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Résumé en francais

I TRXYHUWXUH GLIITpUHQWLHOOH
Nord-Est et ses effets sur les déformations post-

break up des marges continentales

1-  Problématique et objectifs de la these

/ID WKpRULH GH OD WHFWRQLTXH GHV SODTXHV HVW IRC
de la lithosphére sont induites par la dynamique interne de la Terre. Cette dynamique est a
OTRULJLQH du découpage de la lithosphére en un certain nombre de plaques rigides ¢
GpSODFHQW VXU moifiDisiveupe)(R M Bies,Ulb44 Hess 1962 ;McKenzie
and Parker 1967 ;Morgan /ID ITURQWLqQUH GLYHUJHQWH HQWUH GI
OYXQH GH OTDXWUH FdahidueMiBlRA® GéqtiohQiel lalithésphéRe océanique
(e.g. Dietz, 1961 ;Hess 1962 ;Vine and Matthews1963). La zone de transition entre la
FUREWH FRQWLQHQWDOH a NP GYfpSDLVVHXU HW OD FU
appelée marge continentale. Elle est dite « passive @ ORUVTX{JLO Qf\ D SDV GH
considérée comme tectoniqguement inactive (BlgKenzie 1978). On retrouve ce type de
PDUJHV DX[ ERUGXUHV GH MtfelFand ReaimMg®BORQWLTXH H J

ODLV ORUVTXH OTRQ pWXGLH OfRXYHUWXUH GH FHW R
rend compte des limites de ce modéle dit de plaque « rigide » et de marge « passive ». En
HITHW OHV SUHPLqQUHV UHFRQVWUXFWLRQV FLQpPDWLTXHV
SODTXHV ULJLGHV PRQWUHQW GYfLPSRUWDQWHY DQRPDOLH

Bullard et al., 19 /[HV PHLOOHXUHVY UHFRQVWUXFWLRQV FLQpPL
OfRQ SUHQG HQ FRPSWH GHV GpIRUPDWLRQV FRQWLQHC
Sud/Afrique ; e.g.Torsvik et al.,, 2009 HW TXH OTRQ VXEGLYLVH OHV Jl

Amérique du Nord/Europe) en plusieurs sous-plaques (Reykjanes/Jan Mayen/Mohns pour
O 1$W O D Q \WBSTT, el Gaivd) & al, 2009) séparées par des failles transformantes

(Figurel 'H SOXV GHV UHFRQVWUXFWLRQV FLQpPDWLTXHV R
7



Résumé en francais

RFpDQLTXH YDULH GH SDUW HW GY{DXWUH GH OD ]JRQH WL
O 1$W O D Q Vst TMOBhr ERAl) 2002), entrainant des mouvements importants des sous-

plaques les unes par rapport aux autres.

Figure 1. Principales structures tEWRQLTXHYV GH OESWrDW&VeartXxH 1RU
WRSRJUDSKLTXH HW EDWK\PpWULTXH (7232 /IHV GLUHFW|
Mosar et al. (2002), la transition contine®R-FpDQ G{DSUqV 20HVHQ HW DO
(2009), et les déform& LRQV FRPSUHVVLYHV VXU OHV PDUJHV GTDSU
et al. (2008) et Tuitt et al. (2010). Abréviations du nord au sud : GFZ, Greenland Fracture

Zone; SFZ, Senja Fracture Zone; JMFZ, Jan Mayen Fracture Zone; JMMC, Jan Mayen
Microcontinent; GIR, Greenland-Iceland Ridge; IFR: Iceland-Faeroe Ridge; CGFZ, Charlie

Gibbs Fracture Zone.

/ITRFpDQ $WODQWA TKFH MWURBXYHUW H Q NoHDuesHder URH Q O
Of(XURSH DX &pQR]JRWTXH &HWWH RXYHUWXUH IXW WUQqV |
]JRQH GH IUDFWXUH GH -DQ OD\HQ (Q HIIHW OH PLFURFRQW

SURJUHVVLYHPHQW DX FRXUV GH O ftBtXefrtett i XGCtbenldgh& alD QL T X |
8



Résumé en francais

FRXUV GH OY20LJRFqQH &HFL D HQWUDLQpPp XQ pWLUHPHQW
PLFURFRQWLQHQW HW OH *URHQODQG TXL D DWWHLQW Of
OfH[WLQFWLRQ GH OfRXYHUWXUH RFpD®MI D ORUCR QYL S
QRXYHOOH ULGH j OfRXHVW GX -Giggre DD 'HLSOIX G H O RFOFEH
Atlantique Nord-Est est en interaction avec le point chaud St €W XHOOHPHQW VRXV
responsable de la formation du fort relief de cette Rigufe 1). La position de ce point

chaud sous la margesggroenlandaise, puis progressivement sous la ride de Reykjanes
VXJIJqQUH TXYLO D HX U{OH LPSRUWDOQMil& Bt@\VV2@D. LRUPDWL
marge continentale européenne a, quant a elle, subi des déformations compressives au
&PQRJRWTXH SHQGDQW OTRXDorU&Y HIU POOR, FFhr® LT Xes H J
PpFDQLVPHYV j OfRULJLQH GH FHV GplIRUPDWL exQl§basRPSUHV
au sein de la communauté scientifique. Différentes hypotheses sont proposées telles que (1) la
poussée compressive Alpine (eBpldreel and Anderseri993, 1998), (2) la poussée due a la

ride océanique ou « Ridge-Push » (eBmpldreel and Andeexn, 1993, 1998 ;Doré and

Lundin OHV SURF H¥IM4t\eroSidrL (¢ .8 NieisEn\et H|. 2009), (4)
OfLQWHUDFWLRQ DYHF OHL®Bh W DEr&IDoGDare @ BIQRGIBLY H J
HW RX O TR XY HUW X U&htiGue Nqrd) EsQI&\Nd$a € B, ZDBR)O T$ W

/ Pbjectif de cette thestllVW GIDSSRUWHU GHV LQIRUPDWLRQV T
sur les possibles causes et IESRQVpTXHQFHV GIXQH RXYHUWXUH GLI
Atlantique Nord-Est, et sa signification en termes de dynamiques lithosphérique et
mantellique (développement structural et déformations post-break up des marges; effets des
points chauds mantelliques). Les principales questions auxquelles je tacherai de répondre au
travers de cette thése sont :

4XHOOHV VRQW OHV FDXVHV HW FRQVpTXHQFHV GYXC(C
Atlantiqgue Nord-Es®

Est-elle responsable des déformations tertiaires observées sur la marge continentale
européenne ? Ces déformations se retrouvent-elle dans le continent ?

4XHO HVW OfYLPSDFW GX SRLQW FKDXG VXU OfRXYHU

marges ?



Résumé en francais

2-  Démarche scientifique et méthodologie

/IHV FKDSLWUHY HW SUpVHQWHQW OH FRQWH[WH JpR
pour les reconstruction$ LQpPDWLTXHYVY GH OYfRXYHUWXLLBdt. G&d OfRFp
meilleures reconstructions cinématiqQuUSTREWLHQQHQW ORUVTXH OfRQ V>
Nord-Est en segments océaniques (Reykjanes, Jan Mayen et Méose; 1  -fDL XWLOLYV
XQH PpWKRGH GH UHVWDXUDWLRQ SDOLQVSDVWLTXH DIL
OfRXYHUWXUH GH FHW RFpDQ |j SDUWLU GagéerréQi@gesV G TDC
zones de fractureCette méthode fut développée a Rennes pour restaurer des surfaces
déforméesSDU GHV IDLOOHV GpOLP uWw né&hideGdd Vhirisetiery pgar O D L C
moindres carrés des vides et recouvrements entre élént@oldbald 1979), dans les
domaines en extensioR@uby et al.1993), et en compressioAr(iagada et al, 2008). Dans
le cas de cette étude, les blocs sont limités par les anomalies magnétiques et les zones de
fracture et cette méthode revient a minimiser les écarts entre les anomalies magnétiques
FRQMXJXpHV GH SDUW HS8VlaOEhade prehd @Hcompte Lk Geform$tioRs
géodynamiques qui ont pu affecter les isochrones aprés leur formation ; de plus elle permet
une quantification des mouvements relatifs des plaques les unes par rapport aux autres le long
des zones transformadHV HW GHV JRQHV GH [UDFWsX@@EHplanSWL PHQpPp
sphére, c6té ouest de la ride fixe/ coté est de la ride fixe, chapitre 3) pour valider la méthode,
SUHQGUH HQ FRPSWH OfHIIHW GH OD VSKpULFIlciepd&H OD 7
EORFV DILQ GfYREWHQLU OH PHLOOHXU DIJHQFHPHQW GHV D

-{DL UpDOLVp XQH V\QWKQqVH ELE QubRéks suSles.maxgdsj SD U\
nord-est atlantiques afin de caractériser les déformations ayant affecté ces marges au Tertiaire.
-f{DL GH SOXV pWXGLp OfpYHQW XHdadodhadtpDdeminemtaley,lak Q G H
WUDYHUV GfXQH FDPSDJQH GH WHUUDLQ HQ (FRVVH OH OR

Au FRXUV GH PRQ dasiFeffieBudOQV VW PO H DeXtrapkse Gh&vitdn,O
DX FRXUV GXTXHO M{DL WUDYDLOOp VXU OTRXYHUWXUH
particuliéerement sur la structure de la marge Sud-Est Brésilienne qui était en interaction avec
deux points chauds (Tristan da Cunha et Trindade).

EnfLQ OD FRPSDUDLVRQ GH OfHQVHPEOH GHV UpVXOWD
HITHWY GH OYRXYHUWXUH RFpDQLTXH GLIIpPUHQWLHOOH

déformations compressives des marges et continents adjacents.
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Résumé en francais

3- Reésultats majeurs
3.1 Ouverture GLIIpUHQWLHOOH GH OfREpDQ $WODQWLTXH 1RU

/IH FKDSLWUH SUpVHQWH XQ QRXYHDX PRGgqOH FLQpP
Groenland, au cours d® TRXYHUWXUH RFpDQLT-Es$t. GecHndOdes meddDe@ WL T X |
compte la formation du JMMC et les déformations de la marge européenne pendant
OfRXYHUWXUH RFpDQLTXH asteRdhiGdgOahomalias XraghétgQesER Q
SDUW HW GIDXWUH GH FKDTXH ULGH QRWDPPHQW SRXU O
(Segment de Jan Mayen). Ce modele prédit des directions avdeX [ G T Rdfféterdsw X U H
entre les trois segments océaniques. Notamment entre le Chron 24 (52.9 Ma) et le Chron 13
(33.3 Ma) = Chron 8 (26.4), le IMMCY4. Q G L Y IpBotd3sivenddtit entrainant une rotation
anti-horaire de 30°GX -00& HW XQH RXYHUWXUH HQ 9C&HesORRQJ GH
O 1 R U Luhke @tatiéhThoraire (~10°) du coté est de cette ride. Cette ouverture complexe de
ce segment océanique par rapport aux deux segments voisins, entrainent des déplacements
importants le long des grandes zones transformantes (JMFZ et la Faeroe Fracture Zone, FFZ ;

Figure 2).

3.2 &RQVPTXHQFHYVY GH OTRXYHUWXUH GLIITpUHQWLHOOH VXI

Le chapitre 4 présente les estimations des déplacements relatifs entre les segments le
long de la JMFZ et de la FFZ et des rotations relatives entre chaque segment. Le modele
prédit une période majeule H GpSODFHPHQW VpQHVWUH OH ORQJ GH O
Chron 21 et le Chron 8 (Eocéne MoyerOligocéne Supérieur) etlelogH OD -0)= MXVTX
20 km) entre le Chron 17 et le Chron 13 (Eocene SupétieQtigocéne Inférieur) et entre le
Chron 8 et le Chron 5 (Miocene). Ces périodes coincident avec le développement des
structures compressives sur la marge continentale des Féroé-Rockall et sur la marge
Norvégienne, respectivement. De plus le déplacement sénestre ainsi que la rotation relative
entre les segments sont compatibles avec la localisation, la cindddfe OTRULHQWDW L
structures compressives sur les margegufe 2).

Le chapitre 5 présente les résultats de la campagne de terrain effectué au Nord-Est de
OfY(FRVVH DX QLYHDX GIDIIOHXUHPHQWY GYkJH -XUDVVLT
VXSSOpPHQWDLUHV G fXm@ddiqleped EaxtteYdD W& GRE BaR FaMlt (GGF)
avec un déplacement estimé a environ 10-NP /fkJH GH UpDFWLYDWLRQ U

11



Résumé en francais

contraint, mais je suggere que la GGE pWp UpDFWLYpH HQWUH Of(RFqg
OT20LJRFQgQHc.63SH 26 WH)U Cette période coincide avec (1) un épisode
GITH[KXPDWLRQ GH Of(FRVVH induitd QadG$IK O §RderREBOMS, (BH VV LY H
un pulse du point chaud Islandais, et surtout (4) avec un déplacement sénestre le long de la
FFZ. En effet, un déplacement sénestre le long de la FFZ est compatible avec une réactivation

en dextre de la GGH-gure 2).

Figure 2. 3BRVLWLRQV GH Of(XURSH GX PLFURFRQWLQHQW GH -
Islandais, relatives au Groenland fixe, a 36.6 Ma (Eocéne Supérieur). Un décrochement
sénestre le long de la FFZ et de la JMFZ, est induit par les différences de direction et taux
GIRXYHUWXUH HQWUH OHV GLIIpUHQWYV pdrHunh® EbQtiainte RF p D Q L
radiale compressive du point chaud Islandais, causerait une déformation compressive de la

marge Européenne et une réactivation dextre de la GGF, en Ecosse.

-H VXJJqUH GRQF TXH OTRXYHUWXUH RFpDQLTXH GLIIpl
GI$HJILU .ROEHL Q \$tit\respohsaie deR K Q V
(1) Une réactivation sénestre des zones de fracture orientées NW-SE dans la prolongation de
la IMFZ présentesv XU OD PDUJH QRUYpPJLHQQH HQWUH Of(RFq

12
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Inférieur et surtout pendant le Miocene, entrainant ainsi le développement de structures
compressives sur cette marge.

(2) Une déformation fortement en constriction, dont les directions principales de
raccourcissement sont environ NS et EW, un décrochement sénestre le long des zones de
fractures orientées N\W6( HW OD UpDFWLYDWLRQ GH VWUXFWXUHYV
(de directon NW6( 1: HW (: HW GTkJH &DOpGR@WlHentreGH GLU
OTEeRFHW O T20LJIRFgQ HanQlemévelbpdemert Ge\Wttuduwes compressives
GTRULHQWDWI{SE @ NEBW) quiiivehu de la marge Féroé-Rockall.

(3) Une réactivation sénestre des zones de fractures orientées NW-SE, subparalléles a la FFZ,
permettant tres probablement le développement de structures compressives dans le Nord-
Est du Bassin des illes FEroB&« HOWODQG HQWUH OYf(RFgQH HW 0Of20L

(4) Une réactivation dextre de la GGF en Ecosse en réponse a un mouvement sénestre le long
de la FFZ.

3.3 Comparaison entre Atlantique NE et Atlantique Sud + Influence du point chaud

Les chapitres 4 et 5 discutent @fLQIOXHQFH SRVVLEOH GX SRLQW
OTRXYHUWXUH GLIIpUH Q WIEsH OeCstiggerel e &ffe N @eDaQodsitidnXdd cé R U G
point chaud sous la marge Est-GroenlandaseY RLVLQDJH GX -00& | Of(RFgQH ¢
Oligocene, a entrainé la séparation du JMMC du Groenland et les variations résultantes de
GLUHFWLRQ HW GH WDX[ GTRXYHUW X prbvoddightvdinsi 1€HV V H.
déformations compressives des marges. Au Miocéne, le point chaud Islandais était sous la
ride de Reykjanes, entt@ffDQW OD IRUPDWLRQ GH Of,VvODQ&d HW GX

3ODWHDX ,VODQGDLV /IHV WDX[ GYRXYoHdgJWW XaUrdle/ dp WD L H Q
Reykjanes que le long des rides de Kolbeinsey et de Mohns, entrainant des déplacements
relatifs le long de la FFZ et de la IMFZ a cette époque. De plus, les contraintes compressives
induites par ce point chaud et par le développement du Plateau Islandais ont pu réactiver en
sénestre les zones de fracture océaniques et ainsi déformer la marge Européenne au Miocene.

/IH FKDSLWUH SUpVHQWH XQH FRPSOWD IHAR @D HEWOLDHD \
6XG | Of(VW @&ianteszvCcampodigure 3 -9\ GLVFXWH GH IDoRQ SO
les impacts possibles des points chauds sur (1) la localisation des rides océaniques, (2) les
YDULDWLRQV GH W DB X[réactivador HaswWuxtlreés preeristantes sur les marges
FRQWLQHQWDOHYV (Q HIITHW O9YDFWLYdéraetpnraied Briz\WiargeX H G T X

13



Résumé en francais

continentale semble affaiblir la résistance de cette marge. Ainsi lorsque celle-ci est soumise a
des contraintes, ceci favorise la réactivation de structures préexistantes et la déformation de la
marge (e.g. Marge sud-e6UpVLOLHQQH 'H SOXV OfYDSSRUWePDJPDW
GHV DXJPHQWDWLRQV GH WDX[ GIRXYHUWXUH RFpDQLTXH
SURYRTXHU DLQVL GTpYHQWXHOX MDD GHV IH KH\WQ VGEUHH UQ B HJ IRXH
ULGH GH .ROEHLQVH\ GBHQ@W O {fWLOD QQHWM XRUFRIWGGTXQ SDC
pourraient générer des contraintes compressives qui se transmettraient le long de la plaque,
réactivant ainsi des structures préexistantes sur la marge continentale adjacente (e.qg.
contraintes compressives radiales du point chaud Islandais et déformation compressive de la

marge Nord-Ouest Européenne).

Figure 3. Diagramme illustrant les variations, au cours du temps, D X[ GIRXYHUW X

RFpDQLTXH GDQV QsWODMWIIWHIORWGTXH 6XG | OJHVW
Campos) et le timing des événements régionaux (point chaud, déformation compressive,

exhumation et orogéenes).
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4-  Conclusions et Perspectives

Les résultats de cette these sont importants pour les études portant sur les mouvements
GHVY SODTXHV OHV GplIRUPDWLRQV LQWUDSODTXHYVY HW OH\
pétroliere des marges continentales. En effet, ce travail montre que les plaques
lithosphériques, notamment leur partie océanique, ne sont pas parfaitement rigides, et que les
SRLQWYVY FKDXGV HW OfYH[SDQVLRQ GHV IRQGYVY RFpDQLTXHYV

sur la déformation compressive des marges continentales.

Les marges norddVW S$SWODQWLTXH UHSUpVHQWHQW GHYV
GTIK\GURFDUEXUHV &HWWH pWXGH IRXUQLW XQ QRXYHDX
OTRFpDQ $WO-BL ¥ lddn Hindl Rduv@lle interprétation de la paléo-position de
Of(XURSH SDU UDSSRUW DX la ufiRue@aninenile) gli, RdR$ deax\ont
GHV LPSOLFDWLRQV SRXU OTH[SORUDWLRQ SpWUROLQUH C
IRXUQLW GH QRXYHOOHV LQWHUSUpW Ddtma&icn\toBptegsifep FD Q L V
des marges, ces déformations pouvant étre responsables de la formation de pieges pétroliers
sur la marge européenne ou pouvant modifier la géométrie des pieges préexistabtxX W U HV
études seraient nécessaires pour améliorer pour mieux contraindre la chronologie du
développement de ces structures compressives et le@dx UDFFRXUFLVVHPHQW
PDJPDWLTXH GHV SRLQWYV FKDXGV SHXW pJDOHPHQW DYRLL
thermique des marges, ce qui peut influer sur la production de pétrole dans les bassins. Par
conséquent, des études complémentaires seraient utiles pour estimer les influences spatiales et
WHPSRUHOOHYV G{XQ SDQDFKH PDQWHOOLTXH VXU XQH PDU

&HWWH pWXGH PRQWUH pel DodaniBue Qlifirentiele @8t Raxort H U W X
réactivé des structures lithosphériques continentales telles que la faille de la Great Glen
**) HQ (FRVVH $ OIDYHQLU GHV pWXGHV JpRFKURQRORJL
GH PLHX[ FRQWU DL Qré&attlivationy ka tav@iHsirrildi W kbdng de la faille de
Mgre Trgndelag (MTF) en Norvege apporterait de meilleures contraintes sur la relation entre
OTRXYHUWXUH GLIIpduéipwl-Est &t HéaBtation] teMiadeld® la GGF et de
la MTF.

De nombreuses questions émergent de cette étude, telleg YUeT X R OTRXYHUYV
RFpDQLTXH GLIIpUHQWLH GCE3tHa-tzlle affgeiEWeOdordiverit TeXrbp&mR U G

4XHOOHYVY VRQW HW GYRe YLHQQHQW OHV IRUpHSSMEEDFWHYV |
15
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OfH[KXPDWLRQ GHV PDQukhe¥ sbriR @3Ndrc@dH genébed idar les panaches
mantelliques " (W HQILQ TXHOOH HVW OfpFKHOOH VSDWLDOH C
processus lithosphérigues et de surface ?
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Abstract

One of the main assumptions of the theory of plate tectonics is that all lithospheric
plates are rigid. However, reconstructions of the opening of the NE Atlantic Ocean, on the
basis of two rigid plates (Eurasia and Greenland), lead to gaps and overlaps between the
plates. The area between Iceland and the Jan Mayen Fracture Zone (JMFZ) had a complex
spreading history, including progressive separation of the Jan Mayen Microcontinent (JMMC)
and a ridge jump from the Aegir Ridge to the Kolbeinsey Ridge. Moreover, post-breakup
compressional structures developed along the continental margin of NW Europe, but
apparently not on the East Greenland Margin. We therefore investigate how compressional
deformation of the NW European Margin may have resulted from variations in the direction
and rate of sea-floor spreading along the various sidgeorder to reconstruct the complex
spreading history of the NE Atlantic and to study the evolution of the European Margin
during sedloor spreading, wdnave developed a method for palinspastic reconstrisctibn
the opening of an oceansing magnetic anomalies and fracture zanése best kinematic
reconstructions result from subdividing the NE Atlantic into three oceanic segments:
Reykjanes, Jan Mayema Mohns. The method allows all oceanic segments to spread at a
different rate and results in accurate determinations of spreading rates and relative
displacements between the segmeht® model ensures a good fit of the magnetic anomalies
and predictsdifferences in direction and rate of spreading between the Reykjanes,
Kolbeinsey/Aegir and Mohns ridges. This differential -Hear spreading generateleft-
lateral slipbetween the oceanic segments: (1) from Early Eocene to Late Oligocene, along the
FaeroeFracture Zon€FFZ), and (2) from Late Eocene to Early Oligocene, as well as during
the Miocene, along the JMFZ. Such {kfteral motion and the relative rotation between the
oceanic segments are compatible with the development of inversion structuttes NV
European Margin at these timé&seld observations of Jurassic outcsdp NE Scotlanchave
provided additional evidence$or postJurassic rightateral reactivation of the i@at Glen
Fault (GGF),under transpressio.he period of reactivation may bdeom Late Eocene to
Late Oligocenewhich coincides with (1) an exhumation episode in Scotland, (2) intraplate
stress from the Alpine Orogeny (3) a pulse of the Iceland Mantle Plume, and {(a)elet
slip along the FE. Such left-lateral slip along the FFZ is compatible with righteral
reactivation of the GGFThe driving forces may have come from the Iceland Mantle Plume,
which was in a suitableposition to generatdifferential sedloor spreading along the NE

Atlantic and resulting deformation of the NW European margin.
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Chapter 1 dntroduction

Chapter 1

Introduction

1.1 Notionsof Plate Tectonis

The theory of plate tectonigsrovides aframework for largescale motios of the
Earth’supper layer, the lithospherand tectonigprocessesThis theory developed in the 20
century from the concept of continental drift (el@ylor, 1910; Wegener 1912),i.e. the
movement of the Earth’s continents relative to each othergdined acceptanday of the
geoscientific community in the 196@genthe concepts of mantle convectiad. Holmes
1944;Hess 1962) and sefloor spreading €.9. Dietz, 1961; Hess1962)helped to explain
continental drift One of the main assumptioosthe theory of plate tectonics is that the outer
part of the Earth is in two layers, lithosphere and asthenospltegse hawg different
mechanical and rheological properties. The lithosphere is cooler, more rigid and loses heat by
conduction; while hie asthenospheris hotter, low viscousind transfers heat by convection
(Hess 1962).The concept of sefloor spreadinge.g.Dietz, 1961;Hess 1962) implies that a
new sedloor forms at midoceanic ridges, spreacgway from the ridges as it ages, and
subductsat subduction zones. Convection currents in the asthenosptess 1962) explain
the movements of the lithosphere, involviagcretion of new lithosphere at rideanic

ridges and dsppearancef old lithosphere by subduction at ocean tren¢kigire 1.1)
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Figure 1.1 Schematic representation of internal structure of the Earth, mantle convection and

plate tectonics (https://sites.google.com/site/reifkecare/).

The concept of sefioor spreading became populafter the discovery of magnetic
anomalies and their interpretation as maskar seafloor spreading (Vine and Matthews
1963). Magnetic anomalies are local variatsan the Earth’s magnetitield compared ta
mean field The Earth’s magnetic field is recorded in rocks, which contain magnetic minerals,
during their cooling when the temperature drbptow the Curie temperature (e.g. basaltic
rocks of the oceanic cryqlvine and Matthewsl963). On the oceanic flodsandsof normal
and inverse polarity alternate, parallel to the ridge axis, and age away from the ridge.
Chronological scale of magnetic inversions akmalculation of spreading rates and dating of
the oceanic crustVfne and Wilson, 1963ylller et al, 2008) (Figures 1.2, 1.3). Wilson
(1965) also introduced the concept of transform faults that offset magnetic anomalies. The
appearancef seismic studies, with the analysis of earthquakes and their mechanisms, also
reinforced concept of sdor spreading and more generally of plate tecto(igack et al.

1968). Earthquakes were observed in the first 10@kdepthconfirming that the first layer

of the Earth, the lithosphere, had a rigid behaviand overliesthe ductile asthenosphere.
Exceptiors arefor oceanic trenches, where deep earthquakes fatiolined plans (Wadati
1928; Benioff 1949).0Oliver and Isackq1967) interpreted these zones as the track of the
oceanic lithosphere dipping into the mandenfirming the concept of sdbbor spreadingard

movements of the lithosphere
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Figure 1.2 Map of symmetrical magnetic anomalies on both sides of the Reykjanes Ridge
(from Vine and Matthews, 1963jormation of marine magnetic anomalies at an oceanic

ridge undergoing seéleor spreading (from Butler, 1992).

Figure 1.3 (a) Agearea
distribution of the ocean
floor and (b) gridded age
uncertainties, Mollweide
projection. Continental
margins are mediun
gray, and continents are
light gray. From Mduller
et al. (2008).
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Wilson (1965), McKenzieand Parker(1967), Morgan (1968) and Le Pichon(1968)
introduced the idea o& subdivision of the lithosphere into platdsat areperfectly rigid,
moving relative to one anotheiThe seven largg@lates are the Pacific, North American,
Eurasian, African, Antarctic, IndAustralian, and South AmericaffFigure 1.4). Smaller
platesarethe Arabian Plate, the Caribbean Plate, the Nazca Plate off the west coast of South
America and the Scotia Plate in the southern Atlantic Ocean. All these plates are rigid shells
that move in relation to one another at one of three types of plate bosriBayiee 1.4) (1)
Convergent boundaries, at which two plates come together, (2) Divergent boundaries, at
which two plates separate, and (3) Transform boundariegjiah two plates slide past one
another laterally. The tectonic plates ride on top of @ethenosphere, the solid but less
viscous part of the upper mantle that can flawd their motion is strongly coupled with

convection patterns inside the Earth's marilesg 1962).

Figure 14 Tectonicplates Arrows indicate divergent or convergent plate bounda(fesm
United States €ological Survey

Determining the driving forces of plate motion is one of the most importantificient
problemsand is a subject for debaté&egler (1993) argues for the dominance of basal shear
traction, while others argue that basal shear only plays a small role due to weak coupling
between the lithosphere and asthenosphere. Forsyth and (@t Carlson et al.(1983)

andRichardson(1992) argue that plate boundary forces are the main driving mechanisms of
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plate motion. A major debate concerns a “tlgwvn” versus mantleriven mechanism for
driving the organization of platesriderson, 2001). Five main forcase suggested to drive
plate motion(e.g.Wessel and Muller2007)
(1) Basal shear traction or basal drag (e.g. Ziedl@®3), shear forces acting at the base of the
plates, while popular in the past, this notion has fallen out of famopreference to other
platedriving mechanisms.
(2) Ridge Push(e.g.Meijer and Wortel 1992; Richardson, 1992; Coblentz and Richardson,
1995), whichoriginates from a lateralistribution pressure gradient that acts on the entire
plate normal to the strike of a mateanic ridgeand arises from the isostatic sinking of the
oceanic lithosphere away from the rudeanic ridge as it os and densifies/ilson 1993).
(3) Slab Pull(e.g.Forsyth and Uyeda, 1975vhich originates from the negative buoyancy of
the downgoing dense oceanic lithosphere at subduction.zones
(4) Trench suction (e.g. Stevenson and Turid®97), a lifting pressure or suction on the
upper surface of the downgoing plate caused by anrestpkeric corner flow that is induced
by the motion of the descending plate.
(5) Collisional Forces(e.g. Bott, 1982) which arises as a result of the frictional forces
between the two colliding plates and impede rather than drive plate motions

In order to understand possible driving forces for plate motions, it may be useful to
reconstruct past plate motions.

1.2 Kinematic Reconstructions of Relative Plate Motions and Usplved
Problems

A kinematic reconstruction is a representation of the relative position oplate
relative to another at a given time. A plate is chosen and assumed “stationary” and the
position of the surrounding plates is reconstructed for a given time relatively to the stationary
plate. In map projection, the stationary plate is represented in its pdesepbsition while
the position of the mobile plates is reconstructed using the calculated rotation parameters. We
thus measure the relative motidecausall plates are likely to move on the Earth surface,
including the one chosen as a stationary referential, this reference frame is arbitrary.

Bullard et al.(1965) presented the classic work on continental fits around the Atlantic
Ocean(Figure 1.5) They solved the fit of the circuitlantic using a leastquares technique
that minimized the overlap and gap between isobaths of previously contiguous continental
shelves. This work introduced the use of Eulerian geometry for describing motions of
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sphericalshells on the Earth. The discovery of magnetic anomalies and transform faults
helped in understanding studies of relative platetiors. Morgan (1968) described the
motion of one platéy a simple rotation between its initial position to its final positibms
rotationis defined by an axis passing through the centre of the Earth and an angular velocity
(Euler axis and angle; see Chapteri3ansform faults correspond to small circles centred

the Euler axis, allowing determination of their position.

Figure 15. Motion of a block relative to another on sphere is a rotation about g jadile
transformfaults on boundary between two blocks are small circles cancettout the pole
(Morgan, 1968)Reconstruction of the South Atlantic using tigid platesshows gaps and
overlaps of South American and African plates (Bullard et al., 1965).

The relative motion of a lithospheric plate relative to another can therbfore
described as a rotation that béts the two plates at a given time. On tesis that magnetic
anomalies do not deform since their formataom assuming perfecthgid plates, Le Pichon
(1968) and Rman and Talwani(1972) proposed to superpose the conjugate magnetic
anomalies of two different plates and calculate from thiemagsition the position of the
rotation axis at the time of their formation. The calculated rotatdnch describes the
superposition of the conjugate magnetic anomgdik®vsreconstructinghe relative position
of the two plates at this age. This methodology allows reconstructing the position of one plate
relative to another for a given age, a stage, and followsntyajectory between each stage.
Thedirectionof the relative motion betves two plates is described locally by fracture zones:
they are the geological representation of the trajectories of the pMtegah, 1968; Le
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Pichon et al., 1973)The relative motion between two diverging plates can bieusstimated
from magnetic anoalies awnl fracture zones.

One of the main assumptiontthe theory of plate tectonics is that all ptdee rigid.
However, kinematic reconstructions using a rigpthte system and Euler rotation poles for
rotating plates, show overlaps and gaps of the p(atgsBullard et al., 1965) Kigure 1.5).
Several studies of the North Atlantic opening (&lgternehy 1982;Srivastava and Tapscott
1986;Rowley and Lottesl988; Gaina et al., 200%howed that in order to improve the fit
was necessary to subdivide the malimtes Bird (2003) distinguished up to 52 tectonic plates.
But even inside microplas, diffuse deformations exist on the continental part of the plates
(deformation of sedimentary basins, e.g. Ziegl®87) and less known on the oceanic part
(e.g.Bull and Scrutton, 1992). Continental margins appear to be the privileged places for such
deformation. Indeed, several studies have shthat postbreakup deformation affects the
Atlantic continental passive margitfe.g.Cobbold et al., 2001, 2007; Leroy et,&004;Doré
et al, 2008; Japsen et al., 2010, 2012;).

In accepting the hypothesis of plate rigidity, we neglect the intraplate deformé#tions.
this thesis] will focus on the question of nongidity of tectonic plats, on the deformation of
continental marginsand on how to quantify intraplate deformation bkinematic
reconstructions of relative plate motidfor this purpose | havestudied the opening of the
North East Atlantic Ocean.

1.3 The Studied Area: The North East Atlantic

The NE Atlantic Ocean opened progressively between Greenland and NW Europe
during the Cenozoic. Sdkor spreading occurred along three ridge systems: the Reykjanes
Ridge south of Iceland, thdohns Ridge north of the Jan Mayen Fracture Zone (JMFZ), and
the Aegir and Kolbeinsey ridges between Iceland and the JNfiure 1.6. The NE
Atlantic Ridge is also in interaction with the Iceland Mantle Plume. Magmatic activity from

the plume resultedhithe formation of Iceland and significant relief around Iceland.
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Figure 1.6.Main tectonic feature®f NE AtlanticOcean (PresentBlue fracture zones refer
to opening between Chron 24B3.7 Ma) and Chron 1335 Ma), while red fracture zones
refer to postChron 13 opening. The hachuradea west of the Jan Mayen microcontinent
indicates possible seafloor. Modified after Lundin and Doré (2002)

The NE Atlantic had aomplex spreading history, especially northloéland and
south of the JMFZ, where thardMayenMicrocontinent(JMMC) formed during sedloor
spreading Seafloor spreading progressivelgeased along the Aegir Ridge and developed
south and west of the JMMC along the Kolbeinsey Ridigure 1.6) The Iceland Mantle
Plume, soutlwest of the JMMC and progressively underneath the Reykjanes Ridgysdr
and Mdaller, 1994), may have had a significant influence the formation of the
microcontinent anan the subsequent ridge transfer from the Aegir Ritlgeéhe Kolbeinsey
Ridge (e.g. Miller et al2001).
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Due to this complex spreading history, kinematic reconstructions usingigvdo
plates (Europe and Greenland plates) hde® to gaps and overlaps between the plates (e.g.
Bullard et al., 1965). As described in aarlier section,everalauthorg(e.g.Unternehr 1982;
Srivastava and Tapscotl986; Rowley and Lotte4988; Gaina et al., 2009yere able to
improve the qualityof the fit by dividing the ridge system into segments and airey the
number of platedt remainshowever difficult to reconstruct a simple spreading history for the
Jan Mayen Segment using Euler rotation poles alone.

Moreover, the FaeroRockall Plateau and the Vgring Basin, along the NW European
Margin, containsvarious compressional structures (folds and reverse faults), which formed
after continental lmakup (Boldreel and Andersen, 1993; Brekke, 2000; Davies e2@04;
Doré et al, 2008; Doré and Lundin, 1996; Hitche2004; Johnson et al., 2005; Lundin and
Doré, 2002; Lgseth and Henriksen, 2005; Ritchie et28103, 2008; Smallwood, 2004; Stoker
et al, 2005; Tuitt et a.2010).In contrast, along the Greenland margin, there is kitidence
for postbreakup deformation, other than some folds of low amplifade Price et al.1997).

The NE Atlantic Ocean is therefoeegood aredo study the notionsf micro-plates
and intraplate deformations. Moreover, good magnetic and gravity dedasatailable for

the NE Atlantic, which allowone to test various methods of kinematic reconstructions.

1.4 Problemsand Objectives

The main topicof this thesis isthe question of nongidity of plate tectonics,
intraplate deformation and the influence of mantle plume orffle@aspreading. The NE
Atlantic is a good candidate to study complex spreading history, interaction betwdgea a
and a mantle plume (the Iceland Mantle Plume) and intraplate deformation such-as post
breakup deformation of the NW European Margin.

Mosar et al.(2002) @lculated spreading rates along each of the Reykjanes, Aegir and
Mohns ridges, showing that there is a significant variation in spreading rates across the JMFZ.
They suggested that this differential spreading was responsilderfgressional inversion of

the Varing and Faere8hetland Basins rather than the Mgre Basin.
Following these observationthe main questions of this theai®:

x What are the causes and consequences of differential spreading?
x Could it be responsible for Tertiary deformation on the continental margins and

continental interiors?
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X What is the influence of mantle plumes on-8ear spreading and onontinental

margins?

So as to answer these questjdngsea method for palinspastic reconstruction of the
opening of the NE AtlanticThis iterative leassquares method minimizes the gaps or
overlaps between conjugate magnetic anomalies. In this method, all segments of the NE
Atlantic are free to spread at different raleslsotakes into accourthe possibledeformation
that occurred since the formation of the magnetic anomadied allovs calculation of
spreading rates and relative displacerméptween micreplates during sefloor spreadingl
investigate the possible effect of differential flear spreading on compressional
deformation of the NW European continental Margin, obtained from published siauiiesf
continental interiorsFor thelatter, | realizea structural analysis along a major lithospheric
structure, the Great Glen Fault, Scotland.

I will first present thegeological context othis studyin Chapter 2, then the method
and tests of its application to the opening of the NE Atlantic in Chapter 3. The main results of
this thesis are a new kinematic modéthe NE Atlanticand a characterization dffferential
seafloor spreadingalong the NE Atlantic ridgeand resulting deformation of the adjacent
NW European Margin (Chapter 4) améactivation of continental fault¢Chapter 5).
Moreover, during this thesis | had the opportunity to work as a trainee at Chevron offices on
the opening of the South Atlan@nd on the rifting of the Santos Basimat wasnfluenced by
magmatic activity from mantle plumes. Therefore, from a comparison of the NE Atlantic and
the South Atlanticl will discuss in Chapter 6 thpossibleinfluence of mantle plumes on
variation of sedloor spreading rates and on the structural development of continental

margins

34



Chapter 2 +Geological Context

Chapter 2

Geological Context

2.1 North EastAtlantic Ocean

The NE Atlantic Ocean lies between Greenland and NW Eurféigeré 2.1). As in
other oceanic areas, relief the sedloor has resulted mainly from spreading along a system
of oceanic ridgesln comparison to other oceanic areas, the NE Atlantic shows an atypical
wide (thousandth of km) topographic donkgglure 2.1). Significantrelief has resulted also
from volcanic activity, especially on and around two islands, Iceland and Jan Mdysen.
bathymetrictopographic high and the volcanic activity result from the Iceland Mantle Plume,
which is presently located beneath IcelaAthother feature, which is specific to the NE
Atlantic Ocean, is that its ridge system is complex.dascriptive purposes, we consider it in
three parts. From SW to NE, these are the Reykjanes, Jan Mayen and Mohns segments. Of the
Reykjanes and Mohns segments, each consists of one ridge only, whereas the Jan Mayen
Segment consists of two ridges (Kolbemsand Aegir).Between the three segments are
systems of transform faults, the Jan Mayen Fracture Zone (JMFZ) in the North and the
GreenlandcelandFaeroe Fault Zone in the South. The latter, more than the former, is
responsible for a notable topographeature, the GreemhdIcelandFaeroe Ridge (GIFR).
The spreading history of the Jan Mayen Segment is rather cordpkexo(1) the cessation of
seafloor spreading along the Aegir Ridge; (2) the development of a new spreading centre, the
Kolbeinsey Ridgeand (3) the formation of a microcontinent, the Jan Mayen Microcontinent
(JIMMC), between these two ridgdsdure 2.1).
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Figure 2.1 Main tectonic features of the NE Atlantic Ocean on a bathymetric and
topographic map (ETOPO1PRresentday spreading rates along Reykjavik, Kolbeinsey and
Mohns ridges are fronMosar et al. (2002) ContinentOcean Boundaries of Europe and
Greenland are fronGaina et al. (2009) and Olesen et al. (200Xpbreviations (North to
South): GFZ, Greenland Fracture Zone; SFZ, Senja Fracture Zone; JMFZ, Jan Mayen
Fracture Zone (West and East); JIMMC, Jan Mayen Microcontinent; GIR, Greeldalahd
Ridge; IFR: IcelandFaeroe Ridge; CGFZ, Charlie Gibbs Fracturer#& Map projection is
Universal Transverse Mercator (UTM, WGS 1984, zone 27N).

2.1.1 Ridge system oNorth EastAtlantic

Seafloor spreading along the Reykjanes Ridge resulted in the formation of the
Irminger and Iceland basins, south of Icelafkiggre 2.1), Greenland and Lofoten basins
along the Mohns Ridgenorth of the JMFZ and south of the Greenland and Senja Fracture
Zones. This seafloor spreadinggeneratedcharacteristic pattern of magnetic anomalies,
symmetric and parallel to the ridges siribe onset of sedloor spreading at the end of the

Paleoceng The oldest magnetic anomaiy Chron 24 (52.9 Ma, mean ageigures 2.2.
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Presenday spreading rates are about 2.1 cm/yr along the Reykjanes Ridge and 1.6 cm/yr
along the Mohns RidgeMosar et al, 2002). These spreading rates are much slower than
those in midoceanic ridge in the Pacific where they reach 10 cm/Hefron, 1972.
Therefore, the NE Atlantic ridge systelike the whole midAtlantic Ridge, is an example of

a slowspreading miebceanic ridge system.

The Aegir Ridge is an extinct ridge of the Jan Mayen Segment, north of the lceland
Faeroe Ridge and east of the JMMBEigure 2.1). Seafloor spreading along this ridge
resulted in the formation of the Norway Basin, south of the-lHd8§Z. Magnetic anomalies
along this ridge show significant curvature. Magnetic anomalieswvatke defined on the
eastern side of the ridge than on its western side, close to the IMMC, where it is more difficult
to identify the isochrons. The oldest magnetioraaly identifiable in the Norway Basin is
Chron 24 (52.9 Ma)Kigure 2.2). The youngestvell-identifiablemagnetic anomaly is Chron
13 (33.3 Ma) and a younger one, more difficult to distinguish, could be Chron 8 (25.4 Ma
Seafloor spreading therefore ceased about that time along the Aegir Ridge.

The Kolbeinsey Ridge is the preselaty active spreading centre of the Jan Mayen
Segment, east of Greenland, west of the JMMC, north of Iceland and south of the JMFZ
(Figure 2.1). The oldest magnetic anomaly identifiable on both sidethe Kolbeinsey
Ridge from Iceland to the JMFZ, is Chron 6 (19.6 M&)jgure 2.2). Seafloor spreading
along the Kolbeinsey Ridge started at least since that botemagnetic anomalies anet
well identifiablearound Iceland and along the GIFR, which makesficult to determindghe
chronology of sedloor spreading in these areas. Slear spreading started north of the
Reykjanes Ridge, southwest of the JMMIDd propagated progressively movard, toward
the JMFZ, separating progressively the JMMC from the Greenland gate 1985, 1987;
Gainaet al, 2009;Nunns 1983;Unternehr 1982, see section 2.4)

Slow spreading ridgedike those inthe NE Atlantic have generally large central rift
valleys Choukroune et al1984). Such axial valleys are visible along the Mohns Ridge (e.g.
Dauteuil and Brun, 1996). However, there is no axial valley itne northern part of the
Reykjanes Ridgethis probably results from hot asthenosphdioev souttward from the
Iceland plum&Vogt 1971).
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Figure 2.2A. Map of magneticanomalies, NE Atlantic Oceamrompilation of data from
Macnab et al(1989), Skogseidt al. (2000), Gaina et al. (2002), Jones et al. (2)0Dlesen

et al. (2007), Gernigon et al. (2009), and Maus et al. (20@3ckground image is cent
model EMAG2 of crustal magnetic anomalies (Maus et al., 2009). Map projection is
Universal Transvers Mercator (UTM, WGS 1984, zone 27N).

Figure 2.2B. Ages of magnetic anomaljes
from Cande and Kent (1995)
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The Reykjanes Ridge can be divided into two structural tyjmseé 2003): (1) south
of Iceland, the topography and gravity showsNaped lineations oriented sphrallel to the
Reykjanes RidgeRigure 2.1), whereas (2) further south, the oceanic crust is segmented and
magnetic anomalies are offset by fracture zokégufe 2.2A), this being typical of a slow
spreading ridge away from the influence of a mantle pluv&gmatic activity from the
Iceland Mantle Plume, interacting with the ridge, resulted in the formation of Iceland and
strong relief around itHigure 2.1). It alsomodified the magnetic signature of the crust, so

that magnetic anomalies are not simple over these @figase 2.2).

2.1.2 Iceland Plateau and Greenlandlceland-Faeroe Ridge

Iceland is the largegtartof the midNE Atlantic ridge systerthatemerged above sea
level. Iceland andhie significant bathymetritopographic high arounid, the Iceland Plateau,
and the GIFRdeveloped as a result of intense magmatic activity, when the NE Atlantic Ridge
interacted with a major thermal and compositioaabmaly, the Iceland Mantle Plunfe.g.
Saunders et al.1997) Many of thefeaturesof the NE Atlanti¢ such as the Iceland Plateau
and the GIFRcan be attributed to the interaction of a mantle plume under Iceland and the
mid-Atlantic Ridge (Ito et al, 2003). This interaction will be discies$in more detail in

section 2.2.

The IcelandPlateaus a roughly circular plateau encompassing Iceldinig bounded
by a sharp topographic stapd forms the central segment of the GIFR)@re 2.1). It stands
4000 m above the sea floor and eéimergentpart reaches an elevation 110 m. Iceland
consistsof basaltic materialso thatvalues for velocities of #vave (Vp) are typical of
oceanic crustg.g.Fedorova et al.2005).The crustal thickness, however, is4imes thicker
than normal oceanic cruéf-10 km). The thickest crust (~40 km) is directly above the centre
of the plume, under central Icelar{d.g. Darbyshire et al. 2000; Foulger et al, 2003
Federova et a).2005 Figure 2.3. Foulger et al.(2003)proposed a structural model of the
Icelandic crustincluding (1) an upper crust of 7 £ 1 km thick, heterogeneous and with high
velocity gradients(2) a lower crust of 180 + 5 km thick that begins where the velocity
gradient decreases radically (generally at Vp~6.5 knaisdl (3)a crustmantle boundary
which s a transition zone ~5 = 3 km thick throughaditereVp increases progressively from
~7.2t0 ~8.0 km/s.
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Thelceland Pateay some500 kmwide, may have originated from lower crustal flow
above the Iceland plumddnesand Maclennan 2005. Another possibility is that the plateau
represents a major phase of subaebasaltlava flows, over pre-existing oceanic crust
(Foulger et al, 2003;Doré et al, 2008) The oldest onshore basalits northwest Iceland, are
of lower Miocene ageJbhannesson and Seemundsst®98) The approximate age of the
Iceland Plateau ihusMiocene(Ellen, 2002)but remains difficult to constrain due to the lack

of age dated cores.

Figure 2.3 Map of Moho depthin Iceland and surroundings, from Fedorova et al. (2005).
Thin polygonsare schematic boundaries of tectonic regions. Some corresponding density
contrastsbetween mantle and cruate shown in kg/m3. Solid line: approximate coast;

dashed line: 400n depth contour representisgelf break.

The GIFR is an anomalous shallow battetric feature, reaching 400above sea
level which crosses the NE Atlantic from Greenland to the north Scottish(Biglfe 2.1).
It forms an aseismitransverse ridge across the ocean, except where it is crossed by the active
spreading centre in Iceland (eBptt, 1983). The whole ridge is underlain by unusually thick
crust for an oceanic region, approx. 30 km thiBlt{ 1983;Foulger et al, 2003;Bonhoff
and Makris 2004 Fedorova et al.2005; Figures 23 and 2.4). Bonhoff and Makrig2004)
identified,from awide aperture seismic survegMoho depth of 23 km below the cresttbé
IcelandFaeroe RidgdIFR) (Figure 2.4). The crust is subdivided into an uppsrt (Vp =
5.76.3 km/s) and a lower parVp = 6.6%.0 km/s) by a first order discontinuity with a
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velocity increase of 0.8.5 km/s. The Moho depth decreases to about 15 km towlaeds
south and north of the IER

The GIFR is regarded as a hotspot trdak to persistent volcanism caused by the tail
of the lceland Mantle Plumén interaction withthe Mid-Atlantic Ridge(e.g.Morgan 1971;
Bott, 1983;Lawver and Mduller 1994;Eldholm et al. 2000;see section 2)2 Thusthe GIFR

appears to bef central importance in reconstructing the opening of the NE Atlantic Ocean

Figure 2.4. 2D- P-wave velocity depth model for the seismic line across the southeastern

part of the Iceland~aeroeRidge, from Bohnoff andlarkris (2004).

2.1.3 Jan Mayen Microcontinent

The Jan Mayen Ntrocontinent(JMMC) was identifiedoriginally on the basis of
being a bathymetric highhe Jan Mayen Ridgea positivefree-air gravity anomalyand due to
the lack ofmagneticanomaliesall indicating that it consisted of continental crusgismic
reflectionandrefractiondataconfirmed this interpretatiofKodaira et al, 1998).The JMMC
extends about 500 km southwards from the JMFZ and is up to 160 km wide. The Jan Mayen
Ridge can be divided into two main components, the main ridge in the north and the southern
ridge complex(Figure 2.5A). The main ridge reaches from the JMFZ in the north to the Jan
Mayen trough, which separates the two main featimate southThe northern main ridge is

well defined, continuous and stands higher than the southern part. The southeomgiats
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of several smaller ridges which become indistinct to the south and disappear beneath
sediments and lavas closer to Iceland. The altilsickness reaches a maximum of 16 km on

the eastern side of the main ridggdivik et al, 2003).

Figure 25 Structure ofthe Jan Mayen Microcontinent (JMMC)A) Bathymetric mapB)
Structural map, andC) Schematic interpretatiorAbbreviations: MR, Main Ridge; JMT, Jan
Mayen Trough; SRC, Southern Ridge Complex. Modified from Férwidic et al. (2010).

The JMMC is strongly affected by normal faulting and the number of fault blocks and
the generalstructural complexity increase southwar@u@laugsson et gl.1988, Figure

2.98B). Faults mapped on seismic reflection data are rougkBytiénding in the northern part
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and NNESSW trending to the soutls(dlaugsson et gl1988;Scott et al. 2005). Gaina et

al. (2009) andPeronPindivic et al.(2010) have suggestd that the southern part of the
JMMC is a zone of highextensionwhere continental crust has been highly thinrfeolst
magmatic block faulting occurs on the western margin of the JMMC (conjtmydbe East
Greenland margin), whereas its eastern margin (conjugate to the Varing margin) consists of a
seawaredipping basaltic successiosdlaugsson et gl1988,Figure 2.5C). These authors
ascribed this block faulting, on the western margin of the JIMMC, to riftimtseparation of

the JIMMC from East Greenlanddesection 2.4. The volcanic island of Jan Mayen, in the
northern part of the JIMMC, is a very young feature widiched in the Pleistocenésland,

P., 1978.

2.2 North Atlantic Igneous Provinceand Iceland Mantle Plume

Magmatism waswidespread throughout the NAtlantic during breakup between
Eurasia and Greenland the Paleoene accounting for a large Cenozoic igneous province
(e.g. Saunders et al.1997) This North Atlantic Igneous Provinc@NAIP) extends from
eastern Canada to the British Islégthin this NAIP are basaltic and picritic lavas of Baffin
Island and West Greaid, basaltic lavas of East Greenland, seawgping reflectors and
offshore lavas along the Greenland and NW European volcanic rifted margins, |¢band
GIFR and Faeroe Islandsnd basaltic lavas and dyke swarms of the British (&€&sWhite
1988; Lawver and Miuller 1994; Saunders et gl.1997; Storey et al. 2007 Upton 1988)
(Figure 2.6).

Saunders et a(1997) discerned two major phases of igneous activity: (1) a first phase
around 62 Ma with continedfitased magmatisnm Baffin Islands, W Greenland, the British
Isles, and possibly central E Greenland; and (2) a second phase, starting approx. 56 Ma,
represented by seawadipping reflector sequences (SDRS) along the continental margins,
basalts in central E Greenlandet GIFR, the Faeroe Islands and Icela@uiantitative
calculations of NAIP dimensions reveal an areal extent of 1.3 krtg a length of 2600 km,
a volume of extrusive basalt of 1.8 x°1n® and a total crustal volume ranging from 6.2 to
9.6 x 16 km®, which makes the NAIP one of the largest igneous provinces in the world
(Eldholm and Grugl1994;Coffin and Eldholm1994;Holbrook et al, 2001).
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Figure 26. Map of the NE Atlantic showing distribution of igneous rockshe North
Atlantic Igneous Province anidcation of Iceland Mantle Plumerelative to Greenlandat
intervals of 10 Maaccording to stationary hotspot model of Lawver andI®{(1994) and
moving hotspot model of Mihalffy et al. (2008). Onshore and offshet@fly lavas are from
Storey et al. (2007) and dyke swarms from Upton (1988gs of onshore lavas and
intrusions are from White and McKenzie (198®)ap projection is Universal Transverse
Mercator (UTM, WGS 1984, zone 27N).

Morgan (1971) argued that I&@nd formed due to a ridgeentered mantle plume
under the island and that hotspate anomalously hot material rising from deeper levels in

the mantle Courtillot et al. SURSRVHG WKUHH GLVWLQFW W\SHV F
PDQWOH uSULPDU\Y GHHSHU SOXPHV SRVVLEO\ FRPLQJ
OD\HU ' HVHFRQGDU\Y SOXPHV SRVVLEO\ FRPLQJ IURP

the transitio)Q JRQH DW WKH ORFDWLRQV RI VXSHUVZHOOV DQG
superficial origin, linked to tensilstresse in the lithosphere and decompression melting
(Figure27 7KH\ FODVVLILHG WKH ,FHODQG KRWVSRW DV D puSL
Whte and McKenzig€1989) proposed a relationship between mantle plumes and the
formation of large igneous provincdfigure 2.8). If a plume reaches the base of the
lithosphere in a region under extension, or in a region witkepisting thinned lithosphere,

melting will be amplified and the excess melts may result in an igneous province/(etg.
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and McKenzig1989;Eldholm et &, 2000).Saunders et al(1997) argued that the Iceland
Mantle Plume played a major role in the formation of the NAIP because (1) the simultaneous
and widespread initiation of activity requires a major thermal event in the mantle; (2) some of
the magmasassociated with the first phase of magmatic activity were highly magnesian,
indicating that the mantle source regions were unusually hot; (3) the SDRs emplaced
subaerially or into shallow water, indicating buoyant support by the mantle during rifting and
breakup; and (4) the isotopic and compositional diversitpresentday Icelandic basalts is
observed in many of the Paleocene sequences, after crustal contamination and pressure of

melt segregation are taken into account.

Figure 2.7. Schematic crossection through rotation axisof dynamic Earth outlining

sources of three types of plumes/hotspotording toCourtillot et al. (2003).

This hypothesishas encouraged workers to estimate thatjpm of the Iceland plume
through time €.9. Lawver & Mdller, 1994;Torsvik et al. 2001g. Severalmodels of Iceland
Mantle Plume traclexist (Figure 2.6): (1) Model 1 the stationary hotspot model bawver
and Mdller (1994), using the absolute plate motion reference frames Wdaiter et al.
(1993); (2) Model 2the moving hotspot model dfihalffy et al.(2008), using absolute plate
model reference frames fro8teinberger et al(2004); and (3) Model ,3he moving hotspot
model ofMihalffy et al.(2008) with no net rotation of the lithospketelative to the mantle.

Between 60 and 50 Ma,period of igneous activity in the NE Atlantic, the mantle plume was
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beneath Greenland according to the three models. However, its location differs in the three
models. According to Model 1, the plume heaabkheneath Greenland; according to Model 2,

the plume head was under eastern Greenland; and according to Model 3, the plume head was
under northeastern Greenlamdodel 1 and avould thereforebe more appropriate to explain

the NAIP magmatisniFigure 2.8). Ganergd et al(2010) have provided model of60 Ma
paleolatitudinal position of the NAIP in line with current apparent polar wapakis They

have argued thaa deep mantle plume is a plausible cause for NAIP volcarigwever,

their model predicts that the paleolatitude of the NA& c. 1500 km south of modern
Iceland, challenging correlations of the NAHMd the Icelandic hotspot. Theyherefore
speculate that the NAIBither formed frona differentplume locatedmore southerlyduring

the Early Paleogene, or, alternatively, that the Icelandic plume migrated mbithwould be

in favor of the moving hotspot model Efihalffy et al.(2008) (Model 2figure 2.6).

VP: Vgring Plateau

HB: Hatton Bank

DS: Davies Strait

Figure 2.8. Reconstruction of the North Atlantic region at magnetic anomaly 23 (6th&
Ma), just after onset of oceanic spreadify White and McKenzie (198®lack shading
shows position of extrusive rockahereashatching showsthe extent of early Tertiary
igneous activity in the regionNotice nferred position of mantle plume under eastern
Greenland (small circle) and extent of plume head (large cir@leis figure highlighs that

the plumemayaffect a large area including mgins.
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However, an alternative model which does not invoke a mantle plume has been
proposed to explain the voluminous NAIP magmatism (Eaglger and Andersqn2005;
Foulger et al, 2005).Foulger et al.(2000, 200) argue that, while therare evidence from
seismic tomography for an upper mantle velocity reduction beneath Iceland, the anomaly
FDQQRW EH SURY H Qs k. .Rdtgerrakd Whidéiso(00s)atde for gt FRR O
model for the Icelandhotspotfand for compositional rather than a rimal origin for
photspotsfFundamental differences between a mantle plume model and this alternative model
are the depth extent of the anomalous mantle structure beneath Iceland, as well as mantle
temperatures. The alternative model attributes enhancgthat@m in the Iceland region to
high local mantle fertility leading to anomalously large volumes of melt on this part of the
ridge. The source of the fertile region according to this model is eclogitized oceanic crust
subducted during the Caledonian tn (Foulger and Andersgn2005; Foulger et al,

2005).

2.3 Continental Margins of North East Atlantic

The NW European and E Greenland continental margins mark the transition between
the NE Atlantic oceanic crust and the Eurasian and Greenland conticrerstal respectively
(Figure 2.1). These margins formed during rifting between Greenland and Eurasia before the
onset of sedloor spreading. They consist of stretched continental crust and magmatic rocks,
due to intense magmatic activity during riftingdaare classified as volcanic passive margins
(Figure 2.9, Geoffroy 2005).

Volcanic passive margins form part of large igneous provinces, characterized by
massive emplacements of mafic extrusive and intrusive rocks over very short time periods
(e.g. White and McKenzie 1989; section 2.2. Volcanic passive margins are distinguished
fromnon YROFDQLF PDUJLQV RU 3FROG™ PDUJLQV H J WKH ,EI

large amounts of extrusive and/or intrusive rodksgon et al, 2001).

The main cheacteristics of volcanic passive margins dfere 2.1Q Callot et al,
2001, Gernigon et al.2004): (1) thick sequences of flood basalt onshore, continuing offshore
as sequences of thick seawdigping reflectors (SDRs); (2) numerous sill/dyke andtven
complexes intruding sedimentary basin of the margins; (3) lack of strong passive margin
subsidence during and after breakup; and (4) zones of anomalously-higiePvelocities

(7.2-7.8 km/s) in the lower crust, smalled Lower Crustal Bodies (LCBs) ongh Velocity
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Zone (HVZs) Eldholm and Grug1994;Coffin and Eldholm 1994;Eldholm et al. 2000).
LCBs often occur along the continemtean transition but can extend beneath the continental
part of the crust. They are interpreted as due to underpl@iggMijelde et al, 2008) or

igneous intrusion in the lower crust (evghite and Smith2009)

Figure 2.9. Global distribution of rifted margin basins and breakup related large igneous
provinces (LIPs), such as the North Atlantic Igneous Province (NAIP). From Skogseid (2001).

Figure 2.10. Acrossstrike section of a volcanic passive margin. The presencenef in
sedimentary basins is not the rule. SDRint and SDRext: respectively, internal and external
seawardGLSSLQJ ODYDV DQG YROFDQLF'LSSBRMH FBHIRPGWF W R WV
offshore studies), (from Geoffroy, 2005).
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Rifting and sedloor spreading ang the NE Atlantic during the Cenozoic resulted in
the formation of two conjugate volcanic continental margins: the NW European and East
Greenland margins. Extensional events forming the NW European and East Greenland
margins occurred during the Late Radaoic (EarlyMiddle Devonian, Carboniferous, Late
PermianEarly Triassic), Late Jurassid&arly Cretaceous and Late Cretace&asly Tertiary
times. An extensional pulse leading to continental separation, major volcanism and
subsequent sdfoor spreadig along the NE Atlantic occurred in the early Eocene at approx.
55 Ma (e.gZiegler, 1988, 1989%aDoré et al, 1999 Brekke 2000; Nielsen et al. 2009;
Figure 2.117).

Figure 2.11.Plate configuration at the time of NE Atlantic breakup with main structural
elements after Skogseid et al. (2000). The sedimentary basins separating the onshore remains
of the Caledonides are the result of Late Palaeozoic through Mesozoic episodes- of post
orogenic continental extension. FSP: Faef®eetland Platform; HP: Horda Platform; HSZ:
Hardangerfjorden Shear Zone; LGF: Leerdajende Fault; MB: Mgre Basin; MTFZ: Mgre
Trgndelag Fault Zone; NS: North Sea; OF: Olestgl Fault; OG: Oslo Graben; TP: Trgndelag
Platform; VB: Vgring Basin; VG: Viking Graben; SC: Scotland; STZ: Sorgemfvaiquist

Zone. From Nielsen et al. (2009)
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The Late Jurassic to early Tertiary rifting and breakup phases were governed by the
stepwise northward propagation of Central Atlantic-@ar spreading (e.gZiegler, 1988).
The Mesozoic rifts and breakup axis between Greenland and NW Europe follexigtieg

Caledonian and Hercynian fold bel&dgler, 1989a).

2.3.1 North West European Margin

The NW European Continental Margin lies between the European continent and the
NE Atlantic. It isc. 2650 km longc. 880 km wide in the south, east of Ireland, anBl0 km

wide in the north, east of northern Norwdygure 2.12.

Figure 2.12. Topographiebathymetric map of the North West Continental Margin, showing
two main regions: 1) the Norwegian Margin to the north, comprising the Varing and Mgre
basins, and 2) the FaerdRockall Margin to the south, comprising Hatton Basin, Hatton
Bank, Rockall Basin, Rockall Bank, FaeilReckall Plateau, Faeroe Islands and Faeroe
Shetland Basin. Tertiary flood basalt provinces are from Storey et al. (2C0njnent
Ocean Boundary is frolesen et al. (2007and Gaina et al. (2009)Map projection is
Universal Transverse Mercator (UTM, WGS 1984, zone 27N).
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The European Continental Margin was subject to several phases of extension. Collapse
of the CaledoniarDrogeny an the NE Atlantic rifting resulted in a wide rifted region (e.g.
Ziegler, 1988 Lundin and Doré 2005), wider than the Greenland Margirigire 2.1).
Several sedimentary basins formed on the European Margin as a result of th&ingaring
and Mgre basins in the north, the Faefieetland Basin in the centre and the Hatton and
Rockall basins in the south. We will refer to the Norwegian Margin as the area comprising the
Vgring and Mgre basins, and the FaeRmekall Margin as the area between the
Hatton/Rockall and Faereghetland basing=(gure 2.12).

Gravity modelling data showed a segmentation of the NW European mingibgl
et al, 2004, 2005). These authors interpret the numekdi¥strending lineaments as pre
Caledonian structures thatere reactivated as transfer zones during phases of Mesozoic

extension Figure 2.13.

Figure 2.13. NWttrending lineaments segmenting the NE Atlantic Margin and apparent
sediment thickness based on regional 3D gravity modelling (Kimbell et al.,, 2004).
Abbreviations for lineamentsADL, Anton Dohrn Lineament Complex; CL, Clair Lineament; JL,
Judd Lineament; JML, Jan Mayen Lineament; MFL, Marflo Lineament; ML, Magnus Lineament;
MTL, Mgreffirgndelag Lineament; SHL, South Hatton Lineament; WTL, WyilEmso

Lineament Complex. From Kimbell et al. (2005).
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Some of the lineaments appear to have influenced the early evolution of the oceanic
crust by providing the precursors to transform offs&iisnpell et al, 2005). These authors
also showed some evidence@dnozoic deformation due to transpressive reactivation of the

lineamentsgection 2.3.3.

2.3.1.1 Norwegian Margin

The structural configuration of thé&lorwegian Continental Margimreflects the
overprinting of a complex network of Jurassic and older basins bgtengous NESW chain
of deep CretaceotSenozoic basinsDoré et al, 2008). Two major basins dominate this
margin, with a very thick Cretaceous fill: the Varing and Mgre Bafnskke 2000;Figure
2.14).

Figure 2.14. Simplified structural map of the Norwegian Margin from Brekke (2000).
Abbreviations: GIH, Giske High; GNH, Gnausen High; SH, Selje High.
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Several NWirending lineaments segment the Norwegian Margin. A major one, the
Jan Mayen Lineament, separates the \{piasin from the Mgre Basin and prolongs the
oceanic JMFZ onto the margin. The Vagring and Mgre basins are flanked by the Cretaceous
Tregndelag Platform to the east and by the Mgre and Ve@ring Marginal Highs capped by
Eocene lavas to the west. The tectonieeli@oment of the area is controlled by two structural
trends: NESW and NWSE @Brekke 2000; Figure 2.14. The typical feature of both the
Varing and Mgrebasins is the large thickness of the Cretaceous sequence, of which the base
in the central parts of the basins lies at depths between 9 and 1Brédke 2000; Figure
2.15. The crust beneath the basins stretched and thinned significantly over a iadeariin
the late MidJurassieEarly Cretaceous rifting episodBreékke 2000).

Figure 2.15.Crustalscale cross section of the Norwegian Margin across the Vgring Basin,
from Gernigon et al(2004)

The Norwegian Margin is a typical volcanic margirgluding emplacement of SDRs
and LCBs Figure 2.10, well visible particularly in the outer Vgring BasiRigure 2.3.5.
The outer Vgring Basin is a complex system of faulted ridges defined at the base Tertiary
unconformity surfaceGernigon et al.2004). It is located between a deep Cretaceous basin to
the east and the Varing Marginal High to the west near the -@oediment transitionBrekke,
2000; Gernigon et al2004;Mjelde et al, 2007;0lesen et a).2007;Figure 2.14. As part of
the poyrifted system, the outer Vgring Basin was particularly affected by Late Cretaceous
Palaeocene rifting leading to breakup and SDR emplacement at appia& N Gernigon
et al, 2004).

The VgringBasin was tectonically active also during Tertiary time and contains a
series of Cenozoic domes that affects the sedimentary ces&ion 2.3.3. In contrast, the

Mgre Basin was generally tectonically quiet throughout the Cretaceous and Tertiary,periods
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experiencing mainly continuous subsidence. Only minor activity occurred in Tertiary time;
involving reactivations of the Jan Mayen lineament and minor faulting along the Faeroe
Shetland EscarpmerBiekke 2000).

2.3.1.2 FaeroeRockall Margin

The Faerodrockal Margin comprises the Rockall and the Hatton basins separated
from each other by bathymetric highs: 1) the Rockall Bank, between the Rockall and Hatton
basins; and 2) the Hatton Bank, between the Hatton and the Iceland Bagimsg 2.12 and
2.16. The FaeroeShetland Basin separates the Faeroe Islands to the west from the British
Isles to the east. The area between the Rockall/Hatton basins and the Faeroe Islands is the
FaeroeRockall PlateauRigure 2.12. Northward propagation of the Central Atlaniiclate
Mesozoic time led to high Early Cretaceous crustal stretching on the southern NW European
Margin that may have locally progressed during the Albian to crustal separation and the onset
of limited seafloor spreading in the Rockall Basigiégler, 1989a).

Continental crust underlains the plateawy( Bott et a| 1974) and is thicker beneath
the banks (~25 km) and the Faeroe Islands (~28 km) and thinner under the Hatton Basin
(~20km) and FaereRockall Basin (=180 km) White et al. 2008; Figure 2.16. The
continentalocean crustal transition occurs beneath the western flank of the Hatton Bank
where seawardipping reflectors emplacedHitchen 2004;White et al, 2008 Figures 2.12
and 2.19.

Cenozoic sediments fill the basins and overlie ediytiary plateau basalts (e.qg.
Boldreel and Anderseri998). On the banks, thin layer of Quaternary and Neogene sediments
cover the lower Tertiary volcanic rocks, which locally crop out at the seafloor, in the Faeroe
Islands. Seismic data do not clearyaige the base of the Paleogene volcanic, the thickness of
basalts is therefore very difficult to predict, though seismic data suggest 6 km of basalt below
the Faeroe IslandsDévison et al. 2010). Gravity data suggests significant differences
between theupper crustal composition and structure of the Rockall Bank (high gravity
anomaly) and Hatton Bank (low gravity anomalifitthen 2004). Samples of the Rockall
Bank showed metamorphic basement of Early Proterozoic age, however no metamorphic
basement wersampled on the Hatton Bank where there is a cover of Palaeozoic, Mesozoic
and/or Cenozoic sediments and lavdaghen 2004). The Rockall Basin contains on average
4-7 km of Mesozoic units, which deposited on rifted continental crust, involving rotaiéd f
blocks throughout the basib#vison et al.2010).
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Figure 2.16. Location of seismic profiles across NW European Margin (A) and seismic
velocity structure of crust across continemean transition near Faeroe Islands (B) and
Hatton Bank (C).Lowercrustal layering (high velocities >7.0 kmi')s due to igneous
intrusions, lies beneath the basalts on the contitmrgan transition, ending at 90 km against
continental crust with markedly lower velocities. PoktCenozoic sediments are in plep
Profiles are aligned with 0 km distance at seafloor spreading magnetic anomaly Chron 22.
Colour bands are at 0.1 kni sntervals, with contours above 7.0 kih spaced every 0.1 km

s* to highlight the lowercrustal velocity. From White et al. (2008).

The FaeroeRockall Plateawomprises nmerous compressional structures, postdating
the early Tertiary volcanic activitfe.g. Boldreel and Anderseri998;Johnson et a).2005;
Tuitt et al, 2010). The foldhaveresuled from a postbreakup compressional tectonic phase

that affectedhe margin(section 2.3.8

2.3.2 East Greenland Margin

The East Greenland Margin extends approx. 2500 km long, approx. 80 km wide in the

southernmost part and approx. 300 km wide in the northernmost part. It can be divided into
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two regions: 1) the northeast Greenland Margin, north of Iceland, and 2) theasbuthe
Greenland Margin, south of Icelanéigure 2.17). Seaice, icebergs and ice aimost allthe

shelf makes studies of the margin difficult. However, the onshore part of East Greenland
provides very good outcrops to study the interactions between YVefaafting and
magmatism, related to the NAIP emplacemset{ion 2.2 (e.g.Price et al, 1997).

Figure 2.17.Topographiebathymetric map of East Greenland Continental Margimpwing
two main regions: northeast (NE), and southeast (SE) Greenland Margmiary flood
basalt provinces are from Storey et al. (2007). Conth@rgan Boundary is fror@lesen et
al. (2007 and Gaina et al. (2009Blue lines indicate crustal transect ofguire 2.20. Map
projection is Universal Transverse Mercator (UTM, WGS 1984, zone 27N).

The East Greenland MargaomprisegJohnson and GallagheR000;Figures 2.17):
1) an AchaeaiCaledonian crystalline interior, with a midevonian to Tertiary sedim&ry

successionHEscher and Pulvertaftl995; Hamann et al 2005); 2) a neashore continent
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ocean boundary (COB) of Palaeocene age &cgtt 2000), except on the northeast margin
where it is approx. 300 km from the shoreline; and 3) a discontinuous early Paleogene flood

basalt sequence, bothshroreand offshore (e.gsaunders et gl1997;Storey et al 2007).

2.3.2.1 North East Greenland Margin

As for the NW European Margiisp for the NE Greenland Margia,long history of
postCaledonian extension, with similar extension phases, has resulted Hnift syn

sedimentation within rift basingigure 2.18.

The most prominent feature on the Northgastenland Margin is a large, very deep

(>13 km) sedimentary basin, the Danmarkshavn Basam@nn et al.2005;Figure 2.18A).

The Koldewey Platform defines the western margin of the bagmereas orthe eastern

margin a series of NHrending structuralhighs form the Danmarkshavn Ridge. The
sedimentary succession in Danmarkshavn Basin is supposed of Devonian to Paleogene age
and presentaumerous unconformities along the basin margins. The Thetis Basin, east of the
Danmarkshavn Ridge, is a relativelyww basinthat comprisesa thick Cretaceous and
Tertiary successiorHamann et al.2005;Figure 2.18A).

The East Greenland volcanic province, between the JMFZ and Bivrost Fracture Zone,
consists inTertiary plateau basalts and offshore volcanic rocks dhacure seismic data
(Figure 2.18.

South of the JMFZ, the structural style differs from the areas to the north. It is
characterized by few but large faiiocks. The amount of extension, however, appears to be
similar in the two areas. The thicknaesisthe DevoniarJurassic succession in the Jameson
Land Basin (approx. 17 km) is similar to that of the Danmarkshavn Basin (approx. 13 km)
(Hamann et aJ.2005;Figure 2.18B. The Liverpool Land Basin, to the east, is youraysl
containsTertiary succesens Hamann et al. 2005; Figure 2.18B. Tertiary plateau basalts
cover a large proportion of this ardde outer part of the shelfceanic crust occurs beneath
a thick Tertiary wedge. In this area, a series of ps@sdarpments and seawaligping

reflectorsmarkthe ocearcontinent transition zond-arsen,1990).
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Figure 2.18. Tectonic map of the Northeast Greenland Sh&fiowing main structural
elements: the Koldewey Platform, Danmarkshavn Basin, Danmark$tidge, Thetis Basin
and Marginal High. Geeseismic cross sections of (A) the Northeast Greenland Shelf (north
of 75°N) and (B) the Jameson Land Basihiverpool Land Shelf (c. 71°N). Age of seismic
megasequences: DC, Devonianid-Carboniferous; CP, LatearboniferousEarly Permian;

PT, midPermianTriassic; J, Jurassic; Kl, Upper Jurassiower Cretaceous; Kll, Late
Cretaceous; Tl, Palaeocene; Tll, Eocerate Oligocene; TllI, Early Miocenkate Miocene;

TIV, Early PlioceneHolocene. From Hamann et aR{05).

Thepartof the Greenland Margin between Iceland and the JMFZ underwent extension
and magmatism during mi@enozoic time due to the separation of the Jan Mayen
Microcontinent and the relocation of the spreading centre from the now extinct Aegg teid
the presentlay active Kolbeinsey Ridgesdction 2.1 e.g. Talwani and Eldholm 1977;
Nunns 1983 Noble et al. 1988;Upton et al, 1995;Price et al, 1997;Saunders et a11997,
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Muller et al, 2001;Gaina et al, 2009).Formation of najor haltgraben took place along the
central East Greenland margin and overprinted the initial breakup structure along this part of
the margin arsen 2002).Mjelde et al.(2008) providedan integrated 1580 km long crustal
transect across the JMMC, the presdsy active Kolbeinsey Ridge and extinct Aegir Ridge
based on crustal model derived from ocean bottom seismographic siipye 2.19. This

crustal transect shows (1) a thick oceanic crust, especially between the JMMC and East
Greenland, which is interped as the influence of the Iceland Mantle Plume onfleea
spreading along the Kolbeinsey Ridge; (2) a lower crustabvegtbcity layer underlying the

More Basin; and (3) a weslipping COB detachmenmjelde et al, 2008).

Figure 2.19.(A) Interpreted preserday transect across the NE Atlantic, passing through Jan
Mayen Microcontinent and Kolbeinsey and Aegir ridges. Brown lower crustal layer is non
intruded lower crust, whereas dark grey lower crustal layer is a mixture of mafic, lower
crudal intrusions, (B) Bathymetric map of NE Atlanénd indication of ocean bottom

seismometer profiles, in black, included in the transect. From Mjelde et al., (2008).
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2.3.2.2  South East Greenland Margin

The southeast Greenland Margin is very narrowcamparison to the conjugate
FaeroeRockall Margin which experienced more Mesozoic extension prior to Tertiary
breakup and developed several basins separated by Iszckiorf 2.3.1.2 The widespread
magmatism associated with the NAIP widely affectedsthetheast Greenland Margin during
the Late Palaeocetearly EoceneMagmatism occurretdoth onshore on the East coast of
Greenland and offshore along the rifted margntiuding emplacement DR sequences
(e.g.Larsen and Jakobsdétfin988;Noble et al, 1988;Larsen 2002;Hopper et al, 2003;

White and Smith2009Figure 2.17).

Hopper et al.(2003) haveprovided a crustal transect across the southeast Greenland
Margin obtained from seismic data from the SE Greenland MaFggure 2.20. The crustal
transect shows (1) the margin structure from the Achaean continental crust to oceanic crust,
(4) an abrupt transition between the continental and oceanic crusts (COB <50 km wide), (2) a
high velocity zone in the lower crust (>7.3 km/s), (3) SDR sequehatesiiderlie the oceanic

crust, and (4) a small amount of crustal thinpwwgichoccurred prior to final breakup.

Figure 2.20.Velocity Model of the SE Greenland Margin, approx. 600 km south of the
GIFR (location of the transect on Figure 2.3.9)he oceanic crustal section showslecity
contours from 6.8 to 7.4 km/s. Triangles along the top line are the ODP drill sites. Areas not
constrained by modelled arrivals areegr Abbreviations: COB, @GntinentOceanBoundary
SWDR SeawardDipping Reflectors;RB,RoughBasement). From Hopper et al. (2003).
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ODP drilling and seismic surveyff southeast Greenland show that the upper part of
the oceanic crustonsists o#-6 km thick sequences of SDR sequences (eagsen 2002).
SDR sequences are presaiting the whole rifted Greenland margin, parallel to the coast
(Figure 2.17).

A comparison of the southeast Greenland Margin to the conjugate Hatton Bank shows
a clear asymmetry in the early accretion history of North Atlantic oceanic dfiggtré
2.21). (Hopper et al, 2003). This asymmetry may indicate
(1) aneast directed ridge migration during initial openikippper et al, 2003)
(2) adifference in accretional process due to a different thermal structure of the plesties
accretionare predicted on cooler platevhich is consistent with Greenland margin being
bounded by thick Archean lithosphemhereas the Hatton Bank is bounded by younger and
presumably warmer lithosphere beneath the FaRomkall PlateauHopper et al. 2003)
andbr (3) aninitial phase of stretchingreatingasymmetric thinned continental cru3tis
thinned crustwas then buried by the extensive volcanidRgeated Mesozoic stretching
events prior to the Tertiary brealp occurred along thEuropean MarginThus, breakup
would have occurred on the western side of the Mesozoic regions of extension on the
European sideWhite and Smith2009).

Figure 2.21.Comparison of velocity models from the Hatton profile and the East Greenland
conjugate profile (Hopper et al., 2003). Models are aligned at Chron 22 (~ 49.4 Ma).
Contours are drawn every 0.5 km/s from 3.5 to 7.0 km/s and every 0.1 km/s for velocities >0.1
km/s. White line marks the limit of ray coverage in the Greenland velocity model. From White
and Smith (2009).
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2.3.3 Postbreak up deformation of the margins

Seismic stratigraphic interpretation, geomorphological analysis and thermal history
studies (apatitdission track and vitrinite reflectance analyses) have revealed episodes of
uplift and exhumation of Scandinavia, British Isles and Greenland during the Ceragoic (
Stuevold et aJ.1992;Thomson et al.1999 Chalmers 2000;Green 2002;Praeget al, 2005
Redfield et al.2005 Bonow et al. 2007 Hendriks et al. 2007;Jolivet 2007 Holford et al,
2009;Japsen et a).2005, 2007, 201 nell et al.2009 Nielsen et al.2009;Redfield 2010;)

(1) A first major phase of regional uplificcurred in the Palaeocete Early Eocene
(approx. 6550 Ma). This uplift, of approx. 2 km, is probably due to-fldink uplift during
the breakup of the NE Atlantic between Europe and Greenland, as indicated by the northward
propagation of uplift, antb mantle processe®ossible mantle processes #rermal effects
and magmatic underplating in connection with the emplacement of the NAIP, pulse and
temperature changes of the Iceland Mantle Plume fmegll et al, 2009; Green 1989
Rohrman and/an Der Beek1996 White and Love]l1997 Jones et a).2002; Nielsen et al.
2002;Storey et a].2007 Holford et al, 2009 Hartley et al, 2017).

(2) Two phases of local uplift, of kilometseale, occurred during the late Eocémé&te
Oligocene (approx. 4@5 Ma) andin the Miocene (approx 200 Ma) probablydue to
intraplate stress regimesuch aschanges in spreading dynami@gsecluding the transfer of
spreading from the Aegir to Kolbeinsey ridges and the separation of the JMWMCE
Greenlangland the Alpine compressional stress (B.gré et al, 1999;Thomson et al.1999
Hansen et a).2001;Anell et al, 2009 Holford et al, 2009; Japseret al, 2005, 201D

(3) A second main phase of regional uplift occurred in the-Pktstocene (8 Ma), of
magnitude of approxl- 2 km (e.g.Green et al. 1989 Rohrman et aJ.1995 Doré et al,

1999 Anell et al, 2009) This uplift was probably due to glacial erosion and isostatic
readjustmen(e.g.Riis and Fjedlskagrl992;Doré et al, 1999;Nielsen et al.2009).

However,the mechanismgmantle driven, compression, or isostasy processet)e
origin of these uplift and exhumation episodes remain subject to debate, and this summary is
not exhaustive. In what follow, we wilbcus on the offshore compressional deformation that

affected the NE Atlantic continental marguhsring the Cenozoic.
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Figure 2.22. Principal tectonic features of the NE Atlantic Ocean on a bathymetric and
topographic map (ETOPO1l1)Xompressionaktructures (folds and reverse faults) on NW
European Continental Margin are frodohnson et al. (2005Poré et al. (2008), and Tuitt et

al. (2010). Presentlay spreading rates along ridges are from Mosar et al. (2002). Cortinent
Ocean Boundaries of Eurepand Greenland are froi®lesen et al. (200@hd Gaina et al.
(2009). Blue lines indicate crosections of Figures 2.23 and 2.24. Abbreviations (North to
South): GFZ, Greenland Fracture Zone; SFZ, Senja Fracture Zone; JMFZ, Jan Mayen
Fracture Zone (Westral East); HD, Hedda Dome; NDNaglfar Dome; VD, Vema Dome;
MA, ModgunnHHA, Helland Hansen Arch; OL, Ormen Lange Dome; FR, Fuglgy Ridge;
EFH, East Faeroe High; MGR, Munkagrunnar Ridge; JA, Judd Anticline; WTR, Wyuville
Thomson Ridge; YR, Ymir Ridge; AD, iAfpDome; LB, Lousy Bank; NHBFC, North Hatton
Bank Fold Complex; MHBFC, Mid Hatton Bank Fold Complex; CGFZ, Charlie Gibbs
Fracture Zone. Map projection is Universal Transverse Mercator (UTM, WGS 1984, zone
27N).
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Numerous foldsinverted basinsand normal faults reactivated in compression, are
widely observed along the NW European Margin. These structures are interpreted as episodes
of compressional podireakup deformation of the continental margiBolfireel and
Andersen1993;Doré and Lundin1996 Brekke 2000;Lundin and Dor¢2002;Davies et al.
2004;Hitchen 2004;Smallwood 2004;Stoker et al.2005;Johnson et al.2005;Lgseth and
Henriksen 2005; Ritchie et al, 2003 2008 Doré et al, 2008; Tuitt et al, 2010) Figure
2.22. Along the Eats Greenland Marginlittle evidence of posbreakup compressional
deformation exists on the northeast part of the mangicé et al, 1997;Hamann et al.

2005).

2.3.3.1 Deformation on Norwegian Margin

On the Norwegian Margin, compressional doming, basin inversion and reverse
faulting occurred during the Cenozoic, predominantly within deep Cretaceous depocentres in
the Varing Basinl(undin and Dor¢2002) and north of the Mgre Basin along the Jan Mayen
lineament Brekke 2000).This compressional deformation is responsible for the development
of arches and domes, such as the Ormen Lange, Vema and Naglfar Domes and the Modgunn
and HellaneHansen ArchesHigures 2.23. These structures generally haveSNo NNE-

SSW trends. The largest structure is the Helldadsen Arch with an axial trace of approx.
280 km maximal amplitude of approx. 1 km and maxahwavelength in the order of 60 km
(Vagnes et a).1998, Figures 2.22 and 2.28 Vagnes et a).1998 estimated that the total

shortening is in the order 0f2%.

Lundin and Dorg2002) described two main phases of stskp-compression and of
formation of large Nand NNEtrending domes and arches (e.g. the Ormen Lange Dome and
the Helland Hasen Arch): in (1)the Middle Eocene to Early Oligocene and (&g Early
Miocene.Lgseth and Henriksef2005) determinedrom seismic data of the sytactonic Kai
Formation in the area of the Helland Hansen AiMid- to Late Miocene (180 Ma)
compres®n phaseDoré and Lundin(1996) suggested that the compressional domes were
formed by leftlateral reactivation of NWWSE trending lineaments, subparatiebr directly in
the continuation of the JIMFZ.
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Figure 2.23. (previous page)nterpreted seismic profiles across the Helladdnsen Arch,
in Varing Basin, Norway, from Brekke (2000) for Profile 1 and Lgseth and Henriksen (2005)
for Profile 2, showing reactivation of a normal fault in compression on the western flank of

the HellandHansen Arch. Locations of profiles are on Figure 2.22.

2.3.3.2 Deformation on FaeroeRockall Plateau and FaeroeShetland Basin

On the Faero®ockall Plateau, the compressional structunesdifferent from those
on the Norwegian Margin and they vary in size, trend and sfapi ¢t al, 2010). North of
the Faero&shetland Basin, the trend of anticlines is predominantlyS\¥E (e.g. the Fuglay
Ridge), whereas in the south, their trendniginly NW-SE (e.g. the Munkagrunnar Ridge)
(Figures 2.22. and2.24). On the southern part of the plateau, on the Hatton Bank, the trend of
the compressional structures varies from mostly-3NE (e.g. the MieHatton Bank Fold
Complex) to NNESSW (e.g. the Nwh Hatton Bank Fold Complex}igures 2.22 and2.24).

In all areas, the folds reach approx. 2 to 4 km in amplitude and 40 km in waveléigtsdn
et al, 2005).

Boldreel and Andersen(1998) proposed three main phases of compressional
deformation, eachresulting in a distinct structural trend: (1) the Palaeocenex+ Early
Eocene, when WNWiending (e.g. the Wyvilldhomson Ridge), NNWfrending (e.qg.
Munkagrunnar Ridge) and ENfeending (e.g. Fuglgy Ridge) structures developed; (2hen
Oligocene, when NEENE-trending folds grew, east of the Faeroe Islands and between the
Faeroe Islands and the Hatton Bank; (3)the Miocene, when NWirending anticlines
developed perpendiculgrto the continental margin. More recent studies, using $eism
reflection datahaveshown that the NEENE-trending structures in the NE FaerBketland
Basin developed mainly during the Early Miocene to Middle Miocene and maychatiaue
to grow during Early Pliocene to Recent time®linson et al.2005; Ritchie et al, 2003,
2008) Though,Johnson et al(2005 andRitchie et al(2003, 2008 havesuggested an older
phase of deformation in the Fuglgy Ridge, during the Eocene and Oligocene. South of the
WTYR area, the Alpine dome formed during the Oligocene redsfurther south, the North
Hatton Bank Fold Compleformed in theMiddle-Late Eocene to Early Oligocen&ofinson
et al, 2005;Ritchie et al, 2003, 2008) Tuitt et al.(2010) described several compressional
unconformitieson the Faero&kockall Plateauvarying from Late Palaeocene to Early

Oligoceneages
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Figure 2.24. (previous page)nterpreted seismic profiles across the Fuglgy Ridge (Profile
3), the Ymir and Wyvilldhomson Ridges (Profile 4), the Alpibome (Profile 5), the Lousy
Bank (Profile 6) and the North Hatton Bank Fold Complex (Profile 7), showingbpeakup
compressional structures on the Faei®eckall Margin, NW Europe. Profile 3 is from
Johnson et al. (2005) and profiles 4 to 7 are fronitTat al. (2010). Locations of profiles are
on Figure 2.22.

2.3.3.3 Deformation on North East Greenland Margin

Similar, although less studied, features have been identified onshdr&ieasland
(Price et al, 1997) and offshore NE Greenlardafmann et al.2005)

Price et al.(1997)havedescribé a post54 Ma period of compression of the Trail &
region Figure 2.22), indicated by the development of folds that affect Tertiary dolsilite
These folds have wavelengths in the order-@D%m and axes trending approximatelySN
(Figure 2.22. Theyhavealso describé a post54 Ma period of extension and magmatism
around 36 Ma that they interpret as related to the separation of the JMWCEast
Greenland. They furthermore suggest that the extension of East Greenland ended when the
Kolbeinsey Ridge totally separated Greenland from the JMMC, between anomalies Chron 7
and Chron 6 (26-49.4 Ma,section 2.4, and that the compression postted the extension
and occurred in Late Miocene time, as in the Varing Basin and F8aeitand Basin.

Furthermore seismic data, of the NE Greenland Margin, show-Ewplitude folds in
the upper part of a Late Oligocet® Miocene sedimentary sequence in the Thetis Basin
(megasequence TIIIFigure 2.18 and faults that occur throughout the shelf area, in NE
trending zones about D km wide Hamann et al.2005). These faults are steeply dipping
and convergentand haveeversal component and throws of up to approx. 200 m along the
Danmarkshavn Basin, which is characteristic of stelg movementHamann et al(2005)
therefore suggest a period of compression affecting the NE Greenland Margin during the Late

Miocene.
Figure 2.25summarizes the timing and possible mechanisms of development of the

main compressional structures of the NW European and NE Greenland midigasiss in

next sectionhe possiblemechanisms at the origin of these posgakup deformations
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2.3.3.4 Mechanismsof post-breakup compressional deformation

Numerous mechanisms for the formation of theses compressional structures have been
suggested and are still subject of deb&igure 2.25. | summarize he principal proposed

mechanisms below

(1) Sedimentary flank loading and differential compaction
Stuevold et al(1992) havesuggestd that intrabasinal arching, such as the Helladdnsen
Arch in the Vgring Basin, is a result of differential subsidence during the Eocene and
Oligocene, and of Ne@ge differential loading and compaction of thick Cretaceous clays that
reactivated Late Cretaceows Paleogene faults. However, this mechanism is unlikely a
primary cause of the structures; an initial tectonic impisiseecessaryDoré et al, 2008).

(2) Alpine stress field
Several authorbavesuggestd that the stress from the Alpine Orogeny was responsible for
the formation of Cenozoic inversion structures on the NW European Continental Margin (e.g.
Roberts 1989;Boldreel and Anderseri993, 1998Vagnes et a).1998 Brekke 200Q. This
idea has been applied to inversion features observed in the NortZiSgler( 1989b) and
there is reasonable correspondence in age between period of compressive phases on the NE
European Margin and the Alpine events. However, to explain the compressional deformation
on the Norwegian and the E Greenland margins, other authors aggunst this hypothesis
(e.g.Doré et al, 1999;Mosar et al, 2002 Doré et al, 2008). Indeed, the Norwegian Margin
lies on the Scandinavian craton and the Sorgefifanquist Zone separates it from the North
Sea area and Central Europeg(re 2.11). Therefore, the fafield stresses from the Alpine
Orogeny may strongly deflect across this lithospheric boundary and may not act significantly
on the Norwegian Margin (e.gMosar et al, 2002). The East Greenland Margin was
decoupled from the Alpine streby a spreading ridge, and thus the development of folds in
this area cannot be attributed to direct propagation of the Alpine sbess ¢t al, 1999;
2008).

(3) Ridge Push
The Ridge Push force from the NE Atlantic Ridge, roughly perpendicular toddpe axis,
may explain the formation, or at least the initiation, of inversion structures on the NE Atlantic
Margin (e.g.Boldreel and Anderseri993, 1998Doré and Lundin1996;Price et al, 1997

70



Chapter 2 +Geological Context

Vagneset al, 1998;Pascal and Gabrielser2001). Ridge Push igenerally thought to be the
dominant force acting on passive margins, and can in some circumstances generate enough
stress to cause mild deformatior.d. Doré et al, 2008). It originates from a lateral
distribution pressure gradient that acts on the entire plate normal to the strike ebeeamit

ridge and arises from the isostatic sinking of the oceanic lithosphere away from the mid
oceanic ridge as it cools and densifiédgléon 1993).Ridge push forcenay beeffectiveonly

after the newly formed oceanic lithosphere has cooled and contracted for more that 30 Ma
(Mosar et al, 2009 andestimates of itsnagnitudeare2.8 10" N/m for 80 Ma oceanic crust
(Dahlen 1981). Howeer, the time elapsed between onset offkea spreading in the NE
Atlantic and compressional deformation on the adjacent margin is very little, it is therefore
difficult to invoke ridge push force alone as the cause of the deformatiowlih and Doré
2002).Moreover, this mechanism alone does not seem to be able to explain either the episodic
timing or the location of the structures in the Varing Basther than in the Mgre Basin
(Mosar et al, 2002 Doré et al, 2008.

(4) Pulses of the Icelandantle Plume and plumenhanced ridge push
Lundin and Doré(2002) have suggestd that a plumesnhanced ridge push was the main
driving force for compressional deformation of the Norwegian Mangimdel of Bott (1991)
have shown that double of the ridge push force 16'2N/m) should develop as a result of a
ridge being underlain by an anomalously hot upper mantle such as in the NE Atlantic.
Therefore, the force may be sufficient to deform the margin. Moreawverdin and Doré
(2002) have suggested that plusmhanced ridge pustould explain both the episodic
timing of the deformation and the location of deformation on both sides of the ridge. Indeed,
the Iceland Plume appears to have been pulsating, sireasatthe Early Palaeocene, and
periods of high plume activity have been correlated with pulses in sedimentation both in the
North Sea and in the Faer&betland BasinWhite and Love]l 1997). White and Lovell
(1997) have associated prominent-$haped topographic ridges along the Reykjanes Ridge
with periods of high plume flux. Based on the workWiite and Lovel(1997),Lundin and
Doré (2002) distinguished three periods of more concentrated plume activity: (1) Late
Pala®cene tEarly Eocene, approx. 648 Ma; (2) Late Eocene to Early Miocene, approx. 33
20 Ma; (3) Mid Miocene to Pliocene, approx.-4IMa. These periods correlate reasonably
well with compressional eventsn the Faerod&kockall area but less with well withhe
compressional deformation on the Norwegian Margin. Despite the uncertainties, these authors

have suggestd that plumeenhanced spreading is a plausible driving force for the mid

71



Chapter 2 +Geological Context

Cenozoic compressional deformation on the mardiogt et al.(2010) linkthe Late Eocene

to Early Oligocene compressional event affecting the FaRamkall area with plume
enhanced ridge push. They moreover suggest that the Alpine and Pyrenean compression
amplified the effects of plumenhanced ridge push, which is cohereithwhe fact that the

NE Greenland Margin that was not affected by the Alpine sthisggaysmilder deformation

in comparison withthaton the NE Atlantic Margin.

(5) Stress associated with the development of the Iceland Plateau
Doré et al.(2008) propsed that the primary agent generating the body force acting on NE
Atlantic passive margins was the development of the Iceland Plateau in Miocene times, but
the age remains poorly constrainethey have estimated the difference in gravitational
potential eergy between the Iceland Plateau and the adjacent Norwegian Margin, and thus
the force applied to the margin, to be about05’ N/m . They have moreover estimated the
horizontal stress between 50 and 150 MPa, wimaly havebeen enough to deform adjant
margins This processnay explain the episodic development, specifically the pulse in the
early middle Miocene, and the location of the compressional structures around Iceland.

However, thisdoes not seem &xplain the earlier phases of compressiaehbrmation.

(6) Differential seafloor spreading, mantle drag and upper v. lower plate geometry
Mosar et al.(2002) havesuggested that the variations in spreading rates between the Mohns,
Aegir and Reykjanes ridges (with greater spreading rates afendylohns and Reykjanes
ridges than along the Aegir Ridge) was responsible for the development of inversion
structures in the Vgring Basin and FaerBeskall Plateau rather than in the Mgre Basin.
Moreover, theyhave shown that spreading along the Aegir dge was asymmetric and
suggestd that this asymmetry caused differential mantle drag at the base of the lithosphere,
with less mantle drag in the Mgre Basin. Furthermore, taeye suggestd that upper plate
margins such as the Vgring Basin and probal#yRaeroe Basin have a lower compressional
strength than lower plate margins such as the Mgre Basin, and therefore developed inversion

structuresmore readily

Not one of these mechanismappears to be sufficient texplain alone the
development of compssional posbreakup deformation of the NE Atlantic margins.
Therefore, complementary researchnecessanto test these hypotheses. Indeed, the NE

Atlantic margins represent attractive hydrocarbon exploration targetshéopetroleum
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industly due to thepresence of source rocks in the deep Mesozoic basins and potential traps in
the midCenozoic anticlines (e.foré and Lundin1996;Lundin and Doré2002;Davison et

al., 2010;Japsen et a).2010; Tuitt et al, 2010). Therefore, it isisefulto understand the
structure and evolution of the margins, more particularly the timing, location and causes of
the development of posireakup deformation on the margins, dodestore at best the sea

floor spreading history of the NE Atlantic and itgoatt on the adjacent continental margins.

2.4 Kinematic models foropening of North East Atlantic

Since the work ofBullard et al. (1965) on continental fits around the Atlantic,
numerous kinematic reconstructions of the NE Atlantic have been proposed, Pigmag
and Talwani(1972);Vogt and Avery1974); Talwani and Eldholn{1977);Le Pichon et al.
(1977); Unternehr (1982); Nunrs (1983); Archambault(1984); Bott (1985); Srivastava and
Tapscott(1986);Bott (1987); Rowley and Lotte€1988);Fidalgo Gonzaleg2001); Torsvik et
al. (2001b);Gaina et al.(2002); Lundin and Doré&2002); Scott et al (2005); Gaina et al.
(2009).

Early reconstructions using a twaid plates (Eurasiaand Greenland) led to gaps and
overlapsbetween thenfe.g.Bullard et al, 1965;Rowley and Lottesl988) especially due to
the complex spreading history of the Jan Mayen SegmentJetgrnehr 1982 Nums 1983;
Bott, 1985, 1987). Through the yeatise acquisition of new geophysical and geological data
in the NE Atlanticon the Jan Mayen Microcontinent and on the continental maigth$o
betterkinematic reconstructions of the NE Atlantic. Several ei®dnclude a subdivision of
the plates that improves the fit (elgindin and Doré 2002 Gaina et al, 2009). The global
geodynamic evolution of the NE Atlantic since $lear spreading is well established and can
be summarized as below. However, when looking in detail, some problems in kinematic
reconstruction remain unsolved, especially concerningdineplex spreading history of the

Jan Mayen Segment.

In the Late Palaeocene, Greenland and Eurasia separated by northward propagation of
seafloor spreading from the central North Atlanted.Pitman and Talwanil972;Vogt and
Avery, 1974 Srivastava ad Tapscott 1986). A triple-junction existed between the North
Atlantic and the Labrador Sea ridges until the extinction of the latter at about 35gWogt
and Avery 1974) This extinction triggered a change in spreading direction between Europe

andGreenland at about that time (eMpgt and Avery1974 Srivastava and Tapscott986;
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Srivastava and Roesl1999. After continental break up (=56 Ma) (eMunns 1983), the
mid-oceanic ridge between the Greenland and the Eurasian mbhegiaseoffset to the east

along the northern flank of the GIFRI§nns 1983; Bott, 1985, 1987;Lundin and Dore

2002) Seafloor spreading occurred along the Aegir Ridge on the eastern side of the JIMMC,
which was part of Greenland at that time (&gnns 1983) During the Eocene, continental
extensionoccurred in the soutvestern part of the JMMC, in the prolongation of the
Reykjanes RidgeUnternehry 1982 Nunns 1983;Bott, 1985, 1987 Kodaira et al, 1998;

Gaina et al, 2009;Gernigon et al.2011;PeronPinvidic et al, 201). Gernigon et al(2011)
havesuggestdthata major phase of extension of the JMMC occurred around Chron 21 (47.1
Ma) and that a complementary fahaped spreading initiated at that time along the Aegir
Ridge. This continentaxtengon reached breakp southwest of the JIMMC around Chron 17
and Chron 13 (36.6:33.3 Ma) and a new spreading centre, the Kolbeinsey Ridgaed

north of the Reykjanes Ridge and progressively propagated northiiawbbi and Eldholm
1977;Unternehr 198; Nunns 1983;Bott, 1985, 1987 Skogseid et gl.2000;Mdller et al,
2001;Scott et al. 2005;Gaina et al, 2009). The JIMMC drifted off Greenland, progressively
from south to north, and underwent a 30° counteckwise rotation Nlunns 1983 Bott,

1987). The Kolbeinsey Ridge reached the JMFZ and therefore totally separated the JMMC
from Greenland, between Chron 8 and Chron 6 (2614.6 Ma) (e.gGaina et al, 2009;
Lundin and Doré 2002). Contemporaneously, sid@or spreading ceased along thegke

Ridge and the JMMC became part of the Eurasian platee(nehy 1982 Talwani and
Eldholm 1977;Nunns 1983;Bott, 1985, 1987 Skogseid et gl.2000;Miiller et al, 2001,
Lundin and Doré 2002; Scott et al. 2005 Gaina et al, 2009. Mduller et al. (2001) have
suggested thdhe Iceland Mantle Plume was responsibleriiting on the edge of the eastern
Greenland margin, subsequent formation of the JMMC and establishment of the Kolbeinsey
Ridge west of the JIMMC. According to the stationary hot spadel ofLawver and Muller
(1994), the Iceland Plume head was underneath the eastern Greenland Margin at that time
(40-30 Ma). Then in Miocene time, the plume head bameath the Reykjanes Ridge axis and
created the Iceland PlateaDafé et al, 2008). Since Chron 6 (19.6 Ma), the Kolbeinsey
Ridgehas beerthe only active spreading centre in the Jan Mayen SegmenG@rta et al,

2009).

If we compare two kinematic reconstructions of the NE Atlaothefrom Lundin and
Doré (2002) andthe otherfrom Gaina et al.(2009), we can see th#tese authorsterpret

differently the evolution of the European contiresean boundary. Indeed, the model of
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Lundin and Dorg2002,Figure 2.26 predicts a significant offset between the Reykjanes and
JanMayen segments, along the Faeroe Fracture Zone (FFZ), and between the Jan Mayen and
Mohns segments, along the JMFZ,Gltron 24and these offsetdiminish during seéfloor
spreading; whereas in the model@éhina et al.(2009, Figure 2.27), these authorassume

thatthe Greenland and Eurasian continesntsrigid andthatthe ocearcontinent boundary

does not change through time. They accommodate thehtgmed spreading along the Aegir
Ridge by the progressive separation of the IMMC from Greenland.

Figure 2.26.Plate tectonic evolution of NE Atlantic from Lundin and Doré (2002, modified).
Grey and yellow dots mark position of Iceland Plume centrey glots mark previous
positions and yellow dots approximate position at each reconstruction. Posftimeland
Plume centre is from Torsvik et al. (2001Bld red lines indicate active spreading ridge,

red line represents extinct ridge. Blue and red arrows show relative plate motion, with a
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change in direction at Chron 13bbreviations: AR, Aegir Rigt; FFZ, Faeroe Fracture
Zone; JM, Jan Mayen Microcontinent; JMFZ, Jan Mayen Fracture Zone; KR, Kolbeinsey
Ridge; KnR, Knipovitch Ridge; MR, Mohns Ridge; RR, Reykjanes Ridge; WSO, West
Spitsbergen Orogeny.

Figure 2.27.Kinematic reconstruction of NE Atitic and Jan Mayen Microcontinent in an
absolute reference frame from Gaina et al. (2009). Abbreviations: JMMC, Jan Mayen
Microcontinent; COB, ContinerffDcean Boundary; MOR, Mi@ceanic Ridge; GRN,
Greenland; NAM, North America; EUR, Eurasia; HS, Hotspot.

However, whercomparingthe rotation poles dBaina et al.(2009) with our magnetic
dataset (compilation fronMacnab et al. 1989; Skogseid et gl.200Q Gaina et al, 2002;
Jones et a).2002; Olesen et a).2007 Gernigon et al.2009;Maus et al. 2009), we see that
there are misfits in reconstruction of the conjugate magnetic anomalies of the Aegir Ridge
(Figure 2.28). This suggestthat relative displacements along the FFZ and JMFZ may have
occurred during sefloor spreading, as suggested by thedel of Lundin and Dorg2002)
This relative displacement may Hae to differential spreading along the Aegir Ridge, visible
by the fanshaped of the conjugate anomalies, and between the Reykjanes, Aegir and Mohns

ridges, as suggested Mosar et al.(2002).
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Figure 2.28.Gap and overlap (in red arrows) of conjugate anomalies of the Aegir Ridge in
kinematic reconstruction of the NE Atlantic at 43.80. Ratation polesare from Gaina et al
(2009). Abbreviation: AR, Aegir Ridge; JMMC, Jan Mayen Micndcent; MR, Mohns
Ridge; RR, Reykjanes Ridge.

In this thesis) will investigate more fully this idea of differential séaor spreading
along the NE Atlantic ridge systerhhave usea@ palinspasticeconstruction method in order
to obtain a best fit of the conjugate anomalies of the Aegir Ridge and to calculate spreading
rates of each ridge system and relative displacement along the main oceanic fracture zones
(Chapters 3)I will investigate furthemore the role of this differential spreading on post
breakup compressional deformation of the adjacent continental maaiagjing Mosar et
al. (2002), and the influence of the Iceland Plume on differentiafleeaspreading (Chapter
4).
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Chapter 3

Restoration Method and Application to opening

of NE Atlantic

3.1 Plate Motion Reconstructionsusing Euler § ¥eorem

To reconstructhe paleopositions of continents @me of themajor challengesf plate
tectonics Chapter 1). Numerous kinematic reconstructions have been published, using
( X O Hh&dIr¥m to reconstruct paleopositions and motions of tectonic platesBellgrd et
al., 1965;McKenzie and Parkerl967;Morgan, 1968;Pitman and Talwanil972;Vogt and
Avery, 1974;Talwani and Eldholm1977;Le Pichon et aJ.1977; Srivastava and Tapsdot
1986;Rowley and Lotted4988;Gaina et al.2002, 2009Chapters 1 and 2.

The motion of one platean be describely arotationon a spherefrom aninitial
position toa final position,aboutan axis passing through the centre of the Eaatidat an
angular velocity (Euler axis and angé&g.Morgan 1968;Greiner, 1999;Wessel and Muller
2007; Figure 3.1). Finite Euler poles for the fit of continents can be determined from the
ancient boundaries of continents (eBgllard et al.,1965). Finite Euler poles and stage poles
for the description of sefboor spreading history of oceans are determined by-krpsires
fits of magnetic lineations and fracture zone datasets KdciKenzie and Parkerl967;
Morgan, 1968; Le Pichon et al. 1977; Hellinger, 1981, Srivastava and Tapscotfi986;
Rowley and Lotted988;Gaina et al.2002, 2009Figure 3.2). Indeed, the oceanic crust can
be represented as a succession of long magnetized blocks, with verticalTédgb®cks are
perpendicular to the direction of spreadimgyve alternately normal and inverse magnetic

polarity, and aredistributed symmetricallyaboutthe ridge axis (e.gVine and Matthews
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1963; Archambault 1984; Chapter 1). Inversions of the Earth magnetic fiete thus
registered as frontiers between crustal blocks with afgpslarity. These blocks draw in
surface linear magnetic anomalieghich are parallel to the ridge axis. On the basis that
magnetic anomalielsavenot deformedhey appeared and assumih@t the blocks are rigid,

it is possible to superpose conjugate magnetic anomalies of two platdseegtuycalculate

the position othe rotation axis at the time of their formation.

Figure 3.1 Definition of geographical and Cartesian coordinates of a point ararofation
angle.P is a point, 3 fherotated point, Pthe latitude, Rthe longitudeE the Euler pole and
- WKH URWDWLRQ DQJOH IURP *UHLQHU

Chang(1987, 1988)Chang etal. (199), Royer and Chan@1991) andKirkwood et
al. (1999 developed a method, based on the criterion afffiiellinger (1981), to estimate
poles forfinite plate motios poles and their uncertainties. In this method, magaetenalies
and fractureones data are both regarded as points on two conjugate isochrons, which consist
of great circle segmentg&igure 3.2). The best fit reconstruction @btainedby minimising
the sum of the misfitfor conjugate sets afiata point ofmagnetic anomas and fracture

zones with respect to individual great circle segments. Consequethigy,reconstruction
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depends critically on correctlglentifying conjugate data pds that belong to a common

isochron segment (e.§luller et al, 1999).

Figure 3.2.Hellinger’'s (1981) criterion of fitThe rotation of plate 2 tplate 1 is determined
by minimizing the sum of misfits for gat circle segments (modified frodMessel and Miller
2007).

This method leads to good reconstructionshef spreading history of oceans, at first
order. However, at second ordét is difficult to apply tis method to the reconstruction
complex spreading history of oceanic segment (e.g. the Jan Mayen SeQhagters 1 and
2) because they may involve fan-shaped ridges and curved magnetic anomalies, such as the
conjugate magnetic anomalies of the Aegir Ridge in the NE AtlaRtiue 2.28 section
2.4). Therefore, | have used an iterative tisagiares method of palinspastic restoration,
which minimizes the gaps and overlaps betwesamnugate magnetic an@ines. This method
allows all segments of the NE Atlantic torsad at different rates and takes into account

possible deformation on continental margins.
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3.2 Palinspastic Restoration Method

In order to take into account possibietraplate deformation (on the European
Continental Margin), Ihave used an iterative leagjuares method for palinspastic
reconstruction of the opening of the NE Atlantic Ocean. Ththad proceeds by minimizing
gaps or overlaps between adjacstnips of oceanic crust, which follow magnegicomalies.

An early application of this method was to restore deformed surfaces, by minimizing gaps and
overlaps between element€dbbold 1979). Subsequent applications were to regions of
strike-slip faulting Audibert 1991), normal faultingRouby et al. 1993a,b;Rouby 1994) or
reverse faultingBourgeois et a).1997;Arriagada 2004;Arriagada et al, 2008).

3.2.1 Principle of restoration method

The method is purely geometric. For example, in a region of normal faulting, where a
single fault offsets a stratigraphic horizon, the projection of the fault heave on a map defines a
cut-off lens Figure 3.3). The width of the lens is proportional to tfailt heave. The least
squares method minimizes the gaps -@ffitlenses) across normal faults on a structure
contour map of a given stratigraphic horizon. The first step before restoration is therefore to
determine the positions and heaves of the nofawdtis. The result is a fadlilock map, where
faults (real or artificial) surround each blodkigure 34ab). The second step is tmumber
the blocks andiefine a stationary block, for reference purpdsegure 3.4c). An algorithm
then minimizes the sumf the squares of the distances acrossoffulenses, with respect to
unknown values of rigid translation and rotation for the remaining bloElgure 3.4d,
section 3.2.2 This method ispplicablealso to regions of reverse faulting, in which the cut
off lenses are overlaps, not gao(rgeois et a).1997;Arriagada 2004;Arriagada et al,

2008.

In thiswork, | do not apply the method to restore surfaces between normal or reverse
faults, but to fit conjugate magnetic anomalies of an oceanic damndirtherefore to restore
the opening of the NE Atlantic. The edges of the blocks are magnetic anomalies or fracture
zones and the culff lenses represent the gaps between conjugate anorfsact®on 3.31).

The restoration is in a horizontal plario digitize the block map | have used the Universal
Transverse Mercator (Zone 27 N) geogragingjection, in whichcoordinats are Cartesian
and twodimensional In a following section3.3.3, | will discuss possible errors that may

arise fromsuch restoration ihorizontal planetather than irsphericalcoordinates, depending
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on the sre and location of the studied ardsecausehe blocksconsist ofoceanicmaterial, |
assume that thewre rigid. The restorationyields a full pattern of displacemenfor all
material points, from which one may calculate ean spreading rates ancklative

displacements along the main fracture zqsestion 3.32).

Figure 3.3. Cut-off lens on a structureontour map. Sections show grey layer, offset across
normal faults. Vertical projection of footwall and hangingwall -offs defines cubff lens
(black). Width of lens is proportional to fault heave. Because fault is of naype| cutoff

lens is a gap. For a reverse fault, it would be an overlap. (HRouby et al., 1993a

Figure 3.4. Data processing and restoration plane view (a) Vertical projection of footwall
and hangingwall cubffs defines cubff lens, (b) Construction of FatlBBlock map by
extrapolationof cutoff lensedartificial fault), (c) Numberingof blocks and (d) packing by
rigid translations and rotationselative to block 1which isstationary(From Rouby et al.,
19933.
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3.2.2 Numerical procedure

| haveused the restoration prograsrginally written by Rouby(1994)after Audibert
(1991). Arriagada (2004) modified the program so asto impose rotations (from
paleomagnetic data) amdlow shortening of the blockd his latestversiongenerates post
script graphic file every 5 iterationghis makes easidp follow the restorationespeciallyfor
long computing time (>1 h). To restoe the opening of the NE Atlantic, | consideathat all
blocks, beingoceanic, were rigidl thereforeused the program drriagada (2004) butdid
notimposerotatiors or allow forshorteningof the blocks.

The numerical procedure minimgthe sum (D) of the squares of all distances across
all cutoff lenses.This minimization generates a set of Alomear equationsn terms ofblock
translations and rotations. To solve these equatithres program uses an iterative method
similar to theGaussSeidel methodAudibert 1991;Rouby et al. 1993a).A single iteration
includes a sequence of operatighgyure 3.5): neighbar seeking, block translatioffrigure
3.6) and block rotationKigure 3.7). The program repesthe iterations cyclically, until the
equations have converged, according to a critefionin fact, G is a nondimensional
parameter that represents the fractional area of gaps and overlaps:

G=5/S%

whereS; is the total surface area of all gaps andrlays, andy, is the total surface area of all
the blocks Rouby et a].1993a). A good approximation §is:

S, = L¥(D/n)*?
whereL is the length of a line element, n is timéal number of line elements, afB/n)*? is
the rootmeansquare gap widthRouby et al. 1993a) G is calculated and tested for
convergence at the end of each iteration. The convergence is considered satisfactory when G
reaches a minimal valu@rriagada 2004) For restoration of the opening of the NE Atlantic
ocean (resultpresented in Chapter,4he criterion of convergence G reaches a minimal value

of approx. 0.003
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Figure 35. (previous page)Numerical procedure and algorithm for iteratiorisach rotation

cycle occurs between two translation cycles in order to bpfiesible buckling effect of the
rotation cycle and make the convergence smoother and faster (Rouby et al., 1993a). Modified
from Rouby et al. (1993a), Rouby (1994) and Arriagada (2004).

Figure 36. Block translation. Gap vectors span distances betweenelements (z) and
neighbouring line elements (zn). Vector mean of gap vectors is v. If block translates through

Y VR WKDW FHQWURLG PRYHV IURP F WR FYT WKLV PLQLPL
Rouby et al. (1993a).

Figure 3.7. Block rotaion. Each line element (z) is projected upon neighbouring line element
(zn), defining perpendicular distance |. Rigid rotation through angle f minimizes sum of
squares of perpendicular distances for all line elements. Calculation is repeated, with
redefirition of perpendicular distances each time, until further adjustments are negligible.
From Rouby et al. (1993a).
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3.3 Application to opening of NE Atlantic

In this section, Wwill describethreetests of the restoration methémt the opening of
the NE Atlantic Ocean The purpose of thetests vas to improve theblock maps and
restorationgsection 3.3.) andto establish the limits of the methaosktion 3.33).

For each test, an appendlixstratesthe block map and restoration result at each stage
(magnetic anomaly)For each restoration, the main gap to be minimized is the gap between
conjugate magnetic anomalies (on opposite sswfethe ridge). The restoration program
minimizes also gaps and overlaps between the mobile blddkst one restoratignfor
example atAnomaly 5, | delete theblocks between anomalies 5 and 6 and digitize a new
block map for the second stage of restoration, at Anomaljhérefore a new gap appears
betweenthe nextpair of conjugatemagnetic anomas (Anomaly 6) that will be restored
during the second stage of restoratiand so on until the blocks of the lastmagnetic

anomay are restored.

3.3.1 Construction of block maps and restoration tests

3.3.1.1 Dataset

| haveused datasstof magnetic anomalies and fracture zones of the NE Atlantic to
construct block maps. Thaost detailedlataset Found for the NE Atlanticat the beginning
of the thesiswas from Skogseid et al(2000). Geographic coordinates for these dat&
available in the MagLibrary of the GMAP softwargofsvikand Smethurst1999) Figure
3.8).

| will describethreetestsof block mag and restoratiom 1) Test 1, restoration of each
ridge system indemelently (Greenland stationary2) Test 2, restoration of the whole NE
Atlantic relative to a stationargreenlandplate 3) Test 3, restorations of the whole NE

Atlantic relative to a stationariguropeplate
3.3.1.2 Test 1 tRestoration of each ridge system independently
| have constructed a block map in which the edges of the blaeksnagnetic

anomalies and fracture zones, except around IceValmeredataare lacking(Figure 3.9).

| first tried restoing each ridge system (Reykjanes, Kolbeinsey, Aegir, and Mohns

ridges, Figure 3.10), independentlyof the othersBecause there is little evidence of post
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breakup deformation on the Greenland Margin, | assume thavéiséern(Greenlandyside of
eachridge systemis rigid and stationarguring the restoratiorin contrast, the European side
of the ridgeis mobile and deformabldRestorations are for magnetic anomalies 5, 6, 7, 13 and
15 (Appendix A).

Figure 3.8. Dataset oimagneticanomalies and fracture zones of the NE Atlantic region, from
Skogseid (2000). Modified from Torswakd Smethurst (1999Map projection is Universal
Transverse Mercator (UTM, WGS 1984, zone 27N).

88



Chapter 3+Restoration Method and Application to opening of NE Atlantic

Figure 3.9. First block mapof NEAtlantic. Edges adlblocks are mostly magnetic anomalies.

Map projection is Universal Transverse Mercator (UTM, WGS 1984, zone 27N).

Figure 3.10. Subdivision of N Atlantic into fourblock mapdor restoration of each ridge
system independent(fReykjanesKolbeinsey Aegir and Mohrs ridge3. Map projection is
Universal Transverse Mercator (UTM, WGS 1984, zone 27N).
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1) Reykjanes and Mohmr&dges
These restorationgrovidedgood fits between the magnetic anomalies, as one might
expect for lines that are nearly straighiigures 3.11 and 312). However, conjugate
anomalies (on opposite sides of each ridge) did not necessarily have the same initial lengths,
so that fits were not possible all along them. Also there were no transverse blocks or other
boundaries at the ends of the géd, so that somépossible unrealisti¢ strike-slip

displacements occurred between conjugate anomalies during restoration.

Figure 3.11.A) Blockmap for restoration of conjugate anomalies of Reykjanes RiBigcks

1 to 27 are stationary)B) Restoratiorat anomalies 5 (yellow), 6 (orange), 7 (red), 13 (green)
and 15 (blue).Map projection is Universal Transverse Mercator (UTM, WGS 1984, zone
27N).
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Figure 3.12. A) Blockmap for restoration of conjugate anomalies of MoMRislge(Blocks 1

to 15 are stationary)B) Restoratiorat anomalies 5 (yellow), 6 (orange), 7 (red), 13 (green)
and 15 (blue)Map projection is Universal Transverse Mercator (UTM, WGS 1984, zone
27N).
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2) KolbeinseyRidge
Restoration othe Kolbeinseyridge yieldsabnormal overlap of the eastern side on the
western side Rigure 3.13). This probably results from #ack of magneticanomay data
around Iceland and lack of transverse blocks or other boundariediich wouldconstrain
displacements of blocks along the ridge (ridigyeg displacements).

3) Aegir Ridge
Restoration of the Aegiidge startsat Anomaly 7, because the Aegir ridge has been
extinct since then. There are probleofsblock overlappingin the upper central pafor
restoration at anomaly 1(bigure 3.14). The blocks do not have eitheouthern or northern
boundariesThe eastern side thus mowesithward, instead of moving northward and rotating

toward the western side.

This first test showed that the restorat@nthe whole producesgood fit of magnetic
anomalies. Howeverhé main problems are the lack of magnetic anomalies dedating
gaps in block maps and abnormal overlap of blosksreover,the lack of southm and/or
northern boundariegriggers unrealistic ridgdong displacements of the blocks during
restoration.Therefore,| decided torestorethe whole NE Atlantido provide southern and/or

northern boundaries to each zone (Test 2).
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Figure 3.13. A) Block map for restoration of conjugate anomalies of Kolbeinsey Ridge
(Blocks 1 to 11 are stationary3) Restoratiorat anomalies 5 (yellow), 6 (orange), 7 (red), 13
(green) and 15 (blueMap projection is Universal Transverse Mercator (UTM, WGS 1984,
zone 27N).
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Figure 3.14.A) Block Map for restoration of conjugate anomalies of Aegir R{&decks 1 to
32 are stationary) B) Restorationat anomalies 7 (red), 13 (green) and 15 (bluBlap
projection is Universal Transverse Mercator (UTM, WGS 1984, zone 27N).
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3.3.1.3 Test 2 tRestoration of whole NE Atlanticrelative to a stationary Greenland

plate

Restoration of the whole B Atlantic at Anomaly 5, using te sameconfiguration of
blocksas in Test laslo produceabnormal overlap of block@-igure 3.15).These abnormal

overlap of blocks are due to the lack of data, and thus the lack of block, around Iceland.

Figure 3.15. Restorationof the whole ® Atlantic for Anomaly 5. Red arrowsdicate
overlaps of blocks and unrealistic ridglmng displacements of blocks during the restoration.

Map projection is Universal Transverse Mercator (UTM, WGS 1984, zone 27N).
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To obtain a betterestoration of the whole B Atlantic, | made the following
modifications tahe block mapKigure 3.16):
- To compensate for lack of data around Iceland, Jan Mayen and &% URMled the
gaps with fictitious blocks
- | drewblock boundaries only along magnetic anomalies or transform faults. Therefore
the area between the Reykjanes and Jan Msggmentdecame a single block.
As in Test 1, he western side of the Reykjanes, Kolbeinsey and Mohns ridge is
stationary (Greenlanplate). The western side of the Aegir Ridge is mobile for restorations of
anomalies 5 and.@1owever for anomalies 7 to 24b (when the Aegir Ridge was active) the

western side of the Aegir Ridge is stationary.

Figure 3.16. Red lines show modificatiorie block map for better restoration of whol&N

Atlantic. Map projection is Universal Transverse Mercator (UTM, WGS 1984, zone 27N).
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The quality of restoration is good for anomalies 5 and 6, during which the Aegir Ridge
was not active However, atAnomaly 7, the Aegir Ridge was active and its spreading
direction was different from those of the Reykjanes and Kolbeinsey riiggpsd€ 3.17). This
caused a major problem during restoration. To solve the problem, | introduced a new
boundary between theeRkjanes and Jan Mayen segmerfgyre 3.18), following the
Faeroe Fracture Zone.{).Kimbell et al, 2005). Restorations, using this new configuration of
blocks, are for magnetic anomalies 5, 6, 7, 13, 15, 18, 20, 21, 22, 23, 24a aAg@itd{x
B).

Figure 3.17.Problem in block map for restoration at Anomaly 7: Reykjanes and Aegir ridges
have different spreading directions. Restoration requaregw boundary between Reykjanes
and Aegir zones (dashed red line). Map projection is Universal TraresWescator (UTM,
WGS 1984, zone 27N).
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Figure 3.18. Block Mapfor Test 2 that includes aboundary between Reykjanes ajah
Mayen segmentsalong Faeroe Fracture Zone (FFZ Greenland plate is stationaryMap
projection is Universal Transverse Mercal®TM, WGS 1984, zone 27N).

On the whole, the fits of the magnetic anomalies are satisfa¢t@ry 0.005)
However, the fits of anomalies 6, 7 and 13 around Icelana@trso goodFigure 3.19A;
Appendix B). Restoring the whole NE Atlanticivgs better results than restoring each
oceanic segmerseparately, because it constrains the motions along the ridges. If we compare
the results of thiseq with those ofTest 1 we see thah Test 2the Reykjanesegmentnoves
more northward and the Mohesegmenmoves slightly southward.

The spreading directions of the Reykjanes, Kolbeinsey and $iidiges are almost
the same, so that the Reykjanes and Ma@gmentsranslate and rotate in approximately the
same way.n contrast, the AegiRidge has significant curvature and its eastern side rotates

more than the sides of the othe¥gments This tends to create a gap around the ,FkZ
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northward translation of the blocks of the Reykjanes Segment to minimize this gam and

overlap around the IMRFigure 3.19B; Appendix B).

B
Figure 3.19. Gap and overlp between blocks during restoratioA) at Anomaly 7 (25.0 Ma),

gap and overlafpetweerblocks around Iceland and Jan Mayen Fracture ZGidFZ), and
B) atAnomaly 20 (43.2 Ma), gap around Faeroe Fracture Z@##€Z), northward translation
of Reykjanes Segment and overlap arodMFZ Map projection is Universal Transverse
Mercator (UTM, WGS 1984, zone 27N).
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In this test the restoration method gis@ good fit of conjugate magnetic anomalies
and therefore its application to the NE Atlantic opening is satisfackdoyeover,the test
shows that the Aegir Ridge had a complex spreading histoyycomparison with the nearby
Mohns and Reykjanes ridges)d that relative displacemestalong both the FFZ and JMFZ
are significant However the gag and overlap around the FFZ and JMFihay be due to
omissions such ake separation and rotation of tBRIMC off Greenland, therefore the gap
around the FFZ and overlap between JMFZyrbe exaggerated. Moreovethe fits of
conjugate magnetic anomalies are not so good around Iceland. The dataset used to draw the
blocks around Iceland is not satisfactory for thiganeeds revising

Before modifying the block mapl tested the same configuration but relative to a

stationary Europe plate.

3.3.1.4 Test 3 tRestoration of whole NE Atlantic relative to a stationary Europe

plate

In Test 3 | usal the ame block map as in Testljt assumd thatthe European side
of the ridgewas stationaryduring the restoratignn orderto test the restoration methaed
compare the results withest 2(Figure 3.20). For anomalies 5 and 6, the western side of the
Aegir Ridgewas assumed stationary, however from anomalies 7 to 24b (when the Aegir

Ridge was active), the western side of the Aegir Ridgemobile (see Appendix G.

Firstly, the fits of the magnetic anomaliggobally were satisfactory(G  0.005)
However, as for Test 2, some problems ofsgyapd overlap of blocks occurred especially
around IcelandFigure 3.21A). This confirns that the dataset around Iceland and the JMMC
needs revising@nd the block map modifiedin Test 3,the blocks on thewvestern side of the
Aegir Ridge rotatd significantly relatively to the northern Mohns and southern Reykjanes
segmerd (Appendix C). This rotation is a consequence of-frapedspreading along the
Aegir Ridge, visible in the curvature of the magnetic anomalies. In previous studies, this fan
shaped spreading along the Aegir Ridgas interpreted asa result ofthe separation of the
JMMC off Greenlande.g.Gaina et al. 2009;sed¢ion 2.4).
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Figure 3.20. Block map for Test 3 that includes a boundary between Reykjanes and Jan
Mayen segments along Faeroe Fracture Zone (FFZ). European plate is assumed stationary.
Map projection is Universal Transverse Mercator (UTM, WGS 1984, 20N

However, results of Test @sults in somenisfits of conjugate anomalies along the
Aegir Ridge and overlapof blocks around the JMFZ{gure 3.21B). Therefore, the fan
shaped spreading along the Aegir Ridget only maybedue to the separatiaf the IMMG
but alsomay have generated relative displacement abmifythe eastern JMFZ and along the
FFZ. In order to test this hypothesiad betterrestore the NE Atlantiopeningrelative toa
stationaryGreenlandlate | decidedto revise the dataset of magnetic anomalies for the area
around Iceland antb improve the block map in order to take into account the separation of
the JIMMC from Greenland.
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Figure 3.21. Gaps and overlag between blocks during restoration: A) at Anomaly 7 (25.0
Ma), gags and overlag between blocks around Iceland and Jan Mayen Fracture Zone
(JMFZ); and B) at Anomaly 2147.1 Ma), overlaps of blocks along Aegir Ridge (misfit of
conjugate magnetic anomalies) aatbund JMFZ. Map projection is Universal Transverse
Mercator (UTM, WGS 1984, zone 27N).
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3.3.1.5 Reviseddatasetand improved block map

Tests of the restoration method to the opening of tReAllantic highlighed some
problems in the dataset and therefore in the block configuratimain problemwere: (1)
the lack of magnetic anomalies data around Iceland and the JMMC, creatismgrghp
overlaps betweerblocks; and (2) the lack aoforthern and/or southern boundaries (e.g. for the
Reykjanes Segment in Test 2) triggering ridlgegy displacements of blocks during
restoration.

Therefore, in orderotobtain a best fit of conjugate anomalies and therefore quantify at
best spreading ratesd relative slip along fracture zones, it was necessagyige the initial
dataset of magnetic anomalies and fracture daer this purpose, | compdeall available
datafor magnetic anomaliegrOm Macnab et al(1989), Skogseid et g2000) Gaina et al.
(2002), Jones et al. (20Gg, Olesen et al. (2007)zernigon et al. (2009)and Maus et al.
(2009) and accuratdocation and shape dfacture zones (fronKimbell et al, 2004; 2005;
Andersen et al.2010) | redrew the magnetic anomalies adétermined their ages from the
magnetic scalef Cande and Kenftl985) Figure 3.22).

I then modified the block mamf the NE Atlantic Figure 3.23) using thisrevised
datasetFurthermore, | integrated information on the structural development of the JMMC
from Unternehr(1982),Nunns(1983), Bott (1985, 1987)Mjelde et al.(2008),Gaina et al.
(2009), Gernigon et al.(2009, 2011) so as to define the blocks around the JMMC.nfFro
these studies, | estimated that approximately 50% of the JMMC ahsiktstretched
continental crust, especially in the southern part of the JMMC and in its conjugate part on the
Greenland margin. | therefore defined 8 thin continental blocks on tetenveside of the
JMMC and 8 others on the eastern side of Greenland, between the magnetic anomaly at
Anomaly 8 and the COB, in order to take into account progressive continental stretching
along the JIMMC, and its subsequent counter clockwise rotggigriNunns 1983;Bott, 1985,
1987;Gaina et al, 2009)(Figure 3.23). These16 blocks thus mimic the stretched continental
crust of the IMMC, rather than the oceanic crust (as do the other blocks).

| furthermore addednto large stationary blocks bound theblock map on its northern
and southern sidegFigure 3.23), a first one, north of the Mohns Segment, along the
Greenland and Senja FZ, and a second one, south of the Reykjanes Segment, along the
Charlie Gibbs FZThese blocksconstraied the opening of ta NE Atlantic, coherently with
the opening of the Central Atlantic Ocean in the south and the Boreas Basin in the north.

determinedhe successive positions of these two constraining blocks, relative to a stationary
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Greenland plate, using the EarthBytedel (rotation poles are fro@aina et al, 2002)and
the Gplates softwaréBoyden et al. 2011) During each stage of restoratiothe two
stationary blocks impeded any northward or southward displacement of the mobile blocks
along the ridge. The JMFZgaratel the Mohns and Jan Mayen segments, and the FFZ
separatd the Jan Myen and the Reykjanes segments, as in previous blockAmgpelative
displacements between segmestsurredexclusively along theetwo oceanic fracture zones.

Using this method, tested twonew models. In Model 1, the algorithm minimizes the
gaps between adjacent magnetic anomalies of each segment, but not the gaps or overlaps
between oceanic fracture zones; whereas, in Model 2, the algorithm minimizes the gaps
between adjacenthamalies and also the gaps or overlaps along oceanic fracture zones. The

results of tese models are presentedCinapterd.

Figure 3.22. (next page)Left: Revisiedataset of magnetic anomalies féE Atlantic Ocean
Data from Macnab et al. (1989), Skogseid et @000) Gaina et al.(2002), Jones et al.
(2002a), Olesen et al. (2007)Gernigon et al. (2009)and Maus et al. (2009Background
image is recent moddtMAG2 of crustal magnetic anomalies (Maus et al., 2089jht:
Revisited ages of magnetic anomalies, from Cande and Kent (198p).projection is
Universal Transverse Mercator (UTM, WGS 1984, zone 27N).
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Figure 3.23. Improvedblock map from revisied datasgresultsof restoration arepresented
in Chapter 4) Map projection is Universal Transverse Mercator (UTM, WGS 1984, zone
27N).

3.3.2 Analysis of results: calculation of spreading rates, slip along fracture zones and

rotation poles

This section explains the methtmt calculatingof spreading rates, slip along fracture
zones and rotation poles from the restoration results. | diktalculatiors for all restoration
testsandwill presentin this sectiorexampleof calculation fromTest 2 (restoration of the NE
Atlantic relative to a stationary Greenland plat€he results of the improved block map

(Figure 3.24) are presentednd discusseith Chapter 4.
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At each stage of the restoration, | used the easternmost (external) bloclaukatea
mean displacement rates mobile blocks(Figure 3.24). The displacement vectos the
corners of each external block give the direction and the amount of displacétgeme (

3.25). This yields spreading rates along each rigjgure 3.26).

Figure 3.24. Analysis of restoration results for Test 2. Numbering of external (easternmost)
blocks (from 1 to 11)and calculation ofaverage displacements of external blocks during
restorationfrom displacement vectors of each corner of external bl¢gteen colour for
Reykjanes Segment, red colour for Jan Mayen Segment and blue colour for Mohns Segment).

Map projection is Universal Transverse Mercator (UTM, WGS 1984, zone 27N).
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Figure 3.25. Incremental displacement vectors of external blocks, frommaty 24b to
present time, for Test Zhese displacement vectors are used to determine displacement rate
of each segment, which correspond to spreading ratsp projection is Universal
Transverse Mercator (UTM, WGS 1984, zone 27N).
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Figure 3.26. Mean spreading rates (average along each ridda) Test 2,calculated from
incremental displacement vectoisote, the significant increase in spreading rates is due to
the short time interval between anomalies 15 and 13 (3883 Ma) in the first dataset,
however this peak is not observed in spreading rates calculated from restoration using the

revised dataset (Chapter 4).
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For each stage in the restoration, | hde¢erminedhe relative displacement vectors
of each segment(gure 3.27). Then, fromthe distance othese vectors, | have estimated the
total and incremental relative displacements between the three oceanic segments, along the
JMFZ and FFZKigure 3.28).

Figure 3.27. Relative displacement vectors between segments along fracture Zones,
example along FFZbetween Anomaly 13 and Anomaly 7, for Test 2. Map projection is
Universal Transverse Mercator (UTM, WGS 1984, zone 27N).

Figure 3.28. Relative displacemestbetween oceanic segments along FFZ and JMFZ, for
Test 2.

The external blocks have artificial edges, which serve to calculate, after the
restorations, bedit rotation poles for each ridge and for each magnetic anomaly, using the
method ofKirkwood et al.(1999 and the criterion of fit oHellinger (1981) 6ecton 3.1,

Figure 3.29). With these rotation polesl reconstruad the position ofthe magnetic
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anomalies using Gplates SoftwgBoyden et a).201]). Theyrepresent the best of awhole
segment at one stage; therefore they do not represent theestacitioranddo not integrate

possible displacements betweawnbile blocks of one segment.

B

Figure 3.29. A) Method of calculation of rotation poles for each segmémt example
Anomaly 5using artificial edges of external blockBest 2) B) Rotation poles for Reykjanes
Segment and for reconstruction at AnomalyTbst 2 using the method of Kirkwood et al.
(1999 and criterion of fit of Hellinger (1981)Covariance matrix expresses uncertainties in

rotation.
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3.3.3 Limits of the method

Therestoration provides a good fit of magnetic anomdlizs 0.005 for Tests 2 and 3
andG 0.003 for model presented in ChapterMpreover the calculation of spreading rates
and rotation poles, at least for recent ageg. Anomaly 5)are in good agement with
previous studies (e.glosar et al, 2002;Gaina et al, 2009).For older ages, our restoration
method allows relative displacemsbetween the oceanic segments and therefore differences
arise in spreading rates and rotation poldg restorations depenah the hypothesis made in
the construction of the block mayarious tests of the method were necessary to improve the
block configuration ando restore at best the NE Atlantin the improvedversion of the
block map Figure 323, Chapter 4), the restoratioof the Jan Mayen Segment depends on
the choiceof configuration ofthe blocks around the JMMCThis block configuration seems
the most accurateiith respect toavailable data on the structural evolution of the JMMC.
With this block map, it is possible to restdoeth the separation of the JMMC and d&zor
spreading along the Aegir Ridge.

The restoration ign a horizontal plane, rather than a spherical surface, and therefore
some errors may arigkie to thesizeof thestudied aredapprox. 2800 km from north to south
and 1400 km from west to east) atslproximity to the NorthPole Indeed, distances close to
the pole may be biased due to map projection.

In order to take into account the sphericity of the Earth, | fisotlthe restoration
program(written in C langiage) The main modification is a conversion of block translation
into rotation.Indeed,a translation between two points on a sphere can be described by a
rotation about an axis passing through the centtbeoEarth In the modified algorithm, the
input coordinates of the blocks are geographiccoordinatesystem(latitude, longitude)For
each block,in the TranslationCycle (C and E,Figure 35), | addeda conversion of the
coordinates into Cartesiacoodinates and those of the map projecti@o the program
calculats the translation ofheblock on a plae as in the earlier versigthenit calculate the
rotation pole and angle equivalentthas translatiorand applies this rotation to tip®ints, in
geographic coordinates, of thiock The calculatioato convertthe coordinates of the blocks
andto calculateherotation, equivalento thetranslation aredetailedin Appendix D.

| tested this modified version of the restoration progmith block maps of Test 2
(Greenland stationary) and Test 3 (Europe station&oy)restoration at Anomaly 5This

modified version of the program worked, however the time of calculatiaach iteration
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increasd significantly (at least x10)and the restoration results did not show significant
differences(less than 10%jrom thoseobtained on a plan@-igure 3.30). Furthermore, for
restorations of Test 2 (Greenland stationary), the fit of conjugate anomalies of the Reykjanes

Segment is betten plane restoration thamm a spheréFigure 3.31).

Figure 3.30. Comparison of restoration results at Anomaly 5 for Test 2 (Greenland stationary
in gray) and Test 3 (Europe stationaig gray): A) restoration for Test 2 on plane, B)
restoration for Test 3 on a plane, C) restoration for Test 2 on a spheresioyation for Test
3 on a sphere. Both restoration methdds a plane or on a sphérgive similar results

(differing by less than 10%, mostly due to misfit spherical restoration of southern
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Reykjanes Segment, see Figur81B. Map projection is Universal Transverse Mercator
(UTM, WGS 1984, zone 27N).

Figure 3.3L. Restoration of southern Reykjanes Ridge, at Anomaly 5 (M&aB with
Greenland side stationary (Test &it is better for plane restoration.Map projection is
Universal Transverse Mercator (UTM, WGS 1984, zone 27N).

This misfit may result from programming problems in the modified version. Indeed,
the modificatims complicated the numerical proceduteyould have beebestto rewrite the
programentirely. However, | did not have timfor this. Becausehe difference between
restorations ora plane and ora sphere were not significant, | kept the first version of the
program for the restoration of the improved block m@papter 4). Moreover, calculations
are made on small distances (between corners of external blocks), therefore the error due to
map projedbn are smalll estimatedheseuncertaintiesdue to norspherical restoration and
map projection by comparing the initial and final length of the external segments of
easternmost blocks. For this purpose, | ubedplates softwareBoyden et a).2011), which
takes into account the sphericity of the Earth in calculation of distances and allows
superposition of the segmentsestimated these uncertainties to be, at most, 9 km for the
Mohns Segment, 5 km for the Jan Mayen Segment and 4.5 km for the Reykjanes Segment.

| moreover estimatka spatial uncertainty of 5 km for the positions of both magnetic

anomalies and fracturzones from previous studies (elMdtller et al, 1999;Gaina et al,
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2009). Therefore, | consided an error of £ 10 km at most fothe calculation of
displacemerst and spreading rates. Thus, relative displacements less than 10 km, between
oceanic segmestalong the fracture zones, are not significant.

In the following chapter, | will present the results tafo new models using the
improved block map (section 3.3.15) and calculations of spreading rates and relative

displacements between oceanic segments.
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Chapter 4

Differential seafloor spreading and
compressional deformation of adjacent

continental margin

4.1 Introduction

In the last two baptes, | presentech method of palinspasticestorationand its
applicationfor therestoration obpening of the NE Atlantic. Several problearesefrom the
different testsof this method that are mostly due tthe difficult identification of magnetic
anomaliesn some areas (around the Jan Mayen MicrocontiidMC, and around Iceland)
andthe rifting of theJMMC off Greenland during seffoor spreadingthat is nottakeninto
account in block maps in which blocks are only delimited by magnetic anonfaées
Chapter3). Therefore, | improved the block map in order to avoid those problentkis
Chapter, | preserhe results ofwo models of kinematic reconstructions of opening of the NE
Atlantic Ocearusing this new block majn theform of an article submitted tbectonics

During the Cenozoiccompressional structures developed along the European
ContinentalMargin However theres little evidence of such deformation along the Greenland
continental margindeeChapter 2)Mechanisms for the development of this deformation on
the continental shelf of NW Europe remain a matter of debédsar et al.(2002 suggested
that differential sedloor spreading between the Mohns, Aegir and Reykjanes ridgesell
asmantle drag, \wre responsible for the development of inversion structures along the Varing
Basin, Norway, and the FaerB®ckall Plateau, rather than in the Mgre Basin, Norvsag (
Chapter 2).Therefore, inthe kinematic moded, | assumethat Greenland is rigid and
stationary whereaghe Europ@nmarginis mobile and deformabie order toinvestigate how

these compressional structures may have resulted from variationsdimetttgon and ratef
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seafloor spreadingalong the ridge systenffrom these modeld calculatespreading rates

along the Reykjanes, Mohns, Aegir and Kolbeinsey ridges and relative displasatoegt
oceanic transform faults, the Jan Mayen Fracture ZaWiéZ) and the Faeroe Fracture Zone
(FFZ), during sedloor spreadingl demonstrate #t these relative displacemsrand the
relative rotation between oceanic segments are compatible, in time and space, with the
development of inversion structures along the NW European Continental Margin.
Furthermore] discuss, in the paper and in theneral discussioat the end of this chapter

the influence of the Iceland Mantle Plume on the variaitothe directionand rate of sea

floor spreading along the NE Atlantic and the resulting deformation on the adjacent European

margin.

4.2 Variation in amount and direction of seafloor spreading along the
North East Atlantic Ocean and resulting deformation of the continental

margin of North WestEurope

Le Breton et al.in reviewin Tectonics
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Variations in amount and direction of seafloor spreading along the North East Atlantic
Ocean and resulting deformation of the continental margin of North West Europe

E. Le Breton’, P.R. Cobbol O. Dauteufl, G. Lewis

! Geosciences Rennes, Université de Rennes 1, CNRS, 263 Avenue dal Géoterc,
35042 Renned;rance

% Chevron Onshore Europe, Seafield House, Hill of Rubislaw, Aberdeen, AB10 6XL, United
Kingdom
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Abstract

The NE Atlantic Ocean opened progressively between Greenland and NW Europe
during the Cenozoic. Sdkor spreading occurred along three ridge systems: the Reykjanes
Ridge south of Iceland, the Mohns Ridge north of the Jan Mayen Fracture Zone (JMFZ), and
the Aegir and Kolbeinsey ridges between Iceland and the JMFZ. At the same time,
compressional structures developed along the continental margin of NW Europe. We
investigate how these compressional structures may have resulted from variations in the
amount ad direction of sedloor spreadingalong the ridge systerssuming that Greenland
is rigid and stationary, we have used a lesagtares method of palinspastic restoration to
calculate differences in direction and rate of spreading along the Reykjaftesinkey/Aegir
and Mohns ridges. This differential skaor spreading generated relative rotations and
displacements between the oceanic segments. We have determined two main periods of left
lateral strikeslip deformation along the main oceanic fractmoaes: (1) from EarHeocene
to Late Oligocene, along the Faeroe Fracture Zone; and (2) from Late Eocene to Early
Oligocene and during the Miocene, along the JMFZ. SucHattal motion and the relative
rotation between the oceanic segments are contpatilth the development of inversion
structures on the Faerd®ckall Plateau and Norwegian Margin at those times and probably
with the initiation of the Fuglgy Ridge in the Fae®eetland Basin during the Eocene and
Oligocene. The Iceland Mantle Plunsgpears to have been in a position to generate
differential sedloor spreading along the NE Atlantic and resulting deformation of the

European margin.

Keywords
NE Atlantic, Sedloor spreading, Fracture Zones, Compression, European Margin, Iceland

Plume
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1. Introduction

The NE Atlantic Ocean lies between Greenland and NW Eureggiré 1). As in
other oceanic areas, relief at the seafloor has resulted mainly from spreading along a system
of oceanic ridged.ocally, strongrelief has resulted also from volcanic activity, especially on
and around two islands, Iceland and Jan Mayen. Another feature, which is specific to the NE
Atlantic Ocean, is that its ridge system is complex.d&scriptive purposes, we consider it in
three parts. From SW to NE, these are the Reykjanes, Jan Mayen and Mohns segments. Of the
Reykjanes and Mohns segments, each consists of one ridge only, whereas the Jan Mayen
Segment consists of two ridges (Kolbeinsey and Aegir). Between the three segmaents ar
systems of transform faults, the Jan Mayen Fracture Zone (JMFZ) in the North and the
GreenlandcelandFaeroe Fault Zone in the South. The latter, more than the former, is
responsible for a notable topographic feature, the GreeidatahdFaeroe Ridg€GIFR).

Seafloor spreading and opening of the NE Atlantic Ocean occurred during the Tertiary
period and resulted in a characteristic pattern of magnetic anonfaiigse 2). From the
polarity of the geomagnetic dat@ande and Kenfl995] defined a time scale, which is in
geneanl acceptance. Definition of the anomalies is good over most of the sea bottom, except
for a swath along the GIFR and an area to the South of Jan Magene(2). Ocean drilling
and geophysical investigations have revealed that the latter is a smalkotaitplate, the Jan
Mayen MicraContinent (JMMC,Figure 1), which rifted off the coast of Greenland during
the EocengBott, 1985, 1987;Gaina et al, 2009; Kodaira et al, 1998; Nunns 1983;
Unternehry 1982] The significant bathymetrtopographic highs around Iceland and Jan
Mayen and along the GIFR developed as a result of intense magmatic activity, when the NE
Atlantic Ridge interacted with a major thermal and compositional anomaly, the Iceland
Mantle Plume [e.g. Saunders et gl.1997] The magmatic activity modified the magnetic
signature of the crust, so that magnetic anomalies are not simple esertiead-fgure 2).

Assuming that Greenland and Eurasia were rigid plates and using the Euler rotation
poles to rotate thenBullard et al.[1965] reconstructed the opening of the North Atlantic.
However, this led tsome gaps and overlaps between the plates. By dividing the ridge system
into segments and increasing the number of pl&as)a et al.[2009] were able to improve
the quality of the fit. The Jan Mayen Segment, with two spreadiegters and a micro
continent, is however more complex than the Reykjanes and Mohns segFRigate ().

Moreover the pattern of magnetic anomalies around the Aegir Ridge has significant curvature
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(Figure 2). In other words, it is difficult to reconstructsanple spreading history for the Jan

Mayen Segment using the Euler rotation poles alone.

Figure 1. Principal tectonic features of the NE Atlantic Ocean on a bathymetric and
topographic map (ETOPO1)Xompressionalktructures (folds and reverse faults) on NW
European Continental Margin are froBoré et al. [2008], Johnson et al. [2005] and Tuitt et

al. [2010]. Presentday spreading rates along Reykjavik, Kolbeinaeg Mohns ridges are
from Mosar et al. [2002] ContinertOcean Boundaries of Europe and Greenland are from
Gaina et al. [2009] and Olesen et al. [200Black thick lines indicate seismic profiles of
Figure 3. Abbreviations (North to South): GFZ, Greenland Fracture Zone; SFZ, Senja
Fracture Zone; JMFZ, Jan Mayen Fracture Zone (West and East); JMMC, Jan Mayen
Microcontinent; HHA, Helland Hansen Arch; OL, Ormen Lange Dome; FR, Fuglgy Ridge;
GIR, Greenlandceland Ridge; IFR: Icelandraeroe Ridge; MGR, Munkagrunnar Ridge;
WTR, Wyville ThomsodRidge; YR, Ymir Ridge; NHBFC, North Hatton Bank Fold Complex;
MHBFC, Mid Hatton Bank Fold Complex; CGFZ, Charlie Gibbs Fracture Zone. Map
projection is Universal Transverse Mercator (UTM, WGS 1984, zone 27N).
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Figure 2. Map of magnetic anomalies, NE Atlantic Ocean. Background image is recent model
EMAG2 of crustal magnetic anomalifdaus et al., 2009] Ages of magnetic anomaliase

from Cande and Kentl[995]. Map projection is Universal Transverse Mercator (UTM, WGS
1984, zone 27N).

The continental margins of NW Europe and East Greenland formed by rifting between
Greenland and Eurasia, before the onset offlsea spreading. The margins consist of
stretched continental crust and coeval magmatic rocks, and thus belong to the category of
volcanic passive margingseoffroy 2005] The European Margin was subject to several
phases of extension after collapse of the Caledonian Ordgemy.undin and Doré 2005;
Ziegler, 1988] and it is therefore wider than the Greenland Mar(tigure 1). Several
sedimentary basins formed on the European margin as a result of rifting: the Varing and Mgre
basins in the north, the FaerBbaetland Basin in the centre and the Hatton and Rockall basins
in the south. The area between the Hatton/Roekal Faeroeshetland basins we shall refer
to as the FaereRockall Plateau. This plateau, as well as the Vgring Basin, contains various
compressional structures (folds and reverse faults), which formed after contineatalifor
[Boldreel and Anderseri993;Brekke 2000;Davies et al.2004;Doré et al, 2008;Doré and
Lundin 1996; Hitchen 2004; Johnson et a).2005; Lundin and Doré 2002; Lgseth and
Henriksen 2005;Ritchie et al. 2003, 2008 Smallwood 2004;Stoker et al.2005;Tuitt et al,
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2010} In contrast, along the Greenland margimere is little evidence for posbreakup
deformation, other than some folds of low amplitude [Pxce et al.,1997]. Mosar et al.

[2002] calculated spreading rates along each of the Reykjanes, Aegir and Mohns ridges,
showing that there is a significant variation in spreading rates across the JMFZ. They
suggestedhat this differential spreading was responsible for compressional inversion of the
Vgring and Faere&hetland Basins rather than the Mgre Basin.

So as to investigate this idea more fully, we have developed a method for palinspastic
reconstruction of theopening of the NE Atlantic. Our model represents the position of
Europe, relative to a stationary and rigid Greenland plate, in order to study the evolution of
the European Margin during sélaor spreading. Instead of traditional Euler rotation poles,
we have used an iterative leasjuares method, which minimizes the gaps or overlaps
between conjugate magnetic anomalies. In this method, all segments of the NE Atlantic are
free to spread at different rates. Our models provide new constraints on trendtsilming of
deformation along major oceanic fracture zones duringlseaspreading, as well as on the

European Continental Margin.

2. Geological setting

2.1 Kinematics of the NE Atlantic Ocean

During the Late Paleocene, Greenland and Eurasia separated;fla®rsepreading
propagated northward out of the central North Atlapdig. Pitman and Talwani1972;
Srivastava and Tapscott986;Vogt and Avery1974] A triple junction existed between the
North Atlantic and the Labrador Sea ridges until the extinction of the latter at about 35 Ma
[e.g.Vogt and Avery1974] This extinction triggered a ahge in spreading direction between
Europe and Greenland at about that tj@g. Srivastava and Roes1999; Srivastava and
Tap<ott, 1986;Vogt and Avery1974] After continental break up (~56 M§.g. Nunns
1983] the midoceanic ridge between the margins of Greenland and Eurasia became offset to
the east along the northern flank of the GIfdtt, 1985, 1987Nunns 1983] Seafloor
spreading occurred along the Aegir Ridge on the eastern side of the JIMMC, which was part of
Greenland at that timge.g. Nunns 1983] However, rifting propagated northward from the
Reykjanes Ridge into the soutfestern part of the JMMC, after at least Chron 20 (~44 Ma),
leading to significant stretching of this microtiokent [Bott, 1985, 1987 Gaina et al, 2009;

Muller et al, 2001;Nunns 1983] Between Chron 13 (~33Ma) and Chron 6 (~20Ma), the

Aegir Ridge became extinct and a new spreading center, the Kolbeinsey Ridge, formed on the
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western side of the highly stretched JMMC, which separatdlytdrom GreenlandBott,
1985,1987;Gaina et al, 2009;Mdiller et al, 2001;Nunns 1983;Scott et al. 2005;Skogseid

et al, 2000; Talwani and Eldholm1977;Unternehr 1982] According to the stationary hot

spot model ofLawver and Miller[1994], the head of the Iceland Plume was beneath the
eastern Greenland Margin at that time-@0DMa). Muller et al. [2001] suggested that the
Iceland Mantle Plume was responsible for (1) rifteigthe edge of the eastern Greenland
margin, (2) formation of the Kolbeinsey Ridge west of Jan Mayen, (3) subsequent cessation
of the Aegir Ridge and (4) separation of the JMMC from Greenland. Later, in Miocene times,
the plume head was beneath the ReygaRidge and resulting volcanic activity formed the
Iceland PlateafiDoré et al, 2008] Since Chron 6, the Kolbeinsey Ridge has been the only
active spreading centre in the Jan Mayen SegieemtGaina et al, 2009] There have been
several models for the complex spreading history of the Jan Mayen Se[@o&ntl985,

1987; Gaina et al, 2009; Nunns 1983; Scott et al. 2005; Unternehr 1982] According to
various authors, as the JMMC separatedm Greenland, itrotated counterclockwise by

about 30° and this resulted in fahaped sefloor spreading along the Aegir RidgBott,
1987;Gaina et al, 2009] However, misfits remain in reconstructions of conjugate magnetic
anomalies of the fashaped Aegir Ridge [e.§aina et al.,2009]. We have therefore used a
palinspastic method of restoration in orderingrove the fit between conjugate magnetic
anomalies on this ridge. We discuss the development of the Jan Mayen Segment, in
comparison with the Reykjanes and Mohns segments, and the structural history of the

adjacent European margin.

2.2  The NW European ContinentalMargin

Mitchell and Reading1969] distinguished between (1) an Atlantype conthental
PDUJLQ 3SDVVLYH  PDUJLQ ZKHUH WKHUH LV QR GLIITHUHC
continent, and (2) an Andeaw \SH PDUJLQ °3:DFWLYH  PDUJLQ ZKHUH W]
beneath a submarine trench and a continental arc. AccordingiyJaXx O\ 3SDVVLYH"  PDUJI
as the NW European Continental Margin, develops in two stages. First, stretching of
continental lithosphere leads to block faulting and subsidence. Sebemdargin undergoes
long-term thermal subsidencbut no moreextensimal faulting[McKenzie 1978] However,
many authors have described pofit compressional structures (folds, reverse faults and
reactivated normal faults) along the NW European Ma[Bioildreel and Anderserl993;
Brekke 2000;Davies et al. 2004;Doré et al, 2008;Doré and Lundin1996;Hitchen 2004;
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Johnson et al.2005; Lundin and Dor¢ 2002; Lgseth and Henrikser2005; Ritchie et al,

2003, 2008;Smallwood 2004; Stoker et al. 2005; Tuitt et al, 2010] Moreover, studies of
fission tracks in apatite or zircon have revealed various Cenozoic episodes of uplift and
exhumation in NW Europge.g.Anell et al, 2009;Hendriks et al.2007;Holford et al, 2009;
Japsen et al.2010] In contrast, there is little evidence of pbseak up deformation, on the
Greenland Margj, except for lowamplitude folds [e.gPrice et al.,1997]. The posbreakup
compressional structures developed at the SE ends of the JMFZ in the Varing Basin,
Norwegian Margin, and more widely on the FaeRmkall PlateauRigures 1and 3) [e.g.

Doré and Lundin1996;Johnson et a).2005]

Figure 3. Interpreted seismic profiles across (A) Helladdnsen Arch, in Vgring Basin,
Norway, fromBrekke [2000]and (B) WyvilleThomson and Ymir ridges, in FaerBeckall
Plateau, fromJohnson et al. [2005]Locations of profiles are on Figure 1.

On the Norwegian Margin, compressional doming, basin inversion and reverse
faulting occurred predominantly within deep Cretaceous depocentres, which may have been
more susceptible to deformation than other afeasdin and Dor¢ 2002] In the Vgring
Basin,Lundin and Dorg2002] described two phases of transgsion (combination of strike
slip and transverse shortening) in (1) the Middle Eocene to Early Oligocene and (2) the Early

Miocene. These phases the authors held responsible for large domes and arches (e.g. the
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Ormen Lange Dome and Helland Hansen Artleniding N or NNE Figures 1and 3). In the
area of the Helland Hansen Archgseth and Henriksef2005] inferred a phase of
compeession in the Middle to Late Miocene (1B) Ma), from seismic interpretation of the
syntectonic Kai FmDoré and Lundif1996] suggested that compressional domes formed by
left-lateral reactivation of lineaments trending NYE, subparallel to the JMFZ or along it. In
contrast, the MgraBasin contains no Cenozoic compressional struct{Beskke 2000]
Mosar et al.[2002] suggested that a difference in spreading rates among the Mohns, Aegir
and Reykjanes ridges was respible for the development of inversion structures in the
Vgring Basin and on the FaereRReckall Plateau, rather than in the Mgre Basin.

On the Faero®ockall Plateau, compressional structures are different from those on
the Norwegian Margin and theysal vary in size, trend and shdpeaiitt et al, 2010] North of
the Faero&shetland Basin, the trend of anticlines is predominantlyS\¥E (e.g. the Fuglay
Ridge), whereas in the south, their trend is mainly-S®/(e.g. the Munkagrunnar Ridge)
(Figures 1 and 3). On the southern part of the plateau (Hatton Bank), the trend of the
compressional structures varies from-S®&/ (e.g. the MieHatton Bank Fold Complex) to
NNE-SSW (e.g. the North Hatton Bank Fold Complexig(re 1). Boldreel and Andersen
[1998] inferred three main phases of compressional deformation, each resulting in a distinct
structural trend: (1) a Paleocene to Early Eocene phase, for structures trending WNW (e.g. the
Wyville-Thomson Ridge), NNW (e.g. Munkagrunnar Ridge) or ENE (e.g. Fuglagy Ridge); (2)
an Oligocene phase, for folds trending NE to EMEthe east of the Faeroe Islands and
between the Faeroe Islands and Hatton Bank; (3) a Miocene phase, for anticlines trending
NW, perpendicular to the continental margin. More recent studies of seishicticef data
have shown that structures trending NE to ENE across the NE Faleetland Basin
developed mainly during the Early Miocene to Middle Miocene and may have continued to
grow during Early Pliocene to Recent tinjdshnson et al.2005;Ritchie et al. 2008, 2003]
However, there may have been an older (Eocene to Oligocene) phase of deformation on the
Fuglgy Ridge. South of the WTYR area, the Alpine dome formed during the Oligocene,
whereas the North H@n Bank Fold Complex grew in the Middle Eocene to Early Oligocene
[Johnson et a). 2005; Ritchie et al. 2008, 2003] Tuitt et al. [2010] described several
compessional unconformities on the Faeeckall Plateau, their ages varying from Late
Paleocene to Early Oligocene.

Amongst the mechanisms which may have accounted for the formation of these
compressional structurese (1) the Alpine stress fielfe.g. Brekke 2000] (2) ridge push
[Boldreel and Andersenl998; Doré and Lundin 1996] (3) plumeenhanced ridge push
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[Lundin and Doré 2002] (4) differential sedloor spreading and mantle dr@iglosar et al,
2002] (5) differential compactiorje.g. Stuevold et al.1992] and (6) development ohé
Iceland Insular MargiriDoré et al, 2008] These mechanisms are still subject to debate. In

this paper, we willnvestigate the possible effects of differential8ear spreading.

3. Data and methods
3.1 Dataset

In the NE Atlantic there have been numerous geophysical surveys. Magnetic datasets
are of good quality, but the identification of magnetic anomalies is problematic in some areas,
such as around Iceland and along the GIFR, where the ridge interacted evitteldnd
mantle plume during seffoor spreading[e.g. Saunders et gl.1997] (Figure 2). We
determined the positions of fracture zones from the gravity daiadgrsen et a[2010] and
Kimbell et al.[2005] and of the positions of isochrons frorGaina et al.[2009], Gernigon et
al. [2009], Jones et al[2002], Macnab et al[1989], Maus et al[2009], Olesen et al[2007]
andSkogseid et a[2000].

We assigna spatial uncertainty of 5 km for the positions of both magnetic anomalies
and fracture zoness inprevious studiege.g. Gaina et al, 2009 Mdller et al, 1999. The
positions and age (55.9 Ma) of the Contin@atan Boundaries (COB) of Greenland and
Europe are fronGaina et al[2009] andOlesen et al[2007]. Ages of magnetic anomalies are
mean values for each identifiable isochron, according to the magnetic time SCaledefand
Kent[1995].

3.2 Restoration Method

We have used an iterative leasjuares method for palinspastic reconstruction of the
opening of the NE Atlantic Ocean. The method proceeds by minimizing gaps or overlaps
between adjacenstrips of oceanic crust, which follow magnetamomalies. An early
application of this method was to restore deformed surfaces, by minimizing gaps and overlaps
betweenrigid elementqCobbold 1979] Subsequent applications were to regiohstrike
slip faulting [Audibert 1991] normal faulting[Rouby et al. 1993] or reverse faulting
[Arriagada et al, 2008; Bourgeois et al. 1997] The method is purely geometric. For
example, in a region of normal faulting, where a single fault offsets a stratigraphic horizon,

the projection of the fault heave on a map defines-afflens(Figure 4A). The width of the
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lens is proportional to thiault heave. The leasquares method minimizes the gaps-(iit
lenses) across normal faults on a structumetour map of a given stratigraphic horizon. The

first step before restoration is therefore to determine the positions and heaves of the normal
faults. The result is a fadiilock map, where faults (real or artificial) surround each block
(Figure 4B), and each block is internally rigi@lhe second step is to define a stationary block,

for reference purposes, An algorithm then minimizes the sutineo$§quares of the distances
across cubff lenses, with respect to unknown values of rigid translation and rotation for the
remaining blockgFigure 4B). This method isapplicablealso to regions of reverse faulting,

in which the cuoff lenses are ovenes, not gapfArriagada et al, 2008]

Figure 4. Principle of restoration method: (A) coff lens on a structure contour map and (B)

data processing and restoration in plane view (modified after Rouby, 1994).

The numerical procedure minimizes the suy ¢f the squares of all distances across

all cutoff lenses. This minimization generates a set oflhmar equations, in terms of block
translations and rotations. To solve these equations, the program uses an iterative method
similar to the GausSeidelmethod[Audibert 1991;Rouby et al. 1993. A single iteration
includes a sequence of operations: neighbor seeking, block translation and block rotation. The
program repeats the iterations cyclically, until the equations have converged, according to a
criterion G, a nordimensional parameter that represents the fractional area of gaps and
overlaps:

G=%% 1)
where$S; is the total surface area of all gaps and overlapsSaisdthe total surface area of all
the blocks Rouby et a].1993. A good approximation t& is:

S = L¥(D/n)*”? (2)
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wherelL is the length of a line element, n is tioéal number of line elements, anB/f)*? is

the rootmeansquare gap widtHRouby et al. 1993. G is calculated and tested for
convergence at ¢hend of each iteration. The convergence is considered satisfactory when G
reaches a minimal valyérriagada 2004.

In this study, we do not apply the method to restore surfaces between normal or
reverse faults, but to fit conjugate magnetic anomaliesaiceanic domain and therefore to
restore the opening of the NE Atlanfite Breton 2012] The edges of the blocks are
magnetic anomalies or fracture zones and theoffutenses represent the gaps between
conjugate anomalies. The restoration is in azootal plane, rather than a spherical surface,
and therefore some errors will aridee Breton 2012] We estimate therby comparing the
initial and finallengthsof blocks. For this purpose we use Gplates softwBog/den et a).

2011], which takes int@ccount the sphericity of the Earth in calculation of distances and
allows superposition of the blocks. We estimate these uncertaiotles at most, 9 km for

the Mohns Segment, 5 km for the Jan Mayen Segment and 4.5 km for the Reykjanes Segment.
Becaus there is little evidence of pelsteakup deformation on the Greenland Mardgng.

Lundin and Doé, 2002;Price et al, 1997] we assume that the Greenland plate is rigid and

stationary. In contrast, we allow the European plate to be mobile and detfarmab

3.3  Block Map of the NE Atlantic

We have subdivided the NE Atlantic region into a finite numberigifl oceanic
blocks, betweenmagnetic anomalies and fracture zonégy{re 5). In the Mohns and
Reykjanes segments, the pattern of magnetic anomalies and fracture zones is easily
identifiable from Chron 5 to Chron 24. In the Jan Mayen Segment, the pattern of magnetic
anomalies is identifiable on the eastern side of the Aegir Ridg® Chron 13 to Chron 24,
and along the Kolbeinsey Ridge, from Chron 6 to the present day. However, it is more
difficult to identify the magnetic anomaly of Chron 8 in these two areas (see question marks
on Figure 2). Magnetic anomalies are also moficdit to interpret around the JMMC. We
therefore used information on the structural development of the JIMMC Bain[1985,

1987], Gaina et al.[2009], Gernigon et al]2009], Mjelde et al.[2008], Nunns[1983], and

Unternehr[1982], so as to define the blocks around the JMMC. From these studies, we
estimated that approximately 50% of the JMMC consists of stretched continental crust,
especially in the southern part of the JMMC and in its conjugate part on the Greenland

margin.We therefore defined &in continental blocks on the western side of the JIMMC and

127



Chapter 4 tDifferential seafloor spreading and compressional deformatiorcaiftinentalmargins

8 others on the eastern side of Greenland, between the magnetic anomaly at Chron 8 and the
COB, in order to take into account the progressive continental stretching along the JIMMC,
and its subsequent counter clockwise rotation, during the restofatgimBott, 1985, 1987;

Gaina et al, 2009; Nunns 1983] (Figure 5). The 16 blocks thus mimic the stretched
continental crust of the JIMMC, rather than the oceanic crastqahe other blocks).

Figure 5. Block map for restoration of NE Atlantic. Isochrons and fracture zones bound
blocks. Map projection is Universal Transverse Mercator (UTM, WGS 1984, zone 27N).

Two large stationary blocks bound the block map omaighern and southern sides
(Figure 5), a first one, north of the Mohns Segment, along the Greenland and Senja FZ, and a
second one, south of the Reykjanes Segment, along the Charlie Gibbs FZ. Their purpose was
to constrain the opening of the NE Atlantapherently with the opening of the Central
Atlantic Ocean in the south and the Boreas Basin in the north. We determined the successive
positions of these two constraining blocks, relative to a stationary Greenland plate, using the
EarthByte model (rotatianpoles are fronGaina et al.[2002]) and the Gplates software

[Boyden et a).2011] During each stage of restoratidine two stationary blocks impeded any
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northward or southward displacement of the mobile blocks along the ridge. JWIFZ
separates the Mohns and Jan Mayen segments, and the FFZ separates the Jan Mayen and the
Reykjanes segment§&i@ure 5). In this method, all segments of the NE Atlantic are free to
spread at different rates and in different directions, so that &atiweedisplacements between
segments will occur exclusively along the two oceanic fracture zones (JMFZ and FFZ).

At each stage of the restoration, we used the easternmost (external) blocks of each
zone to calculate mean displacement raléss yieldedspreading rates along each ridge and
relative displacements between each segment through time, along the JMFZ and FFZ. The
external blocks along the COB have artificial eddgegyre 5), which serve to calculate, after
the reconstructions, beft rotation poles for each ridge and for each magnetic anomaly
(Figure 6). Chang[1987], Chang et al[1990], Jurdy and Stefanickl98] andKirkwood et
al. [1999] developed a method, based on the criterion of filelfinger [1981], to estimate
poles for finite plate motions and their uncertainties. In our study, we used the program
Hellingerlfrom Kirkwood et al[1999] to estimate besit rotation poles.

Figure 6. Method for determining relative displacement vectors between segments along
JMFZ and FFZ and rotation poles for each ridge system, for example between Chron 5 and

present time. Map projection is Universal Transverse Mercator (UTM, WGS 1984 Adhe

Using this method, we tested two models. The algorithm is the same for both models;
KRZHYHU ZH PRGLILHG WKH LQSXW SDUDPHWHU WKDW GHII
algorithm will then minimize the gaps and overlaps between those blockéodal 1, the
neighboring blocks are those between adjacent magnetic anomalies of each segment, but not
between oceanic fracture zones; whereas in Model 2, all blocks are neighfBtnisg.n
Model 1, the algorithm minimizes the gaps between adjacent tagmemalies of each
segment, but not the gaps or overlaps between oceanic fracture zones; whereas, in Model 2,
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the algorithm minimizes the gaps between adjacent anomalies and also the gaps or overlaps

along oceanic fracture zones.

4. Results

4.1 Reconstructionof the NE Atlantic relative to a stationary Greenland plate

We describe two kinematic models of Europe, relative to a stationary Greenland plate.
These models allow displacements on both sides of the Aegir Ridge during the
reconstructions in order (1) to take into account the formation and the clockwise rotation of
the JMMC, as described Bott [1987], Gaina et al.[2009], Nunns[1983] andUnternehr
[1982], and (2) to obtain a good fit betweadjacent magnetic anomalies on the Aegir Ridge.
For both models, the 13 stages of restoratindluding G values for each restoratigrffom
55.9 Ma to Chron 5 (10.3Ma), and the bfifstotation poles and their uncertaintieyr each
spreading syste are all inAppendix 1.

Both models display good fits of magnetic anomalies for all ridge segif@@ntdues
range from 0.0016 to 0.0043 for Model 1 and from 0.0007 to 0.0058 for Madkloziel 1
provides better fits of magnetic anomal{ggeanG = 0.0025) but allows significant gaps and
overlaps across transform faults (~2.4% of the whole surface). Model 2 minimizes the gaps
and overlaps across transform faults (~1.4% of the whole surface), but this reduces the
goodnesf fit between magnetic anomaliémeanG = 0.0035) However, we consider that
the fit is acceptable, by comparison with the uncertainties in the dataset and the errors in the
restoration method. Restorations from Chron 5 (10.3 Ma) to Chron 13 (33.3 Ma) are very
similar for models 1 and,2he main difference between them being for restorations between
Chron 13 (33.3 Ma) and Chron 24 (52.69 Ma), when the Aegir Ridge was active. For both
models, the IMMC rotates counter clockwise (~25° in Model 1 and ~30° in Model 2) from
breakup to Chronl3 (33.3 Ma) Appendix 1). However, between Chron 13 (33.3 Ma) and
Chron 24 (52.69 Ma), the eastern side of the Aegir Ridge rotates clockwise more in Model 1
then in Model 2, resulting in significant gaps and overlaps across transform faults in Model 1.
The final restorations at 55.9 Ma are very similar for both models and generate significant
offsets between oceanic segments along the FFZ and the JMFZ. Previous| Buwit]i¢985,
1987;Nunns 1983;Scott et al.2005]also predicted such offsets along the FFZ and JMFZ
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4.2  Direction of Spreading

The incremental displacement vectors of the eastern external blocks, which represent
the European COB, illustratee motion of Europe relative to Greenland for 13 stages, from
55.9 Ma to the present tim&igure 7). Both Model 1 and Model 2 produce offsets of the
COB at 55.9 Ma: approximately 140 km along the FFZ, between the Reykjanes and Jan
Mayen segments, and kéh along the JMTZ, between the Jan Mayen and Mohns segments.

For both models also, the directions of spreading of the Reykjanes and Mohns
segments are relatively similaFigure 7). In Model 1, the main changes in spreading
direction are at Chron 21 (47Ma) and Chron 20 (43.2Ma), along the Reykjanes Ridge, and
at Chron 8 (26.4 Ma) and Chron 5 (10.3 Ma), along the Mohns Ridge. In Model 2, the main
changes in spreading direction are at Chron 18 (39.4 Ma), along the Reykjanes Ridge, and at
Chron 24 (52.9 M), Chron 8 (26.4 Ma) and Chron 5 (10.3 Ma), along the Mohns Ridge. For
both models, the Reykjanes and Mohns ridges have similar spreading histories.

The main difference between the two models is the direction of spreading in the Jan
Mayen Segment, betwedbhron 24 (52.9 Ma) and Chron 13 (33.3 Ma), when the Aegir
Ridge was active. In Model 1, the spreading direction of the Jan Mayen Segment varies
through time and is significantly different from those of the nearby Reykjanes and Mohns
segments, between Ciwd24 (52.9 Ma) and Chron 13 (33.3 Mdjidure 7). Also, the
displacements are greater in the northern part of the segment, than they are in the southern
part, especially between Chron 20 (43.2 Ma) and Chron 13 (33.3 Ma). Seafloor spreading is
thus asymmeit along the Jan Mayen Segment and results in significant clockwise rotation
(~20°) of the European COB of the Jan Mayen segment at that time. The differences in
spreading directions between the three segments generated significant gaps and overlaps
alongthe FFZ and JMFZHKjgure 7).

In Model 2, the direction of spreading of the Jan Mayen Segment is also different from
those of the Reykjanes and Mohns segments between Chron 23 (51.3 Ma) and Chron 13 (33.3
Ma), but less so than in Model 1. Spreading is asgitric along the Jan Mayen Segment, but
the resulting clockwise rotation of the European COB of this segment is small (~10°), by
comparison with that of Model 1 (~20°). Therefore in Model 2, relative displacements along
the FFZ and JMFZ are smaller amabre purely strikeslip than they are in Model Figure
7).
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Figure 7 (previous page) Incremental displacement vectors for material points at enc
segments (Mohns, Jan Mayen and Reykjanes) and positions of European G@nteem
Boundary relativeo stationary Greenland plate, from 55.9 Ma to present time, for Mo
(involving minimization of gaps between conjugate anomalies) and Model 2 (inv
minimization of gaps between conjugate anomalies and between segments). Notice re
gaps and werlaps along fracture zones. Map projection is Universal Transverse Mer
(UTM, WGS 1984, zone 27N). For ages, see Figure 2.

Gaps in reconstructions imply that compressional deformation should have occurred
during sedloor spreading; conversely, overlaps imply that deformation was extensional.
Thus, Model 1 predicts large compressional deformation (at most, 170 km of shqrtening
along the FFZ, but extensional deformation (at most, 80 km of stretching) along the JMFZ.
However previous studies of these fracture zones, using geophysical data, have not revealed
such styles of deformatiofe.g. Bohnhoff 2004; Gernigon et al. 2009] Deformatia is
smaller in Model 2 (at most, 25 km and 10 km of shortening along the FFZ and JMFZ,
respectively). Therefore in what follows we will focus the discussion on the results of Model
2.

4.3 Spreading Rates

For Model 2, we have calculated spreading rategsdch ridge system, from the mean
displacement rates of external blocksg(re 8). Since 10.3 Ma, the average spreading rates
are 21 mm/yr for the Reykjanes Ridge, 18 mm/yr for the Kolbeinsey Ridge and 20 mm/yr for
the Mohns RidgeRigure 8). These valueare in good agreement with the previous estimates
of Mosar et al. [2002] of 21 mm/yr for the Reykjanes Ridge and 18 mm/yr for the Kolbeinsey
Ridge, but are slightly higher than their estimate of 16 mm/yr for the Mohns Ridge.

Spreading rates for the Reykgs and Mohns ridges are high (55 and 53 mm/yr
respectively), when sd&or spreading began in the Early Eocene. They progressively
decrease (to 15 and 12 mml/yr respectively) until Chron 8, in the Late Oligocene, before
increasing again, during the Latdigdcene and Miocene, up to the preséay rates of 21
and 20 mm/yr, respectivelyrigure 8). Mosar et al.[2002] have described such a spreading
history for all ridges andorsvik et al[2001] noticed the decrease in spreading rate from the
Early Eocene to Chrons 13/8 in absolute plate velocities for the North Atlantic. Inamel M
2, spreading along the Aegir Ridge has a similar history. Spreading rates are high (up to 38
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mm/yr) in the Early Eocene, decrease significantly (down to 9 mm/yr) between Chron 20
(47.1 Ma) and Chron 21 (43.2 Ma), and finally increase (up to 14 mivégween Chron 17

(36.6 Ma) and Chron 13 (33.3 Mdjigure 8). Seafloor spreading ceased along the Aegir
Ridge between Chron 13 and Chrons 8 to 6 and started along the Kolbeinsey Ridge.
Spreading rates progressively increased along the Kolbeinsey Ridge,tlp presentiay

rate of 18 mml/yr.

Figure 8. Spreading rates for Mohns Ridge, Aegir Ridge, Reykjanes Ridge and Kolbeinsey
Ridge (Model 2). Dashed lines represent rates of spreading for northern and southern ends of

Aegir Ridge.

The mean spreadingte (average value along the ridge) is lower for the Aegir Ridge
than it is for the Reykjanes and Mohns ridges. As we mentioned before, the displacement
vectors of the Jan Mayen Segment indicate asymmetric spreading between Chron 23 (51.3
Ma) and Chron 1333.3 Ma) Figure 7). At that time, only the Aegir Ridge is active in this
segment, so we calculated spreading rates at the northern and southern ends of this ridge
(Figure 8). Spreading rates were up to 16 mm/yr higher at the northern end of the Aegir
Ridge than they were at the southern éridure 8). Mosar et al.[2002] described such a
difference in spreading rates across the Aegir Ridge. They correlated it with eounter

clockwise rotation othe IMMC during its separation from Greenland. In contrast, our Model
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2 predicts both counterlockwise rotation (~30°) of the IMMC and clockwise rotation (~10°)
of the eastern side of the Aegir Riddgpendix 1, Figure 7).

4.4  Intraplate deformation around transfer zones during seafloor spreading

In Model 2, differences in direction and rate of spreading along the Reykjanes, Mohns
and Aegir/Kolbeinsey ridges generate relative displacements along the JMFZ and FFZ
(Figure 7). To analyze deformation on the rgen, we have plotted the European COB at 55.9
Ma relative to the present day European CBg{re 9). The region of interest is north of the
Mohns Segment and south of the Reykjanes Segment, where the fracture zones (JMFZ and
FFZ) about the margin. Negkng components of rigid motion, we have made the European
COB at 55.9 Ma coincide in position and average orientation with the p@sgriEuropean
COB. This allows for better visualization of deformation on the European margin. The
Reykjanes, Jan Mayema Mohns segments have undergone differential displacements and
rotations, which reach maximal values against the transfer faults (~47 km for the Reykjanes
Segment and ~93 km for the Jan Mayen Segment, against the FFZ; ~126 km for the Jan
Mayen Segment and52 km for the Mohns Segment, against the JMFZ). Along the Jan
Mayen Segment, the direction of relative displacement reverses, from eastward in tte north
westward in the south, confirming that d&sor spreading was asymmetric along that
segment. Retase rotations were clockwise (~5°) for the Reykjanes Segment, clockwise for
the Jan Mayen Segment (~15° for the northern part, ~5° for the southern part) and counter
clockwise (~5°) for the Mohns Segment. Relative displacements along the FFZ (~140 km)
andJMFZ (~74 km) imply leflateral slip Figure 9).

For each stage in the restoration, we have drawn the relative displacement vectors
between each segmeiitigure 6). Then, from these vectors, we have estimated the total and
incremental relative displacemts between the three oceanic segments, in other words, along
the JMFZ and FFZHKigure 10). Displacements of less than 10 km are smaller than the
uncertainties in the dataset and the restoration method. The total relative displacements
between the threeceanic segments imply lefiteral transpressional deformation around both
the JMFZ (72 km) and the FFZ (144 km), from 55.9 Ma to the present day. The amount of
relative displacement, the sense of slip and the style of deformation along the JMFZ and FFZ
varied through timeKigure 10).
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Figure 9. Relative shapes of (1) European COB at 55.9 Ma (Model 2) and (2) paesent
European COB, margin and coastline. For visual comparison of shapes, we have made ends
of COB segments to coincide. Arrows indicetative rotation of each segment, varying
displacement vectors along it, and amount ofle#ral slip along JMFZ and FFZ. These
boundary displacements may account for patterns of compressional structures on European
margin, next to COB (see text fortaiés). Names of inversion structures are in legend of

Figure 1. Map projection is Universal Transverse Mercator (UTM, WGS 1984, zone 27N).

Figure 10 (next page) Relative displacement, sense of slip and style of deformation
JMFZ and FFZ from 55.9 Ma to present time, from relative displacement vectors be
segments (Model 2). Timing of compressional deformation on Norwegian Margin is
Brekke [2000], Doré et al. [2008], Doré and Lundin [1996], Lagseth and Henriksen [2
and on FaerodRockall Plateau frondohnson et al. [2005], Ritchie et al. [2008, 2003], Tt
et al. [2010] Positions of inversion structures are orgéie 11.
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Along the JMFZ, a long period of leffateral strikeslip occurs between Chron 8 (26.4
Ma) and Chron 5 (10.3 Ma). The style of deformation is dominantly sstige except
between Chron 13 (33.3 Ma) and Chron 8 (26.4 Ma), when it ispiressional. The amount
of displacement varies from 10 km to 75 km. Model 2 predicts two periods of strike slip: (1)
during the Early Eocene, between 55.9 Ma and Chron 22 (49.4 Ma) and (2) from the Late
Eocene (39.4 Ma) to the present time.

Along the FFZ, Mdel 2 predicts (1) 25 to 31 km of ldéteral displacement during
the Early Eocene, from 55.9 Ma to Chron 23 (51.3 Ma); and (2) 20 to 45 km of mainly left
lateral strike slip from Middle Eocene (Chron 22, 49.4 Ma) to Late Oligocene (Chron 8, 26.4
Ma). Rdative displacement occuedso during the MiePliocene but more episodically: 21 km
of transpressional displacement between Chron 6 (19.6 Ma) and Chron 5A (14.2 Ma), and 10
km of rightlateral transtensional (combination of strdgp and transverse stohing)
displacement from Chron 5 (10.3 Ma) to the present time. The sense of slip along the FFZ is
mostly leftlateral and the style of deformation varies through time. However, Model 2
predicts a long period of strikdip deformation between Chron 229(4 Ma) and Chron 8
(26.4 Ma).

In summary, Model 2 predicts (1) a period of mainly-laferal slip along both the
JMFZ and the FFZ, at the beginning of $le@r spreading during the Early Eocene (from
55.9 Ma to 51.3/49.4 Ma); and (2) a longer pemddeft-lateral slip along the FFZ, between
Chron 21 (47.1 Ma, MiEocene) and Chron 8 (26.6 Ma, Late Oligocene), and along the
JMFZ between Chron 17 (36.6 Ma, Late Eocene) and Chron 5 (10.3 Ma, Late Miocene)
(Figure 10).

5. Discussion
5.1 Differential seafloor spreading and deformation on the adjacent continental

margin

Mosar et al.[2002] attributed asymmetric sdbor spreading to an asymmetric flow
pattern in the asthenosphere that causes differential mantl¢Fanayth and Uyedal975]
Our Model 2 predicts differences in direction and rate of spreading between the Reykjanes,
Aegir/Kolbeinsey and Mohns ridges. The resulting slip along the FFZ and JMFZ and relative
rotation between ridge segments may hasfermned the adjacent continental mardgtg(res
9and 10.
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We have compared the timing of displacements along the JMFZ and FFZ, according to
Model 2, with the history of inversion structures on the Norwegian Margin and the Faeroe
Rockall Plateau, respeetily (Figure 10). In general, periods of relative displacements along
the JMFZ and FFZ correlate well with periods of development of the inversion structures on
the NW European Margir{gure 10).

On the Norwegian Margin, compressional structures develapging the Late

Eocene and Early Oligocene and mainly during the Miocene. These two periods coincide with
the main periods of lefateral strike slip along the JMFZ, between Chron 17 and Chron 13
(Late Eocene to Early Oligocene) and between Chron &andn 5 (Miocene)Kigure 10).
Our results are consistent with the hypothesiBafé and Lundir{1996], that compressional
domes in the Vgring Basin formed by Kdteral reactivation of NWSE trending lineaments
at the SE end ahe JMTZ. We infer from our Model 2 that this lditerd deformation was
due to differential spreading between the Mohns and Jan Mayen segments.

On the Faero®ockall Plateau, compressional structures developed mainly during the
Eocene to Late Oligoceridohnson et a).2005; Tuitt et al, 2010] when Model 2 predicts
left-lateral strike slip along the FFZ between Chron 21 and Chron 8 (47.1 to 26.6 Ma, Mid
Eocene to Late Oligocenefigure 10). Rotation and northward displacement of the
ReykjanesSegment and lefateral strikeslip along the FFZ{Figure 9) may have generated a
constrictional deformation, for which the principal directions of shortening trend
approximatelyN-S and EW in the area south of the Faeroe Islands. Moreover, a series of
NW-trending transfer zones, splarallel to the FFZ, segment the NE Atlantic margin
[Kimbell et al, 2005] Left-lateral slip along the FFZ may have propagated also along these
fracture zones. Constrictional deformation and-lteral strike sp along NWtrending
fracture zones could have generated inversion structures of various trends (freBiE XV
NE-SW), as observed on the Faefeckall Plateau Rigures 1 and9). Moreover, this
deformation may have reactivated 4grasting structures on ¢hFaeroeRockall Plateau,
either of Lewisian age (trending N\BE, NS and EW) or of Caledonian age (trending NE
SW) [e.qg. Tuitt et al, 2010]

On the NE Faere8hetland Basin, compressional strucsugend NE to ENE
(Figures 1 and9). Ritchie et al.[2003] suggested that lefateral slip along NAtrending
transfer zones, sybarallel to the FFZ, was responsible for the development efttNEINE-
trending folds in theNE FaeroeShetland Basin. However, Model 2 predicts -laeferal
displacement along the FFZ during the Eocene and Oligocene, but not during the Miocene,

whereas the inversion structures in this area developed mainly during the Early Miocene to
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Middle Miocene and from Early Pliocene to Recent tinfégyre 10) [Johnson et al.2005;

Ritchie et al. 2008, 2003] Model 2 predicts instead transpressional deformation along the
FFZ in the Early Miocene (Chrons &5A, 19.614.2 Ma) and rightateral transtensional
deformation along the FFZ in the Late Miocene and Pliocene (Chron 5A, 10.3 Ma, to present
time) (Figure 10). The significant period of lefateral displacement along the FFZ during the
Eocene and the Oligoge has probably initiated some of the -N&nding structures in this

area, such as the Fuglgy Riddeg(res 1 and 10. However, during the Miocene and the
Pliocene, there is no clear relationship between the relative displacement along the FFZ and
the deelopment of the NEto ENE trending structures in the NE FaetSbetland Basin.

5.2 Influence of the Iceland Mantle Plume

In this section, we will examine thpossible influencef the Iceland Mantle Plume on
differential sedloor spreading along the NE Atlanti€o this purposgwe have reconstructed
the positions of the Iceland Mantle Plume, the NW European Continental Shelf and the
JMMC, relative to a stationary Greenlandtpland according to the stationary hotspot model
of Lawver and Mullef{1994] or the moving hotspot model Mihalffy et al.[2008]. This we
have done for four periods: (1) Late Paleocene (55.9 Mal-igiwle 11A), (2) Late Eocene to
Early Oligocene (Chron 17, 36.6 Ma, arigure 11B), (3) Early Miocene (Chron 6, 19.6 Ma,
andFigure 11C) and (4) present timé-gure 11D).

Magmatism was widespread throughout the North Atlantic during the Paleogene,
accounting for a large Cenozoic igneous provifeeg. Saunders et gl.1997] Within this
North Atlantic Igneous Province (NAIP) are basaltic and picritic lavas of Baffin Island and
West Greenland, basaltic lavas of East Greenland, sealygpuhg reflectors and offshore
lavas along the Greenland and NW European volcanic miigdins, the GIFR and Iceland
and basaltic lavas and dyke swarms of the British Idkégufe 11D) [e.g. Lawver and
Muller, 1994; Saunders et al.1997;Storey et al. 2007] The Iceland plume is an obvious
candidate for explaining the NAIf.g. White and McKenzjel989] We have illustrated the
track of thelceland mantle plume fotwo models Figure 11): (1) the stationary hotspot
model of Lawver and Muller[1994] (using absolute plate motion reference frames from
Muller et al.[1993)); (2) the moving hotspot modef Mihalffy etal. [2008] (using absolute
plate motion reference frames fro&teinberger et al[2004]). According to the model of
Lawver and Miiller[1994], the Icelandic hotspot wasibeath Greenland after breakup at

Chron 24 (52.9 Ma, anligure 11A), then beneath the eastern Greenland Margin, west of the
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JMMC, around 35 Ma, and afterwards beneath the axis of the Reykjanes Ridge, since
approximately 25 Ma. The mantle plume was cldsghe NE Atlantic Ridge according to the
moving hotspot models dflihalffy et al. [2008], than it was according to the stationary
hotspot modelRigure 11D).

The Jan Mayen Segment had a complex spreading history in the Eocene and the
Oligocene and went through seVestiages: (1) progressive separation of the JMMC; (2)
counterclockwise rotation of the JIMMC; (3) clockwise rotation of the eastern side of the
Aegir Ridge Figure 11B); and (4) later ridge jump from the Aegir Ridge to the Kolbeinsey
Ridge in the Late Oligcene to Early Miocend-{gure 11C). We follow previous studige.g.

Gaina et al, 2009;Mdiller et al, 2001]in suggesting that the position of the Iceland Mantle
Plume head in the vicinity of the Jan Mayen Segméidgufe 11B) generéed this plate
readjustment. During the Miocene, the plume head was beneath the Reykjanes-gidge (

11C) and the resulting volcanic activity formed the Iceland PlafPaué et al, 2008] Doré

et al. [2008] suggested that this high plateau generated enough stress to deform adjacent
margins in the Miocene, and that the Aegir Ridge would have behaved as a shield for the
Mgre Basin between the Iceland Plateau and the Vgring Basin, wiversion features
developed. We suggest moreover that the Iceland Mantle Plume could have generated a radial
pattern of compressive stress trajectories, responsible for shear stress along transform faults.
In the model ofLawver and Mullef1994] and the moving hotspot model bfihalffy et al.

[2008], the Iceland Plume Head is south of the FFZ, therefore shear stress should be left
lateral along both the FFZ and JMFZ. By campon with Model 2, the two main periods of
left-lateral relative displacement along the FFZ and the JMFZ are compatible with the shear
stress that arises when the Iceland Mantle Plume is south of the FFZ. We suggest moreover
that interaction between theeland Mantle Plume and the Reykjanes Ridge is responsible for
(1) the increase in spreading rates along this ridge at around 2%-ijlae( 8) and (2)
resulting differential spreading between the Reykjanes, Kolbeinsey and Mohns ridges and
relative displacements along the FFZ and JMFZ during the MiocEiguie 10). Both the

stress due to development of the Icelandic Plaf&xré et al, 2008] and the relative
displacement along fracture zones, due to differential spreading, could explain the Miocene
phase of deformation in the Vgring Basin and in the NE Fa@&hetland Basin, along pre
existing inversion featureslomes and anticlines that formed during the Late Eocene to Early

Oligocene.
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Figure 11 Positions relative to stationary Greenland plate of Europe, Jan M:
Microcontinent (JMMC) and Iceland Mantle Plume at intervals of 10 My, accordin
stationary hotspot model abwver and Muller [1994phnd moving hotspot model ihalffy

et al. [2008]. Timing is A) Late Paleocene, 55.9 Ma; B) Late Eocene, 36.6 Ma ; C)

Miocene, 19.6 Ma ; and D) Present. Relative positions of magnetic anomalies and Cer
Ocean Boundaries (COB) in NE Atlantic are from our Model 2. Relative positiol
European coastline and magnetic anomalies of oceanic domains other than the NE
are from Global EarthByte Gplates Model (rotation poles fr@aina et al.[2002]) .

Inversion structures are frorboré et al. [2008], Johnson et aJ2005] and Tuitt et al.
[2010] and their relative positions from Global EarthByte Model (rotation poles fE@ima
et al. [2002). Onshore and offshore Tertiary lavas are fr&@torey et al. [2007hnd dyke
swarms fromUpton [1988] Ages of magmatic activity (Figure 11A) in West and [
Greenland and in the British Isles are frafvhite and McKenzie [1989Map piojection is
Universal Transverse Mercator (UTM, WGS 1984, zone 27N).

5. Conclusions

1) Our new kinematic model of Europe, relative to a stationary Greenland plate during
the opening of the NE Atlantic, ensures a good fit of the magnetic anomalies foortipex

Jan Mayen Segment, especially around the Aegir Ridge.

2) The model predicts differences in direction and rate of spreading among the
Reykjanes, Jan Mayen and Mohns segments. Between Chron 24 and Chrons 13 to 8, the Jan
Mayen Segment had a complex smheg history. Rifting of the JMMC off Greenland
generated counterlockwise rotation (~30°) of the JMMC, famaped spreading along the
Aegir Ridge and clockwise rotation (~10°) of the eastern side of the Aegir Ridge.

3) Differential seafloor spreading othe Reykjanes, Mohns and Aegir/Kolbeinsey ridges
generated relative displacements along the FFZ and JMFZ and relative rotation of each
segment. Our model predicts a main period oflg#ral slip, of up to 45 kmalong the FFZ
between Chron 21 and Chron(47.1 to 26.6 Ma, MieEocene to Late Oligocene) and up to

20 km along the JMFZ, between Chron 17 and Chron 13 (Late Eocene to Early Oligocene)
and between Chron 8 and Chron 5 (Miocene). These two periods coincide with the
development of compressional sttures on the Faerdeockall Plateau and Norwegian

Margin, respectively.
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4) We suggest that differential spreading was responsible for (Uptefal reactivation

of NW-SE trending lineaments along the line of the JMFZ, in the Late Eocene to Early
Oligocere and mostly during the Miocene, and resulting development of inversion structures
on the Norwegian Margin; (2) a constrictional strain, for which the principal directions of
shortening trendapproximatelyN-S and EW, left-lateral strikeslip along NWtrending
transfer zones and reactivation of 4esdsting structures of Lewisian age (trending NS,

N-S and EW) and Caledonian age (trending M%V) in the Eocene and Early Oligocene,
resulting in the development of inversion structures of various trends§E\o NESW) on

the FaerodRockall Plateau; and (3) leffiteral reactivation of NWrending transfer zones
subparallel to the FFZ that probably initiated the Fuglgy Ridge in the NE F&rettand

Basin during the Eocene and Oligocene. However, we hatvielentified a clear relationship
between relative displacement along the FFZ and the development-oNNEtrending
structures in the NE Faer@hetland Basin during the Miocene and Pliocene.

5) We suggest thathe positionof the Iceland Mantle Plume besth the eastern
Greenland margin, in the vicinity of the JMMC, in the Late Eocene and Oligocene, generated
major plate readjustments within the Jan Mayen Segment, separation of the JMMC and
subsequent differential spreading and deformation along the &mojargin. During the
Miocene, the Iceland Mantle Plume remained beneath the Reykjanes Ridge, and the resulting
volcanic activity formed the Iceland Plateau. Spreading rates were greater along the
Reykjanes Ridge, triggering relative displacements altveg RFZ and JMFZ during the
Miocene. We therefore suggest that the Icelandic Mantle Plume, together with the NE
Atlantic Ridge, were responsible for (1) differential seafloor spreading in the NE Atlantic, and

(2) postrift deformation on the Norwegian Margand Faerc®ockall Plateau.
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4.3 General Discussion

Our new kinematic model of Europe, relative to a stationary Greenland plate during
the opening of the NE Atlantic, ensures a good fit of the magnetic anomalies for the complex
Jan Mayen Segment, especially around the Aegir Ridge. The model predictsddéenmghe
direction and rate of spreading among the Reykjanes, Jan Mayen and Mohns segments. This
differential sedloor spreading of the Reykjanes, Mohns and Aegir/Kolbeinsey ridges
generated relative displacements along the FFZ and JMFZ aativeetotation of each
segmentl suggest thathis differential spreading was responsible: for
(1) left-lateral reactivation of NWSE trending lineaments along the line of the JMFZ, in the
Late Eocene to Early Oligocene and mostly during the Miocenegeantting development of
inversion structures on the Norwegian Margin;

(2) a constrictional strain, for which the principal directions of shortening &ppbximately

N-S and EW, left-lateral strikeslip along NWitrending transfer zones and reactivatiof
pre-existing structures of Lewisian age (trending N8E, NS and EW) and Caledonian age
(trending NESW) in the Eocene and Early Oligocene, resulting in the development of
inversion structures of trendanging fromNW-SE to NESW on the FaereRockdl Plateau;

(3) left-lateral reactivation of NWrending transfer zones sylarallel to the FFZ that
probably initiated the Fuglgy Ridge in the NE FaeBbetland Basin during the Eocene and
Oligocene. Howevel, have nokestablished clear relationshipetween relative displacement
along the FFZ and the development of -NENE-trending structures in the NE Faeroe
Shetland Basin during the Miocene and Pliocene.

In the late Eocenéo theEarly Oligocene (around 35 Mageafloor spreading rates
were greater athe northernend of the Aegirand Reykjanes ridges than they were at their
southerrends This differential spreading generated a clockwise rotation of the eastern side of
the Aegir Ridge and lefateral slip along the FFZ and JMREigure 4.1). Moreover, the
JMMC rifted significantly off Greenland and rotated courdlickwise and sedloor
spreading ceased in the Labrador Sea, west of GreefBawdstava and Tapscott986. |
suggest thathe position of the Iceland mantle plume in theinity of the Jan Mayen
Segmehmight have led to more vigorous sélaor spreading alonghe northerrpart of the
Aegir and Reykjanes ridgeshich would explain the increase of spreading ratesisitithe
andcoevalend of sedloor spreading inthe Labrador Seaaround 35 Mal suggest moreover

that the Iceland Mantle Plume could have generated a radial pattern of compressive stress
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trajectories, responsible fteft-lateralshear stress along transform faukg(re 4.1), which

is compatible withthe deformatiors prediced by our model

Figure 4.1. Positions relative to stationary Greenland plate of Europe, Jan Mayen
Microcontinentand Iceland Mantle Plume, at 36.6 Maate Eoceng A radial compressive
stress from Iceland Mantle Pluneeuld generatecompressional shear stress along FFZ and
JMFZ.

During the Miocene, the Iceland Mantle Plume remained beneath the Reykjanes
Ridge, and the resulting volcanic activity formed the Iceland Plat®eafloor spreading
ceased along the Aegir Ridgeound Chron 8 (26.6 Mand propagated northwards of the
Reykjanes Ridge, forming the Kolbeinsey Rid§ee magma supply from the Iceland plume
might have fed more vigorously tiReykjanes Ridgewhich would explain the increase in
spreading rates alongis ridge in the Miocenand thecoevalend of sedloor spreading of
the Aegir RidgeMoreover, spreading rates were greater along the Reykjanes Ridge than they
were along the Kolbeinsey and Mohns ridgeisich generated relative slip along the FFZ and
more particularly along the JMFZBoth the stress due trowth of the Icelandic Plateau
(Doreé et al. (2008 and the relative displacement along fracture zones, due to differential

spreading, could explain the Miocene phase of deformation in the Vgring Basin and in the NE
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FaeroeShetland Basin, along pexisting inversion features that formed during the Late

Eocene to Early Oligocene.

Figure 4.2. Positions relative to stationary Greenland platé Europe, Jan Mayen
MicrocontinentandIceland Mantle Plumeat 19.6 Ma(Mioceng. A radial compressive stress
from Iceland Mantle Plumeould generde compressional shear stress along FFZ andre

particularly alongJMFZ.

In this chapter,| haveinvestigated the role of differential spreading on paosakup
deformation of the adjacent continental mardgihavedemonstratedhat relative slip along
the FFZ and JMFZwvas compatible withthe developmentompressional deformation along
the Europeanmargin. However, someguestions arise from this studZould differential
spreading along the NE Atlantic alaffectthe NW Europearcontinent?s there evidence of
compressional deformation on the NW European conticrning the Cenozoiand could the
opening of the NE Atlantic be responsible for such deformationthe following Chapterl
will focus on these questions and morergpaularly on the possible reactivationf @
Palaeozoigtrike-slip fault, the Great Glen Fault in Scotlarid Chapter 6, | will discuss more
generally the influence of mantle plume on -flear spreading rates and structural

development of continental mgans.
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Chapter 5

Differential seafloor spreading andreactivation

of continental faults

5.1 Introduction

Our Model 2 of kinematic reconstruction of the NE Atlantic, presented in Chapter
predicts variatiors in amount and rates of sélaor spreading between the Reykjanes,
Kolbeinsey/Aegir and Mohns ridges. This differentsdafloor spreading along the NE
Atlantic generatedeft-lateral slip alond1) the Faeroe Fracture ZoleFZ), up to 45 km in
Mid-Eocene to Late Oligocenand(2) the Jan Mayen Fracture Zo@MFZ), up to 20 kmin
Late Eocene to Early Oligocene and during the Miocérseiggested that ih deformation
was also responsible for the development of inversion structwesthe adjacent NW
European Continental Margat those timesin this chapterl investigate the possible role of
differential spreading along the NE Atlantic on the reactivation of lithosphkgike-slip fault
on the NW European ContinemA left-lateral slip along the FFZ and the JMFZ could
generateperhapsight-lateral reactivation of prexisting lithosphericstructuressuch as the
Great Glen Faul{GGF) in Scotland and its prolongation in Norway, the Mgre Trgndelag
Fault(MTF) (Figure 5.1).
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Figure 5.1. Positions relative to a stationary Greenland plateof Europe, Jan Mayen
Microcontinent and Iceland Mantle Plume, at 36.6 Ma (Late Eocermflateral slip along
FFZ and JMFZ, due to differential spreading along NE Atlantic and poss$ibisadial
compressional stress from Iceland Mantle Plume, could reactngiielaterally continental
lithospheric faults,such asGreat Glen Fault,in Scotland and Mgre Trgndeldgault, in

Norway.

To investigate this idea more fully, we organized fieldwork in Scotlaid structural
analysis along th&GF, Scotland. bwever we did not have the opportunity to do similar
work along theMTF, Norway. Therefore, in what follow/ will focus the discusion onthe
GGF, Scotland.The main results of thigwork are the subjecif an article in preparation for

Journal of theGeologicalSociety ofLondon

5.2 Cenozoic reactivation of the Great Glen Fault, ScotlandAdditional

Evidence and Possible Causes

Le Breton et al.in review in Journal of the Geological SocyebfLondon
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Cenozoic reactivation of the Great Glen Fault, Scotland: Additional Evidence and

Possible Causes

E. Le Bretol, P.R. Cobboly A. Zanelld
1 Geosciences Rennes, Université Rennes 1, CNRS, 263 Avenue du Général Leclerc,
35042 Rennes, France

*Corresponding authg eline.lebreton@univennesl.i]r

Abstract

The Great Glen Fault (GGF) trenBNE-SSW across Northern Scotland. According
to previous studies, the GGF developed as dd#dtal strike slipdult during the Caledonian
Orogeny (Ordovician to Early Devonian). However, it then reactivated-laggrially in the
Tertiary. We discuss additional evidence for this later phase. At Eathie and Shandwick, minor
folds and faults in fossiliferous Jurassiarine strata indicate pedepositional rightateral
slip. In Jurassic shale, we have found bedd® @ UDOOHO FDOFLWH MHLQV udE
FRQHY WKDW PD\ SURYLGH HYLGHQFH IRU RYHUSUHVVXUH
matter at significantdepth. Thus, the Jurassic strata at Eathie and Shandwick probably
accumulated deeper offshore in the Moray Firth and were subject to Cenozoic exhumation
during rightlateral displacement along the GGF. Differential-8ear spreading along the
North EastAtlantic ridge system generated Wsdteral transpressional displacements along the
Faeroe Fracture Zone (FFEpm the Early Eocene to the Late Oligocene4(7 26 Ma), a
period ofuplift and exhumation in Scotland. We suggest that such differenti@dpgewas
responsible for reactivation of the GGF. Indeed;l&ral slip along the FFZ is compatible

with right-lateral reactivation of the GGF.

Introduction

Scotland lies between thdorth EastAtlantic Ocean to the west and north, and the
North Seao the eastRigure 1). The Great Glen Fault (GGF) is a major Caledonian tectonic
structure that trends NNBSW across all of Northern Scotland. This stskp fault
developed leftaterally during the Caledonian Orogeny, in Ordovician to Early Devonian
times (e.gHutton& McErlean 1991 Soper et al.1992 Stewart et al.2000, 2001Mendum

& Noble 2010). However, previous studies of seismic data from the Inner Moray Firth (IMF)
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Basin, Mesozoic strata onshorerth EastScotland and Tertiary dyk@vams in North West
Scotland, all indicate rigHateral reactivation of the GGF during the Cenozoic (dagate
1969;Underhill & Brodie 1993;Thomsor& Underhill, 1993;Thomsor& Hillis, 1995). The

exact timing and the causes of this reactivation @dfeistertain.

Figure 1. Geologi@al map of Northern Scotland (modified af&tione 2007).

Underhill & Brodie (1993) have shown that the IMF underwent regional uplift during
the Cenozoic. This they attribute to reactivation of the G@séte widely, analyses of sonic
velocities, vitrinite reflectancand apatite fission tracks Verevealed exhumation and uplift
of Scotland during the Cenozoic (&Jaderhill & Brodie, 1993; Thomsor& Underhill, 1993;
Thomson& Hillis, 1995;Clift et al., 1998;Jolivet 2007;Holford et al, 2009, 2010). In the
Early Palaeogene, significant upldtcurred in Scotland. It may have been due to the Iceland
Mantle Plume or part of the North Atlantic Igneous Province (NAIP) @@rgdie & White
1994; Clift et al., 1998;Jones et aJ.2002). However, Cenozoic uplift of Scotland appears to
have been epislic from 65 to 60 Ma, 40 to 25 Ma and 15 to 10 Ma (dajford et al, 2009,
2010). Holford et al.(2010) have suggested that the various episodes of uplift were due to
intraplate stress from the Alpine Orogeny and plate reorganisation inotitie Bhst Atlantic.
Thomson& Underhill (1993) andThomson& Hillis (1995) have also attributed uplift of the
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IMF to Alpine and Mrth East Atlantic events.Le Breton et al.(in review) show that
variations in the amount and direction of $le@ar spreading, along a@nbetween the ridge
systems of the drth East Atlantic, generated relative displacements along major oceanic
fracture zones, the Faerbeacture Zone (FFZ), between the Reykjanes and Aegir ridges, and
the Jan Mayen Fracture Zone (JMFZ), between the AegirMohns ridges. They suggest
that this differential sefloor spreading was responsible for pbstakup compressional

deformationof the North WestEuropean continental margin.

On this basis, the four main possible causes of reactivation of the GI3Eemozoic
uplift of Scotland are: (1) mantle processes around the Iceland Mantle Plume, (pJdtdra
compression from the Alpine Orogeny, (3) ridge push from tbgh\East Atlantic and (4)
variation in the amount and rate of d&mor spreading and pte reorganisation in thedxth
EastAtlantic. In this paper, we investigate the fourth hypothesis. To this purpose, we describe
some field observations of Jurassic outcrops anttNEast Scotland and we discuss possible

causes and timing of reactivatiohtbe GGF.

1. Geological Setting
1.1  Onshorerocks of Scotland

Rocks in Scotland have formed over a time span of a billion years. Various orogenies
were responsible for a wide variety of rock typegyre 1; Stong 2007). The oldest rocks of
Europe (-3 Ga), th Lewisian gneiss, are visible in the Hebrides Islands, NW Scotland,
whereas on the mainland along the NW coast they lie under Neoproterozoic sedimentary
strata of the Torridonian Sandstone (~1 Ga). The Moine Thrust is a major fault that separates
the Lewsian gneiss and Torridonian Sandstone, to the west, from Neoproterozoic
metamorphic rocks of the Moine Supergroup, to the eastorthfastScotland, the Moine
Supergroup lies under the Devonian Old Red Sandstone, famous for its fosd\lifish, (

1851). Further south, from Fort William to Inverness, the GGF separates the Moine
Supergroup from the Dalradian Supergroup. The latter mostly consists of Neoproterozoic
metamorphic rocks and lat@aledonian magmatic intrusions (SiluriBevonian). South of

the Highland Boundary Fault, the Midland Valley is a rift valley containing mostly Paleozoic
strata. The Moine Thrust, the GGF and the Highland Boundary Fault are major tectonic

structures that developed during the Caledonian Orogeny (Ordovician to Earlpi@®yo
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during closure of the lapetus Ocean and continental collision of Laurentia, Baltica and
Avalonia Soper et a].1992).

Mesozoic strata, mostly Jurassic, crop out along trehNVestand North Eastcoasts.
On the MNrth Westcoast, they occur at Anamurchan, Loch Aline and more widely across
the Inner Hebrides; on thdorth Eastcoast, at the mouth of the IMF and along the Helmsdale
Fault Figure 1). At Eathie and Shandwick, minor faults trending-8®%/, along the GGF,
put Jurassic strata againstdORed Sandstone or Neoproterozoic basemémtid 1873,
Holgate 1969;Underhill & Brodie, 1993). From fossil evidence, the strata are Kimmeridgian
at Eathie and Bathonian to Middle Oxfordian at Shandwdckld 1873;Sykes1975 Wright
& Cox 200). In the GolspieHelmsdale area, Triassic to Upper Jurassic strata are more
widespread $tone 2007; Trewin & Hurst, 2009). The Helmsdale Fault separates them from
Neoproterozoic basement or the Late Caledonian Helmsdale Granite, to the west. The Upper
Jurassict% RXOGHU %HGVY DFFXPXODWHG LQ GHHS ZDWHU LQ \
a time when that fault was activiedberts 1989;Trewin& Hurst, 2009).

Intense volcanic activity occurred along theortth East Atlantic margins during
continental breaku in early Paleogene time and resulted in the development of the NAIP
(Saunders et gl 1997). In Mrth WestScotland, this volcanic event was responsible for the
development of large gabbroic intrusive centres (e.g. Isles of Skye and Mull), widespeead lav
flows and dyke swarmd-{gure 1). Several authors have suggestieat the Iceland Mantle
Plume was responsible for thisdespread magmatic activity (e hite& McKenze, 1989;
Saunders et g11997).

During the PliePleistocene, glaciation producedshaped valleys, such as the Great
Glen, and firths. After the last glacial maximum (approx. 18 kyr ago), isostatic readjustment
produced Quaternary raised beaches and may still be ongaitig& Stewart 2000).

1.2 Offshore rocks of North East Scotland

The Mesozoic IMF Basin is a western arm of the North SeaHiffjufe 2, Evans et
al., 2003;Underhill, 1991a). However, the IMF Basin did not form in the same way as the
Central and Viking Grabens of the North S#&&cQuillin et al, 1982). Numerous seismic
surveys have provided good insights into the structural development of the IMF anattine N
Eastend of the GGFHKigure 2; Underhill & Brodie, 1993; Thomson& Underhill, 1993;
Thomson& Hills, 1995). Three major faults have shaped the basin: the Wick &aib
northern edge, the Banff Fault to the South and the Helmsdale Fault to theFilfest Q).
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During Upper Jurassic rifting, fault blocks formed and tilteshderhill, 1991a). However,
according to seismic data, well cores and onshore data, thellstascture of the basin was
that of a haHgraben, the depocentre being next to the Helmsdale Fabtmson&
Underhill, 1993).

Figure 2. Top left: structural map of the North Sea Basin and location of the Inner Moray

Firth (IMF) Basin (modified aftetJnderhill, 19919. Top right: structural map ofMIF Basin

(modified afterEvans et al.2003). Gray lines indicate locations of seismic profiles A and B.

A. Seismic profile of IMF Basin showing p@3ietaceous inversion structure along Wick

Fault at intersection with Great Glen Fault (frofhfhomson& Undehill, 1993). B.
*HRVHLVPLF VHFWLRQ VKRZLQJ W\SLFDO plOUnddhil & WU XFW
Brodie, 1993).

McQuillin et al. (1982) have suggested that a pGatboniferous rightateral
displacement of about 8 km along the GGFsweacritical factor in the development of the
IMF Basin. On the other hantlinderhill & Brodie (1993) have argued that the GGF was
inactive as a strikslip fault, during phases of extension in the IMF, and that the Helmsdale
Fault was then the dominantrtmol on the structure. In contrast, the GGF reactivated in the

Tertiary and waresponsible for regional uplift and basin inversiomderhill, 199%).

161



Chapter 5 +Differential seafloor spreading andeactivation of continental faults

1.3 Evidencefor Cenozoic reactivation of the GGF

The GGF developed as a Hdteral fault during the &ledonian OrogenyHutton &
McErlean 1991; Stewart et al. 200, 2001). However, according to previous studies,
involving seismic data from the IMF Basin and analyses of Mesozoic outcrops and Tertiary
dyke swarms, the GGieactivatedight-laterally in the Tertiary Holgate 1969;Underhill &

Brodie, 1993;Thomsor& Underhill, 1993;Thomsor& Hillis, 1995).

By analysis of the WNWrending PermdCarboniferous dyke swarm of northern
Argyll, on theNorth Westside of the GGFSpeight& Mitchell (1979) infered a rightlateral
displacement of -B km, as well as a considerable downthrow to the SE. Moreblodgate
(1969) deduced 29 km of righdteral slip along the GGF since the Upper Jurassic, from field
observations of Jurassic rocks in Argyll. On the idlahMull, Tertiary dykes are offset right
laterally along the GGHA{gure 1, Thomson& Underhill, 1993), which is consistent with the
previous suggestions bfolgate(1969) andSpeight& Mitchell (1979).

On seismic sections of the IMF Basin, the GGF dpp¢V DV D plORZHU VWUX
inversion structures are visible in thefth Westcorner of the basin, along the Wick Fault
(Figure 2; Underhill & Brodie, 1993; Thomson& Underhill, 1993). From structural studies
along the GGF in Easter Rossdure 2), onshore well data from Tain and seismic data from
the IMF Basin,Underhill & Brodie (1993) have identified folds and faults, trendingSNo
NNE-SSW, in Devonian strata adjacent to the GGF. Moreover, theyshagested that the
Jurassic outcrops in Easteoss along the GGH-igure 2) may be parts of flower structures
that resulted from rightateral slip along the GGF. In Jurassic strata of the Sutherland Terrace
(Figure 2), next to the Helmsdale Faulthomson& Underhill (1993) have described open
folds, attributing them to opposing senses of slip on the Helmsdale Faulatetil) and the
GGF (rightlateral).

Estimates of rightateral displacement on the GGF during the Tertiary are small, from
8 km to 29 km, depending on the studie®lgate 1969;McQuillin et al, 1982;Rogers et
al., 1989;Underhill & Brodie 1993). The exact timing of reactivation is uncertain. Several
authors have suggested that reactivatvas contemporaneous with regional uplift of the
Scottish Highlands, during Palaeocdfecene events of NE Atlantic rifting or during Oligo
Miocene (Alpine) tectonicge.g. Underhill, 199D, Underhill & Brodie, 1993; Thomson&
Underhill, 1993;Thomsor& Hillis, 1995).
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1.4 Evidence for Cenozoic exhumation in Scotland

According to seismic and welllata, the IMF underwent exhumation during the
Cenozoic and the western side of the North Sea tilted to the east(elgrhill, 199D;
Argent et al. 2002). Indeed, Jurassic strata in the IMF@®00-1500 m shallower than they
are in the Viking and Gdral Graben areas to the eaBhomson& Underhill (1993) have
estimated about 1 km of uplift in the West, decreasing gradually eastwards, whergeson
& Hillis (1995) inferred that exhumation removed about 1.5 km of basin fill from the IMF.

Several athors have suggested that Scotland experienced a main phase of uplift in the
early Paleogene, as a result of igneous underplating or dynamic uplift, associated with the
Iceland Mantle Plume and widespread magmatic activity west of Scotldhitie(& Lovell,

1997 Nadin et al, 1997;Clift et al, 1998;Jones et aJ.2002;Mackay et al 2005;Saunders

et al, 2007;Persano et al] 2007). However, fission track analyses on apatite have revealed
that Cenozoic exhumation of Scotland was episodic, @06Ma, H-25 Ma and 15,0 Ma
(Holford et al, 2009, 2010;Jolivet 2007) and mayave continued into Late Neogene time
(Hall & Bishop 2002; Stoker 2002). Holford et al. (2010) have therefore suggested that
regional exhumation of Scotland was due mainly to pltee horizontal forces, resulting
from Alpine orogeny oNorth EastAtlantic events.

Coevally with Cenozoic uplift, widespread compressional folds and reverse faults
developed on the dith WestEuropean continental margin, offshore Scotlai@bldreel &
Andersen1993, 1998Brekke 2000;Hitchen 2004;Johnson et a).2005;Ritchie et al. 2003,

2008; Smallwood 2004; Stoker et al.2005; Tuitt et al, 2010).South of the Faeroe Islands,
such structures (e.g. the Wyvillehomson ridge, Ymir ridges (WYTR)AIpine Dome and
Judd Anticline) formed from the Middle Eocene to the Early Miocesmallwood 2004;
Johnson et aJ.2005;Ritchie et al. 2008;Tuitt et al, 2010. The possible causes of shortening
are a subject for ongoing debate: (1) Alpine stresld fie.g.Boldreel & Andersen 1993,
1998) (2) ridge push from the drth EastAtlantic (e.g.Boldreel& Andersen 1993, 1998)
(3) plumeenhanced ridge push.yndin & Doré, 2002), (4) stress associated with the
development of the Iceland Platedo(é etal., 2008)or (5) differential sedloor spreading
along the Mrth EastAtlantic (Mosar et al, 2002;Le Breton et al.in review).

In this paper, we further investigate the structural evidence for Cenozoidatigtatl
reactivation of the GGF and we diss possible causes, such as differentialflsea

spreading along thead\th EastAtlantic.
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2. Method

Our data come from observations of Jurassic outcrops along both the GGF and the
Helmsdale FaultKigure 3). Upper Jurassic outcrops at Eathie (Kimmeridp@and South of
Shandwick (Porant 5LJK /RZHU DQG OLGGOH 2apRRdh,Grard Bathahi@arcG & D G K
to Middle Oxfordian) are accessible only at low water. Along the Helmsdale Fault, Jurassic
outcrops are more numerous, from Golspie to Helmsdale.

The obectives of our fieldwork were to identify, to measure and to analyse structures
within Jurassic strata and the nature of their contact with the Old Red Sandstone or
Neoproterozoic/Caledonian basement. We have compared our observations with previous
studies and with published seismic data from the IMF, in order to discuss the timing and

possible causes of reactivation of the GGF.

Figure 3. Geological map of brth East Scotland (modified fron$tone 2007). Rectangles

indicate locations of figures-@, 7-9 and10-11.

3. Results
3.1 Eathie

The Jurassic outcrops on the coast at Eathie are easily accessible at low water, via the
pH+XJK O0LO OHU s&judenteOchnsistK bf alternating shale (containing Kimmeridgian
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ammonites) and argillaceous limestone, with some sandstone abttieHdstend of the
outcrop. The Upper Jurassic rocks at Eathie are in contact mostly with Neoproterozoic
basement, except the Nrth Eastend, where they are in contact with the Old Red Sandstone
(Figures 4 and 5. Previous studies, notably a drilling site for coal exploration, indicate that
the Jurassic strata abut a fault, trending NB&EN Eigure 4; Miller, 1851;Judd, 1873;
Institute of Geological Sciences, SheetB873). This fault is probably an eastern splay of the
GGF (e.g.Underhill & Brodie, 1993). We did not see a sharp fault contact; however we did
find evidence for faulting, in the form of breccia between skicastrata and Neoproterozoic
basement.

In the south, the Jurassic strata dip seaward at appres0°4tHowever towards the
North East the dips vary more strongly (from 10 to 90°) around numerous folds, the axes of
which plunge gently and trend from-8lto NESW (Figures 4 and 5. Moreover, several
steep calcite veins, parallel to the GGF, cut the entire Jurassic sequence and their sigmoidal
shapes indicate righateral slip along the faul&{gure 5).

Figure 4. Geological map of Eathie (modified aft@stitute of Geological Sciences, Sheet 94,
1973). Strike and dip of Jurassic strata are variable, as a result of folding next to Great Glen
Fault (GGF). Stereonets (lower hemisphere) show polessttata; great circles are

perpendicular to fold axes. Stars indicate locations of photographs (Figure 5).
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Figure 5. Photographs of Jurassic outcrop at Eathie. A. Contact between Jurassic strata and
Devonian Old Red Sandstone North East area. B. Contacbetween Jurassic strata and
Neoproterozoic basement ioBh Westarea. C. Fold in Jurassic strata adjacent to GGF. D.
Calcite veins righaterally offsetting Jurassic strata. Strike of veins is parallel to Great Glen
Fault (approx. N040°).

Furthermore, we have observed hydraulic fragture the Jurassic shale that were
partially described byonk et al (2003 Figure 6). In fact, dykes and sills of sandstone occur
within Jurassic outcropsl¢nk et al. 6RPH LQMHFWLWHY DUH- VLPLOD
parallel fibrous calcite vein) HFDXVH WKH\ FRQWDLQ [HnERJRQMFED OFLWH
6 ,Q ZKDW IROORZV ZH ZLOO UHIHU WR WKHVH FRPSRVLWI
Hillier & Cosgrove GHVFULEHG LQMHFW-InWFHRWQ HYEBAIHWIK IDQQ GREEF
sandstoa at about 2000 m in the Alba oil field of the Outer Moray Firth, attributing these
structures to overpressure. In other sedimentary basins (for example the Neuquén Basin of
$UJHQWLQD RU DURXQG &KDUPRXWK 8. pEHHEJandHLQV S
maturation of organic matter at a depth of several 8ell¢y 1992;Rodrigueset al, 2009).
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Similarly, the Jurassic shale at Eathie may have accumulated deeper offshore in the IMF
Basin and then may have been subject to-postssic exhumation. i might have occurred

during rightlateral slip along the GGF.

Figure 6.PhoWRJUD SKMnHFIRARIQKY DQG % DQG pPEHHIYT % LQ -XU
C. Interpretation of structures (B).

3.2 Shandwick

Two outcropping areas of Jurassic strata are accessible on the coast, at low water,
south of ShandwickRigure 7). At Portan-Righ, the strata are Lower to Middle Oxfordian in
age; ZKHUHDYV DBM™MRIigR,Diteke fis a complete section from Bathonian to Middle
Oxfordian Gykes1975;Wright & Cox 2001). In both areas, the Jurassic strata abut the Old
Red Sandstone. As at Eathie, this contact is a{SSE/ fault zone, an eastern bramdhhe
GGF (e.gJudd 1873,Underhill & Brodie, 1993).

Port-an-Righ

The Jurassic strata at ParRigh dip generally seaward at approx. 14° to 32°
(Figures 7 and §. However, from the top of the cliffs, a large fold is visible on the waite
platform next to the GGF. The fold is asymmetric and sigmoidal. At deghi\Eastend, the
fold is broadly cylindrical and the fold axis strikes 1$&V, but in the Buth Westthe axis
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plunges at 120° to the Buth West Such a domical structure is typical of rigateral slip
within a multilayer Richard et al., 1991 Further towards the dfth East the dip of the
bedding varies even more (from 12° to the S, througih@®8to the West, to 1@3°to the
East;Figure 7). Across the area, steep caloiteins offsetthe Jurassic strata rigltaterally
(Figure 8). The veins strike at approx. 45° to the GGénk et al(2003) also described right
lateral strikeslip calcitecemented faults with NiSW trends in this area. A fault separates

Jurassic from Devonian strafeigure 8; Jonk et al,. 2003), but we did not see astyiae.

Figure 7. Geological map of Shandwick (modified aftestitute of Geological Sciences,
Sheet 941973). Strike and dip of Jurassic stratee variable at Poranr5LJK D Q Gar& D GK
Righ, as a result of folding next to Great Glen Fault (GGF). Stereonet fordRdRigh

(lower hemisphere, right) shows poles to strata; great circle is perpendicular to nearly
horizontal fold axis, but some datieviate from this. Stereonet for Cadh-Righ (lower
hemisphere, left) shows great circles (for bedding planes), intersecting at steep fold axis.

Stars indicate locations of photographs (Figures 8 and 9).
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Figure 8. Photographs of Jurassic outcrop at Par-Righ. A. Panoramic viewshowing
sigmoidal shape of Jurassic fold next to Great Glen Fault (GGF). This shape is diagnostic of
right-lateral slip along GGF. B. Calcite veins rigldterally offsetting Jurassic strata. C.

Fault contact between Jurassic abdvonian strata.

& D GatRigh

$QRWKHU -XUDVVLF RXWa&anRR)S FigureY?), dith&ugacoass & D G K |
is more difficult. In this area, the Devonian strata dip steeply seaward, whereas tb& Juras
strata dip generally seaward at3&° (Figure 7 2QFH DJDLQ ZH IRXQG pEHHIY
strata, as well as a coal lay&idqure 9).

$W & EaeR{dh there is a clear fault contact between Jurassic and Devonian strata
(Figure 9). The strike of th fault is parallel to the GGF (approx. N040). We found striae,
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indicating both righMateral and reverse slip, which pitch at approx. 8° to tbeN\East Thus

LI WKH pPEHHIY QRZ DW WKH VXUIDFH R2300nQ @@ WiIllRUPHG
window (Rodrigues et al.2009), its exhumation would imply a riglatteral displacement

along the GGF of approx. 118 km. This amount is consistent with previous estimates (e.qg.
Holgate 1969;McQuillin et al, 1982;Rogers et al.1989;Underhill & Brodie, 1993).

Figure 9. Photographs of Jurassic outcrop at CadhRigh. A. Wideangle view of fault

contact between Jurassic and Devonian strata. B. Qlpsgiew of same, showing reverse

and right ODWHUDO VOLS DORQJ **) & D.p™aghteht ofLlQras}dicdaV/ VLF V k
next to GGF.

3.3 Helmsdale

PermaTrias to Upper Jurassic strata crop out along the Helmsdale Fault, between
Golspie and Helmsdald-igure 10). At Helmsdale, the Jurassic rocks are in contact with the
Helmsdale Granite of SiluriaDevonian ageRigures 10 and 1). In this area, the Jurassic
strata are of Kimmeridgian age, as at Eathie; however at Helmsdale layers of conglomerate

(Helmsdale Boulder Beds) alternate with shale, as a result @ésionic sedimentation in the

170



Chapter 5 +Differential seafloor spreading andeactivation of continental faults

footwall of a normal faultThiérault& Stee] 1995;Trewin& Hurst, 2009). The conglomerate

contains Devonian clasts, indicating that Devonian strata lay above the Helmsdale Granite at
the time of faulting. Moreover, steep calcite veins cut the conglomerate, indicating extension

in a direction perpatcular to the Helmsdale FauFigure 11B :H GLG QRW ILQG DQ\
in the Jurassic strata at Helmsdale and this is consistent with shallow burial, by comparison
with the Jurassic strata at Eathie and Shandwick.

Figure 10. Geological map of Helmsdale (modified afteétone 2007). Strike and dip of
Jurassic strata are variable, as a result of folding next to Great Glen Fault (GGF). Stereonets
for Golspie and Helmsdale (lowdemisphere) show great circles (for bedding planes),
intersecting at shallowly plunging fold axes.. Stars indicate locations of photographs (Figure
11).

Another set of steep calcite veins ctite entire sequence and therefore quades the
Jurassic. These veins are sigmoidal, indicatingldédral slip along the Helmsdale fault zone
(Figure 11). Such a motion is compatible with riglateral displacement on the GGF. Indeed,
according to preous studies, folds between the Helmsdale Fault and the GGF may have
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developed as a result of opposing senses of slip on these two Tadteqgon& Underhill,
1993).

Figure 11. 3BKRWRJUDSKV RI -XUDVVLF RXWFURS QHDU +HOPVGL
contact withHelmsdale Granite. B. Sytectonic Jurassic conglomerate containing clasts of
Devonian strata and extensional calcite veins. C. Sigmoidal calcite veingtéstlly

offsetting Jurassic strata. Strike of calcite veins is parallel to Helmsdale Fault.

4. Discussion

At Eathie and Shandwick, folds, faults and veins provide structural eaden post
Jurassic ightODWHUDO UHDFWLYDWLRQ RI WKH **) )XUWKHUPRU
that the Mesozoic strata were subject to several km of burial and then tdupmsdic
HIKXPDWLRQ ,Q FRQWUDVW DW +HORMSD @ihglomeratea) H LV
accumulated at shallower depth, in the footwall of the active Helmsdale Fault. Sigmoidal
calcite veins that cut the Jurassic sequence at Helmsdale indicdseelett displacement on

the Helmsdale Fault. This is compatible witlghtilateral displacement along the GGF
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(Underhill & Brodie, 1993; Thomson & Underhill $W -AQrER®K four
observations provide further evidence for rigteral reactivation of the GGF. However, the
reverse faulting would indicate a local coritektranspression, rather than transtension.

Our observations show clearly that rigateral reactivation of the GGF was post
Jurassic, but we know of no younger strata onshore, other than Quaternary. Subsurface data
from the offshore IMF Basin and th@garent offsets of PalaeoceBecene dykes iNorth
West Scotland all indicate that reactivation occurred in Tertiary tifHeldate 1969;
Underhill & Brodie, 1993;Thomson& Underhill, 1993;Thomson& Hillis, 1995). However,
the exact timing remains undain. Underhill & Brodie (1993) showed that the IMF Basin
underwent regional uplift during the Cenozoic and they attributed this to reactivation of the
GGF. More generally, periods of uplift occurred até8bMa, 4025 Ma and 15.0 Ma and
may have continuk into Late Neogene timeHéll & Bishop 2002; Holford et al, 2009,
2010). Therefore, it seems likely that reactivation of the GGF occurred during one of these
periods Figure 12).

Amongst the possible causes for reactivation of the GGF and for Cengutidicof
Scotland are: (1) mantle processes from the Iceland Plume, (2piateacompression from
the Alpine Orogeny, (3) ridge push from therth East Atlantic and (4) variations in the
amount and rate of sdmor spreading in theNorth East Atlantic. According to recent
restorationsl{e Breton et al.jn review), variations in the amount and direction of-fear
spreading between the Reykjanes and Aegir ridges of treh Rast Atlantic (Figure 13
generated leftateral transpressional displacemealong the FFZ, first in the Early Eocerme (
56-51 Ma) and theifrom the Early Eocene to Late Oligocere47 26 Ma) During the latter
phase, the Jan Mayen Microcontinent (JMMC) rifted progressively (from south to north) off
East Greenland. When thesmntinental areas finally separated, -flear spreading
transferred from the Aegir Ridge to the Kolbeinsey Ridgigures 12 and 13. According to
the stationary hot spot model bawver& Miller (1994) the head of the Iceland Plume was
beneath the easn Greenland Margin at that time. 40-30 Ma). Miller et al. (2001)
suggested that the Iceland Mantle Plume was responsible for (1) rifting at the edge of the
eastern Greenland margin, (2) formation of the Kolbeinsey Ridge west of Jan Mayen, (3)

subsequaet extinctionof the Aegir Ridge and (4) separation of the JIMMC from Greenland.
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Figure 12. Summary and correlation of events. Numbers refer to (1)-lpeskup
compressional deformation offshore Scotland (fidmallwood et aJ.2004; Johnson et a/.
2005; Ricthie et al, 2008; Tuitt et al, 2010); (2) main phases of uplift in Scotland idgr
Cenozoic time (fronHall & Bishop 2002; Holford et al, 2009); (3) sedloor spreading
along North East Atlantic ridge system, differential sélaor spreading along birth East
Atlantic resulting in leflateral slip along Faeroe Fracture Zone (FFZnh@& Jan Mayen
Fracture Zone (JMFZ) (fronhe Breton et al.in review), ridge push, Iceland Mantle Plume
pulse (correlation between age ofsWaped ridges and plume pulse frakhite & Lovell,
1997), development of Iceland Plateau, and compressional Alpohéwamrenean stress field
(from Tuitt et al, 2010). Period of synchronous events (hachured) may represent timing of
reactivation of Great Glen Fault (GGF). For locations of pbstakup compressional

structures offshore Scotland, see Figure 13.

The Middle Eocene to Late Oligocemneas also a period of uplift in Scotland and of
compressional deformation on theth WestUnited Kingdom Continental Margin Eigure
12). Numerous compressional structures developed offshore Scotland (e.g. the Wyuville
Thomson, Ymir ridges (WYTR), the Alpine Dome and the Judd Anticline) from the Middle
Eocene to the Early Miocen€&igure 13, Smallwood 2004;Johnson et a).2005;Ritchie et
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al., 2008;Tuitt et al, 2010).Le Breton et al(in review) have suggested that differential-sea

floor spreading of Mrth EastAtlantic ridges was responsible for compressional deformation

on the continental margin at those times. We suggest furthermorthithalifferential sea

floor spreading was also responsible for reactivation of the GGF. Indeed,-latdedt
displacement along the FFZ is compatible with a rlgtdral reactivation of the GGIFigure

13). The stress field from the Alpine Orogeny gndses from the Iceland Mantle plume may

have amplified the intraplate stress in Scotland, so contributing to reactivation of the GGF.
Because all these processes were active simultaneously from the Late Eocene to the Late
Oligocene €. 37-26 Ma), we consler that reactivation of the GGF probably occurred in this

interval Figure 12).

Figure 13. Position of Europe at 36.6 Ma (Late Eocene), relative to stationary Greenland
plate (Le Breton et al.in review). According to a new method of restoration, differential sea
floor spreading along Reykjanes, Aegir and Mohns ridges generatedatéatil
dispgacements along Faeroe and Jan Mayen fracture zdre8(eton et al in review). Such
displacements are compatible with righateral reactivation of Great Glen Fault and possibly

of Mgre Trgndelag Fault, respectively. Abbreviations: AD, Alpine Dome; AR, Aegir Ridge;
JA, Judd Anticline; MR, Mohns Ridge; RR, Reykjanes Ridge; YRRYage; WTR, Wyville
Thomson Ridge. Map projection is Universal Transverse Mercator (UTM, WGS 1984, zone
27N).
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Conclusions

(1) Our field observations of Jurassic outcrops in Eathie, Shandwick and Helmsdale,
North EastScotland, provide additionavidence for posiurassic rightateral eactivation of

the GGF, under transpression.

(2) 7KH REVHUYDWLRQ RI pEHHIY VWUXFWXUHY LQ -XUDVVL
that this formation must have accumulated deeper offshore in the IMF Basin and been subject

to postJurassic exhumation. Thiexhumation would be compatible with righateral
GLVSODFHPHQW RQ WKH **) :LWK WK Hfokn StRagpioxi Y300 W KD W
2500 m depthRodrigues et al.2009) and with the 8° pitch of striates observed on fault plan

L Q & BueR{gh, weestimate the righiateral displacement along the GGF to be in the order

of 10-18 km.

(3) The timing of reactivation of the GGF remains uncertain; however we suggest that the
GGF reactivated rightterally in a time interval from Late Eocene to Late Oligagen 37

and B Ma. This period coincides with (1) an uplift episode of Scotland, (2) intraplate stress

from the Alpine Orogeny3) Iceland Mantle Plume pulsand more importantly with (3) a
left-lateral slip along FFZ due to differential sk@or spreathg and plate readjustment in the
NorthEast S WODQWLF VHSDUDWLRQ RI WKH -00& pULGJH MXPS
ridges). Indeed, a lefateral slip along the FFZ is compatible with a rigdteral reactivation

of the GGF.

(4) Low-temperature geteconological studies may provide in the future better constrain

on the timing of reactivation of the GGF. However, the vertical motion along the GGF may

not have been significant enough to be visible in such studies. Similar work along the MTF,
Norway, woud provide better constrain on the relation between differential spreading along

the North East Atlantic, left-lateral slip along the FFZ and JMFZ, uplift of Scotland and
Norway, and Tertiary reactivation of the GGF and MTF.
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5.3 General Discussion

In this Chapter and Chapter 4, | harguedthat differential sedloor spreading in the
NE Atlantic generated postreakup deformation of the adjacent Europeamnti@ental
Margin and possibly aeactivation of major continental structures, such as the GGF in

Scotland.

Indeed, ar field observations of Jurassic outcrops at Eathie, Shandwick and
Helmsdale, NE Suland, provided additional evidencér postJurassic rightateral
reactivation of the GGF, under transpressidfe suggest that the GGF reactivated rght
laterally in a time interval from Late Eocene to Late Oligocene (apprexX2@®a) and in
response to differential séor spreading and plate readjustments in the NE Atlantic, which
generated leftateral slipalong the FFZ at this period (Chapter Bhe timing of reactivation
of the GGF remains uncertaim the future low-temperature geochronological studieay
provide better constraimon the timing Similar work along the MTF, Norwaynight also
provide better constraiis on the relatioship between differential spreading along the NE
Atlantic, leftlateral slip along the FFZ and JMFZ, uplift of Scotland and Norway, and
Tertiary reactivation of the GGF and MTF.

Another questiomn this thesis is the poide cause of differential s€éoor spreading.
As suggested in thishapter andcchapter 4, the positionf the Iceland Mantle Plumia the
vicinity of the NE Atlantic Ridge and the timing @$ pulses could explain variatiogin the
direction and rate of sefoor spreading andould generateadial compressive strefSigure
5.1). In the followingchapter, | will focus on this question and discuss more generally the
influence of mantle plume on sélaor spreadingand structural devepment of continental

margins
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Chapter 6

Influence of mantle plumeson seafloor
spreading andstructure of continental margins:

Comparison of NE Atlantic and South Atlantic

In previouschapters, | presented resubtsvariatiors in direction and ratef seafloor
spreading along th&lE Atlantic ridge system,and the influence of such variationson
deformationof the adjacent margirDuring my thesis, | also workefdr three monthas a
trainee at Chevron offices in Houstam the opening of the South Atlanticeanand on the
rifting of the Santos Basin that was influenced by magmatic activity from mantieeplu
During this internship, restorel the prerift structure of the Santoand Campodasins,
interpreting seismic data anging the methodf Chapter 3, in order to quantify tldérection
andthe amounbf extension Moreover, | reviewed thgpreading history of the South Atlantic
and the history ofmagmatism that affected this arééis magmatisnmay haveinfluenced
the opening of the South Atlantic, tlidting style and heat flow historyn this chapter, | will
compareresults of this irgrnshipwith those ofthe NE Atantic in order to discusshe
possibleinfluence of mantle plungeon (1) ratesand locationof seafloor spreading and (2)
structural development of continental margins (during rifting and after breakup).

Indeed, he SE Braziliarregionand he segmenbf the South Atlanticeast of Santos
and Campos basindave somefeaturesin commonwith the NE AtlanticOceanand its
continental margins:

1) Intense magmatic activity occurred in this area betweenl238Ma, leading to the
emplacement of a magmatic province, the PatteadekaFigure 6.1, e.g.Hawkesworth et
al., 2000). This magmatic event was linked to the northward opening of the South Atlantic

Oceanover the Tristan da Cunha hotspot (&.grsvik et al.2006.
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Figure 6.1 General map oSouth Atlantic Oceamn a topographic/bathymetric map from
GTOPO 30 and location of crossection shown in Figure 6.2 (light red lin€xacture zones

in dotted line (RFZ, Romanche Fracture Zone; FFZ, FlorianopBliacture Zone; AFFZ,
Agulhas#alkland Fracture Zone) delimifour segments (Equatorial, Central, South and
Falkland). Aptian salt basingre in orange Large IgneousProvinces in dark red(/,3 W,
Parana; E, Etendeka; Karroo, Sierra Leone Rise and A@)llsmd Seaward Dipping
Reflectors(SDR$ in white Sars represenactive hotspots (F, Fernando; C, Cameroon; Tr,
Trinidade; Sh, St Helena; T, Tristan; V, Vema; B, Bouw@ther abbreviationsCB, Campos
Basin; FI, Falkland IslandsPG, Ponta Grossa Dykeystem; PA, Paraguay Dyke systSB;
Santos BasirModified fromTorsvik et al. (2009).

2) Mantle plumes (Tristan da Cunha Plume in the south and Trindade in the north) were
present during rifting and opening of the South Atlantic Ocean, in CretaceduBedrmary

time (Figures 6.1 and 6.2e.g.Hawkesworth et al.1992;Peate 1997;Cobbold et al.2001).

The Tristan da Cunha hotspot (responsible for the Pdtteradeka Province and Rio Grande
Rise#Valvis Ridge) is considered as a deep plume Tesvk et al, 2006).

3) The SE Brazilian Margin is a volcanic continental margin. SDR sequences occur to North
and South of it and possibly in the Campos Babigyres 6.1 and 6.3 The Santos and
Campos basins on the SE Brazilian Margin, and their conjudest African margins,

contain significant thicknesses of salt.
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4) Phases of exhumation and compressional deformation occurred in SE Brazil in the Late
Cretaceous (initiation at. 80-75 Ma), Paleogene (initiation at 48-45 Ma) and Neogene
(initiation atc. 1815 Ma). A possible cause is intraplate stress from ridge push, especially
from the Nazca plate (e.Gobbold et al.2001, 2007Japsen et al.2012).

Figure 6.2 Map of gravity anomalies South AtlanticColour bar shows anomaly values in
mGal. Outline of offshore Pararand Etendeka (EL) lavas (age in Ma, from Hawkesworth et
al., 2000),Mid-Atlantic Ridge (MAR), major fracture zones (RJFZ, Rio de Janeiro Fracture
Zone; FFZ, Florianopolis Fracture Zone), tracksf Tristan @ Cunha and Trindde hot
spots (unfilled circles with ages in Magsulting seamounts (TR, Trindade; MV, Martin Vaz,
TC, Tristan da Cunha), and other offshore featur&R,(Abrolhos Plateau; CB, Campos
Basin; ES, Esperito Santo Basin; FPoRanopolis Platform; LB, Luderitz BasiRB; NB,
Namib Basin;Pelotas BasinRG, Rio Grande Rise; SB, Santos BadiA, Torres Arches;
WB, Walvis Basin;Modified fromMeisling et al.(2001).

I will first presentcalculations of spreading rates of the South Atlantic and compare
them with those of the NE Atlantic in order to discuss possible influence of mantle plumes on
seafloor spreading. Then, | will present the results of the restoration efifpisgructure n

Santos and Campos basins and a review of the history of magmatism that affected this area
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during rifting. | will discuss in this second part, the influence of mantle plumes on structural

development and poebireakup reactivation of the margin.

Figure 6.3. Crosssection of Campos Basin, SE Brazilian Marfyiim Mohriak et al. (2008).

Location is on Figure 6.1.

6.1 Mantle plumesand variations of seafloor spreading rates

6.1.1 Spreading rates along South Atlantic, east of Santos and Campos basins

| have calculated spreading rates along the South Atlantic (for the region east of

Santos and Campos basins) from isochairegyes between 83.5 Mand present tim@igure

6.4; Muller et al, 199). However, for ages older than 83.5 Ma, no isochrong&darsifiable

due to a long period of normal polarity of the EgrtMagnetic field in the Early Cretaceous
(Chron 34, 120.43.5 Ma).Thus,| haveused the kinematic model @brsvik et al(2009) to
estimatespreading rateketweer83.5 and 13.7 Ma(Figure 6.5). Spreading rates are ftwo
reference poirg, onein thenorth of the studied area (north of Campos Basin)aadherin

the south(southof Santos Basin(Figure 6.6).. Seafloor spreading started at around 112 Ma

in this arege.g. Scotchman et gl2010) sothe calculated ratdsetweenl12 and 131.7 Ma,

correspond to rifting of Santos and Campos l&sin
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Figure 6.4. Map of isochrons of South Atlantic Ocefiom 83.5 Ma to present time (from
Mdller et al., 1999 available onGplates databageused incalculaion of spreading rates for

two reference pointéin black) north and south of studied area (Segment of South Atlantic

east of Santos and Campos basins)
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Figure 6.5. (previous page)Map of position of South America relative to a southern Africa
stationary between 83.5 and 131.7 Mased in calculation of spreading rates for two
reference poin{gn red) north and south of studied area (Segment of South Atlantic east of
Santos and Campos basinRptation poles are from Torsvik et al. (2009).
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Figure 6.6. Spreading rates along South Atlantic, east of Santos and Campos basins, from
131.7 Mato present time

Spreading rates alorthe segment of th8outh Atlanticeast of Santos and Campos
basins,varied through timeSpreading rates were grest@ist afterthe onset of sedloor
spreading (at approx. 2IMa, e.g.Scotchmaret al., 2010, up t06.2 to 6.9 cm/yr. They
decreasedignificantly, downto 2.72.9 cm/yr in Late CretaceousEarly Palaeocenéime
(around 65 Ma) and increased agajnto approx. 5 cm/yin Eocene, Oligocene and Miocene
times Since the last 10 Ma, spreading rates are in the order-8fBd&n/yr.

Spreading rateslong this segment of the South Atlantigred both intime and in
space Indeed, v observe ariationsbetween the northern and southern gafthe segment
In Cretaceous time, the southern part spieapprox. 1lcm/yr faster than the northern part.
However, during the Tertiarglifferencesin spreading rate®etween the north and the south
weremorevariable. The northern part spread faster than the southern gaettarly Eocene
(3.7vs 2.9 cmly) and Oligocene.5vs 3.9 cm/yr) whereas the southern part spread faster
than the northern part in Mide Eocenetime (5.1vs 3.7 cm/yr)andin the Miocene (4.9s3.2
cm/yr). This spatial variation could trigger relative displaceraesbng oceanic fracture
zones €.g.Florianopolis Fracture Zon&igure 6.1), as in the NE AtlanticHowever, more

detailed analysis would becessaryo studysuch relative displacement
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| havecomparedhese spreading ratesth the approximate timing of regional events
in the South Atlantic region, as well as with the results of the NE Atlésgution 6.1.2)

6.1.2 Comparison with NE Atlantic

Figure 6.7 shows spreading rates alongelsegment of the South Atlantieast of SE
Brazil, and those along the NE Atlantic. For both regiomsvecompared the spreading rates
with the timing of plume events, exhumation and compressional deformation on the adjacent
margin and continent, and masompressiongbhass of regionalorogenes (Figure 6.7).

Both in the North East and South Atlantic, $le@r spreading rates varied through
time and show the same tremfter breakup spreading rates gmeaest (67 cm/yrfor the
South Atlantic and 4.5 cm/yr for the NE Atlantic), then they decrease significantly to reach
a minimum (3 cm/yr for the South Atlantic and A% cm/yr for the NE Atlanti¢)before

increasing again.

There is good correlation betweeariations in spreading rate and plume events. In
both regions, breakup follows a period of widespread magmatism and emplacement of a large
igneous province, the ParaBtendeka in the South Atlantic and the NAIP in the NE Atlantic.

In both areas, thesertge igneous provinces are associated with mantle plume (the Tristan da
Cunha Plume and the Iceland Plume, respectively). Magma supply from the plume may
explain the fast sefioor spreading following breakup. Later, the decrease in spreading rates
may be elated to lower activity of the plume (no Iceland plume pulse in Eocene time) or to an
increasing distance between ridge and plume, for example in the South Atlantic, where the
Tristan da Cunha plume crosses onto the African plate in Palaeocene timegh€&€hearease

in spreading rates along the NE Atlantic in Miocene time coincides with the position of the
plume head underneath the Reykjanes Ridge. In the South Atlantic, the increase in spreading
rates may be related to the arrival of the Trindade hotpim oceanic crust and therefore

closer to the South Atlantic Ridge.
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Figure 6.7. Chronological diagram illustratig the variations in spreading ratealong NE
Atlantic andfor South Atlantic (east of Santos and Campos basins) and approximate timing of

regional events (plume events, compressional deformation, exhumatiorogedy.
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In the Late Cretaceous and Paleogene, the SE Brazilian Margin vasraction with
a second mantle plume, the Trindade hot spaufes 6.2 and 6.7 e.g. Thompson et gl.

1998). The plume originated at 90 Ma beneath the interior of the South American
continent and the hotspot track shows eastwarthging ages of onshore volcanintes,

which is may be dueo westward motion of the South American plakég@re 6.2 e.g.
Thompson et gl.1998).Thompson et al(1998) suggested that between 80 and 55 Ma, the
magmawasdisplaced to the south by a deflection at the basieesfubcontinental lithosphere
generating volcanic centres 500 km south of the reconstructed hotspot track. These volcanic
centres are located along transform zones suggesting that these fracture zones leak igneous
rocksoriginating inthe mantle (e.gThompsn et al, 1998;Mohriak and RosendahR2003).

Similar leakage of magma from the plume could haapepenedn the NE Atlantic, along the

JMFZ, in Eocene time when the Iceland Plume was beneath the eastern Greenland Margin.
Indeed, magma from the Icelanduple could have flowedorthwardalong the JMFZThis

would explain the high seffoor spreading rates along the northern part of the Aegir Ridge at
that time.

Severaleventsinducingcompressional deformatiemnd exhumatiosiof the adjacent
continental regioroccurredin both regiongFigure 6.7). As already discussed in Chapter 4,
differential sedfloor spreading along the NE Atlantic ridge appears to be responsible for
compressional deformation of the adjacent continentalgim. In the South Atlanticthe
periods of variatiors in spreading rates along the South Atlantic coincide with [shafggost
breakup compressional deformation in SE Brazil. Howeverther studies would be
necessary to define the possible effect afaten in spreading rates along the SoAtlantic
on compressional deformation in SE BraziRossible causes fobpmpressionatleformation
of SE Brazil are (1far-field stresss from the Andean Orogengnd ridge push from the
Nazca plateand (2) hotspot activity(section 6.2.2 e.g.Cobbold et al. 2007,Japsen et al.

2012).

$ PULBYRASYT RI WKH VSUHDGLQJ D ][LtketiRie 6dbbkdiGnLQ ERW
the South Atlantic andfter EUHDNXS LQ WKH 1( $WIOBBSMLAY AIRQMMH HRILL
with arrival of the plume heaal the spreading axisvhich will be discussed in the following

section.
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6.1.3 Ridge-jump and location of seafloor spreading above plume head

A low gravity anomalyprolongsthe MO magnetic anomaly (120.4 M&) the Santos
Basin figure 6.8. Seismic data indicat¢hat this zoneis underlain by extmaely thin
continental crusfe.g.Cobbold et al. 2001;Scotchman et gl2010).Scotchman et a(2010)
suggestmoreoverthat this zone is failed seafloor spreading centre, representing an early
attempt at breakup and initiation of seafloor spreading through the centre of the Santps Basin
north of the ForianopolisFractureZone (FIFZ),in the eally Aptian. The nmagneticanomaly at
120.4 Ma (MO), east ofthe Torres Arch Figure 6.8 indicates theeffectsof the seafloor
spreading at that time in this aregeafloor spreading propagated northwardbithe Santos
Basin However itoccurredmore to theeastin the Santos Basin ithe Late Aptian Early
Albian, around 112 Ma (e.gcotchman et g12010) A phULGJH MXPS Y thé RouthKH HD V)
Atlantic Ridgethus occurred@long the FIFZabove the Tristan da Cunha plume h@&adure
6.9).

,Q WKH 1( SWODQWLMXPSYLREPDPWUHWBLLGXHW LQJ 7THUWLDU\
As described in previous chapethe seafloor spreadingendedalong the Aegir Ridge and
initiated north of the Reykjanes Ridge, above the Iceland plume head, forming the Kolbeinsey
Ridge around 25 MaMdller et al. (1998) argue that most of the asymmetry in-féaar
spreadings dueto ridge jumparounda plume.lndeed,both in the Soutitlantic and in the
North EastAtlantic, a ridge jump occurred and the new spreading centrdomatedabove a
plume headKigures 6.7 and6.9). The magma supply from the plume maxplain sucha
location of the onset of seHloor spreading.

Thus in boththe NE and South Atlantienantle plumesaveinfluencedthe positions
and rates of seloor spreading. The position of the Tristan da Cunha plume underneath the
Santos Basin during rifting may have also influenced the structural development of this basin

(section 6.2.
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Figure 6.8 Map of marine gravity anomaliesSSE Brazilian Margin.Color bar shows
anomaly values in mGaDffshore Paraa lavasare in red. Unfilled circles (with ages in Ma)
indicatetracks of Tristanda Cunha(south) and Trindaél (north) hot Magnetic Anomaly at
102.4 Ma (MOQ)is from Mdller et al.,1999) Other abbreviationsAP, Abrolhos Plateau; CB,
Campos Basin; FFZF-lorianopolis Fracture ZongFP, Florianopolis Platform; SB, Santos
Basin; TA, Torres ArchesModified from Meisling et a2001).

Figure 6.9 Scheme of ridge jump amubsitionof seafloor spreadingabove plume head)

failure of seafloor spreading in Santos Basin, South Atlantic, and ridge jump ofAtahtic

Ridge to the east, above Tristan da Cunha plume head, at time of breakup (c. 115 Ma), and B)
Cessation of sedloor spreading along Aegir Ridge and ridgemp to the west, above Iceland
plume head, at c. 25 Ma&bbreviations: FFZ, Faeroe Fracture Zone; FIFZ, Florianopolis

Fracture Zone; JMFZ, Jan Mayen Fracture Zone; JMMC, Jan Mayen Microcontinent.
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6.2 Mantle plumes and developmentof continental margins

6.2.1 RIifting in SantosBasinand role of pre-existing structures

On astructural mapof the SantosBasin, for the top of volcanic basemenbélow the
salt layer)rift faults varyin trend which issigmoidal in map viewFigure 6.10). | restored
the pre-rift structure of the Santos Badidetails of restoration are lppendix) predictstwo
main directioms of extension, NE-SSV andNW-SE, and asmall amount of extensigim the
order of 005-0.16 in the NNE-SSW(direction and @6 in the NW-SE direction discussed in
Appendix). The NW-SE direction ofextension corresponds$o the main direction of opening
of the South Atlantic; however thNE-SSW direction is perpendicular and thus quite

surprising.

Figure 6.10. A) Rift framework of Santos and Campos basins on a topographic map
(restoration in Appendix) B) Structure map on top volcanic Basement displaying rift

framework of SantaBasinand a sigmoid trend of faultBrovided by Chevron.

TheseNNE-SSW and NW-SE trendsarealso visible in theorientatiors of dykes that
intrudedin SE Brazilduring the widespread magmatiswh the Parand&tendeka Province
(Figure 6.11). The dykes othe Ponta Grossa Arch trend N\BE, whereaghose of theSao
Paulo +Rio de Janeiro area trend NN&SW, parallel to the coasFigure 6.11A; e.g.
Hawkesworth et al.2000; Guedes et al.2005; Couthinhg 2008). Emplacement of these
dykes (approx. 13827 Ma,; Figure 6.12 e.g. Hawkesworth et al. 2000) was
contemporaneouwith rifting in the SantosBasin. Coastparallel dyke swarmare common
also in Namibia Figure 6.11B; e.g. Hawkesworth et al.1992. Coutinho(2008) suggested
that these dyke swasmepresenthearms of a plumgenerated triple junctioof the opening
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of the South Atlantic Figure 6.11 B). The Ponta Grossa Arch dykes swarm would
correspond to a failedft arm(Coutinhg 2008)

Figure 6.11. A) Dyke swarm inSE Brazil(timing on Figure 6.11modified from Guedes et

al., 2005) and BJre-rift reconstructionof South AtlanticSouth Americand Africa showing
Parana triple junction and correlation of dyke swarms in both continents (modified after
Coutinho, 2008). Abbreviations: NA, North Arm; SA, South Arm; PGA, Ponta Grossa Arch
(failed arm); RJ, Rio de Janei; MT, Montevideo; SP, Sao Paulo; FL, Florianopolis.

The dykes follow preexisting Gondwana structures, such as the Cusiflbanga and
Guapiara fracture zonebi@ure 6.13). Indeed, theSE Brazilhasnumerous sheaones, and
fracturestrending NNE-SSW and NWSE that developed during thHanafricanOrogeny
(Figure 6.13; e.g.Eyes and Eyed993;Mohriak and RosendahR003). These Precambrian
structuresmay have reactivated during the widespread magmatism of the Pd&rmmaeka
provinceand the South Atlantic openingind so may have beaesponsible for the orientation
of the dyke swarms. Moreover, the rift architecture of the Santos Basin, and of the whole
South Atlantic margin, is controlled WW-SE fracture zones that correspond te¢ambrian
structures in cratonic regions, such as SE Br&gure 6.14; e.g. Meisling et al, 2001;
Mohriak and Rosendah2003)
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Figure 6.12. Timing and interpretation ofdyke emplacement in Santos Ar¢fmom
Hawkesworth et al., 1992, 2000; Guedes et al., 2005; Couthino, 2008).

Figure 6.13. Principal structural

lineaments (L) and fault zosd€FZ)

of SE Brazil. Ponta Grossa Arch
dyke swarmis in red. Trends of
lineaments and fault zoagNE-SW
and NWSE) coincide with trends ¢
dyke swarmModified from Eyes anc
Eyes (1993).
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Figure 6.14. Rift architecture of Santos and Campos basins controlled bySEWfending
fracture zones. Left: Reconstructishows conjugate sedimentary basins in the south
Atlantic, segmented by fracture zones (from Mohriak and Rosendahl, 2003). Right: Map of

main rift-related structural provinces, Campos and Santos basins.

These pe-existing structuresrepresent someweak lithospheric zong that are
reactivated duringplumerelatedmagmaticevent(emplacement oflyke swarmsand Parana
Etendeka provinceandduring rifting of the South Atlantic. Indeed, the reactivation of-pre
existing structureshould require less stresshiain the formation of new structureSuch
reactivation occurred on the NE Atlantic continental margin during post breakup
compressional deformation phageg.Doré and Lundin1996;Tuitt et al, 2010;Chapter 4).
The SE Brazilian Margin was also subjecatpostbreakup reactivatiari will discuss in the

following section the possible influence of mantle plsme postbreakup reactivation.

6.2.2 Mantle plumes and reactivation of pre-existing structureson continental margins

The NWSE trending fracture zonestine Santos and Campos basiwmere reactivated
in compressiorduring theLate Cretaceous and Cenoz@kigure 6.15 e.g.Cobbold et al.
2001, 2007).Cobbold et al.(2001) have suggestd that this area was softened hgtspot
magmatism and reactivated righaterally, whereas transfer faults reactivated-letirally
(Figure 6.15. The phases of reactivation coincide with phases of Andean Orogeyuwe

6.7). Thus, it appears thdahe Tristan da Cunha plunefluenced the SE Brazilian margin.
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Indeed magmatic activity from the plume apps&n haveweakenedhe thinned continental
crust which thereforedeformed more easily in response tofiald compressional stresd

the AndearOrogeny.

Figure 6.15. Map showing compressional reactivation of segmented rift system, SE Brazil.
From Cobbold et al(2001).

In the NE Atlantic, the Iceland Plume was in a position to generate variation ef sea
floor spreading ang¢ompressional deformation of the NW European Mal@ihapter 4).
This compressional deformationnsostly located alongNW-SE fracture zones that segment
the margin Figure 6.1 andhas most likely reactivatgore-existing structurg of Lewisian
and Caledonian age€liapter 4). Moreover,radial compressionastresses from the Iceland
Plume, visible athe presenttime on the world stress mapigure 6.17; Cobbold,2008, may

reactivaédoceanic fracture zonesxdNW-SE trendindgautlson the margir{Figure 6.16).
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Figure 6.16 Map of NWSE lineaments that segment the NW European Margudified
from Kimbell et al. (2005)Radial compressional stress (arrow) from Iceland Plume may
have reactivated these NBE faults (Cobbold et al., 2008).

Figure 6.17. Stress map of NE Atlantic Regi¢inom World Stress Map, Heidbach et al.,
2008 showing radial horizontal stress patteanound Iceland Platea(Cobbold, 2008
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Therefore,some possiblénfluences of mantle plunseon structural developmeiaind
evolution of continental margis are: 1) to weaken the continental margin, by intense
magmatic activity, and therefore facilitate reactivation and deformation of the margithée.g.

SE Brazilian Margin); 2) to generate radial stress and reactivate fracture zones on continental
margin (eg.the NW European Margin), and 3) ioducesomevariations in direction and rate

of seafloor spreadingacross oceanic fracture zonésg. NE Atlantic)and subsequent
compressional deformation of the adjacent margin. Other exaraphaantle plume inflence

on plate motionare suggestefor exampleby Cande and Stegmaf2011) in the Indian

Ocean Push forces of the Reunion plume head is suggested to have driven Indian and African
plate motion in Late Cretaceous and Early Cenozoic éintsubsequertectonic events such

as the possible cessation of convergence between AfricBlaadiain the Palaeocene epoch

and the bends of the fracture zones on the Southwest Indian ®dgde and Stegman
2011). Mantle plumesnay thereforehavean important ra in plate motiols and intraplate

deformation.
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Chapter 7

Conclusiors

In this last partl will review the main results of each chapter and syrsadéhem
with respect to thenain question of this thesideveloped in Chapter. Whatare the cause
and consequences of differential Sle@r spreading along the NE Atlantic ridge system?
Then, | will discuss themplicationsof these resultand proposesomeresearcloutlooks that

arisefrom this study.

7.1 Main results
7.1.1 Characterization of differential seafloor spreading along NE Atlantic

Chaptes 2 and 3 present the context of this study and the method used to reconstruct
the opening of the NE Atlanti@he lest kinematic reconstructiomame fromsubdividing the
NE Atlantic into three oeanic segmentfReykjanes, Jan Mayen and Mohnshave used a
method of palinspastic restoration that alloseschoceanic segment to spreadaadifferent
rate.The methodyieldsthe spreading rates and relative displacermbrtween the segments.

Chapter 4 presents newkinematic reconstruction of Europe, relative to a stationary
Greenland plate, during opening of the NE Atlanfilie model takes into account the
formation of the JIMMC and deformation of the NW European Continental Margin dugng se
floor spreadingMoreover itensures a good fit of magnetic anomalies for the complex Jan
Mayen Segment, especially around the Aegir Ridgkee model predictsvariationsin
direction and rate of spreadirgetweenthe Reykjanes, Jan Mayen and Mohns sedsnen
Between Chron 2452.9 Ma)and Chrons 1333.3 Ma)to 8 (26.4 Ma) the Jan Mayen
Segment had a complex spreading history. Rifting of the JMMC off Greenland generated

counterclockwise rotation (~30°) of the JMMQContemporaneousan-shaped spreading
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along the Aegir Ridggeneratectlockwise rotation (~10°) of the eastern side of the Aegir
Ridge.

7.1.2 Consequences of differential spreading on continental margins and interiors

| presented inChapter 4the estimate®f relative displacementalong the FFZ rd
JMFZ and relative rotation of each segmatt resultedrom differential seafloor spreading
betweerthe Reykjanes, Aegir/Kolbeinsand Mohngidges The kinematicmodel predicts a
main period of leHateral slip, of up to 45 kmalong the FFZ between Chron 21 and Chron 8
(Mid-Eocene to Late Oligocene) and up to 20 km along the JMFZ, between Chron 17 and
Chron 13 (Late Eocene to Early Oligocene) and between Chron 8 and Chron 5 (Miocene).
These two periods coincide with the devel@omof compressional structures on the Faeroe
Rockall Plateau and Norwegian Margin, respectively.

Chapter 5 presents results of field observations of Jurassic outcrops, NE Sddtland
mission providedadditional evidences giostJurassic rightateral reactivation of the GGF
under transpressiofthe amount of rightateral displacement along the GGF is estimated at
approx. 1018 km. The timing of reactivation of the GGF remains uncertain; howéver
suggest that it reactivated riglaterally from Late Eocene to Late Oligocee 37 and 26
Ma. This period coincides with (1) an exhumation episode in Scotland, (2) intraplate stress
from the Alpine Orogeny (3) a pulse of the Iceland Mantle Plume, amd importantly with
(3) left-lateral slip along the FEAndeed, leftlateral slip along the FFZ is compatible with

right-lateral reactivation of the GGF.

| therefore suggest that differentiakeafloor spreadingbetween the Reykjanes,
Aegir/Kolbeinsey ad Mohns ridgesvas responsible for
(1) left-lateral reactivation of NWSE trending lineaments along the line of the JMFZ, in the
Late Eocene to Early Oligocene and mostly during the Miocene, and resulting development of
inversion structures on the Norwag Margin;
(2) a constrictional strain, for which the principal directions of shortening &epbximately
N-S and EW, left-lateral strikeslip along NWtrending transfer zones and reactivation of
pre-existing structures of Lewisiaage (trending NWASE, NS and EW) and Caledonian age
(trending NESW) in the Eocene and Early Oligocene, resulting in the development of

inversion structures of various trends (NYE to NESW) on the FaereRockall Plateau;

204



Chapter7 +Conclusions

(3) leftlateral reactivation fo NW-trending transfer zones sylarallel to the FFZ that
probably initiated the Fuglgy Ridge in the NE FaeBbetland Basinuting the Eocene and
Oligocene; and

(4) rightlateral reactivation ofthe GGFin Scotland, following the leflateral reactivatin of
the FFZ.

7.1.3 Cause of differential spreading

| discussed in Chapters 4 and 5, the possible influence of the Iceland Mantle Plume on
differential sedloor spreading along the NE Atlantic. | suggest tha positionof the
Iceland Mantle Plume beneath the eastern Greenland margin, in the vicinity of the JIMMC, in
the Late Eocene and Oligocene, generaejor plate readjustments within the Jan Mayen
Segment, separation of the JMMC and subsequent differential spresmtindeformation
along the European Margin. During the Miocene, the Iceland Mantle Plume remained beneath
the Reykjanes Ridge, and the resulting volcanic activity formed the Iceland Plateau.
Spreading rates were greater along the Reykjanes Ridge, trigygetative displacements
along the FFZ and JMFZ during the MioceMareover, the radial stress generated from the
Iceland Plateau could be responsible for-laféral reactivation ofthe main oceanic fracture
zones and compressional stress on the cartheargin in the Miocene.

Chapter gresents a comparisah NE Atlantic andthe South Atlantic (east of Santos
and Campos basins)discussed more generallye possiblenfluences of mantle plumen
(1) localisation of sede ORRU VSUHB®@®pPpRIDRGLGEDYHLDWLRQ LQ VSUHDG
reactivation of preexisting structtes of continental marginindeed, it appears that the
magmatic activity from the plume in interaction withiféed continental margimay weaken
the thinned continental cruahd thereforéavoursthe reactivation andhe deformation of the
margin in response to fdield compressional stre¢s.g. SE Brazilian Margin). Moreover, the
magma supply from mantle plummay increase spreading rates afatalise sedloor
spreading triggeringSRVVLEOH pULGJH MXPSY HJ EHWZHHQ WKH $
NE Atlantic). At last, push forces from mantle plumeay generate compressional stress that
transmit into the plageand may reactivate preexising structurs of the adjacent continental
margin (e.g. radial stress from the Iceland Plume in Miocene and compressional deformation

of the NW European Margin).
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7.2 Implications and Outlooks

The results of this thesis have implications $tudieson plate motions, intraplate
deformationand driving forcesas well ador petroleum exploration on continental margins.
This work shows that lithospheric plates are not perfectly rigid tad mantle plumesand
seafloor spreadingmay have significant influenee on the compressionalpostbreakup
deformation of adjacent continental margin

The NE Atlantic margins represent attractive hydrocarbon exploration targets for
petroleum industryThis study provides a new kinematic moétal the opening of the NE
Atlantic and therefore a new interpretation of the paleoposition of Europe relative to
Greenland athe time of breakupboth ofwhich have implications for petroleum exploration
of conjugatemargins Moreover, this study provides nemterpretatios of mechanisms at the
origin of compressinal deformation which may be responsible fqretroleumtrapson the
European MarginFurther studies would beecessaryo improveestimatesof the timing of
these compressionatructures andhe amount of shorteningAlso, magmatic activity from
mantle plume may havesignificantly influenced the heat flow historyThis hasimplications
for oil production inthe basins. Therefore, further studies wouldubefulto estimatethe
spatial and tempokanfluences of a plumeon arifted continental margin.

This study also shows thatdifferential sedloor spreadingmay havereactivated
continental lithospheric structigesuch as the f@at Glen Fault (GGF)in Scotland.In the
future, lowtemperaturgeochronological studies may provide better constraints on the timing
of reactivation of the GGF. Similar work along thezid TrgndelagFault (MTF), Norway,
might provide better constraints on the relationship between differential spreading along the
NE Atlanticand Tertiary reactivation of the GGF and MTF.

Several questions arise from this wardow much haglifferential sedloor spreading
affected the European continent?hat are the exact forcabat generagé compressional
deformationand exhumatioron continentalmargirs? How do mantle plumesinfluence
continental margins andontinentalinteriors? \What are the forces generatedby mantle

plumes? How widely do mantle plume#nfluencelithospheric and surface procesaes
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Appendix A: Independentrestoration of each ridge system+TEST 1

Restoration of ReykjanesRidge

Figurel Blockmap for restoration of Reykjanes Ridgefatomay 5(10.3 Mg

Figure 2 Restoration of Reykjanes Ridge at Anomaly 5 (10.3 Ma), 20€eiterations
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Figure 3 Blockmap for restoration oReykjanes Ridge at Anomd#&y19.6 Ma)

Figure 4 Restoration of Reykjanes Ridge at Anon@&(9.6 Ma), after 300 iterations
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Figure 5 Blockmap for restoration oReykjanes Ridge @&nomaly 725 M3

Figure 6 Restoration of Reykjanes Ridge at Anom&a{25Ma), after 500 iterations
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Figure 7 Blockmap for restoration oReykjanes Ridge at Anomdl$ (33.3 Ma)

Figure 8 Restoration of Reykjanes Ridge at Anont8y33.3 M3, after 100 iterations
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Figure 9 Blockmap for restoration oReykjanes Ridge @&nomaly 1534.8 Mg

Figure 10 Restoration of Reykjanes RidgeAnomaly 15 (34.8 Ma), after Qterations
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Restoration of Mohns Ridge

Figure 11 Blockmap for restoration oMohnsRidge at Anomaly 51.0.3Ma)

Figure 12 Restoration oMohnsRidge at Anomaly 5L0.3Ma), after 200 iterations
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Figure 13 Blockmap for restoration oMohnsRidge at Anomaly (19.6Ma)

Figure 14 Restoration oMohnsRidge at Anomal$g (19.6Ma), after 200 iterations
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Figure 15 Blockmap for restoration oMohnsRidge at Anomaly (25 Ma)

Figure 16 Restoration oMohnsRidge atAnomaly 7 (25 Mp after 2@ iterations
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Figure 17 Blockmap for restoration oMohnsRidge atAnomaly 13 33.3 Mg

Figure 18 Restoration oMohnsRidge atAnomaly13(33.3 M3, after 200 iterations
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Figure 19 Blockmap for restoration oMohnsRidge atAnomaly 1534.8 Mg

Figure 20 Restoration oMohnsRidge atAnomalyl5 (34.8 Ma), after400 iterations
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Restaation of Kolbeinsey Ridge

Figure 21 Blockmap for restoration oKolbeinseyRidgeat Anomaly 510.3 M3

Figure 22 Restoration oKolbeinseyRidge atAnomay 5 (10.3 Ma) after200 iterations
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Figure 23 Blockmap for restoration oKolbeinseyRidgeat Anomaly §19.6 Ma)

Figure 24 Restoration oKolbeinseyRidgeat Anomaly §19.6 Ma), after 200 iterations
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Restoration of Aegir Ridge

Figure 25 Blockmap for restoration oAegir Ridgeat Anomaly 7(25 Ma)

Figure 26 Restoration ofAegir Ridgeat Aegir Ridgeat Anomaly 7(25 Ma), after 200
iterations
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Figure 27 Block map for restoration oAegir Ridgeat Anomaly 1333.3Ma)

Figure 28 Restorationof Aegir Ridgeat Aegir Ridgeat Anomaly 1333.3Ma), after 200
iterations
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Figure 29 Blockmap for restoration oAegir Ridgeat Anomaly 5 (34.8Ma)

Figure 30 Restoration ofAegir Ridgeat Aegir Ridgeat Anomaly b (34.8Ma), after 400
iterations
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Appendix B: Results of restoration of whole NE Atlantic +TEST 2

The block map includes a boundary between the Reykjanes and Jan Mayen Segment,
the Faeroe Fracture Zone and the Greenland side of the ridge is assumed stationary

Figure 1 Initial Block Map of Test2 that includes @oundary between Reykjanes arah
Mayensegmentslong Faeroe Fracture Zone (FFYZ Greenland plate is assumed stationary.
Map projection is Universal Transverse Mercator (UTM, WGS 1984, zone 27N).

| have simplified the blck map around the Aegir Ridgad south of the Reykjanes
Ridgeto avoid displacements difie little blocksin thesearea& and to reduce the calculation
time (by reducing the number of blogk$ndeed,once formedthe oceanic cruss assumed
as rigid only relative displacements along fracture zones are possitlerefore for
restoration, for example at Anomaly 5, the little blocks of older magnetic anoraedie®ot
supposed to move ar@hn begrouped into piggerfrigid blocksk 7KHVH pELJJHUY EORI

then redrawrat eachrestoration stage.
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Figure 2 Blockmap for restoration alnomaly 510.3 M3

Figure 3 Restoration at Anomaly 5 (10.3 Ma), afig?00iterations
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Figure 4 Blockmap for restoration at Anomalky (19.6 Ma)

Figure 5 Restoration at Anomaly6 (19.6 Ma), after 800iterations
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Figure 6 Blockmap for restoratiorat Anomaly 7(25 Mg

Figure 7 Restoration at Anomaly (25Ma), after 580iterations
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Figure 8 Blockmap for restoratiorat Anomalyl3 (33.3Ma)

Figure 9 Restorationat Anomalyl3 (33.3 M3, after 200iterations
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Figure 10 Blockmap for restoratiorat Anomaly 1534.8 Mg

Figure 11 Restorationat Anomaly 15 (34.8 Ma), aft@00iterations
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Figure 12 Blockmap for restoratiorat Anomalyl8 (39.4 Ma)

Figure 13 Restorationat Anomalyl18 (39.4 M3, after200iterations
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Figure 14 Blockmap for restoratiorat Anomaly20 (43.2Ma)

Figure 15 Restorationat Anomaly20 (43.2Ma), after200iterations
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Figure 16 Blockmap for restoratiorat Anomaly21 (47.1Ma)

Figure 17 Restorationat Anomaly21 (47.1Ma), after200iterations
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Figure 178 Blockmap for restoratiorat Anomaly22 (49.7Ma)

Figure 19 Restorationat Anomaly22 (49.7Ma), after200iterations
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Figure 20 Blockmap for restoratiorat Anomaly23 (51.3 Ma)

Figure 21 Restorationat Anomaly23 (51.3Ma), after200iterations
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Figure 22 Blockmap for restoratiorat Anomaly24a(52.8 Ma)

Figure 23 Restorationat Anomaly24a(52.8Ma), after 140iterations
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Figure 24 Blockmap for restoratiorat Anomaly24b (53 Ma)

Figure 25 Restorationat Anomaly24b (53 Ma), after 50 iterations
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Appendix C: Results of restoration of whole NE Atlantic£TEST 3

The block map includes a boundary between the Reykjanes and Jan Mayen Segment,
the Faeroe Fracture Zone and the Europe side of the ridge is assumed stationary

Figure 1 Initial Block Map of Test3 that includes aoundary between Reykjanes alah
Mayensegmentslong Faeroe Fracture Zone (FFYZ Greenland plate is assumed stationary.

Map projection is Universal Transverse Mercator (UTM, WGS 1984, zone 27N).

As for Test 2, Ihave simplifed the block map around the Aegir Ridge to avoid
displacements of the little blocksvhich are not supposed to movand to reduce the
calculation time (by reducing the number of blocksjleed,once formedthe oceanic cruss
assumed as rigjdnly rehtive displacementalong fracture zones are possiblaéereforefor
restoration, for example at Anomaly the little blocks of older magnetic anomalies are not
supposed to move artdn be JURXSHG L QNgiR bjogks JFTHKUYH pELJIJHUY EORI

thenredrawn at eactestoration stage.
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Figure 2 Blockmap for restoration aAnomaly 510.3 M3

Figure 3 Restoration at Anomaly 5 (10.3 Ma), afftOOiterations
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Figure 4 Blockmap for restoration at Anomalky (19.6 Ma)

Figure 5 Restoration atAnomaly6 (19.6 Ma), after 800iterations
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Figure 6 Blockmap for restoratiorat Anomaly 7(25 Mg

Figure 7 Restoration at Anomaly (25Ma), after 580iterations

244



Appendix Chapter 3AppendixC

Figure 8 Blockmap for restoratiorat Anomalyl3(33.3Ma)

Figure 9 Restoration at Aomaly13(33.3 M3, after 200iterations
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Figure 10 Blockmap for restoratiorat Anomaly 1534.8 M3

Figure 11 Restorationat Anomaly 15 (34.8 Ma), aft@00iterations
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Figure 12 Blockmap for restoratiorat Anomalyl8 (39.4 Ma)

Figure 13 Restordion at Anomalyl8 (39.4 M3, after200iterations
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Figure 14 Blockmap for restoratiorat Anomaly20 (43.2Ma)

Figure 15 Restorationat Anomaly20 (43.2Ma), after200iterations
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Figure 16 Blockmap for restoratiorat Anomaly21 (47.1Ma)

Figure 17 Restorationat Anomaly21 (47.1Ma), after200iterations
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Figure 18 Blockmap for restoratiorat Anomaly22 (49.7Ma)

Figure 19 Restorationat Anomaly22 (49.7Ma), after200iterations
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Figure 20 Blockmap for restoratiorat Anomaly23 (51.3Ma)

Figure 21 Restorationat Anomaly23 (51.3Ma), after200iterations
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Figure 22 Blockmap for restoratiorat Anomaly24a(52.8 Ma)

Figure 23 Restorationat Anomaly24a(52.8Ma), after 140iterations
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Figure 24 Blockmap for restoratiorat Anomaly24b (53 Ma)

Figure 25 Restorationat Anomaly24b (53 Ma), after 50 iterations
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Appendix D: Modification of restoration program
Calculation of rotation equivalent to atranslation of a point

(1) Select new Blockby order of increasing block number
Let P be a point(of one block)of geographiccoordinates(, @), with | the longitudeand - the
latitude(in degreg.

(2) Conversiondegrednto radian
Angle in radian = Hanglein degee/180

3) Conversionof geographicoordinateg], @) into Cartesiartoordinates (X, y, z)

X 5 FRV- FRV
\' 5 FRV- VLQ
] 5 VLQ-

with R=1 for a sphere

(4) Conversionof Cartesian coordinates (x, y,and thosef map projectior(X, Y)
Chosermapprojection LambertAzimuthal EqualArea

X= |2-x

\}1—2
- |2
Y= \}1—zy

(5) Calculate translation, usingcoordinatesof map projectior(Restoration prograran a plane
Appendix Q
Gives a pointP fwith coordinategX Y 9, which corresponds to point P after translation

(6) Reverseconversion of coordinate®f map projectiorf PILQWR &DUWHVLDQ FRRUGLC

11 DQG JHRJUDSK%D’Q%#R&@}EZQWHV

V1 Xy g

19 -1+ X2

and

- € Arcsin(%)

A= Arctan(z—:)

with R=radiusof the Earth(6371km)

(7) Calculation of the rotation matrix corresponding to the translation
Let bePOa point at the origin.
The rotation that bringBOto P andPOto 3 {6 acombinationof two rotations
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- Rotationaround the y axis, of angle

- Rotationaround the z axis, of angle

$FFRUGLQJ WR WKH SRVLWLRQ RI SRLQWYV 3 D&Bckise WKHVH URW I
7KH URWDWLRQ DURXQG WKH \ D[LV LV FORFNZhevidpHete BRLQW 3
counterclockwise in the north hemisphere.

7KH URWDWLRQ DURXQG WKH ] D[LV LV FORFNZLVH LI SRLQW 3 F
clockwise if West of Greenwich.

The angle- is positive is the point is located in the north hgrhere

The anglel is positive is the point is located East of Greenwich.

With the trigonometric identitysin(-x) = -sin(x), a single rotation matrix &1, &), combining a
counterclockwise rotation around WRy( -), and a clockwise rotation aroundRz(#), brings the point

3 WR 3 RU 3T IRUDQ\ SRVLWLRQ RI SRLQW 3 RU 31

R=RZAA1).(5\ -
cos® 0 —sin®
5\ - ( 0 1 0 > counter clockwise
sing 0 cosd

cosA —sinA 0
Rz(1) <sin/1 cosA 0) clockwise
0 0 1

/JHW EH 5RW WKH URWDWR®R® et DWR) E B tadis3 WR 3

| 5RW (RH]) |
all al2 al3 b1l b12 b13 R11 R12 R13
Rl a21 a22 a23 R(b21 b22 b23 Rot(R21 R22 R23
a3l a32 a33 b31 b32 b33 R31 R32 R33

cos®'.cosA’ —sind' —sin®'.cosA’
R(A,®") | cos®’.sin)'  cosA' —sind'.sind’

sind’ 0 cos®’
O a= cos®'.cos)’ &= —sind’ &= —sin®d’. cos’
&= cos®'.sind’ &= cos’ &= —sin®’. sind’
&= sind’ 8= 0 3= cosP’

cos®. cosA cos®.sind  sin®
R'( A, ®) —sinl cosA 0
—sin®.cosA —sin®.sind cosP

O by=cos®.cos bi,=cos®. sinA bis= sin®
by1= —sina by,=cosA b= 0
bs;= —sin®. cosA bso= —sin®. sink bss= cos®
With
Ri1=ay1011+ay2001+auass Ri=ay1012+ a0+ & abs» Riz=ay1013+ay20o3+ 83033
R21=8p1b1 1+ 8020001 +33031 Ra22=8p101 o+ 80202+ 33032 Raos=ap1D1a+8pad0o3+ 33033
R31=851011+ 8520001+ 883031 R32=8g10121 88200, 85337 Ra33=ag101 5+ 8s0023+ 333033
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(8) Application of this rotation to all the other points of the block (n) let be Q fhe points
corresponding tgn) after therotation

[QYT 5 [Q 5 VQ 5 1]Q
VQT 5 [Q 5 \VQ 5 1]Q
1QT 5 [Q 5 VQ 5 1Q

(9) Reverse onversion of the Cartesian coordinates to geographical coordinates first in radian,
then in degreéin’, &n')

O Returnto (1)
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Auxilary materid for Pger2011TM03087

Variations in aount and directionof seafloor spreadng along theNorth EastAtlantic Ocean
and esultng defomation of the cotinental margin of Norh WestEurope

E. LeBreton™, P.R Cotbold', O. Dauklill, G. Lewis’

! Geoscinces Rennes, Unitgité ce Rennes 1, CRS, 263 Avewue du Généil Leclerc, 35042
Rennes, France

2 Chevron OnshorEurgpe, Seafill House, Hillof Rubisbw, AberdeenAB10 6XL, United
Kingdom

*Correspording authar, eline.lebreton@unv-rennesl.fr

Tedonics | |

Introduction

This appeadx contains:

- figuresof resbration d theopenng of the NE Athrtic for 13 slages from Chron 5 (10.3Ma
to 55.9 Mafor eachrestoration for Model 1 andModel 2; we haveindicatedthe criterion offit
(G) for the restoations d bothmodek on eah figure

- table and agrgph ofthe Gvalues for he restorations of botmodek;

- tables ofthe besHit rotation polesand ther uncertainties (taal misfit, degrees of feedom,
qualty fador, nunberof daa pointsand geat crcle sgment, covaiance matriceg, for each
spreading system, for boh modek.

Map piojedion is UniversalTransverse Mrcator (UTM, WGS 1984, zon27N).
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Hgure 1: Restoration at Chron 5-10.3 Ma - MODEL 1 (G =0.0017) Hgure 2: Restoration at Chron 5-10.3 Ma - MODEL 2 (G = 0.0009)
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Hgure 3: Restoration at Chron 5A - 14.2 Ma - MODEL 1 (G = 0.0016) Hgure 4: Restoration at Chron 5A - 14.2 Ma - MODEL 2 (G = 0.0007)

262



Appendx - Chapter 4

Hgure 5: Restoration at Chron 6 - 19.6 Ma - MODEL 1 (G = 0.0021) Hgure 6: Restoration at Chron 6 - 19.6 Ma - MODEL 2 (G = 0.0009)

263



Appendx - Chapter 4

Hgure 7: Restoration at Chron 8 - 26.4 Ma - MODEL 1 (G = 0.0018) Hgure 8: Restoration at Chron 8 - 26.4 Ma MODEL 2 (G = 0.0024)
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Hgure 9: Restoration at Chron 13- 33.3 Ma - MODEL 1 (G = 0.0023) Hgure 10: Restoration at Chron 13- 33.3 Ma - MODEL 2 (G = 0.0037)
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Hgure 11 Restoration at Chron 17 - 36.6 Ma MODEL 1 (G = 0.0026) Hgure 12 Restoration at Chron 17 - 36.6 Ma - MODEL 2 (G = 0.0041)
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Hgure 13 Restoration at Chron 18- 39.4 Ma - MODEL 1 (G = 0.0017) Hgure 14 Restoration at Chron 18 - 39.4 Ma - MODEL 2 (G = 0.0040)
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Hgure 15 Restoration at Chron 20 - 43.2 Ma - MODEL 1 (G = 0.0017) Hgure 16. Restoration at Chron 20 - 43.2 Ma - MODEL 2 (G = 0.0050)
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Hgure 17: Restoration at Chron 21 -47.1 Ma - MODEL 1 (G = 0.0017) Hgure 18: Restoration at Chron 21 -47.1 Ma - MODEL 2 (G = 0.0048)
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Hgure 19: Restoration at Chron 22 - 49.4 Ma - MODEL 1 (G = 0.0028) Hgure 20: Restoration at Chron 22 - 49.4 Ma - MODEL 2 (G = 0.0058)
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Hgure 21: Restoration at Chron 23 -51.3 Ma - MODEL 1 (G = 0.0039) Hgure 22: Restoration at Chron 23 -51.3 Ma - MODEL 2 (G = 0.0050)
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Hgure 23: Restoration at Chron 24 -52.9 Ma - MODEL 1 (G = 0.0043) Hgure 24: Restoration at Chron 24 -52.9 Ma - MODEL 2 (G = 0.0052)
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Hgure 25: Hnal Restoration at 55.9 Ma - MODEL 1 (G = 0.0037) Hgure 26: Anal Restoration at 55.9 Ma - MODEL 2 (G = 0.0037)
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Calculation of criterion G for each restoration stage, for each model

The criterionG represents the fractiond area of ggps and overlaps:
G=/S
where §; isthetotal suface area of all ggpsand overlaps,and S, isthetotal surface area of al
theblocks (Roubyet al., 1993. A good g@proximationto S is:
S, = L*(D/n)*2
where L is thelength ofalineelement, n is the total nunber of line elements, and O/n)*?is
theroot-mean-squae gap width (Rauby et al., 1993).

Model 1 Model 2
G it G it
Chon5-10.3Ma 0.0017 1000 0.0009 1000
Chron5A- 14.2Ma 0.0016 1000 0.0007 1000
Chon 6-19.6 Ma 0.0021 500 0.0009 1000
Chon 8- 26.4 Ma 0.0018 200 0.0024 750
Chon 13- 33.3Ma 0.0023 750 0.0037 750
Chon 17- 36.6 Ma 0.0026 500 0.0041 500
Chron 18- 39.4Ma 0.0017 500 0.0040 1000
Chron 20- 43.2Ma 0.0017 500 0.0050 600
Chron 21- 47.1Ma 0.0017 500 0.0048 700
Chron 22- 49.4Ma 0.0028 200 0.0058 500
Chron 23-51.3Ma 0.0039 100 0.0050 250
Chron 24-51.3Ma 0.0043 10 0.0052 50
C@B-559Ma 0.0037 10 0.0037 10
Mean G 0.0025 0.0035
Gminimal 0.0016 0.0007
Gmaximal 0.0043 0.0058

it =number of iteration

0.0100

0.0090

0.0080

0.0070

0.0060

0.0050 /\/‘\ — Model 1

0.0040 —— /\/ —— Model 2

0.0030 // B / =
0.0020 - / N /

0.0010 T —

0-0000 T T T T T T T T T T T T T
C5 C5A Ce6 C8 Ci13 Ci7 C18 C20 C21 C22 C23 C(C24 559 Ma

Resbration Stage
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MODH-1

Finite Rotation of the eastern Reykjanes Segment relative to a stationary Greenland plate (Reykjanes Rdge)

Pole of Rotation Parameters/ Uncertainties Qovariance matrix
Sage Age (in Ma)| Latitude (°N) Longitude (°E) Angle (°)| r (km) dF K (N,s) a b C d e f
Chon5 103 71.65 13617 271 0202 37 18360 (50,5 | 6.90360E06 -2.34442E06 1.23087E05 8.93597E07 -4.19974E06 2.24086E05
Chron 5A 142 7365 12808 -3.90 0289 37 12800 (505) | 6.69182E06 -2.45570E06 1.21442E05 1.00014E06 -4.48139E06 2.25113E05
Chron 6 196 76.27 12452 -5.71 0202 37 18360 (505) | 6.42987E06 -2.62878E06 1.19256E05 1.17637H)6 -4.90825E06 2.26015E05
Chon8 264 71.72 13223 -6.96 0397 37 9321 (505)| 6.11536E06 -2.81647E06 1.16531E05 1.40164E06 -5.41070E06 2.27074E05
Chron 13 333 68.42 13340 -7.85 0500 37 7406 (505) | 5.84945E06 -2.92330E06 1.14228E05 1.56788E06 -5.76157E06 2.28269E05
Chron 17 36.6 65.01 13475 -8.16 0631 37 5861 (505) | 5.69249E06 -2.97719E06 1.12837E05 1.66542E06 -5.96037E06 2.29002E05
Chon 18 394 5834 13760 -8.15 0708 37 5227 (505) | 5.55298E06 -3.02943E06 1.11549E05 1.76216E06 -6.15119E06 2.29566E05
Chon 20 432 59.39 13598 -9.01 0860 37 4307 (505) | 5.35639E06 -3.08041E06 1.09756E05 1.88349E06 -6.38489E06 2.30539E05
Chon 21 471 4518 13616 -8.88 1.071 37 3455 (505) | 5.03877E06 -3.06258E06 1.06934E05 1.97511E06 -6.58550E06 2.33005E05
Chron 22 494 4611 13491 -9.51 1338 37 2765 (505) | 4.86205E06 -3.08316E06 1.05234E05 2.07127E06 -6.76670E06 2.34017E05
Chon 23 513 4342 13432 -9.98 1691 37 21838 (505) | 4.66820E06 -3.09008E06 1.03334E05 2.16412E06 -6.94313E06 2.35242E05
Chon 24 529 4097 13275 -1056 2188 37 1691 (505) | 4.41898E06 -3.06708E06 1.00867E05 -3.06708E06 -7.11576E06 2.37100E05
CaB .t 559 3312 13241 -11.08 2906 37 1273 (505) | 4.13972E06 -3.03226E06 9.79752E06 2.34679E06 -7.30847E06 2.39254E05
Finite Rotation of the eastern MohnsSegment relative to a stationary Greenland plate (MohnsRdge)
Pole of Rotation Parameters/ Uncertainties Covariance matrix

Sage Age (in Ma)| Latitude (°N) Longitude (°E) Angle (°)| r (km) dF K (N,s) a b c d e f
Chonb5 103 82.19 8335 -4.71 0.757 37 488 (505) | 1.13846E05 9.28870E07 2.78877E05 2.01685E07 2.32923E06 6.89130E05
Chron 5A 142 7861 10634 -511 1214 37 3048 (505) | 1.10403E05 6.78475E07 2.75064E05 1.66916E07 1.74043E06 6.91472E05
Chron 6 196 78.06 10494 -6.75 1934 37 19.13 (505) | 1.06802E05 3.40517E07 2.70920E05 1.35724E07 9.05389E07 6.93536E05
Chron8 264 72.79 12340 -6.96 2856 37 12.% (505) | 1.02647E05 -2.25357E08 2.65984E05 1.23976E07 -2.31012E08 6.95782E05
Chon 13 333 5949 13449 -6.11 3573 37 10.3 (505) | 9.73399E06 -2.31960E07 2.59661E05 1.28218E07 -5.84361E07 6.99629E05
Chon 17 36.6 5659 13289 -6.47 4033 37 9.18 (505) | 9.35852E06 -3.54206E07 2.550/3E05 1.35866E07 -9.33766E07 7.02450E05
Chron 18 394 4741 13590 -6.37 4609 37 8.03 (505) | 8.97396E06 -5.11627E07 2.50199E05 1.50831E07 -1.39713E06 7.05139E05
Chron 20 432 5753 12647 -8.39 5293 37 6.99 (505) | 8.44346E06 -6.92658E07 2.43309E05 1.79541E07 -1.97683E06 7.09050E05
Chon 21 471 48.36 12860 -8.26 5919 37 6.25 (505) | 7.84366E06 -8.19679E07 2.35172E05 2.07606E07 -2.44145E06 7.13668E05
Chron 22 494 55.37 12172 -1011 6414 37 577 (505) | 7.35696E06 -9.31726E07 2.28314E05 2.41171E07 -2.88545E06 7.17562E05
Chron 23 513 54.30 121.® -10.66 6.789 37 545 (505) | 6.98572E06 -1.01454E06 2.22858E05 2.70720E07 -3.23618E06 7.20436E05
Chron 24 529 55.07 11830 -1171 7.153 37 517 (505) | 6.52936E06 -1.08135E06 2.15925E05 3.03147E07 -3.58362E06 7.24139E05
CB .t 559 62.94 10908 -1524 7571 37 4.89 (505) | 6.01707E06 -1.18949E06 2.07759E05 3.62(B7E07 -4.13488E06 7.28101E05

Parameters: r, total mis..t; K, estimated quadlity factor; dF, degreesof freedom; N, number of data points; s , number of great circle segments; the unvertainty of fracture zone
and magneticanomaly identificationis « =5.00km; ages are after Cande and Kent (1995)timescale.
Covariance matrix:

a
b
c

b
d
e

c
e
f

The units of the matrix elements are radians squared
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Finite Rotation of the eastern Aegir Segment relative to astationary Greenland plate (Kolbeinsey Rdgefrom present-dayto Chron 6 ; Aegir Rdgeandformation of the Jan Mayen
microcontinent from Chron 6to 559 Ma)

Pole of Rotation Parameters/ Uncertainties Covariance matrix

Sage Age (in Ma) | Latitude (°N) Longitude (°E) Angle (°) |r (km) dF K (N,s) a b c d e f

Chron5 103 69.45 13089 -2.57 0248 37 149.3 (505) | 3.35120E05 -2.57099E06 6.80240E05 3.04155E07 -5.18912E06 1.38574E04
Chron 5A 142 66.23 13328 -3.35 0431 37 858 (505) | 3.26758E05 -3.30713E06 6.72789E05 4.41502E07 -6.78447E06 1.39032E04
Chron 6 196 63.92 13363 -4.50 0732 37 505/ (505) | 3.14336E05 -4.28433E06 6.61493E05 6.90794E07 -8.99812E06 1.39727E04
Chron8 264 7423 12388 -7.42 1134 37 3264 (505) | 3.03916E05 -5.62214E06 6.51054E05 1.14885E06 -1.20369E05 1.39997E04
Chron 13 333 7214 12648 -8.15 1354 37 27.2 (505)  2.94412E05 -6.24277E06 6.41959E05 1.43294E06 -1.36110E05 1.40519E04
Chron 17 36.6 -7.60 14905 -6.25 1403 37 26.37 (505) 2.78213E05 -5.75421E06 6.27766E05 1.29226E06 -1.29800E05 1.42263E04
Chron 18 394 -7.65 14766 -6.67 1501 37 2464 (505) | 2.70598E05 -5.94188E06 6.20355E05 1.40679E06 -1.36210E05 1.42847E04
Chron 20 432 -36.96 15187 -12.08 1608 37 23.®2 (505) | 2.55566E05 -5.78563E06 6.05788E05 1.40698E06 -1.37178E05 1.44294E04
Chron 21 471 -4063 15222 -1512 1796 37 20800 (505) | 2.42245E05 -6.17182E06 5.91660E05 1.66807E06 -1.50877E05 1.45259E04
Chron 22 494 -41.72 15173 -16.92 1910 37 19.37 (505) | 2.31476E05 -6.43141E06 5.79872E05 1.88202E06 -1.61333E05 1.46058E04
Chron 23 51.3 -3222 14887 -1397 2012 37 1831 (505) | 2.25475E05 -7.05571E06 5.72548E05 2.30611E06 -1.79447E05 1.46179E04
Chron 24 529 -2596 14553 -1331 2068 37 17.8 (505) | 21077705 -7.33247E06 5.55567E05 2.65098E06 -1.93648E05 1.47273E04
CaB .t 559 -27.84 14532 -15.10 2093 37 17.8 (505) | 1.97342E05 -7.68793E06 5.39159E05 3.09584E06 -2.10572E05 1.48204E04

Finite Rotation of the eastern Kolbeinsey Segment relative to astationary Greenland plate (Kolbeinsey Rdgefrom present-dayto Chron 6; Aegir Rdgeandformation of the Jan
Mayen microcontinent from Chron 6to 559 Ma)

Pole of Rotation Parameters/ Uncertainties Govariance matrix

Sage Age (in Ma) | Latitude (°N) Longitude (°B) Angle (°)| r (km) dF K (N,s) a b C d e f

Chron5 103 70.83 12969 -2.68 19.778 117 592 (1326) 3.89111E06 -1.01950E06 1.05461E05 3.59204E07 -2.81065E06 2.87972E05
Chron 5A 142 67.43 13217 -348 |19.825 117 590 (1326) 3.74889E06 -1.10396E06 1.03626E05 4.18531E07 -3.10401E06 2.88676E05
Chon6 196 6504 13268 -465 19.877 117 589 (1326)| 3.54422E06 -1.20958E06 1.00915E05 5.08446E07 -3.50432E06 2.89723E05
Chon8 264 8313 69.32 -11.00 |19.918 117 587 (1326)| 3.37296E06 -1.27921E06 9.85280E06 5.84298E07 -3.82645E06 2.90655E05
Chron 13 333 81.71 19.99 -16.65 19.921 117 587 (1326)| 3.31102E06 -1.29598E06 9.76109E06 6.07226E07 -3.93254E06 2.91070E05
Chron 17 36.6 8161 18.77 -17.36 19.310 117 6.06 (1326)| 3.19851E06 -1.27880E06 9.45614E06 6.11210E07 -3.89717E06 2.82928E05
Chron 18 394 8111 1374 -18.87 19.959 117 586 (1326)| 3.26734E06 -1.31686E06 9.69578E06 6.31280E07 -4.02907E06 2.91253E05
Chon 20 432 80.70 1123 -20.26 19.935 117 587 (1326)| 3.23202E06 -1.32432E06 9.64455E06 6.43425E07 -4.07911E06 2.91493E05
Chron 21 471 8040 9.80 -2141 19.250 117 6.08 (1326)| 3.18890E06 -1.32307E06 9.57186E06 6.49318E07 -4.10454E06 2.91135E05
Chron 22 494 80.12 8.69 -2243 | 19.953 117 586 (1326)| 3.16746E06 -1.33034E06 9.55147E06 6.59875E07 -4.14839E06 2.91997E05
Chon 23 513 79.99 6.63 -23.33 19.956 117 586 (1326)| 3.16730E06 -1.34514E06 9.54761E06 6.72477E07 -4.19484E06 2.91864E05
Chon 24 529 80.03 7.03 -2345 19.961 117 586 (1326)| 3.15087E06 -1.34682E06 9.52418E06 6.77101E07 -4.21210E06 2.91978E05
CB .t 559 80.03 7.03 -2345 19.961 117 586 (1326)| 3.15087E06 -1.34682E06 9.52418E06 6.77101E07 -4.21210E06 2.91978E05

Parameters: r, total mis..t; K, estimated qudlity factor; dF, degrees of freedom; N, number of data points; s , number of great circle segments; the unvertainty of fracture zone
and magneticanomaly identification is « =5.00km; ages are after Cande and Kent (1995)timescale.
Covariance matrix:

a b c
b d e 276
c e f

The units of the matrix elements are radians squared
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Finite Rotation of the eastern Reykjanes Segment relative to a stationary Greenland plate (Reykjanes Rdge)

Pole of Rotation Parameters/ Uncertainties Covariance matrice
Sage Age (in Ma) | Latitude (°N) Longitude (°B) Angle (°) |r (km) dF K (N,s) a b C d e f
Chron5 103 68.32 13610 -2.54 0.198 37 187.04 (50)5) | 6.89438E06 -2.33052E06 1.23057E05 8.85047E07 -4.17941E06 2.24287E05
Chon 5A 142 64.37 13608 -3.35 0294 37 126.0 (505) | 6.68605E06 -2.44794E06 1.21413E05 9.94685E07 -4.47069E06 2.2523F05
Chron 6 196 7102 13159 -5.15 0402 37 92.07 (505) | 6.42664E06 -2.62193E06 1.19244E05 1.17078E06 -4.89802E06 2.26112E0S
Chron8 264 68.65 13354 -6.57 0.49%6 37 74.83 (505) | 6.10898E06 -2.79759E06 1.16526E05 1.38518E06 -5.38006E06 2.27312E05
Chron 13 333 61.63 13543 -7.08 0560 37 66.07 (505) | 5.83533E06 -2.88718E06 1.14192E05 1.53445E06 -5.70318E06 2.28730E05
Chon 17 36.6 56.96 13553 -7.33 0.606 37 61.04 (505) | 5.66252E06 -2.92003E06 1.12715E05 1.61288E06 -5.87165E06 2.29792E05
Chon 18 394 5164 13611 -7.50 0658 37 56.21 (505) | 5.51124E06 -2.94792E06 1.11385E05 1.68494E06 -6.02299E06 2.30701E0S
Chon 20 432 5307 13580 -8.37 0802 37 46.13 (505) | 5.32812E06 -3.02311E06 1.09643E05 1.82607E06 -6.29393E06 2.31352E05
Chon 21 471 4430 13660 -8.84 1078 37 34.2 (505) | 5.04326E06 -3.06856E06 1.06968E05 1.98071E06 -6.59472E06 2.32945E05
Chon 22 494 4299 13505 -9.32 1301 37 28.44 (505) | 4.85047E06 -3.06388E06 1.05174E05 2.05106E06 -6.73745E06 2.34346E05
Chon 23 513 4119 13430 -0.87 1660 37 22.28 (505) | 4.65189E06 -3.07398E06 1.03218E05 2.14971E06 -6.92425E06 2.35571E05
Chon24 529 3790 13352 -1052 2264 37 16.3 (505) | 4.39888E06 -3.07206E06 1.00647E05 2.26756E06 -7.14612E06 2.37199E05
C®B .t 559 3092 13271 -11.04 2885 37 12.82 (505) | 4.13289E06 -3.025BE06 9.79066E06 2.34095E06 -7.30097E06 2.39345E05
Finite Rotation of the eastern MohnsSegment relative to a stationary Greenland plate (MohnsRidge)
Pole of Rotation Parameters/ Uncertainties Covariance matrice

Sage Age (in Ma) | Latitude (°N) Longitude (°E) Angle (°) |r (km) dF K (N,s) a b c d e f
Chron5 103 81.60 81.76 -4.81 0770 37 48.06 (505) | 1.13319E05 9.23722E07 2.78340E05 2.01224E07 2.32272E06 6.89691E05
Chon 5A 142 7891 10396 -5.29 1920 37 19.Z7 (505) | 1.10280E05 6.66715E07 2.74944E05 1.65562E07 1.71174E06 6.91638E05
Chon6 196 7653 11258 -6.25 1230 37 30.0/r (505) | 1.06675E05 3.46215E07 2.70795E05 1.35891E07 9.21729E07 6.93753E05
Chon8 264 7505 11826 -7.64 2936 37 12.80 (505) | 1.02656E05 -6.35145E08 2.65978E05 1.24563E07 -1.31610E07 6.95665E05
Chron 13 333 69.52 12516 -7.80 3751 37 9.86 (505) | 9.75633E06 -3.20938E07 2.59878E05 1.34121E07 -8.26643E07 6.99097E05
Chron 17 36.6 66.99 12560 -8.06 4191 37 8.83 (505) | 9.43254E06 -4.43809E07 2.55921E05 1.44255E07 -1.17880E06 7.01452E05
Chon 18 394 65.72 12407 -8.78 4770 37 7.76 (505) | 9.02739E06 -6.03673E07 2.50832E05 1.63765E07 -1.65723E06 7.04334E05
Chon 20 432 64.46 12342 -9.70 5497 37 6.73 (505) | 8.56063E06 -8.10647E07 2.44734E05 2.00309E07 -2,30501E06 7.07401E05
Chron 21 471 66.41 11671 -1168 6.177 37 599 (505) | 7.95554E06 -9.78334E07 2.36615E05 2.44867E07 -2.90832E06 7.11989E05
Chron 22 494 66.68 11282 -13.05 6.640 37 557 (505) | 7.45547E06 -1.07252E06 2.29623E05 2.79622E07 -3.31023E06 7.15963E05
Chon 23 513 64.28 11466 -13.19 7021 37 527 (505) | 7.07384E06 -1.16068E06 2.24053E05 3.15870E07 -3.68844E06 7.18865E05
Chon 24 529 65.28 10862 -14.98 7302 37 5.07 (505) | 6.49424E06 -1.16957E06 2.15351E05 3.37248E07 -3.90018E06 7.24074E0S
C®B .t 559 58.19 11634 -1349 7.665 37 483 (505) | 6.13795E06 -1.26115E06 2.09638E05 3.84787E07 -4.33121E06 7.26627E0S

Parameters: r, total mis..t; K, estimated quadlity factor; dF, degreesof freedom; N, number of data points; s , number of great circle segments; the unvertainty of fracture zone
and magneticanomaly identificationis « =5.00km; ages are after Cande and Kent (1995)timescale.
Covariance matrix:

a
b
c

b
d
e

c
e
f

The units of the matrix elements are radians squared
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Finite Rotation of the eastern Aegir Segment relative to astationary Greenland plate (Kolbeinsey Rdgefrom present-dayto Chron 6 ; Aegir Rdgeandformation of the Jan Mayen
microcontinent from Chron 6to 55.9 Ma)

Pole of Rotation Parameters/ Uncertainties Qovariance matrice
Sage Age (in Ma) | Latitude (°N) Longitude (°E) Angle (°) |r (km) dF K (N,s) a b c d e f
Chron5 103 7553 13038 -2.95 0264 37 140.00 (505) | 3.37604E05 -2.72202E06 6.82058E05 3.26634E07 -5.47073E06 1.38286E04
Chron 5A 142 7195 13163 -3.79 0453 37 818 (505) | 3.28785E05 -3.45890E06 6.74273E05 4.71012E07 -7.06973E06 1.38781E04
Chon 6 196 70.26 12888 -511 0752 37 492 (505) | 3.15624E05 -4.40582E06 6.62449E05 7.22443E07 -9.23033E06 1.39555E04
Chon8 264 7293 12552 -1.22 1137 37 3254 (505) | 3.02996E05 -5.60433E06 6.50295E05 1.14522E06 -1.20211E05 1.40097EX4
Chron 13 333 6749 13123 -7.41 1351 37 27.3 (505) | 2.92846E05 -6.15803E06 6.40681E05 1.40339E06 -1.34704E05 1.40714E04
Chron 17 36.6 5863 13463 -7.14 1499 37 24.® (505 | 2.81783E05 -6.42865E06 6.30294E05 1.57448E06 -1.43812E05 1.41556E04
Chon 18 394 4054 14168 -6.3 1581 37 2341 (505) | 276918E05 -6.57201E06 6.25567E05 1.66589E06 -1.48495E05 1.41909E04
Chron 20 432 9.07 14777 -6.77 1747 37 21.18 (505) | 2.67469E05 -6.95227E06 6.16049E05 1.91086E06 -1.60210E05 1.42518E04
Chron 21 471 -17.37 15055 -9.54 1908 37 19.3 (505) | 2.53132E05 -7.25509E06 6.01471E05 2.18036E06 -1.72551E05 1.43598E04
Chron 22 494 -9.26 14696 -9.38 2084 37 176 (505) | 2.39508E05 -7.53782E06 5.87084E05 2.47477E06 -1.85002E05 1.44619E04
Chron 23 513 -9.34 14562 -1004 2000 37 189 (505) | 2.28652E05 -7.74116E06 5.75163E05 2.72370E06 -1.95029E05 1.45426E04
Chron 24 529 -13.14 144.00 -11.09 2059 37 1797 (505) | 2.14892E05 -7.69752E06 5.59844E05 2.86006E06 -2.00914E05 1.46651E04
CaB .t 559 -26.23 14551 -14.74 2106 37 17.5 (505) | 1.98802E05 -7.84667E06 5.40631E05 3.19841E06 -2.13921E05 1.47910E04
Finite Rotation of the eastern Kolbeinsey Segment relative to a stationary Greenland plate (Kolbeinsey Rdgefrom present-dayto Chron 6 ; Aegir Rdgeand formation of the Jan
Mayen microcontinent from Chron 6to 559 Ma)

Pole of Rotation Parameters/ Uncertainties Qovariance matrice
Sage Age (in Ma) | Latitude (°N) Longitude (°E) Angle (°) |r (km) dF K (N,s) a b c d e f
Chonb5 103 74.79 13133 -2.93 19.779 117 592 (1326)| 3.91855E06 -1.03367E06 1.05774E05 3.64884E07 -2.83859E06 2.876%E05
Chron 5A 142 7094 13221 -3.73 19.812 117 591 (1326)| 3.76973E06 -1.11473E06 1.03874E05 4.23204E07 -3.12510E06 2.88454E05
Chron 6 196 68.79 13081 -5.00 19.863 117 5.89 (1326)| 3.55452E06 -1.21445E06 1.01044E05 5.10734E07 -3.51415E06 2.89634E05
Chon8 264 83.83 7464 -10.88 19.903 117 5.83 (1326)| 3.40840E06 -1.30832E06 9.89661E06 6.01626E07 -3.88794E06 2.90161E05
Chon 13 333 8165 1652 -17.25 19.908 117 583 (1326)| 3.32325E06 -1.31057E06 9.77506E06 6.16955E07 -3.96893E06 2.90866E05
Chron 17 36.6 80.56 873 -20.08 19.914 117 583 (1326)| 3.29100E06 -1.32335E06 9.72599E06 6.32305E07 -4.03559E06 2.91048E05
Chron 18 394 81.25 1284 -1891 19.921 117 5.87 (1326)| 3.28140E06 -1.32943E06 9.71402E06 6.39295E07 -4.05689E06 2.91086E05
Chron 20 432 80.30 5.28 -2190 19.936 117 5.87 (1326) 3.26829E06 -1.35301E06 9.68859E06 6.60805E07 -4.14300E06 2.91010E05
Chon 21 471 79.17 -3.80 -26.56 19.933 117 587 (1326)| 3.30338E06 -1.41939E06 9.71997E06 7.10129E07 -4.32307E06 2.90201E05
Chron 22 494 79.96 -1.14 -25.38 19.942 117 587 (1326)| 3.25310E06 -1.42955E06 9.65214E06 7.29963E07 -4.38724E06 2.90525E05
Chron 23 513 7955 0.98 -2562 19.934 117 5.87 (1326)| 3.20217E06 -1.38660E06 9.58804E06 7.01466E07 -4.29867E06 2.91325E05
Chron24 529 7815 -5.17 -30.20 19.942 117 5.87 (1326)| 3.24697E06 -1.40902E06 9.63906E06 7.10087E07 -4.34076E06 2.90799E05
C®B .t 559 7841 -4.51 -29.79 19.944 117 587 (1326)| 3.22662E06 -1.41396E06 9.61111E06 7.18972E07 -4.36974E06 2.90920E05

Parameters: r, total mis..t; K, estimated qudlity factor; dF, degrees of freedom; N, number of data points; s , number of great circle segments; the unvertainty of fracture zone
and magneticanomaly identificationis * =5.00km; ages are after Cande and Kent (1995)timescale.
Covariance matrix:

a b
b d
c e

c
e
f

The units of the matrix elements are radians squared
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Appendix Restoration of Santos and Campos basins

Appendix: Restoration of pre-rift structure of Santos and Campos lasins

During an internship at Chevron officesHouston | had the opportunity to work on data
from the SE Brazilian Margin ang study the rift structure of the SastBasin. The purpose
of this internship was to restore the -pifé structure of the Santos Basin, using the mettiod
Chapter 3, in order tougntify the amount and direction ekxtension| also restored the pre
rift structure of the Campos Basin, using published d@itdas appendixdescribes the

restoratios of the Santos and Campos basietep by step
1. Restoration of pre-rift structure of Santos Basin
First Restoration

In order to restore the prét structure of the Santos Basin, | used a structural abtap
the topof volcanic basementvhich providesfault heavesKigure 1). To this map ofcut-off
lenses, ladded artificial faults in order toonstruct a block map of the Santos Basiigre
2). Figure 3 illustrates the estoration after 2000 iterationBhe restoration shows two main
directions ofextension NNE-SSW and NV-SE, resultingin the sigmoid trend of the faulis
map view(Figure 1). From this restoration, | estimated the amounextensionin various
directiors. | estimatedhe extensiond) by comparing the initial length (before rifting) nd

final length (after rifting],), thuseis equal to @-lo)/lo.

Figure 1. Structure mapof faults intop volcanicbhasement displaying rift framework of
Santos BasirProvided by Chevron.
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Figure 2. Right block map showingrtificial fault (to the hinge line)Left: block mapfor top

of volcanichasemenin Santos Basin

Figure 3. Resultsof restoration after 2000 iterations using block map of Figure a@hd

amount okextension (table)External boundary is shown for current state (dashed line).

The calculated amount @xtensionis very small (0.046 to 0.061). However, some
problematic areas are visible in the restoration, where gaps are not closed, and therefore the
amount is underestimated. This is mostly due to a difference in acquisitidre afata,

between 2D and 3D seismic data.
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Figure 4. Problematic areas in restoratiorde to2D vs 3D data), all gaps are notosed;

amount ofextensions thereforeunderestimated

| drew tis block map from the topf volcanic basement. However, on seismic lines,
there aredeeper horizons in the basement. These deeper horizons may represent more
accurately the preft structure of the basin. Therefore, for a small area | mapped these
horizons, reevaluated the fault lawe corresponding to each visible horizon and the

restoration.
Seismic data: Re-evaluation of fault heave

The first structural map showed the rift framework on top volcanic basement. During
my internship, | interpreted seismic lines of an area ofStetos Basin where faults show
sigmoid trend Figure 5). | mapped horizons below the toplcanic basement in the acoustic
basement. | mapped two horizons using Seiswork softWwagare 6) and estimated the depth
and dip of each horizon using Gocad sofev@igures 7, 8, 9. The heave of the faults
changes significantly from the teglcanic horizon to the deeper horizon, which therefore
may change the results of restoration and calculaticext&nsion Therefore, | constructed

block maps form the faulteaves and restore each horizBig@res 1019).
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Appendk - Redoration of Santosand Gamposhbasns

Caurtesyof PGS

B

Figure 5. A) Location
of sasmic data of
Santos Basin used to
re-evaluat fault heave
in aocousic basenent
and B) exampé of
cross section showng
mappingof horizonsin
aocousic basenrent
(Provided by Chevron,
Courtesyof PGS.

Figure 6. Seismic Lineswhere (1) Horizons1 and (2) Horizon 2 were mgpped. Colour bars

indicate deth in km.
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Appendk - Redoration of Santosand Gamposhbasns

Figure 7.

Depth and dp of
Top Volcanic
Horizon

Figure 8.

Depth and dp
of Amusic
Basenent —
Horizon 1

Figure 9.

Depth and dp of
Acousic
Basaenent —
Horizon 2
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Appendix Restoration of Santos and Campos basins

Second Restoration (of three horizons)

Figure 10.

Map of cutoff lenses of Top
volcanichorizon

Figure 11.

Block Map of Top Volcanic
horizon

Figure 12.

Restoration of Top Volcani
horizon
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Appendix Restoration of Santos and Campos basins

Figure 13.

Map of cutoff lenses of
Horizon 1, in acoustic
basement below teyolcanic
horizon

Figure 14.

Block Map ofHorizon 1, in
acoustic basement below to|
volcanic horizon

Figure 15.

Restoration ofHorizon 1, in
acoustic basement below to|
volcanic horizon
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Appendix Restoration of Santos and Campos basins

Figure 16.

Map of cutoff lenses of
Horizon 2, in acoustic
basement below teyolcanic
horizon and Horizon 1

Figure 17.

Block Map ofHorizon 2, in
acoustic basement below to|
volcanic horizon and Horizor
1

Figure 18.

Restoration ofHorizon 2, in
acoustic basement below to|
volcanic horizon and Horizor
1
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Appendix Restoration of Santos and Campos basins

Figure 19.Calculation ofextensiorfrom restoratiors of each horizon

Restoration ofthe deeper horizon in the acoustic basement prediaghtly higher
amouns of extensionin the NESW direction (0.16Figure 19). However, this amount of
extensionis still very low and not enough to explain ttedal extensionon the SE Brazilian
Margin. This could reflect differencein weakness between the lower and upper crust,
suggesting an asymmetric raniform mode of extension. Also, the Santos Basin sudigect
to magmatic activity from the Tristan da CunhaurRke. It is most likely that dyke
emplacement occurred in the basin; it wothds be necessary to estimate the amount of
extension that resulted from such magmatic activity. Further studies woulktedorebe

necessaryo re-evaluate the accurate amouneatensionn this region
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Appendix Restoration of Santos and Campos basins

2. Restoration of pre-rift structure of CamposBasin

| also restoréd the prerift structure ofthe Campos basin, Brazil, for which structural data
(fault location and heave) are in the public domhproduced a faulblock map of the area,
using datafrom Guardado et al(1990) (Figure 20). | digitized the normal faults and their
cut-off lenses, and subdiedthe area into blockg-{gure 21).

Figure 20. Structure map on top acoustic Basement, Lower Cretaceous basalts, displaying

rift framework of Campos basin (froBuardado et al., 1990

Figure 21. Fault block map of CampoBasin fromdata of Guardado et al(1990. Fault
blocks have numbers (1 to 10Blocks 1 to 3 are stationary
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