uncertainty on the corrected heat fl'ux values is

estimated to +20o/o

Rrsur , ts

Excluding station CH 06-11, where we have measured an abnormally low conductive

heat flux, the mean conductive heat flux value calculated for the nine other stations is 43 t 6

(s.d.) mW m-s" There is no 4pparent trend in the heat flow distribution across the margin,

wittr the exception, however, of a slightly lower value of 33 mW m-! at station CH 66-06 at

the foot of the Trevelyan Escarpment, in close proximity of the oceanic crust, which requires
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confirmation by further measurements. The surface heat flux data are in good agreement with
the heat flow determination of 36 + 14 mW m-2 reported for the D.S.D.P. Site aOg located
slightly higher on the slope (Erickson at al. ry7fi. The thermal régime of the Western
Approaches continental slope and rise appears then to be characterized by a low and fairly
uniform regional heat flux of the order of 36-43 mW m-2. The exceptionally low conductive
heat flux measured at station CH 66-11 may indicate that conduction is not the dominant
heat trarufer process in the vicinity of this station. One may therefore suggest tJle occurrence
of convective heat transfer along faulæ at the edge of the Meriadzek Terrace.

CoupenrsoN wr ru  r rEAT FLUx DATA oF THE ADJAcENT coNTTNENTAL
A N D  O C E A N I C  A R E A S

Figure 7 shows the compilation of the available heat flux data in Western Europe and the
Bay of Biscay. Included are the surface heat flow data obtained over the Western Approaches
margin reported here and the heat flow determinations at D.S.D.P. Site 402 (Erickson ef a/.
tg7ù, The compilation is based on the world heat flow data compilation by Jessop ef a/.
(1976) and for data in France on recent compilations made by Gable (tg7fl andBefiaux et al.
(tgZ8).The background heat flux in France over stable portions of the Hercynian continental
crust is of the order of 66-85 mW m-2. This range of values is comparable with the 12.5 +
19.8 (s.d.) mW m-! heat flux average calculated for the Hercynian fold belt in Central Europe
from a total of 147 measurements (Hurtig & Oelsner ry77).In southwest England, a similar
value of 67 mW m-s was obtained, while the two other exceptionally high values, of 134 and
137 mW m-2, are thought to be due partly to a high crustal radioactivity associated with the
Cornwall batholith and partly to hydrothermal effects'(Tammemagi & Wheildon 1974).
Compared to the background heat flux in Western Europe, the heat flux over the Western
Approaches margin then appears to be reduced by a factor of nearly two. In contrast, heat flow
values over the margin are similar to those in the Bay of Biscay. The average of the five available
heat flux values in the Bay of Biscay is 45 t 10 G.d.) mW m-s.

,  f  upr . rcar roNs

We note first that the elapsed time since the last major thermal event to have affected the
WesternApproaches margin (dated at 100Ma, corresponding to the end of rifting before the
onset of opening of the Bay of Biscay in Upper Aptian), is corsiderably more than the thermal
time constant of the lithosphere, i.e. a few teru of millions of years. This implies that the Western
Approaches margin is close to thermal equilibrium. This is true afortiorifor the stable Hercynian
continental area where the time since the last major thermal event to have affected the litho-
sphere (ca. 280 Ma) is still larger. Nearly steady state thermal conditions therefore charactenze
the thermal regime of both the Western Approaches margin and the adjacent Western European
continental area. The steady state surface heat flow Q, can be seen as the sum of two components,
the crustal radioactive heat production Qo and the heat flux from the mantle Q-. If one
neglects the lithospheric mantle radioactive heat production, which is unlikely to exceed a few
mW m-2 (see, for example, Bickle 1978) the mantle heat flux is, to a first approximation, the
heat flux at the base of lithosphere. Consequently, the heat flux contrast observed between the
Western Approaches margin and the adacent stable Hercynian Western European continental

t t -2
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lo" 50 d

Frauns ?. Compilation map of the available heat flow data in Western Euràpe and the Bay of Biscay. Sources:

Jessop ct al. (ry76) (riangles); Gable (1977) (full circles); Bertaux at al. (ry78) (open circles); Ericlson at c/.
(1979) (star); this study (triangles in the box). Thehatched area shows the continental-oceanic crust
borndary.

TegLE 2. Esrruarns oF THE suRFÂcE rrEAT FLow Q' tnn cRUsrAL coNTRIBUrroN 8c AND TrrE

MANTTJ HEAT FLux Q. ron rHE WEsTERN AppRoÀcHEs coNTINENTAL sr,opE AND RIsE AND

THE ADJACENT OCEANIO AND CONTINENTAL AREAS

(The 26 mW m-r Q. value given for the Bay of Biscay is a mean estimate for the oceanic regions
(Kono & Yoshii 1975).)

West European
Bay of Biscay Western Approaches Hercynian
oceanic crust continental slope continental crust

70-110 110 280
36-55 3e-e8 66-86
(26') 2ç30 2L30

(10-30) 6-10 36-61

age of last thermal ev€nt/Ma
Ç./(mWm-)
Q-/(mWm-!)
Q"/(mW m-r)

Q"F)/Q.@o)

r22..t|3 .6.

t o t . ' ô 4 , ^ ,
.lo5 

':'

,., 
tt' 

uft ..,
ttz 

,{tt' ",ol

;mli;i;-

0.11-0.46
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area can be explained in terms of either different crustal contributiors or different heat flux at
the base of the lithosphere or even a combination of these two causes. Since both tJle Western
Approaches margin and the adjacent continent belong to one same stable portion of the
European plate, we see afri,ori no reason why the heat flux at the base of the lithosphere would
vary from one area to the other, so that the second explanation appears to be less likely. We
therefore suggest that the observed heat flux contrast reflects different crustal contributions.

'ottt

Conl incn lq l  Lo  .
c ru t l  

___ i_  _

Frouns 8. Predicted change in the crustal contribution to the surlace heat flow assuming various mechanisms of
crustal thinning. (A) Deep crustal metamorphism (Falvey 1974; Ringwood & Green 1966; Colette rq68). (B)
Creep in lower crust (Arten{ev & Artyushkov r97r; Bott & Dean rylz). (C) Crustal stretching (Artem3ev &
ArtyushkovrgTrlMorton&Black1975). (D) Surface erosion (Sleep r97r). Q" and Ç- are respectively the
crustal and mantle contributions to the surface heat flow Q" In and, Z are thicknesses of respectively the
normal and thinned continental crust. The hatched area gives the window corresponding to the heat flow
constraints (see text).

Table 2 illustrates our approach in providing tentative estimates of the crustal contributions

Qo and the mantle heat flux Q* for the Western Approaches margin and the adjacent continental
and oceanic areas. The 24-30 mW m-t Q- value used for Western Europe, also adopted for
the Western Approaches margin, is the estimate derived by Daignères & Vasseur (1979) for
the Bournac site in the Central Massif in France. At this site, the measured surface heat flow is
85 mW m-2, so that about two thirds of the surface heat flux would be accounted for by crustal
radioactivity. Based on the 2ç30 mW m-s Q* value derived at the Bournac site, which is to
our knowledge the onlT Q- estimate available in Western Europe, the crustal contribution
for the Western Approaches margin would therefore be only a fraction composed of between
0.11 and 0.46 of the crustal contribution for Western Europe (table 2). Allowing for some
uncertainty in the Q. value, since the regional validity of the Bournac site estimate may be
questioned, a higher Q* value would still increase the amount of reduction of the crustal
contribution, while an upper limit of the possible amount of reduction is given by the case of
the mantle heat flux taken equal to àero; Q"&)/Q"Q,) would be then equal to Q"Q)/Q"Q,)
and would occur between 0.42 and 0.66.

.è
Ll
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o
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If the above approach is correct, one important implication of the heat flow results is to

require crustal thinning processes under the margin capable of producing a large reduction

of the crustal radioactive heat production. Figure 8 illustrates schematically the possibility of

four main types of crustal thiruring to decrease the crustal radioactive heat production. One

fundamental preliminary observation is then that if crustal thinning reflects only an upward

migration of the Moho as a result of deep metamorphic changes such as gabbro to eclogite

(Ringwood & Green 1966; Colette 1968) or Greenshist to amphibolite (Falvey ry74), no

variation is expected in the steady state surface heat flux in so far as each lithospheric column

can be considered as a closed system for the radiogenic sources contained in this column,

which is assumed here (figure 8, curve A). In other words, we assume that there is no lateral

migration of the radiogenic sources and no input ofnew radiogenic sources from below. Applied

to the Western Approaches margin, this means that deep metamorphism processes are unlikely

to be the dominant cause of the crustal thinning since these processes would not account for

the large reduction of the surface heat flow. fn contrast to deep metamorphism, the three other

processes considered in figure 8 can produce a significant decrease of the crustal radioactive

contribution. One of these processes is surface erosion, generally related to doming of the

continental crust in the early stage of formation of a rifted margin (Closs 1939; Sleep r97r). If

radiogenic sources are mainly concentrated in the upper crustal material, as generally believed

(see, for example, Roy af al. ry68; Lachenbruch 1968), surface erosion is expected to cause

a rapid decrease of the crustal contribution since it would remove the more radiogenic crustal

material (figure 8, curve B). However, the loss of radiogenic sources during erosion can be

compensated to some extent by the radioactive contribution of the sediments deposited after

erosion. The two other processes considered in figure 8 involve a purely mechanical deformation

of the crust under tensional forces developed either during rifting (Artemjev & Artjuskyov r97r;

Morton & Black ry75) or in'the early stage of opening of a new ocean, in this latter case as a

result of unequal loading and associated isostatic compensation across the margin (Bott r97l ;
Bott & Dean ry72). The extension would then occur through brittle faulting of the upper crust

and ductile deformation of the lower crust. If the amount of extension is, to a first approxi-

mation, constant with depth through the whole thickness of the crust, the crustal radioactive

contribution would decrease linear$ with the amount of crustal thinning, whatever the radio-

genic sources distribution model adopted (figure 8, curve C).'If the extension affects mainly

the deep crust (Bott r97r; Bott & Dean ry72),the decrease in the crustal radioactive contri-

bution is difficult to assess since it depends largely on the crustal deformation and radiogenic

source distribution models adopted, but in any case would be less than for the case of a uniform

extension of the crust (figure 8, curve D).

Surface erosion must be eliminated as a possible process of crustal thinning under the

Western Approaches margin, since there is evidence thatno erosion occurred before and during

rifting in the central trough of the rift system (Montadert et aI. ry79). Then, one possible

explanation of the large reduction of the surface heat flux is to presume that the dominant

process of crustal thinning under the margin was crustal extension. In this respect, assuming

that the one half reduction of the crustal thickness under the continental slope and rise of the

Western Approaches margin is a result of a purely extensive deformation uniformly affecting

the whole thickness of the crust, the predicted change in the crustal contribution Q, is a

reduction also of aboutone half (applying curve C in figure 8), which is within the range of

the estimated reduction values in table 2. Such a large extension of the original continental
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crust suggested by the interpretation above is much more than the 16 o/o extension estimated

by Montadert et al. (tgZù from a reconstruction of the displacements of the tilted fault blocks

along fault planes.

We thank J. Francheteau for a critical reading of the manuscript, D. Roberts and L.
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Passive Margins: A Model of Formation
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Thc strctching model of McKenzic is applied to thc formation of passivc continental margins, assum-
ing local isostatic equilibrium, We present the quantitative implications of thc modcl; wc then discuss its
fit to thc tpoD data on thc Armorican and Galicia continental margins of the northeast Atlantic. The
amount of brittle str€tching obscrved in the upper 8 km of the prestretched continental crust reaches a
maximum valuc of about 3. This large amount of thinning is comparable to the thinning of the whole
continental crust obsewed by seismic rcfraction measurements and required by the model for thc whole
lithosphere. This agreement suggests that thc simple stretching model is a good first approximation to the
actual physicat process of formation of the margin, It is thus possible to compute simply thc thermal evo-
lution of thc margin and to discuss its petrological consequences. It is also possible to obtain a quan-
titativc reconstruction ofthe edgc of the continent prior to breakup. Finally, the largc slope ofthc base of
the lithosphere during the formation of the margin results in a forcc similar but opposite to the 'ridgc-

push'force acting on accreting platc boundaries.

INTRoDUCTIoN

The purpose of this paper is to apply the'stretching model
of McKenzie |918a, bl to the formation of passive coûtin€ntal
margins. We first present the implicatioûs of the model; we
then discuss its ût to the data obtained on the Armorican and
Galicia continental margins of the northeast Atlantic Ocean

lMontadert et al.,1979a, b; Foucher and Sibuet,1979; Avedik
and Howaril, 19791 (see Figure l). Finally, w€ discuss some
cons€querces of this modcl.

THE MODEL

We use the simplest stretching model proposed in Figure I
of McKenzie ll978a, bl. A lithosphere of thickness l, with a
continental crust of thickness à. is in thermal equilibrium at
time t - 0. Production of heat by radioactivity is ignored, and
the temperature at the base of the lithosphere is equal to the
temperature of the asthenosphere To; p^ is the density of
mantle material at 0oC, pa the density of continental crust at
OoC, p, the density of water, and c the coefficient of thermal
expansion. Isostatic local compensation is assumed at all
times, Let us call p1 the average density of the mantle part of
the lithosphere, p" the average density of the crust before
stretchiog and p" that of the asthenosphere.

Initial Subsidence

If stretching of the whole lithosphere occurs iûstanta-
neously at time t : 0 in such a way that the thickness of the
lithosphere becomes h/F, tu and p" will not change, and thus
the average density of the whole lithosphere will not chaige
either. If this average density is smaller than po, the positive
buoyancy of the lithosphere will be reduced by a factor B, and
its surface will subside. If it is larger, the negative buoyancy
will be reduced by the same factor, and its surface will rise.
Taking the Z axis positive downward and the starting eleva-

Copyright @ l98l by the American Geopbysical Union
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tion equal to 0, we have the initial subsidence (supposed to be
under water):

with

z,:h,P"- h,&":!!,- h)P' 
Ç - t/p)

p": p^(l  _ aT")

e":0,{r - +r*l
o,:o-( '  -  ir"- +rî l

Thus

z i :

l' - *l (r)
l P ,

The expression fot Z, is linear in t - (l/0. The condition
for subsidence to occur is that the tumerator be positive,
which expresses that th€ lithosphere has a positive buoyancy

h" - p^(a/2)7.
h , t M

Note that we have neglected the effect of compressibility on
density, as most authors have done [e,g,, McKenzie, l978al.
First, this effect is quite smaller than the temperature effect.
Second, as we really are interested in the variation of density
between two columns where the distribution of pressure is the
same and only the distribution of temeprature differs, it is jus-
tified to neglect the pressure effect in a first approximatiotr.
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Fie. l. Location map ofthc two aleas providing thc data used in

mis iiuJv, the northern Bay of Biscay msrgitr to the north ând thc

ô"li.i" Éltgin to thc south: Thc continental crust'oceanic crust limit

ùlà-""iin.oiv hachurcs as wcll as thc refraction profiles (stars) used-

ir-tit .ioOyïnet Bott and lllatts ll97ll and Avedik and Howard

irszs]. rn" iia"s a.c thc main seismic rcflection proûlcs'

Subsidence at Time t Infinite

In this section it will be shown that the subsidence at time t

inûnite Z- cao, also be expressed as a linear function of I -

(l/Ê). Let pi and p.' be the average densities of the mantle

part of the lithosphere and crust at time t infinite; then

, -hlpi -t,l + h"Ip'- (pitBl + @:tpl - ù
z 6 : -  p " -  p .

with

The difference between Z* and Z, is due to thc progressive

return to thermal equilibrium. It is the thermal subsidencc Z,

which follows the initial subsidence due to stretching Zt:

Z ' - Z - - z '

Note that the value of the subsidence at inûnite time is in-

dependent ofthe cooling history and consequently ofthe lat'

eral variation in temperature. lt only depends on a unique

equilibrium value À1 for the thickness of the lithosphere at in'

Rnite time. Similarly, the initial subsidence Zn supposed to

have been produced in a very short period of stretching, is not

affected by lateral variatiôns oftemperature. Thus the values

obtained îor Z, and Z* are rigorous within thc assumptions

made. Recently, Jarvis and McKenzie [1980] have shown that

the instantaneous stretching modcl is adequate provided the

duration of stretching is less than 20 Ma.

On the other hand, the evolution of the thermal subsidence

with time will be affected by lateral variations of temperatur€'

Thus the solution proposed by McKenziell91Sa, àl cannot be

applied rigorously here but provides a somewha-t-lower esti-

mate of this thermal subsidence, sincc the effect of lateral con-

duction should be to produce a faster cooling than computed

by McKenzie, except near the zone of oceanic crust accretion'

where the opposite effect might be expected.

APPLICATION TO THE NORTHERN BAY OF BISCAY

AND GALICIA CONTINENTAL MARGINS

Choice of the Constants

We next examine whether this model frts the northern Bay

of Biscay and Galicia cootinental margins using. three com-

plete and'two incomplete multichannel reflexion proûles
-across 

the margin (Figure l) obtained in these areas by the

Centre National pour fExploitation des Oceans/Institut Fran-

çais du Pétrole lMontadert et al., 1979a, bl' In order to apply

(t) ana (3) we need to define the values ofcoostants h, h", P^,

pa p- d, and To. The values of hr, h., and p.a will not be simi'

iar for all margins, and fairly large variations might con'

sequetrtly be expected. On the other hand, less variations

misht Ui expected in the values af Pn, Po a, ap'd To'--ft" 
t"o* that mid'ocean ridge crests usually have a depth

close to 2.5 km provided the asthenospher€ is neither unusu'

ally hot nor cold. This implics that a so-called standard conti-

n"ntal lithospheric column is in equilibrium with ^ zero age

oceanic tithosphere under 2.5 km ofwater.

The following tabulation gives the constants chosen to fit

the Armorican and Galicia data; they are slightly modi'ûed

kom McKenzie lL978a, blt

oi =o-{r - ir"- }r"

r"' : o,{r - î, H,
Thus

where

, l . l l  p, - p. + p^(a/2)T"+ e
z-: ncl' - 

Fl n_ u Parameter Valuc
125 km
30 km
3.35 g cm-3
2.78 g cm-3
t.03 g cm-3
3.29 x l0-5 oc-r

13330C

hr
h"
Pa

P"o

P w
q

To

P ^ - P " o l o  -  h " \'= -  -T l r ' "E l

z-- n,lr -!l(p^'p*)lt - ("/ar"(n"/nil+ ' e)-  " l  PI P"- P"

Neglecting e introduces an error which is not larger than 5

parts per thousand.

The zero-age oceanic lithosphere is supposed to be at a uni'

form temperature I and to havc an oceanic crust 5'5 km

thick with the same average p.o as the coûti-ûental crust of 2'78

g cm-3. It could, for example, correspond to a crust composed

it 
" 

Z-t--tttl.k layer 2 of density 2'57 g cm-' and a 3'5-km-

thick layer 3 of density 2.9 g cm-3, which seems quite reason-

able. The thickness of contiaental crust àé is imposed by re-
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fraction data which suggest a value of 29-30 km. The thick-
ness of lithosphere i, is the one suggested by the results of
Parsons and Sclater [977]. We also adopt the values of c and
I given by Parsons and Sclater [977]. The set of constants
then is entirely determined, the value of the last constant
being 3.35 g cm-3 for p-.

Equation (l) becomes

z,:t.er[r- l ln. (3)
l P l

The condition for initial subsidence to occur is

h"/h> 0.13 ft .  > 16 km

Equation (2) becomes

z- - t.at[r- ll * (4)
l , , ,

I  r l
z, - 4.2rlr - ;l (5)

l p ,

however, in the case of the Bay of Biscay the lapse of time
since the formation of the margin in Albian time is not in-
finite but about 120 m.y. lMontadert et al., 1979a, bl.
McKenzie ll978a, bl has shown that to a first approximation,
thermal subsidence follows an exponential law with a time
constant equal to the time constant ofthe oceanic lithosphere,
which is 62.8 m.y. according to Parsons and Sclater [19711.
The interval of time since Albian is equivalent to twice the
time constant, and thermal subsidence has thus reached ap-
proximately 87Vo, (l - l/ô of its maximum value. Con-
sequently,

z,-,zo -3 64{r - 
el)

and

2,,,-t.ztlr - LUI

The effect oflateral conduction tends to increase thê râte of
cooling over most of the margin, and consequently, Z,.o is
probably somewhat underestimated. Furthermore, we have an
additional constraint which is given by tbe relation between
subsidence 2126ât[d thinning of continental crust as obtained
by seismic refraction and gravity measurements across the
margin. This is because in the model the amount of thinning
is the same for the whole crust as for the whole lithosphere.
Thus B is given by the ratio between the present thickness of
crust and its original thickness (30 kn). Z,2o is given by the
present depth corrected for any postrifting sedimentary load,
assuming local isostatic equilibrium. It will be seen that on the
Armorican contin€ntal margin the continental crust thickness
data suggest a linear relationship of the type

We consequently adopt

The C on tinent- O c ean Transit io n

Figure 2 shows the resulting linear relationships between
relative thinning | - (l/P) and subsidence immediately afler
rifting and after ao inûnite time. Note that a depth of 2.5 km
is reached for I - l/F - 0.69 and B = 3.24 immediately after
rilling. The astherosphere will not be able to break through the
thinned corthertal lithosphere as long as Z, is smaller than
2.5 km, since its isostatic equilibrium level is 2.5 km. This
equilibrium level is called mantle geoid by Turcotte et al.

[977]. However, Turcotte et al. do not take into accouot the
presence ofcrust, and their geoid is consequently deeper (3.6
km). But a situation in which the asthenosphere would rise to
3.6 km without segregating an oceanic crust by partial fusioû
is not realistic. This is why the 2.5-km level should be
adopted.

On the other hand, once B has reached this value of 3.24,
the contineotal crust is reduced to a thickness of 9.25 km and
is highly fractured. The lithosphere-asthenosphere limit is less
than 40 km away from the surface, and a fair amount ofpar-
tial fusion may be expected. Thus it is likely that'in general
the asthenosphere will be able to break through to the surface
when this depth is reached, although occasionally, thinning
larger than 3,24 may occur along portions of the margin, pro-
ducing extremely thinned continnental crust with a deeper
surface than the adjacent oceanic crust. In the Bay of Biscay,
Zt2o for B = 3.24 is 5.2 km and Z- 5.4 km. The maximum
value reached by Z* for B inûnite is 7.83 km. This is larger
than the maximum depth of the oceanic lithosphere because it
assumes that the thickness of crust is zero, which is of course
an impossible situation. Thus in general, one should expect to
find continental crust down to a depth of 5.2 km in the ab-
sence of sedimentation in the Bay of Biscay. With sedimenta-
tion the corresponding maximum possible thickness of sedi-
ment is 15 to 20 km.

To summarize, this model predicts that the limit between
continental and oceanic crust should occur, in general, at an
initial depth of 2.5 km, corresponding in the Bay of Biscay to

Fig. 2. Relationship betwcen relativc thinning (l - (l/É)) and
subsidence. Thc first line is thc relationship immediately after strctch-
ing. Thc second linc is the relationship at timc infinite. A depth of 2.5
km is reached immediately after stretching for a thinning of l - (l/ P)
= 0.68.
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proâlc across thc Armorican continental margin after Montadert et at. ll979al showing tilted fault blocks' The
vertical exaggcration is 2.5.

a B close to 3.2 and a presett water depth of 5'2 km' Thinned

continental crust may be found occasionally at a lower depth

if the thinning exceeded 3.2 without the asthenosphere being

able to break through, but oceanic crust should trot be found

at smaller dePths.

Geometry of Extension of Upper Layer

We now have a model which predicts th€ amount of thin-

ning for a given subsideace. Montadert et al' have shown that
'the-overali tectonic style of the contineûtal margin is charac-

terized by a series of tilted blocks bounded by faults which in

."rry 
""t"t 

are clearly listric faults.' We ask the following

qo.riioo in this section: Is the geometrical extension produced

by these faults compatible with the model we just developed?

As shown in Figure 3, there are typically 8 to l0 blocks

about 20 km wide each which are tilted inward toward the

margin, the angle of tilt increasing to about 30o in the deepest

pofiIon. However, although the faults flatteû with depth by

iOo to l5o at least in the deepest portion, the rotation of any

block with respect to the adjacent one is very small, and con-

sequently, the faults bounding the blocks can be considered as

plane in a first aPProximation.
Moilon and Black [1975] have discussed a similar configu-

ratioû of faultiûg in the Daoakil horst. They have shown that

the extension can reach a value as high æ É = 3' However' in

this case the observed tiltings of the bedding planes are as

high as 60o to ?0o' Morton and Black [1975] conclude that the

""-..ogt 
reduction of thickness in the crust is about l0% by

l0' oitilting, and this result has been widely quoted in the lit-

eratur€. According to this analysis we should expect a 30Vo rc-

duction in the thickness of crust, that is, a B of only about l'4'

We consequently need to look in more detail at the actual

geometric conliguration. Figure 4 shows lchematically two

iuch btocks offset along a plaae normal fault' We have

-  L  s n ( a ' + l - e )
t s - 7 - s i ; ( 4 , + a ) - ffi, Q)

where c is the supplement of the angle of the fault plane with

respect to the bedding plane and d is thc PreEent angle of tilt-

injof the bedding plane: c'- a and I - 4thet if à - 0'

B-ilffi (s)

which is equivalent to B = 17tot d when c - 90o' As d has a

maximum ïalue of 30o, B = 1.15. But c is not equal to 90"'

For normal faults, the original dip angle should be close to

600 at the surface aod a : 120o. Then B ' t.ll. Morton and

Btack have observed an original dip angle of 60o to 70",

equivalent to l20o to ll0o. In addition, they assume that a

second generation of faulting appears when d increases

beyond 20o-30o, the initial generation ofrotated fault planes

being too shallow. This explains why they need very high val'

ues ofd to produce a B of3.
Profett [9?7] has discussed the amount of extension pro'

duced'by normal faulting in the Yerington district (Nevada)

of the Basin and Range province. Locatly, he measures a

stretching factor (B) as high as 2.4, which is a value similar to

the ones found by Morton and Black in the Danakil horst'

Stretching is obtahed by low-angle normal faults which have

been cut by a younger generation of higher-angle normal

faults. The original surface dip angle of faulting was 40o-70o,

and the faults shallow with depth to 40o-50o at a depth of8-

l0 km. Thus the present low angle of dip (0' to l0o) results

from the tilting of the fault planes by an angle 0 of up to 60o'

However, d does not show any large increase from one fault to

the other. Consequently, the fault planes can be considered

parallel in a first approximation' With the values of a and 0

iuggested by the data'of Proffetq it is clear that a very high

stretching factor should indeed be measured.

Figure 5 is a migrated section without vertical exaggeration

of one block on the Armorican continental margin which has

been published by Montadert et al. lL977al, and Figure 6

shows the main parameters [ecessary to compute the exten-

sion. The main block in the cenral part of the section (A'B)

ç = t " = f f i - f u
ru -4d-

'ôi,n (o(+0)

p - 4 .
âiln(o(+0)

Fir. 4. Computation of thc gcometrical extension for tilted blocks

seParatcd bY Planc normal faults.

- A
0 tg(a*0)
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has been tilted by an angle 0 of 26.5", while the right-hand
block is tilted by an augle I of 28o; thus d is equivalent to fl,
aad there has been oo rotation of the central block with re-
spect to the upper block, whiéh implies that the fault surface
along AA'is plane. Thus the angle BA'A, which is equal to
136o, is very close to c'(1330). AB' (lr) is equal to 0.8 km, and
BA'(I) to 7 kn. Using (7), we have B = 2.5. This can be
checked by measuring directly the ratio of BB' (I) to BA' (l),
which is equal to 2.6. The present depth ofthe upper surfacc
of the block is 5.2 km and is 4.6 km after isostatic readjust-
ment for the postrift sedimentary cover. Using (6), we have a
water depth of 4.6 km for this value of B. We conclude that
the amount of mechanical thinning in the upper layer is equiv-
alent to the thinning of the whole lithosphere predicted by the
model. However, Figure 5 shows that the refraction results of
protle Rl0 indicate a thinner crust and consequently a higher
B than the one predicted by the model. We shall come back to
this point later.

O lttn
g -

*-"--" : : :""""

Mari.dral

Fig. 5. Interprctation of a migratcd multichanncl scismic reffcction profile across thc lowcr portion of thc Armorican con-
tinental margin atter Montadert et al. ll979al.

We see in Figure 5 and 6 that this high value of B can be
obtained because the average original dip angle of the fault
plane was 45o and not 600. Thus after rotation by 28o the
fault plane lies at an angle of only l7o with the horizontal,
which allows for this very large extension and explains the dif-
ference with Morton and Black's ûndings. However, Mortoo
and Black work on the superficial tectonics, whereas the re-
flection profile gives us the deep tectonics and cannot resolve
the tectonics of the uppermost layer. There is clearly a targe
amount of complex deformatiot in the upper part of the block
near the main fault plane, possibly caused by drag along the
fault plane. This deformation must be extensional and may be
in detail quite similar to the one observed by Morton and
Black. But small blocks and high angles of tilt will never be
resolved by seismic reûection.

The process of brittle stretching then involves faulting of a
7-km-wide block along 45o faults with simultaneous tiltiûg of
the block and fault plane by 28o. This high angle of tilting re-
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Fig. 6. Paramctcrs ofFigurc 5.
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quires that the block glides along the fault plane by a milri'

mum amount of

lsin d
A A -

"  s in (c+û)

so that its upper sutfecc is not higher than the upper surface
of the preceding block. For d - 30o, c = 135o, l: 7 km, and g
- 13.5 km. But actually, thc block must glide deeper to reach

isostatic €quilibrium, and

lsin d h
8=ilG:m.-;io1t6,

From (3) we have

h = 3 . 6 4p'

iflocal isostatic equilibrium is preserved from block to block,
which gives us the means of modeling the topography of the

margin knowing c and d.
Aètually, on Figures 5 and 6, I : 12 km' Thus the fault

plane is afected by a very large amount of motion which is

âccompanied by importaat deformation by drag along the
fault plare. The origiaal thickness ofthe fault block is prob-

ably close to 8-9 km, and the fault tends to flatteû by about
l0o-15o below an original depth of about 7 km. This suggests
that the transition brittle ductile occurs near 8-10 kn at a
probable temp€rature of about 2û)oC, which is not unreaso!-
àUt". tt is well kaown that most earthquakes in areas of exten'

sion, as in Aegea, occur above l0 fun lMcKenzie, 1978b, ar.d
personal communication, 19801. McKenzie has also noted that
on tbe basis of earthquake mechanisms, fault planes appar'
ently tend to flatten at depth, although this flattening is rarely
observed at thc surfac€, even in highly eroded arcas lAngelier,
19791. Thus the flattening probably occurs below 6'to 8'km
depth near the brittle'ductile transition.

Èigure 7 is a cartoon of three such blocks showing their
present conûguration and the shapes they should have if there
had been no deformation. Seismics give us no information
about the actual deformation which must have occurred near
the lower flattened portion of the fault plaoe, and we do not
attempt to model it. Everything happens as if the blocks were

actually barely touching each other, 'floating'on the presum-

ably originally ductile material of the 6.3'km/s lower layer

lAvedik and Howard, 19791. The resulting thickness of the
àtigio"Uy brittle layer varies betwecn 4 and2 km, with an av-
erage of about 3 instead of 7-8 kn or perhaps somewhat
more.

Thc model proposed can thus be compared to a pack of
cards resting at an angle on a plane, with each card making a
slight angle d0 with the preceding one. The tilt d is due to the
accumulation of the d0, and the horizontal extensioa increases

37r3

FiE. ?. Hvpothctical geometry of threc tilted blocks in the tower contincntal margin' Thc thick dash'dot line is the geom-
^ '"' " 

"*'in 
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"U.J"." 
ofi"formation. Thc thin dashcd linc is the actual geomctry. No vertical cxaggeration.

(e)

very rapidly as d approaches 30o. Note that in this case, fault'

ing-and tilting occur simultaneously. For this reason' even if
thé faults flatten out to become horizontal at the brittle-duc-
tile transition, they never were parallel to the bedding plane'

as it was already tilted when the faults reached their full de'

velopment. Thus the estimate made by Proffett of a 13- to 16'

km depth for the brittle'ductile transition, based on the depth
at which the faults would be parallel to the bedding planes, is
probably too large.

To conclude, the only published migrated section on the Bay
of Biscay shown in Figure 5 shows a mechanical extension by

a factor of 2.6, whicb is close to the one predicted by our
model. This high B value is similar to values of 3 measured by
Morton and Black in the Danakil horst and 2.4 measured by
Proffett in the Basin and Rangc province. We have shown that
these values can be obtaiaed with a simple geometrical model

of plane normal faulting in which tilting occurs simultane'

ousiy with faulting. Although listric faulting does occur, it is

not an essential Part ofour model.
On the other hand, Morton and Black as well as Proffett

show that as tilting flattens the fault planes, a new generation

of hilher-angle normal faults occur. We believe that these
high-àngle faults only characterize the shallower levels and

that the low-aogle fault planes are still active at deeper levels,
where the lithosiatic pressure is higher. The new generation of

high-angle normal faults, together with the deformation pro'

duied in the upper layer near the fault flane (see Figure 5)'

bias the interpretatioà toward lower 0 and larger l, ualess
high-quality data are available. This fact may explain why
màny workers have obtained rather low values of B;

Variation of B With Z

We have seetr that the mechanical extension in the upper
brittle portion can be quite large and is apparently quite close
to the amount needed to thitr the whole crust according to thc
isostatic relation between B and Z Eiven in (4). In this section
we shall try to exteûd the test to the whole northern Biscay
and Galicia continental margins using the available multi'
channel profrles. ldeally, the sections used should bc migrated
and of the highest quality. Unfortuoately, the migrated s€c-
tions are rot always available, and it is sometimes quit€ dift'
cult to obtain a reasonable evaluation ofthe probable exten-
sion. Although this work will have to be redone later with
migrated sections, the results are, however, quite encouraging.
We have measured d oa 3l blocks as a function of the equiva'
lent water depth, corrected for sediment loading' We have
chosen blocks where the original prerifting layering could be
ideotified, correcting for the vertical exaggeration aad for
sediment cover whenever it is significant. Individual tn€âsllr€'
ments are not precise, but the overall variation with depth as
shown in Figure 8 is unlikely to be seriously in error. Figurc 8

3 r 6
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shows that the measured d does t€ld to systematically increase
with water depth from less than 5o to a maximum of 30o.

To measure B, we have used two methods. The first is very
sirnpfe: we simply measure the ratio L/1. The second one is
based on (7), assuming that a' = u and I : d. Both methods
yield equivalent results. The sections are not migrated and are
simply approximately converted to depths: individual errors
can be quite large. The main difficulty comes into the actual
deônition of a block. For example, in Figure 5, if the data
were not so good, one could argue that the northern end of the
left block lies near hole 400 A and not further nortb at the
base of the main slope, as imposed by the stratigraphic conti-
nuity, With such an interpretation the B measured would be
much lower.

We have consequently made two successive attempts with
two different sets of blocks. In a first attempt, with 22 blocks,
shown in Figure 9, we have assumed that the data were biased
toward low B values and tried to take that into account. In a
second attempt, with 24 blocks, shown in Figure 10, we have
tried to be quite conservative in the choice of the blocks.
Three diflerent categories of blocks have been identified ac-
cording to the quality of the interpretation.

A first coûclusion appears by looking at the distribution of
the 5 points corresponding to seismic rpfraction stations. Al-
though there is some scatter and although B as large as 7.5
have been measured on the deepest stations which have a wa-
ter depth of 6.5 km, the overall thinning of continental crust
varies linearly with water depth and follows a relation close to

As previously mentioned, this is the reason why we chose to
adopt 7.5 and not 7 .2 in the relationship, although both values
would be acceptable. The main point we wish to emphasize is
that one should not discuss the results of individual stations
separately from the others but should on the contrary consider
the relationship best âtting thê set of stations over the maxi-
mum rarge of water depth. It is well known that results of ad-
jacent refraction stations may have signifrcant differences due
either to local variability or to imprecise measurements.

8
x , k m

Fig. 9. Rclationship betwcen thinning of crust and equivalent wa-
ter depth: probablc interprctation, The refraction stations (ovals) arc
thc ones identified in Figure L Squarcs, crosses, and circles arc data
from tilted fault blocks of good, medium, and bad quality, respec-
tively.

A second conclusion is that in Figure 9 but also in Figure
10, stretchirg in the upper crustal layer reaches values which
have, as an upp€r limit, the values derived for the thinning of
the whole lithosphere. In addition, the best measurements
tend to fall quite close to the predicted relationship. Note that
the deepest blocks, immediately before the continental-oce-
anic crust transition, which is well defined here, have an
equivalent water depth of 5 to 6 km, close to the predicted
value of 5.2 km.

We conclude that with th€ present quality of data available,
there is no need to advocate the use of more complex models,
as our model seems to provide a fair approximation to the
subsidence, the continental crust thinning, and the depth of
the continental-oceanic crust transition.

It is actually quite surprising that th€ very crude approxi-
mation of perfect local isostasy on which this model is built
seems to be upheld by the data. This is probably due to the
fact that during the phase of rapid stretching the flexural ri-
gidity of thc lithosphere decreases dramatically, as has been
shown by Watts and Ryan $9761for the continental margin of
the Gulf of Lyoo. Some preliminary computations based on
the effect of the relatively small post-rift sedimentary load
suggest that the flexural rigidity is now back to a value typical
for a lithosphere of that age.

It should be pointed out that Vatts ll980l has recently ex-
amined the rates of subsidelce in the Gulf of Lyon and con-
cluded that they were too high to be explained by a simple
stretching model. However, the conclusion reached depends
on the date chosen for the end of the stretching phase. If, as
we believe, tbis date is later than proposed by Watts, it is easy
to reconcile his data with the stretchine model.

GEoLocIcAL EvoLUTIoN oF THE MARGTN

We now cxamine whether the early geological evolution of
the margin, as described by Montadert et al. p919a, à1, is com-
patible with the model. The remarkable quality of geological
and geophysical data obtained in these areas provides a clear
picture of the early geological history. Active extensional tec-
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Fig. 8. Angle oftilt d versus equivalent water depth for the north-
ern Bay of Biscay and Galicia continental margins. Squares, crosses,
and circles are data from tilted faulted blocks of good, medium, and
bad quality, respectively.
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Fig. 10. Same as Figurc 9 but with conservative interprêtation'

tonics started sometime in late Jurassic-early Cretaceous (140

m.y. ago?) and created a faulted subsiding graben. A difficult

question to answer is whether the graben progressively ex'
janded in width as it deepened or whether the width kept

constant through time. The existence of eroded summits of

faulted blocks on the shallowest portion of the margin [Mon'
tadeil et at., l979al suggests the frrst part of the alternative' As

the extensional zone progressed outward, new faulted blocks

were created and were simultaneously progressively tilted'

However, if the offsets g (see (9)) on the fault planes did not

progress fast eoough, the outer ends of the shallowest blocks

might have been raised above the erosion level. Later on, the

whole graben subsided below sea level. [n any case' when thc

oceanic crust was emplaced 120 m.y. ago, the trough had

reached a depth of approximately 2'5 km' which is what is

predicted by our model. At this time, active extensional tec'

ionics ceased as the first oceatic crust accretion was occurring,

ard the following subsideacc was purely thermal'

The fact that extensional tectonics ceased when accretion

started is fairly critical. lt renders rather difrcult the mecha-

nism proposed by Bott [1971, 19?31 ofhot creep ofthe lower

crust ioward the oceanic mantle which should be quite effi'

cient after accretion has begun. Ifon the other hand, it is as-

sumed that the thinning of the lower crust and lithosphere was

much larger than the thinning of the upper crust during the

rifting stage, then one should assume the existence of a major

level of décollement between the two portions of lithosphere

with quite diferent strain distribution patterns within both

portions. In any case, Foucher and Sibuet [1979] have shown

ihat thinning of the lower crust and lithosphere keeping intact

the upper crust is difrcult to reconcile with the measured

fairly lôw heat flow. We conclude that the simple stretching

model best accounts for the presently available data'

Figure I I summarizes the crustal structure across the Bay of

Biscay margin, based on refraction data with interpolation

based on continuous two'dimensional gravity computations'

According to our model, mass and consequently volume of

crust'are conserved. Thus it is easy to estimate the original

continqrt limit, which is 120 km further inland than the pres-

cnt continental-oceanic crust limit.

LE PrcHoN AND SIBUET: Pesstve MARGINS

Although our model is based on the data obtained in the

Bay of Biscay, a 'starved' margin where the total thickness of

r.di-.ntt is limited, it can account for a margin which would

have received a considerable amount of sedimentation both

during the early phase of rifting and later during the thermal

subsidence. The east American continetrtal margin is an ex-

ample of this type. Figure 12 shows, as an exercise' a possible

intérpretation of a profile of this margin (based on Grow et al'

[979]) according to this model. The limit of continental-oce-

anic crust and the sedimentary data used for the isostatic cor-

rection are tfter Grow et al. [19791- It is seen that the maxi-

mum predicted initial subsidence is about 2.5 km, which is

reasonable. Note that the model predicts that the initial alti-

tude ofthe continetrt was close to the zero level before stretch-

ing started.

IMPLICATIONS OF THE MODEL

In this section wc brieffy.discuss some implications of the

simple stretching model. However, we do not discuss here its

theimal consequences concerning the distribution of radio-

genic heat and the evolution of continental margin sedimen'

iary basins lFoucher and Sibuet,1979i Christie and Sclater'

1980; Royden er al., 19801.

P etrolo gical I mP lications

The petrological consequences will be explored qualita-

tively with the constants determined for the Bay of Biscay us-

ing as a guide the estimation made by Ahern and Turcotte

ltiZe; for the production and migration of the liquid phase

under a mid-ocean ridge. Signiûcant partial fusion will start

when the temperature of the lithosphere-asthenosphere limit

increases beyond the solidus, at a depth of70 to 60 km corre-

sponding to a B of about 2. The percentage of partial fusion

will fust be less thaû 5?o, ao.d the volume of magma very

small. Thus although liquid basalt has a density of 2'6 g cm-3

and could theoreticilly migrate to the surface, a successful

eruption is unlikely. If it occurs, it should be of the highly al'

kaline type.
As stretching increases and the depth ofthe lithosphere-as-

thenosphere limit decreases, partial fusion increases as well as

the totil volume of magma produced' Successful eruptions be-

come more likely, and the corresponding alkalinity of the

magma should tend to decrease. As B increases beyond 3' the

a""iuge depth of production of magma becomes less than 50

km, and the average percentage of partial fusion becomes at

least 5 to l|Vo. A large quantity of magma thus accumulates

below the highly fractured and thinned lithosphere' One

might then expect in general the asthenosphere to break

through to the seafloor as soon as the water depth is equal to

or larger than the asthenosphere geoid, although locally' ex-

ceptions might occur on numerous places along the margin'

Ai the asthenosphere is able to break through to the seafloor,

most of the magma which has been produced by partial fusion

in the asthenosphere, on both sides ofthe break, might be able

to migrate laterally and escape to the surface. If this is so, a

somewhat thicker than normal initial oceanic crust might be

expected {Rabinowitz and Labrecque, 19711. Finally, when

steady state accretion is installed, the average depth of pro-

duction is about 30 km, and the average percentage ofpartial

fusion l0-1570, corresponding to a typical tholeiite'

In summary, the probability of eruptions increases as B in'

creases from 2 to beyond 3.2. During the rifting episode or

just after, the early eruptions should be highly alkaline, but

3't t5
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the alkalinity tends to deoease as B increases. When the as-
thenosphere first reaches the seafloor, the crust first produced
should still be quite alkaline and might be unusually thick. It
should progressively change to a tholeiitic type and a normal
thickness as steady state is reached.

The previous discussion assumcs a normal temperature and
homogeneous asthenosphere. If the temperature of the as-
thenosphere is unusually high, the percentage ofpartial fusion
will be much higher, and tholeiitic material might be pro-
duced as soon as the magma is able to reach the surface. This
is obviously the case near 'hot spots.' In addition, hetero-
geneities in the asthenosphere may considerably modify this
highly simplified model. In any case this process could explain
the preseûce of some magnetic anomalies of limited extension
(20 km) located on the thinned continental crust of the north-
ern Bay of Biscay, which do not correspond to associated
morphological or gravimetric features {Guennoc et al.,19791.

Roles of Nonzero Initial Elevation and of Unusual
A s t heno sp he re C onditions

If the asthenosphere has an abnormally high average tem-
perature, the level of equilibrium of the zero-age oceanic lith-
osphere is smaller than 2.5 km and may even reach zero as in
Iceland and Afar. The amouot of stretching necessary to
reach the steady state accretionary stage is much smaller pro-
vided the initial elevation of the continent is zero. If, on the
other hand, the initial elevation ofthe continent is higher than
sea level, due to increased continental crust thickness, but the
asthenosphere has a normal average temperature, the amount
of stretching necessary does not change signiûcantly. This is
because although the amount of subsidence necessary is

LE PrcHoN AND STBUET: PAsslvE MARotNs

Fig. I l. Profile across the Armorican continenlal margin (see location in Figurc l). The sedimentary cover is dottcd.
Thc leftmost arrow marks the prese$t oceanic crust limit; the middle arrow marks the reconstructed position of this limit
before stretching, assuming no thinning beyond the rightmost arow.

larger, the rate ofsubsidence is also larger, Clearly, many var-
iations are possible by combining anomalies of average tem-
perature of asthenosphere with anomalies of crustal thickness.
In addition, for a given thickness of crust À" the variation in
the thickness of prerifting lithosphere l, introduces a large
variation in the initial subsidence relation (l). As ft1 increases,
the initiat subsidence Z, decreases. On the contrary, as à1 de-
creases, Z, increases. Thus the model can ût a very wide range
of geological cases. In this paper we limit the discussion to the
case described by the given constants, which is believed to ac-
count approximately for the northern Biscay continental mar-
gin.

Kinematlcs

The present variation of thickness of continental crust
across the margin directly reflects the amount of stretching
during the initial phase. Figure 14 shows the variation of
thickness of crust across the profiles of Figures 12 and 13. This
variation is roughly liriear between 26 and 5 km and can be
approximated within this portion of curve by h:26 - x/3 for
Figure I I (Bay of Biscay) and h - 26 - x/7.5 for Figure 12
(eastern North America), where h and x are in kilometers.
Most of the stretching occurs over a present width of 60 km
for the Bay of Biscay and 150 km for eastern North America
before reaching maximum thinning.

Assuming this linear relation, it becomes easy to compute
the initial width X, of the portion of continental margin of
present width X. We havc

Z :  K x

Z=7 .81 r -0 /g l
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30-
Fig. 12. profilc across thc €ast Am€ricân contincntal margin after Grow -et at. ,11979t. 

Lower portion: symbols as for

Fisure I l. uoper porrion: the solid line is tt 
" 

pr"r.r,t o"iiË"its"."À*,,î.dashediine the equivalent water depth' 's' the

thirmal subsiâencc, and S, the initial subsidence based on a stretcnlng mooet'

thus

or, more generally,

taking the origin of the x at the point where linear thinning of
crust sdarts. Beyond the depth of 5.4 km, the stretching factor

B is constant and equal to 3'24; any additional dX is such that

dXi = dX/3'24

It is consequently ideally possible to make an evaluation of
the original width of crust before stretching, and one can, in
principle, make accurate prerift continental reconstruction'
ihis solves the diffcult problem of continental fit which is

otherwise untractable ia detail lBullard et al.' 1965; Le Pichon
et al., 19731.

We have seen that although the variation of thickness of
crust is linear both on the Biscay margin and on the U.S' mar'
gin, there is a diference by a factor of 2.5 in the amount of

thinning per kilometer between thc two margins. Although
one might not expect such large variations along the same

margin, small variations might be expected' Let us assume for

example K= L/10 in one section of the margin and l/15 in

anothlr one. Then the widths of the basin at the time oceanic

crust accretion becomes possible are 2 x 52 and 2 x 78 km'

respectively, The corresponding amounts of extension are 36

and 54 km. Thus oceanic accretion may start in the ûrst sec-

tion after 36 km ofextension occurred between the two plates,

while continental stretching will continue in the second sec-

tion until the total extensio[ exceeds 54 km'

This may well be what happens now in the Red Sea, which

is about 200-250 km wide and at the axis ofwhich new oce-

anic crust is just being emplaced in the southern portion at

2000- to 2500-m depth. The southern portion, which is farther

away from the pole of rotation, has been submitted to a larger

âmount of extension than the northern portion (see, for ex-

ample, Le Pichon and Francheteau [1978]). Thus the northern

portion is still in the continental stretching stage, while the

southern portion reached the oceanic stage 3 to 5 m.y' ago'

The stretching interpretation explains why the oceanic crust

emplacement is not continuous at the presett axis, as the dis-

tribution of strain may vary slightly according to the varying

crustal strength. This interpretation is quite close to the one

proposed by Lowell and Genik [19721' It suggests that the

itretching factor is of the order of 3 over the axial part of the

Red Sea. The relatively high crustal velocities measured by

l r x

X,: I ( - kx/1.8) dx : X - KX/15.6
l o

*= f ( ' . r f  zs5 .4km
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Tramontini and Davies [969] might perhaps be explained by
volcanic extrusives. A preliminary study shows that this
model may be reconciled with the kinematic interpretation
proposed for the Red Sea by Le Pichon and Francheteau

I le78].
Another interesting kinematic consequence of this model is

the existerce of a special type of transform fault in the pre-
accretionary extension basin (Figure l4). Le Pichon and Hayes
[971] and Le Pichon and Fox [971] have discussed the im-
portance ofoffsets in the initial break for th€ structurâtion of
the margin. Such offsets are inherited from the pre-
accretionary stage. In this case the sense of motion is opposite
to the topographic offset, as in the classical Wilson 11965l
transform faults. But the offset changes continuously along
the fault depending on the way strain is distributed along the
section. In addition, this typc of transform fault may even ap-
pear where there is no offset of the initial break if strain is dis-
tributed in a different manner in two adjacent sections. Note
that these offsets may reach tens of kilometers locally, as
seems to be the case otr the Armorican continental margin
(see Figure l7 of Montadert et al. |979a1).

The range of width of thinned continental crust basins be-
fore oceanic crust accretion starts seems to be 150 to 350 km.
It is then significant that the history of mountain belts (The
Alpine belt, for example) is often marked by a period of ex-
tension which creates marine basins of limited width. For ex-
ample, the Triassic to Jurassic basins of the western alpine
belts may not have been more than 300 km wide le.g., Le
Pichon and Blanchet,19781. These basins may thus have been
entirely floored by thin continental crust, although they may
have reached depths as large as 5 km by lâte Cretaceous time.
Later shortening may have reactivated the faulted blocks as
nappes 20 km wide and24 km thick, whereas the portion of
crust which has been stretched by ductile flow may be easily
subducted. Although we cannot develop here these consid-
erations, it is obvious that our model has predictive values for
both paleogeographic and tectonic conditions. The width of
the thinned continental crust basins, on the other hand, is sig-
nifrcantly larger than the one charâcteristic of continental
rifts. For example, in Albian time, 120 m.y. ago, just before
oceanic accretion started" the Bay of Biscay was a 2,5-km-
deep, 30O-km-wide basin floored by stretched thin continental
crust affected by very active extensional tectonics. Some lim-
ited âlkaline volcanism may have afected the deepest portion
of the basin. The original width of this portion of crust before
stretching was probably about 150 km (Figure I l). The tec-
tonic situation of the Bay of Biscay in early Cretaceous time is

Fig. 13. Profiles ofcontinental crust thickness against distance for
the northern Bay of Biscay and northeastern U.S. continental margins
based on Figures I I and 12. The lower horizontal scale is for the Bay
of Biscay, and the upper one lor thc U.S. margin.

50 t00 km

À-Âiite#ffih a----aculnf larrv-e strâ|n

+-+wlst?rdfipih +----.-+cumsulalv€ strain

Fig. 14. Effect ofan offsct ofa S-km-deep rifted basin in which Z
= 0. lx on the lateral and vertical offsets across the fault separating the
two offset ponions of margin. The northern portion of margin is as-
sumed to bc right laterally offset by 20 km. (Top) The two offset bath-
ymetric profiles are shown aS well as the cumulative strain curves.
(Bottom) Thc vertical and lateral offsets are prescnted.

thus quite different from the one characteristic of the Rhine
graben, Baikal graben, or the African Rift valleys [Le Pichon
et al., 19131. These are typically 50 to 75 km wide and have
been affected by a limited amount of extension (1070 for the
Rhine graben). On the other hand, it can be compared to the
one of the present Aegean Sea lMcKenzie; l9il&b; Le Pichon
and Angelier, 19791, which is affected by extensional tectonics
over a width of about 300 km with a B of up to 2. This anal-
ogy suggests that stretching may be relatively evenly distrib-
uted in the initial stage over a wide surface, as in the Basin
and Range province [Profett, 1977; Wright, 1976], until stress
release tends to concentrate itself in a narrow area, perhaps
because ofan effect ofstrain softeaing.

Dynamics

Consequently, the conc€ntratioa.of strain in a relatively
narrow area is the phenomenon which leads to the formation
of a deep basin, An important factor in the concentration of
strain is the following. Once the lithosphere has started to thin
locally, a new force tends to pull material from the thicker to-
ward the thinner lithosphcre, thus increasing the extensional
stresses within the rift. This force is equivalent to the ridge
push force [e.g., Souriau, 19801 but is acting in the opposite di-
rection because of the positive buoyancy of the lithosphere on
the margin, However, because of the much steeper slope of
the asthenosphere-lithosphere boundary, and consequently
the much larger lateral density gradients, this force increases
more rapidly with horizontal distance than on the mid-ocean
ridge. Assuming that a solid lithosphere is floating on a fluid
asthenosphere, the situation can be compared to a heavy liq-
uid drop inserted within a light solid (see Figure l5). The solid
tends to spread with the space occupied by the liquid. How-

O-.-O US margin
f-* Eiscay margin
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Fis. 15. Geometry of a rifted basin immediately prior to the ac-
cretiig stage and coriesponding distribution oflhe buoyancy force of
the litf,ospiere. Note thà vcry stcep angle c of thc asthenospherelith'
osphere boundary.

ever, if the density of the solid increases and becomes equal to

the density of the liquid, the force decreases and becomes

null.
In the case we are considering, the difference between the

average density of the lithosphere and that of the astheno-

sphere is proportiotral to the buoyancy divided by the thick-

ness ofthe lithosphere' As the water depth drops below the as-

thenosphere geoid (2.5 km), the buoyancy becomes negative

and the total force ceases to increase but rather decreases'

This may be an additional reason why thinning does not in

general extend beYond this limit.

If the extensional forces which produce the overau exten-

sion cease, this gravitational force still exists' However, in the

absence of overall extension its net result is a compreision

which tends to suppress the thinned lithospheric basin. It may

be the driving force which eliminates intracontinental thinned

crust basins in the latei stage of evolution of mountain belts'

CoNcLUstoNs

We have presented a simple stretching model for the north-

em Bay of Biscay and Galicia continental margins in the

northeast Atlantic. This modet is based on McKenzie's ll978al
stretching model assuming local isostasy. It is quantitative and

predictive and seems to account for the available data. ln par-

ticular, it explains thc relationship between initial subsidence'

thermal subsidence, and continental crust thinning' and it

gives the reason for the transition from continental stretching

to oceanic accretion.
This model has many implications which have been barely

touched upon in this paper. \ile think that it catr probably ex-

plain the evolution of most nontransform passive continental

margins.
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The ocean-continent transition in the uniform

lithospheric stretching model: role of partial melting in the mantle*

Bv J . -P .  Foucnent ,  X .  Le  PrcHoxf  a r ' ro  J ' -C '  Srnuot t

I centre ocêanologique de Bretagne, 8.P.337,29273 Brest cédex, France

I Uniuersité Pierre et Marie Curie, Laboratoire de Géologie dynanique,

4 place Jussieur 75230 Paris cédex 5, France

The role of partial melting in the uniform lithospheric stretching model of continental
À"rgi" t"tÂation is explàred. It is shown that the transition from continental litho-

,fÀ.?" rit"tching to océanic accretion is most probably controlled by. the. production

oî a sienificant ainount of partial melting in thé asthenosphere immcdiately below the
lit5osihere, which requirËs shetching fàctors larger than 3. It is also shown that, at

stretciring factors exceeding 2, the l* qf subsidènce is significantly .changed !f ttt"
presence"of partial melt in" the underlying asthenosphere-. The implications for the

i*irt.n." of cieep continental margin basins ôn thinned continental crusts are examined.
The Armorican deep continentafmargin basin is taken as an example.

I l q t n o o u c t t o N

A simple uniform stretching model of subsidence (McKen zie tg78 a, ô) has been applied at various

continental margins (see, for example, Royden & Keen r98o; Royden et al. r98o; Cochran r98r;

Le Pichon & Sibuet r98r). We use this model to discuss more specifically the nature and mode of

transition from the stretched continental lithosphere to the accreted oceanic lithosphere. In

particular, we examine whether. the stretching model can account for the existence of deep

continental margin basins. The Armorican deep continental margin basin is taken as an example.

Tlre method proposed by Le Pichon et at. $g8z) for the simple stretching model is adopted,

which allows us to ignore the density stratification of the lithosphere. This is because, as a first

approximation, the lithosphere is floating on top of the asthenosphere, and hence subsidence is

controlled by the existence of two reference levels, one near 3.6km and the other near 7.8km

water depth. These are the levels that would be reached by the asthenosphere in the absence of

lithosphere and of formation of oceanic crust. The first one is for hot asthenosphere; the other

one for asthenosphere cooled to thermal equilibrium. The instantaneous (Z) aswell as the total

subsidence after an infinite time (Zs) can then be expressed simply as a function of the difference

ofelevation between the starting level and the 3.6 and ?.8 km reference levels, respectively. Thus

confining ourselves for simplification to basins below water, we have

Z r : y ( S . S _ E )

and Z, : y(7.8 - E)

whereEis thestartingwaterdepth,T : L - L/p andpis thestretchingfactor (seefigures 1 and 2).

In the continental margin model discussed by Le Pichon & Sibuet (r98r) and Le Pichon et al"

(1982), the amount ofstretching increases from no stretching (f : 1,7 : 0) on the continental

shelf to a maximum value, /-**, beyond which oceanic lithosphere accretion starts. It was

argued by Le Pichon & Sibuet (r98r) that, although instantaneous subsidence can theoretically

* Contribution no. ?64, Centre Océanologique de Bretagne.
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reach a limit value of 3.6 km for infinite stretching, oceanic accretion will probably start much
earlier and will be increasingly likely to occur once the water depth exceeds 2.5 km, which is the
level reached by new oceanic crust at mid-ocean ridge crests. However, it was proposed that
stretching may occasionally exceed the value corresponding to 2.5 km subsidence, thus producing
stretched continental crust that is deeper than the adjacent oceanic crust. As a result, a deep
continental margin basin will be created.

The amount of uniform stretching necessary to bring the surface of the lithosphere in isostatic
equilibrium from sea level to 2.5 km water depth is 3.2 (y : 0.69; see figure 2). It has been shown
by Le Pichon & Sibuet (r98r) and Le Pichon et al. (tg8z) thFt such large values of stretchingare

Frcunr 1. Initial stretching phase.and isostatic equilibrium. Oblique hatched pattern, asthenospherel vertical
hatched pattern, lithosphere. Average densitics are p" (asthenosphere), p,n (mantle portion of litbosphere),
po (crust), p, (whole lithosphere),p, (water). (a) Hypothetical column with lithosphere entirely replaced by
asthenosphere (which is isostatically equivalent with p" = pt). This enables definition of the reference levels
(mantle geoid and asthenosphere geoid) at 3.6 and 7.8 km respectively. (ô) Lithosphere before stretching:
âo and â1 are thicknesses ofcrust and lithosphere respectively. E is the starting water depth. (c) Lithosphere
just after instantaneous stretching by a factor p.The subsidence relative to (b) is Zt

Frounr 2. Initial instantaneous subsidence and total subsidence as a function ofrelative thinning ofthe lithosphere
for two different starting elevationsl 2 km above sea level and sea-level. { and S,o are the initial and thermal
subsidences. The 2.6, 3.61 and 7.82 km levels-are identified.
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indeed measured on the deeper portion of the Armorican continental margin and that conse-

quently the model could be accepted at least as a first approximation.

The reason why the transition from continental lithosphere stretching to oceanic accretion

should occur for a given stretching factor p was, however, not discussed in detail by Le Pichon &

Sibuet (r98r). They did mention the probable role played by the increase in the amount of

partial melting as the base of the lithosphere is raised by stretching but did not try to discuss it

quantitatively. That this transition does not occur randomly at widely different stretching factor

values is proved by the fact that the transition from stretched continental crust to oceanic crust,

where this is documented, does not seem to be marked by a significant topographic step (see, for

example, Montadert et al. ry7ra,ô). Thus, it can be concluded that in general the stretched

continental crust had reached a level within 500 m or less of the lewl of emplacement of early

oceanic crust when this transition occurred. Such a coincidence is unlikely to be fortuitous and

should be controlled by a physical mechanism. Small differences of 600 to 1000m, when they

occur, however, are geologically very significant since they control the existence ofearly deep

continental margin basins. It is consequently necessary to examine the mechanisms that control

the transition from the stretching mode to the accreting mode to be able to discuss possible

variations at the origin of the basins. In the following, we briefly present the geology and geo-

physics of the Armorican deep continental margin basin, then we discuss how partial melting

may be the mechanidm playing the dominant role in provoking the transition from stretching to

accretion. We show that taking into account this partial melting introduces significant modifi-

cations in the curves of figure 2. We then discuss the possible origin of deep continental margin

basins based on this mechanism.

Tnn Nont t rERN Bev or  B lscev  coNTINENTÂL MARcIN

Over the past 10 years, a considerable number of data have been acquired including those of

Glomar Challenger Legs 48 and 80. The structure of the northern Bay of Biscay margin is featured

by a series of horsts, graben and tilted fault blocks buried beneath a thin sedimentary cover that

has been only'slightly affected by post-riftin$ tectonics (Roberts & Montadert r98o). The fault

blocks parallel to the margin occupy the area between the shelf edgp and the ocean-continent

boundary. They affect either the Hercynian basement in the western part of the Celtic margin

(Pautot et aI. tg76) or a pre-existing continental basin as shown by the presence of reflectors within

the blocks (Montadert et al. rg7ga,ô) and the results of Hole 401 drilled in a tilted fault block

(Montadert et al, ry7ga). The present structure of the margin is mainly the result of a tensional

phase 20-40 Ma long occurring in a submarine environment during Lower Cretaceous time

(Montadert ct al. ry7gb; Sibuet & Ryan ry7fi. Le Pichon & Sibuet (r98r) and Le Pichon et al.

(r982).have shown that extensional values as large as 3 are calculated from the geometry of tilted

fault blocks. The calculated arnount of thinning for the brittle portion of the crust is comparable

with the tinning of the whole continental crust deduced from seismic refraction measurements

and required by the uniform stretching model for the whole lithosphere.

A deep margin basin, located on the thinned continental crust, is observed along the northern

Bay of Biscay (figure 3) except in the western part of the Celtic margin, where the oceanic crust is

directly in contact with the continental slope, a 0.5-1.0km vertical offset being often observed.

From refraction data (Avedik & Howard 1979) and density data from Leg 48, the interpreted

profile of figure 3 is shown in figure 4. If the whole sedimentary cover, taken to be in local isostatic

29
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equilibrium, is removed, a slight deep-margin basin, about 0.5km deep, remains on the tlrinned

continental crust and is fringed by the oceanic crust or by a small dam generally less than 0.5 km

high. Below the deep margin basin, the inferred thickness of the thinned continental crust, based

on the interpretation of free-air anomalies in terms of local as well as regional isostatic equi-

librium (Lalaut r98o), is about 3km. This value isin agreement with the interpretation of a

refraction line shot in the deep margin basin about 50 km southweastwards of the seismic section

offigure 3 (Limond et at. ry74).In summary, the deep margin basin, located on a greatly thinned

continental crust about 3km thick, is, in the absence of sediments, a slight geological feature

0.5 km or less deeper than the adjacent oceanic crust.

residual anomaly/mGal

free-air anomaly/mGal

ocean-continent
boundary
t-------l

depth/km

Frcune 4. Free-air anomaly profile corresponding to the seismic reflexion profile of figure 3. Densities in grams

per cubic centimetre. Oblique numbers are seismic refraction velocities (Avedi! & Howard 1979). The base

àf the crust is obtained assuÀing local (solid line) and regional (dotted line, with flexural parameter.r = 50km)

isostatic equalibrium. The broken line corresponds to the best-fitting model. The position of the basement

after correction for the effect of the se,ilimentary load is shown by a broken line.

P e n r r e r .  M E L T T N c  I N  T r r E  u p p E R  M A N T L E  À T  L A R c E  s r R E T c H r N c  F A c r o R s

The base of the lithosphere rises from Ér to h/ P during extension by a factor /, which results

in the ascent between âr and h/p oîhotupper mantle material at the temperature of the astheno'

sphere, In, which we take as the tçmperature at depth &r in the mantle (figure 1). At small

stretching factors, the pressure drop in the ascending hot upper mantle remains insullicient to

produce partial melting, which means that the ascending upper mantle does not cross its solidus.

This is not so at large stretching factors when the ascending upper mantle crosses the solidus, then

producing partial melting. The critical extension value /., beyond which the stretching process

produces partial melting as well as the amount of partial melting in the upper mantle at a given

stretching fa ctor f|, f > Ê",is primarily controlled by the law assumed to describe the dependence

of partial melting on temperature and pressure.in the upper mantle. Although this law is poorly

North Gascony Ridge

328



s 2  J . - P .  F O U C H E R ,  X .  L E  P I C H O N  A N D  J . - C . S I B U E T

known, for discussion purposes we adopt that proposed by Ahern & Turcotte (tgZù as it has a
simple analytical expression:

-f : Atexpp(r-Cz-D)l-r\, (1)

where;f isthedegreeofpart ialmelt ing, I istemperature,zisdepth andA,B,C,D areconstants
with values given in table 1 . The empirical e quation ( 1) accounts to a fairly good approximation
for tlre experimental data with 0.01 o/o water reported by Ringwood (rgZS) (see also fig. 2 in
Ahern & Turcotte 1979). Thus, in the following section, we propose to apply the equation of
Ahern & Turcotte (rgZù to illustrate quantitativelir how partial melting in the upper mantle
varies as a function ofthe stretching îactor p.

Parameter

P,
P"
G
A
B
C
D
L
C,
d,

Pù

P*

Tasln 1. Velurs oF PARAMETERs

density of water
density of upper mantle at 1.
adiabatic temperature gradient
constant in (l)
constant in (1)
constant in (I)
constant in (1)
latent heat offusion
specific heat
thermal expansion coefficient
density of melt fraction (liquid

basalt)
density of melt li.action after
solidification

value

1.0 g cm-s
3.3 g cm-r
0.3 K km-r
0.4
3.65 x 10-8 K-r
3 , 0 x 1 0 - 6 K c m - 1
I 100 0C

33+.I g-t
1.0SJ g-r ç-t
3.28 x 10-o K-l
2.0 g cm-o

2.86*0.008332 (z in
kilometres; see figure 6)

I

temperature/oC

Ftcuns 5. ExperimentalP-T diagramshowing stability fields of eclogite, garnet granuliteand gabbro (fromGreen
& Ringwood r967). The transition from gabbro to eclogite is not sharp but occurs through a 400-800 MPa
garnet granulite interval"
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Given a srretching factor p and assuming no partial melting (f < f ,), the initial temperature

d is t r ibu t ion isg ive 'by  
7 : (T ' *p /h1)z  fo r  o<z<ra /p  .1  

e )
and T: Tl ,+G(z-fu/B) fot  hr/Ê < z {  hr,J

with l l . j  -  To-G(h-hr/ l t ) .

In (Z) we have introduced the adiabatic temperature gradient G, generally ignored in previous

developments of the stretching model, but which should be considered in an approach including

a description of partial melting e{fects because of the high sensitivity of the degree of mclting to

small changes in temperature. This high sensitivity is illustrated by the steep slope of the solidus

(figure 5).

0 10

20
b r -

10.
t l

60

80

t 
B:ro --K

B:5 - -/

p--3

i :1333'C

0
l l

f:n *11

f = 6

f :3

?i= 1ii00'c

Frcune 6' Parti ar mer tïî*' 
"#:lîiî"ii.i':;i:""rîïïïi'"iÏ 

l g #:g' 
( 3' 5 and 1 0)

Introducing now partial melting (Ê , f "), 
equations (2) become

where the termrfl/Co is the temperature decrease due to the extraction of latent heat of fusion, Z

is tlre latent he at of fusio n and, Cris the specific heat capacity at constant pressure (table 1). Thus,

the degree of melting,J can be calculated from (1) with Tin (1) given bV (S).The solution can

be obtained from simple numerical calculatioris. Figure 6 displays the results obtained. Partial

h l

I

J1

Ë l
o {

10

ràr,

4
t ,
3 '

&

o

T: (T ;p /h )z - fL /C,  fo r  042<h/P t
T : Tl+G(z-ht/f)-"ft/Co for hr/f < z < hr,)

(3 )

n:L25o"C
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melting is nearly restricted to the upper mantlc undcrlying the stretched lithosphere. The top of
tlre zone of melting is near fu/ p, its base is at depth zl obtained from (1), making;f equal to zero.

T"-Glu-  D ht
4:  -eT lor  P '4 (4)

Through the zone of melting, the degree of melting;fdecreases nearly linearly with depth so that
to a good approximation the degree of melting;fis given by

-f:-fo\-z/zr), (oJ

whereJ is the degree of melting in upper mantle material ascending adiabatically from the base
of the lithosphere to the surface.

3.6

3.4
gabbro

or

eclogite

Frcuns ?. Experimentat data points reported ,, 
"ïîî'*tl**."d 

Gg67),showing the incrcase in density rvith
pressure of alkali basalts. We approximate the density variation with p - 2.85 + 0.008 33 z (solid line; z in
kilometres, p in grams per cubic centimetre).

Thus, partial melting is predicted to occur as soon as the base of the stretched lithosphere is

raised to z1,i.e. corresponding to a critical extension value po: h/zt.
T a k i n g  h :  l 2 5 k m  a n d  ? " " : 1 3 0 0 o C ,  t h e n  z r : 6 0 . 2 k m  a n d  p c : 2 . 1 .  F o r  l a : 1 3 3 3 o C ,

zJ :72 .4km and ps :1 .7 .  For  [  :  l250oC,  z ! :41 .7  km and. / " :3 .  I t  w i l l  be  no ted  tha t

partial melting begins at relatively moderate extension values, from 1.7 to 2.1for usually assumed

temperatures at the base of the lithosphere, 1333 and 1300 "C respectively.

Equation (6) is convenient for deriving some quantities of interest to a discussion of the effects

of partial melting, in particular the maximum degree of melting,Jna*, which occurs at fuf p, is

given bY 
-f^r*:.fr(t-fr/f), (6)

and the total equivalent thickness, À5, of liquid basalt produced is'given by

no:f,.fort/z(L-P"/il '.

From(6), takingl" :  1333oC,,frno'reachesS %atf  -  2.9,and 10 oÂutf  :  3.1.ForÎo: 1300oC,

the 5 and 10 o/o levels are reached at p :2.9 and 4.6 respectively. For Tt : 1250oC, f : 5.0 and

16.0 respectively. Again, the high sensitivity of the results to the assumed temperature l"a at the

ranug

{  e.z
>-

q

lftd
I

I

I eurn"t I
lsranulitel
t - A

n, : frl:, f,(r 
- z/21) dz;

I

o

( 7 )
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base of the lithosphere is illustrated. However, it must be cmphasized -that for reasons of conti-

nuity in the application of (1) at the transitions from the stretched continental crust to thc

oceanic crust, the value of lo is constrained by the requirement that at p tending to infinity the

amount of liquid basalt produced by partial melting is capable of accounting for the creation of

a normal S.S km thick oceanic crust' From (7), taking Ta : 1333 oC, ip : 10'4 km lvhen p tends

to inf ini ty,  whi le for Ta: 1300'C, f t l  -  7.0km, and for Ta: l250oC, û5:3'2km' Thus, we

suggest that realistic descriptions of the partial melting in the uPper mantle in the present

approach are for values of ?"a between 1 333 and t 300 "C, the exact value depending on whethe r

it is considered that ne arly all of the tiquid basalt produced migrates to the surface to form thc

oceanic crust, or whether only part of it ls involved (Ahern & Turcotte 1979; Sleep ry7ù.

4:1333 "C

1300

' 12bo

35

s
N

Frcune g. Su6sidences of figure 2 (solid lines) corrected for the ellects of partial melting (broken lines, then
''"";;.*d;;;î;; 

li|es are fà, degrees'of melting less thal 10 l'o' Dotted lines are for degrees of melting

excccding l0;od, Vertical bars show the amount oithermal subsiàence at / corresponding to a degree o[

melt ing ol lOo/o.

Furthe r partial melting introduces significant changes in the me an $ensity of the upper mantle'

rvlriclr rcsult in considerable mogifications of the subsidencc curves of figure 2.If pr"r is the density

of tle m.elt fraction (liquicl basalt;, the mean clensity change Apr at t:0, intrbdtlced over the

rvhole thickncss of t[e melting zone, i.e . lionr fu/p to 21, is given by

P t .
t - t

I  P*- Puf P"tf dz
Lp,=ry+l;/F- p", (s)

rvlriclr implies a correction ASr (Â,Sr < 0 since pt < pt) to be applicd to the initial subsidence Sr:

^s': hffv'-t,,/Ê),
*,_fi4[T,,o#ru,

In (g) wc have assumed that local isostatic conditions prevail at delith h1. Similarly, if p". is the

density of the melt lraction after cooling and solidification, a correction A,S* is predicted at

(e)
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thermal equilibrium, which is given by

Pa IT,o*#t0,,A S . : (10)
P a -  P w

wlrere paa:2.85 +0.00833 z, taking into account the change in density clue to pressure (see
figure 7 and table 1).

Figure 8 shows the resulting subsidence curves after corrections have been applicd by adopting
numerical values in table l. We have neglected, in the calculation of the corrections above at
/ : 0, the effects of the temperature drop A 7'due to the extraction of the latent he at of melting,

LT: L.f/Co,

wlrich introduces a density change, po,eLT, that is pnaLff Cp; about 0.031 adopting values in
table 1. This density change can be ignored in comparison rvith the much larger density change
(p*- pn) p"/puf, about 0.9J involved in (8).

G e N a n a l  I M p L r c A T r o N S

As is seen from the previous description, and limiting ourselves to the most realistic range of
cases of 71o : 1333 oC and Îa : 1300 oC rvithin our set of assumptions, partial melting is predicted
to occur in the uppcr mantle beginning at relativcly srnall strctching làctors, of thc ordcr of 2,
then reacldng 10 o/o at the base of the stretched lithosphcre at p: 8.1 for 7],: IBBBoC or
/l : 4.6 for [ : 1300 "C. Thus, a considerable amount of melt is predicted to be present in the
upper mantle at moderately large values ofp. lVe suggest that the transition from the stretching
process to oceanic accretion is controlled to a large extent by the ability of the large volume of
melt produced to migrate and erupt to the sea floor.

Melt migration models have been proposed to account for the segregation of an oceanic crust
lrom a partly molten mantle at mid-oceanic ridges (see, for example, Sleep 1974; Ahern &
Turcotte r979). The first melt produced forms on grain boundary intersections (WalI & 13ullau
1979), thcn with the amount of nrelt increasing, intersections become interconnected, which
makes the matrix more permeable and favours migration due to the buoyancy of the melt
fraction. It has been inferred from geochemical studies that migration begins abovc about 10 o/o

melting at mid-oceanic ridges (Kay et al. ry7o). A l0 o/o melt lraction is producecl at extensions
from 3'1 (?"n = 1330'C) to +.6 (Tù: 1300oC), as discussed above. Such extension values may
then be minimum estimates required to initiate oceanic accretion. It shoulcl be noted from (z)
that, with p increasing beyond the critical value B" at which partial melting begins, the volumc
of melt produced will increase rapidly, as illustrated by the fact that at p : 2p", one-quarter of
the total volume of melt predicted at t- would be produced. As a result, the probability for the
transition from stretching to oceanic accretion process will incrcase rapidly with /, which suggests
that the transition will probably not occur at p greatly in exccss of the minimum estimates given
above. However, it will be noted that unlike at mid-oceanic ridges the zone of melting in the
stretching model does not extend up to the surface but rcmains confined to the upper mantle
underneath the stretched lithosphere. Presumably then, migration will bring the mclt matcrial
to the base of the lithosphere, where it may accumulate. Large accumulations, howcver, would
be unstable because of the high buoyancy of the melt material. Possible mechanisms for thc
ascent of the melt material through the thinned lithosphcre are propagation along fractures or

3 3 3
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clastic cracks, and diapiric intrusion. The melt material could ascend and erupt rapidly to the

sea fioor once it has reached the base of the lithosphere. It follows that the transition to oce anic

accretion would then be primarily controlled by thc volume of partial melt produced in the

upper mantle and its ability to migrate to the base of the lithosphere. If so, prcvious cstimatcs of

minimum extension values required to initiate oceanic accretion remain valid.

Important implications arise from the modified subsidence curves of Iigure 8, which permit a

discussion of the relative subsidence of the stretched continental crust and the adjacent oceatric

crust at large stretching factors, when accounting for the effccts of partial melting. As is scen frorrl

figure 8, for the values of Tn between 1300 and 1333oC that lve considered to be realistic, the

stretched continental crust is not expected to subside bclow 2.5 km during extension, which

means, if 2.5km is taken as the depth of the zero age oceanic crust (Parsons & Sclatct 1977),

that the stretched continental crust remains shallowerthan the levelof emplacementof the oce anic

crust. This is because it is assumed that the melted portion does not solidify rapidly as long as it

does not erupt to the surface to form the oceanic crust. Its cooling is controlled by the overall

cooling of the lithosphere. This seems to remove the possibility that deep continental margin

basins may develop on a stretched continental lithosphere deeper than the adjacent oceanic

lithosphere in the early stages of oceanic accretion. Assuming that the maximum depth reached

by the occanic crust is 6.4km (Parsons & Sclater ry77),it is also seen that the stretched conti-

nental crust remains shallower than the oceanic crust for /l S S, Further, the total amount of

thermal subsidence can be inferred.directly from thc curves in figure 8. At the 10 o/o melt fraction

produced at the base of the lithosphere, which rve considered as a minimum degree of melting

required to initiate oceanic accretion, the total thermal subsidence predicted on the stretched

c o n t i n e n t a l c r u s t i s S . 6 k m a s s u m i n g t h a t l a : 1 3 3 0 o C , a n d 3 . 8 k m a s s u m i n g t h a t ? ' a : 1 3 0 0 o C .
Tlrese values would be slighly increased for slightly higher /),but in all cases remain close to the

expected thermal subsidence of the oceanic lithosphere, which is about 3.9km. An important

consequence is that no major differential vertical movements at thc transition from the stretched

continental crust to the oceanic crust are expected to occur during the return to thermal equi-

librium after the phase of active extension.

E x r e N s r o x  o F  F I N I T E  v g R s u s  I N S T A N T A N " o u ,  o u * o t r o *

In the preceding discussion, we have assumed that stretcl-ring is instantaneous, i.e. no signiûcant

cooling of the stretched lithosphere occurs during the tectonic phase.Jarvis & IvlcKenzie (I98o)

have shown that this is a reasonable approximation provided the duration of this tectonic phase

does not exceed 60y2Ma îor /1 2 2. With large stretching factors, as involved in the deeper parts

of the stretched continental crust, and for a duration of extcnsion of the order of megayears as

may be realistically assumed, the cooling occurring during the tectonic phase cannot be ignored

if topographic differences as small as 500 m are significant to the creation of deep basins.

Le t us consider, for example, a phase of active extension ̂ l I\{a long. If the extension werc

instantaneous, the subsidence after a time I would be 51 plus a small portion of thc thermal

subsidence -Stn(.Str, :.1r-,Sr), which can be approximated by

St : Si +^Îtr,(1 - e-troz'8),

assuming an exponential decay u.rdl o thermal time constant of 62.8 Ma for thc lithosphere
(Parsons & Sclater ry77). As the extension is not instantaneous, cooling starts before thc end of
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the tensional phasc. At constant extensional rate, one might approximate the effect by taking
a nerv timc l' : t + t\t for computius dn. r\s thc stretching factor actually changes continuously
from I to a maximurn value , the e ffect will be about one-half and an order of rnagnitude estimate
carr be obtained by choosing t' : l*fÂ1. This lvas checked by numerical computations by
Arrgelie r et al. $g8z) for the Aegean sca, wherc Âl : 13 NIa and /l : |.5 to 2.

As a consequence, the actual curves computed in the preceding section for instantaneous
stretching should be corrected at I : 0 by adding a term ÀS ofthe order of

Stn(1  -  e -a t l4x62 '8 ) '

With At : 20 Ma, Stn : 3900 m and ̂ .S : 300 m; with Lt : 40 Ma, ÂS : 600 m.
Thus the subsidence curves as a function of y now reach a level deeper than the level of

implaceme nt of nelv oceanic crust because the stre tche d lithosphere has already began to cool
when the oceanic lithosphere is emplaced. Such an effect is thus necessarily implied if the
stretching is not instantaneous. Simultaneously, another mechanism, the transfer of heat by
lateral conduction, also generates a relative cooling at the base of the continental slope with
respect to the seaward stretched continental crust and results in the creation of a depression
(Watremez rg8o).

Note, on the other hand, that the effect on the amount of melting produced will be much
smaller and can probably be neglected. This is because cooling by conduction from the surface is
unable to penetrate deep to the lower boundary of the lithosphere, below which most of the
melting occurs. Consquently, if the transition to accretion is controlled by the amount of partial
melting, it will occur at the same value of p but for a larger subsidence; thus a basin can be
created. This difference of level will disppear progressively with time as cooling proceeds, but
the basin may be preserved if it has been loaded with sediments.

A p p r r c e t l o N :  T H E  o R r G r N  o F  T H E  o r , r p  A n u o R r c A N  B A s r N

As seen previously, if our density.estimates are corrcct, a slight unloaded basin 0.5km deep
exists on the greatly thinned continental crust of the deep Armorican margin. The boundary of
the basin is marked by a little basement o{Iset 0.5 km high in the vicinity of the occan-continent
transition. The uniform stretching model, including the effects of partial melting, accounts for
the formation of an early basin ifwe include the effect of an extensional phase about 40 N'Ia [ong.
However, this model does not explain that, at infinite time and after isostatic correction, the
basement depth appears to be larger than that of the oceanic crust.

At this point, it should be noted that the law of partial melting in the mantle is poorly known
and that, in any case, it is extremely Éensitive to variations in temperature. Thus, one could
obtain rather different results with relatively slight changes in the physical parame ters. I'urther,
we have not taken into account the compressibility of the melted portion. Stolper et al. (tg8r)
argue that because the compressibility of basaltic melt is much higher than that of mantle
minerals, the density contrast betwcen melt and the solid phase should decrease with increasing
source region depth. This effect would tend to increase the likeliness of formation of deep early
basins on thinned continental crust.

On the other hand, if the igneous crust is indeed only 3 km thick, this model cannot account
for suclr a large extension factor (f : l0). A possible explanation, compatible with the stretching
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model, could then be that the Neocomian phase of extension affected a pre-existing basin (the

double rifting phase model).
Nlontadert et al. $g7ga, ô) have clearly shown the existence of such a pre-existing basin on the

Celtic margin northwest of the Meriadzek Terrace, for example, at Site 401 (Montad,ert et al.

$79a),which was drilled in 2500 m water depth through a tilted lault block, where the existence

of a shallow waterJurassic carbonate platform is suggested. On the other hand, several authors

(e .g. Winnock r97r; Dardell & Rosset r97r;Mattauer & SéguretrgTt; Olivet r978) havc proposed

thar rfie Permian to Lias tertsional phase led to the formation of a depression partly filled with

Jurassic secliments along the present day Northern Bay of tsiscay margin. Without enterirlg into

a debate about thc nature and origin of the lowest sedimentary layer identified as 3lJ on figure 3

and in which velocities of 4.4kms-l (llacon et al. ry6g) and 4.6kms-l (Avedik & Horvald r979)

have been found, we suggest that, at the level of the Armorican margin, this layer 3 ts could

correspond to the infilling o{'a pre-existing depression that has been stretched cluriug the

Ncocomian phase. If the thickness of the continental crust is reduced to 3 km bene ath the deep

Armorican llasin, an explanation could be that this portion of the crust has been stretched twice

by a global strctching factor reaching 10. In that case, if the interval between the tlvo phases of

extension is long enough to cool the lithosphere sufliciently, the base of layer 3 B after the second

te nsionarl episode should be at a depth greater than that ol'the nelv oceanic crust emplaced at

2.I km dccp, morc or less at the level of the top of thc stretched sedimcnts. The resulting basin

would consequently be created at the end of the second tensional phase, the newly emplaced

oceanic crust acting as a dam lbr already emplaccd sedimeuts.

C o w c L u s t o l q

Adopting the simple analytical expression proposed by Ahcrn & Turcotte (r979) for the degree

of partial melting in the mantle as a lunction of temperature aud dcpth, rve ltave dctermined

the amount of partial fusion produced in the formation of a contincntal margin by using the

uniforrn lithospheric modcl. Although the larv is poorly known and is highly sensitive to slight

changcs in the physical parameters, our study demonstrates the importance of this phetromeuou

and indicates that the transition from stretching to accretion most probably occurs once the

amount of melt produced in the asthenosphere belolv the stretched lithosphere bccomes large

enouglt.
Using an adiabat ic temperaturc of 1262.5'C (actual tcmperature 1300'C) and 1295'5'C

(actual tcmpcrature 1333'C) at the basc o[the I25km thick lithospherc before thiutting, rvc

havc dcrivcd the corrccted curvcs of subside ncc. As long as tlte melt does not migrate to the

surlàcc t<l {brm thc occanic crust, it will cool vcry slowly rvithin the lithosphcrc atrd consccluently

will takc scveral tens of mcgayears to solidi{y complctely. Thus, the differcnce of density betrveen

liquid and solid phascs lcads to a smallcr subsidcncc, the dilference in the initial subsidence bcing

scveral hundrcd metrcs, depcnding on the actual amount of stretching reached. Melting begins

at a strctching factor of about 2 and becomes significant (maximum of 10o/o) at a stretching

factor ol'3-4. Thus it is at this large strctching factor that the transition to oceanic crust becomes

possible.
A significant fcature ofthe new curves ofsubsidence is that thc thinncd continental lithosphere,

in thc initial subsidcnce stagc, is always shallo'"vcr than ucw occanic lithosphcrc. Horvcver, as thc

process of cxtension is not instantaneous but takcs several tcns of megaycars, cooling has already
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affcctcd the thinncd contincntal lithospherc rvhcn accrction starts. As a lcsult, thc dc1>th rcached
nray bc largcl than thc dcpth o1'tltc rnid-t-rccarr ridgc and a dccp c<-rntittcntal tnargirr basitr nray
thus exist in the initial stage of sea-{loor accrction. Holvcver, thc cliffercncc of clcvation should
progrcssivcly disappcar with age, although scdimentary loading will rnaintain thc dcprcsscd
base mctrt .

Although this study was initiatcd to explain the prcsence of thc deep Armorican contincntal
margin basin, the process just described docs not scem to bc able to explain it. This is bccausc

the crust of the basin appears to be extremely thin according to gravity estimatcs (li knr, rcquiring

/ :10) .Sucha large  th inn ing , i f i t i sconf i rmed,mayperhapsbcexp la inedwi th in the l ramework
of this model by a double-rifting stage.

N. Guillo-Uchard and A. Grotte helpcd with the preparation of the paper and illustrations.
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Discussion

D. G. Rosanrs. It is clifl icult to cstimate the amount of extension in an area. To carry out this type

of investigation ,vou need nrigrated seismic scctions rvith very good control on tltc intcrval

vclocities, as well as rct'action conLrol. To estinratc the extension wc havc conccntratcd on tltosc

blocks rvfuere lvc call scc thc basemcnt rcflexiott. 1'he values of tlte extension (/) that wc <-rbtain

vary lrom about l. t to 1..15. The block to the lvest of the one that Foucher showcd has cxtendccl

by l.{5, apcl thc basement reflexiorr is clear. I}ut it is by no meatrs straightfbrward to irttcrprct

the scction, ancl the valuc obtained for the extension depends on your assumptions about the

geome try o1'the faulting.

J.-P. Foucnon. Why I explaine d in some de tail how we obtained our estimates of thc extension

lvas to ans\vcl' sonre of the points that Roberts has raised. The estimates in question n'cre all

obtainecl from the interprcted seismic scction of Montade rtet al. Thcy are tltc mcasurcd ratios

between the present total length of the profile and the lengths o[ diffcrent layers. Whcre the

geome try is ambiguous lvc have used the minimum amount of extension.

P.-Y. CuÉNr,'r. Dr Foucher has remalkecl that the estimatc of the amount of extcnsi<.rn obtainccl

frorn rfie sfiallorv blittle deforrnation cliilcrs h'om that at depth. In the Meriadzek-Trcvelyan

region it is about 1.5 near the surface atrd increascs to 2 at a depth of 6-8km. I have obtaincd

the same valucs fcrr the same blocks, rvhich is encouraging. Ilut Dr Foucher said that this dill 'e rcncc

should be produced by greater brittle deformation at the shallow levels. This would mcan a

thinning of the uppcr layers by about 30 o/o by brittle failure, and none at depth. I have ncver

seelt an outcrop that sholvs 30 )/o thinning produced by internal delormation' I think a more

reasogaltle model is one in wliich the extension tltroughout is about 1.5, lvhich is takcn up by

brittle làilure at shallorv depths and lty creep at deepcr lcvcls. The crcep may cause latcral offscts

in deep la,vers and therefore may be rcsponsible for the difference betrvccn thc cxtension deter-

mined from the geometry of shallorv and deep layers respectivcly.

A. \,V. Belry, I should like to comment on the cross section shorving laye rs nrarkcd A to D.

Judging h.om the slide, it looks as if the cross section is not balanced, since the length of laycr A

appeal's to be much longer than that of layer D. Balancecl .ror, ,..i ions havc scn'cd as uscful

approximations in the reconstruction of foldcd l.rclts. Thc same method can be uscd on scctiotrs

displaying normal faulting. Thus 1'ou can only speculate that laycr A has been thinncd. Such

thinning rçoulcl prevellt you from making atr accurate estimate of the extensiou, if you do not

knorv rvhat the original thickness of the layer rvas.

J.-P. For:cnen. As I said, if you rvish to balance the cross scction 1'ou havc to allorv laye r r\ to ltavc

been thinncd by internal dcformation. I agrce that this introduces sonre difliculty in mcasurir-rg

the extcnsion from the gcome try of the uppermost strata, rvhich we ilssumc in our intcrpt'etation

to have beetr clisturbed.'

A. lV. Bellv. But thcn the re asoning may be circular. Filst you clrarv a cross scction tltat is rlot

balanccd, then you conclude that beciruse the section is not balauccd, stretching must occur.

Holvcver, you carurot shorv which layers have bcetr thinncd during the cxtension and rvhich

other layels ltitvc trot. r\lso, there is no rvay tltat suclt thintrirtg catr bc dctcctcd oll tl lc rellcxiort

scct ion ott ly.

4T
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J.-P. Foucnee. It secms to us reasonable to assume that the uppermost layers could dclorm during
the gliding of the blocks to their present position, cspccially if these layers rvere poorly consoli-
dated, as scems likcly. The available seismic data do not pcrmit the dctection of such small-scale
dcformation, tltough field observations support this interpretation. Clearly, when measuring
extcnsion, care should be taken to mcasurc it over the whole thickness of the brittlc layer, and not
just over the uppermost layer, which is often disturbed.

E. R. Oxsuncx, F.R.S. It is only possiblc to carry out the type of reconstruction shown in both
of the previous papers if, the sections are obtained normal to the strike of the faults. There has
recently been considerable debate on how the Bay ofBiscay opened, and it is not yet generally
agreed in what direction the relative motion occurred. I would therefore like to ask the authors
of both papers how well they can constrain the strikes and the dips of the faults in the region?
If these constraints are not good, then the types ofcalculations that they have described may only
put rather broad limits on the amount of extension.

D. G. Roesnm. There is a very great deal of seismic data available in the area, and as far as
possible the lines have been run normal to the faults separating the blocks. We believe that a more
important source of error is the absence of accurate seismic velocities. It is not possible to estimate
the extension until the diffractions have been removed and the time section converted into a
depth section by using the interval velocities. Since the dip of both the faults and the blocks is
controlled by the velocities used in this conversion, the extension estimates are dcpendent on
accuratc velocities.

Srn' PerEn KeNl, F.R.S' One of the maps shows a considerable amount of dip faulting, as well as
strike faulting, which presumably makes extension estimates even harder to obtain.

D.G.Rosnnts. On the floor of the Bay of Biscay and close to the ocean junction between the
ocean and the continent there are a number ofinversion structures related to the late stages of the
Pyrenean orogeny in tlte Eocene and Oligocene . One of the sections clearly shows such a inversion
on the ocean side of the continental ocean boundary. In making estimates of the extension we
have tried to avoid such places and have concentrated on those areas dominated by listric normal
faults. For this reason we chose to carry out the experiment west of the Trevelyan Escarpment
because of the clear evidence of inversion there in the Eocene and Oligocene.

P.-Y. CHÉNrt. I believe that it is important to test whethera simple stretching model, with the
same extension at all depths, can produce the main features of this continental margin. I do not
believe that it can account for the observed geometry of the listric normal faults, and think that
we need a model with at least two layers, each ofwhich undergoes different amounts of extension.

J. F. Dewev. I do not believe that it is possible to use the geometry of the listric faults alone to
makc accurate estimates of the amount of extension. Where such features have bcen studied in
the field, there is clear evidence for a considerable amount of internal deformation rvithin the
blocks on either side of the faults, by move ment on joint planes, faults, fissures and other-proce sses,
none ofwhich would be visible on a seismic record, and all ofwhich would contribute to the strain.

D. G. RosEnrs. f agree that such processes would not be visible on a seismic section, which can
only resolve the large structures. But none the lcss the estimates of extension that we have
obtained are considerably smaller than those obtained by Le Pichon and Sibuet using the same
seismic lines. In any case our values are maximum ones.
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J. F. Dewev. But I do not believe thatit is possiblc to use the geometry of the brittle faulting of the

uppcr part of the crust to make accurate estimates of the extension. All that such studies can

.provide is a lower limit on the amount of extension. A better way to estimate the extension is to

use the change in crustal thickness, which avoids the problems caused by internal deformation of

the sediments.

M. H. P. Borr, F.R.S. It is only possible to stre tch the upper crust byjointing by about 5 o/o before

the density becomes too low to be compatible with the gravity observations. But this is far from

the 100 o/o requircd to make the geometric deficrmation compatible with the crustal thinning.

J. F. Drwnv. But this argument does not apply if the holes are filled with carbonate or some other

ccment !

J. A.J.r,crsox. Another type ofobservation that is relevant to Dewey's suggestion is the observed

strain release following large normal faulting earthquakes. Though many small aftershocks

occur within the blocks on either'side of the main fault plane, the displacements involved in these

shocks are small compared with that on the main fault plane. These observations suggest that the

internal deformatiorl occurs because of the geometry of the main fault.

If the dip of the main fault changes with de pth, motion catr only occur if the blocks on one or

other sidc cleform internally. But there is no seismic evidence that this internal deformation makes

an important contribution to the total strain.

M. F. OsnaasroN. The lithosphere-stretching hypothesis, discussed in both the preceding papers

to account lor the observed faulting, has the essential proPerty that the duration of lithosphere

stretching at depth must exactly match the period or periods of apparently extensional surface

faulting. If the latter were to occur without the former, even for a short time, décollement of fault

slices would be implied and this would put in question whether any oîthe faulting is a measure of

lithosphere stretching.A durationofstretchingfrom the Triassic untilsome time in the Cretaceous

seems plate-tectonically unlikely; so too would be a continuance of stretching after the locus of

occall floor gcnesis had moved away frorn thc margitr. Therefore, how precisely at present can

one dcfine the pcriod or periods of apparent extensional faulting and how does the date of its

final cessation compare with independent evidence of the age of the ocean floor at this margin?

D. L. Tuncorrc. There are two other mechanisms of thinning crust that have received rather

littlc attention toclay. The firstis upliftfollowed by erosion. There is no doubt that this process has

rccently occurred along the East African rift system, where there is also evidence of crustal

thinning. Presumably this region will later subside to form a basin. The other possibility is that

phase changes occur in the lower crust. It is important that these alternatives to the crustal

stretching model should continue to be discussed.
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We present a new formulation of McKenzie's simple uniform stretching model that is based on two refer-
ence levels, one near 3.6 km and the other near 7.8 km below sea level. In the absence of lithosphere, the
aslhenosphete would reach these levels if no oceanic crust were formed" The first level is for hot as-
thenosphere, the other is for asthenosphere cooled to thermal equilibrium. The instantaneous motion as well
as the total vertical motion, produced by uniform stretching of the lithosphere, is expressed simply as a func-
tion of the elevation difference between the starting level and respectively the 3.6 and 7.8 km teference levels.
In addition, we show that the behavior of the lithosphere under extensional strain is different above and
below the 2.5 km-deep asthenosphere geoid. Below this level, oceanic accletion starts rapidly; above it, exten-
sive thinning of the lithosphere produces subsidence until the asthenosphere geoid level is reached, enabling
the asthenospheric mateiial to break through to the surface. At low strain rate, pieces of the lower lithosphere
may detach and sink in the asthenosphere. This process results in uplift and is taken into account in the
formulation proposed.

This paper, following an earlier and shorter presen-
tation made elsewhere (Le Pichon, Angelier, and Si-
buet, 1982),presents and discusses a new formulation
of the simple uniform stretching model of subsidence
proposed by McKenzie (1978a, 1978b). The main ad-
vantage of McKenzie's model is its simplicity, which
Ieads to a simple formulation and the use of a mini-
mum number of parameters. We demonstrate that as
the lithosphere, to a first approximation, is floating on
top of the asthenosphere, the subsidence is controlled
by the existence of two reference levels, one near 3.6
km and the other near 7.8 km water depth. That sub-
sidence can be expressed as a function ôf th" diff".-
ence of elevation between the starting level and the
reference levels.

To apply these models to active extensional areas, it
is necessary to demonstrate that extensions as large as
those predicted by the model do exist in the upper
part of the crust. The model was first developed for
the Aegean area by McKenzie. There, the surface ex-
tension produced by normal faulting is in fair agree-
ment with the extension predicted by the model

(Angelier, 1979; Le Pichon and Angelieq, 1981; Angel-
ier, 1981). However, the largest measured coefficient of
surface extension p is only 1.4 to 1.5. The areas pre-
surnably affected by larger extension lie under water,
where adequate field observations have not been
made. Even in these submerged areas, the predicted p
is generally smaller than 2. .

The model has since been applied quite successfuJly
to the formation of passive continental margins by
Royden, Sclater, and von Herzen (1980) and Royden
and Keen (1980). There, the predicted extension ex-
ceeds 3 in the deepest portions; the sedimentary
thickness is too large to check whether such a large
extension does indeed exist within the upper crustal
layer. Le Pichon and Sibuet (1981) have independently
applied this model to the Armorican continehtal mar--
gin. Using data of Montadert et al (1979a, 1979b),.they
made a quantitative analysis of the extension within
the upper brittle layer and showed that it is com-
patible to a first approximation with the uniform stret-
ching model. Howeveq, using the same data, Mon-
tadert et al (1981) made much lower estimates of the
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Flgure 1 - Simplified geometric model of a continental margin,. based on lhe interpretation of the Armorican margin by Le
piËrràn ano SiOu'et (tsgi), witnout verlical exaggeration. ThJvolume remains constant during extension' Plastic deformaiion
mài ocèùionrv in tne od,ei iàyeis 1in white),.ùËereas upper layers (strarified) are faulted. Ditferent parts of the margin from the

continent toward the ocean aré shown as a, b, C with incieasirig extensional rates. Faults are plane, except for their lower part

ùneié ptastic deformation ociurs. As the tili oi blocks slightly inèreases from. continent to ocean, the existence ol steeper
nôtràf-t"uftJ is geometrically indispensable. Together wiin the lower parls ot main faults, these faults may resemble concave
irsriô iaurts. The-deformatiàri is Àdte comptex ii c. The thinning is inèreased by the interlingering of the two sets of normal
laults with opposite dips. In addiiion, oceanic crust is created where B is greater than 3.3.
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upper crustal extension. It is consequently necessary
to discuss estimates by Le Pichon and Sibuet before
going further.

EXTENSION WITHIN THE UPPER
CRUSTAL TAYERS

Figure 1 is a theoretical model without vertical
exaggeration proposed by Le Pichon, Angelieq, and
Sibuet (1982) on the basis of the interpretation of the
Armorican continental margin of Le Pichon and Si-
buet. This model illustrates the main features of their
interpretation. The faulting pattern can be compared
to a pack of cards resting at an angle on a plane, with
each card (tilted block) forming a slight angle with the
preceding one. The two critical factors are the original
angle (cr) of the fault plane with the bedding plane
and the angle (0) of tilting of the bedding plane. If the
height of the two blocks is the same, then this equa-
tion is true:

Subsidence and Stretching Tgs

discussed the fact that this model is substantiated by
Morton and Black (1975) in the Danakil and Aisha
areas near Djibouti and by Proffett (1977) in the Basin
and Range province. There, contiguous fault blocks
which have been tilted in the pack of cards manner
result in extension factors as lârge as 3.

In contrast to,a pack of cards, voids are not per-
mitted so that the increase in 0 from one block to the
otheç as the process begins, is accommodated by de-
formation through additional conformal normal iault-
ing as shown in Figure 1 where an extension factor
larger than 3 is obtained in this manner at the base of
ther continental margin. This phenomenon reduces
the apparent fault offset and tends to bias the estimate
of surface extension toward lower values when they
are based on actual measurements of the original 

-

length of the surface layer. In a zone of exteÀsion of
this type, it is more reasonable to expect the deforma-
tion to be absorbed by extension in ùe upper surface
layer than by compre-ssion in the lower ohès. And this
is what is observed in the field (Angeliea 1979). tNe
believe that this is the origin of the discrepancy be-
tween Le Pichon and Sibùet estimates of ô and those
made by Montadert et al. (1979a, 1979b, i981). Since
the difference in estimates is very large we will dis-
cuss it in more detail on the single migrated section
published to date by Montadert et al, which served as
the type example to Le Pichon and Sibuet.

TYPE-SECTION OF THE ARMORICAN MARGIN

Figure 2 is the interpretation of the seismic section
through the Armorican margin published by Mon-
tadert et al (1979a). To estimate the extension, we
need to correlate the geological horizons throughout
the section. We did tliis by'correlating two levàs of
reflectors, shown shaded in Figure 1., on the basis of
acoustic similarities suggested by the Montadert et al

sln cr
sin (c - 0)

In the lower portion of the northern Bay of Biscay
continental margin, cr and 0 are remarkably constant
when measuredon the largest best defineâ blocks
(Montadert et al, 1979a, 1979b).

Le Pichon and Sibuet obtain ct - 45',8 - 30', thus
I - 2.7; this is close to the value predicted by the
simple stretching model.

The proposed model is valid if the tilted blocks are
contiguous.and share the same fault plane. lf they are
not, much lower extension factors mav be measured,
It becomes very difficult to explain wliy the blocks are
tilted'in such a uniform manner if thev do not share
common fault planes. Clearly, then, the pack of cards
model does not work and each block must be tilted
independently of the others. Le Pichon and Sibuet
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Flgure 2 - Geological cross seclion through tilted blocks of the Armorican margin based on a migrated seismic prolile. The
interpretation was published by Montadert et al (1979a). Two equivalent stratigrâphic levels are snàdeO. The angles ot tilting
and ot the major fault plane are also indicated.
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734 Le Pichon, Sibuet

Flqure 3 - The section of Figure 2 is modified here by four additional main layers A to D, one km lhick each, for retrolectonic
ân?rvs-iJpurpôses. The ditfereît blocks are numbered ànd the limits of the sections on which the extension is measured are
also'indicated (MM' to NN' and PP' to QQ').

(1979a) interpretation. Now we can estimate the ex-
iension, proiided we can assume that no significant
extension occurred perpendicular to the section and
that the thicknesses of the layers did not change. The
first assumption is quite reasonable because all the
tilted blocki are paràllel. We discuss the validity of the
second assumption later'

It is then possible to divide the original section into
stratigraphic levels (Figure 3). For convenience, we
chosifoirr lavers, eacli 1 km-thick, called A to D. The
two shaded ieflectors correspond respectively to the
top of layers A and C. These layers were presumably
ho'rizontâl before the faulting and related block tilting
occurred. A thin layer (Figure 3) lies on top of layer A
in the central block (II), whereas it seems absent on
the top of block III. The nature of blocks lb, Ic, Id, IId,
and IIè is uncertain. Since the hypothesis of their
nature has noticeable effect on the computations, this
problem is discussed later. Note the absence of the
èrests of faulted blocks (shaded areas of blocks IIa and
IIIa) which may be explained by erosional_Processes or
by tectonic defôrmation; this alternative is also impor-
tint in the computation of B and is taken into account.

It is important to define the extremities of the sec-
tion along which p is computed. Taking into account
the relatiie homogeneity of the fault patterns and
tilted blocks across the margin, these extremities rnust
be chosen among homologdus portions of the fault
Dattern. This is c*learly thJcase-for lines PP' and QQ'
iassing by the crestsbf tne two adjacent main blocks.
it is pËUâutv the case for lines MM' and NN', which
cut similar portions of two main blocks. Consequently,
the computations are made for both sections'

To estimate p, measure the total length of various
levels on the sections of Figure 3. For example, the
total length of layer A on MM' to NN' varies from 19
km (topfto 16 kfu @ottom), assuming deformation
removêd dotted portions in Figure 2. If erosion re-
moved the dotteâ portions, the total original length is
increased. Also, if we assume that layer s is absent on

top of the small intermediate blocks (II d and e) and
thàt the tops of these blocks are the top of layer A, we
obtain the greatest possible estimate for the original
length of layer A: 22 km (top) and 18 km (bottom). As
thùresent-length of section MM' to NN' is 29.5 km,
p is'1.3 to.1.6 aI the top of layer A and 1.6 to 1'8 at its
bottom. The same computations made for section PP'
to QQ' (18 km long) give p equal to 1.4 to 1.7 at the
top of layer A and to 1.7 to 1.9 at its bottom. Regard-
leis of aésumptions, there is a systematic increase of
computed p from top to bottom of layer A'

Let us now complete the stretching factor B for the
deepest laver D. We'have no probleÀrs about possible

"todion 
and about the nature ôf the small inteimediate

blocks. The original length on MM' to NN' is 14 km
(top) and 13 kri lbottori;, and 8.5 and 7 km respec-
iivèly on PP' to QQ'. The corresponding p is 2.1 at
the top, in both cases, and 2.3 and 2.6 respectively at
the bottom.

The discrepancy between the estimates made for
layers A andD is important and suggests that-the up-
pér layers were noticeably elongated during rifting
ànd that consequently their thickness did not remain
constant. Figuré 4 shows measured ratios between the
present total length of the profile and the length of
ihe different laye"rs (descrided in Figure 3)' The results
differ slightly near the surface depending,on the as-
sumptioÀs made (compare Figures 4a and 4b)' In gen-
eral,'the ratio progressively increases with depth from
about 1.5 at th-e surface to values between 2 and 2'5
below B (these ratios are slightly greater if we use PP'
to QQ' instead of MM' to NN'). Although the struc-
ture is not well controlled at depth, there is little
doubt that the apparent stretching factor increases
with depth to values close to 2.2 to 2.5.

This àay take place for two reasons. First, it is
likely that-the uppermost layers of the tilted blocks
weré extensively àeformed iryhite gliding along the
great normal faûlts with a mininrum offset to 5 km;
Juch deformation is commonly observed on land and
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Flgure 4 - Measured ratios versus depth of present length
of profile MM' to NN' and profiles pp' to ee''on originà|"
lengths of different strata as defined in Figure 3 assùming
constant thickness of the layers. ln a, erosion is assumed for
the shaded areas in Figure'3; in 4 deformation is assumed to
expratn lhis geometry.

results in strata thinning, especially in poorlv con-
solidated sediments (coirespbndinÂ s*àtt-scâ1" normal
faults and cracks as well as-the coÀtinuous deforma-
tion remain undetected by seismics). Second, the
identification of the acouJtic stratigiaphv of the small
intermediate blocks is hypotheticat". We chose the hy-

-pothesis leading to the minimum amount of exten-
"sion. For example, parts of these blocks could
correspond to synrift-sedimentary deposits, as sug_
gested by increased thickness in ihe lowermost arlas.
. .fig,"." 5.is a simple geometric reconstruction of the
rnrrlal conttguration (a retrotectonic profile). It clearly
illustrates the alternative: deformatiôn by éxtension in
the upper layers or deformation 6y combression in
Iower layers. In the first hypothesis (Figirre 5a), we
chose to insure the continuity of layer À and large
gaps are present at depth. The coriespondins exten-
sion coefficient is 1.45. The large shorienine Ëf the
lower layers cannot be explainéd reasonabli within an
extensional framework. A possible explanalion is that
the maior fault plane, with a shallow hip between
blocks II and III, intersects older steeply dipping nor-
mal faults of the southern part of bloàk III;'thus] the
older fault pattern is now masked by intermediate
blocks II c and II d. This rather comirlex hypothesis,
which assumes a two-phase evolutidn of tirà margin,
is supported by no data and does not explain the"
regularity of the. youngest fault pattern observed over
rne wnole margin,

. In the 9eco.n$ hypothesis, the continuity of layer D
is maintained, but larger overlaps exist foi layei A and
a smaller one for layei B. Earliei we pointed'out that
reasonable geological explanations mày be found for
this overlap. The corresponding valuei of the stretch-
ing factor are 2.2 for JvIM' to NI.l, and 2.4 for pp, to
QQ'. These estimations are minimum values; recon-
struction assumes that the thickness of laver D re-
mained constant and consequent[y ignords any pos-
sible small-scale extensional 

-defoiha"tion. 
However,

geological analyses of flult blocks on land suggest that
small-scale faulting and continuous deformatiô"n have
Iittle effect on largé blocks, except in the vicinity of
large faults (e.g. Ângelieg L979)'. Thus, the geometrical
analysis of Figures 2 to 5 leads to B values ùhich are
certainly larger than 2.2but probably do not exceed
2.6.

This compares to the evaluation by Le pichon and
Sibuet, using a large fault block geometry with no in-
ternal deformation, which is p = 2.5. Le"pichon and
Sibuet show that this stretching factor is the one pre-
dicted by the uniform stretchinlg model to obtain ihe
present water depth by subsidence from a sea-level
pre-stretching state.

We conclude that the safest way to evaluate the ex- .
tension of the,upper crustal layer-is to assume that it
is the result of tilted blocks. Then, you need onlv to
evaluate the angle of tilting and thé ansle of the'fault
plane with the bedding plàne on the be-st defined
blocks, thus avoiding ahè difficulties related to the de-
formation of the uppermost layer. Otherwise, use
great care to make complete retrotectonic analvsis of
the whole thickness of lhe observed section and not
only the upperrnost layer.

Evidence now available to us indicates that the
simple uniform stretching model is a good approxi-

Flgure 5 - Relrotectonic profiles reconslructed from Figure 3
assuming constant thickness layers. In a, continuity of làyer A
ls insured. The corresponding extension is 1.4S. In ô, con-
lin^uity 9t layer D is insured. The corresponding extension is
2.2 lo 2.4 depending. on the section chôsen. li a, there are
targe gaps at.depth (open arrows). In b, there is a large over.
lap for layer A and a smaller one for B (black arrows).
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736 Le Pichon, Sibuet

mation to the actual geological situation both in Aegea
and on the Armoricai continental margin. Next, we
explore this uniform stretching model.

NEW FORMULATION OF THE SIMPLE
STRETCHING MODEL

Consider a lithosphere of thickness hs, composed of
a crust portion of thickness h" and of average density
p. and â mantle portion of average density- p- (Fig9:9
bi. p. and p- relàte to the densities p"o and p-o at OoC
throueh the actual distribution of temperature within
the crirst and mantle' We call pL the average density of
the lithospher€ pl = f (h" /h1, P., Pm), âs P" ( p-, then

P " ( P r ( P * '' -fhè1ithôsphere 
lies on the asthenosphete of aver-

ase density ô,. The asthenosphere is made of the
dme material as the mantle portion of the lithosphere
and has a constant temperature T", which is higher
than the lithosphere avèrage temperature so that p" (

pu ( p-. The lithosphere flbats in isostatic equilibrium
bn tob'ôf the asthenosphere and we define a reference
level (L) as the level which the asthenosphere reaches
in the absence of lithosphere. The surface elevation
(E) of the lithosphere, ùith respect to this reference
l'e'iet (L), is detérmined by the buoyancy (B) of the
lithosphere; B = hu (p" --pr-)' The sign of B depends
on wËether p" is larger or smaller than pr,-, which is de-
termined primarilv 6v the ratio between h. and h1' If
B is positiie, that'is ii p. is larger than ps, then E is
posiiive and the lithosphere stands above the refer-
ence level and vice versa.

We can determine rather precisely the reference lev-
el depth with respect to the crest of the mid-ocean
ridee, as was first proposed by Turcotte, Ahern, and
BirA $977) who call this reference level the mantle
eeoid. Adopting the constants of Le Pichon and Si-
6uet (in préss), who balanced a ridge crest column
with 30 Èm continental lithosphere column, we choose
an oceanic crust 5.5 km thick with an average density
of 2.765 g-cm-3 on top of asthenospheric material at
temperaùre, T.. The adopted density for mantle ma-
terii at 0o C, pn,o, is 3.35-g-cm-3. Finally, we adopt the
values for the thermal expânsion coefficient ct and the
temperature of the astheÀosphere Tu propo-sed by Par-
sonô and Sclater (1977); a =-3.28 x 10-5 oc-r/ and T. =

1 333'C. We take 2.5 km as the water depth of the
ridge crest.

BJv removing the oceanic crust and balancing the
columns, we flnd that the reference level lies 3.61 km
below sea level. Turcotte, Ahern, and Bird, choosing
what we consider less realistic constants, obtain 3.25
km. Thus, this reference level is probably knolvn with
a precision of 300 to 400 m wherever the astheno-
sphe.e is not unusually hot (as under Iceland or Afar)''The 

elevation (E) of ihe lithosphere above this level
is E = B/ (p" - p-) when it is under water, and E = (B
+ 3.61 p-) / pu when it is above water.

If uniform stretching of the whole lithosphere
occurs instantaneousli at time t = 0 in such a way
that the thickness of fhe llthosphere becomes hr / 9,
the average density pL does not change and the

buovancv is reduced in the same ratio. The new ele-
vatiôn bécomes E. : B/ [Ê (p" - p*)] if E,, is below
water, and E" : (B/B + 3'61 P*) / P' if it is above
water. In the simplest case where E is at or below sea
level, E" : E/P.

The instantaneous change in surface elevation is Zi
= E - 8.. When E is at oibelow sea level Zr: E (1 -

1/9), or Zt: lE where l : 1 . 1{P.'There 
is upiift instead of subsidence if E is negative

(o, ) o.), which reflects the fact that E. is 0 when the
stËt.Ëirie factor is infinite and the lithosphere is com-
pletely re-placed by hot asthenosphere (Figure 6a).' 

Thd prôportion bf original thickness which is taken
a*"y by tfiinning is "y' Thus, we find the linear re-
htiohsÉip in relalive thinning coefficient first pro-
posed bv McKenzie (1978a). In this formulation, the
àmount'of subsidence (Z) is entirely determined by -
the elevation (E) of the surface of the lithosphere with
respect to the reference level and the thinning co-
effiàient (1). It does not depend explicitly on the
thickness, composition, and density distributions
within the lithôsphere; this is important as these
parameters are poorly known, whereas the starting
àlevation is genèrally much better known.

Let us také as an example a starting elevation at sea
level (E = 3,61 km). We havè Zt = 3.611, which is the
exact relationship'found by Le Pichon and Sibuet
(1981) for the Aimorican cbntinental margin. To obtain
ihis r'"lutiottship, they used the formulation proposed
bv McKenzie which iequires defining the density dis-
tÉbution within the lithosphere' Thus, they chose a
p.o of 2.78 B-cffi-3, an h. of 30 km for the continental
lrust, an hJ of 125 km for the lithosphere, and a Iinear
temperature distribution. The two methods of com-
putâtion aqree because they balanced their continental
iithospherà column with tlie same ridge crest column.
One iould use different densities, thicknesses, and
temperature distribution for the continental litho-
sphère. Provided the columns are balanced, which
they must be, the formula for the subsidence is
the same.

It follows that the higher the starting elevation, the
larger the amount of sùbsidence for a given stretching
facior. To reach the same level, the stretching factor
must increase with the initial elevation,

The surface of the lithosphere is at the 3'6 km water
depth reference level (L) when PL = Pa. Adopting a
finàar temperature distribution and the constraints
defined above, pc = Pr- when h./hç : 0.13. When h1 =

125 km, h. = 16 km' A critical level in geodynamics is
3.6 km beiause it is the boundary between a litho-
sphere lighter than the asthenosphere, which can only
Ub forcibiî subducted, and a lith-osphere denser than
the astheirosphere, which is in a stàte of gravitational
instabilitv anà should tend to subduct by itself'

However, as pointed out by Le Pichon and Sibuet'
the actual hvdrôstatic level to which the astheno-
sphere riseiby itself is 2.5 km and not 3.6 km' This is
bicause as thé asthenosphere rises, partial fusion
occurs resulting in segregation of an oceanic crust'
Consequently,'[te Z.f tm level is the real "astheno-
sphere'geoid." The asthenosphere may not break to
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Flgure 6 - Initial stretching phase and isostatic equilibrium. Oblique hatchured pattern: asthenosphere. Vertical halchured
pallern: lithosphere. Average densities are pa (asthenosphere), p. (manlle portion of lithosphere), p" (crust), p|. (whole litho-
sphere), p' (water). a: hypotheticcolumn with lithosphere entirely replaced by asthenosphère lwfriètr is isob.tàticàtty equivalent
wilhp. = p1). This enables_lo detine the "mantle geoid" and the "asthenosphere geoid". b: lithosphere before streichiàg (h"
and hL: thicknesses of crust and lithosphere, respectively). The surface elevation with'respect to a is E. c: lithosphere;isi àtter
instantaneous stretching by a factor B. The new surface elevation with respect lo a is En. The subsidence relatively to'b is !.

the surface while the level of the previous lithosphere
remains above 2.5 km; this is the minimum depth at
which new oceanic lithosphere mav form. It follows
that the higher the startirig elevatiôn, the larger the
stretching Iactor must be Ùefore oceanic u...Ëtior,
starts and the more difficult it is to pass from
continental extension to oceanic accietion.

The above considerations lead us to recognize two
quite different behaviors for lithosphere unàer exten-
sional strain, depending on whether the lithosphere
surface is above or below the asthenosphere gèoid.
Below this level, the asthenospheric màterial lends to
rise to the surface as soon as stretching proceeds. The
ascension is furthered helped bv the buovancv of the
melted portion produced by paitial fusion. This
phenomenon increases rapidly as any possible in-
trusion rises and consequently the crust is invaded by
magma and breaks apart. Thus, no significant thin-
ning of the lithosphere is likely to occur and the tran-
sition to accretion should be rather sharp.

On the other hand, if the surface of the lithosphere
stands above the 2.5 km deep asthenosphere gebid,
then the asthenospheric material cannot reaclithe sur-
face level and break the continuity of the lithosphere.
In addition, as crust-mantle interface is situated

deeper, its density contrast is a more efficient barrier,
with respect to any possible asthenospheric intrusion
into which the proportion of partial fusion is much
less than in the previous case. Thus stretching may
proceed until subsidence reaches a water depth of 2.5
km. It is unlikely that it will greatly exceed this value'as the likelihood of the asthenosphere breaking to the
surface increases rapidly beyond this depth.

THE THERMAL SUBSIDENCE PHASE

As pointed out by McKenzie (I978a, 1978b), the in-
itial stretching phase results in a crowding of the iso-
therms near thè surface and consequentltiin a suF
sequent cooling phase which produces tÉermal
subsidence. The asymptotic equilibrium state to which
the infinitely thinned cooling lithosphere should tend
is the one corresponding to a hypothetical out-
cropping asthenosphere cooled to a steady thermal
state. Accepting an equilibrium value of 125 km for
the oceanic lithosphere (Parsons and Sclater, 1977) and
using a linear distribution of temperature, we find
that the 3.61 km deep hot asthenosphere deepens to
7.82 km. Thus, 7.82 i<m is the valud which shbuld be
reached asymptotically after an infinite amount of
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738 Le Pichon, Sibuet

time in the zero thickness crust case; 3'61 km is the
value corresponding to the same zero thickness crust
case immediately af"ter stretching. For reasons.de-
veloped above, luch a case is not possible and the
-a*i*u* water depth is unlikely to significantly ex-

ceed the maximum âepth for oceanic lithosphere,
which is 6.4 km.

The role of the 7.82 km level for the steady thermal

state reached after an infinite amount of time is equiv-

uià"1 to the role of the 3.61 km reference level for the

ir,riantut eously thinned lithosphere' The difference is

that the law of subsidence at iirflnite time as a func-
iio" of thinning cannot be determined unless the alti

tuJe of the uniirinned lithosphere at thermal equilibriunt
is known. A special case exi6ts when the thermal
equilibrium prior to thinning is obtained for the same

fiS tm thicËness of lithosphere with a linear dis-
tribution of temperature. then the buoyancy (B') of
the initial state ôf unthinned lithosphere at thermal
equilibrium, with respect to the 7.82 km reference lev-
ell is B' : h" (p*. - b-) (t - 2 T" hJhL). Its elevation
Ei above ttre i.s2 tm tèvel is E' = B' | (p" - p*) under
water and E' : (B' + 7.82 P-) / P" above water.

In the simplesi case where the initial pre-stretching
level is at or'below sea level, the final subsidence at
infinite time is: Z* = ('L - 1./p) (E' * e) = I (E' + e);

where e = - (ulT g) T. (h.t / hr,) (p^q - P"o) i (Pu -

p*); as h" < 60 km,'e ( E'l100 F; and in general h. -

5ô't tt " e - E'1200 Ê. Thus, within the precision of de-

termination of the different constants 2- = 1E'' This
result could be obtained directly from the-equation
eivine B', notins that ct T" hJ2hL - I % (h"<60 km)
ind. in eeneral,-of the order of 0.5 Vo (h" - 30 km)'
Neelectiie this term, B' = h" (p*o - p"o) and the new
buivancv"at thermal equilibrium (infinite time) after

thinhing, B', is equal tô B'. = h" (p^o -p.o) / F =

B'.lp.
ihe simple formulas developed in the first section

can be apflied, replacing B by- B' and E by E'' In par-
ticular, *hen the iiritial Jtage is under water, Z- =

"vE'. Puttinq the initial stagé at sea level, we find the
iesult obtaiied bv Le Pichbn and Sibuet for the Ar-
morican margin, 

-Z- 
: 7'821, which applies to any

marsin in wËich the initial pre-stretched level at equi-
iiUÏ* was sea level, assuming a linear distribution of
temperature over a thickness of 125 km.

GENERALIZED FORMULATION

The easiest way to deal with the air-water interface
discontinuitv in the formulation is to convert the alti-
;;d; À abdve sea level to virtual water depth (D^) -by
multiplying it by the isostatic factor under water: Dn =
- a ô.i(p""- p*) = - l'47 A' Then, the virtual elev-
ation'1Ïxiabovè the 3.61 km level is always Ei : 3'61
- Di in i<m, where Dr is either the true water depth
(below water) or the virtual water depth which is
àeeative (above water). Similarly,the virtual elevation
iÈ'i uuo"è the7.82 km level is Éx' : 7.82 - Dx. The
insîantaneous virtual subsidence is (1) Zii : (3'61 -

Dr) ^v, and the total virtual subsidence is (2)Z^- = 7'82
- bii "v. The thermal virtual subsidence (Z^) at any

Floure 7 - Initial virtual instantaneous subsidence (Z^) and
viiual total subsidence (Zx-l as a function of relative thinning
ot the lithosphere for three different startjng elevations: 2 km
above sea lbvel, sea level, and 2 km below sea level' A
chanoe of scale is used above sea level to convert virtual
wateidepth into actual altitude, by multiplying the scale by-
p"l (p" - p*). The 2'5,3.61 , and7.82 km levels are identified'

siven time (t) can be estimated using the 62'8 million
iear thermil time constant proposed by Parso.ns and
É;Ëi"t"; (ittD; Q) z^, - (z*- r z^') \r.'-.u . .uu''' ).
Formulas (2) ând (3) are only valid if the initial pre-
stretchins'siate is ai'thermai equilibrium and can be

describeà'in a first approximation by a linear dis'
tribution of temperature over a thickness of 125 km'
Then, the virtual subsidence can be converted back
into a ."ut subsidence: Zi = Zxi if Zxi < 3'61'; Zi = (Z\,
- 3.61) (pu - p*)ip" + 3.61 ilZt<i) 3.61'. Similarly: Z- =

z*_ if. Li;-< T.Bi; i_ - (z^- - T.Bz) (pu - p-)/pu + 7.82
iL z^-) 7.82.-- 

Fiârit" 7 illustrates this generalized formulation' The
air-#ater discontinuitv is taken care of by a change in
vertical scale. Three dif{erent cases are shown with
rtuttit e elevations 2 km above sea level, sea level, and
z km dâlow sea level. The streching factor required to
reach a water depth of 2.5 km, immediately- after
stretchins at whith oceanic accretion starts is resPec-
iivelv 5.9"i, 3.25, and l.'45. Thus, the higher the initial
elevâdon, the larger the amount of stretching neces-
sarv before ocean"ic accretion starts. The final water
deËth reached at infinite time is respectively 6'0, 5'4'
unà g.A km. Thus the maximum depth at which
thinned continental crust should beexpected on old
continental margins, in the absence of sedimentation,
is about S.5 kmlf the initial steady state was close to
sea level (slightly more or quite- less if it was above or
below seâ leiel). Note that-"old" means an age-l-arge
with respect to 62.8 million.years (more than 120 mil-
lion yeais); "instantaneous"'means an amount of time
smali witÉ'respect to 62.8 mitlion years, (less than 20
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million years Jarvis and McKenzie, 1980).
Figure 6 shows that the depth of 3.61 km at which

the lithosphere is neutrally buoyant corresponds to an
init ial depth immediately after stretching of i,.04, 1.66,
and 2.M km and a stretching factor (B) ôf 2.56, L.86,
and 1.38, respectively. It is important level, as the
thinned and cooled lithosphere below it may be easily
subducted whereas it resièts subduction above this
depth. Thus, if an old marginal basin is subducted,
one expects the subduction of the continental rise and
slope to a depth of about 1.5 km water depth. If it is
recent, only the lower portion of the continental rise is
subducted.

CONTINENTAL MARGINS AND
CONTINENTAL RIFTS

Since Heezen (1962), it has been explicitlv assumed
that the basic genetic sequence is one'whicir evolves
trom a continental rift valley, similar to the African
ones, to an open ocean continental margin. This leads
to a major difficulty: although the measùred extension
in the upper brittlé layer ofTtift Valleys is small (a few
kilometers) it is accompanied by an iinportant tl.rin-
ning of the lithosphere but not-apparentlv of the con-
tinental crust. As a result, the loivèr part'of the
Iithosphere is replaced by hot asthenôsphere and the
continental-crust is uplifted. If, followirig Artemjev
and Artyushkov (197i) and Boft (1971), à proces's of
necking with brittle behavior in the uppei crustal layer
and plastic behavior in the lower one'iô invoked, thân
it is. neressary to assume a larger amount of stretching
in the lower than in the uppei layer, as proposed by "
Bott (1971) and many authors sinie. In âny case, it is
clear that the simple model of uniform strêtching can-
not produce continental rifts.

A significant difference between continental rifts
and regions where the uniform stretching model has
been applied is the strain rate. The amou-nt of exten-
sion across continental rifts is a few kilometers over
100 km, about 10%. The extension typically has been
acting for_.several tens of million year3. Ch-oosing 10?o
and 20 million years as typical values, the strairirate
is 9i."t = 16 x Lî-17 sec -l-: 10-16 sec-r. In the Aegean
Sea, following Le Pichon and Angelier (1929), tlie
average surface extension is 1.4 (40Vo) and has been
obtained over 13 million years. Thus, gi."t = 8 x 1.0-16
sesr - L0-1s sec'l. On thé Armorican tiràigin, tlr"
largest total extension is 3.24 according to"the model
of Le Pichon and Sibuet (1981) and thà averase one is
p : 2 B-"*/(1 * Ê^.,) : 1.53. It was obtained'over a
period of about.2O million years. The maximum p1."1
= 5 x 10-t5 sec-r and the_average one is 7 x lg-ta Jj.-t,
that is of the order of 10-15 sec'r.
_-In Afar; the largest measured p is 3 (Morton and
Black, 1975) overà time span of 

'about)O 
million

years, and in the Basin and Range it is 2.4 (profett,
L977) over a time span of about 7 to t3 million. The
maximum strain rate is about 2 x L0'15, In all these
regions where stretching was very large, the in-
stantaneous strain rate is, as an averafe, of the order
of 10-1s sefl. It is an order of magnituié lowàr in the

continental Rift domain.
A second significant difference is the distribution of

major faults. Continental rifts have the structure of a
large graben with two major faults. On the contrary,
regions where a large extension was measured havê
numerous large faults. For example, in Crete, which is
pql! of the Aegean extensional domain (Angelie4
1979), the largest fault delimitate blocks typlca[y 30
km across. In the Basin and Range, Afar,-ând oi, the
Armorican continental margins, Iilted blocks are a few
kilometers to at most 20 to 30 km across.

Another important observation is that there is no
indication, in continental rifts, that the lower con-
tinental crust was thinned to a greater extent than in
the upper britt le portion. For example, in the Rhine
graben, which is probably the best-studied continental
rift, the total surface extension is about 4 to 5 km (Sit_
tler, 1974). This gives a surface extension rate of 1.12
over the 40 km width of the central valley. The surface
extension cannot be measured over the eroded up-
lifted shoulders of the central valley. The crust hâs an
average thickness of about 26 km tjver the entire 100
to 150 km width of the rift system, instead of about 29
to 30 km on each side (Werner and Kahle, 19g0). This
is an average extension rate of t.12 to 1.15, qui[e
comparable to the measured surface extension rate.
On the other hand, Werner and Kahle (19g0) show
that gravity requires the lithosphere to ùe thinned by
a factor of about 1.8 from an assumed orieinal thickj
ness of 135 to about 75 km. Thus, everyth"ing happens
as if the lower portion of lithosphere ùs reËtucËd
totally by hot asthenosphere whereas the upper one
was only slightly extended, mostly through â set of
deep master faults.
- W-e suggest that at low strain rates, near 1û16 seil,

the limited extension in the upper brittle portion is
mostly absorbed in the main gàben struciure over
two large master faults, wheréas it results in the lower
Iithosphere in the detachment and sinking of large
pieces replaced by hot asthenosphere, in à manner
similar to the one suggested byMcKenzie (lgZgb).
This process might bé triggereâ by the intrusion of
asthenospheric material in narrow zones immediately
below the rift where the totality of the strain is
being released.

Although we do not know the actual process
through which the gravitationally unstaËle portions of
Iithosphere sink in the asthenosphere, our hypothesis
explains rather well the present itructure of ilie Rhine
graben or A,f{ca1 rift valley which we may schematize
by a normal thickness crusi (30 km) overlvine a
gre.atly thinned portion of mantle lithospÉere"(30 km
or less). This results not in subsidence but in an uplift
of about 1.0 km, making further evolution to an
oceanic stage even more difficult, as pointed out
earlier. At higher strain rates, the extènsion dis-
tributed over a much larger surface in the upper
brittle portion and the eritire lithosphere apôèars to be
thinned at a uniform rate. Intermeâiate caôés might
occur at intermediate stages. In addition, a zone"of
low.strain rate may convért later into a zone of high
strain rate. Thus, extremely complex evolutions may
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Figure 8 - Sinking of a lower portion of lithosphere of thick-
neés h and its replàcement by hot asthenosphere resulting in
an uplift A A.

result from varying levels of stresses being applied to
a given area, even if unusual asthenosphere or litho-
sphere conditions are absent.'Next 

compute the uplift due to the replacement of
the lower pôrtion of the lithosphere of thickeness h, at
thermal eciuilibrium, by hot asihenosphere. The re-
sultins ,rpiift (a.l; A is the altitude) ii A A = + û h2 Tu
I Qh;) : 1.75 h2 x lff, where h is in km. The maxi-
mum uplift is 1.58 km if the entire mantle portion (95
km) is r-eplaced by hot asthenosphere. The change of
depth under water should be multiplied by the iso-
static factor po / (po - p*), and consequently A Dr :

2.57 hz x Lt4 km where Dx is the virtual water depth
and A Dx the part of this virtual water depth produced
by the lower part of the lithosphere sinking.'Compute 

the subsidence resulting from fhinning of
this truhcated lithosphere of virtual water depth Dn,
situated - A Dx above the thermal equilibrium stage
(see Figure 8), using formulas (1), (2), (3). The formula
for thelnstantaneous subsidence does not change be-
cause the average density, and consequently the buoy-
ancy, is not modified by thermal Processes during the
subsidence. The total virtual subsidence becomes (4)
7x* = f7.82- (Dt - A D*)l f - A D", and the thermal
virtual subsidence is (5) Zx1 = L'\ $,21' + A D?(] (1 -

.'tt62'81. An example is a lithosphere, in thermal equi-
librium at sea level, in which the whole mantle por-
tion sinks and is replaced by asthenosphere. Then,
the uplift Dr = A D^ = - 2.32km (A A = 1.58 km).
Thus Zxi = 5.93 1. The instantaneous subsidence is
larger, but the depth reached is less important than it
would have been-prior to the uplift for the same value
of .p. To reach the^water depth bf Z.S tm at which
océanic accretion may start, we need a I of 5.3 instead
of.3.25, Zx- : 7.82 1' + 2.32. Thus, the total virtual

subsidence corresponding to the 2.5-km water depth-
instantaneous subiidence level is: Z^-: 8.68 km and
the actual depth reached is 6.36 km (8.68 - 2.32).
Finally, Zxt : llïg 1 + 2.32] (1 - e-uoz ar, and..for the
2.i i; lnstut à.,eo.ts level i^', = 3'86 (1 - q -troz'er'

This case quantitatively corresponds to a prolong.ed
period of low strain rate, producing a continental rift
àtaee, followed by a high strain rate period then pro-
duËine continentâl mar:gin stage. The results of Roy-
den aid Keen (1980) foT the eàstern Canada margin
mieht be interpreted in this way. Royden and Keen
usà a model iri which the mantle portion of the litho-
sphere may be stretched by a factor which is equal to,
or lutee. tÉan, the one applied to the continental
crust."When it is larger, ihis is equivalent to the sink-
ins of the lower lithôsphere model although the uplift
théy obtain is somewhàt larger. The temperature at
the"base of the thinned lithosphere is in their case T"
and not T" (1 - h/h1). Royden and Keen find that uni-
form stretching over the entire lithosphere fits data on
the subsidence of eight wells on the Nova Scotia mar-
gin. However, on thé Labrador margin they need to
ilse a mantle portion which is more highly stretched
than the cus[. Our hypothesis indicates that the Lab-
rador region started as-a continental rift with uplift.
durine a-low strain rate phase which was followed by
a hieÈer strain rate phasè with uniform stretching. We
beli&e that formulaè (1) and (5) could fit the Royden
and Keen data probably as well as they did within the
accuracy of the'measurements; the paiameters to be
fitted béing Dx, A DÀ, and 1.

CONCLUSIONS

We have confirmed the geometrical analysis of sur-
face faulting in hiehly strained extensional areas,
made by t-ipictro-n and Sibuet (i981). The geometry
of faulting in the upper brittle layer, 8 to 10 km thick
prior to eitension, càn be compared to a pack of cards
iesting at an angle on a plane, with each card making
a sligËt angle with the pieceding one' However, be
careFul to Ëeasure the ôxtension*over the entire thick-
ness of the brittle layer, rather than on the uppermost,
often disturbed layer.

We showed that the behavior of the lithosphere
under extensional strain is controlled by the existence
of two reference levels, one near 3.6 km and the other
near 7.8 km water depth. These are the levels which
would be reached by the asthenosphere in the ab-
sence of lithosphere and of formation of oceanic crust.
The first one ii for hot asthenosphere, the other one
for asthenosphere cooled to thermal equilibrium. The
instantaneous as well as total vertical motion after an
infinite time produced by uniform stretching of the
lithosphere iË then expréssed simply as a ftr-nction of
the difference of elevation between the starting level
and respectively the 3.6 and 7.8 km reference levels.

We afso showed that the behavior of the lithosphere
under extensional strain is quite different above and
below the 2.5 km deep asthenosphere geoid. Below
this level, continuity ôf the otd lithospÈere is likely to
be rapidly broken and, as a consequence, oceanic ac-
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cretion begins rapidly, Above this level, the old litho-
sphere is.thinned extensively until it reaches the level
of the asthenosphere geoid,-thus enabling the as-
thenospheric material to break through td the surface.

We suggested that the behavior of-the lithosphere
under extensional strain is quite different at loi^i (1016
sec -1) and high (101s sec -1; itrain rates. The iow
strain rate situation is considered typical of the con-
tinental rifts, similar to the African rifts or the Rhine
graben. The lower lithosphere is thinned by
simultaneous diapiric asthenospheric instrusions and
lithospheric sinkihg; the upper'one is only slightly
thinnèd. For high itrain ratès, the whole iitho"sphere
is apparently thinned rather uniformly, as in Aègea
and probably _on many continental màrgins. Thu"s, the
continental rift stage, as typified by the Rhine graben
and African rifts, ié not nôôessarity ttre early stàge of
evôlution of â continental margin. present âuy À"geu
may be a better example of antarly stage of àassive
continental margin revolution. Howevei composite
cases may occur and we provide a simple method to
quantitatively account foi them.
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Àbstract

Model -s  o f  fo rmat ion  and evo lu t ion  o f  pass ive  marg ins  have
b e e n  p r o p o s e d ,  m o d i f i e d  a n d  t e s t e d  o v e r  t h e  s t a r v e à  p a s s i v e
cont inenta l  marg ins  o f  the  Nord-East  A t lan t ic  ocean where
numerous  de ta i led  geo log ica l  and geophys ica l -  da ta  have been
a c q u i r e d ,  i n  p a r t i c u l a r  b y  F r e n c h  a n d  B r i t i s h  i n s t i t u t i o n s .  T h e
m a i n  c o n c l u s i o n s  a r e  t h e  f o l l o w i n g  :

D u r i n g  t h e  r i f t i n g  e p i s o d e ,  t h e  m o t i o n s  o f  N o r t h  A m e r i c a ,
Europe and rber ia  p la tes  are  the  same as  the  open ing
d i r e c t i o n s  o f  t h e  a d j a c e n t  o c e a n i c  a r e a s

In  o rder  to  quant i f y  the  to ta l  amount  o f  ex tens ion  dur ing  the
r i f t i n g  e p i s o d e ,  t h e  m e c h a n i s m s  o f  f o r m a t i o n  o f  c o n t i n e n t a l
marg ins  have to  be  be t te r  unders tood.  The amount  o f
s u p e r f i c i a l  e x t e n s i o n  m e a s u r e d  f r o m  t h e  t i l t e d  f a u l t  b l o c k
qeomet ry  o f  the  upper  por t ion  o f  the  West - Iber j -an  marg in  i s  in
c f o s e  a g r e e m e n t  w i t h  t h e  u n i f o r m  s t r e t c h i n g  m o d e l  a i  d e e p  a s
5 . 5  k m .  T h e  S  r e f l e c t o r  l y i n g  a t  t h e  b a s e  o f  t h e  c o n t i n e n t a l -
m a r g i n ,  b e l o w  t h e  t i l t e d  f a u l t  b l o c k s ,  i s  e x p l a i n e d  a s  a
m e c h a n i c a l  d i s c o n t i n u i t y  w h i c h  a p p e a r s  f o r  t e n s i o n a l  v a l u e s
l a r g e r  t h a n  2 . 8  3 . 2  w h e n  t h e  t i l t i n g  o f  b l o c k s  r e a c h e s  t h e
a s y m p t o t i c  v a l u e  o f  2 0  t o  3 0 o .  A t  t h a t  l e v e l _ ,  t h e  m e a s u r e d
e x t e n s i o n s  a r e  l o w e r  t h a n  t h e  o n e s  p r e d i . c t e d  b y  t h e  u n i f o r m
s t r e t c h i n g  m o d e l .  T h i s  c o u l d  b e  d u e  t o  t h e  f a c t  t h a t  s y n r i f t
s e d i m e n t s  d e p o s i t e d  a t  t h e  b e q i n n i - n g  o f  t h e  r i f t i n g  h a v è  b e e n
l a t e r  o n  i n c o r p o r a t e d  i n  t h e  t i l t e d  f a u l t  b l o c k s .  W e s t  l b e r i a n
c o n t i n e n t a l  m a r g i n  d a t a  a r e  t h e r e f o r e  a s  a  w h o l e  c o m p a t i b l e
w i t h  t h e  u n i f o r m  s t r e t c h i n g  m o d e l .  T h i s  t y p e  o f  m a r g i n  c a n  b e
c o n s i d e r e d  a s  t h e  f i n a l  e v o l u t i o n  o f  a  s y m r n e t r i è a l  i n t r a -
c o n t i n e n t a l  b a s i n  f o r m e d  b y  u n i f o r m  s t r e t c h i n g .

o n  t h e  c o n t r a r y ,  f o r  t h e  N o r t h e r n  B a y  o f  B i s c a y  m a r g i n ,  L e
P i c h o n  a n d  B a r b i e r  ( 1 9 8 7 )  h a v e  d e m o n s t r a L e d  t h a t  a  d e c o l l e m e n t
s u r f a c e  c r o s s i n g  t h e  w h o l e  u p p e r  c r u s t  d o w n  t o  t h e  b r i t t l e -
d u c t i l e  l i m i t  h a s  b e e n  a c t i v e  s i n c e  t h e  b e g i n n i n g  o f  r i f t i n g .
N o r m a l  f a u l t s  a l o n g  w h i c h  t i l t e d  b t o c k s  h a v e  b e e n  d i s p t a c é d
w o u r d  b e  a n t i t h e t i c  f a u l t s .  T h i s  t y p e  o f  m a r g i n  c â n  b e
c o n s i d e r e d  a s  t h e  f i n a l  e v o l u t i o n  o f  a n  a s y m m e t r i è a l  b a s i n  i n
w h i c h  a  d e c o l l e m e n t  s u r f a c e  i s  a c t i v e  s i n è e  t h e  b e g i n n i n g  o f
e x t e n s i o n .

As  a  conc i l ia to ry  hypothes is  we propose a  mode l  o f  fo rmat ion
o f  p a s s i v e  m a r g i n s  b y  u n i f o r m  s t r e t c h i n g  i n  w h i c h  a n y  p r e -
e x i s t i n g  c r u s t a l  d i s c o n t i n u i t y  c o u ] d  b e  u s e d  a s  a  d e c o l l e m e n t
s u r f a c e  a t  a n y  s t a g e  o f  t h e  f o r m a t i o n  o f  t h e  m a r q i n s .

* * *



Resume

L e s  m o d è l e s  d e  f o r m a t i o n  e t  d ' é v o l u t i o n  d e s  m a r g e s
c o n t i n e n t a l e s  p a s s i v e s  n ' o n t  p u  ê t r e  é l a b o r é s ,  m o d i f i é s  e t
t e s t 6 s  g u e  p à r " e  q u e  d e  n o m b r e u x  l e v é s  g é o l o g i q u e s  e t
géophys iques  de  aé ta i l -  on t  é té  acqu is ,  no tamment  par  les
i n s t i t u t i o n s  f r a n ç a i s e s  e t  a n g l a i s e s ,  s u r  l - e s  m a r g e s  p e u
s é d i m e n t é e s  d e  l - t A t l a n t i q u e  N o r d  - E s t .  L ' i n t é g r a t i o n  d e
l f e n s e m b l e  d e  c e s  d o n n é e s  n o u s  a m e n e  a u x  c o n c l u s i o n s  s u i v a n t e s  :

Au cou rs  de  1  |  ép i sode  de  r i f t i ng ,  1es  d i rec t i ons  des
mouvements des p laques Amér ique du Nord,  Europe et  Ibér ie  sont
i den t i ques  aux  d i i ec t i ons  d 'ouve r tu re  du  doma ine  océan ique
ad j  acen t  .

Q u a n t i f i e r  1 ' e x t e n s i o n  t o t a l e  r é s u l t a n t  d u  r i f t i n g  n é c e s s i t e
de  m ieux  app réhender  l es  p rocessus  de  fo rma t ion  des  marges .
L e s  v a l e u r s  d e  I ' e x t e n s i o n  s u p e r f i c i e l l e ,  m e s u r é e s  à  p a r t i r  d e
1a  géomét r i e  des  b locs  bascu lés  de  l a  marge  oues t - i bé r ique ,
son t  compa t ib les  avec  l e  modè le  d 'é t i r emen t  un i fo rme  pour  l a
p a r t i e  s u p é r i e u r e  d e  I a  m a r g e ,  j u s q u ' à  u n e  p r o f o n d e u r  d e  5 r 5
km.  En  bas  de  marge ,  l e  ré f l ec teu r  S  es t  obse rvé .  11  es t
i n te rp ré té  comme une  d i scon t i nu i té  mécan ique  qu i  appara i t ra i t
pou r  bes  va leu rs  de  1  ' ex tens ion  supér iéu re i  à  

-  -2 ,  
A  3  ,2  ,

l o rsc rue  l e  bascu lemen t  des  b locs  a t te in t  l a  va leu r  l im i te  de
2 0  à -  3 0 o .  L ' e x t e n s i o n  m e s u r é e  e s t  i n f é r i e u r e  à  c e l l e  p r é a i t e
pa r  1e  modè le  d '6 t i r emen t  un i fo rme  ca r  e I Ie  ne  rend  compte  que
c 1 ' u n e  p a r t - i e  d e  l r e x t e n s i o n ,  c e l l e  q u i  a f f e c t e  l e s  s é d i m e n t s
syn r i f t s  dépos6s  au  Aénu t  du  r i f t i ng .  Les  données  de  l a  marge
ouest- ibér : ique sont  cependant  conpat ib les avec le  moaèle
d 'é t i r emen t  un i fo rme .  Ce  t ype  de  marge  pou r ra i t  â t re  cons idé ré
c o m m e  1 ' é v o l u t i o n  f i n a l e  d ' u n  b a s s i n  i n t r a - c o n t i n e n t a l
svmét r i oue  c réé  r :a r  6 t i r emen t  un i fo rme ." - 2 . . . * r * *

Au con t ra i re r  € r r  ce  qu i  conce rne  1a  marge  no rd -Gascogne ,  Lê
P i c h o n  e t  B a r b i e r  ( 1 9 8 7 )  s u p p o s e n t  q u ' u n e  s u r f a c e  d e
déco l l emen t ,  t r ave rsan t  t ou te  l a  c roû te  supér ieu re  j usqu 'à
f  i n te r face  f raq i l e -duc t i l e ,  au ra i t  f onc t i onné  dès  Ie  aéUu t  de
l -a  phase  de  r - i - f t i ng .  Les  fa i l l es  l im i tan t  l es  b locs  bascu lés
se ra ien t  a lo rs  des  fa i l l es  an t i t hé t i ques .  Ce  t ype  de  marge
p o u r r a i t -  ê t r e  c o n s i d é r é  c o m m e  1 ' é v o l u t i o n  f i n a l e  d ' u n  b a s s i n
i  n t ra -con t i nen ta l  asymét r i que  où  une  su r face  de  déco l l emen t
reprendra i t  un acc- idént  anCien et  fonct ionnera i t  dès l -e  aénut  de
I  ' e x t e n s i o n .

A  t i t r e  d 'hypo thèse ,  nous  p roposons  un  modè le  de  fo rma t ion
des  marges  con t i nen ta les  pa r  é t i r emen t  un i fo rme  dans  Ieque l ,
a p r è s  , n e  p h a s e  d ' e x t e n s i à n ,  o ù  l o c a l e m e n t  l r e x t e n s i o n  p e u t
a l t e i n d r e  2 - , 8  à  3 , 2 , I a  s u r f a c e  c o h é r e n t e  s i t u é e  à  l a  t r a n s i l i o n
f rag i l e -duc t i l e  évo lue ra i t  en  su r face  i ncohéren te .  Lo rsque  des
acc iden ts  s t ruc tu raux  ma jeu rs  ex i s ten t  dans  l a  c roû te
con t i nen ta le r  u r r  acc iden t  pa r t i cu l i e r  pou r ra i t  ê t re  u t i l i sé
conme su r face  de  déco l l en ien t  p r i v i - I ég iée .  Ce t te  su r face  de
déco l l emen t  pou r ra i t  f onc t i onner  dès  l e  aéUu t  du  r i f t i ng  (modè le
Lê  P ichon  e t  Ba rb ie r )  ou  à  pa r t i r  d . ' un  s tade  i n te rméd ia i re  de
f o r m a t i o n  d u  b a s s i n .

* * *




