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PROGRAM
 
 

Wednesday, September, 19th, 2007 
 
12:30 - 13:00  placing of all posters 

(posters will be exposed during all the meeting) 
 
 
13:00 - 13:30  INTRODUCTION
 
 
chairmen: J.Dercourt and P.Huchon 
 
Historical overview and development of concepts 
13:30 - 14:00  

Before the revolution: from Eduard Suess and Gustav Steinmann to Harry Hess and Plate 
Tectonics (D.Bernoulli and H.C.Jenkins) 

14:00 - 14:30  
From onset of Plate Tectonics to the present-day view of the OCT (X.Le Pichon) 

 
What is an OCT?  
14:30 - 15:00  

Breakup of orogenic continents (B.Taylor) 
15:00 - 15:30  

From continental rifting to seafloor spreading in magma-limited environment  
(B.Tucholke and J.C.Sibuet) 

 
Geophysical characteristics of OCT  
15:30 - 16:00  

Geophysical characteristics of the OCT (T.Minshull) 
 
 
16:00 - 16:30 Coffee break - posters 
 
 
Geological characteristics of OCT  
16:30 - 17:00  

What is the basement in the ocean-continent transition? Mantle domains and links between 
orogenic lherzolites, ocean-continent transition zones and ultra-slow spreading ridges 
(O.Müntener) 

 
Related posters: 3min presentation / poster (5) 
17:00 - 17:30  
 

Percolation of lithospheric mantle by asthenospheric melt and its influence on continental 
breakup 
G. Corti, G. Ranalli, G. B. Piccardo and Piero Manetti 
 



 
Deformation and melt migration in the upper mantle in ocean continent transition zone: the 
Lanzo massif example (Western alps, Italy). 
M.A. Kaczmarek and O.Müntener 
 
Mantle exhumation at magma-poor rifted margins due to melt suppression during continental 
break-up and seafloor spreading initiation. 
R.J. Fletcher, N.J. Kusznir and M. J. Cheadle 
 
Upper mantle behavior during continental breakup: petrological and geochemical data from the 
Galicia Margin Ultramafic Ridge 
Kornprobst J., G.Chazot and S.Charpentier 
 
Ultramafic debris flows in the Lherz region and the exhumation of the subcontinental Pyrenean 
mantle.  
Y. Lagabrielle, J.L. Bodinier, J.M. Dautria, V. Vignon, M. Neumaier and C. Lefebvre 

 
 
(30’ general discussion) 
 
 
18:30 - 20:00 Ice Breaker Party - Académie des Sciences 
 
 



 

Thursday, September, 20th, 2007 
 
 
Deformation processes leading to continental break-up  
chairman: J.P. Brun 
08:30 - 09:00  

The nature and origin of detachment faults in the context of the geodynamical evolution of 
passive continental margins (G.Lister and Forster M.A.) 

09:00 - 09:30  
Mantle serpentinization, detachments, and polyphase faulting during the development of non-
volcanic rifted margins (T.Reston) 

09:30 - 10:00  
What is the role of detachment faulting in rupturing continental lithosphere: constrains from 
field observations (G.Manatschal) 

 
Related poster: 3min presentation / poster (1) 
 

Styles of detachment faulting on the Mid Norway rifted margin 
P.T. Osmundsen and J. Ebbing 

 
 
(30’ general discussion) 
 
 
10:30 - 11:00 Coffee break - posters 
 
 
Magmatic systems associated with continental break-up 
chairman: J.Kornprobst 
10:45 - 11:15 

Break-up when the mantle is extensively melting : the case of Volcanic Passive Margins 
(L.Geoffroy) 

11:15 - 11:45  
Slow spreading mid-ocean ridges and the onset of oceanization at rifted continental margins 
(M.Cannat, D. Sauter, G. Manatschal and G. Peron-Pinvidic) 

 
Related posters: 3min presentation / poster (4) 
11:45 - 12:00  

 
The thermal regime at the Ocean-Continent Transitions from heat-flow observations and 
constraints 
F. Lucazeau, S. Leroy, A. Bonneville, B. Goutorbe, E. d'Acremont, F. Rolandone,  L. 
Watremez, D. Dusunur, P. Tuchais,  P. Huchon and N. Bellahsen 
 
Implications of postrift magmatism in the ocean-continent transition zone on the Newfoundland 
rifted margin: insights from the U reflection. 
D.J. Shillington and G. Péron-Pinvidic 
 
Syn-and post-breakup magmato-tectonic evolution of the mid-Norwegian volcanic rifted margin 
L. Gernigon, O. Olesen, J. Ebbing , S. Wienecke and& R. Myklebust 
 



 
The Cretaceous Peri-Atlantic Alkaline Province (PAAP): deep mantle plume origin or shallow 
lithospheric break-up? 
G. Matton and M. Jébrak 

 
 
(30’ general discussion) 
 
 
12:30 - 14:00 Lunch 
 
 
POSTER SESSION: WORLD EXAMPLES OF OCT 
 
chairman: G.Péron-Pinvidic 
 
14:00 - 15:00  
3min presentation / poster (21 posters) 
 
15:00 - 18:00  
subsequent poster session 
 
 
Aden (1) 
 

Structure and evolution of the Continent - Ocean Transition zones of the eastern gulf of Aden 
passive margins 
S. Leroy, E. d’Acremont, J. Autin, L. Watremez, F. Lucazeau, M.O. Beslier, S. Rouzo, C. 
Tiberi, N. Bellahsen, C. Robin, P. Razin, P. Huchon, J. Perrot, F. Mouthereau, F. Rolandone, A. 
Ribodetti, F. Sage, E. Ebinger, G. Stuart, A. Al-Lazki, K. Al-Toubi, K. Khanbari 

 
 
Atlantic (4) 
 

The Newfoundland-Iberia conjugate margins: Implications for the mechanics of extension 
during the final thinning phase prior to mantle exhumation and seafloor spreading 
J. R. Hopper, G. Manatschal, L.L. Lavier, G. Peron-Pinvidic and O. Müntener 
 
Deep crustal strucure of the Morrocan continental margin from reflection and wide-angle 
seismic data.  
F. Klingelhoefer, C. Labails, E. Cosquer, S. Rouzo, L. Géli, D. Aslanian, J.-L. Olivet, M. 
Sahabi, H. Nouzé and P. Unternehr 
 
The many lives of the Bermuda Seamount 
F.Aumento and N. Hutchins 
 
Crustal-scale geometries and architecture along the Northeastern Brazilian margin based on 
integrated analysis of seismic reflection and potential field data and modelling. 
O. A. Blaich, F. Tsikalas and J.I. Faleide 

 
 
 
 



 
Iberia  (5) 

 
Preliminary results from new wide-angle and MCS data at seismic line IB02: the southern edge 
of the Galicia Bank 
A. Afilhado, N. Lourenço, L. Matias, C. Corela, F.M.M. Pimentel, M.P. Abreu, J.M. Miranda, 
and EMEPC Team 
 
Small to large scale heterogeneity and potential field signature at the ocean-continent 
transition: south segment of the West Iberian Margin 
A. Afilhado, L. Matias, L. Mendes-Victor 
 
New seismic reflection images of the Zone of Exhumed Continental Mantle (ZECM) at the 
Iberian Abyssal Plain Ocean-Continent Transition 
N. Lourenço, A. Afilhado, F.M.M.  Pimentel, L.M. Matias, M.P. Abreu, and the EMEPC Team 
 
The interplay of OCT and Miocenic deformation in the Tagus Abyssal Plain 
M.C. Neves, A. Afilhado and M. Matias 
 
How would hypothesized mass wasting affect our interpretation of the Iberia drilling transect ? 
S.A. Clark and D.S. Sawyer 
 

 
Norway (1) 
 

New insights into the Møre volcanic margin, offshore mid-Norway, from a three-dimensional 
density and magnetic model  
R.F. Reynisson, J.  Ebbing and L. Gernigon 

 
 
Antarctic (2) 
 

Characterising circum-Antarctic continent-ocean boundaries: geodynamic and tectonic 
consequences 
K. Gohl 
 
Breakup and early seafloor spreading between India and Antarctica 
C. Gaina , R.D. Müller, B. Brown, T. Ishihara and S.Ivanov  

 
 
Black Sea (1) 
 

Characterizing thin crust in the eastern Black Sea using wide-angle seismic data. 
D.J. Shillington, C.L. Scott, T.A. Minshull, R.A. Edwards, P.J. Brown and N. White 

 
 
Arabian Sea (1) 
 

A re-evaluation of the Ocean-Continent Transition from seismic volcano-stratigraphy of the 
Cenozoic stratigraphic record of the eastern Arabian Sea. 
G. Calves, A. Schwab, M. Huuse, P. Clift. 

 
 



 
Field analogues (6) 
 

An Ocean-Continent transition preserved in the HP-LT ophiolitic units of northern Corsica.  
F.  Meresse, Y. Lagabrielle, A. Chauvet, J. Malavieille and B. Ildefonse 
 
Relics of oceanic detachment-related structures within the Corsican ophiolites : witnesses of 
possible Tethyan OCT.  
C. Lefebvre, A. Chauvet, M. Andréani, F. Meresse, Y. Lagabrielle and E. Masini  
 
Bay of Biscay-Western Pyrenean: a natural laboratory to study extreme crustal thinning in a 
transtensional environment  
S. Jammes, G. Manatschal and L. Lavier 

 
Unravelling the interaction between mantle processes and the tectono-sedimentary evolution 
during continental break-up in the alpine tethys margins. 
G. Mohn, G. Manatschal, O. Müntener and N. Kusznir 
 
The geochemical and mineralogical composition of sediments overlying detachment faults in an 
Ocean Continent Transition:  what do they tell us? 
A. M. Karpoff, G. Mohn, E. Masini, G. Manatschal and J.F. Ghienne 
 
The birth of the Rio Itapicuru greenstone belt, Bahia-Brazil, at a Paleoproterozoic magma-poor 
rifted continental margin 
E.P. Oliveira 
 
 
 



 

Friday, September, 21th, 2007 
 
 
Modeling continental break-up  
chairman: M.Cannat 
8:30 - 9:00  

Symmetry, width, and depth dependent extension at passive margins, control of lithospheric 
rheological stratification and strain weakening (R.Huismans) 

9:00 - 9:30  
Modeling the rheological evolution of continental break-up (L.Lavier) 

9:30 - 10:00  
Lithosphere-asthenosphere relationships during continental break-up (E.Burov) 

 
Related poster: 3min presentation / poster (1) 
 

The rift to drift transition at non-volcanic margins: insights form numerical modelling. 
M. Pérez-Gussinyé, J. Phipps Morgan, T. J. Reston and C. R. Ranero 

 
 
(30’ general discussion) 
 
 
10:30 - 11:00 Coffee break- posters 
 
 
Depth-dependent thinning 
chairman: B.Taylor 
11:00 - 11:30  

Examples of depth dependent continental lithospheric extension (G.Karner) 
11:30 - 12:00  

Modelling depth-dependent lithosphere thinning leading to continental breakup and rifted 
margin formation (N.Kusznir) 

 
Related posters: 3min presentation / poster (2) 
12:00 - 12:10  
 

Observations about continental crustal thinning inferred from Reflection and Refraction Seismic 
Data Analysis on Central Atlantic margins 
C. Labails and GM-LGG Ifremer 
 
Asymmetric crustal thinning of non-volcanic rifted margins formed by sequential faulting   
C. R. Ranero and M. Pérez-Gussinyé 

 
 
(20’ general discussion) 
 
 
12:30 - 14:00 Lunch 
 
 
 



 
 
Economic aspects in OCT  
chairman: G.Karner 
14:00 - 14:30  

OCT = Oil in Continent Transition? (P.Unternehr) 
14:30 - 15:00  

UNCLOS: where are the edges of the continents (W.Roest) 
 
Related poster: 3min presentation / poster (1) 
 

Zone of Exhumed Continental Mantle: a Natural Component of the West Iberian Margin within 
the Legal Framework of the UNCLOS 
F.M.M. Pimentel, N. Lourenço, M.P. Abreu and the EMEPC Team 

 
 
(30’ general discussion) 
 
 
15:30 - 16:00 Coffee break- posters 
 
 
 
16:00 - 18:00  FINAL DISCUSSION & CONCLUSIONS 
chairmen: P.Huchon, G.Manatschal, G.Péron-Pinvidic 
 
 
 
 
END OF THE MEETING 
 
 
 
 
 
 
 
 



Before the revolution:  
from Eduard Suess and Gustav Steinmann to Harry Hess and Plate Tectonics 

 
 

Daniel BERNOULLI* and Hugh C. JENKYNS** 
 

*Geological Institute, University of Basel, Bernoullistrasse 32, CH-4056 Basel 
**Department of Earth Sciences, University of Oxford, Parks Road, GB-Oxford OX1 3PR 

 
 
Before the advent of plate tectonics, there was no coherent model for ocean–continent transitions that 

included both modern continental margins and ancient ones preserved in orogenic belts. Indeed, during the 
early 20th century two strands of thought developed, one that relied on the antiquity and permanence of 
continents and oceans, mainly represented by most of the Anglo-Saxon scientific community, and one that 
followed mobilist concepts derived from Wegener’s hypothesis of continental drift. For modern oceans, the 
different composition and thickness of continental and oceanic crust, and the resulting isostastic response 
would show ‘how improbable it would be to suppose that a continent could founder or go to oceanic depth or 
that ocean floor at ± 3000 fathoms could ever have been a stable land area since the birth of the oceans’ 
(Hess 1954).  

Because of the permanence of oceans and continents, mountain chains were thought to originate from 
narrow, elongated, unstable belts, the geosynclines, circling the continents or following ‘zones of crustal 
weakness’ within them, from which geanticlines and finally mountain belts would develop. This teleological 
concept, whereby a geosyncline would inevitably evolve into a mountain chain, dominated the geology of 
orogenic belts for several decades.  

However, the concept of permanence of oceans and continents and the concept of the geosyncline 
had already met with the critiques of Eduard Suess and others. As early as 1905, Gustav Steinmann 
considered the association of peridotite, ‘diabase’ (basalt) and radiolarite (a typical ocean–continent 
transition assemblage) he found in the Alps and Apennines as characteristic of the deep ocean floor, and 
E.B. Bailey (1936) placed Steinmann’s interpretation into the context of continental drift and orogeny. Indeed, 
in both authors’ writings the concept of ophiolites as ocean crust appears for the first time. Between 1910 
and 1930, the stage was thus potentially set for modern mobilist concepts that, however, proved attractive to 
only a small circle of Alpine geologists. 

After the Second World War, the 1950’s saw the rapid progress of the geophysical and geological 
exploration of oceans and continental margins that provided the data for an a re-evaluation of the 
geosynclinal concept. Actualistic models now equated the former pre-orogenic miogeosyncline of Stille 
(1936) and Kay (1951) with passive continental margins (Drake et al., 1959), the (American version of the) 
eugeosyncline and its igneous rocks with ‘collapsing continental rises’ (Dietz, 1963), and the ophiolites, the 
Steinmann Trinity, of the (European) eugeosyncline with fragments of oceanic lithosphere (Hess 1962). The 
concept of sea-floor spreading finally eliminated the weaknesses in Wegener’s hypothesis and, with the 
‘annus mirabilis’ of 1968, the concept of the geosyncline could be laid to rest. Ocean–continent transitions of 
modern oceans, as revealed by seismology and deep-sea drilling, could now be compared with the remnants 
of their ancient counterparts preserved in the Alps and elsewhere.  
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From onset of Plate Tectonics to the present day view of the OCT 
 
 

Xavier LE PICHON 
 

Collège de France, Aix-en-Provence, France 
 
 
The Plate Tectonics model was based on the study of the active plate boundaries where differential 
movements between rigid plates occurred. One could then observe the processes occurring using 
geological, geophysical and geodetic tools. Passive margins, as we used to call them, by definition were not 
parts of active plate boundaries, except in their very initial stage in the transition from continental rifts to new 
continental margins. Even if one finds the rare place where new OCT’s are presently being generated, it is 
much more difficult to study a transitional phenomenon than a steady state one. Thus the study of passive 
continental margins weas not really part of the development of the theory of plate tectonics. Rather the 
theory was used to develop probable scenarios for the genesis of passive continental margins but it was 
difficult to devise efficient tests for these scenarios. As a result the continental margins studies were mostly 
studies of their present structures and great progress was made in this domain. The attempts at modeling 
their genesis on the other hand were often based on excessive dogmatization of conceptual ad-hoc models 
that are difficult to test. Important developments in the evolution of the modeling included :  
- the distinction between initial and subsequent thermal subsidence  
- the role played by partial melting in the mantle and migration paths of the melt at the different stages of 
rifting and initial oceanic accretion  
- the role played by the change in the rigidity through time of the coupled continent-margin system 
- the possibility of flow from the lower continental crust 
- the structural role of major offsets 
- the realization that the emplacement of oceanic crust was not simultaneous along the whole rift  
- and last but not least the discovery that asymmetry is inherent in a system supposed to be symmetrical.  
Considerable and in my opinion excessive effort was spent into defining the exact location of a supposedly 
sharp ocean-continent-transition. I will illustrate how much we still have to discover in this area by briefly 
presenting the buried and inactive 150 km wide and 200 km long Triasic Provence Rift that is now filled by 12 
km of post-Triasic sediments. 
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Breakup of orogenic continents 
 
 

Brian TAYLOR 
 

SOEST, University of Hawaii 
 
 

The spatially and temporally varying rheologies of deforming continental and oceanic lithosphere are 
a function of strain rate, temperature, (fluid) pressure, and material properties including composition, fabric 
and inherited weaknesses. In the absence of mantle temperature and composition anomalies, the rupture of 
continental lithosphere is not attended by excessive volcanism and is preceded by variable combinations of 
upper crust faulting, lower crust flow and, in active orogens, core complex exposure associated with arc 
magmatism. Examples are presented from the Gulf of California, South China Sea, Goban Spur, NW 
Australia and Woodlark Basin. There is evidence for depth-dependent stretching but how/where it is 
balanced remains a subject of debate. At sufficient strain rates (10-14/sec) and opening velocities (2 cm/yr), 
the continent-ocean boundary is typically narrow, occasionally as thin as one fault zone or intrusive contact. 
On the other hand, spreading reorganization shortly after breakup sometimes produces continental slivers 
within oceanic crust. Exhumed mantle on the oceanic side of ruptured continental crust is only documented 
at very slow opening rates and this may be a spreading rather than breakup characteristic. 

In the Woodlark Basin: (i) Continental rifting does not cease when seafloor spreading begins. Rather, 
active rifting of the conjugate margins continues for ~1 m.y. after spreading has separated them. This is 
shown by present overlap between the western spreading segments and earthquake seismicity on the 
margins, and by conjugate magnetic anomalies and seafloor fabric that curve symmetrically towards the 
spreading axis.  (ii) In most cases oceanic transform faults do not develop from transfer or transform faults 
within continental rifts, but link offset spreading segments at/after continental break-up.  (iii) Continental 
transform margins that are or were juxtaposed against the ends of spreading centers show no evidence for 
thermal uplift or igneous underplating.  (iv) Linear magnetic anomalies do not necessarily mark the onset of 
seafloor spreading; they may mark large faults that localize intrusions and/or juxtapose alternately 
magnetized rifted continental crust. (v) Stepwise spreading center nucleation in order to remain within a 
rheologically weak zone, rather than rupturing of the lithosphere by stress concentration at the tip of a 
propagating ridge axis, is the dominant form of the continental rifting to seafloor spreading transition. 
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From continental rifting to seafloor spreading in a magma-limited environment 

 
 

Brian E. TUCHOLKE and Jean-Claude SIBUET 
 
 

The conjugate Newfoundland and Iberia margins are considered to be a type example of 'non-volcanic' 
rifting.  Initial extension occurred in a wide-rift mode during Late Triassic to Early Jurassic time, without 
separation of the continental crust.  A second, Late Jurassic to Early Cretaceous rift phase focused 
extension at future distal margins and led to seafloor spreading.  Structural and stratigraphic relations 
suggest that this rift phase consisted of three episodes: 1) Late Jurassic-Berriasian extension that was widely 
distributed throughout the rift and culminated in separation of continental crust in the southern rift; 2) 
Valanginian-Hauterivian extension of continental crust in the northern rift and of subcontinental mantle 
lithosphere in the southern rift; this episode culminated in separation of continental crust in the northern rift; 
and 3) Barremian-Aptian continued extension throughout the rift, which exhumed mantle lithosphere that was 
at least partially subcontinental.  We interpret the end of mantle extension/exhumation to have occurred near 
the Aptian/Albian boundary when the asthenosphere finally breached the subcontinental mantle lithosphere 
and relatively normal, magmatic seafloor spreading commenced.  This event is marked by a prominent, rift-
wide seismic horizon, the 'Aptian event'.  Mantle exhumation up to that time is considered to be 'transitional 
extension' that cannot be simply characterized as either continental rifting or seafloor spreading.  Episode 3 
(and possibly episode 2) transitional extension included intraplate rifting of previously exhumed mantle plus 
minor magmatism, probably because a well defined plate boundary was not established and in-plane tensile 
stress was elevated throughout the plates.  At the episode 2/3 transition, the southern rift was affected by 
plume magmatism that formed the Southeast Newfoundland Ridge, the J Anomaly Ridge, and the Madeira-
Tore Rise.  During the later part of episode 3 there was also at least local magmatism and formation of 
apparently normal ocean crust.  Post-rift magmatism occurred in the Newfoundland Basin, expressed at 
ODP Site 1276 by two diabase sills (ages 105 and 98 Ma) that intruded Albian sediments.  There is no 
known magmatism of comparable age and extent on the Iberia margin.  The source of magma in the 
Newfoundland Basin is postulated to be the Madeira and Canary hotspots, over which the basin probably 
passed at ~100-90 Ma.   
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Geophysical characteristics of the Ocean-Continent Transition 
 
 

T. A. MINSHULL 
 

National Oceanography Centre, Southampton 
 
 
The ocean-continent transition (OCT) may be defined in a variety of ways.  Here I adopt a relatively narrow 
definition, and focus on the region between unequivocal thinned continental crust and oceanic crust formed 
by “normal” seafloor spreading processes.  This definition remains problematic because of a lack of 
consensus about what is “normal” oceanic crust, but at least gives us a starting point for discussion. 
 
Continental crust is typically characterised by low P wave velocity gradients (<0.05 /s) and low velocities in 
the lower crust (<7.0 km/s), while oceanic crust is characterised by a high velocity gradient in the upper crust 
(~0.1 /s) and higher velocities (6.8-7.2 km/s) and lower gradients (~0.01 /s) in the lower crust (6.7-7.2 km/s).  
Both types of crust are underlain by a sharp Moho transition to velocities of ~8.0 km/s.  At “volcanic” rifted 
margins, where there is substantial syn-rift igneous activity, there is commonly a conceptually simple 
transition between continental crust lacking significant syn-rift intrusion, through increasing degrees of 
intrusion, until the point is reached where the crust consists entirely of igneous products.  This transition may 
be characterised geophysically by changes in P-wave velocity structure and magnetisation: typically, the 
velocity gradient in the uppermost crust increases oceanward, and seafloor-spreading magnetic anomalies 
are identified over the earliest-formed oceanic crust.  These changes often coincide approximately with a 
transition to abyssal plain topography. 
 
At magma-poor margins, the OCT may be less well-defined. At some margins, the OCT may be 
characterised as a region of basement underlying the abyssal plain that lies between unequivocal continental 
and oceanic crusts, where velocities increase gradually with depth from ~5.0 km/s at the top of basement to 
~8.0 km/s at depth, without an abrupt Moho transition.  There is limited evidence for significant P wave 
anisotropy in this region.  S wave velocities may be low, with Poisson’s ratio in the uppermost basement 
higher than typically observed in oceanic crust.  In seismic reflection profiles, the OCT commonly lacks a 
clear Moho reflection, which may be present in the oceanic and continental crust either side, lacks evidence 
for tilted, syn-tectonic sediment packages, and may have low basement relief.  Such observations are 
consistent with an interpretation involving the absence of crustal rocks and the presence instead of 
exhumed, serpentinised mantle. 
 
Low-amplitude magnetic anomalies may be present in the OCT at magma-poor margins and may be weakly 
linear. The presence of these anomalies indicates the presence of rocks with higher magnetisation than the 
adjacent continental crust, but there exists a range of views on whether the process that generates them can 
be called “seafloor spreading”.  Many of the characteristics of the OCT are shared by some regions of 
oceanic crust formed at very slow spreading rates. Identification of the OCT at magma-poor margins as a 
distinct tectonic province may require a fuller characterisation of such regions of oceanic crust than is 
currently available.   
 
My presentation will review geophysical observations from both the OCT and very slow-spreading oceanic 
crust, explore ambiguities in the interpretation of these observations, and suggest how some of the 
ambiguities may be resolved. 
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What is the basement in the Ocean-Continent Transition?  
Mantle domains and links between orogenic lherzolites, Ocean-Continent Transition 

zones and ultra-slow spreading ridges 
 
 

Othmar MÜNTENER 
 

Institute of Mineralogy and Geochemistry, University of Lausanne, CH 1015 Lausanne, Switzerland 
phone: +41 021 692 4347 fax: +021 692 4305 

email:othmar.muntener@unil.ch 
 
 
Mantle peridotites from the conjugate Iberia-Newfoundland and Alpine margins illustrate the distribution of 
the scale of upper mantle heterogeneity in extensional systems that evolve from rifting to (ultra-) slow 
seafloor spreading. Besides some evidence for exposed lower continental crust (both mafic and pelitic) most 
of the basement in ocean-continent transition zones (OCT) is serpentinized mantle peridotite. Seeing through 
serpentinization to unravel the relevant mantle processes is critical to understand the thermal and 
petrological history of the OCT. I will summarize the evidence from OCT’s and discuss potential links to 
orogenic lherzolites and ultraslow spreading ridges. 
 
Detailed structural mapping and geochemical investigations show that the basement of OCT’s consists of 3 
different mantle domains. Thermally undisturbed, heterogeneous, proterozoic to Permian subcontinental 
mantle (spinel lherzolites, harzburgites and dunites, garnet pyroxenites layers and locally phlogopite-
hornblendite veins) formed the ocean floor next to thinned continental crust. This ‘subcontinental domain’ is 
separated (by ductile shear zones?) from an ‘infiltrated domain’, with mostly fertile plagioclase peridotite, and 
minor spinel harzburgite and dunite. These peridotites exhibit a complex history of regional-scale melt 
infiltration and melt/rock reaction and thereby erasing most of the ancient history (‘thermochemical erosion’ 
or ‘asthenospherization’). They are juxtaposed with depleted lherzolites and dunites that reflect local zones 
of MORB type melt extraction (‘extraction domain’). 
 
Many lherzolites of the conjugate Iberia-Newfoundland rift and from the Alps are secondary rocks formed at 
the expense of harzburgite-lherzolite. Variations of major, minor and trace elements in minerals and whole 
rocks indicate that (plagioclase)-lherzolites were formed through a refertilization process involving interaction 
of refractory, lithospheric mantle with upwelling asthenospheric partial melts. Upwelling of basaltic partial 
melts through the conductive lithospheric mantle inevitably leads to freezing of the melt and the formation of 
an important refertilization front, as long as no efficient melt extraction system is established. Depending on 
the geothermal gradient the spatial dimension of the refertilization front might varies from tens of meters to 
several kilometers. For example, the Lanzo peridotite (NW Italy) displays km-scale refertilization with active 
deformation on top and the formation of a domain that represents focused melt extraction at the bottom. We 
thus propose that the refertilization front observed in Alpine plagioclase peridotites and in the Iberia 
Newfoundland rift moved ahead of a melting front that is ultimately related to the thermo-chemical erosion of 
the lithosphere. During a transition stage with melt filled porosity (before the melt is ultimately drained and 
delivered to the surface) refertilized peridotite is compositionally buoyant, which might explain some 
enigmatic features (subsidence history of crustal blocks) in the distal margin. This indicates that melt 
transport and melt-rock reaction play a key role on the rejuvenation and erosion of the lithospheric mantle 
and ultimately, on the density and thermal structure beneath embryonic ocean basins. 
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The process by which continents break-up and new oceans are formed represent some of the most 
important aspects of plate tectonics. Yet, the mechanics and evolution of continental rifting and the dynamics 
by which distributed continental deformation is progressively focused at oceanic ridges still remain unclear. 
In this work we present integration of field and modelling data on the Western Alpine – Northern Apennine 
ophiolitic peridotites that provide insights into the opening of the Ligurian Tethys, separating the European 
and African (Adria) plates during Late Jurassic – Cretaceous times. These ophiolites represent portions of 
subcontinental lithospheric mantle, which underwent progressive exhumation related to lithospheric 
extension and thinning of the Europe-Adria lithosphere, and were exposed at the sea-floor of the Mesozoic 
Ligurian Tethys. Field work evidences that, when residing in the mantle lithosphere, these ophiolites were 
diffusely percolated by melts generated by decompressional melting of the asthenosphere which was 
adiabatically upwelling in response to lithospheric extension and thinning. This percolation was accompanied 
by significant heating of the subcontinental mantle to asthenospheric conditions, which resulted in the 
thermo-chemical erosion (“asthenospherisation”) of the mantle lithosphere. Distribution and abundance of 
these “modified” peridotites within the ophiolitic peridotites from the Ligurian Tethys suggest that substantial 
volumes of the lithospheric mantle along the axial zone of the future basin underwent these melt-related 
processes and were asthenospherised. As a consequence, heating and weakening of the mantle lithosphere 
may have represented a controlling factor in the transition from passive lithosphere extension to active 
oceanic spreading. This hypothesis has been tested through thermal and rheological modelling coupled with 
analogue modelling. The thermal and rheological modelling shows that asthenospherisation of the 
continental mantle lithosphere is a fast process and the rheological consequences are relevant to the 
problem of initiation of oceanic spreading in an extending continental lithosphere, provided that a significant 
portion of the lithospheric mantle is weakened. In these conditions, the initial strength is reduced (up to one 
order of magnitude) within 2-3 Ma of the time of the percolation, and recovers asymptotically its initial value 
within 20-30 Ma.  
The effect of the reduction in lithospheric strength on the extension process has been analysed through 
analogue models. Results suggest that mantle percolation by asthenospheric melts is able to promote strong 
localised thinning of the continental lithosphere, provided that a significant thickness of the lithospheric 
mantle is asthenospherised within a narrow region. If the total lithospheric strength is strongly reduced 
(asthenospherisation up to the Moho), the thickness of the lithosphere may be reduced up to more than 80% 
of the initial thickness in ~3 Ma of extension. Conversely, localised thinning is strongly reduced if the 
thickness of the percolated zone is only a minor part of the thickness of the lithospheric mantle and/or the 
lithosphere is weakened over wide regions.  
These data suggest that the thermo-mechanical erosion (or asthenospherisation) of the mantle lithosphere 
may represent a controlling factor in the rapid continental break-up and the transition to localised oceanic 
spreading in the Ligurian Tethys. 
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Different mantle domains characterize present-day and ancient ocean-continent transition zones and many 
of them show signs of melt/rock reaction, but their relationships to deformation processes in the thermal 
boundary layer are poorly understood. The transition from melt-poor to -rich regions is likely to be an 
important rheological boundary. To constrain the rheological weakening of mantle lithosphere, we investigate 
the relationships between deformation, melt-rock reaction and mafic dike emplacement in the Lanzo 
peridotite massif (NW-Italy), which is a part of ocean-continent transition zone from the Piemont-Ligurian 
ocean. 
Between the northern and central parts of the massif, deformation textures are from coarse-grained 
secondary granular (CGSG) to ultra-mylonite. CGSG shows weakly deformed, porphyroclastic zones and 
domains of igneous recrystallization. Mylonite to ultra-mylonite show a fine-grained, polycrystalline matrix (ol, 
pl, cpx, opx, sp, Ti-hbl), enclosing porphyroclasts. The spatial distribution of deformation is asymmetric with 
respect to the mylonite and increase from south to north. Discordant gabbroic dikes are asymmetrically 
distributed and concentrated in the southern part of the shear zone. 
The pyroxene chemistry is correlated with grain size: porphyroclastic, high Al, low Ti cpx cores are irregularly 
replaced by lower Al, high Ti cpx. Thermometry indicates ~1100°C (cores) and lower equilibration 
temperatures for neoblasts (~860°C). Corroded cpx porphyroclasts and interstitial opx surrounding ol 
demonstrate that (sp) peridotites reacted with melts during deformation. Spinel compositions cover the entire 
range from spinel to plagioclase peridotites, indicating disequilibrium. 
The plagioclase peridotite from the Lanzo massif corresponds to an exhumed part of sub-continental mantle 
with refertilization between 6 and 10% of N-MORB material. Major and trace elements show homogeneous 
composition in the deformed rocks (Al2O3, TiO2, Na2O, NiO, CeN). The Al2O3 average realized on each 
categories of sample highlights a clear higher content in hydrous-mylonite, mylonite and proto-mylonite than 
in the granular rocks. 
This study highlights the initial polarity of the shear zone: the central part is the footwall and the northern part 
is the hanging wall. The Lanzo shear zone is not considered as the major shear zone exhuming mantle on 
the seafloor but as a shear zone exhuming mantle from near asthenospheric to lithosphere conditions. 
Disequilibrium compositions of peridotite minerals as spinel and pyroxenes indicate rapid exhumation. The 
model of this rapid mantle exhumation corresponds to an asymmetric structure toward the shear zone. 
The particular shear zone area, seems to be the most melt enriched part, clearly indicating the mutual 
relationships between melt accumulation and deformation. The shear zone act as a melt barrier to the upper 
part and most probably focuses melt flow. The presence of porous melt flow in the entire massif, prior to the 
localized shearing suggests that the birth of the shear zone was influenced by the presence of melt. And 
following, the localization of deformation permits melt enrichment, as a positive feedback mechanism. 
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Rifted continental margins exhibit large variations in magmatic activity. Non-volcanic margins may display a 
broad region, up to 150 km wide, of exhumed mantle separating oceanic crust from thinned continental crust, 
whilst voluminous volcanism accompanies break-up at volcanic margins. Previous studies have shown the 
importance of asthenospheric temperature (White and McKenzie, 1989), lithosphere thinning rate (Bown and 
White, 1995; Pérez-Gussinyé et al., 2006) and initial continental geotherm (Reston and Morgan, 2004) on 
melt production at rifted margins, assuming that continental break-up occurs by pure-shear stretching of the 
lithosphere. Pure-shear models of continental lithosphere thinning generally predict melt generation before 
continental break-up, unless anomalously cool asthenosphere temperatures (Minshull et al., 2001) or a 
depleted mantle source (Pérez-Gussinyé et al., 2006) is invoked. As a consequence pure-shear models 
have difficulty explaining mantle exhumation at non-volcanic margins. We model the onset and development 
of melt production during rifting of continental margins and seafloor spreading initiation using a model of 
depth-dependent lithospheric thinning and extension. For a normal mantle potential temperature and a half-
spreading rate of 10mm/yr we predict that approximately 100km of mantle is exhumed prior to melt 
production. Melt production reaches a steady state as the model reaches thermal equilibrium as seafloor 
spreading proceeds; for the model with a half spreading rate of 10mm/yr, steady state is achieved around 15 
My after melt initiation. The predicted width of exhumed mantle increases if the modelled spreading rate is 
decreased. In this model the thinning of continental lithosphere leading to break-up and sea-floor spreading 
initiation occurs in response to an upwelling and divergent flow-field. The melt parameterisations of Katz et 
al. (2003) are used to calculate the fraction of melt produced as a function of temperature and pressure in 
the model space. We explore a number of other factors thought to suppress melting and thus enhance the 
width of the zone of exhumed mantle during continental break-up, including melt retention and the presence 
of initially depleted mantle. We compare melt production, lithospheric structure and subsidence predicted by 
lithospheric thinning by pure shear to that predicted by our new model. 
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Ultramafic and mafic igneous rocks exposed at the sea-floor along the West Iberia continental margin 
represent a rare opportunity to study the transition zone between continental and oceanic lithosphere. 
Petrological and geochemical studies have been carried out on fifty-six samples from the Galicia Margin and 
the Iberia Abyssal Plain (Dredging H78DR24 ; Leg 149, holes 897 and 899 ; Galinaute I and II). The igneous 
rocks (13 basalts ; 6 dolerites ; one gabbro and one pyroxenite) are enriched in LREE, unlike North Atlantic 
MORB. A correlation between their 143Nd/144Nd isotopic composition and Ce/Yb ratio suggests that they 
originate from mixing between partial melts of a depleted mantle source similar to DMM and of an enriched 
mantle source which may reside within the continental lithosphere. Clinopyroxenes and amphiboles in the 
ultramafic rocks (27 peridotites ; 10 pyroxenites)  are LREE depleted and have flat HREE patterns with 
concentrations higher than those of abyssal peridotites. Clinopyroxenes in the harzburgites are less LREE 
depleted but have lower HREE concentrations. The clinopyroxenes in the Galicia Bank (GB) lherzolites have 
radiogenic Nd and unradiogenic Sr isotopic ratios similar to, or higher than, DMM (Depleted MORB Mantle) 
whereas the clinopyroxenes in the Iberia Abyssal Plain websterites have low-Nd isotopic compositions with 
high-Sr isotopic ratios. Amphiboles in Galicia Bank lherzolites and diorites have Nd-Sr isotopic compositions 
intermediate between those of the clinopyroxenes from the Galicia Bank and the Iberia Abyssal Plain, but 
similar to the clinopyroxenes in the 5100 Hill harzburgite and to the igneous rocks. The major and trace 
element compositions of cpx in the Galicia Bank spinel lherzolites provide evidence for large-scale 
refertilization of the lithospheric upper mantle by MORB-like tholeiitic melts. The associated harzburgites did 
not undergo partial melting during the rifting stage, but, in earlier times, probably during, or even before, the 
Hercynian orogeny. Iberia Abyssal Plain websterites are interpreted as high-pressure cumulates formed in 
the mantle. Their high Sm/Nd ratios (from 0·43 to 0·67) coupled with very low-Nd isotopic compositions are 
best explained by a two-stage history: formation of the cumulates from the percolation of enriched melts long 
before the rifting, followed by low-degree partial melting of the pyroxenites, accounting for their LREE 
depletion. This last event probably occurs during the rifting episode, 122 Myr ago. The isotopic 
heterogeneities observed in the ultramafic rocks of the Iberia margin were already present at the time of the 
rifting event. They reflect a long and complex history of depletion and enrichment events in an old part of the 
mantle, and provide strong arguments for a sub-continental origin of this part of the upper mantle (*). 
 
(*) Lithospheric Mantle Evolution during Continental Break-Up : The West Iberia Non-Volcanic Passive 
Margin. Gilles Chazot, Sophie Charpentier, Jacques Kornprobst, Riccardo Vannucci & Béatrice Luais. J. 
Petrology 2005, 46, 12, 2527-2568. 
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The lherzolites do not constitute continuous units along the Pyrenean belt. Rather, they always outcrop as 
restricted bodies, never more than 3 km wide, scattered within mesozoic sedimentary units paralleling the 
North Pyrenean Fault. Here, we report the results of a detailed analysis of the geological setting of the Lherz 
massif (Ariège), the type-locality of lherzolites and one of the most studied occurrence of mantle rocks 
worldwide. The Lherz ultramafic body is 1,5 km long only and belongs to a series of mantle bodies of 
restricted size (some m to some hundred of m), scattered within sedimentary formations composed mostly of 
carbonate breccias originating from the reworking of mesozoic platform limestones, marbles and dolomites. 
The clastic formations also include numerous layers of alternating polymict breccias and gradded-bedded 
sandstones reworking lherzolitic clasts. These layers are found far from any lherzolitic body, implying that the 
lherzolitic clasts do not derive from the in situ fragmentation of an ultramafic body, and that they have been 
transported away from their source by sedimentary processes. A detailed analysis of the primary contact 
between the Lherz ultramafic and the surrounding limestones confirms that there is no fault contact here and 
that ultramafic sediments have been emplaced into fissures within the brecciated carapace of the peridotites. 
These observations bear important constraints on the mode of emplacement of the lherzolite bodies. We 
infer that mantle exhumation may have occurred during the Albian event of strike-slip deformation linked to 
the rotation of Iberia along the proto-North Pyrenean Fault. 
These observations lead to reconsider the signification of all mantle fragments exposed in the Pyrenean belt. 
They also come within a series of recent observations from slow spreading ridges and magma-poor rifted 
margins pointing to the importance of the processes of mantle exhumation. Finally, the Pyrenean orogenic 
system might have preserved a remarkable association of geological indicators symptomatic of the 
processes of lithosphere extension that were not integrated before. These include : (1) a stretched 
continental crust with several cases of large scale ductile normal faults (Agly, Saint Bathélémy), (2) an 
exhumed mantle having suffered fertilization, (3) an inverted basin bounded by granulite-facies continental 
units and filled with both clastic products from reworked margin sediments and poorly weathered mantle 
rocks, and (4) a zone of abnormal geothermal gradient due to active fluid circulations (cretaceous, HT 
pyrenean metamorphism). For these reasons, the Pyrenean might become an integrated natural laboratory 
to study the processes of lithosphere stretching and mantle exhumation at the foot of continental margins.  
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This paper focuses on the nature and origin of detachment faults, in the geodynamic context of the evolution 
of a passive continental margin.  We pay attention to the basic characteristics of observed detachment faults, 
and consider their relation to other structures formed during episodes of extensional tectonism. In addition 
we consider the magnitude of such structures and note that the potential lateral extent of a mega-
detachment and associated structures. 
 
There are fundamental geodynamic issues to be dealt with, for according to simple Andersonian mechanics, 
detachment faults should not exist.  Yet detachment faults that form at low-angles to the horizontal do exist, 
and they have been discovered in many different places on the Earth, formed at many different times during 
its history: when mountain belts are torn apart, when continents are stretched, or when oceanic spreading 
ridges have insufficient magma to allow continued dyke dilation. Theoretical justification for such behaviour 
has proved elusive, though many different hypotheses have been advocated.  It is difficult to explain both the 
large areal extent of these structures, as well as the fact that these faults seem to have nucleated and 
propagated at low-dip angles (<~10-20°). In addition it appears that such faults can continue to operate at 
low-dip angles as continental extension continues, again in apparent defiance of accepted mechanical 
principles.   
 
In contrast, normal faults that break during large earthquakes are relatively planar, and these faults operate 
with dips in the range 30-60°.  These faults appear to run both upward, to the surface of the Earth, as well as 
through the base of the seismogenic lower crust and into the normally ductilely deforming rock beneath (i.e. 
they penetrate the so-called the brittle-ductile transition).  In many extended terranes high-angle normal 
faults (HANFs) define domino-like arrays of tilt-blocks, and as extension proceeds these dominoes 
progressively rotate - in other words HANFs can become LANFs.  Some LANFs identified as detachment 
faults may have their origin in such a history. 
 
If HANFs are rotated past critical angles (<~30°) continued movement must be aseismic - otherwise new 
arrays of seismogenic HANFs must break, cutting the crust into a new array of tilt-block dominos.  Since 
large seismogenic HANFs cut through the brittle-ductile transition it stands to reason that extension as the 
result of detachment faulting and extension as the result of HANF arrays are mutually exclusive. If HANF 
arrays are active and there are detachment faults in the area the detachments will be dissected and 
rendered inactive.  If new detachment faults become active, they must be operate at stress levels that do not 
allow seismogenic behaviour on co-existing HANF arrays.  These observations allow resolution of an 
apparent controversy that has puzzled tectonics and rock mechanics research for the better part of a quarter 
century.   
 
A curious debate has taken place that in essence suggests that since theory does not allow detachment 
faults to exist, therefore what we call detachment faults cannot be “primary” structures!  They must be rotated 
into their present orientations (i.e. HANFs that became LANFs).  Geologists begin to doubt their own 
observations, although they should remember that observation should drive theory, not the other way 
around.  A stalwart few maintain that their position that detachment faults are primary structures (although of 
course at the same time we note that not all LANFs should be described as detachment faults).   
 
The rolling hinge model apparently brings theory and observation into line, and to this day seems to be a 
model that remains in its ascendancy.  Yet as we will show, this model requires that seismogenic faults have 
flaccid footwalls, which seems highly improbable on mechanical grounds.   
 
There is no sense in the argument that detachment faults cannot exist because otherwise Andersonian 
mechanics will have been violated.  Yet this point seems central to much of the controversy surrounding the 
nature and origin of detachment faults. This is a remarkable circumstance given that Andersonian mechanics 
makes far too simple an approximation to adequately describe rock mechanics on the crustal and/or 
lithospheric scale.  For Andersonian mechanics to be true at depth one must assume that: (1) the Earth’s 
crust is homogeneous and isotropic; (2) that the state of stress within the crust is uniform, without curvature 
of the stress trajectories; and (3) that when a fault breaks it is capable of propagating in the same plane, 
unaffected by distortion of the ambient stress field by effects at the crack tip.  In this case the progressive 
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extension of the Earth’s crust should lead to formation of planar normal faults that dipped at 60° at the 
surface of the Earth, and continue with this orientation deeper into the crust.  We observe this in some 
circumstances, but we do not observe this always to be the case. 
 
Resolution of the controversy requires assimilation of two sets of equally self-consistent observations that 
seem at the same time to be vastly at odds with each other.  One solution to this enigma is that the Earth’s 
crust is not a homogeneous isotropic material, and this observation voids the underlying assumptions made 
in Andersonian mechanics. Individual regions may inherit specific fabric and/or fracture patterns that 
predispose the Earth’s crust to create faults in particular orientations.  In other words LANFs may be features 
of particular tectonic architectures, and for example may form in or adjacent to regions of the Earth’s crust 
that have been previously subject to compressional orogeny.  The other solution considers sub-critical crack 
propagation and the role of fluids. 
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Non-volcanic margins such as the west Iberian margin exhibit certain characteristics such as a deficit of 
synrift igneous rock, a zone of exhumed subcontinental mantle in the continent-ocean transition and an 
apparent extension discrepancy. They also commonly exhibit a zone where thin and faulted crust is 
underlain by a layer with downward increasing velocities from values somewhat too high for the crust to true 
mantle values.  This layer is generally interpreted as partially serpentinized mantle, formed by the passage of 
water through the faulted crust into the mantle. The serpentinites are on some margins associated with 
apparently low-angle detachment faults. 
 
All of these characteristics can be explained as a consequence of the progressive extension of the 
lithosphere above relatively cool mantle.  The key may be the rheological evoluton of the lithosphere and 
how this controls the style of extension at different lithospheric levels at different times.  Extension is 
probably heterogeneous at all stages, with lower crustal and upper mantle boudinage controlling the patterns 
of thinning and mantle upwelling early in the rift history, and complete crustal embrittlement and mantle 
serpentinization controlling the formation of late-stage detachment faults.  Extension in the upper crust is via 
multiple phases of faulting, including detachment faulting, with a general focussing of extension towards the 
incipient ocean.  However, the velocity structure observed is not consistent with major crustal depth-
dependent stretching. Instead, the extension discrepancy may simply be the result of incomplete recognition 
of the entire polyphase faulting history. 
 
Evidence for all these processes can be found at the Alpine rifted margins as well as those to the west of 
Iberia. 
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Detachment faults are widely regarded as playing an important role in post-orogenic extensional systems, 
magma-poor rifted margins and slow to ultra-slow spreading ridges. Although an increasing number of well-
documented examples of low-angle detachment faults exist, there is still no consensus on how these 
structures evolve in time and space and how they can be explained from a mechanical point of view. While 
detachment faults are well exposed in post-orogenic extensional systems and active examples can be 
studied at slow to ultraslow spreading ridges (oceanic core complexes), detachment faults at rifted margins 
are commonly buried below thick sediments, are therefore little accessible and remain enigmatic. This is 
particularly true for top basement detachment faults that are invisible in seismic sections and therefore only 
very difficult to recognize. Such top basement detachments faults have so far been drilled only in few places 
(e.g. Iberia-Newfoundland, Woodlark). Of particular importance are therefore the well-preserved remnants of 
a detachment system belonging to the distal Alpine Tethys margins exposed in the Alps in southeastern 
Switzerland. This system represents a natural laboratory to study detachment systems leading to continental 
breakup.  
  
In the past, detachment faults were mainly used to explain, in an elegant way, the exhumation of mantle 
rocks to the seafloor. However, the results obtained from drilling and geophysical surveys in the Iberia-
Newfoundland margins and studies of field analogues in the Alps showed that lithospheric scale detachment 
faults do not exist. The results show that rifted margins show a complex architecture, that simple models do 
not work, that rifting is polyphase and that understanding the rheological evolution of the extending 
lithosphere is a prerequisite to understand the tectonic evolution of rifted margins. Moreover, the results 
show also that the detachment faults leading to mantle exhumation are late, shallow crustal structures that 
become active only after the curst is already thinned to less than 10 km. These observations raise the 
question about the role that detachment faults play during extreme crustal thinning and continental breakup. 
Preliminary answers to these questions come from the Iberia-Newfoundland, the Alpine Tethys margins and 
the western Pyrenean. In all three places, there is strong evidence that extreme thinning of the crust was 
accommodated by mid-crustal shear zones that interact with faults exhuming middle to upper curst and lower 
crust/upper mantle resulting in a thinned crust (< 10 km) showing no evidence for seismically observable 
normal faults. A second interesting result is that detachment faulting is, in the absence of magma, unable to 
rupture continental lithosphere.  
 
Our investigations suggest that thinning of the curst can occur in the absence of classical normal faulting and 
that magma is intimately linked with extension, even in so called non-volcanic rifted margins. These results, if 
confirmed, challenge in a fundamental way the accepted view of how magma-poor margins form. In my 
presentation I will show, based on examples from the Alps and the Pyrenean, the critical observations that 
support our conclusions and I will discuss the role of detachment faulting during extreme crustal thinning, 
mantle exhumation and final breakup in magma-poor rifted margins.  
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In the late Jurassic-Early Cretaceous, the Mid Norway rifted margin underwent a phase of extreme 
attenuation that affected a >100 km wide area between the Norwegian mainland and the COB. Along the SE 
margin of the rift, `top basement´, (basin-flank) detachment faults with heaves in the order of 15-30 
kilometres evolved to become the boundaries between normal to moderately thinned (20-30 km thick) crust 
and the highly attenuated  (2-12 km) area under the present-day Møre and southern Vøring basins. Thus, 
basin-flank detachments largely define the basinwards taper of the crystalline crust. In the footwalls of the 
detachments, lower and middle crust was stored in extensional domes that can be recognised in the gravity 
data. Along the NE margin of the Møre basin, a warped segment of an extensional detachment is preserved 
in a structurally high position, where it is overlain by an array of strongly (up to 50o) rotated fault blocks and 
Late Jurassic half-graben basins. This detachment is incised by a younger low-angle normal fault that in turn 
is interpreted to cut the Moho. The cutoff area is marked by a crustal thickness minimum and by a shallow 
position of the upper mantle. Thus, some of the basin flank detachment complexes appear to have evolved 
in two stages, with the youngest stage represented by a large-magnitude, planar normal fault that cuts the 
Moho.  

West of the basin flank detachments, moderate- to low angle normal faults bound deep-seated 
rotated fault-blocks and half-graben basins. The crust is generally between 3 and 12 km thick in the fault-
block array areas, notably thinnest under the deepest parts of the half-graben. The rotated fault-block arrays 
are bound in the NW by a more distal set of deep-seated (basin-floor) detachments that incised and 
extended remnant crust and, probably, the upper mantle, with displacements in excess of 15-20 km. 
Published OBS indicate that the crystalline crust is very thin under the basin-floor detachments, and some of 
the high-quality long-offset seismic reflection data reveal that they are associated with deeply buried high-� 
basins. In a number of seismic sections, however, the hanging wall cutoffs cannot be observed, and the 
basin-floor detachments appear to pass underneath zones of flat reflectivity. From the Early Cretaceous 
onwards, the highly attenuated areas under the Møre and southern Vøring basins became the locus for 
`post-rift´ style depositional units that covered the rotated fault-block topography and that eventually 
overstepped the basin-flank detachment faults along the SE rift margin. This, however, occurred several tens 
of million years prior to breakup, raising questions about our conception of syn- and post-rift deposits. 

We suggest that basin-flank detachment complexes such as the ones described above hold the 
potential to greatly reduce the crustal thickness over a horizontal distance of c. 50-100 km. Thus, they excert 
a strong control on the crustal thickness distribution in proximal parts of the margin. As such, they prepare 
the ground for the basin-floor detachments, which may become responsible for exhumation of lower crust or 
mantle if extension is allowed to proceed. In the case of Mid Norway, exhumation of subcontinental mantle 
has not been confirmed, but we suggest that high-� basins became juxtaposed with rocks from the lower 
crust in the most highly attenuated areas. 
 

« Ocean Continent Transition / Transition Océan Continent », Institut océanographique de Paris, 19-21 septembre 2007 
Colloque de l’Académie des sciences 



Break-up when the mantle is extensively melting :  
the case of volcanic passive margins 

 
 

Laurent GEOFFROY 
 

LGRMP/EA 3264, UFR Sciences et Techniques, Université du Maine, 72085 Le Mans Cedex 09, France 
laurent.geoffroy@univ-lemans.fr 

 
Acknowledgments to all partners and students from the Volcanic Margins’ group from the GDR Marges (France) &  from 

the Eurocore/Euromargin program LEC-EMA01 
 
 
 At passive margins, more than 50% of the continent-ocean transition worldwide is characterized by 
an excess of mantle melting during break-up. This sudden mantle melting occurs generally after a stage (or 
several stages) of lithosphere extension that can be followed by periods of thermal relaxation. Mantle melting 
occurs immediately before and during lithosphere break-up and could be a consequence of the 
existence/emplacement of a hotter-than-normal or/and less refractory and more fertile sub-lithospheric 
mantle. Relying the extensive melting at volcanic margins to ultimate lithosphere stretching at high rates 
seems to conflict with the onset of large volumes of magma before the main stretching event that leads to 
break-up.  
 Due to continuous magma accretion during extension (and tectonic thinning), the crust at the ocean-
continent transition of volcanic margins is as thick as the non-extended continental one. Although up to 6 
times thicker, the crust of volcanic margins seems to share many points with normal oceanic crust, with a 
similar compositional and seismic layering.  Also, in 3D, volcanic margins display along-strike a magmatic 
and tectonic segmentation with ~50-70km wavelengths similar to the small-scale segmentation of slow-
spreading ridges (accretion segments).  
 Although a range of recent marine investigations worldwide, our knowledge on the internal structure 
of volcanic margins is made difficult by the strong seismic reflectivity of the magma layers in the upper crust 
in classical multichannel seismic surveys. Also, ocean drills never reached the base of the upper-crust 
volcanics. Our knowledge of the continent-ocean structure at volcanic margins come essentially from a 
combination of wide angle seismic reflection/refraction surveys and onshore direct observations of the upper 
crust. Concerning this latter point, it is noticeable that ~7km in thickness of the upper crust section of 
volcanic margins can be observed directly without any post-breakup tectonic reactivation along both the W- 
and E-Greenland coasts in the NE-Atlantic and Labrador-Baffin systems. Although this crust section 
represents the inner continental part of the margin, additional information income in the NE Atlantic from the 
anomalous oceanic crust that developed after the break-up and that can be observed in Iceland (including 
eroded oceanic crust down to 2 km and the active rift system). I present in this talk the whole information that 
we today have on the structure of volcanic margins in 3D, from the continental to oceanic domains incoming 
from both geophysics and direct observations. It appears notably that the structure of the upper crust at 
volcanic margins is deeply different from the one of sedimentary margins.  
 To explain this difference in structure of the continent-ocean transition in the two cases, one must 
invoke a very different behavior of the mantle during the break-up process. At our stage of knowledge, it is 
not possible to link observations to models without invoking an active behaviour of the mantle from the 
earliest stage of the margin evolution. We present convergent arguments (including analogical and numerical 
modelling) suggesting that the buoyant sub-lithospheric mantle is destabilized in 3D throughout the margin 
evolution with, however, a final focusing of the local upwellings in the definitive break-up area. Apart from 
huge magma supply, the active mantle seems to deeply control in 3D the rheology of the in-extension 
lithosphere. Precisely, the point to focus on is to understand the mechanical role of the destabilized mantle at 
volcanic margins on the process of lithosphere final break-up: is this role only thermal (heat softening) or also 
mechanical (shear coupling between ascending hot mantle and the crust)? One has indeed to question with 
attention the comparative role of buoyancy forces versus tectonic forces at volcanic margins. The 
development of large syn-magmatic roll-over like structures controlled by detachments dipping towards the 
unextended continent at volcanic margins as well as the symmetry of this crustal structure from apart the 
break-up area, suggest that gravity plays a fundamental role in the break-up process at volcanic margins in a 
way very similar to the one observed at collapsing orogens. It is suggested in this talk that the thick crust at 
volcanic margins collapses gravitationally over the top of small-scale convective cells of the mantle, 
participating to the upward rise and adiabatic melting of the mantle.  
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The purpose of this talk is to summarize current views of accretionnary processes at slow and ultra-slow mid-
ocean ridges, and to outline convergences with processes at the ocean-continent transition (OCT) of rifted 
continental margins.  
Based on observations at the slow-spreading Mid Atlantic Ridge (MAR) and at the ultra-slow Southwest 
Indian Ridge (SWIR), we briefly address the following issues :  
• mantle dynamics and melt supply,  
• melt distribution and the extent of volcanism,  
• the axial thermal regime, 
• faulting and the exhumation of deeply-derived ultramafic rocks and gabbros,  
• serpentinization, its extent and possible role on axial rheology.  
Each of these is also a component of OCT settings. We use observations made in these settings and 
attempt to identifie : 
• characteristics of mid-ocean ridges that may be shared by OCTs and for the study of which ridges may 
thus constitute usefull present-day analogues, 
• and characteristics that appear specific to ridge settings and may thus be used to pinpoint the onset of 
true seafloor spreading at rifted continental margins.  
We conclude on the timeliness of more in depth joint studies of mid-ocean ridges and OCTs.  
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Thermal regime can control rheology, deformation and magma generation during rifting of the continental 
lithosphere. Heat-flow observations are therefore primary constraints for understanding evolution of 
continental margins, especially for the exhumation of continental mantle in distal domains. Does it happen at 
unusually cold conditions as expected for the ultra slow spreading oceanic domains (e.g. Gakkel ridge, South 
West Indian ridge)? Are fluid circulations largely involved in that process? 
 
Observations on mature margins such as Congo-Angola, South Africa, Western Australia, Labrador, Nova 
Scotia or Iberia margins generally show more or less clearly that the heat-flow is higher on those margins 
than it is on the adjacent continent and ocean. This can be interpreted as a permanent transformation of 
continental margins from the thermal standpoint, mainly because mantle heat-flow tends to the oceanic value 
rather than returning to the initial continental value as assumed in most models. 
 
Observations on young continental rifts shows systematically high heat-flow, even where rifting is incipient 
(e.g. southeastern Congo Democratic Republic) and is also accompanied by an excess of lithosphere 
buoyancy (observed in topography and gravity).This indicates that thermal anomalies should predate large 
extension of continental crust. 
 
Observations on young continental margins also show high values, sometimes as high as those expected in 
young oceanic domains. In the Red Sea for instance, where an oceanic domain is nascent, marine heat-flow 
is typical of young oceanic domains, contrasting with very low heat-flow observed in the continent. In the Gulf 
of Aden, where a more evolved (18 Ma) oceanic domain exists, a recent heat-flow survey (ENCENS-FLUX) 
has been carried out in the northeastern part of the margin (Oman territory), using a POGO technique that 
allows high spatial resolution. 169 new heat-flow values (~2 nautical miles between measurements) have 
been collected along previously acquired multi channel seismic profiles. Additional oil exploration data have 
been used to constrain thermal regime on the proximal margin. Because measurements have been obtained 
at a high spatial resolution, it is possible to separate the different components: the thermal effect of fluids 
appears almost negligible, with the exception of one profile. At the hinge level, heat-flow jumps from 40 to 
120 mWm-2 and remains high within OCT and oceanic domains. This unexpectedly high value requires that 
the lithosphere, instead of cooling during 20 Ma (post-rift), is still affected by an active and shallow process in 
the mantle. Simple conductive models suggest that depth of this anomaly should be less than 40 km. In 
addition, an unusually low tectonic subsidence characterizes this part of Gulf of Aden, which is too far from 
the Afar volcanic center to be related with. Similar subsidence lags have been described in the distal 
domains of mature margins at the time of continental break-up, based on the presence of shallow water 
sediments (evaporites or carbonate platforms in Atlantic margins for instance). 
 
These combined heat-flow observations on continental rifts and margins show clearly that thermal anomalies 
appear early in the rift process and remain durably. Exhumation of continental mantle in the distal parts of 
continental margins is therefore more likely associated with high heat-flow and high positive buoyancy. This 
contrasts with observations on ultra slow oceanic spreading domains where the heat-flow is unusually low 
and the subsidence unusually high. 
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The Iberia - Newfoundland conjugates are usually referred as the type-example of magma-poor rifted 
margins. Their study permitted to answer many questions on the tectonic evolution of passive margins and to 
make evolve the tectonic concepts on continental rifting. However, the spatial and temporal evolution of 
these deep margins is still not constrained and many questions remain largely debated, notably concerning 
the final rifting phases and the breakup history. 
U is a distinct reflector identified in the Newfoundland basin. It corresponds to a double high amplitude 
reflector with relatively good continuity. It is also described as generally flat, disappearing oceanward at the 
level of the M3 anomaly and pinching out on the basement continentward and northward. The nature and 
formation of U are still discussed. Some authors have notably interpreted U as a synrift sedimentary 
unconformity linked to subaerial erosion during an emersion phase of the margin. However, the recent 
analysis of SCREECH profiles (2 and 3) contradicts this hypothesis. U is now identified as a post-breakup 
structure. It is located next to the basement limit, intruded in deep water late Aptian - lower Albian sediments, 
within the ocean-continent transition zone. Moreover, recent Leg 210 drilling results proved that U would 
correspond to the top of dolerite sills. U would therefore correspond to a major breakup to post-breakup 
magmatic event. 
Our study aimed to better define this major magmatic event, to try to understand its link to the deep margin 
evolution and breakup history. The U reflector has been carefully mapped through the deep Newfoundland 
margin on the base of an unpublished dataset, but also on the Iberia margin where it has been observed and 
mapped for the first time. Sill geometries have also been described and mapped in order to constrain the 
intrusion event at the scale of the margin. Synthetic models have been processed in order to test different 
hypothesis of geometry and intrusion. 
Our first results reveal that U is a widespread event, covering more than XXkm² on the two deep margins. 
The mapped sill geometries reveal a magmatic history compatible with the basement architecture forming a 
“depot-centre” for magmatic instrusion in the Newfoundland basin from a source region located at the level of 
SCREECH 2 line. Synthetic logs indicate that … 
These observations… 
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The mid-Norwegian margin is probably one of the best examples worldwide of rifted volcanic margins. In 
order to refine the structure and tectonic evolution of the margin, a 120000 km2 new aeromagnetic survey 
(JAS-05) was acquired along the trend of the Jan Mayen Fracture Zone, west of the Vøring Marginal High. 
This acquisition is part of a larger ongoing project aiming to fully map the Norwegian-Greenland Sea with 
modern aeromagnetic data. The difference between this new survey (5x20 km; Line/Tie line spacing) and old 
aeromagnetic data is significant and definitively provides both new magnetic framework and insights on the 
geodynamic evolution of the Norwegian-Greenland Sea. The main faults, structure and magnetic anomalies 
have been re-interpreted using a systematic and detailed comparison between high-resolution bathymetry, 
gravity, magnetic patterns and seismic data. Magnetic chrons are now better identified, new anomalies have 
been detected and the fault pattern has been refined. Data and interpretation illustrate and document the 
syn- and post-breakup magmato-tectonic evolution of the margin. Anomalous melt production associated 
with the breakup of the volcanic margin is well known (Seaward Dipping Reflectors, underplating, sill 
intrusions). The new data reveal, however, that anomalous igneous activity continued episodically and 
extensively along the trend of the JMFZ, as suggested by local overcrusting processes (oceanic crust up to 
15 km!). To explain this atypical magmato-tectonic process, we suggest a challenging geodynamic model. 
Plate reconstructions, show that a triple junction could have initiated during the breakup between the Vøring 
Marginal High and a prominent magnetic anomaly, offshore Greenland, so called the Traill-Vøring igneous 
complex. Mantle upwelling under the early spreading ridge and/or local stress reorganisation could have 
induced transtension and lithospheric thinning along the JMFZ. Magmatic activity could have increased 
locally and episodically along this "leaky transform". This early tectono-magmatic process can be compared 
to the Azores Plateau, which can be used as a modern "analogue" to the early Norwegian spreading system 
initiated at C24B (54-53 Ma ago) or may be earlier as suggested by intriguing magnetic anomalies 
interpreted as C25 (?), south of the Jan Mayen Fracture Zone. The JAS-05 also questions the validity of real 
volcanic SDRs along the northeastern margin of the Jan Mayen microcontinent. They may most likely 
represent sedimentary rotated fault blocks, only overlapped by a thin basaltic layer. We thank the Norwegian 
Petroleum Directory, Statoil and Shell Norge for financially supporting the JAS-05 project. 
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Whereas the Late Triassic initial phases of Atlantic rifting were marked by the tholeiitic basalt flows and 
dykes of the Central Atlantic Magmatic Province (CAMP), the Cretaceous era was characterized by 
widespread alkaline igneous activity on widely separated peri-Atlantic continental margins. More than half the 
alkaline rocks dated between 250 to 50 Ma fall within the 125-80 Ma range. This period of intense alkaline 
activity during mid-Cretaceous time defines the Peri-Atlantic Alkaline Province (PAAP). The mechanisms for 
the opening of the Atlantic Ocean, as well as for the CAMP and later PAAP magmatic events, have been 
alternatively attributed to deep mantle plumes or a combination of tensional forces, lithospheric rifting and 
structural controls. We describe the PAAP event for the first time and test the plume and structural models.  
The PAAP displays evidence of strong structural control and appears to be related to global reactivation of 
pre-existing lithospheric structures during continental break-up. Early stages of continental separation and 
abrupt changes in plate motion were the most likely mechanisms to have caused the reactivation of 
favourably oriented pre-existing structures. Mid-Cretaceous pulses in alkaline magmatic activity were closely 
associated with major tectonic events during Atlantic evolution. The opening of the South Atlantic and the 
change in intensity and direction of seafloor-spreading and plate motion (and consequent fluctuations in 
intra-plate stresses) were responsible for two spikes in the temporal distribution of Peri-Atlantic alkaline 
magmatism at ~125 Ma and ~85-80 Ma. 
The general lack of deep hotspot criteria associated with the peri-Atlantic zones seems incompatible with a 
mantle plume origin. On the other hand, the spatial distribution of the PAAP event along the continental 
edges of a passive margin ocean suggests an ideal setting for the development of edge-driven convection. It 
is proposed that the periodic reactivation of deep-seated pre-existing zones of weakness during major plate 
reorganisation, combined with coeval asthenospheric upwelling due to edge-driven convection and 
continental insulation flow, enhanced the ascent of alkaline magma. This mechanism of shallow, small-scale 
upwelling during periodic structural reactivation provides a more likely explanation for the PAAP than the 
widely suggested deep mantle plume scenario.  
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The eastern Gulf of Aden exemplifies several extensional processes that began 35 Ma ago from 
continental rifting to seafloor spreading at 2 cm/yr. Thin post-breakup sediment cover reveals the syn- and 
pre-rift basement fabric and the variable styles of conjugate margins along and across strike. A 
comprehensive multi-disciplinary study of the eastern part of the northern margin of the Gulf of Aden has 
been undertaken recently in the framework of the French margins program (GDR Marges) and the NERC 
with the long term objective to integrate in a consistent model of evolution, field observations where the 
margins crop out, results of marine geophysical survey where the margins are submerged and seismological 
observations of deep interior structure. 

A deep onshore-offshore seismic survey operated by IFREMER-GENAVIR was conducted in March 2006 
off the Dhofar coast (southern Oman). We collect 67 multichannel seismic reflection profiles and 15 seismic 
refraction profiles acquired thanks to 60 stations. The shots have been recorded by 35 Ocean Bottom 
Seismometers (15 from IRD-Villefranche sur Mer and 20 from INSU Paris) and 25 seismological stations 
deployed onland in Southern Oman (18 stations from Encens-UK project funded by NERC and managed by 
RHUL ; 2 temporary and 4 permanent stations from Sultan Qaboos University ; 1 from ENS Paris). The 
network has been extended to the southern conjugate margin with 2 broadband stations deployed in Socotra 
island. 

This young and narrow basin allows to study (1) the thinning and breakup of the continental 
lithosphere, (2) the onset of seafloor spreading in the ocean-continent transition (OCT) and (3) the transition 
from rifting to spreading. The geophysical data of the Encens-Sheba in 2000, Encens2 and Encens-Flux 
cruises (Leroy et al., Lucazeau et al.) in the eastern Gulf of Aden allows to precise the 3D structure of the 
conjugate margins including the OCT area, the geometry of the Moho, the onset of spreading and the 
opening kinematics of the basin.  

A preliminary analysis of reflection profiles combined to gravity, magnetism and refraction data indicates 
that over a width of about 20 km to 50 km at the foot of the margins, the crust is very thin, the basement is 
tectonised and displays basement highs and magnetic anomalies. This suggests the existence of narrow 
OCTs. The OCT structure evolves from one segment to another: landward low dipping fault is observed in 
the OCT of the northeastern segment, whereas in the western part the low angle faults are seaward dipping, 
which could be related to different mechanisms of exhumation of mantle and crustal rocks. We could 
compare the deep geometry of the OCT to several numerical models of margins formation. 

As described on older non-volcanic margins, we propose that the formation of OCTs occurred after the 
continental breakup and before the beginning of oceanic accretion and was controlled by amagmatic 
extension and/or ultraslow spreading. Magnetic anomaly identification dates at least at 17.6 Ma the onset of 
spreading. The Sheba ridge segmentation is related to margins segmentation and its evolution is first 
controlled by tectonics and secondly, when active ridge is created, by magmatism. 

Geological information on deep crustal levels, like samples is now necessary to further investigate the 
nature of the OCT and the mode of the continental lithosphere thinning. 
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A long-standing problem in Earth Science is to understand how continents break apart to form new ocean 
basins. Two key aspects to lithospheric rupture in magma starved settings that remain poorly understood are 
(1) the mechanics of extreme extension and how crust thins to only a few km thick; and (2) the initiation of 
melting to generate seaflloor spreading. The processes involved in these two distinct aspects are almost 
certainly linked and the key observations are in the critical continent-ocean transition area. In this 
contribution, we summarize the Newfoundland-Iberia conjugate margin pair in terms of what is currently both 
known and unkown about both the tectonic and magmatic processes of the continent-ocean transition. The 
Newfoundland-Iberia conjugate system is the type locality for magma-starved breakup because it is both well 
studied, and because basement rocks are accessible to sampling through drilling. We will focus in particular 
on the Flemish Cap margin, which when combined with data sets from the Galicia Bank margin, provide one 
of the most complete profiles of the whole rift system from near-normal relatively unextended continental 
crust, to extremely thin crust and exhumed mantle, and finally to igneous oceanic crust. We highlight the 
need for ocean drilling in key locations along Flemish Cap to complete our picture of this important rift 
system. 
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Two deep seismic cruises were conducted as joint projects between Ifremer, Total, and the Universities of 
Brest, El Jadida and Lisbon to constrain the deep crustal structure of the Morrocan continental margin. 
During the SISMAR cruise (May, 2002) four combined wide-angle and reflection seismic profiles were 
acquired on the northern Morrocan passive margin, using 15 ocean bottom instruments, a 4.5 km long, 360 
channel digital streamer and a 4850 in3 tuned airgun array. Two profiles were shot parallel and two profiles 
perpendicular to the margin. Both profiles perpendicular to the margin were additionally equipped with 
landstations in the prolongation of the marine profiles. 
 
During the DAKHLA cruise (December 2003), which used a similar profile layout of two profiles parallel and 
two profiles perpendicular to the margin, a total 1500 km of seismic reflection and wide-angle profiles were 
acquired off the southern Morrocan margin. The wide-angle seimic profiles were acquired using 17 ocean 
bottom instruments, the same seismic streamer and a 8350 inch3 airgun array. As for the SISMAR survey, 
two profiles were additionally equipped with landstations in their prolongation on land to constrain the 
structure of the unthinned continental crust. 
 
The main aims of the both cruises were to image the deep structure of the margin, to characterize the size 
and the nature of the transition zone between the continental and oceanic crust, and to detect and quantify 
the origin of the magnetic anomaly S1, associated to the opening of the Atlantic. Modelling of the reflection 
and wide-angle seismic data from the SISMAR survey images the thick sedimentary cover of the margin, 
which is locally perturbed by salt tectonics. The sedimentary basin thickens from 1.5 km on normal oceanic 
crust to a maximum thickness of 6 km at the base of the continental slope. The model reveals basement 
structures including a few tilted fault blocks and a transition zone to thin oceanic-type crust. A strong 
discontinuous reflection at 12 s TWT is interpreted as the Moho discontinuity. The crust thins from 35 km 
underneath the continent to about 7 km at the western end of the profile. The transitional region has a width 
of 150 km. No layer of anomalously high velocities between 7.2 and 8.0 km/s, which could be interpreted as 
underplate or serpentinized upper mantle material, has been detected at the ocean continent transition. 
Modelling of the reflection and wide-angle seismic data from the DAKHLA cruise reveals a 10 km deep 
sedimentary basin including two high velocity carbonate layers. The crustal thinning from 30 km at the 
continental part to 7 km in the oceanic part occurs over a 100 km wide zone. The continental crust is divided 
into two distinct layers of 12 and 18 km thickness. Oceanic crust east of the M25 magnetic anomaly displays 
higher velocities in layer 3 than west of the magnetic anomaly. This change in velocity suggests a possible 
link to changes in accretionary processes of the oceanic crust.  
 
A comparison of wide-angle models from the northern and southern experiment show similar continental 
crustal thickness and structure in both regions, but a wider ocean - continent transition zone in the south. No 
high velocity layer corresponding to either serpentinized upper mantle or underplating has been imaged in 
either margin transect. 
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Detailed studies of the Bermuda seamount, a huge volcano now eroded down to sea level and covered by a 
thin veneer of coralline limestones, have included bathymetric surveys, an 800 m deep continuously cored 
diamond drill hole, several shallower holes, and sea floor exploration and sampling using a state of the art 
ROV in 2006. These have revealed an unexpected, complex history. 
The seamount lies in the middle of a topographic swell situated within the Western North Atlantic Abyssal 
plain, well removed from any form of ongoing volcanic or tectonic activity. The several sampling programmes 
have recovered a series of rare, diverse lithologies differing not only in composition but also in age.  
The seamount first formed on, or close to the axis of the Mid-Atlantic Ridge, built up of typical MORB pillow 
lavas some 110 m.y. ago. As it drifted westwards with the North American plate, the  extinct seamount sank 
to greater depths as the plate cooled, at the same time suffering erosion through marine weathering. 
Something then happened 33 m.y. ago: a swell uplifted the abyssal ocean floor where Bermuda then lay, 
and a massive intrusion of very hot magma permeated the seamount through sills and dykes. Some of the 
magma will have reached the surface, building up the volcaniv cone, causing it to emerge and attain a height 
of over 2000 m. These lavas are the most alkaline rocks on Earth. At the time of their discovery in 1972 no 
match could be found in data bases world-wide; consequently they were named Bermudites. Subsequently 
close matches were found with the alkaline, metal rich Meimechites from the Russian Siberian province. The 
magmas for these rocks are thought to have been generated deep in the Asthenosphere, at depths in the 
order of 200-300 km and temperatures in the excess of 1,500°C. 
Bermuda was to yield one more surprise when ROV sampling photographed and brought up very thin flows 
of rare carbonatite lavas. These rocks complete the typical cratonic alkali lava association of basalts- 
meimechites-carbonatites. 
But Bermuda is not lying on an ancient craton; nor is it part of a chain of hot-spot derived seamounts. What 
reactivated that spot deep in the Asthenosphere just once, 33 m.y. ago? And the strange compositions? The 
analysis of a comparable situation in the Cape Verde islands has suggested that once generated, the 
magmas migrated towards the surface passing not only the Lithosphere but also layers of old, delaminated 
ocean crust and lithosphere, left over and dragged out into the Atlantic Ocean’s abysses following 
continental break-up and the beginning of rifting, 
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The Brazilian margin has been for the last years the locus of extensive hydrocarbon exploration. However, 
remaining questions and uncertainties still exist and concern the crustal-scale evolution, the architecture of 
onshore and offshore basins, and the continent-ocean boundary (COB) location and character. In this study, 
we concentrate on the northeastern Brazilian margin, although considerations are depicted on a conjugate 
(Brazil-West Africa) margin framework, and primarily investigate the offshore Jacuípe and Sergipe-Alagoas 
basins, and the onshore Recôncavo, Tucano and Jatobá basins. We compile and re-interpret available 
conventional and deep multichannel seismic reflection profiles. Complemented by crustal scale gravity 
modelling we illustrate the crustal structure of the province by representative transects. We emphasize on 
the crustal type, tectonic development, the character of the continent-ocean boundary/transition expressed in 
potential field data, and the relationship of crustal structure to regional variations of potential field anomalies. 
 
The analysis shows that the onshore Tucano Basin has approximately the same depth as the Sergipe-
Alagoas Basin implying that the amount of crustal extension and deformation was probably similar for both 
basins. However, the absence of post-rift sediments in the onshore Recôncavo, Tucano and Jatobá basins 
and the prominent gravity anomaly amplitude difference observed across the Tucano and Sergipe-Alagoas 
basins indicates that both crustal and lithospheric mantle extension was dissimilar for the offshore and 
onshore basins. Furthermore, the study reveals that Moho shallows significantly more across the offshore 
Sergipe-Alagoas/Jacuípe basins than across the onshore Tucano and Recôncavo basins indicating that 
lithospheric mantle extension was considerable larger across the offshore basins in comparison to the 
onshore ones. These observations clearly indicate that the deep crustal structure along the Northeastern 
Brazilian margin exhibits a different degree of extension between the crust and the lithospheric mantle, 
reflecting a depth-dependent stretching pattern. Therefore the existence of an intracrustal detachment zone 
is invoked and placed at the mapped physical boundary that separates the heterogeneous crust into zones 
with different deformation characteristics. The crustal heterogeneities are controlled by the complex network 
of shear zones and by two different kinds of terrains, namely Proterozoic granulites and Proterozoic 
metasediments. Finally, the dip of the detachment was interpreted based on the geometry of the basins, i.e. 
the area of greatest subsidence coinciding with the depocenter location at the onset of the detachment. The 
analysis also reveals discernible along-margin segmentation due to a number of transfer systems which 
evolved with different detachment dips and different rift geometries. The observations on the different 
segments of the Northeastern Brazilian margin are evaluated and integrated within the framework of simple 
shear, pure shear and combined-shear hybrid crustal extension models. 
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New seismic data at the southern edge of the Galicia Bank was acquired during the summer of 2006, in the 
scope of the Portuguese Continental Shelf Extension Program. In order to control the velocity structure of 
sedimentary infill and access the deep basement structure 9 OBSs were deployed along the MCS IB02 
profile. Shooting interval was 200 m. This profile crosses from thinned continental crust at the southern 
Galicia Interior Basin into the Iberia Abyssal Plain Ocean Continent Transition at ~41ºN, commonly 
interpreted as the Zone of Exhumed Continental Mantle. 
 
The 6 OBSs recovered have been relocated by direct water arrival fit. First arrival 2D tomography of 
sedimentary and basement arrivals have been performed. The obtained velocities were used to constrain 
depth migration of the deeper structure in the coincident MCS line. 
 
A median filter processing was applied to the wide-angle data in order to enhance near offset arrivals. These 
correlate well to the TWT sedimentary record of MCS data. Arrival time fit and amplitude modelling provided 
a 2D velocity model. The TWT of the sedimentary interfaces and the top of basement were used to control 
the layer topography. Preliminary results indicate a good agreement between the wide-angle velocity model 
and the coincident depth migrated MCS line. 
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The crustal and lithospheric mantle structure was investigated along a 370km profile at the south segment of 
the west Iberian margin, from 12.9ºW to 8.7ºW, at approximately 38ºN. The profile crosses from inland 
unthinned continental to oceanic crust, IAM5. Both MCS data and wide-angle, WA, data were considered. 
WA data set includes 6 OBSs and 2 inland seismic stations. Free air and total field magnetic anomalies 
profiles were extracted from available grided data. 
 
WA data cinematic and dynamic modeling provided a 2D velocity model that proved to be consistent with the 
free air anomaly profile. Strong WA recorded diffractions were identified and modeled. 2.5D generalized 
inversion on pseudo-susceptibility was performed. A Bouguer gravity anomaly grid was calculated and a 
similar procedure was performed for the geoid. First and second derivatives grids of this surface and its 
upward continued surfaces were calculated to locate lineated lows and highs. 
 
All considered data sets and modeling results indicate four main crustal domains: oceanic, transitional, 
thinning and continental. Within the transitional domain the WA and MCS data sets clearly suggests that the 
crust is very heterogeneous. A 70-80km long crustal complex structure is found to vary both horizontally and 
vertically. At the easternmost segment of the transitional domain the rapidly seaward thinning middle 
continental crust rests over a seaward thickening lower transitional crust. Strong WA diffractions were 
modeled to originate at this interface level. PmP phases are required to originate at this segment of the 
transitional domain favoring a predominant gabbroic composition for this lower transitional crust. The 12km 
thick exhumed continental crust at the eastern limit of the transitional domain vanishes 40km to the west, at 
the foot of the continental slope. 
 
The OCT locates at the western segment of the transitional domain, having ~30-40km width. Here the crust 
is highly reflective at all levels, probably due to intrusive bodies. This low scale heterogeneity is also patent in 
the WA data and the modeled WA difractors correlates well to intrusive bodies. Both magnetic and free air 
profiles modeling are also consistent to a major rock property contrast at this location, where high apparent 
susceptibility and density blocks were modeled. The Moho does not continuously show at the MCS data and 
a few of these dipping reflectors reach mantle depths. This eastern 30-40km segment of the TAP is a mass 
excess segment, bordered to the west by a set of margin parallel positive magnetic anomalies. 
 
Significant differences are found when we compare this segment to the central and north segments of the 
west Iberia OCT. In the central and northern segments of the west Iberian margin the density contrast 
between thinned continental crust and the transitional crust (ZECM) clearly correlates to a ridge in the 
Bouguer corrected geoid surface. No similar feature is found at the southern segment of the west Iberian 
margin, where such large body of exhumed mantle at the OCT is hardly supported by the data. The south 
segment of the OCT has a clear margin parallel magnetic signature, not referred to occur at the central and 
north segments. The width of the OCT at the south segment is ~30-40 km while at the central segment is 
more than 150 km. Also the seismic signatures of the OCTs show important differences. At the south, 
although several MCS dipping reflectors reach mantle depths, the WA data require reflections from the Moho 
to fit the observed amplitudes. At the central segment, the region of the OCT adjacent to the continental crust 
also generates PmP phases, but further west no first order discontinuities have been reported and the 
transitional crust velocity increases smoothly to reach mantle velocity. The former differences favor a two 
pulse continental breakup instead of a relatively uniform propagation. 
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Over the past few years, the interpretations on the nature of the basement at the Ocean-Continent Transition 
in the Iberian Abyssal Plain have changed considerably. The transition from thinned continental to oceanic 
crust is nowadays interpreted as a ZECM due to delamination and removal of continental crust, by low angle 
detachment faulting, in an essentially magmatically starved environment.  
 
The ZECM was targeted by a MCS reflection and wide angle refraction survey in the summer of 2006 in the 
scope of the Portuguese Continental Shelf Extension Program. Nearly 1600 km of 2D MCS reflection lines 
were performed, along E-W and N-S directions and tie with existing academic and industry surveys. The 
lines were acquired serving a two fold purpose: To constrain the sediment thickness and to characterize the 
basement and intra-basement structure at the Iberian Abyssal Plain and Southern edge of the Galicia Bank 
and Interior Basin. The layout therefore consisted on a 8 km long streamer and an array of bolt long-life air 
guns (5720 cu.in.). In order to record deep reflections the record length was set to 18 s.  
 
The E-W lines were Kirchoff pre-stack depth migrated (PSDM) using Paradigm’s Geodepth software. Results 
so far, show a clear improvement with respect to the original time migrated lines, especially for the deeper 
sections. We present a comparison between interpretations based on this enhanced PSDM images and 
existing tectonic models for this segment of the West Iberian Margin. 
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The West Iberian margin suffered a main compressive event during Miocenic times. The deformation that 
this event produced is clearly identified on its southern segment and seams to be concentrated in two main 
areas, within the short OCT and further west near the base of the Tore-Madeira rise. 
 
We concentrate on a geological transect of the crust and upper mantle structure in the TAP, extending from 
the un-thinned continental crust in the east to the oceanic crust in the west. This cross-section is constrained 
by one deep-penetrating MCS profile - IAM5, coincident recordings of refractions and wide-angle reflections 
by OBS’s and land stations, 2-D modelling of gravity and magnetic data. 
 
The effect of the Miocenic deformation in the TAP is studied using finite element models of flexure that 
incorporate realistic rheologies. Several hypothesis about the thermo-mechanical structure of the OCT are 
tested and compared to the observed pattern of deformation. 
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The Iberia nonvolcanic rifted margin has been studied primarily within the context of two distinct segments: 
Galicia Bank (GB) and the Southern Iberia Abyssal Plain (SIAP). The bathymetric contrast between GB (2-4 
km water depth) and the SIAP (~5 km water depth) differentiates the two segments, in addition to distinctions 
in the widths of extended continental crust (GB: ~260 km; SIAP: ~80 km) and the zone of exhumed 
continental mantle (ZECM; GB: 0-60 km; SIAP: ~170 km). We have speculated that crustal-scale mass 
wasting may have altered the original transform segment boundary between GB and the SIAP. Our 
interpretation proposes transport of extended continental crust and overlying pre-rift sediments southward 
from GB onto exhumed, serpentinized peridotite of the SIAP. We reexamine the ODP Legs 149/173 drilling 
transect in the context of this hypothesis. Shallow-water Tithonian-Berriasian sediments sampled at sites 901 
and 1065 atop basement highs of interpreted 4-6 km-thick continental crust could have been originally 
deposited atop GB, slumping with upper crustal blocks to the south sometime during the Tithonian to 
Valanginian. In this interpretation, serpentinized peridotite sampled at site 1068 represents the pre-existing 
SIAP ZECM onto which the slump was deposited. We suggest that intra-crustal faulting caused by east-west 
extension may have weakened the upper crust of GB sufficiently to allow gravitational collapse. Our 
interpreted slump then represents the latest faulting of a polyphase rift evolution. Examination of the Iberia 
margin bathymetry hints at a concave fault-scarp at the crown of our proposed slump; we use the bathymetry 
to resolve other potential locations of slumping, as well as regions that appear unaffected by mass wasting. 
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The Møre volcanic margin is a part of the mid-Norwegian margin, one of the world’s most extensively studied 
continental margins. Volcanic margins are considered an end-member of rifted margins and generally 
characterized by transient, voluminous basaltic volcanism that impedes imaging of deeper structures. 
Modern aeromagnetic and gravity compilations from the Geological Survey of Norway provide a tool to 
address some of the questions remaining on the Møre margin. The key questions relate to the maximum 
extension and nature of the crustal domain beneath the volcanic material emplaced during breakup in Early 
Tertiary time. Major issues also concern: 1) the mechanisms leading to excess breakup magmatism, 2) the 
precise timing and location of the continent-ocean boundary (COB), 3) the segmentation of the magmato-
tectonic processes, and 4) sub-basalt imaging problems that do not allow a proper imaging and 
understanding of the pre-breakup rift system. To address these problems a 3D potential field (gravity and 
magnetics) model on the Møre margin is constructed. Differences between the observed and predicted 
magnetic and gravity fields are then used as the basis for refining the model geometries that are based on 
numerous additional datasets. The model provides new and relevant constrains about the maximum extend 
of the true continental basement, sub-basalt geometry, the nature of the rift and proto-ridge structures and 
the distribution of lower crustal bodies expected along this volcanic frontier area. 
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Antarctica was a center piece of the Gondwana supercontinent. About 85 percent of Antarctica’s 10000 km 
long continental margins are of a rifted divergent type, and about 1200 km have been converted from a 
subduction-type to a passive margin after ridge-trench collision along the Pacific side of the Antarctic 
Peninsula. The separation of South America, Africa, India, Australia and New Zealand from Antarctica and 
the creation of a continuous Southern Ocean began in the Jurassic and continued until the mid Tertiary. In 
recent years, the amount of geophysical data along the continental margin of Antarctica has increased 
substantially, which allows to differentiate the crustal characteristics of its continent-ocean boundaries and 
transitional zones (COB/COT). The data and geodynamic modelling indicate that the cause, style and 
process of breakup and separation were quite different along the Antarctic margin. A circum-Antarctic map 
will show the crustal styles or the margin and the location and geophysical characteristics of the COT. 
Definitions of the COT and and understanding its process of formation has consequences for plate-kinematic 
reconstructions and geodynamic syntheses. 
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We present a tectonic interpretation of the breakup and early seafloor spreading between India and 
Antarctica based on improved coverage of potential field and seismic data off the East Antarctic margin 
between the Gunnerus Ridge and the Bruce Rise. We have identified a series of ENE trending Mesozoic 
magnetic anomalies from chron M9o (~130.2 Ma) to M2o (~124.1 Ma) in the Enderby Basin, and M9o to M4o 
(~126.7 Ma) in the Princess Elizabeth Trough and Davis Sea Basin, indicating that India-Antarctica and 
India-Australia breakups were roughly contemporaneous. 
A high-amplitude, E-W oriented magnetic lineation named the Mac Robertson Coast Anomaly (MCA), 
coinciding with a landwards step-down in basement observed in seismic reflection data, is tentatively 
interpreted as the boundary between continental/transitional zone and oceanic crust. The exposure of lower 
crustal rocks along the coast suggests that this margin formed in a metamorphic core complex extension 
mode with a high strength ratio between upper and lower crust, which typically occurs above anomalously 
hot mantle. Together with the existence of the MCA zone this observation suggests that a mantle 
temperature anomaly predated the early surface outpouring/steady state magmatic production of the 
Kerguelen LIP.  An alternative model that the MCA magnetic anomaly could be interpreted as the southern 
arm of a ridge propagator that stopped around 120 million years ago. 
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The eastern Black Sea is a deep, extensional basin that most likely opened in the late Cretaceous 
and early Cenozoic as a back-arc basin during the subduction of the Tethys Ocean.  This area provides an 
excellent natural laboratory for the study of extensional processes due to the thick sequence of sediments, 
which record the subsidence history, and the proximity of the conjugate margins, which reduce uncertainties 
in reconstructions. However, many aspects of the basin’s extensional history have remained controversial 
due to the absence of key datasets on the crustal structure, such as modern seismic refraction data. 
Competing theories call for either thinned continental crust or oceanic crust in the center of the eastern Black 
Sea based on gravity data and/or wide-angle seismic data acquired in the 1980’s. Little information on the 
crustal structure can be gleaned from existing industry seismic reflection data, most of which have 
inadequate record lengths or have not been processed to accentuate deep basement features. In these 
data, the basement surface appears relatively smooth in the center of the basin, and very few faults can be 
identified. Unraveling the style of opening and the nature of thin crust in the center of the basin is critical for 
understanding both past and present day tectonics in this active region.  

New onshore-offshore wide-angle seismic refraction data were acquired along four profiles in Feb.-
March 2005 to delineate sedimentary and crustal structure in the eastern Black Sea and thus address 
questions about the opening history posed above. These data survey thin crust in the center of the eastern 
basin, the mid-Black Sea High (a basement ridge that separates the eastern and western basins), Sinop 
Trough (a sub-basin south of the basin center), and the Turkish margin. The high quality of these data makes 
it possible to identify sedimentary, crustal, and mantle phases; wide-angle sedimentary phases can be tied 
with horizons observed in coincident seismic reflection data. In this presentation, we show velocity models 
along these profiles created by reflection/refraction tomography using JIVE (Hobro et al., 2003), with 
particular focus on the velocity structure of thin crust in the basin center. Our models indicate relatively 
abrupt thinning at the southern margin from ~32 km to ~7-9 km over a lateral distance of only ~30 km. While 
crustal thicknesses of 7-9 km are consistent with oceanic crust, the crustal velocities are slower than 
“normal” oceanic crust on some profiles (~5.5-6.5 km/s), implying that thin crust in some parts of the basin 
might be extended continental crust.  We discuss the consequences of this crustal structure for the opening 
history of the eastern Black Sea and compare these results with coincident subsidence analyses. 
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This study forms part of a project investigating the Cenozoic climatic and tectonic evolution of South Asia. 
The study area is located on the western flank of the Indian volcanic passive margin between magnetic 
anomaly 28, the Murray Ridge and the continental shelf. This margin is one of the most important Large 
Igneous Provinces recording the break-up of Gondwana and the migration of the Indian Plate from the 
southern to the northern hemisphere. 
 
The study area comprises some 280,000 km2 and is covered by a number of seismic surveys ranging from 
3D seismic to sparse 2D seismic coverage. There are only limited borehole data available, and the area is 
scheduled for an IODP drilling leg in the Northern Indus Fan. 
 
This report is thus a largely seismic-based assessment of the volcanic and sedimentary record along the 
West Indian passive margin. This study also utilizes new age control recorded in the Indus Fan sequence 
and underlying carbonate build-ups sitting on the Somnath and Saurashtra volcanic ridges.  Seismic stacking 
velocities are used as a proxy for the velocity of the seismic basement and integrated with a tectono-
stratigraphic framework, which helps define features such as seaward-dipping reflections, hyaloclastic deltas, 
etc, which in turn allows us to estimate the domains of transition from continental to oceanic crust. 
 
This investigation thus provides new constraints, but also raises new questions about the definition of the 
OCT along the Indian Margin. 
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Better describing the origin, architecture and evolution of the Ocean Continent Transition (OCT) is a major 
recent scientific goal in the field of Earth Sciences. Indeed, the OCT is the boundary between continental 
and oceanic lithosphere and represents a crucial area in term of both oil research and fundamental 
understanding of orogenic process. 
The aim of this work is to characterise the relationships between basement units and associated sedimentary 
cover in the high pressure ophiolitic units of northern Corsica. We attempt reconstructing the pre-orogenic 
architecture of a potential OCT preserved in this region. We focused on the Col de Teghime area, between 
Bastia and St Florent where alpine units consist of  a stack of thin basement slices and their own primary 
sedimentary cover. The nature of the basement is either continental or oceanic, including : serpentinites, 
Permian gabbros and gneisses, closely associated with paleozoic metabasites and micaschists. 
The sedimentary cover shows a continuous sequence of marble (Tithonian pelagic limestones, typical of the 
ligurian oceanic realm) followed by metabasites, quartzites, and calcschists. This sedimentary succession 
shows strong affinity with cover series from the “pre-piemontais” distal margin domain. These sequences are 
typical of distal margin deposits and frequently overlie the serpentinitic basement. The detailed analysis of 
lithostratigraphic successions deposited on the serpentinite basement provide a number of important 
constraints. 
• The marbles in contact with the ultramafic basement present evidence of reworking of  dolomitic clasts. 
This indicates that continental margin units were located close to areas of exhumed mantle during the 
deposition of the jurassic limestones. 
• The serpentinite basement present a specific association of lizardite ribbon fabrics and antigorite-rich 
shear zones. The lizardite ribbons have been interpreted as the relic of oceanic fabrics and the shear zones 
as the witness of later alpine tectonics. 
• The presence of possible remnants of pelagic microfossils (rotalipora genus, B. Baudoin, pers. com.) in 
calcschists from the Schistes Lustrés units (metamorphosed flysh), allow to give an Upper Cretaceous age to 
the inversion of the Liguro-Piemontais basin. 
 
These results are integrated within a tectonic model of the first steps of the margin evolution of this part of 
the paleo-alpine ocean in an OCT environment. This model is based on the following features : (i) the relics 
of oceanic fabric within serpentinites support the existence of paleo-low-angle detachment faults that 
controlled mantle exhumation; (ii) the vicinity of the continental margin during sedimentation is evidenced by 
dolomite debris flows concentrated at the base of the marble unit. 
 
Key words: Ocean Continent Transition, high pressure units, microfossils, oceanic detachment, 
lithostratigraphy, alpine Corsica. 
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The Inzecca ophiolite (Alpine Corsica) is reputed preserved from Alpine tectonics and high pressure 
metamorphism and presents a contact between serpentinized mantle and oceanic-related sedimentary 
cover. A detailed structural and microstructural study of the serpentinites below the sediments is herein 
proposed in order to characterize the nature of this contact.  
Field observations reveal the following lithological succession, from the top of the outcrop till 50 metres 
beneath the contact: ophicalcite breccias, serpentine ultramylonites, lenticular serpentinites, massive 
serpentinites and altered pyroxenite. All these levels are crosscut by gouge zones and cataclastic breccias. 
The general fabrics in serpentinites is oriented parallel to the contact. Fabrics are defined by alternative 
levels of bastites resulting from pyroxene hydration and ribbons of serpentine resulting from olivine hydration.  
Microtextural study, chemical analyses, petrographic and electronic microscopy (SEM and TEM) allowed to 
characterize of a continuous and progressive deformational event that developed from high-temperature to 
brittle conditions. Fluid circulation and hydrothermal alteration were identified during this long-lived event. 
Four stages have been characterized within rocks localized just near the contact: 
 
- High temperature deformation of the initial peridotite that created mylonitic fabrics with crushed 

pyroxene and elongated olivine. This stage is not observed within our samples but deduced from the 
development of serpentine-rich pseudomorphic structures and the preservation of pyroxene-rich 
ultramylonite. 

- Developed during ongoing deformation, the first stage of serpentinization is responsible for (i) 
formation of highly striped serpentine levels and (ii) boudinage of bastite lithologies. TEM and SEM 
analysis demonstrates that striped serpentine was lizardite. Ribbon-like textures were recognized until 
50 meter under the contact.  

- Ongoing serpentinization occurred with the formation of polyphase and complex veins system that 
affects and crosscut the earliest above-described fabrics. Microtextural and TEM constraints show that 
lizardite are partially replaced and destabilized, forming an intermediate phase called protoserpentine. 
This stage is achieved by the development of oblique microcracks in which magnetite and chrysotile 
fibres indicate that their formation was the result of synkinematic crystallization. This stage is particularly 
well observed within a ten-thick zone localized below the detachment.  

- The last stage is dominated by intensive hydrothermal alteration and associated brecciation, mainly 
identified within the upper part of the outcrop, close to the contact. Cataclastic corridors were formed, 
sometimes at high angle with respect to the contact between ophicalcite breccias and serpentinites.  

 
This study demonstrates the existence of a detachment fault zone within the Inzecca ophiolite in which 
extensional deformation develops in a large range of temperature during serpentinization. We have 
demonstrated that serpentine crystallizes during the major stages of the process systematically under the 
control of deformation. Based on mineralogical assemblages and because kinematics is incompatible with 
the alpine tectonics in Corsica, we interpret this deformational event to represent some relics of low-angle 
detachment zone that control mantle exhumation within oceanic domains, developed prior to the alpine 
orogeny.  
 
Key words: Inzecca ophiolite, Alps, Corsica, serpentine, microstructures, oceanic detachments, dynamic 
crystallization. 
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Classical models of rifting include commonly orthogonal extensional systems and are 2D whereas much less 
is known about rifting in a transtensional setting undergoing extreme crustal thinning. The Bay of Biscay-
Western Pyrenean is the ideal natural laboratory to study extreme crustal thinning within a transtensional 
environment in 3D. The overall area underwent several phases of extension, with a major phase in late 
Jurassic early Cretaceous time that resulted in the opening of the Bay of Biscay in Baremian to Aptian time. 
In front of this propagating ocean, several smaller basins (e.g. Parentis and Mauléon basins) formed showing 
evidence for important and localized crustal thinning with a continental crust < 10 km and little evidence for 
normal faulting. The overall crustal structure is well imaged in the Parentis basin, situated at the head of the 
propagating ocean outside the area affected by the Pyrenean compression. This basin is well imaged by 
seismic sections (e.g. Ecors-Bay of Biscay profile and industry data) and several wells penetrate into 
basement. The seismic data show an important asymmetry in the basin, with a sag geometry in the north 
and a more complex structure at its southern termination. In this southern part the basin is floored by a 
strong reflection that is overlain by tilted blocks/allochthons, some of which are overlain by Lower Cretaceous 
sediments showing evidence for growth structures. Two wells drilled across the strong reflection and 
penetrated into a tectonized basement, indicating that the strong reflection may coincide with a brittle 
detachment. About 30 km further to the east, this reflection approaches the surface in the area of the massif 
du Labourd. This massif is formed by granulite facies lower crustal rocks that are separated along a tectonic 
contact with local occurrences of mylonites, from upper crustal rocks and Paleozoic to Mesozoic sediments. 
The top of the basement is tectonized and covered by tectono-sedimentary breccias and sealed by Lower 
Cretaceous sediments. The type of fault rocks, as well as the occurrence of tectono-sedimentary breccias, 
altogether sealed by Lower Cretaceous sediments support the interpretation that the massif du Labourd is 
capped by the same Early Cretaceous detachment fault that floors the basin further to the west.  
 
The Mauléon basin further to the southeast is, in contrast to the Parentis basin, more reactivated by the 
Pyrenean compression, with the advantage that deeper parts of the basin are directly accessible and can be 
studied in the field. Local occurrences of serpentinzed mantle peridotites, preserving locally ophicalcites, 
classically interpreted as evidence for the exhumation at the ocean floor, are overlain by sedimentary 
breccias composed of mantle and lower crust rocks and mylonites. These observations suggest that mantle 
rocks were exhumed together with lower crustal rocks to the seafloor. Thus, locally thinning of the crust was 
complete. In the same basin, the stratigraphic record of the extension is preserved and characterized by 
rapid subsidence in the basin and simultaneous uplift at the margin of the basin to the south, as indicated by 
up to 900 m of Albian conglomerate reworking the Paleozoic metasediments.  
 
These preliminary results show evidence for extreme crustal thinning in the Parentis basin and locally even 
for mantle exhumation in the Mauléon basin, both forming in front of a propagating oceanic basin. However, 
in contrast to orthogonal rift systems, the deformation is more localized and characteristic structures such as 
the H-block are not observed. Instead, complex relationships with syn-sedimentary lower Cretaceous 
transform faults are observed. Thus, in order to describe the overall strain distribution, it will be necessary to 
integrate all theses elements in a 3D view. Moreover, these results, if confirmed, will not only allow to 
understand extreme crustal thinning in 3D, but will also result in a reinterpretation of the regional Pyrenean 
geology and ultimately of the kinematics of the Iberian plate with major consequences for the tectonic 
evolution of the North Atlantic and Alpine realms.  
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The tectonic, sedimentary and isostatic evolution of distal margins are, compared to more proximal rifted 
margins, poorly constrained. Key questions concern the processes that thin the continental crust to less than 
10 km prior to continental breakup, the development of magma percolation/infiltration and serpentinization 
during lithospheric thinning, and also how these processes are documented in the stratigraphic record and 
control the sedimentary evolution of distal margins. Although the Ocean Drilling Program dedicated four Legs 
(Legs 103, 149, 173 and 210) to unravel the tectono-sedimentary evolution of the magma-poor distal 
margins within the conjugate Iberia-Newfoundland rift system, the observations to answer these questions 
are still incomplete. The rare samples of syn-rift sediments (about 1m drilled at ODP Site 1069) and the 
strong heterogeneity of the mantle across the OCT makes it difficult to understand the link between mantle 
and surface processes in present-day rifted margins.  
A more direct access to the sedimentary record of deep rifted margins and the underlying mantle lithosphere 
is exposed in the Alps. Remnants of the ancient Alpine Tethys rifted margins are well exposed and the 
paleogeographic position of these units can be reconstructed, with some exceptions, reasonably well. This 
enables a template of the former conjugate margins to be constructed in which observations of the 
distribution and timing of deformation and subsidence/uplift history, sedimentary facies, the occurrence of 
magma and the different mantle domains can be integrated. The aim of this PhD study, initiated in 2006, is to 
study the evolution of the distal/deep Alpine Tethyan continental margin from the onset of thinning (Toarcian; 
180 Ma) to continental breakup (Callovian; 160 Ma). During this period thinning in the Alpine Tethyan margin 
lithosphere changed from being broadly distributed over the whole margin to being localized in the future 
distal margin that was associated with thinning and exhumation of continental crust. Previous studies 
suggest that strain localization was associated with a major asymmetry of the future conjugate margins and 
uplift of the Briançonnais domain. Melt infiltration of subcontinental mantle was probably simultaneous with 
crustal thinning prior to its exhumation to the seafoor within the OCT.  
The Alpine Tethyan rifted margin domain represents a unique place where the relationship between mantle 
processes can be linked directly to the syn-and post rift evolution of the margin via the mapping of 
detachment faults and dating of exhumed mid and lower crustal rocks using well studied and dated 
sedimentary sequences. Our poster shows preliminary results obtained from field work in the Alps together 
with the major reconstruction of the Alpine units. The work of this project will be used to test and benchmark 
rifted margin formation models. 
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Ancient and present-day magma-poor rifted margins in the Alps and west of Iberia provide compelling 
evidence that the basement/cover contact in the Ocean-Continent Transition (OCT) is formed by the trace of 
an exhumed Top Basement Detachment Fault (TBDF). The TBDF exhumed crustal and mantle rocks to the 
seafloor and is overlain by extensional allochthons, stranded klippen of continental crust and pre-rift 
sediments, syn- or post-rift sediments or, further oceanwards, also by basalts. Associated with these TBDF 
are tectono-sedimentary breccias and various types of clastic sediments, ranging from debris flow deposits 
to sandstone turbidites, and silt- and claystones. The single occurrences are spatially restricted, and a large 
variability of compositions and textures is observed. These clastic sediments are in place overlain by pillow 
basalts and pelagic sediments, i.e. radiolarites and/or pelagic limestones and hemipelagic shales. 
 
Similar sediments have been described from many ophiolites in the Alps and in the Pyrenean, however, their 
interpretation remained vague. In particular, the fact that these sediments contain abundant material derived 
from continental basement rocks seems at odds with their occurrence on top of tectonized mantle rocks. 
However, drilling results along the Iberia margin, where drilling penetrated tectonized exhumed mantle and 
crustal rocks overlain by sedimentary breccias (e.g. ODP Sites 900, 1067, 1068, 1070), are very similar to 
the observations in the Alps. Off Iberia, displacement along detachment faults, which are inferred from drill-
hole and seismic data, resulted in a conveyor-belt type sediment accumulation in which the exhumed 
footwall rocks were exposed, eroded, and redeposited along one and the same active fault system. This 
interpretation, which might also explain the observations in the Alps, suggests that the sediments overlying 
the exhumed mantle rocks are genetically linked with detachment faulting. If this hypothesis is true, the 
sediments overlying the TBDF bear important information on the processes associated with detachment 
faulting which is one of the major processes during the transition from rifting to sea-floor spreading.  
 
Preliminary geochemical studies were run on selected sedimentary facies derived from 3 sites (Tasna, 
Platta, Totalp) preserving a cross section through the former OCTs of the two conjugate margins of the 
Alpine Tethys ocean as well as one site (Chenaillet) representing the first oceanic crust. The clastic deposits, 
shales, red jaspers and cherts are generally made of quartz, phyllosilicates, calcite, oxides, and of various 
reworked minerals. Following the different locations, their chemical compositions, particularly trace metals 
and REE contents, record the signatures of ocean-continent transition materials and subsequent alterations, 
with a wide range of compositions related to mantle, continental crust and/or pelagic contributions. A 
hydrothermal signature characterizes specific shales overlying serpentinized mantle rocks in the proximal 
OCT that is distinct from that found in sediments deposited on mid oceanic ridges. Thus, the mineral and 
geochemical composition of the various sediments overlying detachment faults could be a good tracer to 
document the changes in the sources and of the processes as well as to determine the mass transfers in the 
OCT during continental breakup. 
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A new model for the early evolution of the Palaeoproterozoic Rio Itapicuru greenstone belt is suggested on 
the basis of field relationships in the basement gneisses and  trace element geochemistry of basalts. The ca. 
2.15 Ga basalts can be divided into two groups in terms of trace element abundances; both groups have 
weak fractionated REE patterns, negative Nb anomaly, and are similar to basic rocks from the 
Phanaeorozoic ocean-continent transition, such as the Iberia rifted continental margin. A chromite-bearing 
serpentinised peridotite body in the Mesoarchaean (~3.0 Ga) basement, to the west of the Rio Itapicuru 
basalts, is crosscut by basic dykes older than 2.11 Ga. Chromite grains from the massive-type chromitites 
show Cr*- Mg* relationships and Platinum-group signatures similar to ophiolites. The associated mafic dykes 
underwent Calcium enrichment at the contact with the serpentinised peridotite, a feature that is interpreted 
as ocean-floor metasomatism of both original peridotite and basic dyke. This peridotite-mafic dyke complex 
is interpreted as a transitional–type ophiolite (Kusky 2004), similar to Alpine ophiolites. This information 
coupled with the basalt geochemistry support a model of a magma-poor rifted continental margin for the 
early evolution of the Rio Itapicuru greenstone belt and its basement. This conclusion has important 
implications for the breakup and assembly of Palaeoproterozoic supercontinents and to the study of ancient 
non-volcanic rifted continental margins. 
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Contrasting end members of volcanic and non-volcanic passive margin formation show a large variability in 
structural style and associated subsidence history that imply strong variability in the underlying thermo-
mechanical conditions at the time of rifting. For instance the Iberia-Newfoundland non-volcanic conjugate 
margin system has evolved from initial wide to late stage narrow, most probably asymmetric rift, leading to 
exhumation of mantle lithosphere and sub-lithospheric mantle in a wide ocean-continent transition zone 
under essentially cold conditions. In contrast rifting in the non-volcanic Central South Atlantic conjugate 
passive margins resulted in very wide (> 250 km) strongly thinned crustal conjugates which remained close 
to sea level until break-up providing conditions for the late syn-rift shallow water salt basin, implying high 
thermal gradients at the time of rifting. Volcanic rifted margins such as in the North and South Atlantic show 
excess magmatic activity and shallow water conditions at the rift-drift transition implying even higher 
geothermal gradients.  
 
We use thermo-mechanical finite element model experiments to investigate factors that are potentially 
important controls during volcanic and non-volcanic passive margin formation which may explain these 
characteristic differences. Our focus is on processes that create shear zones, on the rheological stratification 
of the lithosphere, and on processes that lead to differential thinning of upper and lower lithosphere during 
rifting. Dynamic modelling cases are compared where the crust is strong, weak, or very weak, and the 
mantle lithosphere is either strong or weak. Strain softening takes the form of a reduction in the internal 
angle of friction with increasing strain. Predicted rift modes belong to three fundamental types: 1) narrow, 
asymmetric rifting in which the geometry of both the upper and lower lithosphere is approximately 
asymmetric; 2) narrow, asymmetric, upper lithosphere rifting concomitant with narrow, symmetric, lower 
lithosphere extension; 3) wide, symmetric, crustal rifting concomitant with narrow, mantle lithosphere 
extension.  
 
The different styles depend on the relative control of the system by the frictional-plastic and ductile layers, 
which promote narrow, localized rifting in the plastic layers and wide modes of extension in the viscous 
layers, respectively. A weak ductile crust-mantle coupling tends to suppress narrow rifting in the crustal layer. 
This is because it reduces the coupling between the frictional-plastic upper crust and localized rifting in the 
frictional-plastic upper mantle lithosphere. The simple strength variation may be taken to represent end-
member thermal and/or compositional conditions in natural systems. Our results suggest that late stage 
rifting of the Iberia-Newfoundland margin system may be explained by slow extension of cold lithosphere 
resulting in asymmetric rifting and exhumation of mantle lithosphere. Rifting of warm lithosphere that includes 
a very weak middle lower crust allows strong differential thinning between upper and lower lithosphere 
leading to very wide crustal cross sections. This latter style may form an analog for the non-volcanic but ‘hot’ 
passive margin formation in the Central South Atlantic, where the associated strong differential thinning of 
the mantle lithosphere explains shallow water conditions during the late syn-rift and implies high geothermal 
gradients.  
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Continental break-up in magma-poor environments such as the Alpine Tethys and Iberia/ Newfoundland 
margins results in the exhumation of wide areas (>100 km) of mantle before new oceanic crust is formed. 
The integration of detailed observation from the outcrop scale to large scale seismic refraction and reflection 
interpretations at rifted margins have led to detailed conceptual models of the structural and magmatic 
evolution from the initial rifting to the formation of the ocean continent transition (OCT). One key feature of 
these interpretations is the importance of the rheological evolution of the continental crust on the structural 
evolution of the margin.  In this system most of the extension is accommodated by detachment faults 
accreting middle to lower continental crust and mantle peridotites before oceanic is accreted by magmatism.   
The weakening processes, the structural evolution and the melt distribution preceding and leading to the 
formation of these major detachments are interacting to develop the rheological conditions necessary to 
exhume middle to lower continental crust and mantle peridotites.  
We propose a new conceptual model tested by structural and petrological data and numerical experiments 
leading to the formation of mantle shear zones and the storage of melt below major ductile shear zones. In 
this study we explore the influence of melt migration and serpentinization on the progressive weakening of 
the mantle lithosphere (rheology and the distribution of strain) at the OCT. Field studies indicate that low 
temperature processes such as mantle serpentinization are either competing or collaborating with solid state 
and melt driven high temperature processes to localize deformation and magmatism during the formation of 
the OCT. The outcomes of the numerical experiments lead to different structural evolution and melt 
distribution that allows us to further inquire about the initial locus of the formation of new oceanic crust.  We 
also remark that the possible structure and volcanism of the OCT are very similar to what is observed at ultra 
slow spreading ridges where tectonic and magmatic accretion interact both in time and space.  
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Formation of rifted continental margins is associated with localized thinning and break-up of the 
continental lithosphere, driven or accompanied by the ascent of the lithosphere-asthenosphere boundary 
resulting in partial melting and oceanisation. Thinning also creates sharp density and viscosity contrasts and 
steep boundaries between cold deformed lithosphere and hot upwelling asthenosphere, thus providing 
conditions for  the development of positive (asthenosphere) and negative (mantle lithosphere) Rayleigh-
Taylor instabilities. The evolution of many continental margins and rifts (e.g., Newfoundland margin -  Iberian 
Margin, Golf of Aden,  Rio Grande etc) is characterized by relatively low spreading rates (< 3-5 cm/yr). This 
allows the RT instabilities to grow at the time scale of rifting. The impact of positive RT instabilities 
(asthenospheric upwelling) is well-studied. The negative RT instabilities, associated with mantle down-
welling, remain an overlooked factor. However, these instabilities should also affect rift evolution, in 
particular, they may cause mantle thinning or thickening below the rift flanks. The RT instabilities may also 
result in formation of cold mantle downwellings below the rift borders and affect its symmetry. Depending on 
the degree of mechanical coupling between crust and mantle, theses down-welling may result in surface 
depression, uplift or lateral injection of hot material in between the upper and lower crust.  Our numerical 
experiments suggest that the ratio of the RT-growth rate to the extension rate controls the overall rift 
geometry and evolution. Even if the effect of negative RT instabilities is more important for slow extension 
rates of 2×5mm/y (Deborah number, De < 1), it is still significant for 2-3 times higher extension rates of 2×15 
mm/yr (De < 10). The numerical experiments for extension rates of 2×15 mm/yr and mantle-asthenosphere 
density contrasts of 10-20 kg m-3 demonstrate a number of structural similarities with continental margins 
characterized by low De (e.g., Flemish Cap and Galicia margin). In particular, rift asymmetry results from 
interplay between the RT instabilities and differential stretching at De < 1. Formation of interior basins occurs 
at De ∼ 1-3. The best correspondence with the observed geometry of rifted margins is obtained for chemical 
density contrast of 20 kg m-3 and extension rate of 2×15 mm/yr, which is 2 times higher than the averaged 
values inferred from the observations. This suggests that margins may initially (pre-break up stage) extend at 
higher rates than the average extension rates characterizing rift evolution. The influence of RT instabilities is 
strongly controlled by extension rate, density, rheology and thermal structure of the lithosphere; this implies 
that we need better constraints on these parameters from the observations.  
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Non-volcanic margins exhibit very little evidence of synrift magmatism, even where the continental crust 

has been thinned to such an extent that the mantle has been exhumed across a transitional zone (up to 
~100 km wide). Using dynamical models of rifting, we explore how extension velocity, mantle composition 
and potential temperature influence the nature and extent of the COT and compare our results to 
observations at the West Iberia margin (WIM) and the ancient margins of the Liguria-Piemonte Ocean (LP) 
now exposed in the Alps. We find a first order relationship between extension velocity and the amagmatic 
exposure of mantle at the COT. For very slow half extension velocities, (< 6 mm/yr), mantle exhumation 
begins before melting. At these velocities, by the time melting starts at the rift centre, the area of exhumed 
mantle has moved sideways creating a COT, the width of which increases with decreasing velocities. 
However, at 10 mm/yr, a velocity probably appropriate for the exhumation of mantle at the WIM and LP, 
melting starts prior to mantle exhumation. In this case, our models show that by the time mantle exhumation 
starts, a 4.5 km column of melt has been produced, much more than the 2 km maximum mean melt 
thickness inferred at the COT of these margins. Even considering that 25% of the produced melt may be 
trapped in the mantle, as in slow-spreading mid-ocean ridges, still more melt is produced in the models than 
inferred from observations. Thus, extension velocity alone cannot explain the practical absence of synrift 
magmatism at the COT of the WIM and LP. We find that the formation of a wide, amagmatic COT at these 
margins, requires that either the mantle was depleted in basaltic constituents by >10% prior to rifting or that 
its potential temperature was ~50 °C lower than normal (≤ 1250°C).  
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Examples of depth-dependent continental lithospheric extension 
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The discovery of exhumed continental mantle rocks in ocean continent transitions and the recognition of an 
“extension discrepancy” across many passive continental margins, as exhibited by preferential thinning of 
lower crust and the rapid thinning of continental crust in the absence of obvious faulting, have seriously 
challenged the accepted paradigms for the formation of passive continental margins and the way in which 
continental lithosphere is deformed in extension. Recent studies have clearly demonstrated that rifting, senso 
stricto, is only one of a number of processes that thin continental lithosphere resulting in the spatial and 
temporal partitioning of extension through and across the lithosphere, that is, depth-dependent extension. In 
fact, fault-controlled accommodation space is rare in the distal regions of most passive continental margins. 
Depth-uniform stretching (i.e., the McKenzie model) is not the dominant process by which the continental 
lithosphere thins to breakup; it cannot explain the observed depth-dependent distribution of stretching of the 
lithosphere nor mantle exhumation at passive continental margins. So the fundamental questions become: 
What mechanism(s) allow the continental lithosphere to be thinned to the point of rupture? How is 
deformation accommodated in space and time? And what is the stratigraphic record of continental extension 
and how does it document the extension of the crust and thinning of the lithospheric mantle? 
 
Many passive continental margins are characterized by regionally distributed, syn-extensional sediment 
packages that are not consistent with the minor amounts of brittle deformation observed in seismic reflection 
sections across the margin (e.g., Galicia Bank and Iberian margin; Exmouth Plateau; Marion Plateau; 
Woodlark basin; southwest African margin; and the West of Shetlands margin), presenting examples of 
which is the primary purpose of this presentation. While the geological details and sedimentary facies differ 
between the various margins, the style of deformation and the regional distribution of syn-extensional 
accommodation are remarkably similar (e.g., Woodlark basin and Iberia margin). Syn-extensional sagging 
and the existence of significant post-rift accommodation in the same region characterized earlier by minor 
syn-rift faulting are proxies for depth-dependent extension (e.g., the Exmouth and Marion Plateaus). Seismic 
reflection and refraction data of the Iberian margin reveal a zone of mantle exhumation 50-60 km wide and 
outcropping peridotite ridges to the west, adjacent to an easterly zone of highly extended, faulted, continental 
crust 80-100 km wide of late Valanginian-late Aptian age. A geometric restoration of this faulted zone 
demonstrates that the distal Iberian margin crust was already thinned from 30 km to less than 10 km during 
the late Jurassic. Despite this extreme Jurassic extension, the paleo-depositional environment was one of 
apparent quiescence as exemplified by the deposition of shallow water Tithonian carbonates across the 
region now at 4-5 km water depth. Interpretation of seismic reflection data across the southwest African 
margin show similar structural features as the ultradeepwater Iberian margin, suggesting that continental 
mantle exhumation may be a feature of this margin as well. In contrast, the Exmouth Plateau, is 
characterized by a 100-200 km wide ocean-continent transition containing landward and seaward dipping 
reflectors, “rafted” crustal blocks, and possibly exposed continental mantle. Continental breakup between 
northwest Australia and Greater India occurred during the Valanginian and yet, the pre-Valanginian 
depositional packages across the plateau do not conform to our notion of syn-rift units as characterized by 
normal faulting, block rotations, and sediment wedge geometries. Rather, regional sagging and a notable 
lack of faulting of the appropriate age control the accommodation responsible for the Tithonian-Valanginian 
Barrow Group.  
 
If lower crustal and lithospheric mantle thinning is an extension process, then the seafloor adjacent to the 
extending zone should be characterized by exhumed lower crust and continental mantle. The width of this 
zone may be 100-200 km wide and contain organized magnetic anomalies. These anomalies are likely a 
consequence of mantle exhumation and serpentinization rather than seafloor spreading. These wide zones 
of mantle exhumation are difficult to accommodate in smaller extensional systems that are nevertheless 
characterized by significant syn-extensional sagging (e.g., Woodlark basin). A model of lower crustal and 
lithospheric mantle thinning that is driven by a divergent upwelling flow-field offers a hypothesis that 
circumvents this “room problem”. In the lithospheric flow model, continental lithosphere and asthenosphere 
materially is advected laterally so that a lateral strain balance is assured, the gross structure of both volcanic 
and non-volcanic is reproduced, and the resultant depth-dependent stretching is consistent with the paucity 
of syn-extension brittle deformation and large post-breakup subsidence. These different extension 
mechanisms have immense implications for the heat flow history, environments of deposition, syn-
extensional stratigraphy, and basin architecture for passive margin systems. The challenge is to understand 
exactly which mechanism(s) is (are) operative. 
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Continental breakup and sea-floor spreading initiation requires the thinning and rupture of continental 
lithosphere. Both non-volcanic and volcanic rifted continental margins, including conjugate margin pairs, 
show depth-dependent lithosphere thinning and stretching in which thinning and stretching of the lower 
continental crust and lithosphere greatly exceeds that of the upper crust. Depth-uniform stretching is not the 
dominant deformation process for thinning continental lithosphere leading to breakup and sea-floor 
spreading initiation; it cannot explain observed depth-dependent lithosphere stretching and the exhumation 
of continental lithosphere mantle. A new model of rifted continental margin formation has been developed 
that assumes that deformation and thinning of continental lithosphere leading to breakup occurs in response 
to an upwelling divergent flow field within continental lithosphere and asthenosphere, and that this 
deformation evolves into sea-floor spreading. The model successfully predicts depth-dependent stretching of 
continental margin lithosphere for both non-volcanic and volcanic margins and mantle exhumation at non-
volcanic margins, both of which are observed, but are not explained, by existing depth-uniform continental 
lithosphere stretching models. The model predicts a simple transition from pre-breakup lithosphere thinning 
to sea-floor spreading, and provides an explanation for the paucity of pre-breakup brittle deformation in the 
upper crust as observed at rifted margins. The upward propagation rate of the upwelling divergent flow field 
within continental lithosphere during pre-breakup lithosphere thinning is predicted to control margin 
lithosphere structure, OCT width, and the extent of mantle exhumation. The observed diversity of rifted 
continental margin structure and width of the ocean–continent transition can be explained by variability in the 
form of the upwelling divergent flow field. The model provides an explanation for the formation of asymmetric 
rifted margins and pre-breakup sag basins. Crustal thinning and lithosphere temperature predicted by the 
new margin formation model are used to determine rifted margin bathymetry and gravity anomaly. Observed 
bathymetry and gravity anomalies have been used to invert for kinematic parameters describing breakup 
lithosphere deformation. The upwelling divergent flow model of continental lithosphere thinning and rifted 
margin formation has been successfully applied to a number of rifted margins including conjugate pairs, and 
to predict rifted lithosphere structure, OCT location, subsidence and heat-flow history. 
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The mechanism that leads to dramatic crustal thinning of passive continental margins as well as the 
inception of oceanization is still a matter of debate. Recent studies on passive margins show that further 
progress in this subject is acquired only by an integrated study of conjugate margins placed in a kinematic 
framework. 
Here we present a structural analysis of the Central Atlantic margins based on reflection and refraction 
seismic data collected during the Dakhla cruise (2002), on the South Morocco margin in front of Reguibat, 
and a compilation of existing comparable datasets (reflection and refraction data) from the North American 
margin and the Moroccan Meseta. 
Margins can be divided in four zones. Zone I corresponds to the continental platform domain. Zone II is the 
continental slope domain. Zone III is an atypical oceanic crustal domain, between the foot of the continental 
slope and what can be unequivocally defined as the oceanic crust. Zone IV is the typical ocean crust 
domain. Zone II (the continental slope domain) shows two structural regions: 1- The data clearly indicate that 
crustal thinning is abrupt (except at the Dakhla site), not wider than about 60 km and limited to the 
continental slope. In this part, continental crust thins from around 30 km to less than 10 km and we do not 
observe any extensional structures. 2- At the bottom of the continental slope, the crust is completely thinned 
and stretched. 
Classical margin formation models imply a continuous thinning of the entire crust from the hinge line. 
Contrary to this model, our observations show that the thinning occurs without upper continental crust break 
and only on the distal part of the margin. 
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The processes that lead to the commonly observed asymmetric structure of conjugate non-volcanic rifted 
margins are still debated. A widely recognized apparent paradox is that one margin displays gradual crustal 
thinning and pervasive faulting, whereas the conjugate displays far abrupter thinning but little faulting (ref.). 
Some attempts to explain this asymmetry have invoked simple shear extension during most of the rifting time 
along crustal- or lithospheric- scale detachment faults (ref). However, structures potentially working as 
detachment faults have only been seismically imaged near the continent-ocean transition where the crust 
has already been extremely thinned to < ~8 km thick. Thus, those inferred detachments cannot explain the 
large-scale asymmetry of conjugate margins. A second often cited paradox, for both conjugate margins, is 
the discrepancy between the apparently small extension created by faulting (measured as horizontal 
stretching) compared to the observed crustal thinning (measured thinning factor). Invoked explanations 
range from rheologically-controlled depth dependent streching to superposition of multiple phases of 
extension. Here we use new depth migrated seismic images to accurately calculate fault extension and 
compare it to measured crustal thinning on the West-Iberia/Newfoundland conjugate margins. The new data 
support a model of sequential faulting during rifting that resolves both apparent paradoxes by producing a 
fault-controlled crustal thinning that naturally leads to the asymmetric structure of non-volcanic rifted margins.  
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For the last 10 years, Petroleum Exploration has been developed largely on Deep Offshore areas mainly on 
turbiditic plays related to post rift deposits. Major oil fields have been discovered in several basins (especially 
passive margins) such as the Gulf of Mexico, Lower Congo, Brazil and Nigeria where salt or shale tectonics 
facilitate the formation of traps. The large seismic effort (3D, 2D deep penetration) really improved the 
knowledge of these margins and allowed different observations in the deepest part of the margins. Some of 
these observations are very surprising and unexpected relating to synrift models commonly used by the 
whole Geoscience Community. 
 
Now, the main evolution for the Industry is to explore further (in bathymetry) and deeper (in burial). 
In bathymetry, Production wells reach 2000m, Exploration wells 3000m, and mining licenses are taken at 
4000m in the abyssal plain on oceanic crust. 
There is a geological polarity from the proximal to the distal part of the margin with different types of plays as 
a function of the location (as an example, the gravity deformation with extension tectonics (normal fault 
plays) in proximal and compressional tectonics (fold plays) in distal parts of the margin. 
In burial, wells now reach 10 000m in cold basins such as the Gulf of Mexico .This technology allows access 
to plays related not only  to the post rift but also to the ‘synrift’ sequences. 
The IODP program also allowed drilling (starting about 20 years ago) the deepest part of some margins as 
on Iberia where mantle at the surface has been observed on distal part denunciating the initial classical 
interpretation of continental tilted blocks. There is also a ‘Syn rift ‘polarity between the proximal classical 
tilted blocks on platform and the Ocean Continent Transition with exhumed mantle. It also implies difficulties 
in a simple extrapolation of wells between these different domains. 
 
In this presentation we show a few examples which address some key problems: 
How to make a ‘sag ‘basin (without any apparent normal faults) in a shallow environment during the syn 
oceanization phase (‘synrift’)? 
What is the mechanism which thins the lithosphere? 
What is the meaning of the ‘Break up unconformity ‘and how this geometrical surface is used and 
extrapolated when we do not have any well controls? 
What is the meaning of synrift/postrift related to oceanization? 
What is the thermal history in areas where we exhume the mantle and what will be the effect on the maturity 
of Source Rocks? 
 
The understanding of the mechanisms which explain these observations is a key to making the best 
predictions in the deep distal parts of the margins. 
 
OCT = Oil in Continent Transition? 
In the post rift sequence of the OCT domain, Exploration is ongoing with discoveries on turbiditic plays 
sourced by marine post rift Source Rocks. 
In the ‘synrift’ sequence of the OCT domain, there are several indicators which show that there is some OCT 
‘Organic Carbon Total’ in some distal part of margins such as in Brazil where the main Source Rocks are 
below the Aptian salt. The discoveries in the Campos and Santos Basins show that there are also traps and 
reservoirs .All elements of the Petroleum Systems are there. 
There is Oil in Continent Transition but the tectono-sedimentary (and the subsidence and thermal history) 
evolution and the Petroleum Systems are different from what has already been explored on the proximal 
platforms. 
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The United Nations Convention on the Law of the Sea (UNCLOS, Montego Bay, 1982) provides coastal 
states with the opportunity to extend the offshore area under their jurisdiction beyond the 200 nautical miles 
of the Exclusive Economic Zone. Article 76 of the convention lays out the criteria for the establishment of a 
Continental Shelf and the practical application of this Article is explained in the Scientific and Technical 
Guidelines of the UN Commission on the limits of the Continental Shelf (CLCS), which examines the 
submissions of coastal states. Sovereign rights associated with the legal continental shelf include the 
exclusive rights for exploitation of the natural resources of the seafloor and the sub-bottom (fisheries is not 
included), but also allows for the protection of the environment and the regulation of scientific research. 
UNCLOS includes an obligation for coastal states to contribute some of their revenues to developing states, 
or to those without access to the sea. UNCLOS article 76 presents both an opportunity and a challenge to 
coastal states, and implies the engagement of marine geophysicists and geologists in order to establish the 
outer limit of the shelf. Application of the article also depends on cooperation between coastal states, 
whether considered rich or developing, as collaboration and aid will likely facilitate a successful continental 
shelf claim. This presentation will discuss data acquisition strategies required for a successful continental 
shelf claim, but also the utility for scientific purposes of the vast amounts of data that has already been and 
will still be collected in order to substantiate such a claim. These data are used to provide an answer to the 
legal question posed by UNCLOS Article 76: Where is the limit of the legal continental shelf? It is hoped that 
these data can also be released into the public domain, and will contribute to the understanding of 
continental margins and hence provide answers to the geological question: where are the edges of the 
continents? 
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In passive non-volcanic continental margins, the initial extension of the continental lithosphere may 

be encompassed by the disruption of the upper continental crust, with up-lift, and sometimes exhumation, of 
continental lower crust (e.g., gabbros) or continental upper mantle materials (e.g., peridotites), creating a 
rather wide zone between ‘normal’ continental crust and ‘normal’ oceanic crust. Can this zone (Zone of 
Exhumed Continental Mantle – ZECM) be considered a part of the Continent – Ocean Transition zone 
(COT)? 

 
Recent geophysical and petrological studies confirm that, in highly extended rifted continental 

margins, the ZECM precedes the basaltic seafloor spreading and it is formed mainly by materials of sub – 
continental origin. We relate this ZECM in the non – volcanic West Iberia Margin with the pre-existence of 
terranes with thin lithosphere near the craton edges. In the absence of these terranes, volcanic rifted margins 
usually occur. 

 
Considering its process of formation and its continental nature, we believe that, at least within the 

legal framework of the UNCLOS, the ZECM must not be confused with a COT. We consider that the ZECM 
is a part of the natural submerged prolongation of a continental landmass, as well as it is a natural 
component of the respective continental margin. 
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