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with the evolution of the different plate boundaries (modified from 
Srivastava et al., 1990). 
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Fig. P.4. Line drawings of interpreted deep seismic lines through the Parentis 
Basin. A) ECORS-Bay of Biscay seismic profile interpretation (modified 
from Pinet et al., 1987) and B) MARCONI-3 seismic profile interpretation 
(modified from Ferrer et al., 2008a). See Figure 5 for location. 
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Fig. P.5. Wells and seismic dataset used in this thesis. Page 35 

Fig. P.6. Studied areas for each one of the articles compiled in this thesis. Page 46 

 

Chapter 1: The crustal structure of the eastern Bay of Biscay 

Fig. 1.1. a) Photography of the R/V BIO Hespérides docked at the El Musel harbor 
(Gijón) before starting the MARCONI experiment. b) General 
photography of the OBS (instruments with yellow buoys) and OBH 
(instruments with orange buoys) property of the IFM-GEOMAR used in 
the MARCONI experiment. c) Detail of an OBH equipped with its 
geophone (end of the white stick). d) Detail of two Bolt type air guns hung 
on the string. e) Buoy on which is fixed the air guns string. The white 
foam corresponds with one of the explosions to generate seismic waves. 
f) Detail of the coil with the streamer cable. The picture shows the 
streamer deployment operation. 
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Article 1: The role of the Bay of Biscay Mesozoic extensional structure in the configuration of the 

Pyrenean orogen: constraints from the MARCO(I deep seismic reflections survey. (Roca, E. et al., 

2011) 

 

 



IV 

 

Fig. 1. (a) Location map of the Pyrenees. (b) Simplified structural map of the 
Pyrenees and adjoining areas with three crustal sections that depict the 
main structural features and changes along this collisional belt: (1) 
ECORS‐Pyrenees, (2) ECORS‐Arzacq, and (3) ESCIN‐4 (modified from 
Muñoz, 2002). 
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Fig. 2. Bathymetric map of the eastern part of the Bay of Biscay with the location 
of the reflection seismic experiments carried out in the MARCONI project. 

Page 67 

(3 of 33) 

Fig. 3. Structural map of the eastern part of the Bay of Biscay showing the 
offshore distribution of the North Pyrenean foreland basin, the major 
faults, and the main Cretaceous basins formed during the opening of the 
Bay of Biscay. 

Page 69 

(5 of 33) 

Fig. 4. Unmigrated MARCONI‐3 deep seismic profile with line drawing 
interpretation showing the main geological features of the upper crust in 
the Basque‐Parentis Domain (modified from Ferrer et al., 2008a). 
Refraction seismic Moho boundary is compiled from Muñoz, 2002; 
Pedreira, 2004 and Ruiz, 2007. See Figure 2 for location. 
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Fig. 5. Southernmost part of the unmigrated MARCONI‐3 seismic profile with 
line drawing interpretation illustrating the structure of the North Pyrenean 
front (modified from Ferrer et al., 2008a). See Figure 4 for location and 
legend.  
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Fig. 6. Main geological features of the Parentis Basin along the central part of 
the unmigrated MARCONI‐3 seismic profile. The seismic profile and 
underlying line drawing interpretation depict the Mesozoic structure of the 
southern margin of the Parentis Basin as well as the squeezing of the 
diapirs and later inversion of some preexistent faults during the Pyrenean 
compression (modified from Ferrer et al., 2008a). See Figure 4 for 
location and legend. 
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Fig. 7. Unmigrated MARCONI‐1 deep seismic profile with line drawing 
interpretation showing the main geological features of the crust in the 
eastern part of the Cantabrian Domain. Cantabrian continental slope 
structure is derived from samples collected during dives and dredges 
(Capdevila et al., 1980; Malod et al., 1982). The green rectangle located 
at the top of the Cantabrian continental slope indicates the approximate 
location of the granulite clasts with the apatite fission track ages (A) 
determined by Fügenschuh et al., 2003. Refraction seismic Moho 
boundary and nature of the crust are derived from Ruiz [2007] data. See 
Figure 2 for location. 
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Fig. 8. Unmigrated MARCONI‐5 deep seismic profile with line drawing 
interpretation showing the main geological features of the crust in the 
western part of the Cantabrian Domain. Cantabrian continental slope 
structure is derived from samples collected during dives and dredges 
eastward in Le Danois Bank (Capdevila et al., 1980; Malod et al., 1982) 
and westward in the Ortegal Spur (Boillot et al., 1987). Refraction seismic 
Moho boundary and nature of the crust are derived from Ruiz (2007) 
data. See Figure 2 for location. 
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Fig. 9. Detail of the unmigrated MARCONI‐11 seismic profile with line drawing 
interpretation depicting the structure of the North Pyrenean front in the 
eastern part of the Cantabrian Domain. Labels 1–11 are Bay of Biscay 
abyssal basin fill differentiated units. See Figure 7 for legend. 
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Fig. 10. Northernmost part of the unmigrated MARCONI‐5 seismic profile with line 
drawing interpretation illustrating the structure of the North Pyrenean front 
in the central part of the Cantabrian Domain. Labels 1–11 are Bay of 
Biscay abyssal basin fill differentiated units. See Figure 8 for location and 
legend. 
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Fig. 11. Detail of the unmigrated MARCONI‐1 seismic profile showing the 
structure of the transitional crust and overlying Upper 
Cretaceous‐Cenozoic sediments at the northern edge of the North 
Pyrenean foreland basin. Labels 1–11 are Bay of Biscay abyssal basin fill 
differentiated units. See Figure 7 for location and legend. 
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Fig. 12. Unmigrated MARCONI‐4 deep seismic profile with line drawing 
interpretation showing the main geological features of the boundary 
between the transitional crust of the Bay of Biscay abyssal basin 
(Cantabrian Domain) and the thinned continental crust of the Parentis 
Basin (Basque‐Parentis Domain). Refraction seismic Moho boundary and 
nature of the crust are derived from Ruiz (2007) data. See Figure 2 for 
location. 
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Fig. 13. Detail of the thrust structure in the boundary between the transitional 
crust of the Bay of Biscay abyssal basin (Cantabrian Domain) and the 
thinned continental crust of the Parentis Basin (Basque‐Parentis Domain) 
along the unmigrated MARCONI‐4 profile. Labels 1–11 are Bay of Biscay 
abyssal basin fill differentiated units. See Figure 12 for location and 
legend. 
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Fig. 14. Timing and main features of the Alpine deformations occurred in the 
Basque‐Parentis and Cantabrian domains of the eastern part of the Bay 
of Biscay. Timing and main features of the deformation along the North 
Iberian shelf and platform are based on Boillot et al. (1987); Sánchez 
(1991); García‐Mondéjar (1996); Gallastegui (2000); Gutiérrez Claverol 
and Gallastegui (2002); McDougall et al. (2009) and Pérez‐García et al. 
(2009). 
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Fig. 15. The structure of the eastern Bay of Biscay and surrounding areas at the 
end of the Bay of Biscay opening (Cenomanian). (top) Palinspastic 
reconstruction; (bottom) schematic crustal‐scale transects. Plate 
reconstruction based on Sibuet et al. (2004b). 
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Fig. 16. The structure of the eastern Bay of Biscay and surrounding areas at the 
end of Pyrenean contractional deformation (middle Miocene). (top) 
Palinspastic reconstruction; (bottom) schematic crustal‐scale transects 
(onshore portions based on Pulgar et al. (1999); Gallastegui (2000); 
Gómez et al. (2002); Pedreira et al. (2003, 2007) and Ferrer et al. 
(2008a). Note the role played by the major Cretaceous extensional 
detachments. 
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Fig. 17. (a) Magnetic anomaly map of the Bay of Biscay (Sibuet et al., 2004b). (b) 
Map of the Bay of Biscay, Pyrenees, and surrounding areas illustrating 
the relationships between the contractional structure of the Pyrenees and 
the rift system developed between Iberia and Eurasia during the Early 
Cretaceous. Magnetic picks are derived from Russell and Whitmarsh 
(2003) and Sibuet et al. (2004b). Mesozoic oceanic to transitional and 
transitional to continental crust boundaries in the Atlantic and 
northwestern Bay of Biscay areas are based on Thinon (1999), Thinon et 

al. (2003), Tucholke et al. (2007) and Jammes et al. (2009). 
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Article 2: The deep seismic reflection MARCO(I-3 profile: Role of extensional Mesozoic structure 

during the Pyrenean contractional deformation at the eastern part of the Bay of Biscay. (Ferrer, O. 

et al., 2008a) 

Fig. 1. (A) Location map of the Pyrenees; (B) simplified structural map of the 
Pyrenees and adjoining areas (modified from Muñoz, 2002). 
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(715) 

Fig. 2. Simplified structural map of the Basque Pyrenees (modified from Gómez 
et al., 2002) and Cenozoic subcrop map of the eastern part of the Bay of 
Biscay (partially compiled from Mathieu, 1986; Bourrouilh et al., 1995). 
This map displays the distribution of the main Jurassic–Lower Cretaceous 
basins and highs developed during the opening of the Bay of Biscay. 
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Thick black lines and framed letters show location of MARCONI-3 seismic 
profile (A–A’) and the Pedreira (2004) cross-section across the northern 
Basque Pyrenees (B–B’). NPFT = North-Pyrenean Frontal Thrust. 
 

Fig. 3. MARCONI-3 deep seismic profile showing the main stratigraphic units 
characterized from reflectivity patterns (upper) and interpreted two-way 
travel time line-drawing of the MARCONI-3 deep seismic reflection profile 
showing the main geological features of the upper crust in the 
easternmost part of the Bay of Biscay (lower). Moho and lower/upper 
crust boundaries are compiled from Muñoz (2002), Pedreira (2004), Ruiz 
(2007). 
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Fig. 4. Stratigraphic units differentiated in the MARCONI-3 seismic profile with 
their characterized reflectivity pattern.  
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Fig. 5. Southernmost part of the unmigrated MARCONI-3 seismic profile with 
line-drawing interpretation illustrating the structure of the uppermost 
Cretaceous–Cenozoic sediments in the Basque shelf and Cap Breton 
canyon. 
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Fig. 6. Details of the unmigrated MARCONI-3 seismic profile in the segment 
comprised of SP 410 and 775. It shows the structure of the southern part 
of the Parentis Basin as well as inferred diapir and fault geometries. 
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Fig. 7. Geometry of the Cretaceous and Cenozoic sedimentary units in the two 
diapir-related anticlines observed in the southern part of the Parentis 
Basin. Reflector rotations as well as thickness variations in their limbs 
allow deciphering that both diapirs grew actively during the Albian–Upper 
Cretaceous, were later squeezed during the Oligocene–early Miocene 
and were uplifted during the middle Miocene by the contractional 
reactivation of the conjugate faults that controlled the Jurassic-Early 
Cretaceous reactive growth of the diapirs. Note that rotation angles are 
not real, since the profile has not been depth converted. 
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Fig. 8. Geometry of the Late Jurassic and Cenozoic sedimentary units in the 
southern limb of the Txipiroi High. As in the two diapir-related anticlines 
shown in Fig. 7, reflector rotations as well as thickness variations in this 
limb denote that the Txipiroi High grew actively during the Albian–Upper 
Cretaceous and reactivated later by squeezing during the Oligocene–
middle Miocene. Note that rotation angles are also not real, since the 
profile has not been depth converted. 
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Fig. 9. Seismic signature of the Cap Breton and Cap Ferret canyons along the 
MARCONI-3 profile. Comparison between the geometry of Cretaceous–
Cenozoic reflectors beneath the canyons allows recognizing that although 
it formed before (Upper Cretaceous), Cap Ferret canyon mainly 
developed from Late Eocene when Cap Breton canyon was also created. 
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Fig. 10. Timing and main features of the Alpine deformations occurred along the 
MARCONI-3 and adjacent areas (Pyrenees and Armorican Margin). 
Pyrenees and Armorican Margin timing and main features of Alpine 
deformation are based on García-Mondéjar (1996), Muñoz (2002), 
Thinon et al. (2002). 
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Fig. 11. Upper crustal transect through the eastern Bay of Biscay and adjoining 
northern part of the Basque Pyrenees based on MARCONI-3 profile 
interpretation and the cross-section made by Pedreira (2004) immediately 
southwards. See locations in Fig. 2. 
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Article 3: Evolution of salt structures during extension and inversion of the offshore Parentis Basin 

(Eastern Bay of Biscay). (Ferrer, O. et al., 2012) 

Fig. 1. (a) Location map of the Pyrenees and the Bay of Biscay (modified from 
Muñoz 2002). (b) Simplified tectonic map of the Pyrenees and adjoining 
basins (modified from Ferrer et al. 2008a). Location of Figure 3 is shown 
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by the dashed rectangle. (c) Upper-crustal transect through the eastern 
Bay of Biscay and adjoining northern part of the Basque Pyrenees 
(modified from Ferrer et al. 2008a). Location is shown in (b). 
 

(362) 

Fig. 2. Bathymetric map of the eastern Bay of Biscay (modified from Sibuet et al. 
2004a) showing the seismic and well data used in this work. For clarity, 
only the names of the wells referenced in the manuscript are included: (1) 
Aldebaran, (2) Eridan, (3) Pingouin, (4) Ibis-2b and (5) Pelican. 
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Fig. 3. Simplified Cenozoic subcrop map of the offshore Parentis Basin showing 
the main salt structures and faults. Thick black lines and numbers show 
location of seismic profiles and line drawings in Figures 4a, b and 6–10. 
 

Page 144 

(364) 

Fig. 4. Line drawings of interpreted deep seismic lines through the Parentis 
Basin. (a) ECORS-Bay of Biscay seismic profile (modified from Pinet et 

al. 1987) and (b) MARCONI-3 seismic profile (modified from Ferrer et al. 
2008a). Deep crustal structure is not to scale. See Figure 2 for location. 
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Fig. 5. Tectonostratigraphic chart of the Parentis Basin showing ages, 
lithologies, tectonic events and horizons interpreted in seismic lines 
(partially compiled from Mathieu 1986; Mediavilla 1987; Bourrouilh et al. 
1995; Le Vot et al. 1996; Biteau et al. 2006). 
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Fig. 6. (a) Seismic section and (b) and interpreted line drawing of a composite 
2D seismic profile in the eastern Parentis Basin showing four salt 
structures (Puffin and Alcyon diapirs and Eridan–Antares and Céphée–
Aldebaran ridges). Note the strong erosional unconformity in the top of 
Cretaceous in the Eridan–Antares Ridge and the lensoid Lower 
Cretaceous units. Welded feeders are conjectural. See Figure 3 for 
location. 
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Fig. 7. (a) Seismic section and (b) and interpreted line drawing of a 2D seismic 
profile of the eastern Parentis Basin showing the Pelican Salt Sheet. 
Welded feeders are conjectural. See Figure 3 for location. 
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Fig. 8. (a) Seismic section and (b) and interpreted line drawing of a seismic line 
in the eastern Parentis Basin showing two diapirs with different growth 
histories. Both diapirs grew passively during the Jurassic and Early 
Cretaceous. Puffin Ridge then stopped growing and was buried beneath 
a wedge of Upper Cretaceous–Eocene sediments, probably because of 
thinner original salt closer to the margin of the salt basin. Puffin Ridge 
was later rejuvenated by inversion in the Early Oligocene. Alcyon Diapir 
continued to grow passively until the Mid-Miocene and must have also 
been squeezed during the Oligo-Miocene inversion. The differential 
rotation values within synkinematic strata are only for qualitative 
comparisons because the profile has not been depth converted. See 
Figure 3 for location. 
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Fig. 9. (a) Seismic section and (b) and interpreted line drawing of a seismic line 
across the western Parentis Basin (deep offshore) showing two salt-cored 
anticlines and two possibly welded diapirs. See Figure 3 for location. 
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Fig. 10. Geometry of Cretaceous and Cenozoic sedimentary units in two 
anticlines cored by squeezed diapirs in the hanging wall of the Landes 
Fault in the southern Parentis Basin. Both diapirs grew as passive diapirs 
during the Jurassic and Early Cretaceous. The diapirs then stopped 
growing and were buried beneath an Upper Cretaceous roof. They were 
rejuvenated by inversion in the early Oligocene and again uplifted during 
the Middle Miocene by contractional reactivation of the faults that 
controlled early growth of the diapirs. The differential rotation values 
within synkinematic strata are only for qualitative comparisons because 
the profile has not been depth converted. See Figure 3 for location. 
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Fig. 11. Summary of the history of salt tectonics and regional tectonics in the 
offshore Parentis Basin 
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(372) 

Fig. 12. Qualitative restoration of the eastern Parentis Basin regional profile 
showed in Figure 6 using 2DMove software (see Fig. 3 for location). (a) 
Evaporite deposition in the Parentis Basin was bounded in the south by a 
basement high (Landes High) which also controlled the thinning of the 
Jurassic package. (b) and (c) extension produced a major Barremian–
Albian depocentre in the Parentis Trough which expelled Keuper 
evaporites towards the north edge of the basin. A salt-cored anticline 
formed as a drape fold over the Ibis Fault. (d)–(f ) During the Pyrenean 
compression the drape fold above the Ibis Fault was uplifted and its crest 
was eroded. In the south, previously buried dormant salt walls were 
rejuvenated by squeezing and arched their previously flat-lying roof (e.g. 
Puffin Diapir). Later, buried salt walls may have pinched off by regional 
compression to form subvertical secondary salt welds (e.g. Alcyon 
Diapir). Salt tectonics ended during the Miocene. 
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Article 4: Salt tectonics evolution during hangingwall deformation in analogue models of 

extensional kinked-faults flattening at depth: application to the Parentis Basin, eastern Bay of 

Biscay. (Ferrer, O. et al., submmited) 

Fig. 1. Different analogue models styles in extensional settings taking into 
account variations in the master fault shape and in the analogue 
materials rheology. A) Interpreted cross section of an experiment by 
McClay and Scott (1991) illustrating the formation of a rollover fold in the 
hanging-wall of a ramp-flat listric extensional fault. B) Interpreted cross 
section of a model by Withjack and Callaway (2000) showing the 
development of a graben avobe the master fault. C) Intrepreted cross 
section of a model by Soto et al. (2007) showing the development of a 
growth syncline over a listric fault with a pre-kinematic silicone layer 
(vertical exaggeration 50%). D) Interpreted cross section of an 
experimental model by Vendeville (1987) illustrating the development of 
an extensional forced fold over a basement fault. 
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Fig. 2. Experimental 3-D set ups and details of the main fault geometries used in 
this work. 
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Fig. 3. 2-D schematic diagram of the configuration used in this work with the 
nomenclature of the main elements mentioned in the text. 
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Fig. 4. Dendrogram of the different experiments varying the geometry of the 
main basement fault (from simply planar to kinked) and the geometry and 
areal extent of the viscous silicone layer (black). The drawing show 
idealized geometries of subsalt sequence after deposition of the silicone 
layer. 

Page 183 

Fig. 5. Line drawings from interpreted cross-sections from three models having 
different experimental setup configurations: (A) kinked fault with no 
silicone (A12 in Fig.4); (B) kinked fault with a synkinematic silicone layer 
(C09 in Fig. 4) and (C) kinked fault with a prekinematic silicone level (B19 
in Fig. 4). Note that the geometry of the master fault is similar in all three 
sections. See Fig. 7 for details. 
 

Page 183 

Fig. 6. Photographs of various equivalent sections in three different models (see 
Figs. 2 and 4 for details) showing the interaction between the master fault 
geometry and the presence or absence of a viscous layer. 
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Fig. 7. Line drawings from three cross sections of the model (C10 in Fig. 4) 
having a syn-kinematic viscous level (black) with a master fault geometry 
changing from simple (A) to kinked (C) linked by a lateral ramp (B). Note 
that the lateral extent of the silicone layer and the position of silicone 
structures clearly depend on the master fault geometry. The schematic 
map (top right) shows the system of antithetic faults developed at the top 
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of the pre-kinematic unit prior to deposition of the first syn-kinematic 
layer. The gray area (right-hand side) indicates the amount of total 
extension applied to the model. The position of each cross section is 
marked on the map. 
 

Fig. 8. (A) Cross-section in a model with no silicone (A12 in Fig.4) indicating the 
position of axial surfaces (A.A.S active axial surface; I.A.S. inactive axial 
surface and G.A.S. growth axial surface). (B) Section in a model 
comprising a layer of syn-kinematic silicone (C09 in Fig. 4) showing the 
position of the main axial surfaces (A.A.S active axial surface; I.A.S. 
inactive axial surface and G.A.S. growth axial surface). Note that in Fig. 
8B the growth axial surface developed in the silicone level (white dashed 
line) is diffuse, acting all this level as a shear band. See Fig. 7 for details. 
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Fig. 9. Line drawing and photographs of a cross section of model C10 (Fig. 4) 
with the master fault formed by two segments. (A) Detail photograph 
illustrating the position of the main and the secondary depocentres, the 
silicone-cored anticline and the primary weld. (B) Detail photograph 
showing the salt walls and the primary welds formed at the pinch-out of 
the silicone layer above the rollover shoulder. 
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Fig. 10. Maps illustrating the structural evolution of Model B20 (lateral changes in 
fault geometry and pre-kinematic silicone). Note the evolution from 
grabens during the early stages of extension (A) to hemigrabens as the 
extension increases (B) with the subsequent extrusion of overhangs (C). 
Some accommodation zones between diapirs show strike-slip faults.  
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Fig. 11. A, B, C & D) Line drawings from four cross sections of Model B20 (Fig. 4) 
having a pre-kinematic silicone layer and lateral changes of the master 
fault’s profile. Note that the position of diapirs clearly varies depending on 
the geometry of the master fault. The map of the upper right corner 
represents the top of the model after the last stage of extension. The gray 
area (right-hand side) indicates the amount of total extension applied to 
the model. Note that overhangs have formed. The position of each 
section is marked on the map. 
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Fig. 12. 3-D reconstructed surfaces showing the deformation patterns of the 
Model C10 (lateral changes in fault geometry and syn-kinematic silicone); 
see also Figs. 4 and 7. (A) Base-silicone surface (note the development 
of antithetic faults) and (B) Top-silicone surface with the position of the 

salt structures. Note that the geometry of both surfaces is clearly different 
because the silicone level acted as a strong level of decoupling. The 
letters A, B, C and D correspond to homologous points in both figures. 
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Fig. 13. Maps of the surface displacement vectors at the model’s surface and 
cross sections for two different models. (A) Model A14 (Fig. 4) with no 
silicone and along-strike changes in master fault geometry and B) model 
C10 (Fig. 4) with syn-kinematic silicone and along-strike changes in 
master fault geometry. The location of both sections is referenced in the 
corresponding map (see Fig. 11 for the section legend). Note that the 
length of the displacement vectors is strongly controlled by the presence 
or absence of silicone. 
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Fig. 14. Location map of the Parentis Basin (modified from Muñoz, 2002). The 
thick black line marks the location of the MARCONI-3 cross-section (A-A’) 
showed in Fig. 14. 
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Fig. 15. Interpretation of the MARCONI-3 deep seismic profile (modified from 
Ferrer et al. 2008a) showing the main geological features of the upper 
crust in the easternmost part of the Bay of Biscay. See Fig. 13 for 
location. 
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Subchapter 4.5: Experimental analogue modelling of contractional salt structures reactivation: 

application to the Parentis Basin. 

Fig.   

4.5.1. 

Schematic regional cross-sections across three geological settings in 
which contractional salt tectonics are present: A) foreland portions of 
collisional mountain belts; B) inverted rift basins, and C) deepwater 
portions of gravity failed sedimentary lobes in passive margins (modified 
from Letouzey et al., 1995). 
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Fig.   

4.5.2. 

A) Hydraulic pressure distribution between two points (P1 and P2) after 
the deposition of a sand layer of constant thickness (brown) over the 

silicone (black) (ρο overburden density, ρσ salt density). B) Hydraulic 
pressure distribution after vacuuming the sand in a point (P2). The 
practical disappearance of the pressure head on point P2 induces the salt 
flow from the areas with a higher pressure head (P1). Modified from 
Vendeville and Jackson, 1992. 
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Fig.   

4.5.3. 

 A) 3D Schematic diagram of the experimental apparatus used in the 
models designed to analyze the deformation of salt structures during 
contractional reactivation and B) Section of the model 1 with the 
modelling materials terminology used in the experiments. 
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Fig.   

4.5.4. 

Sequence of three consecutive top views of the minibasin construction 
process in model 1. A) Top view of the silicone layer completely flat, B) 
Top view of the first sand layer overlying the silicone with a net of passive 
markers formed by a grid of 0.5x0.5 squares used to control the 
deformation during the downbuilding stage, and C) The same sand layer 
of figure B with 7 minibasins (Mb) after vacuuming the spaces between 
minibasins. 
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Tab.   

4.5.1. 

Time (hours), material composition and total thickness (centimeters) 
parameters as well as shortening values used in the two experiments 
designed to study the contractional reactivation of diapiric structures. 
Note the major amount of shortening as well as overburden/silicone ratio 
in the second model. 
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Fig.   

4.5.5. 

A) Sketch showing the net diapir rise (R) and amount of extruded diapiric 
rocks is controlled by the salt flow (F) which raises diapiric material to the 
surface and salt dissolution (D) and erosion (S) which removes this 
ascending diapiric material. B, C and D) Main relations between salt 
aggradation and the diapir shape. Reinterpreted and redrawn from 
Jackson and Vendeville (1994).  
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Fig.   

4.5.6. 

A) Top view of the experimental model 2 at the end of the downbuilding 
stage highlighting the location of the emerging salt walls/diapir stemps 
(black) and extrusive overhangs (grey) around the different minibasins 
(Mb). Note that the moving wall during the compressional stage is located 
at the left of the image. B) Oblique image of the same surface of figure 6A 
showing in detail one of the extruding silicone walls with outcropping 
overhangs (see Fig. 4.5.6A for location). Grid lines of figures 4.5.6A and 
B are passive markers on the model surface. C. Detail of a 2D 
longitudinal section of the model 1 at the end of the experiment that 
depicts the development of a diapir with overhangs during the periods of 
no-sedimentation at the end of the downbuilding (orange and white upper 
levels) and shortening stages (blue upper sand level). 
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Fig.   

4.5.7. 

A and B) Process of serial sections cutting at the end of the model after 
dampen with water in order to generate capillarity forces and increase the 
cohesion. 
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Fig.   

4.5.8. 

A) Detailed view of the structural map of model 1 surface after 10% of 
shortening. B, C and D) Top view deformational evolution of several 
diapirs stems during the contractional deformation (B, diapirs located on 
top of some ridges perpendicular to the main regional shortening axis; C, 
translated diapir located on top of a pre-existent ridge oriented parallel to 
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the regional main shortening axis and D, diapirs stems located on top of a 
ridge parallel to the shortening direction that experimented strike-slip 
deformation). Colors indicate the top view of the diapirs stems top at 
different model shortening values. The percent shortening for each color 
is indicated in the legend (see Fig. 4.5.7A for location). 
 

Fig.   

4.5.9. 

2 cm spaced serial longitudinal sections of model 1 showing the lateral 
variations of three silicone structures at the end of the experiment (model 
with 10 cm of shortening). Note the lateral evolution of the structure 
number 3 from squeezed extruding diapir (C) to thrust-welded diapir (A). 
Black: silicone; blue level: syn-contractional deposits; other sand levels: 
syn-downbuilding deposits. See figure 4.5.6F for location.  
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Fig. 

4.5.10. 

Section details of different salt structures observed in our experiments 
with the used terminology. A and B are examples of model 1 (after 10% 
of shortening) and C and D are examples of model 2 (after 20% of 
shortening). A) Diapir showing a canopy formed from the contractional 
squeezing of the pre-existing diapir stem. B) Relationship between 
primary and secondary welds in a diapir completely squeezed. C and D) 
Stocks of allochthonous silicone. Note that the secondary weld has 
accommodated a large amount of deformation acting as a thrust-weld. 
Small silicone remnants may be along the weld at the end of deformation. 
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Fig. 

4..5.11 

Oblique photographs of different silicone extrusions on the surface of the 
analogue models realized. A) Extrusion localized in the crest of a silicone-
cored anticline of model 1 after 7% of shortening). Note that silicone flows 
glacially downwards by the both flanks of the anticline. B) Asymmetric 
silicone extrusion with a tongue shape in model 2 after 5% of shortening. 
C) The same silicone extrusion of figure 10B highlighting the smooth 
topography that silicone require to flow (model 2). Each square of the 
regular mesh used as a passive marker in the three images has 1 cm

2
. 
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Fig. 

4.5.12. 

A, B, C, D and E) 5 serial longitudinal sections of the model 1 (see Fig. 
4.5.6F for location) showing the significant strike-parallel variations in the 
structural style of contractional reactivated salt structures. Black: silicone 
layer; blue level: syn-contractional deposits; green, white, red and orange 
levels: syn-downbuilding deposits. F) Interpreted top view of the model at 
the end of shortening. 
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Fig. 

4.5.13. 

A, B, C, and D) 4 serial longitudinal sections through the length of the 
model 2 (see Fig. 4.5.7E for location) showing the significant strike-
parallel variations in the structural style of salt structures. E) Image and 
interpretation of the model at the end of shortening. 
 

Page 223 

Fig.  

4.5.14 

A) Top view and interpretation of the model 1 at the end of the 
downbuilding stage. Note the different orientation of the resulting silicone 
structures. B, C, D, E F and G) Top view and corresponding interpretation 
during the compression of the upper blue layer (syn-kinematic) of the 
model 1. 
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Fig. 

4.5.15. 

Detail of a top view and interpretation of a sector of the model 2 at the 
end of the downbuilding stage. The image shows the development of 
some outcropping diapirs, several thrust orthogonal to the shortening 
direction and strike-slip faults oblique to this direction. The development 
of these structures is inherited from the direction of salt structures at the 
end of the downbuilding stage. 
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Fig. 

4.5.16. 

Sketchs showing the evolution of two different salt stocks during regional 
shortening. A, B, C and D) Evolution of a passive salt stock buried by 
post-downbuilding materials and a rejuvenation phase by regional 
shortening (toothpaste model) (modified from Vendeville and Nilsen, 
1995). E, F, G and H) Evolution of an hourglass-shaped passive diapir to 
a teardrop diapir during regional shortening with the consequent 
formation of a secondary weld (modified from Hudec and Jackson, 2007). 
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Fig. 

4.5.17. 

Comparison of the structural style of the models based on the degree of 
shortening (the upper section corresponds to the model 1 with a 10% of 
final shortening and the lower section is from model 2 with a 20 % of 
shortening). 
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Fig. 

4.5.18. 

Comparison of the structural styles based on the degree of shortening 
applied to the models. A) Cross-section and interpretation of model 1. B) 
Cross-section and interpretation of model 2. 
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Fig. 

4.5.19. 

Simplified Cenozoic subcrop map of the offshore Parentis Basin showing 
the main salt structures and faults. Thick black lines and numbers show 
location of seismic profiles and line drawings in Figures 4.5.20, 4.5.21, 
4.5.22 and 4.5.23. 
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Fig. 

4.5.20. 

A) Seismic section and interpretation of the main horizons of a 2D 
seismic profile of the Parentis Basin showing the Pelican Salt Sheet (see 
Fig. 4.5.19 for location). B) Detail of a longitudinal section of model 1 (see 
Fig. 4.5.12E for location) showing a feeder that in its lower part (in 
comparison with the upper) has been narrowed by the regional 
shortening. Unlike the diapir of Fig. 4.5.20A was buried, the structure of 
the Fig. 4.5.20B extruded forming a silicone sheet which was welded with 
other adjacent sheets to form a canopy. 
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Fig. 

4.5.21. 

A) Seismic section and interpretation of the main horizons of a 2D 
seismic profile of the Parentis Basin showing the Pelican Salt Sheet (see 
Fig. 4.5.19 for location). B) Detail of a longitudinal section of the model 1 
(see Fig. 4.5.12E for location) showing a silicone sheet with the stem 
practically welded as a consequence of the shortening applied during 
compression. 
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Fig. 

4.5.22. 

A) Seismic section and interpretation of the main horizons of a 2D 
seismic profile of the eastern Parentis Basin showing an inverted teardrop 
stock of allochthonous salt separated from its source layer by a 
secondary weld (see Fig. 4.5.19 for location). B) Detail of a longitudinal 
section of the model 2 (see Fig. 4.5.13E for location) showing the same 
geometry than Fig. 4.5.22A. 
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Fig. 

4.5.23. 

A) Seismic section and interpretation of the main horizons of a 2D 
seismic profile of the western Parentis Basin showing an inverted 
teardrop stock of allochthonous salt separated from its source layer by a 
secondary weld (see Fig. 4.5.19 for location). B) Detail of a longitudinal 
section of the model 2 (see Fig. 4.5.13E for location) showing a higher 
degree of compressional deformation. 
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Fig. 

4.5.24. 

Conceptual model of the contractional deformation evolution of a buried 
diapir obtained from the two experiments of this chapter. A) Initial stage. 
B) Shortening arches the roof of the diapir where some extensional faults 
are developed. C) Silicone breaks the diapiric roof and extrude on the 
surface of the model. D) Diapir narrows extruding more silicone glacially. 
E) As contractional deformation proceeds, diapir tapers and the silicone 
sheet increases in size as a consequence of the volume of extruded 
silicone. F) Complete closure of the diapir stem and formation of a 
secondary weld. G) Nucleation of a short-cut and a back-thrust in the 
upper part of the salt pedestal and incipient development of a box-fold 
antiform. H) Amplification of the previous box-fold antiform and 
deformation of the secondary weld. 
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Article 5: 3D Reconstruction of analogue modelling experiments from 2D datasets. (Vidal-Royo, O. 

et al., 2008) 

Fig. 1. Initial setup of the experiment. Note how an arbitrary system of 
coordinates is defined in which sections and interpretations must be 
referred to. 
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Fig. 2. To construct a more consistent 3D model, digitized interpretations of the 
last top view and all the sections taken in different orientations have been 
integrated. Note that half a model has been sectioned parallel to 
shortening orientation, whereas the other part has been sectioned along-
strike. 
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(2) 

Fig. 3. Three-dimensional visualization of several sections used in this work. 
Note the difference in structural style between both sections. As in Figure 
2, note the two orientations taken for sectioning, in order to better 
constrain the interference structural pattern of the model. 
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(3) 

Fig. 4. The interpretations have been digitized in a 3D framework both onto the 
sections (A) and the 3D model of the topography (B) obtained by 
scanning the model surface with a laser scanner. 
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(3) 

Fig. 5. Different views of the 3D reconstruction obtained in this work. A shows a 
view from the WSW (shortening comes from North); B shows how the 
reconstructed surfaces fit exactly the digitized sections; C shows a view 
from the ESE; D shows the same view as C but fitting the used sections; 
E and F are two detailed views of how the model fits the along-strike 
sections (E) and the parallel-to-shortening sections (F). 
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Chapter 5: General discussion, concluding remarks and perspectives of advance. 

Fig. 5.1. Map of the Bay of Biscay, Pyrenees and surrounding areas illustrating the 
relationships between the contractional structures of the Pyrenees and 
the rift system developed between Iberia and Eurasia during the Early 
Cretaceous (modified from Roca et al., 2011). Purple lines correspond to 
the locations of cross-sections showed in Figs. 5.2 and 5.6. 
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Fig. 5.2. 

 

Schematic cross-sections showing the lateral structural changes of Bay 
Biscay-Pyrenees Late Jurassic-Early Cretaceous rift architecture. A-A’) 
Central to western Bay of Biscay (modified from Roca et al., 2011); B-B’) 
eastern Bay of Biscay (modified from Roca et al., 2011); C-C’) Western-
Pyrenees (modified from James et al., 2009) and D-D’) Central to eastern 
Pyrenees (modified from Muñoz, 1992). Cross-section location is showed 
in Figure 5.1. 
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Fig. 5.3. Idealized schematic cross-section across A) a South Atlantic magma-rich 
passive margin (modified from Jackson et al., 2000), and B) a Central 
Atlantic magma-poor passive margin (modified from Péron-Pinvidic and 
Manatschal, 2009). In figure A salt tectonics effects have been omitted to 
simplify the figure. Vertical exaggeration is roughly 1:2.5. 
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Fig. 5.4. Schematic regional reconstruction of hyperextended margins evolution 
including the main four phases until the seafloor spreading (modified from 
Perón-Pinvidic and Manatschal, 2009). A) Stretching phase: slight 
stretching of the continental crust and development of high-angle listric 
faults associated with half-graben subsidence as a consequence of the 
distributed extension. B) Thinning phase: localization of the extension 
related to the development of a conjugate decoupled system of 
detachment faults. C) Exhumation phase: serpentinized mantle 
exhumation at the sea floor as a consequence of the extension absorbed 
by lithospheric detachment faults. D) Seafloor spreading: proto-ridge 
development as a consequence of the extreme crustal thinning. 
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Fig. 5.5. Conceptual model showing the relationship between the presence of 
evaporites and crustal thinning in hyperextended passive margins 
(modified from James et al., 2010). A) Post-rift salt fossilizing the previous 
active extensional basins. Gravity gliding trigger salt movement 
basinwards developing different salt tectonic styles. B) Pre-rift salt without 
a regional and continuous decollement in the salt layer: contractional 
structures as the developed in the previous post-rift salt model are 
absent. A breakaway zone related to the detachment lithospheric fault is 
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well developed and the hangingwall blocks include both sub- and 
suprasalt units. Salt diapirs are always related to thick-skinned tectonics 
and are restricted to upper part of the rotated footwall blocks. C) Thick 
pre-rift salt with a regional and continuous decollement located in the salt 
layer: the breakaway zone is here diffuse and the hangingwall blocks 
include mainly suprasalt materials. Salt structures are both related to 
thick and thin-skinned tectonics and may include salt diapirs, turtles and 
even contractional structures developed on the toe of the passive margin 
developed both during and after the extension. Note the significant 
structural relief of the salt layer in figure C that allows the development of 
extensional forced folds on top of the basement extensional faults. 

Fig. 5.6. Schematic cross-sections showing the lateral structural changes in the 
Pyrenean contractional deformation along the orogen. A-A’) Central to 
western Bay of Biscay (modified from Roca et al., 2011); B-B’) eastern 
Bay of Biscay (modified from Roca et al., 2011); C-C’) Western-Pyrenees 
(modified from James et al., 2009) and D-D’) Central to eastern Pyrenees 
(modified from Muñoz, 1992). Cross-section location is showed in Figure 
5.1. 
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Fig. 5.7. Conceptual model showing the evolution during the contractional 
inversion of a crustal/lithospheric detachment. A) End of the thinning 
phase: salt ridges were developed in the rollover hinge and over the 
master fault. Different salt diapirs grow over the footwall of the 
detachment fault related to the thin-skinned extension. B) Low shortening 
produces the amplification of the wave-length of salt ridges. This 
amplification rejuvenated and uplifted these structures initiating erosion. 
Pre-existent salt diapirs were partially squeezed forming secondary welds 
and salt sheets. C) High shortening produces the total inversion of the 
detachment fault and the passive transport of salt structures using a 
basal detachment. Some salt ridges were break by thrusts and crestal 
erosion may initiate diapirism. Note that no synorogenic deposits neither 
lithospheric foreland flexure deformations have been considered in these 
sketches. Their inclusion would minimize the regional uplift and erosion of 
the inverted basin, and change the frontal length and deformation of the 
thrust fronts. 
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RESUM EXTENS  

(CATALAN EXTENDED SUMMARY) 

 

R.1.- Introducció i motivació 

La història geològica del Golf de Biscaia i del marge Nord-Ibèric està fortament 

influenciada per la interacció entre dues grans plaques tectòniques (Iberia i Euràsia) al 

llarg de dos episodis geològics majors: 

a) El primer, clarament extensional, va estar relacionat amb el desenvolupament d’un 

marge atlàntic com a conseqüència del desplaçament de la placa Ibèrica cap al sud 

respecte Euràsia. Aquest episodi va ser el resultat de l’obertura de l’oceà Atlàntic 

Central durant el Juràssic i la seva propagació cap al nord durant el Cretaci. La 

rotació antihorària que va experimentar Ibèria durant aquest període va provocar 

una extensió longitudinal diferencial al llarg de tot el seu marge nord que va donar 

lloc al Sistema de Rift Pirinenc (Vergés i García-Senz, 2001). Al llarg d’aquest 

sistema de direcció ESE, l’extensió cortical total augmenta en direcció oest, de 

manera que mentre al sector oriental l’escorça tant sols va ser lleugerament 

aprimada, al Golf de Biscaia l’extensió va ser prou important com per a produir 

exhumació mantèl·lica i acreció oceànica.  

 

b) El segon, relacionat amb la ràpida obertura de l’oceà Sud-Atlàntic a partir del 

Santonià mig, va provocar el desplaçament d’Ibèria cap al nord amb la conseqüent 
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convergència i posterior col·lisió amb Euràsia que va comportar la formació de 

l’orogen pirinenc. Durant aquest període mentre les conques orientals del rift 

pirinenc van ser invertides i incorporades a l’edifici pirinenc, més cap a l’oest, el 

mantell exhumat i l’escorça oceànica del Golf de Biscaia van subduir sota Ibèria.  

Aquesta història geològica multiepisòdica suggereix que tant el marge continental Nord-

Ibèric com el sector oriental del Golf de Biscaia són emplaçaments ideals per a l’estudi i 

caracterització de l’evolució tectònica i els mecanismes geodinàmics que van governar 

l’obertura del Rift Atlàntic. Cal destacar també que degut a la diferència d’extensió total 

en direcció est-oest, aquest marge presenta en molt poca distancia diverses seccions 

evolutives anàlogues a d’altres marges atlàntics, permetent-ne el seu estudi en una àrea 

relativament reduïda. A més d’aquests aspectes corticals, el rebliment sedimentari de la 

majoria de conques pertanyents al Rift Pirinenc, tal i com passa en d’altres marges 

atlàntics contenen evaporites que van jugar un paper destacat en la deformació d’aquestes 

conques. En aquest sentit, l’estudi de la tectònica salina de la Conca de Parentis, poc 

deformada durant la compressió alpina en comparació a les conques mesozoiques veïnes 

situades més al sud, permet la caracterització de l’estructura mesozoica per tal d’utilitzar-

la com a anàleg en l’estudi de conques amb una deformació contractiva més important. 

Juntament amb els aspectes extensius, el valor afegit d’aquesta tesi doctoral, és que a 

diferència d’altres marges atlàntics, el sector d’estudi va ser deformat compresivament 

durant la formació dels Pirineus, pel que permet determinar tant el paper de les 

estructures mesozoiques com la resposta de les estructures salines formades durant 

l’obertura del Golf de Biscaia al llarg de la compressió alpina. 

Així doncs la motivació principal d’aquesta tesi ha sigut la investigació d’un sector 

pràcticament desconegut del marge Nord-Ibèric entre els perfils ESCIN-4 i ECORS-Golf 

de Biscaia. Per dur-ho a terme, entre els anys 2003 i 2007 es va desenvolupar el projecte 

MARCONI (acrònim de MARge COntinental �ord-Ibèric) dins del que s’engloba aquesta 

tesi. Durant aquest experiment es van enregistrar noves dades geofísiques incloent gairebé 

uns 2.000 km de sísmica de reflexió profunda així com sísmica de reflexió/refracció de 

gran angle en aquest sector del Golf de Biscaia. Val a dir però, que l’accés a una malla de 

sísmica d’exploració petrolera 2D que cobreix el sector més oriental del Golf de Biscaia  

(Conca de Parentis i Alt de les Landes), va obrir la possibilitat de complementar l’estudi 
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cortical amb el de l’evolució de les estructures salines generades a partir de la deformació 

de les evaporites pre-extensives durant l’obertura del Golf de Biscaia i la formació de la 

serralada pirinenca.  

 

R.2.- Objectius 

Un dels objectius d’aquesta tesi és el d’establir les característiques principals del front 

Nord-Pirinenc així com del seu avantpaís al llarg del sector oriental del Golf de Biscaia. 

Per tal d’assolir-lo, és bàsic comprendre el paper que van jugar les estructures extensives 

desenvolupades durant la obertura del Golf de Biscaia (Juràssic tardà-Cretaci Inferior) 

tant en la configuració general dels Pirineus com en la posició, geometria i/o 

característiques de la deformació contractiva de les estructures pirinenques. 

En aquest context, la tesi està focalitzada inicialment a aclarir el paper que va jugar la 

configuració de l’estructura cortical al final del procés d’obertura del Golf de Biscaia en 

els canvis en l’estil estructural que actualment s’observen al llarg de la serralada pirinenca 

per tal de comprendre millor els processos que en van regir la seva evolució. Endemés, i a 

una escala menor, aquest treball té com a objectiu esbrinar quina era l’estructura general 

de les conques intracontinentals mesozoiques desenvolupades durant l’obertura del Golf 

de Biscaia i quina va ser la seva resposta inicial durant la compressió pirinenca.  

Per tal d’assolir aquests objectius prioritaris, a més a més del marge Nord-Ibèric entre els 

perfils ESCIN-4 a l’oest i ECORS-Golf de Biscaia a l’est, s’ha estudiat la Conca de 

Parentis, que es localitza sota l’avantpaís nord-pirinenc, concretament a la part oriental 

del Golf de Biscaia. Aquesta conca mesozoica asimètrica i que presenta una tectònica 

salina important ha estat poc estudiada per part de la comunitat científica. Aquesta tesi  

també pretén doncs, omplir aquest vuit establint l’estructura cortical de la conca així com 

caracteritzant l’estil i l’evolució de les seves estructures salines. En referència a aquest 

darrer punt, s’han centrat esforços en: 

1) Comprendre el paper que va exercir la presència d’un nivell salí pre- o sin-

cinemàtic en la geometria i evolució en la deformació de pell gruixuda d’una 

conca extensiva.  
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2) Determinar el paper que va jugar la geometria de les falles mestres que limitaven 

la conca en la formació de les estructures salines en el seu bloc superior durant 

l’extensió.  

3) Esbrinar com les estructures salines desenvolupades durant l’etapa extensiva van 

evolucionar durant l’estadi compressiu posterior.   

 

R.3.- Organització de la tesi 

La memòria d’aquesta tesi s’ha organitzat com un compendi de cinc articles científics 

publicats o sotmesos a revistes o publicacions especials internacionals amb comitè 

científics avaluador propi. Aquestes publicacions resumeixen gran part del treball 

científic desenvolupat durant els anys de realització del doctorat. Així, les tres primeres 

publicacions donen una visió general de l’estructura i l’evolució alpina del sector oriental 

del Golf de Biscaia i de la Conca de Parentis, així com de la tectònica salina d’aquesta 

conca. Les dues darreres per contra, inclouen el treball metodològic dut a terme per tal de 

caracteritzar l’estructura de la conca a partir de models analògics combinats amb 

reconstruccions estructurals 3D d’aquest models. 

Considerant aquests continguts i en funció dels objectius principals de la tesi, les cinc 

publicacions recopilades han estat ordenades i englobades en els següents capítols: 

Capítol 1.- “L’estructura cortical del sector oriental del Golf de Biscaia”.  

Aquest primer capítol és una introducció a la geologia del Golf de Biscaia i del 

Marge Nord-Ibèric. Inclou el primer article de la tesi: Roca, E.; Muñoz, J.A.; 

Ferrer, O. i Ellouz, (. (2011) The role of the Bay of Biscay Mesozoic extensional 

structure in the configuration of the Pyrenean orogen: constraints from the 

MARCO(I deep seismic reflection survey. Tectonics, 30, TC2001, doi: 

10.1029/2010TC002735 (Fig. R.1) que descriu: a) l’estructura litosfèrica del sector 

oriental del Golf de Biscaia a partir de l’estudi de les noves dades de subsòl 

adquirides durant la campanya de sísmica de reflexió profunda MARCONI; i b) les 

característiques principals de la seva evolució alpina des de l’obertura del rift 

mesozoic del Golf de Biscaia fins al desenvolupament de l’orogen pirinenc. 
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Capítol 2.- “L’estructura de la conca d’avantpaís �ord-Pirinenca al nord dels Pirineus 

Bascs: la Conca de Parentis i l’Alt de les Landes”.  

En aquest capítol s’analitza l’estructura de la part més oriental del Golf de Biscaia, 

incloent la Conca de Parentis i l’alt estructural de les Landes a partir de l’estudi de 

detall del perfil de sísmica profunda MARCONI-3. Aquest perfil mostra a més 

l’estructura cortical de la conca d’avantpaís Nord-Pirinenca al nord de la terminació 

occidental del Pirineu Basc. Cal destacar que tota la part occidental de la Conca de 

Parentis era força desconeguda per la comunitat científica fins la publicació del segon 

article que integra aquesta tesi: Ferrer, O.; Roca, E.; Benjumea, B.; Muñoz, J.A.; 

Ellouz, (. i MARCO(I Team (2008) The deep seismic reflection MARCO(I-3 

profile: Role of extensional Mesozoic structure during the Pyrenean 

contractional deformation at the Eastern part of the Bay of Biscay. Marine and 

Petroleum Geology, 25: 714-730 (Fig. R.1). Aquesta publicació ha donat a conèixer 

l’evolució alpina d’aquest sector del Golf de Biscaia i sobretot, com l’estructura 

cortical mesozoica prèvia va influir en la propagació de la deformació contractiva 

pirinenca cap al nord. 

Capítol 3.- “Tectònica salina a la Conca de Parentis”.  

Aquest capítol inclou el tercer article científic de la tesi: Ferrer, O.; Jackson, 

M.P.A.; Roca, E. i Rubinat, M. (2012) Evolution of salt structures during 

extension and inversion of the offshore Parentis Basin (eastern Bay of Biscay). 

In: Alsop, G.I.; Archer, S.G., Hartley, A.J., Grant, (.T. i Hodgkinson, R. (eds) 

Salt Tectonics, sediments and prospectivity. Geological Society of London Special 

Publications, 363, 359-377. http://dx.doi.org /10.1144/SP363.16 (Fig. R.1). A 

partir de la interpretació de dades de subsòl (dades sísmiques i dades de pou) 

obtingudes per la industria dels hidrocarburs durant l’exploració de la Conca de 

Parentis, aquest article descriu l’estructura de la conca i el paper que va jugar la 

tectònica salina en la seva geometria i evolució. En relació a aquest darrer punt, 

aquest article es centra en l’anàlisi de la geometria de les estructures salines i en la 

seva evolució temporal al llarg de l’etapa extensiva mesozoica i la seva reactivació 

contractiva a partir de la part alta del Cretaci Superior fins al Miocè mig. 
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Capítol 4.- “Models analògics aplicats a la Conca de Parentis”.  

Aquest capítol recull el treball realitzat per tal de caracteritzar l’estructura i 

l’evolució de la Conca de Parentis mitjançant tècniques de modelització analògica i 

s’ha estructurat en tres subcapítols. El primer subcapítol es centra en el 

comportament cinemàtic i dinàmic que presenta un nivell salí pre- o sin-cinemàtic 

durant el moviment d’una falla extensiva formada per varis panells amb diferents 

cabussaments i es discuteix a l’article: Ferrer, O.; Vendeville, B.C. i Roca, E. 

(submmited) Salt tectonics evolution during the hanging wall deformation in 

analogue models of extensional kinked-faults flattening at depth: application to 

the Parentis Basin, Eastern Bay of Biscay. Basin Research. El segon subcapítol 

està focalitzat en l’estudi de com les estructures salines (diapirs i parets salines) 

reaccionen quan son sotmeses a una deformació contractiva tardana i a més d’una 

revisió la informació existent sobre l’escurçament d’estructures salines, presenta els 

resultats obtinguts a partir de dos models analògics amb diferents taxes 

d’escurçament. Finalment, al tercer subcapítol s’hi ha inclòs l’article científic Vidal-

Royo, O.; Ferrer, O.; Koyi, H.; Vendeville, B.C.; Muñoz, J.A. i Roca, E. (2009) 

3D Reconstruction of analogue modelling experiments from 2D datasets. 

Bolletino di Geofisica teorica ed applicata. Vol. 49, (. 2 supplement, 524-528 que 

amb un caràcter clarament metodològic descriu la tècnica que s’ha desenvolupat i 

utilitzat per tal d’obtenir models geològics 3D a partir de seccions 2D obtingudes a 

partir dels models analògics.  

Capítol 5.- “Discussions finals, conclusions i tasques futures”.  

Aquest capítol pretén donar una visió general de tots els temes tractats a la tesi 

mitjançant la integració dels resultats més importants presentats en els capítols 

precedents. També inclou consideracions personals sobre els problemes plantejats a 

la tesi discutint els punts a implementar així com possibles futures línies de recerca. 
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Fig. R.1.- Àrea d’estudi de cadascun dels articles recollits en aquesta tesi doctoral.  

 

R.4.- Marc geològic 

El Golf de Biscaia és un braç subsidiari de l’oceà Nord-Atlàntic que amb una direcció est-

oest transcorre entre el marge nord de la Península Ibèrica i la costa occidental de França. 

La seva formació va tenir lloc entre el Juràssic tardà i el Santonià (Cretaci Superior) 

(Montadert et al., 1979; Le Pichon i Barbier, 1987; García-Mondéjar 1996; Vergés i 

García-Senz, 2001 o Sibuet et al., 2004b entre d’altres). Presenta una forma de “V” oberta 

cap a l’oest i està limitada al nord pel Marge Armoricà i al sud pel Marge Nord-Ibèric. El 

Marge Armoricà és un antic marge passiu caracteritzat per una sèrie de falles lístriques 

amb cabussament sud (Montadert et al., 1974a; Derégnaucourt i Boillot, 1982; Le Pichon 

i Barbier, 1987; Thinon, 1999; Thinon et al., 2003). Per contra, el marge Nord-Ibèric, que 

actualment és part de l’orogen pirinenc, està integrat per un sistema d’encavalcaments 

que sobreposen l’escorça continental de la placa Ibèrica sobre l’escorça transicional a 

oceànica de la plana abissal del Golf de Biscaia en el seu sector occidental (Sibuet et al., 

1971; Boillot, 1986; Álvarez‐Marrón et al., 1996; Gallastegui et al., 2002; Ayarza et al., 
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2004, Pedreira, 2004) i sobre l’escorça continental del Plateu de les Landes al sector 

oriental (Cámara, 1997; Gómez et al., 2002; Ferrer et al., 2008a).  

 

La formació i evolució del Golf de Biscaia juntament amb l’orogen Pirinenc va ser 

fortament controlada pel moviment relatiu de les plaques d’Ibèria i Euràsia (Fig. R.2). La 

seva història alpina s’inicià durant el Permià terminal i el Triàsic amb el trencament del 

supercontinent Pangea que va donar lloc entre d’altres al desenvolupament d’un rift a 

llarg del futur Oceà Atlàntic, el rift i la obertura del Tethys, així com la formació del Rift 

Pirinenc entre ambdues plaques (García‐Mondéjar, 1989; Ziegler, 1990). L’inici de 

l’extensió al llarg del Rift Atlàntic va donar lloc a l’obertura de l’Oceà Atlàntic Central a 

partir de la seva part més meridional a partir del Juràssic propagant-se cap al nord durant 

el Cretaci (Fig. R.2a i b) (Savostin et al., 1986; Srivastava et al., 1990; Tucholke et al., 

2007). Al llarg d’aquesta propagació cap al nord, el desenvolupament del Rift de 

Newfoundland-Iberia entre Nord Amèrica i la placa d’Ibèria va donar lloc primer a un 

aprimament de la litosfera continental (Juràssic tardà-part baixa del Cretaci), 

posteriorment a l’exhumació de mantell continental (Barremià-Aptià) i finalment al 

trencament de la litosfera continental en el límit Aptià-Albià (Tucholke et al., 2007). Les 

lineacions magnètiques del Golf de Biscaia mostren un decreixement progressiu cap a 

l’est de la quantitat d’escorça oceànica acrecionada fins a desaparèixer totalment a prop 

del meridià 6ºW. Al sector occidental del Golf de Biscaia, l’exhumació mantèlica i 

l’acreció oceànica va tenir lloc des del Barremià tal i com mostren la lineació magnètica 

M3 i més recents (Williams, 1975; Le Pichon i Barbier, 1987; Thinon et al., 2002; Sibuet 

et al., 2004b).  

 

A partir del Santonià superior, una ràpida obertura de l’Oceà Atlàntic Sud, va produir el 

desplaçament cap al nord d’Àfrica i com a conseqüència la convergència entre Ibèria i 

Euràsia (Fig. R.2c) (Rosenbaum et al., 2002). Aquest canvi radical en el moviment 

d’Ibèria va ser el responsable de la inversió de les conques del rift pirinenc i la formació 

de la serralada de col·lisió pirinenca al llarg del límit entre ambdues plaques (Boillot i 

Malod, 1988; Muñoz, 1992; Álvarez‐Marrón et al., 1995; Vergés et al., 2002). Com a 

resultat de la formació d’aquesta serralada també es van desenvolupar dues conques 

d’avantpaís: la Conca de l’Ebre al sud del Pirineu, i la Conca d’Aquitània al nord. 
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Fig. R.2.- Reconstrucció paleocinemàtica de l’Atlàntic Sud i Central amb l’evolució dels diferents               

límits de plaques (modificat de Srivastava et al., 1990). 

 

Dins del sector oriental del Golf de Biscaia, la conca d’avantpaís Nord-Pirinenca 

fossilitza la conca mesozoica de Parentis (Fig. R.3). L’estructura d’aquesta conca 

mesozoica està controlada per falles corticals amb cabussament nord (falles d’Ibis i de les 

Landes) (Fig. R.3), visibles als perfils ECORS-Golf de Biscaia i MARCONI-3 

respectivament (Pinet et al., 1987 i Ferrer et al., 2008a entre d’altres). Al sud d’aquestes 

falles, l’Alt de les Landes és part d’un plateau aixecat i erosionat durant gran part del 

Mesozoic. Aquesta estructura mostra una successió sedimentaria aprimada de materials 

de la part alta del Cretaci i del Cenozoic dipositats discordantment sobre el sòcol Hercinià 

o be sobre una cobertora triàsica-juràssica parcialment erosionada (Gariel et al. 1997). 

Cap al nord, la conca es troba limitada per la Flexió Celta-Aquitànica. El rebliment 

sedimentari mesozoic de la conca presenta uns 8 km de gruix (Dardel i Rosset 1971; 

Mathieu 1986; Bois i Gariel 1994; Bourrouilh et al. 1995; Bois et al. 1997a i 1997b) i es 

troba afectat per nombroses falles de direcció est-oest (Masse, 1997) així com per  diapirs 

d’evaporites triàssiques (Fig. R.3). Aquestes estructures salines perforen tant el rebliment 
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sedimentari mesozoic (Curnelle i Marco, 1983; Mathieu 1986; Mediavilla 1987; Ferrer et 

al. 2008a) com els materials del Cretaci Superior o els diposits sinorogènics cenozoics 

(Curnelle i Marco, 1983; Bois et al. 1997a; Masse 1997; Ferrer et al., 2008a). 

 

Fig. R.3.- Mapa estructural del sector oriental del Golf de Biscaia amb la distribució de la conca d’avantpaís 

Nord-Pirinenca, les falles principals així com les principals conques cretàciques formades durant l’obertura 

del Golf de Biscaia (modificat de Roca et al., 2011) 

 

A nivell d’estructura cortical, al sector oriental del Golf de Biscaia, el Moho perd fondària 

cap al nord des dels 30-35 km que presenta per sota la Plataforma Basca fins als 18-22 

km sota el Canó de Cap Ferret al llarg del límit E-O entre el Plateau de les Landes i la 

Plataforma Armoricana. Al nord d’aquest límit, es torna a profunditzar bruscament fins 
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als 30-36 km (Roberts i Montadert 1980; Tomassino i Marillier 1997; Thinon et al. 2003). 

El gruix cortical decreix també cap a l’oest, des dels 7 km a la transversal del perfil 

ECORS-Golf de Biscaia (Pinet et al. 1987; Tomassino i Marillier 1997) als 6-5 km a la 

transversal del perfil MARCONI-3 (Gallart et al. 2004; Ruiz 2007).  

 

La formació i l’evolució de la Conca de Parentis, va seguir una historia geològica similar 

a la descrita anteriorment pel Golf de Biscaia. Dos episodis de rift (Permià-Triàsic i 

Juràssic tardà-Cretaci Inferior) son els responsables de la formació de les subconques 

mesozoiques al nord dels Pirineus, entre elles la Conca de Parentis (Curnelle et al. 1982; 

Bourrouilh et al. 1995; Biteau et al. 2006). El depocentre principal d’aquesta conca es va 

formar a partir del Barremià fins a l’Albià mig. Posteriorment a partir del Santonià tardà 

es va produir el tancament parcial del Golf de Biscaia com a conseqüència de la obertura 

de l’Atlàntic Sud i la translació cap al nord de la placa africana. Aquest fet va provocar la 

convergència i posterior col·lisió d’Ibèria i Euràsia (Ziegler 1990; Rosenbaum et al. 

2002). 

 

Tot i que la formació de la serralada pirinenca va invertir les conques mesozoiques al 

llarg del límit entre Ibèria i Euràsia (ex. Conques Basco-Cantàbrica, Lacq-Mauleon o 

Organyà)  (Choukroune i ECORS Team, 1989; Roure et al. 1989; Muñoz, 1992; 

Bourrouilh et al. 1995; Álvarez-Marrón et al. 1996), la Conca de Parentis tant sols va ser 

lleument invertida (Mathieu 1986; Pinet et al. 1987; Bois i ECORS Scientific Party 1990; 

Verges i García-Senz, 2001). Això és degut probablement al fet de que l’Alt de les 

Landes va bloquejar la propagació cap al nord de l’escurçament pirinenc actuant com un 

contrafort (Ferrer et al. 2008a). Aquest efecte probablement va ser induït per la naturalesa 

de l’escorça que era més resistent i gruixuda sota de l’Alt de les Landes.  

   

La deformació pirinenca es va prolongar fins al Miocè mig (Srivastava et al., 1990; Roest 

and Srivastava, 1991; Rosenbaum et al., 2002).  
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R.5.-Dades d’estudi 

Les dades que s’han utilitzat per dur a terme aquesta tesi comprenen principalment dades 

de subsòl (dades sísmiques i dades de pou) del Golf de Biscaia (Fig. R.4). Les dades 

sísmiques inclouen tant perfils de sísmica de reflexió profunda com perfils sísmics 

petrolers. Les dades de sísmica de reflexió profunda provenen de varies campanyes 

(ECORS, ESCIN i MARCONI, veure Fig. R.4) recollides en el marc de diversos 

experiments científics duts a terme entre 1983 i 2003 per diversos equips 

multidisciplinars. Durant aquestes campanyes, les dades sísmiques també van ser 

complementades amb altres mètodes geofísics com sísmica de reflexió/refracció d’alt 

angle, gravimetria, magnetisme, etc... D’aquestes campanyes s’han utilitzat concretament 

els perfils ESCI-N4 (Álvarez-Marrón et al., 1995), la campanya ECORS-Golf de Biscaia 

(Pinet et al., 1987) i la campanya MARCONI (Gallart et al., 2004 i Pulgar et al., 2004) de 

manera que tot el conjunt de dades cobris la part sud-oriental del Golf de Biscaia (Marge 

Nord-Ibèric i part abissal del Golf de Biscaia).  

D’altra banda la malla de perfils sísmics petrolers es restringeix a la part oriental del Golf 

de Biscaia, concretament al sector central i meridional de la Conca de Parentis i a la part 

septentrional de l’Alt de les Landes (Fig. R.4). Aquesta malla està integrada per 12 

campanyes sísmiques desenvolupades entre 1974 i 1990 i inclou prop de 300 perfils 

sísmics recentment reprocessats per l’Ente Vasco de la Energía (EVE-SESHA). No 

obstant, es tracta de perfils sísmics antics, que tot i el seu reprocessat mostren una qualitat 

variable fent que algunes de les interpretacions de les estructures salines o de les falles 

principals siguin purament especulatives. 

La interpretació estratigràfica de les dades sísmiques s’ha basat en les dades de 29 pous 

d’exploració d’hidrocarburs distribuïts principalment a les plataformes poc profundes del 

Golf de Biscaia (Plataforma de les Landes i la Plataforma Nord-Ibèrica) (Fig. R.4). 

Endemés també s’han utilitzat les dades de 13 pous d’exploració de la Plataforma 

Marginal Asturiana. Aquestes dades s’han complementat amb les dades de dos pous 

pertanyents al Deep Sea Drilling Program situats a la part occidental de la plana abissal 

del Golf de Biscaia al nord de Galicia (pous 118 i 119). 
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R.6.- Metodologia  

Tant la metodologia com el flux de treball utilitzat per a la realització de la tesi inclou l’ús 

de diverses tècniques com la interpretació sísmica, la construcció de models geològics 

tridimensionals i la modelització analògica.  

  

R.6.1.- Recopilació de dades sísmiques i de pou 

La caracterització de l’estructura cortical així com de la tectònica salina del Golf de 

Biscaia i de la Conca de Parentis s’ha realitzat principalment a partir de l’anàlisi i la 

interpretació de 19 perfils de sísmica de reflexió profunda, uns 300 perfils de sísmica 

comercial i 44 pous. A excepció dels 11 perfils de sísmica de reflexió profunda de la 

campanya MARCONI en la que el doctorant va participar en la seva adquisició i 

processat preliminar, la resta de dades de subsòl van ser cedides desinteressadament per la 

companyia Hidrocarburos de Euskadi (EVE-SESHA). Totes aquestes dades eren en 

format digital (SEG-Y). D’altra banda, i de forma més puntual, algunes dades tant de 

sísmica com de pou en format paper van ser subministrades per l’Archivo Técnico de 

Hidrocarburos del Ministerio de Industria, Turismo y Comercio del govern espanyol així 

como per la companyia d’hidrocarburs TOTAL.  

Degut a que la majoria de dades estan doncs sotmeses a diversos acords de 

confidencialitat signats amb les diverses companyies que les van cedir, a la memòria de 

tesi tant sols s’ha pogut mostrar un nombre reduït de perfils sísmics de la zona. No 

obstant, la tesi doctoral de Frankovic (2011) inclou una complerta recopilació de dades 

sísmiques i de pou de tota la part oriental del Golf de Biscaia.  

 

 R.6.2.- Adquisició de la campanya de sísmica de reflexió profunda MARCO�I  

En el marc del projecte  MARCONI, dins del qual s’emmarca aquesta tesi, durant els 

mesos d’agost i setembre del 2003 es va realitzar una campanya de sísmica de  reflexió 

profunda a bord del vaixell d’investigació oceanogràfica Hepérides en la que el doctorant 

hi va participar activament. Aquest experiment pretenia investigar tant la reflectivitat 

cortical com la distribució de velocitats en profunditat al sector oriental del Golf de 
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Biscaia mitjançant: a) 11 perfils regionals de sísmica multicanal amb una longitud total de 

1800 km; b) una xarxa de 24 OBS/OBH (sismòmetres y hidròfons dipositats al fons 

oceànic) i 36 estacions terrestres (Gallart et al., 2004) i c) mesures continues de gravetat, 

magnètiques i batimètriques. Cal destacar que totes les dades recollides durant aquesta 

campanya són fonamentals per comprendre l’estructura i evolució alpina d’aquest sector 

del Golf de Biscaia. Les característiques més específiques sobre la campanya es poden 

consultar entre d’altres als treballs de Gallart et al., 2004; Pulgar et al., 2004; Ruiz, 2007; 

Ferrer et al., 2008a; Fernández-Viejo et al., 2011 i Roca et al., 2011. Gran part dels 

resultats de l’anàlisi i la interpretació de les dades de sísmica de gran angle recollides 

durant la campanya, s’inclouen a la tesi doctoral de Ruiz (2007) que com a resultats més 

remarcables inclou diversos models  de distribució vertical de velocitats corticals al llarg 

dels diversos perfils MARCONI. Aquests models han estat utilitzats en la present tesi per 

tal de caracteritzar l’estructura cortical del sector oriental del Golf de Biscaia. 

 

 R.6.3.- Control de qualitat de les dades de subsòl 

El gran volum de dades de subsòl recopilades així com l’ampli ventall temporal en el que 

van ser adquirides, va fer necessària l’aplicació d’un control de qualitat de les mateixes 

prèviament a ser incorporades en un projecte digital i poder procedir amb la seva 

interpretació. En aquest procés es van detectar possibles errors en els fitxers de sísmica 

digital (SEG-Y) tant en la posició del punts de tir (SP), els common depth points (CDP’s); 

els intervals de mostreig i/o en les coordenades X/Y tant de les fonts com dels geòfons. 

La major part dels errors es van poder corregir directament a partir de les capçaleres dels 

SEG-Y, però d’altres, com les coordenades de la font o dels geòfons van requerir la 

utilització dels fitxers de navegació dels perfils sísmics (fitxers UKOOA). Entre les 

correccions més importants que es van realitzar cal destacar la unificació dels sistema de 

coordenades de totes les dades, establint el fus UTM 30 com a referència. Aquest procés 

també es va realitzar per a les dades de pou. El procés de control de qualitat es va realitzar 

amb el programa Seisee.  
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 R.6.4.- Interpretació de les dades sísmiques 

La interpretació de tota la malla sísmica (sísmica profunda i petrolera) així com els pous 

es va realitzar en un entorn digital que incloïa tots els arxius SEG-Y posteriorment al 

procés del control de qualitat. Aquesta interpretació es va iniciar durant dues estades de 

doctorat. A la primera, realitzada a l’Institut Français du Pétrole (IFP) sota la supervisió 

de la Dra. Nadine Ellouz, es va interpretar la sísmica profunda de la campanya 

MARCONI mitjançant el programa Charisma d’Schlumberger. D’altra banda la 

interpretació de la sísmica petrolera i en concret de les estructures salines es va dur a 

terme, en part, durant una estada de doctorat al Bureau of Economic Geology (BEG) sota 

la direcció del Dr. Martin P. Jackson. En aquest cas, les dades es van treballar amb el 

programa The Kingdom Suite. Ambdues estades van servir per assolir els coneixements 

necessaris per poder continuar amb la interpretació al Departament de Geodinàmica i 

Geofísica, on s’ha treballat amb una llicència acadèmica del programa The Kingdom Suite 

cedida per l’empresa Seismic Micro-Technology Inc.  

Per tal d’iniciar la interpretació del projecte digital es van haver de realitzar una sèrie de 

correccions per tal d’homogeneïtzar les diverses campanyes sísmiques que integraven el 

projecte. Totes aquestes campanyes, realitzades entre 1960 i 2003 van ser adquirides 

utilitzant diferents tècniques (explosius, canons d’aire comprimit, configuració dels 

receptors, processats, datums de referència, etc...) pel que presentaven qualitats molt 

diferents. Un dels problemes principals va ser la correlació entre els reflectors de les 

diverses campanyes. Per solucionar-lo es va seleccionar una campanya de referència (la 

campanya 76GG) i es va realitzar una correcció de misties que consisteix en desplaçar 

manualment tots els perfils de la malla sísmica fins que les interseccions dels perfils 

correlacionen perfectament amb els de la campanya de referència. Aquesta correcció és 

bàsica ja que d’ella  dependrà el resultat final de tota la interpretació. Amb posterioritat a 

aquestes correccions es va aplicar un balanç d’amplituds a tota la sísmica per tal 

d’unificar les seves característiques. Per fer-ho, utilitzant la mateixa campanya de 

referència (76GG), es van reescalar i equalitzar les amplituds de totes les altres 

campanyes per tal de que adquirissin un espectre sísmic similar. 

A partir d’aquest punt es va iniciar la interpretació. Mitjançant les corbes temps-

profunditat, es van transformar les dades estratigràfiques dels pous a temps per tal de 
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treballar el projecte en domini temps. Posteriorment, la correlació obtinguda entre les 

facies sísmiques i els sostres formacionals en temps es va donar com a vàlida iniciant-se 

la interpretació. Durant el procés d’interpretació es van digitalitzar 9 horitzons (base del 

Keuper, base del Juràssic, base del Barremià, base de l’Aptià superior, base del Cretaci 

Superior, base del Paleocè, base de l’Oligocè, base del Miocè i base del Miocè superior) i 

2 discordances (la discordança intra-albiana i la discordança de la base del Cenozoic). 

Finalment, la digitalització de les estructures més importants (falles i estructures salines) 

va permetre l’obtenció de mapes estructurals per cadascun dels horitzons.  

 

 R.6.5.- Realització de models analògics 

Per tal de validar algunes de les interpretacions proposades a partir de les dades sísmiques 

es va realitzar una sèrie d’onze experiments de modelització analògica. Aquests models, 

que incloïen sorra i silicona com a materials anàlegs es van focalitzar principalment en la 

caracterització del paper que va jugar la tectònica salina en l’evolució de la Conca de 

Parentis a partir de l’anàlisi de varis paràmetres com el règim tectònic, la geometria o la 

cinemàtica de les falles mestres que limiten la conca. 

Els models analògics es van realitzar durant dues estades doctorals a l’UMR C�RS 

Géosystèmes de l’Université de Lille 1 sota la supervisió del Dr. Bruno C. Vendeville. Els 

resultats d’aquests models s’expliquen àmpliament al capítol 4 de la tesi. 

Alguns dels models analògics van ser posteriorment reconstruïts tridimensionalment a 

partir de fotografies de les seccions longitudinals fetes al final dels experiments. Per 

realitzar aquest models es va utilitzar el programa Gocad de Paradigm i una metodologia 

especialment desenvolupada per fer-ho (Vidal-Royo et al., 2008). 

 

R.7.- Conclusions 

Els resultants principals d’aquesta tesi fan referència a tres grans apartats: 1) la 

caracterització de les variacions estructurals al llarg del Golf de Biscaia-Sistema de Rift 

Pirinenc i la seva influència en el desenvolupament de l’orogen pirinenc; 2) la definició 

de l’estructura de la Conca de Parentis i en particular de la seva part occidental 

pràcticament desconeguda fins a l’elaboració d’aquesta tesi, i 3) l’anàlisi del paper que 
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van jugar les evaporites pre-rift del Triàsic Superior tant al llarg de l’obertura extensiva 

del Golf de Biscaia (focalitzant-se sobretot en l’exemple de la Conca de Parentis) així 

com durant el període compressiu posterior que va donar lloc a l’orogen pirinenc. A partir 

dels resultats obtinguts en cadascuna d’aquestes línies de recerca, destaca: 

 

R.7.1.- Variacions de l’estructura litosfèrica al llarg del sistema de Rift del Golf 

de Biscaia-Pirineus i la seva influencia en el desenvolupament de l’orogen 

pirinenc 

El sistema de rift que es va desenvolupar entre Iberia i Eurasia durant el Juràssic tardà-

Cretaci estava integrat per dos braços paral·lels amb orientacions E-O. El braç nord o 

braç del Golf de Biscaia, inclou la Conca Abissal del Golf de Biscaia i la Conca de 

Parentis. Per la seva part, el braç sud o braç pirinenc inclou entre d’altres les conques de 

Le Danois, Basco-Cantàbrica i la de Lacq-Mauleon. Ambdós braços es troben format per 

sistemes de falles extensives segmentats que es relleven mitjançant zones d’acomodació 

de direcció N a NNE. Entre aquestes zones d’acomodació destaca la zona de transferència 

difosa (soft transfer zone) de Santander que limita a l’est l’escorça transicional de la 

Conca Abissal del Golf de Biscaia. Aquesta zona d’acomodació també és responsable del 

canvi de polaritat del desenganxament d’escala cortical oposat a ambdós costats de la 

mateixa. 

L’arquitectura/estructura de les conques desenvolupades des del Juràssic tardà al Cretaci 

va ser fortament dependent del gruix cortical, i en particular, de la presència o absència 

d’escorça continental intermèdia o inferior de naturalesa dúctil sota les conques. Així, en 

àrees on l’estirament cortical va ser poc important, i en les que l’escorça continental 

intermèdia-inferior dúctil hi era present (ex. Conca de Le Danois), l’estructura resultant 

de la conca consistia en un ample sistema de semi-grabens amb falles extensives 

conjugades d’alt angle afectant l’escorça superior. Per contra, en els casos on l’estirament 

cortical va ser més important i la conca es va desenvolupar al damunt d’una escorça 

aprimada sense escorça continental intermedia a inferior dúctil (ex. Conques de Parentis, 

Basco-Cantàbrica o Lacq-Mauleon), l’estructura de la conca va resultar més asimètrica i 

va estar controlada pel desenvolupament de falles de desenganxament que tallen 

completament l’escorça. Aquests desenganxaments va produir l’exhumació del mantell 
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subcontinental serpentinitzat i el transport de blocs rotats o riders d’escorça continental 

superior directament sobre el mantell (ex. Conca Abissal del Golf de Biscaia). 

La interpretació dels perfils de sísmica profunda ECORS, ESCI i MARCONI, juntament 

amb la geologia de superfície a terra, mostren que l’estructura extensiva mesozoica va 

controlar fortament l’estructura contractiva de l’orogen pirinenc. La deformació pirinenca 

més important es localitza al llarg dels marges de les conques del Juràssic tardà-Cretaci 

Inferior fallats durant l’etapa extensiva. En aquest sentit, l’arquitectura de l’orogen depèn 

d’una manera important de la geometria previa de les falles que limitaven les conques així 

com de la presencia o absència d’una escorça continental mitja-inferior de naturalesa 

dúctil. Així, en els segments del rift en els que aquesta escorça dúctil estava present i en 

els que les conques extensives estaven limitades per falles d’alt angle afectant l’escorça 

superior (Pirineu Central i Oriental), l’orogen pirinenc consisteix principalment en un 

tascó format per un apilament antiformal de làmines cavalcants d’escorça superior. En 

canvi, en els segments en els que s’hi van desenvolupar desenganxaments extensius 

corticals i en els que no hi havia una escorça inferior-intermedia dúctil al inici de la 

compressió (Pirineu Occidental i Basco-Cantàbric), l’arquitectura de l’orogen es més 

simple i està formada per un tasco format per materials de l’escorça superior lleugerament 

deformats desplaçats per sobre del desenganxament reactivat contractivament.  

A escala regional, és evident que la segmentació del rift del Cretaci Inferior així com els 

canvis de cabussament dels desenganxaments extensius cretàcics, controlen les diferents 

característiques al llarg de l’orogen pirinenc, de manera que hi ha una correlació quasi 

perfecte entre la segmentació extensiva del rift del Cretaci tardà i els segments del Pirineu 

amb una estructura contractiva ben diferenciada.  

 

R.7.2.- L’estructura de la Conca de Parentis 

Els perfils de sísmica profunda ECORS-Golf de Biscaia i MARCONI-3 juntament amb 

les dades de subsòl adquirides durant l’exploració d’hidrocarburs, han permès el 

reconeixement de l’estructura de l’escorça superior del sector oriental del Golf de Biscaia 

així com de les seves característiques més importants adquirides durant la seva evolució 

geodinàmica alpina. La distribució espaial i el gruix del nivells reflectius així com la 

geometria dels reflectors suggereix que l’estructura de la conca d’avantpaís Nord-
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Pirinenca a la part oriental del Golf de Biscaia consisteix en un tascó de materials 

sinorogènics constituït per materials de la part alta del Cretaci Superior al Cenozoic que 

es dipositaren al damunt d’una escorça continental aprimada que inclou al nord una conca 

mesozoica important (Conca de Parentis) i un alt estructural coetani al sud (Alt de les 

Landes). 

Els límits entre aquests dos dominis estructurals són dos desenganxaments extensius 

corticals amb cabussament nord (falles de les Landes i d’Ibis). Aquests desenganxaments, 

que mostren un desplaçament extensiu superior als 20 km, són els principals responsables 

de la geometria en semi-graben que presenta la Conca de Parentis. Són estructures que 

trenquen tota l’escorça generant l’omissió total de l’escorça superior i mitja sota el 

depocentre de la part oriental de la Conca de Parentis,  aprimant l’escorça fins als 7 km 

cap a l’oest sota el rebliment sedimentari del sector occidental de la conca. Al bloc 

superior d’aquests desenganxaments, els materials syn-rift assoleixen els 10 km de gruix. 

Aquests materials estan formats principalment per carbonats i roques detrítiques del 

Juràssic al Cretaci Inferior desenganxades al damunt dels nivells salins del Triàsic 

Superior. El rebliment sedimentari es troba deformat formant un antiforme-sinforme 

forçat desenganxat a partir de la sal triàsica que s’adapta a la geometria del 

desenganxament cortical que afecta el sòcol per dessota els materials salins. Aquest plec 

forçat està afectat per una sèrie de falles extensives invertides i rotades que graonen el 

flanc sobre el desenganxament de sòcol. A més d’aquests plecs forçats el rebliment 

sedimentari està deformat per lloms salins i diapirs formats durant l’Albià-Cretaci tardà al 

llarg d’ambdós marges de la conca (tant al bloc inferior del desenganxament de sòcol com 

a la flexió del rollover desenvolupat al bloc superior). Totes aquestes estructures van ser 

rejovenides compresivament durant l’Eocè-Miocè mig com a conseqüència de la 

compressió pirinenca, tot i probablement van rejugar abans del Cretaci terminal quan el 

depocentre de la Conca de Parentis es va aixecar i va ser erosionat com a resultat de la 

reactivació contractiva inicial dels desenganxaments litosfèrics de baix angle. 

Localitzat en el bloc inferior d’aquest desenganxament extensional, l’Alt de les Landes es 

correspon amb un plateau aixecat i erosionat durant el Cretaci Inferior. Està format per 

una cobertora sedimentaria de materials del Cretaci tardà força prima dipositada 

directament sobre el sòcol hercinià o be sobre una cobertora mesozoica més prima i 

antiga. 
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En aquest context estructural, el desenvolupament del front plegat i encavalcats nord-

pirinenc al llarg del marge meridional de l’Alt de les Landes així com la manca 

d’estructures d’inversió importants a la Conca de Parentis, posen de manifest que aquest 

alt estructural va actuar com una pantalla per a la propagació de la deformació pirinenca 

cap al nord durant el Cretaci tardà i especialment entre l’Eocè i el Miocè inferior. 

L’origen d’aquests amortidor per a la deformació contractiva està probablement 

relacionat amb la signatura cortical que presenta aquest domini en relació a les veïnes 

conques de Parentis i Basco-Cantàbrica. A l’Alt de les Landes, l’escorça era molt més 

gruixuda i per tant més resistent que a les conques adjacents. De fet, aquesta diferencia de 

gruix, va actuar de forma diferent en front dels esforços compressius generats més al sud 

al llarg del límit col·lisional entre Ibèria i Euràsia.       

 

R.7.3.- El paper de la sal pre-rift del Triàsic Superior tant en el desenvolupament 

extensional de la Conca de Parentis com en la deformació contractiva pirinenca. 

Els nivells evaporítics pre-rift del Triàsic Superior van jugar un paper crucial en 

l’evolució de la Conca de Parentis tant durant l’evolució extensiva com durant el 

posterior episodi compressiu. Els desenganxaments corticals a litosfèrics que van afectar 

els materials per sota la sal van provocar el desenvolupament d’un nivell de 

desenganxament a nivell de les evaporites generant el desacoplament de la deformació 

entre els materials infra- i suprasal. Aquest fet va desenvolupar en dos dominis diferents 

per a la cobertora mesozoica-cenozoica amb estructures salines clarament diferents: a) un 

domini meridional desenvolupat en el bloc inferior de la falla principal i que únicament es 

troba al sector oriental de la conca, caracteritzat per una cobertora prima que inclou falles 

extensives i diapirs o parets salines escanyades; i b) un domini central i nord que presenta 

una cobertora força gruixuda en el que les evaporites triàsiques van afavorir el 

desenvolupament de plecs forçats sobre els desenganxaments crustals/litosfèrics així com 

anticlinals amb nucli salí força laxes en la flexió dels rollovers com a conseqüència de la 

migració de la sal al ser expel·lida pel pes dels materials dipositats al depocentre de la 

conca. D’acord amb les geometries dels materials mesozoics i cenozoics, aquests 

anticlinals amb nucli salí així com les parets salines i els diapirs identificats en el domini 

meridional van iniciar el seu creixement durant l’inici de l’obertura del Golf de Biscaia o 

be per diferencies de càrrega sedimentaria durant el Juràssic Superior. Posteriorment, 
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durant l’Albià, algunes de les estructures salines desenvolupades al domini meridional 

van evolucionar a un mode de creixement passiu, prolongant el seu creixement al llarg del 

Cretaci Superior.  

L’inici de la deformació pirinenca va provocar una reactivació contractiva de totes les 

estructures salines preexistents. Amb un escurçament relativament poc important en 

comparació amb el sofert per altres conques del Sistema de Rift Pirinenc, la reactivació 

va induir l’amplificació dels anticlinals amb nucli salí, l’escanyament dels diapirs 

enterrats amb la conseqüent formació de cicatrius salines secundaries pel tancament total 

de les seves tiges, un increment de l’extrusió de sal en superfície formant glaceres salines, 

i finalment la reactivació de les cicatrius salines com a encavalcaments. Els patrons de 

deformació d’aquesta reactivació contractiva de les estructures salines van ser contrastats 

amb experiments analògics que també van permetre millorar la interpretació de la sísmica 

de la Conca de Parentis. 

Alguns d’aquests models analògics han permès l’estudi de la migració salina, validant les 

interpretacions sobre el creixement dels anticlinals amb nucli salí de Txipiroi i Céphée-

Aldebaran. Aquests anticlinals es van desenvolupar tant pel moviment del 

desenganxament cortical/litosfèric com a conseqüència de la càrrega litostàtica diferencial 

existent entre el depocente i els marges del rollover que va provocar la migració de la sal 

des de zones amb més càrrega litostàtica cap a zones on aquesta era menor.  
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 P.1.- Motivation and overview 

The Bay of Biscay is a subsidiary arm of the North Atlantic Ocean with an east-west 

orientation located between the Armorican Margin to the northeast and the North-Iberian 

continental Margin to the south (Fig. P.1).  

 

Fig. P.1.- Location map of the Pyrenees and the Bay of Biscay (modified from Muñoz, 2002). 
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The Armorican Margin is an extensional passive margin developed during the Early 

Cretaceous characterized by south directed listric extensional faults (Montadert et al., 1974; 

Derégnaucourt and Boillot, 1982; Le Pichon and Barbier, 1987; Thinon, 1999 and Thinon et 

al., 2003). In contrast, the southern boundary of the Biscay Bay (the North-Iberian Margin) is 

now part of the northern thrust system of the Pyrenean orogen developed from late Santonian 

to middle Miocene (Boillot and Malod, 1988; Muñoz, 1992; Álvarez-Marrón et al., 1995; 

Vergés et al., 2002; Vergés and García-Senz, 2001 among others) which is the western part of 

the Alpine-Himalayan orogenic belt (Fig. P.2). This thrust system consists of north directed 

basement-involved thrusts and related folds which involved the southern passive margin of the 

Early Cretaceous Bay of Biscay (Álvarez-Marrón et al., 1995; Cuevas and Tubía, 1999; 

Gallastegui, 2000; Gómez et al., 2002 and McDougall et al., 2009) (Fig. P.1). 

 

Fig. P.2.- Main European Alpine orogens (courtesy of Roca, E.). 

 

The formation and later evolution of the Bay of Biscay and the Pyrenean orogen is strongly 

influenced by the position of the Iberian plate between two major plates (Eurasia and Africa) 

during two major geological events (Fig. P.3) (Srivastava et al., 1990; Rosenbaum et al., 

2002). The first one, clearly extensional, is related to the development of an Atlantic margin as 

a consequence of the displacement of the Iberian plate towards the south with respect to the 

Eurasian plate (Fig. P.3A). This tectonic episode was related to the breakup of Pangea with the 
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consequent opening of the Central Atlantic Ocean during Jurassic times, propagating 

northwards during the Cretaceous with the opening of the Bay of Biscay (Fig. P.3B) (Savostin 

et al., 1986; Srivastava et al., 1990; Tucholke et al., 2007). A 35-37º counter-clockwise 

rotation of Iberia with respect to Eurasia led to the development of a transtensional to 

extensional plate boundary between the two plates (Van der Voo, 1969; Srivastava et al., 1990; 

Olivet, 1996; Gong et al., 2008). As a consequence of this motion an ESE trending rift system, 

known as Pyrenean Rift, developed along the future Iberia-Eurasia boundary (García-

Mondéjar, 1989; Ziegler, 1990; Vergés and García-Senz, 2001). The counter-clockwise 

rotation produced a differential longitudinal extension along the Pyrenean Rift which was 

reflected in its structure. Thus, in the eastern Bay of Biscay, where the total extension was 

lower, the continental crust was thinned, whereas towards the west, the extension was large 

enough to produce mantle exhumation and oceanic accretion (Williams, 1975; Le Pichon and 

Barbier, 1987; Thinon et al., 2002; Sibuet et al., 2004b or Roca et al., 2011 among others).   

 

Fig. P.3.- Paleokinematic reconstruction of the South and Central North Atlantic with the evolution of the different 
plate boundaries (modified from Srivastava et al., 1990). 
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The faster opening of the South Atlantic Ocean from the middle Santonian (Late Cretaceous) 

changed this overall framework with the northwards drift of Africa and, as a consequence, the 

convergence between Iberia and Eurasian plates (Fig. P.3C) (Rosenbaum et al., 2002). This 

contractional event marked the end of the extensional opening process of the North-Iberian 

Margin and started the buildup of the Pyrenean orogen along the boundary between Iberia and 

Eurasia (Boillot and Malod, 1988; Muñoz, 1992; Álvarez-Marrón, et al., 1995; Vergés et al., 

2002). Whereas the extensional basins from the Pyrenean Rift were inverted and incorporated 

to the Pyrenean orogen in the Eastern and Central Pyrenees, more to the west the exhumed 

mantle and the oceanic crust of the Bay of Biscay were subducted below the North-Iberian 

passive margin. This orogen developed until middle Miocene times when Iberia and Eurasia 

welded and the contractional deformation concentrated in the southern boundary of Iberia (Fig. 

3E) (Rosenbaum et al., 2002).  

This geological history suggests that the North-Iberian continental margin and the north-

eastern sector of the Biscay Bay are ideal places to study and characterize the tectonic 

evolution and the geodynamic mechanisms governing the opening of the Atlantic Rift. This 

fact can be seen very well since several evolutionary stages have been preserved within the 

rifting system along the North-Iberian Margin. Similarly, the study of these lateral variations 

also reveals how they conditioned the subsequent development of the Pyrenean orogen. At a 

more specific level, the Bay of Biscay (the portion of the North-Iberian Margin developed to 

the south of the oceanic crust and the exhumed mantle) appears as a good place to understand 

how the processes of mantle exhumation and subsequent mantle accretion occurred in the 

Atlantic Ocean, as well as to understand the role played by the resulting structures during the 

growth of the Pyrenean orogen.  

Furthermore, in its eastern sector, the Bay of Biscay allows the observation of a Mesozoic 

basin (the Parentis Basin) (Fig. P.1) slightly deformed by the Pyrenean compression. The study 

of this basin provides a first approach to understand how the Mesozoic basins were currently 

involved in the Pyrenean building previously to the Pyrenean compression (eg. Organyà Basin, 

Aulet Basin, etc…). These basins include highly deformed evaporitic materials from the Upper 

Triassic (Keuper facies) whose role during both the Mesozoic extension and the Cenozoic 

compression have been poorly studied.  
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Given all this interest, the eastern Bay of Biscay has been studied in numerous works since the 

appearance of subsurface offshore techniques (seismic, gravimetric, dredges, wells, etc…). 

During the 60’s and 70’s several French research works focused on the study of the eastern 

sector of the Biscay Bay (Dardel and Rosset, 1971; Mattauer and Seguret, 1971; Sibuet and Le 

Pichon, 1971; Sibuet et al., 1971; Montadert and Winnock, 1971 among others). Later, in the 

decade of the 80’s, the deep seismic reflection profile ECORS-Bay of Biscay (Fig. P.4A, see 

location in Fig. P.5) was carried out, which provided a large amount of data of the deep 

structure of the eastern sector of the bay and, in particular, of the eastern Parentis Basin (e.g. 

Pinet et al., 1987; Bois and Gariel, 1994; Bois et al, 1997a; Masse, 1997). During the 90’s, the 

ESCIN project (Pulgar et al., 1996; Fernández-Viejo, G and Gallastegui, J., 2006) and 

particularly the ESCIN-4 profile (Fig. P.4B, see location in Fig. P.5) (Álvarez-Marrón et al. 

1995; 1996 and 1997; Fernández-Viejo et al., 1998), led to determine that the North-Iberian 

continental margin is strongly deformed due to the Alpine compression. Mesozoic sedimentary 

basins were inverted and incorporated into the continental margin. In addition, a tectonic 

wedge characterized by Cenozoic syntectonic deposits affected by a series of imbricate north-

directed thrusts developed at the base of the continental slope (Álvarez-Marrón et al., 1995; 

Cuevas and Tubía, 1999; Gallastegui , 2000; Gómez et al., 2002; McDougall et al. 2009). 

 

Fig. P.4.- Line drawings of interpreted deep seismic lines through the Parentis Basin. A) ECORS-Bay of Biscay 
seismic profile interpretation (modified from Pinet et al., 1987) and B) MARCONI-3 seismic profile interpretation 

(modified from Ferrer et al., 2008a). See Figure P.5 for location. 
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However, all these geophysical data and related studies did not allowed to characterize neither 

the nature of the crust nor the geological processes governing the transition between these two 

domains. For this reason, the MARCONI project (MARCONI is an acronym for the Spanish 

name of the project “Reconocimiento Geológico y Geofísico del MARgen COntinental �or-

Ibérico”) (Gallart et al., 2004; Pulgar et al., 2004; Ruiz, 2007; Ferrer et al., 2008a; Roca et al., 

2011; Fernández-Viejo et al., 2011) was conducted between 2003 and 2007, in which more 

than 1800 km of multichannel deep reflection seismic as well as wide angle 

reflections/refractions were acquired using terrestrial and ocean-bottom stations between the 

ECORS-Bay of Biscay and the ESCI-N4 deep seismic profiles (Fig. P.5). 

 

P.2.- Studied dataset 

Although data coming from the onshore Parentis Basin and the Basque-Cantabrian Pyrenees 

have been also taken into account, the dataset used in this thesis consists of subsurface data 

(seismic and well data) acquired in the Bay of Biscay.  

The seismic dataset includes both deep seismic reflection profiles and oil industry seismic 

profiles. The deep seismic reflection data comes from various surveys (ECORS, ESCIN and 

MARCONI Deep Seismic Surveys) conducted in the framework of various scientific projects 

between 1983 and 2003 and funded by the French and Spanish governments. All these surveys 

were complemented by other geophysical methods such as wide-angle reflection/refraction, 

gravity, magnetics, etc… Specifically, the deep seismic profiles used in this thesis are the 

ESCI-N4 profile (Álvarez-Marrón et al., 1995), the ECORS-Bay of Biscay survey (Pinet et al. 

1987) and all the MARCONI Deep Seismic survey (Gallart et al., 2004; Pulgar et al., 2004) 

(Figure P.5). They cover the ensemble of the Bay of Biscay and have been used to study both 

the offshore North-Iberian continental margin and the Bay of Biscay crustal structure.  

In contrast, the grid of oil industry seismic profiles has been restricted to the easternmost part 

of the Bay of Biscay (Figure P.5). It consists of 12 seismic surveys shot between 1974 and 

1990 that include ca. 300 seismic profiles (Figure P.5). They are old seismic profiles with a 

variable quality that were reprocessed by the company EVE-SESHA to improve their quality. 
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 Simultaneously to the acquisition of the multichannel seismic reflection profiles of the 

MARCONI survey, wide angle reflections/refractions were also recorded using terrestrial and 

ocean-bottom stations. Twenty-four marine stations were used, sixteen of which were ocean-

bottom seismometers (OBS) and eight were ocean-bottom hydrophones (OBH) (Figure P.5). 

The results of the analysis and interpretation of these data were included in the PhD 

dissertation of Ruiz (2007) obtaining different vertical distributions of velocity models along 

the crust for the different MARCONI profiles. These models have also been used in the present 

thesis to characterize the crustal structure of the eastern Bay of Biscay. 

The stratigraphic interpretation of the seismic profiles for the eastern Bay of Biscay has been 

mainly based on 29 drilled oil exploration wells (eg. Albatros 1 bis, Aldebaran 1, Antares 1, 2 

and 101, Antineous 1, Bayonne Marine 1, Bellatrix 1, Castor, Céphée, Cormoran, Danu 1, 

Eridan 1, Esus 1, Flamant 1, Fregate 1 bis, Ibis, Ibis 2-2 bis, Le Sextant, Orion, Pelican 1, 

Phoenix 1, Pingouin 1, Tarasnis 1, Golfo Vizcaya 1, y Vizcaya A-1, B-2, C-1 y C-2). These 

wells are located in shallow platform areas of the eastern Bay of Biscay (shallow offshore 

Parentis Basin and North-Iberian Shelf) (Fig. P.5). Similarly, 13 oil exploration wells located 

between the North-Iberian Shelf and the Marginal Asturian Platform have been used to better 

understand the stratigraphic correlation of the seismic profiles in the western sector of the 

studied area (Fig. P.5) (Lanaja et al., 1987). Finally, two wells of the Deep Sea Drilling 

Program (numbers 118 and 119) located in the Bay of Biscay abyssal plain to the north of 

Galicia have been used to carry out the interpretation of the MARCONI Deep Reflection 

Survey.  

There are many areas without direct information (well control) about the age of the reflectors 

interpreted in the seismic data. The well-controlled areas mainly correspond to the shallow 

offshore of the Biscay Bay (Landes and North-Iberian shelves). However, there is a 

bathymetric step that separates the shallow areas (< 200 meters depth) from deep regions such 

as the Landes Platform or the Bay of Biscay abyssal plain (> 500 meters depth) (Fig. P.5). This 

geomorphologic barrier and several incised submarine canyons hinder the direct correlation 

between the seismic profiles of both domains. Consequently, the horizon interpretation in these 

areas has been carried out from the comparison of seismic facies between these sectors and the 

areas with good well control.  
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P.3.- Aims 

One of the objectives of this PhD. is to determine the main features of the North-Pyrenean 

front and related foreland basin along the eastern sector of the Biscay Bay. In this sense, it aims 

to understand the role played by the extensional Late Jurassic – Lower Cretaceous structures, 

developed during the opening of the Bay of Biscay, both in the overall configuration of the 

Pyrenees and in the location, geometry and deformation features of the contractional Pyrenean 

structures.  

 

In this context, the thesis initially intended to elucidate how changes in the configuration of the 

crustal structure at the end of the Bay of Biscay opening have been able to control the change 

on structural style that took place from the Pyreness s.s. to the Cantabrian Pyrenees, to better 

understand the processes that governed the evolution of the Pyrenees. Second, at a smaller 

scale, this thesis aims to know which was the general structure of the Mesozoic intracontinental 

basins developed during the opening of the Bay of Biscay and which was its initial response 

during the Pyrenean compression.  

 

To achieve this goal we have analyzed the Parentis Basin. This basin, located in the north-

eastern sector of the Pyrenean Foreland (Fig. P.1), has similar dimensions to those Mesozoic 

basins involved in the Pyrenean building. Apparently, the Mesozoic structure of this basin was 

slightly modified by the Pyrenean compression. In such asymmetric basin, salt tectonics has an 

important development and both its general structure and the salt structures have been poorly 

studied by the scientific community. In this sense, this thesis seeks to fill this gap pointing out 

the crustal fault structure of the Parentis Basin and establishing the style and the evolution of 

salt structures preserved in the basin. With regard to this last point, this thesis has put a special 

effort in: 

 

1) Understanding the role played by the presence of a pre- or syn-kinematic salt level 

in the geometry and evolution of a thick-skinned extensional basin.  

2) Determining the role played by the geometry of the main basin boundary faults in 

the formation of salt structures in its hangingwall during extension. 



PROLOGUE 

 

38 

 

3) Investigating how salt structures developed during an extensional stage evolved 

with a subsequent contractional deformational stage which applied different degrees 

of shortening.  

 

P.4.- Methodology 

The object of study of this PhD. thesis is located in the offshore of the Bay of Biscay. 

Consequently, this study has been carried out from subsurface data (mainly seismic reflection 

surveys and well data). This section presents a summary of the methodological workflow that 

comprehends how the data have been obtained and how they have subsequently been 

processed. At the end of this section, we also include some methodological considerations 

about the analogue modelling done in this thesis to interpret both the deep geometry and 

kinematics as well as salt structures of the Parentis Basin.  

 

P.4.1.- Well and seismic reflection data collection 

The characterization of the crustal structure and salt tectonics of the Biscay Bay and the 

Parentis Basin was conducted mainly from analysis and interpretation of 19 deep seismic 

profiles belonging to the ECORS, ESCI-N and MARCONI surveys, ca. 300 commercial 

seismic, and 34 wells. With the exception of the 11 deep seismic profiles of the MARCONI 

survey that were acquired in the course of this thesis, all seismic data were mainly supplied in 

standard SEG-Y format by the company Hidrocarburos de Euskadi (EVE-SESHA). In some 

punctual cases seismic profiles were supplied in paper copy by the Archivo Técnico de 

Hidrocarburos of the Ministerio de Industria, Turismo y Comercio of the Spanish Government 

and also by the oil company TOTAL. 

Concerning the well data, most of the well data of the eastern Parentis Basin and the Basque 

Shelf were kindly supplied in a digital format by the company Hidrocarburos de Euskadi 

(EVE-SESHA). Some well data of these regions were also supplied by TOTAL in paper copy. 

On the other hand, wells from different parts of the Bay of Biscay were essentially synthetic 

lithostratigraphic logs obtained from the literature (i.e. Lanaja, 1987; Gallastegui 2000; etc…). 
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As a consequence to the confidentiality agreements signed with the oil companies that have 

supplied the studied data, only a very small number of seismic profiles have been included in 

this memoir or in the compiled articles. However, the PhD. thesis of Frankovic (2011) includes 

a complete collection of seismic and well data of the eastern Bay of Biscay. 

 

P.4.2.- Deep Seismic Survey acquisition 

Within the framework of the MARCONI project, in which this thesis is included, a deep 

seismic survey was performed in September 2003 aboard the Spanish R/V “BIO Hespérides”. 

This survey, called MARCONI (acronym for the Spanish name of the project “MARgen 

COntinental  ord-Ibérico”), investigated the crustal reflectivity and the velocity-depth 

distribution of the eastern half of the Bay of Biscay by means of: a) 11 regional seismic 

reflection profiles totaling 1800 km of multichannel reflection seismics, b) a network of 24 

OBS/OBH (Ocean Bottom Seismometer/Ocean Bottom Hydrophone) instruments and 36 land 

stations (Gallart et al., 2004) and c) continued measurements of gravity, magnetic and sea 

beam along the 11 recorded seismic profiles (Fig. P.5). This dataset is nowadays fundamental 

to understand the structure and alpine evolution of the Biscay Bay and therefore, has been 

widely used in the preparation of this dissertation (see articles included in Chapters 1 and 2). 

Both the characteristics as well as more detailed information of the obtained data can be found 

in Gallart et al., 2004; Pulgar et al.; 2004; Ruiz, 2007; Ferrer et al., 2008a; Fernández-Viejo et 

al., 2011 and Roca et al., 2011 among others. Note that during the MARCONI experiment, the 

author of this thesis played an active role in the seismic data acquisition, the preliminary 

processing as well as in the releasing and collection of the OBS/OBH instruments.  

 

 P.4.3.- Quality control of seismic and well data 

The data collected both in seismic and wells, was processed in order to be included in a digital 

project before proceeding with their interpretation. As the seismic dataset contains a mix of 

multiple vintages (2D seismic) carried out between the late 60’s and the year 2003, we decided 

to apply a quality control of all the dataset to detect possible mistakes. These errors can be 

located mainly in the shot points, common depth points, sample interval and/or X/Y coordinate 
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locations. For most of the profiles, changes were made directly within the trace headers of the 

SEG-Y files, but in some cases, for correction of the X/Y coordinates, we had to resort to the 

seismic navigation files (UKOOA files). The most important change that had to be applied to 

the compiled data was the unification of the coordinate system of the SEG-Y’s, choosing the 

UTM 30 as a reference for all the dataset. The quality control process was performed with the 

SEG-Y manipulator software Seisee. This process was also applied for the position of the 

wells.  

 

 P.4.4.- Seismic data interpretation 

The structural interpretation of the seismic dataset was performed in a digital project including 

all the checked SEG-Y profiles as well as manually on several seismic profiles in paper copy. 

Specifically, the study of the basin started with the interpretation of paper-based regional 

seismic profiles from the most significant sectors of the studied zone. With this first 

interpretation on paper, we had certain control of the position of the major structures and the 

stratigraphic relationships between the different sedimentary units (unconformities, erosional 

truncations, pinch-off, etc…). 

From this first paper-based interpretation we proceeded with the digital interpretation in a 

project including all the seismic data on SEG-Y format after applying the previous quality 

control. Digital interpretation was done using an academic license of the software “The 

Kingdom Suite” from Seismic Micro-Technology Inc. This license is included in the SMT’s 

Educational Grant Program agreement between this company and the Universitat de 

Barcelona. 

In both procedures, the interpretation was carried out from the correlation along conventional 

seismic surveys which have been dated using time-depth curves recorded in the wells drilled at 

the Eastern Parentis Basin. This interpretation has also taken into account the main 

stratigraphic discontinuities and stratigraphic boundaries. However, as noted in chapters 1 and 

2, the absence of wells through the whole Landes Platform prevents a precise dating of the 

reflectors in this sector of the basin. To this fact must be added the existence of a bathymetric 

step between the Landes Plateau and the Landes Platform. This step makes the well correlation 

of the seismic profiles more difficult from the eastern to the western sector of the easternmost 
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part of the Biscay Bay. For this reason, when any other tool was not available, the correlation 

between both sectors was made by comparison of seismic facies. 

Following this methodology, the interpretation of the crustal structure of the Bay of Biscay was 

initiated during a scientific visit to the Institut Français du Pétrole (IFP) under the supervision 

of Nadine Ellouz, an expert in the structural characterization of passive margins. During this 

visit we worked with the seismic interpretation software Charisma from Schlumberger. On the 

other hand, the interpretation of salt structures started during a scientific visit at the Bureau of 

Economic Geology (BEG) under the supervision of Prof. Martin P. Jackson, a renowned expert 

on salt tectonics. During this visit the seismic interpretation was performed with the software 

The Kingdom Suite from Seismic Micro-Technology Inc. 

The digital seismic dataset (SEG-Y’s) used in this thesis is composed of a mix of multiple 

vintages (16 partial seismic surveys: 74B, 76GG, 80GG, 81BOM, 81GG, 82BOM, A, CF, 

ECORS, MARCONI, ESCI, MM, OC, SG, SPB and V80) acquired between 1960’s to 2000’s 

using different acquisition techniques (sources: explosives, air guns, etc…), receptors 

configurations (e.g. streamer length, etc…) and having different processing sequences. 

Consequently, the quality of the seismic images largely depends on the state-of-the-art of 

seismic techniques during those years. This makes that the 2D dataset is often affected by 

misties (i.e. incoherencies at lines intersections). When this happens, problems in correlation of 

lateral reflectors appear between different seismic profiles. These problems were solved 

selecting a seismic survey as a reference and for each seismic line intersection with the rest of 

the surveys, the mistied Z-value was manually corrected creating a bulk shift (Z axis 

correction). The reference survey was the 76GG, and the seismic datum used in the digital 

project was the sea level (offshore data). The resulting shifted data have minimized errors. 

Note that from this step the final result and the accuracy of the interpretation is variable. A 

poor correlation between the vintages involves the offset of horizons at the intersections of the 

seismic profiles and therefore an error that would amplify during the interpretation of the used 

dataset. 

Another problem associated to the different seismic vintages was the large variation of 

amplitudes between several surveys. This problem affects in a very important manner the 

correlation between reflectors of two different seismic surveys, and seismic facies between 

both may become very different. To correct this, a balance of amplitudes between each one of 
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the seismic surveys was performed. To do it, the 76GG seismic survey was chosen as a 

reference and the amplitudes of all the other vintages were re-scaled and equalized to acquire a 

similar spectrum/vintage. This process allows the reflectors of different surveys have a similar 

appearance facilitating their later correlation and interpretation. This correction was also 

performed with the software The Kingdom Suite. 

Once the Z-misties were corrected and the amplitude balance applied, we proceeded with the 

seismic interpretation in the time domain. To proceed with the interpretation, we decided to 

transform the stratigraphic data from depth to time domain. Using the time-depth curves 

available for some of the wells of the Landes Plateau, we transformed the formational tops of 

these wells (in depth) to the time domain. The fitting between the formational tops and the 

seismofacies after this operation was acceptable in almost all wells allowing the use of these 

data as a basis for stratigraphic interpretation. This process began with the picking of the major 

horizons for the entire basin. They were: Base of Keuper, Base of Jurassic, Base of Barremian, 

Base of upper Aptian, Base of Upper Cretaceous, Base of Paleocene, Base of Oligocene, Base 

of Miocene and Base of upper Miocene. In addition, other interesting horizons as the intra-

Albian and the Base Cenozoic unconformities have been also digitized.  Thereafter, the main 

structures (faults and salt structures) were picked. 

Parallel to the interpretation of the different structural elements (faults and salt structures) a 

structural analysis was performed in order to obtain a structural map of both the North-Iberian 

margin and the Parentis Basin. At the end of the interpretation some horizons and fault 

segment data were transferred efficiently from The Kingdom Suite interpretation software to 

the Gocad modelling program to proceed with the 3D geological reconstruction of several salt 

structures.  

 

 P.4.5.- Analogue modeling 

Among the works included in this PhD. thesis, a series of 11 experiments using analogue sand-

box models were carried out. These models included sand and silicone as analogue materials, 

and have focused mainly on the characterization of the role of salt tectonics in the Parentis 

Basin. They have analyzed the influence of various parameters such as tectonic regime, 

geometry or the kinematics of the main fault bounding the basin. Models were conducted 
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during two scientific visits at the UMR C7RS Géosystèmes of the Université de Lille 1 under 

the supervision of Prof. Bruno C. Vendeville, a renowned expert on salt tectonics and analogue 

modeling. Results of these models are widely explained in the Chapter 4 of this dissertation. 

Some of the analogue models were then reconstructed tridimensionally from photographs of 

the longitudinal sections taken at the end of the experiment. To do this, we have used the 

software GOCAD from Paradigm.  

 

P.5 .- Organization of the Thesis 

The disseration of this PhD. thesis has been organized as a collection of scientific publications 

and includes five articles published or submitted to international peer-reviewed journals or 

special publications: 

1.- Ferrer, O.; Roca, E.; Benjumea, B.; Muñoz, J.A.; Ellouz, 7. and MARCO7I Team 
(2008a) The deep seismic reflection MARCO7I-3 profile: Role of extensional Mesozoic 
structure during the Pyrenean contractional deformation at the Eastern part of the Bay 
of Biscay. Marine and Petroleum Geology, 25: 714-730.  

2.- Roca, E.; Muñoz, J.A.; Ferrer, O. and Ellouz, 7. (2011) The role of the Bay of 
Biscay Mesozoic extensional structure in the configuration of the Pyrenean orogen: 
constraints from the MARCO7I deep seismic reflection survey. Tectonics, 30, TC2001, 
doi: 10.1029/2010TC002735. 

3.- Ferrer, O.; Jackson, M.P.A.; Roca, E. and Rubinat, M. (2012) Evolution of salt 
structures during extension and inversion of the Offshore Parentis Basin (Eastern Bay 
of Biscay). In: Alsop, G.I.; Archer, S.G., Hartley, A.J., Grant, 7.T. and Hodgkinson, R. 
(eds) Salt Tectonics, sediments and prospectivity. Geological Society of London Special 
Publications, 363, 359-377. http://dx.doi.org/10.1144/SP363.16. 

4.- Ferrer, O.; Vendeville, B.C.; Roca, E. (submmited) Salt tectonics evolution during 
the hangingwall deformation in analogue models of extensional kinked-faults flattening 
at depth: application to the Parentis Basin, Eastern Bay of Biscay. Basin Research. 

5.- Vidal-Royo, O.; Ferrer, O.; Koyi, H.; Vendeville, B.C.; Muñoz, J.A. and Roca, E. 
(2008) 3D Reconstruction of analogue modelling experiments from 2D datasets. 
Bolletino di Geofisica teorica ed applicata. Vol. 49, 7. 2 supplement, 524-528 
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These publications summarize most of the scientific work developed in this thesis and give an 

overview of the structure and the Alpine evolution of the eastern Bay of Biscay and the 

Parentis Basin as well as the salt tectonics of this basin.  

In the case of the two last publications, they also include the methodological work carried out 

to characterize the structure using analogue models combined with 3D reconstructions of these 

models, the behavior of interstratified salt layers during the development of an extensional 

basin bounded by a kinked-planar fault and later during the subsequent contractional 

reactivation.  

Considering this content and focusing on the main objectives of this thesis, the five collected 

publications have been ordered and encompassed in the following chapters: 

  

Chapter 1.- “The crustal structure of the Eastern Bay of Biscay”.  

This first chapter is an introduction to the geology of the Bay of Biscay and the North-

Iberian Margin. It includes the article Roca, E.; Muñoz, J.A.; Ferrer, O. and Ellouz,  . 

(2011) The role of the Bay of Biscay Mesozoic extensional structure in the 

configuration of the Pyrenean orogen: constraints from the MARCO I deep seismic 

reflection survey. Tectonics, 30, TC2001, doi: 10.1029/2010TC002735 which depicts: a) 

the lithospheric structure of the eastern sector of the Biscay Bay from the study of new 

surbsurface data acquired in the MARCONI deep seismic reflection survey (Fig. P.6); and 

b) the main characteristics of its Alpine evolution from the Mesozoic extensional opening 

of the Bay of Biscay Rift to the Pyrenean orogen development. 

 

Chapter 2.- “Structure of the North-Pyrenean Foreland north of the Basque Pyrenees: the 

Parentis Basin and the Landes High”.  

This chapter analyzes the structure of the easternmost part of the Bay of Biscay including 

the Parentis Basin and the Landes High. Specifically from the detailed study of the 

MARCONI-3 deep seismic profile, it depicts the upper crustal structure of the North-

Pyrenean Foreland basin located north of the western end of the Basque Pyrenees (Fig. 
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P.6).  This whole area was quite unknown until the publication of the article Ferrer, O.; 

Roca, E.; Benjumea, B.; Muñoz, J.A.; Ellouz,  . and MARCO I Team (2008a) The 

deep seismic reflection MARCO I-3 profile: Role of extensional Mesozoic structure 

during the Pyrenean contractional deformation at the Eastern part of the Bay of 

Biscay. Marine and Petroleum Geology, 25: 714-730 which forms this chapter. This 

publication has yielded to recognize the Alpine evolution of this sector of the Biscay Bay 

and specially how the pre-existent Mesozoic crustal structure of the Bay of Biscay affects 

the northwards propagation of the Pyrenean contractional deformation.  

 

Chapter 3.- “Parentis Basin salt tectonics”.  

This chapter includes the third scientific article of this thesis: Ferrer, O.; Jackson, 

M.P.A.; Roca, E. and Rubinat, M. (2012) Evolution of salt structures during 

extension and inversion of the offshore Parentis Basin (eastern Bay of Biscay). In: 

Alsop, G.I.; Archer, S.G., Hartley, A.J., Grant,  .T. and Hodgkinson, R. (eds) Salt 

Tectonics, sediments and prospectivity. Geological Society of London Special 

Publications, 363, 359-377. http://dx.doi.org/10.1144/SP363.16. Through the 

interpretation of oil industry subsurface data it describes the structure of the Parentis Basin 

(Fig. P.6) and the role played by salt tectonics in their geometry and evolution. In relation 

to this last part, this article emphasized on analyzing the timing and the geometry of salt 

structures.  

 

Chapter 4.- “Analogue modeling applied to the Parentis Basin”.  

This chapter collects the work done to characterize the structure and evolution of the 

Parentis Basin by analogue modeling techniques. It investigates the kinematic and 

dynamic behavior that has a pre- or syn-kinematic salt level during the movement of an 

extensional kinked-planar fault. It also focuses on the study of how salt structures (diapirs 

and salt walls) react during a late contractional deformation. The first part is discussed in 

the article: Ferrer, O.; Vendeville, B.C. and Roca, E. (submmited) Salt tectonics 

evolution during the hanging wall deformation in analogue models of extensional 



PROLOGUE 

 

46 

 

kinked-faults flattening at depth: application to the Parentis Basin, Eastern Bay of 

Biscay. Basin Research. The second one is reflected in a subchapter that compiles the 

existing information on the topic and presents the results obtained from two analog models 

with different rates of shortening. Finally, in this fourth chapter, there is also a short 

scientific article: Vidal-Royo, O.; Ferrer, O.; Koyi, H.; Vendeville, B.C.; Muñoz, J.A. 

and Roca, E. (2008) 3D Reconstruction of analogue modelling experiments from 2D 

datasets. Bolletino di Geofisica teorica ed applicata. Vol. 49,  . 2 supplement, 524-528 

which, with a clear methodological approach, describes the technique used to obtain 3D 

geological models from 2D sections taken along the analog models.  

 

Fig. P.6.- Studied areas for each one of the articles compiled in this thesis.  

 

Chapter 5.- “Contribution of the thesis, concluding remarks and perspectives of advance”.  

This chapter aims to give an overview of all the topics included in this thesis by 

integrating the most important results presented in previous chapters. It also includes 

personal considerations of the author about the problem posed in this thesis, discussing the 

points to be implemented as well as future research tasks to carry out. 
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CHAPTER 1:  

 

THE CRUSTAL STRUCTURE OF THE EASTERN 

BAY OF BISCAY 

 

 

This chapter corresponds to the scientific article published in the Tectonics journal and 

referenced as follows:  

 

Roca, E., Muñoz, J.A., Ferrer, O. and Ellouz, �. (2011) The role of the Bay of Biscay 

Mesozoic extensional structure in the configuration of the Pyrenean orogen: 

Constraints from the MARCO�I deep seismic reflection survey. Tectonics, 30, 

TC2001, doi: 10 1029/2010TC002735.  

 

It includes some of the main results obtained during a 3 months scientific visit at the 

Institut Français du Pétrole (IFP) in 2004 under the supervision of Dr. Nadine Ellouz 

Zimmerman. The results of this article have been also presented at several international 

conferences. Among them it should be noted the presentation entitled “The North 

Pyrenean front and related foreland basin along the Bay of Biscay: Constraints from the 

MARCONI Deep Seismic reflection Survey” in the “Thrust Belts and Foreland Basins, 

International Meeting” held in Rueil-Malmaison (France) in December 2005 and the 

presentation “Role of the pre-existing Bay of Biscay Mesozoic structure in the 

development of the Pyrenean orogen: constraints from the MARCONI Survey” in the “6
th
 

Simposium about the Atlantic Iberian Margins (MIA09)” celebrated in Oviedo (Spain) in 

December 2009.   
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Using the deep seismic data from the MARCONI survey this article establishes the 

crustal structure of the central and eastern parts of the Bay of Biscay and the main 

features of its Alpine geodynamic evolution. Therefore, this is an article-chapter that 

gives a regional overview of the Bay of Biscay and is used as a regional introduction of 

the studied area. In addition, this paper also provides the regional constraints that must be 

taken into account during the analysis of the Parentis Basin structure and the salt tectonics 

developed in this basin.  

 

In a similar way with the other chapters consisting of a scientific article, an abridged 

abstract in Catalan and in English are included previously to the presentation of the paper. 

 

 

1.1.- Resum del capítol 

 

Aquest capítol està constituït per l’article científic: Roca, E., Muñoz, J.A., Ferrer, O. i 

Ellouz, �. (2011) The role of the Bay of Biscay Mesozoic extensional structure in the 

configuration of the Pyrenean orogen: Constraints from the MARCO�I deep 

seismic reflection survey. Tectonics, 30, TC2001, doi: 10 1029/2010TC002735. Aquest 

article mostra, a partir de la interpretació dels perfils sísmics de la campanya de sísmica 

de reflexió profunda MARCONI (MARge COntinental �ord Ibèric), l’estructura cortical 

dels sectors central i oriental del Golf de Biscaia així com les principals característiques 

de la seva evolució geodinàmica alpina. L’article inclou alguns dels resultats obtinguts 

durant una estada de doctorat de 3 mesos a l’Institut Français du Pétrole (IFP) realitzada 

al 2004 sota la supervisió de la Dra. Nadine Ellouz Zimmerman. Els resultats de l’article 

han estat presentats a diversos congresos internacionals. Entre ells cal destacar la 

presentació titulada “The �orth Pyrenean front and related foreland basin along the Bay 

of Biscay: Constraints from the MARCO�I Deep Seismic reflection Survey” al “Thrust 

Belts and Foreland Basins International Meeting” celebrat a Rueil-Malmaison (França) el 

desembre del 2005 i la presentació “Role of the pre-existing Bay of Biscay Mesozoic 

structure in the development of the Pyrenean orogen: Contraints from the MARCO�I 

Survey” al “6
th
 Simposium about the Atlantic Iberian Margins (MIA09)” celebrat a 

Oviedo (Espanya) el desembre del 2009. 
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L’adquisició de les dades sísmiques de la campanya MARCONI va tenir lloc el mes de 

setembre de 2003 a bord del vaixell d’investigació oceanogràfica BIO Hespèrides (Fig. 

1.1a). A la campanya hi va participar un equip multidisciplinar integrat per científics de la 

Universidad de Oviedo, de l’ Institut de Ciències de la Terra Jaume Almera - CSIC i de la 

Universitat de Barcelona entre els quals hi havia el doctorand. Es va comptar també amb 

la col·laboració i l’instrumental de la Unitat Tecnològica Marina (UTM) del CSIC i del 

Leibniz-Institut für Meereswissenschaften (IFM-GEOMAR) de la Universitat de Kiel 

(Alemanya). En la primera fase de l’experiment MARCONI es van adquirir uns 1800 km 

de dades de sísmica de reflexió vertical profunda, juntament amb dades gravimètriques i 

dades magnètiques al llarg d’onze perfils de longitud variable. Simultàniament a 

l’adquisició de la sísmica multicanal es va enregistrar sísmica de gran angle mitjançant 

una sèrie d’hidròfons (OBH) (Fig. 1.1b) i sismòmetres (OBS) (Fig. 1.1c) de profunditat 

disposats sobre el fons marí a les interseccions dels diferents perfils sísmics 

complementats per una sèrie d’estacions terrestres (Fig. 2 article 1). Es va utilitzar un 

conjunt de canons d’aire comprimit de tipus Bolt (Fig. 1.1d) com a font per a la generació 

d’ones sísmiques. Aquest canons eren arrossegats a 48 m de distància de la popa del 

vaixell submergits a uns 9 metres de profunditat (Fig. 1.1e). Per problemes mecànics la 

potencia dels canons va variar al llarg de l’experiment. Durant el registre es va realitzar 

un tret aproximadament cada 100 m de distancia (en un interval de 40 segons per una 

velocitat constant de 5 nusos del vaixell). Les ones sísmiques van ser enregistrades per un 

conjunt d’hidròfons disposats en un streamer a la popa del vaixell (Fig. 1.1f). L’estudi de 

les dades dels perfils de gran angle de la campanya MARCONI formen part de la tesi 

doctoral de Ruiz (2007). 

 

La interpretació de les dades obtingudes ha permès reconèixer els principals trets de 

l’estructura cortical d’aquesta regió, poc coneguda anteriorment i ha posat de manifest 

l’existència de dos dominis estructurals (Domini Basc-Parentis a l’est i Domini Cantàbric 

a l’oest) que presenten marcades diferencies tant a nivell de posició i estructura del front 

nord-pirinenc com a nivell de natura i estructura cortical de l’avantpaís situat 

immediatament al nord. Així, en el Domini Basc-Parentis (sector més oriental del Golf de 

Biscaia) es constata que el front nord-pirinenc es situa prop de la costa espanyola a 

l’extrem sud d’una àmplia conca d’avantpaís que es disposa per sobre d’una escorça 

continental aprimada durant l’obertura del Golf de Biscaia. Aquesta escorça està tallada 
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per un sistema de falles extensives de baix angle amb cabussament nord (falles de les 

Landes i Ibis) que van controlar la formació de la Conca de Parentis durant el Cretaci 

Inferior. La geometria i evolució cinemàtica d’aquestes falles, així com l’estructura 

cortical d’aquest domini està àmpliament documentat al segon capítol d’aquesta tesi. 

D’altra banda, en el Domini Cantàbric (part central i occidental del Golf de Biscaia) el 

front nord-pirinenc es troba desplaçat més de 70 km cap al nord, al peu del talús nord-

ibèric, i correspon a un sistema d’encavalcaments que deformen una conca d’avantpaís 

més estreta i profunda. A diferència del Domini Basc-Parentis, en aquest domini, 

l’avantpaís no està format per una escorça continental sinó per una escorça transicional 

que cap a l’oest passa a ser oceànica. L’origen d’aquesta escorça transicional cal situar-lo 

en el procés d’obertura del Golf de Biscaia (Cretaci Inferior), i s’ha interpretat com el 

resultat del moviment d’una falla extensiva de baix angle dirigida al sud-sudoest. Aquesta 

falla amb un desplaçament superior als 120-200 km va tallar tota l’escorça continental 

produint l’exhumació de mantell sub-continental serpentinitzat entre el Marge Armoricà i 

l’actual talús Nord-Ibèric (antic Marge Nord-Ibèric deformat durant l’orogènia pirinenca).  

 

La transició entre tots dos dominis ha estat interpretada com una zona de transició difusa 

de direcció NNE-SSO que connecta els dos fronts nord-pirinencs i que, a l’avantpaís, 

posa en contacte l’escorça continental del Plateau de les Landes amb el mantell exhumat 

de la plana abissal del Golf de Biscaia. Aquest darrer contacte correspon a un 

escarpament NE-SO on es constata la presència d’un sistema d’encavalcaments dirigits 

cap al NO que configuren una zona triangular amb una geometria força complexa. 

 

La comparació de l’estructura de la part oriental del Golf de Biscaia amb les dades 

regionals disponibles permet reconstruir els grans trets geomètrics i cinemàtics del rift 

que es va desenvolupar entre Iberia i Eurasia durant el Juràssic superior i el Cretaci 

Inferior. D’aquesta manera, s’ha pogut constatar que aquest sistema de rift estava 

configurat per dos braços paral·lels de direcció E-O parcialment juxtaposats (el Golf de 

Biscaia pròpiament dit, situat al nord, i el Pirinenc, situat més al sud). Ambdós braços 

apareixen formats per sistemes segmentats de falles extensives que estan connectades per 

zones d’acomodació de direcció N-S a NNE-SSO.  

 

D’altra banda cal destacar que l’arquitectura d’aquestes conques mesozoiques va ser 

fortament condicionada per la presència o absència d’escorça continental inferior i mitja 
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de naturalesa dúctil i també pel grau d’estirament litosfèric. Així a les àrees amb una 

escorça inferior i mitja dúctil i on l’extensió va ser menor s’hi van desenvolupar sistemes 

de semi-grabens limitats per falles normals conjugades d’alt angle que afectaven tota 

l’escorça superior. Per contra a les àrees amb un estirament litosfèric major i on les 

conques es trobaven al damunt d’un escorça molt més prima i sense un nivell dúctil a 

l’escorça mitja o inferior, la geometria de les conques va resultar més asimètrica. Aquesta 

asimetria estava condicionada pel desenvolupament de falles de desenganxament que 

tallaven tota l’escorça i que van ser les responsables de l’exhumació mantèl·lica a les 

parts on l’estirament va resultar més important.   

 

A més de clarificar les estructures mesozoiques del Marge Nord-Ibèric, la campanya 

MARCONI, també ha permès destacar que l’arquitectura de l’orogen pirinenc i les seves 

variacions laterals van estar fortament condicionades per la geometria heretada de les 

falles que controlaven les conques mesozoiques així com per la presencia d’una escorça 

inferior o mitja dúctil. Així doncs, en els sectors on l’escorça dúctil va estar present i les 

conques mesozoiques van ser limitades per falles d’alt angle es va desenvolupar un tascó 

orogènic format per un apilament antiformal de làmines cavalcants afectant a materials de 

l’escorça superior (ex. Pirineu Central i Oriental). Per contra, als segments sense escorça 

dúctil caracteritzats per desenganxaments extensius que afecten tota l’escorça, 

l’arquitectura de l’orogen mostra un tascó poc deformat de materials de l’escorça superior 

desplaçats al damunt del desenganxament reactivat.  

 

 

1.2.- Abridged summary 

 

This paper includes the interpretation of the new MARCONI deep seismic reflection 

survey carried out in 2003 in the eastern part of the Biscay Bay aboard the Spanish R/V 

“BIO Hespérides” (Fig. 1.1a). This survey involved a multidisciplinary team composed 

by scientists of the Universidad de Oviedo, the Institut de Ciències de la Terra Jaume 

Almera – CSIC and the Universitat de Barcelona. The Unitat Tecnològica Marina (UTM) 

of the CSIC and the Leibniz-Institut für Meereswissenschaften (IFM-GEOMAR) of the 

Universität Kiel (Germany) also contributed to the survey by providing part of the 

instruments used during the experiment. More than 1800 km of deep reflection seismic, 
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magnetic, gravimetric and sea beam data were collected along 11 profiles. 

Simultaneously to the multichannel seismic, wide angle seismic was recorded with a 

network of 24 hidrophones (OBH) (Fig. 1.1b) and sismometres (OBS) (Fig. 1.1c) placed 

on the ocean bottom at the intersections of different seismic profiles (Fig. 2 article 1). The 

OBS/OBH network was supplemented with 36 land stations (Fig. 2 article 1). A string of 

Bolt type air guns were used as a source of seismic waves (Fig. 1.1d). These cannons 

were dragged at 48 m away from the ship’s stern, plunged 9 meters deep (Fig. 1.1e). Due 

to mechanical problems, the power of the guns varied throughout the experiment. During 

the record, the cannons shot approximately every 100 meters (in an interval of 40 seconds 

at a constant speed of 5 knots). The seismic signal was recorded by a set of hydrophones 

arranged in a streamer at the stern of the boat (Fig. 1.1f). The study of the wide angle 

profiles of the MARCONI survey is part of the PhD. thesis of Ruiz (2007). 

 

The interpretation of the MARCONI survey data has allowed to recognize the crustal 

structure features of this region, poorly known before. This interpretation has revealed the 

existence of two structural domains (Basque-Parentis Domain to the east and Cantabrian 

Domain to the west) that show important differences both in position and structure of the 

north-pyrenean front as well as in terms of nature and crustal structure of the foreland 

located immediately to the north. Thus, in the Basque-Parentis Domain (easternmost 

sector of the Biscay Bay), the north-pyrenean front is located near the Spanish coast in the 

southern boundary of a wide foreland basin. The foreland is developed over a continental 

crust that was thinned during the opening of the Bay of Biscay. This crust is cut by a 

system of north-dipping low-angle extensional faults (Landes and Ibis faults) that 

controlled the formation of the Parentis Basin during the Lower Cretaceous. The 

geometry and kinematics of these faults, as well as the crustal structure of this domain, is 

widely documented in the second chapter of this dissertation. On the other hand, in the 

Cantabrian Domain (central and western area of the Bay of Biscay), the north-pyrenean 

front is shifted over 70 km to the north, at the foot of the north-iberian slope, and 

corresponds to a thrust system which deforms a narrower and deeper foreland. Unlike the 

Basque-Parentis Domain, in the Cantabrian Domain, the foreland is developed over a 

transitional crust that changes westwards to oceanic crust. The origin of this transitional 

crust is related to the Bay of Biscay opening (Lower Cretaceous), and has been 

interpreted as the result of the slip of a SW-directed low-angle extensional fault. This 

fault, that exhibits a displacement ranging between 120 and 200 km, cut the entire 
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continental crust producing the exhumation of the serpentinized sub-continental mantle 

between the Armorican Margin to the north and the present North-Iberian slope (ancient 

North-Iberian Margin deformed during the Alpine Orogeny) to the south. 

 

The transition between these two domains has been interpreted as a NNE-SSW diffuse 

transitional zone which connects the two north-pyrenean fronts. In the foreland, this 

transitional zone put in contact the continental crust of the Landes Plateau with the 

exhumed mantel of the Bay of Biscay abyssal plain. This contact corresponds to a NE-

SW scarp characterized by a system of NW-directed thrusts which form a triangular area 

with a fairly complex geometry. 

 

The comparison of the eastern Bay of Biscay structure with the available regional data 

allows to reconstruct the broad geometric and kinematic features of the rift system 

developed between Iberia and Eurasia during the Upper Jurassic and the Lower 

Cretaceous. Thus, it has been shown that this rift system was formed by two partially 

juxtaposed parallel E-W arms (the Bay of Biscay to the north and the Pyrenean located to 

the south). Both arms are formed by segmented extensional fault systems that are linked 

by N-S to NNE-SSW accommodation zones.  

 

On the other hand, it is noteworthy that the architecture of the Mesozoic basins was 

strongly conditioned by the presence or absence of a ductile middle and lower continental 

crust as well as by the degree of lithospheric stretching. Thus, half-graben systems 

bounded by high-angle conjugate normal faults affecting the entire upper crust were 

developed in areas with a ductile lower and middle crust and where the lithospheric 

stretching was smaller. In contrast, in areas with higher lithospheric stretching and where 

the basins were developed over a thinned crust and without a ductile level in the middle 

or lower crust, the geometry of the basins was more asymmetric. This asymmetry was 

conditioned by the development of detachment faults that cut the entire crust. These faults 

were responsible of the mantle exhumation in places where the stretch was more 

important. 
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Fig. 1.1.- a) Fotografia del vaixell de recerca oceanogràfica BIO Hespèrides amarrat al port de El Musel (Gijón) 

prèviament a l’inici de la campanya MARCONI. b) Fotografia general dels OBS (equips amb les boies grogues) y OBH 

(equips amb les boies taronges) propietat de l’IFM-GEOMAR i que es van utilitzar durant la campanya MARCONI. c) 

Detall d’un OBH equipat amb un geòfon situat a l’acabament de la vara blanca. d) Detall de dos canons d’aire del tipus 

Bolt muntats en filera. e) Boia a la que va fixada la filera de canons d’aire comprimit. La bromera de color blanc 

correspon a les bombolles d’aire alliberades en superfície durant la implosió de l’aire comprimit per generar ones 

sísmiques. f) Detall de la popa del vaixell on s’hi pot veure la bobina amb el cable de l’streamer enrotllat. La fotografia 

mostra el procés de desplegament de l’streamer.  

 

Fig. 1.1.- a) Photography of the R/V BIO Hespérides docked at the El Musel harbor (Gijón) before starting the 

MARCONI experiment. b) General photography of the OBS (instruments with yellow buoys) and OBH (instruments 

with orange buoys) property of the IFM-GEOMAR used in the MARCONI experiment. c) Detail of an OBH equipped 

with its geophone (end of the white stick). d) Detail of two Bolt type air guns hung on the string. e) Buoy on which is 

fixed the air guns string. The white foam corresponds with one of the explosions to generate seismic waves. f) Detalil of 

the coil with the streamer cable. The picture shows the streamer deployment operation. 
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Besides clarifying the Mesozoic structures of the North-Iberian Margin, the MARCONI 

survey also stated that the Pyrenean orogen architecture and its lateral variations were 

influenced by the inherited geometry of the faults that controlled the Mesozoic basins, as 

well as by the presence of a ductile lower or middle crust. Thus, an orogenic wedge 

characterized by an antiformal stack of thrust-sheets affecting materials of the upper crust 

(e.g. Central and Eastern Pyrenees) developed in areas with a ductile crust and Mesozoic 

basins bounded by high-angle faults. In contrast, in segments without a ductile crust, 

characterized by extensional detachments affecting the entire crust, the architecture of the 

orogen shows a highly deformed wedge characterized by upper crust materials displaced 

over the reactivated detachment. 
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 1.3.- Article 1:  

 

The crustal Structure of the eastern Bay of Biscay 

 

Roca, E., Muñoz, J.A., Ferrer, O. and Ellouz, �. (2011) The role of the Bay of Biscay 

Mesozoic extensional structure in the configuration of the Pyrenean orogen: 

Constraints from the MARCO�I deep seismic reflection survey. Tectonics, 30, 

TC2001, doi: 10 1029/2010TC002735.  
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[1] Seismic interpretation of the MARCONI deep
seismic survey enables recognition of the upper crustal
structure of the eastern part of the Bay of Biscay and
the main features of its Alpine geodynamic evolution.
The new data denotes that two domains with different
Pyrenean and north foreland structures exist in the Bay
of Biscay. In the eastern or Basque‐Parentis Domain,
the North Pyrenean front is located close to the Spanish
coast, and the northern foreland of the Pyrenees is con-
stituted by a continental crust thinned by a north dip-
ping fault that induced the formation of the Early
Cretaceous Parentis Basin. In the western or Cantab-
rian Domain, the North Pyrenean front is shifted to
the north and deforms a narrower and deeper foreland
basin which lies on the top of a transitional crust
formed from the exhumation of lithospheric mantle
along a south dipping extensional low‐angle fault
during the Early Cretaceous. The transition between
these two domains corresponds to a soft transfer zone
linking the shifted North Pyrenean fronts and a north‐
to WNW‐directed thrust that places the continental
crust of the Landes Plateau over the transitional crust
of the Bay of Biscay abyssal plain. Comparison
between this structure and regional data enables char-
acterization of the extensional rift system developed
between Iberia and Eurasia during the Late Jurassic
and Cretaceous and recognizes that this rift system
controlled not only the location and features of the
Pyrenean thrust sheets but also the overall structure
of this orogen. Citation: Roca, E., J. A. Muñoz, O. Ferrer,
and N. Ellouz (2011), The role of the Bay of Biscay Mesozoic
extensional structure in the configuration of the Pyrenean orogen:
Constraints from the MARCONI deep seismic reflection survey,
Tectonics, 30, TC2001, doi:10.1029/2010TC002735.

1. Introduction
[2] The Pyrenees form a doubly vergent mountain belt as

a result of Late Cretaceous‐Cenozoic convergence between

Iberian and Eurasian plates [Choukroune and ECORS Team,
1989; Muñoz, 1992, 2002]. They developed over a previous
intracontinental thinned lithosphere in the east, and, more to
the west, over the passive continental margin fringing the
Bay of Biscay oceanic to transitional crust to the south [e.g.,
Gallastegui, 2000; Gallastegui et al., 2002; Thinon et al.,
2003; Sibuet et al., 2004a, 2004b]. As a result of this sig-
nificant change in the preorogenic lithospheric configura-
tion, the Pyrenees display different characteristics along
strike (Figure 1) [Muñoz, 2002]. Between France and Spain,
the Pyrenees s.s. form a continental collisional orogen with a
limited subduction of the continental Iberian lithospheric
mantle and lower crust underneath the Eurasian plate
[Muñoz, 1992; Beaumont et al., 2000; Pedreira et al.,
2003]. More to the west, the Cantabrian Pyrenees consti-
tute a crustal wedge of continental rocks above the north
directed subducting Iberian continental lithosphere, but
facing northward the transitional to oceanic Bay of Biscay
lithosphere, which shows a south directed subduction
[Pulgar et al., 1996; Fernández‐Viejo et al., 2000].
[3] Recording this structural change, the North Pyrenean

thrust front shows different characteristics along strike. In the
Pyrenees s.s., it is made up by basement‐involved thrusts
developed from the inversion of the extensional faults that
bounded most of the main Early Cretaceous intracontinental
basins inherited from the opening of the Bay of Biscay
[Muñoz, 1992;Gómez et al., 2002] to the north. In contrast, in
the Cantabrian Pyrenees, the North Pyrenean front belongs to
an imbricate thrusts system located at the toe of the present‐
day Cantabrian continental slope which deforms the sedi-
ments overlying the Bay of Biscay transitional to oceanic
crust [Derégnaucourt and Boillot, 1982; Alvarez‐Marrón
et al., 1995, 1996; Gallastegui, 2000; Ayarza et al., 2004].
[4] In order to improve the structural knowledge of the

transition between these two well‐differentiated Pyrenean
sectors, a deep seismic reflection survey was carried out in
the eastern part of the Bay of Biscay aboard the Spanish R/V
Hesperides in September 2003 (Figure 2) [Gallart et al.,
2004]. This survey, named MARCONI (North Iberian
Continental Margin), included the acquisition of 11 multi-
channel deep seismic reflection profiles of a total length of
2000 km, and the signal record in a network of 24 OBS/
OBH instruments and 36 land stations (see methodology
and results of the analyses of both data by Ruiz [2007] and
Fernández‐Viejo et al. [2010]). These data, together with
the ESCIN and ECORS‐Bay of Biscay deep seismic profiles
and the available industrial seismic lines, permit to recog-
nize the structure of this area and characterize its evolution
since the latest Jurassic opening of the Bay of Biscay.
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Figure 1. (a) Location map of the Pyrenees. (b) Simplified structural map of the Pyrenees and adjoining
areas with three crustal sections that depict the main structural features and changes along this collisional
belt: (1) ECORS‐Pyrenees, (2) ECORS‐Arzacq, and (3) ESCIN‐4 (modified from Muñoz [2002]).
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[5] The present paper aims to illustrate the main features
of the North Pyrenean front and related foreland along the
eastern Bay of Biscay from the description and interpreta-
tion of the MARCONI seismic profiles. With this, we seek
not only to improve the knowledge of the structure of this
area but also to decipher the origin of the change in the
structural style from the Pyrenees s.s. to the Cantabrian
Pyrenees, and thus, better understand the processes that
governed the evolution of the Pyrenees. On the basis of this
analysis, a kinematic and geodynamic scenario is proposed
highlighting the role played by the preexisting Mesozoic
structures not only in the geometrical and deformation fea-
tures of the North Pyrenean front but also in the overall
configuration of the Pyrenees.

2. Geological Setting
2.1. The Bay of Biscay

[6] The Bay of Biscay is an east‐west oriented subsidiary
arm of the North Atlantic Ocean located between the Iberian

Peninsula and the western coast of France (Figure 1). It is a
deep basin with a V shape opened to the west, this is to the
Atlantic Ocean, formed between the latest Jurassic and
Santonian times [Montadert et al., 1979a; Boillot, 1984;
Vergés and García‐Senz, 2001; Sibuet et al., 2004b].
[7] The bathymetry (Figure 2) and the geophysical studies

carried out in this basin show that it is made up of: a western
part represented by a 4–5 km deep abyssal plain floored by
a 13–16 km thin crust of transitional or oceanic nature
[Gallastegui, 2000; Gallastegui et al., 2002; Thinon et al.,
2003; Sibuet et al., 2004a, 2004b; Pedreira, 2004; Ruiz,
2007]; and an eastern part integrated by a shallower pla-
teau (1–2 km deep) developed over a 15–25 km thick
continental crust [Pinet et al., 1987; Ruiz, 2007]. Both parts
are bounded northeastward and southward by two well‐
differentiated continental margins. The northeast one, the
Armorican Margin, is a Mesozoic extensional passive
margin with southwest directed listric extensional faults
[Montadert et al., 1974; Derégnaucourt and Boillot, 1982;
Le Pichon and Barbier, 1987; Thinon, 1999; Thinon et al.,

Figure 2. Bathymetric map of the eastern part of the Bay of Biscay with the location of the reflection
seismic experiments carried out in the MARCONI project.
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2003]. In contrast, the southern one (the North Iberian
Margin) is part of the Pyrenean orogen. It consists of a Late
Cretaceous‐Cenozoic thrust system that overthrusts the
continental crust of the Iberian plate on top of the transi-
tional to oceanic crust of the Bay of Biscay abyssal plain
westward [Sibuet et al., 1971; Boillot, 1984; Alvarez‐Marrón
et al., 1996; Gallastegui et al., 2002; Ayarza et al., 2004,
Pedreira, 2004], and on top of the thinned continental crust of
the Landes Plateau eastward [Cámara, 1997; Gómez et al.,
2002; Ferrer et al., 2008]. This thrust system developed on
the former southern passive margin of the Early Cretaceous
Bay of Biscay basin and mainly consists of north directed
basement‐involved thrusts and related folds [Alvarez‐
Marrón et al., 1995; Cuevas et al., 1999; Gallastegui,
2000; Gómez et al., 2002; McDougall et al., 2009].

2.2. Alpine Plate Kinematics of the Pyrenean Realm

[8] The Bay of Biscay basin together with the Pyrenean
orogen formed during Alpine times at the boundary between
the Iberian and Eurasian plates. Their formation and later
evolution, therefore, is strongly controlled by the relative
motion of these plates which is itself governed by the
opening history of the Atlantic Ocean. This Alpine history
began during Late Permian‐Triassic times with the breakup
of Pangea which led to the development of a rift along the
future Atlantic Ocean, the rifting and opening of the Tethys,
and the formation of a ESE trending rift (Pyrenean Rift) that
connected these two rifts along the future Iberia‐Eurasia
boundary [García‐Mondejar, 1989; Ziegler, 1990]. The
ongoing extension along the Atlantic Rift resulted in the
opening of the Central Atlantic Ocean which started to form
in its southern parts during the Jurassic and propagated
northward through the Cretaceous times [Savostin et al.,
1986; Srivastava et al., 1990; Tucholke et al., 2007]. In
the course of this propagation, the development of the
Newfoundland‐Iberia Rift between Iberia and North
America resulted, first, into the thinning of the continental
lithosphere (Late Jurassic‐earliest Cretaceous), then, the
exhumation of continental mantle (Barremian‐Aptian) and
finally, the breakup of the continental lithosphere by the
Aptian‐Albian boundary [Tucholke et al., 2007]. In the
western Bay of Biscay mantle exhumation to oceanic
accretion occurred since 125 Ma (Barremian) as evidenced
by the M3 and younger identified magnetic lineations
[Williams, 1975; Le Pichon and Barbier, 1987; Thinon et
al., 2002; Sibuet et al., 2004b]. This process endured into
the development of a transtensional to extensional plate
boundary between Eurasia and Iberia which, uncoupled,
rotated 35–37° anticlockwise with respect to Eurasia [Van der
Voo, 1969; Srivastava et al., 1990; Olivet, 1996; Gong et al.,
2008].
[9] From late Santonian, a faster opening of South

Atlantic Ocean produced the northward drift of Africa and, as
a consequence, the convergence between the then uncoupled
Iberia and Eurasia plates [Rosenbaum et al., 2002]. This
drastic change in the relative motion of Iberia generated
the buildup of the collisional Pyrenean orogen along the
then formed Iberia‐Eurasia extensional boundary [Boillot
and Malod, 1988; Muñoz, 1992, Alvarez‐Marrón et al.,

1995; Vergés et al., 2002]. This orogen developed until
middle Miocene when Iberia and Eurasia welded and their
relative motion ceased or became imperceptible [Srivastava
et al., 1990; Roest and Srivastava, 1991; Rosenbaum et al.,
2002].

3. Pyrenean and North Foreland Structure
in the Eastern Part of the Bay of Biscay
[10] The area covered by the MARCONI survey (study

area) includes the eastern parts of the Bay of Biscay abyssal
plain, the shallow continental Landes Plateau and the
adjoining contractional southern margin of the Bay of
Biscay (Figure 2). In this area, the MARCONI seismic
profiles depict, rather well, the main structural features of
the extensional fault system related to the formation of the
Bay of Biscay as well as those of the North Pyrenean
contractional front. From their interpretation, two domains
with a different Pyrenean and north foreland structure have
been recognized (Figure 3): the eastern, Basque‐Parentis
Domain and the western, Cantabrian Domain.

3.1. Basque‐Parentis Domain

[11] This domain embraces the deep Landes Plateau and
the adjoining Landes, Armorican and Basque shelves
(Figures 2 and 3). In this sector, the Bay of Biscay is floored
by a thinned continental crust [Pinet et al., 1987; Gallart
et al., 2004; Ruiz, 2007]. Depth of the Moho decreases
northward from about 30–35 km in the Basque shelf to
18–22 km bellow the east trending Cap Ferret canyon. North
of this canyon, Moho depth increases suddenly reaching
again 30–36 km at the Armorican shelf [Roberts and
Montadert, 1980; Tomassino and Marillier, 1997; Thinon
et al., 2003]. Minimum crustal thickness, consequently,
occurs in the northern part of the plateau where the major
Late Jurassic‐Albian Parentis Basin is located. Here, beneath
the Parentis basin fill, the crust is less than 10 km thick and
decreases westward from 7 km in the ECORS Bay of Biscay
[Pinet et al., 1987; Tomassino andMarillier, 1997] to 6–5 km
in theMARCONI‐3 profile [Gallart et al., 2004; Ruiz, 2007].
3.1.1. Pyrenean Structure
[12] The North Pyrenean thrust front, in the Basque‐

Parentis Domain, runs along the Basque shelf close to the
coast (Figure 3). It consists of north directed basement‐
involved thrusts and cover thrust slices [Soler et al., 1981;
Sánchez, 1991; Bois and Gariel, 1994; Cámara, 1997;
Gómez et al., 2002, McDougall et al., 2009] whose location
and geometry are controlled by the inversion of the exten-
sional faults that bounded the Basque‐Cantabrian Basin to
the north (Figure 3). This basin spans over most of the
Basque Pyrenees (Figure 3) and is bounded southward by
the present‐day South Pyrenean frontal thrust which depicts
a low‐angle ramp geometry [Serrano et al., 1989; Martínez‐
Torres, 1993; Hernaiz et al., 1994; Pedreira, 2004]. In the
basin margins, the thick basin fill succession is pierced by
Lower Cretaceous to Santonian diapirs of Upper Triassic salt
[Brinkmann et al., 1967; Serrano and Martínez del Olmo,
1990, 2004; Klimowitz et al., 1999] which, squeezed dur-
ing the Pyrenean contractional event, also controlled the
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location and geometry of the Pyrenean thrusts [Mathieu,
1986; García‐Mondejar, 1987; Gómez et al., 2002].
[13] The Basque‐Cantabrian Basin is filled by up to a

12.5 km thick succession of Upper Jurassic‐Cretaceous
sediments with interlayered Aptian to Santonian basic vol-
canic rocks [Azambre and Rossy, 1976; Castañares and
Robles, 2004; Cuevas et al., 1999; García‐Mondéjar
et al., 2004; Floquet, 2004]. This basin was floored by an
extremely thinned lithosphere in its central parts (Biscay
Sinclinorium and Cinco Villas Massif) and affected by a
Late Cretaceous thermal metamorphism [Golberg and
Leyreloup, 1990; Cuevas and Tubía, 1999]. Lithosphere
thinning resulted into the exhumation of the upper mantle at
the floor of the basin as demonstrated by the outcropping
mantle rocks (Leiza Fault [Mendia and Gil‐Ibarguchi,
1991]). The prominent gravimetric and magnetic anomaly
south of Bilbo [Sibuet et al., 2004b, Pedreira et al., 2007] is
consistent with the presence of mantle rocks below the
sedimentary infilling of the basin. Moreover, lower crustal
rocks have been found in the Estella Diapir [Pflug and
Schöll, 1976] which is located at the SE corner of the
basin (Figure 3).
[14] In the MARCONI‐3 profile, the North Pyrenean front

has been imaged by a thrust wedge (Figures 4 and 5). This
thrust wedge is located south of the Cap Breton canyon
between SP 50 and 100 and demonstrates 2 km of short-
ening. Thickness and reflector dip variations in the related
foreland syncline indicates its development between the late
Eocene and early Miocene [Ferrer et al., 2008].
3.1.2. North Pyrenean Foreland Structure
[15] North of the North Pyrenean front, a 65 km wide

North Pyrenean foreland basin is clearly illustrated in the
MARCONI‐3 profile by a southward thickening wedge of
synorogenic deposits (latest Cretaceous to early Miocene in
age) (Figure 4). The northern boundary of this wedge is
located over the Txipiroi High which represents the fore-
bulge of the North Pyrenean foreland basin. North of the
Txipiroi High, uppermost Cretaceous‐Cenozoic sediments
are also present but they do not follow the pattern of a
flexured basin: they include several thicker depocenters
whose development has been related to the inherited struc-
ture and the thermal subsidence generated during the latest
Jurassic‐Albian extensional phase [Desegaulx and Brunet,
1990, Brunet, 1994; Ferrer et al., 2008].
[16] The MARCONI‐3 profile also shows that, in this

domain, the foreland uppermost Cretaceous‐Cenozoic
sediments are mostly undeformed. Cenozoic sediments are
deeply incised by the Cap Breton and Cap Ferret submarine
canyons (Figure 4) which initiated during the middle part of
the Eocene [Schoeffler, 1965; Cirac et al., 2001; Ferrer
et al., 2008]. Beneath the uppermost Cretaceous‐Cenozoic
sedimentary pile, the underlying thinned continental crust
appears formed by two distinct parts: a major Mesozoic
basin to the north, the Parentis Basin, and a coeval structural
high to the south, the Landes High.
[17] The Parentis Basin, striking east‐west, connects

westward with the Bay of Biscay abyssal plain (Figure 3).
This is a 100 km wide extensional basin filled by a thick
(near 10 km) sequence of synrift Upper Jurassic‐Lower
Cretaceous carbonate to terrigenous rocks that overlie

Lower to Middle Jurassic carbonates, lowermost Jurassic to
Upper Triassic evaporites and Lower Triassic‐Permian
detrital rocks [Dardel and Rosset, 1971; Mathieu, 1986;
Bourrouilh et al., 1995; Bois et al., 1997].
[18] Along the MARCONI‐3 profile (Figure 6), the

Parentis Basin appears as bounded southward by a major
downward concave kinked north dipping planar fault with a
normal displacement of near 20 km. This fault generates the
total omission of the upper and middle crustal levels beneath
the Parentis basin depocenter as attested in the ECORS‐Bay
of Biscay profile where the Parentis basin fill overlies a very
thin lower crust (7 km thick). This lower crust shows high
velocities that have been related to intruded mafic rocks
[Tomassino and Marillier, 1997] and could be correlated to
the mafic lower crust described in the Pyrenees and
Newfoundland‐Iberian Rift [Reston, 2007; Péron‐Pinvidic
and Manatschal, 2009 Jammes et al., 2009].
[19] Above this crustal detachment fault, the Mesozoic

Parentis basin fill is deformed by large wavelength ridges
that, cored by Upper Triassic evaporites, are cut by exten-
sional faults and, locally, pierced by squeezed diapirs made
up by the same Triassic rocks [Curnelle and Marco, 1983;
Mathieu, 1986; Mediavilla, 1987; Masse, 1997; Biteau
et al., 2006; Ferrer et al., 2008]. These salt tectonic struc-
tures also affect the overlying uppermost Cretaceous to
lower Miocene synorogenic deposits which are folded upon
them (Figure 6). On the basis of the geometric relationships
between the sedimentary successions and thickness varia-
tions, the formation of the Parentis Basin salt structures has
been dated as Albian‐Late Cretaceous and their later con-
tractional squeezing as Oligocene‐early Miocene [Ferrer
et al., 2008]. In addition to this minimal contractional
deformation, the profile also shows a minor pop‐up affect-
ing the pre‐upper Miocene deposits close to the southern
basin boundary (Figure 6). This pop‐up records the last
contractional Pyrenean deformations and resulted from the
reactivation of faults and diapirs already formed in this basin
boundary [Ferrer et al., 2008].
[20] The Landes High is located between the Parentis Basin

and the Basque‐Cantabrian Basin (Figure 4). It belongs to a
plateau uplifted and eroded during Early Cretaceous [Robles
et al., 1988], in which the thick infill of the North Pyrenean
foreland basin unconformably overlies the Variscan base-
ment or a thin older Mesozoic cover [Gariel et al., 1997;
McDougall et al., 2009]. North of the Pyrenean front, this
thin cover does not show evidence of significant deformation
except in some localized areas where it appears deformed by
gentle synclines truncated by the overlying sediments of the
North Pyrenean foreland basin infill [Derégnaucourt, 1981;
Ferrer et al., 2008].
[21] As a summary, the MARCONI‐3 profile shows the

main structural features of the easternmost part of the Bay of
Biscay (Basque‐Parentis Domain) which is characterized by
the existence of the deep Late Jurassic‐Early Cretaceous
extensional basin (the Parentis Basin) bounded southward
by a crustal detachment fault. This fault dips to the north and
truncated the whole crust thinning it down to 7 km. The
North Pyrenean front is located close to the Spanish coast and
the only evidences of the Pyrenean contractional deformation
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in its foreland are related to the squeezing of the salt structures
of the Parentis Basin.

3.2. Cantabrian Domain

[22] This domain includes the Bay of Biscay areas floored
by the deep abyssal plain and the adjoining Armorican and
North Iberian shelves (Figures 2 and 3). This last shelf is
significantly wider than in the Basque‐Parentis Domain and
embraces, from South to North: a shallow coastal shelf, a
relatively deep marginal platform (the Asturian marginal
platform) and a striking morphological high named Le
Danois Bank (Figure 2). North of this bank, there is a
narrow and steep continental slope that depicts a height
difference close to 4000 m and gradients always greater
than 15°, values clearly higher than in the Basque‐Parentis
Domain (Figures 2 and 7).
[23] The continental crust beneath the North Iberian shelf

has been affected by the north Pyrenean contractional
structures, but yet its thickness decreases from near 27–30 km

along the coastline to 20 km at the toe of the continental
slope [Gallart et al., 1997; Pulgar et al., 1996; Fernández‐
Viejo et al., 1998; Ruiz, 2007], emphasizing a crustal thin-
ning of the Cantabrian margin during the Late Jurassic‐Early
Cretaceous rifting. More to the north, in the Bay of Biscay
abyssal plain, the crust of the abyssal plain is much thinner
with crustal velocities of an oceanic or transitional crust
[Limond et al., 1974; Fernández‐Viejo, 1997; Ruiz, 2007].
In this area, the refraction seismic Moho is located at a depth
of 10–16 km and increases its depth up to 20 km at the toe
of the Cantabrian continental slope [Bacon et al., 1969;
Limond et al., 1974; Roberts and Montadert, 1980; Ruiz,
2007]. If the water and the basin‐fill sediments are removed,
the crust appears slightly tilted to the south with a rather con-
stant crustal thickness of 5–8 km [Gallastegui, 2000; Ruiz,
2007].
3.2.1. Pyrenean Structure
[24] In the Cantabrian Domain, the structure of the

northern frontal part of Pyrenees is well‐recorded by the

Figure 5. Southernmost part of the unmigrated MARCONI‐3 seismic profile with line drawing inter-
pretation illustrating the structure of the North Pyrenean front (modified from Ferrer et al. [2008]).
See Figure 4 for location and legend.
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MARCONI‐1, 5 and 11 deep seismic reflection profiles.
These profiles show that the North Pyrenean front is located
40–70 km north of the toe of the continental slope (Figures 7
and 8), and, therefore, clearly shifted to the north in relation
to its position in the Basque‐Parentis Domain (Figure 3).
South of this front, the submerged part of the Pyrenean
orogen appears to be constituted by two zones with a well‐
differentiated contractional structure: the North Iberian shelf
plus the Cantabrian slope and the thrust system developed in
the abyssal plain (Figures 7 and 8).
3.2.1.1. North Iberian Shelf and Cantabrian
Continental Slope
[25] Along the MARCONI profiles, the reflectivity in the

North Iberian shelf as well as in the continental slope is very
poor: the seismic noise is noticeable and there are a lot of
multiple reflections of the shallow and irregular seabed.
However, the MARCONI‐1 profile shows a 2–3 TWT sec
thick reflective package beneath the platform that has been
interpreted as the eastern prolongation of the Le Danois
Basin (Figure 7). The structure of this basin just west of
this profile has been imaged by hydrocarbon exploration
seismic data [Riaza Molina, 1996; Gutiérrez Claverol and
Gallastegui, 2002; Pérez‐García et al., 2009]. These data
show that Le Danois Basin is a Late Jurassic‐Early Creta-
ceous half‐graben bounded southward by north dipping

extensional faults. North of its depocenter the synrift sedi-
ments progressively thin northward and are affected by south
dipping extensional faults. At present the Le Danois Basin
shows a pop‐up structure which resulted from the inversion of
the extensional faults [Boillot et al., 1979; Riaza Molina,
1996; Alvarez‐Marrón et al., 1997; Gallastegui, 2000;
Gallastegui et al., 2002]. This inversion initiated during the
Senonian and mainly developed during the Eocene‐early
Miocene as attested by the formation of an intra‐Senonian
unconformity and the contractional deformation of the pre‐
middle Miocene sediments on the basin margins [Gutiérrez
Claverol and Gallastegui, 2002; Pérez‐García et al., 2009].
[26] In the MARCONI‐1 profile, the reflective package,

correlated with the Le Danois basin infill, also thins toward
the north. At the northern basin margin, the basin infill is
deformed by north verging folds and south dipping thrusts
placed in the footwall of a south dipping extensional fault
(Figure 7). This extensional fault only cuts the lower part of
the Mesozoic succession. In contrast, the folds and thrusts
also affect the lower part of the overlying Cenozoic sedi-
ments but not the upper part of them which, more to the
west, have been dated as upper Miocene‐Holocene
[Gallastegui, 2000; Gutiérrez Claverol and Gallastegui,
2002]. These features together with the thinner Mesozoic
thickness in the footwall of the extensional fault suggest that

Figure 6. Main geological features of the Parentis Basin along the central part of the unmigrated
MARCONI‐3 seismic profile. The seismic profile and underlying line drawing interpretation depict
the Mesozoic structure of the southern margin of the Parentis Basin as well as the squeezing of the
diapirs and later inversion of some preexistent faults during the Pyrenean compression (modified from
Ferrer et al. [2008]). See Figure 4 for location and legend.
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thrusts and related folds resulted from the Late Cretaceous‐
early Miocene (?) tectonic inversion of the extensional fault
that developed at the northern margin of the Le Danois
Basin during the Early Cretaceous.
[27] North of the North Iberian shelf, in the MARCONI

profiles, the reflectivity in the Cantabrian continental slope
is very poor and restricted to the first TWT sec (Figures 7
and 8). It mainly consists on short and discontinuous
reflectors that dip less than the continental slope toward the
north. Samples collected with submersibles denote, how-
ever, that this slope includes north directed thrusts affecting
the Variscan basement and the synrift Upper Jurassic‐Lower
Cretaceous series [Capdevila et al., 1980; Malod et al.,
1982]. Thermochronology studies performed in the synrift
samples have supplied additional significant results on the
structure and tectonic evolution of this area [Fügenschuh
et al., 2003]. Thus, granulites sampled in the Le Danois
Bank have yielded apatite fission track (AFT) ages of 138,
120 and 52 Ma. These results demonstrate that Le Danois
Bank was located in the footwall of major north dipping
extensional faults that produced a significant Early Creta-
ceous (Berriasian‐early Aptian) thinning of the continental
crust. Thinning is attested by the exhumation of lower
crustal rocks at the basin floor to supply pebbles to the
Aptian‐Albian breccia where the samples were collected
[Fügenschuh et al., 2003]. The young 52 Ma AFT age of
one of these samples of granulites would suggest resetting of
the Early Cretaceous ages recorded in the other collected
samples which could be related with burial during earlier
stages of thrusting, probably during Late Cretaceous, as
described in the Central Pyrenees [Metcalf et al., 2009].
[28] The existence of an Early Cretaceous north dipping

extensional fault exhuming lower crust north of the Le
Danois Basin could also be inferred from comparison of
their location at the southern margin of the Bay of Biscay
basin with the preserved West Iberian Margin [Péron‐
Pinvidic and Manatschal, 2009]. Therefore, thrusts in the
Cantabrian slope would cut a preexistent major north dip-
ping extensional fault and would passively transport the Le
Danois Basin to the north. The age of these thrusts is dif-
ficult to discern because Cenozoic sediments have not been
identified in the slope. However, we can infer they devel-
oped during Late Cretaceous‐Oligocene to account for the
AFT ages and the lithospheric flexure recorded by the
southward thickening prism of the uppermost Cretaceous‐
Oligocene foreland sediments (units 3–5, Figures 7 and 8).
3.2.1.2. Abyssal Thrust System
[29] North of the Cantabrian continental slope, there is a

40–70 km wide system of north directed thrusts which,
striking parallel to the slope, appears well‐recorded in the
MARCONI‐1, 5 and 11 profiles. These profiles show that
the structural features of this thrust system change sub-
stantially from east to west.

[30] Thus, in the east (profiles 1 and 11), it is constituted
by a major thrust sheet and a narrow imbricate thrust system
in its frontal part (Figures 7 and 9). The major thrust sheet is
8–14 km thick and 30–40 km wide and involves the lower
part of the sedimentary infill of the Bay of Biscay abyssal
basin as well as the underlying basement which has typical
velocities of upper continental crust [Ruiz, 2007]. In the
MARCONI‐1 profile (Figure 7), the frontal part of this
thrust sheet correlates with an east‐west elongated high, the
so‐called 3270 Seamount, which is separated from the
continental slope by a flat trough. The few diffuse reflectors
observed inside the thrust sheet suggest that it corresponds
to major south tilted basement block (the 3270 Seamount
Block) overlain by south dipping Mesozoic sediments.
These sediments thicken toward the Cantabrian continental
slope and are affected by some minor north dipping exten-
sional faults and, at the toe of the continental slope, by a
system of north directed thrusts. According to these features,
the major thrust sheet observed in the MARCONI‐1 profile
is interpreted as a Mesozoic extensional rider of upper
continental crustal rocks passively transported by the
Pyrenean sole thrust. This thrust is detached at the top of the
high‐velocity lower layer of transitional crust (serpentinized
continental mantle) [Ruiz, 2007] and truncates in its front the
autochthonous lower part of the Bay of Biscay basin fill and
the upper part of the underlying basement.
[31] North of this major thrust, the MARCONI profiles

also show, one (profile 1) or a set (profile 11) of small
anticlines affecting the sedimentary units 3 to 5 (Figures 7
and 9). These anticlines verge northward and correspond
to fault‐bend folds related with an imbricate thrust system.
The floor thrust of this system dips to the south and bran-
ches downward into the tip of the main thrust.
[32] The emplacement age of this imbricate thrust system

as well as that of the major thrust is well defined by the
growth strata and unconformities present in the sediments
infilling the Bay of Biscay abyssal basin (Figures 7 and 9).
From them, the emplacement of these thrusts can be dated as
coeval with the sedimentation of the units 5 to 7 (upper
Eocene?–middle Miocene); although the tilting and upward
narrowing growth triangle geometry shown by the younger
sediments close to the 3270 Seamount Block crest, suggest
that the major frontal thrust continued being active up to the
present, but involving a very small displacement. The
growth strata and unconformities, on the other hand, also
allow us to define a break‐back thrusting sequence for the
imbricate frontal thrusts in the profile 11 (Figure 9).
[33] On the contrary, in the western parts of the Cantabrian

Domain (profile MARCONI‐5; Figure 8) the abyssal thrust
system consists of a north directed imbricated fan system of
thrusts and related folds and not by a major thrust sheet. The
width of the thrust sheets ranges between 5 and 20 km and
involve the lower and middle units of the Bay of Biscay
basin infill (units 1 to 7) as well as the upper part of a thinner

Figure 8. Unmigrated MARCONI‐5 deep seismic profile with line drawing interpretation showing the main geological
features of the crust in the western part of the Cantabrian Domain. Cantabrian continental slope structure is derived from
samples collected during dives and dredges eastward in Le Danois Bank [Capdevila et al., 1980; Malod et al., 1982] and
westward in the Ortegal Spur [Boillot et al., 1987]. Refraction seismic Moho boundary and nature of the crust are derived
from Ruiz [2007] data. See Figure 2 for location.
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transitional crust (5–8 km) (Figure 10). Regardless of these
structural differences with the eastern parts of the Cantabrian
Domain, the unconformities and growth strata geometries
(Figure 10) denote that the contractional deformation has the
same age as in the east (unit 5 to 7). However, these
geometries display here a piggyback thrusting sequence;
although the folding of the youngest syntectonic sediments
close to the Cantabrian slope toe (Figure 8) evidences a
reactivation of the most inner thrusts at the last stages of the
contractional deformation.
3.2.2. North Pyrenean Foreland Structure
[34] The northern foreland of the Pyrenees in the

Cantabrian Domain includes the central parts of the Bay of

Biscay abyssal plain north of the thrust front (Figure 3). It is
a foreland with a thick Upper Cretaceous‐Cenozoic sedi-
mentary succession that overlies a very thin (5–8 km)
transitional to oceanic crust and, to the north, the thinned
continental crust of the adjacent Armorican Margin.
3.2.2.1. The Crust of the Bay of Biscay Abyssal Plain
[35] The nature of the thin crust of the Bay of Biscay

abyssal plain is not clear and has been widely debated. East
of 6°W, the magnetic anomaly maps do not show any clear
oceanic signature. Furthermore, the crust is quite thick,
appears deformed by faults and includes an upper seismic
layer with anomalous low velocities (<5.5 km/s) that overlies
a lower seismic layer in which the velocities (7.2–7.3 km/s)

Figure 9. Detail of the unmigrated MARCONI‐11 seismic profile with line drawing interpretation
depicting the structure of the North Pyrenean front in the eastern part of the Cantabrian Domain. Labels
1–11 are Bay of Biscay abyssal basin fill differentiated units. See Figure 7 for legend.
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[Ruiz, 2007] are higher than those observed westward in the
oceanic layer 3 [Limond et al., 1974]. For some authors,
these features are compatible with a crust which continues
being partial or totally oceanic [Limond et al., 1974; Boillot
et al., 1979; Sibuet and Collette, 1993; Alvarez‐Marrón
et al., 1995, 1996, 1997]; but, for others, they denote
a transitional crust [Derégnaucourt and Boillot, 1982;
Gallastegui, 2000; Ruiz, 2007]. This transitional crust would
be in continuation with the transitional crust at the toe of the
Armorican slope west of 6°W and would define a transition
zone separating the oceanic crust from the Armorican
thinned continental crust. An equivalent configuration has
been recently described between the Atlantic oceanic crust
and the thinned continental crust of the Newfoundland and
West Iberian margins on the basis of ODP and seismic data
[Lau et al., 2006; Tucholke et al., 2007; Péron‐Pinvidic and
Manatschal, 2009]. In these areas the transitional zone is
formed by a “thin” (4–9 km) crust with riders of Mesozoic
prerift and synrift sediments and continental crustal rocks
that are extensionally detached over an exhumed continental

mantle with seismic velocities comprised between 7.2 and
8 km/s [Chian et al., 1999; Lau et al., 2006; Hopper et al.,
2007; Péron‐Pinvidic and Manatschal, 2009].
[36] Following these interpretations, the Bay of Biscay

abyssal crust in the eastern part as well as in front of the
surrounding margins is transitional. The positive magnetic
lineation at the toe of the North Iberian continental slope
would be related to the serpentinization of a subcontinental
mantle [Ruiz, 2007], similar to the magnetic lineation
observed at the toe of the Armorican shelf where the crust
has been defined as transitional [Montadert et al., 1979a;
Thinon et al., 2003].
[37] On the contrary, west of 6°W latitude, the recorded

crustal seismic velocities and thickness look characteristic of
an oceanic crust [Limond et al., 1972, 1974] with a spreading
center located between the symmetrical A34 magnetic
lineations [Verhoef et al., 1996; Srivastava et al., 1990; Sibuet
et al., 2004b]. However, the region with low‐amplitude
magnetic anomalies, without linearity, at the bottom of the
Armorican slope has been attributed to a transitional crust on

Figure 10. Northernmost part of the unmigrated MARCONI‐5 seismic profile with line drawing
interpretation illustrating the structure of the North Pyrenean front in the central part of the Cantabrian
Domain. Labels 1–11 are Bay of Biscay abyssal basin fill differentiated units. See Figure 8 for loca-
tion and legend.
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the basis of the high seismic velocities [Barbier et al., 1986;
Thinon et al., 2003] and dredged granulites on the Goban
Spur [Didier et al., 1977]. Between this transitional crust
and the oceanic one at the A34 anomaly, the basement
flooring the region with the well‐defined magnetic linea-
tions with the V shape opened to the west could be normal
oceanic crust or alternatively transitional crust, consisting of
infiltrated exhumed continental mantle. Such a crust would
not be possible to distinguish from a normal oceanic crust
with the available data.
[38] Reconstructions of the North Atlantic at Chron M0

(125 Ma, earliest Aptian) illustrate the northward propaga-
tion of an oceanic spreading center from the Southeast
Newfoundland Ridge [Boillot et al., 1989; Srivastava et al.,
2000; Péron‐Pinvidic et al., 2007; Tucholke et al., 2007].
The northern tip of an incipient oceanic crust would be
located south of Galicia Bank and Flemish Cap and north-
ward, the Newfoundland‐Iberia Rift would be floored by
thin continental crust and exhumed continental mantle
[Tucholke and Sibuet, 2007, Péron‐Pinvidic et al., 2007]. In
these reconstructions, the amount of extension in the Bay of
Biscay also appears significantly smaller than in the portion
of the Newfoundland‐Iberia Rift located between Galicia
Bank and Flemish Cap [Sibuet et al., 2007a]. As a conse-
quence, the crust of the Bay of Biscay showing magnetic
anomalies older than M0 would probably also be transitional
and mainly made up of exhumed continental mantle. This
mantle would have experienced serpentinization during
exhumation, a process that could even account for the for-
mation of magnetic lineations [Sibuet et al., 2007b]. If nor-
mal oceanic crust would have not formed until early Albian
times, as proposed for the West Iberia Margin [Jagoutz et al.,
2007; Tucholke et al., 2007] the Bay of Biscay oceanic crust
would be restricted to a relatively narrow east‐west strip
centered in the A34 magnetic lineations at both sides of the
spreading center.
3.2.2.2. Sedimentary Architecture
[39] In the Bay of Biscay abyssal plain, eleven seismic

sedimentary units have been defined above the seismic
acoustic basement based on the interpretation of the
MARCONI profiles. They have a Cretaceous‐Cenozoic age
and some of them are bounded by unconformities as dem-
onstrated by onlap surfaces and truncation of underlying
reflectors (Figures 7, 9, and 11). These units can be grouped
into four packages with well differentiated features.
[40] 1. A lowermost package (unit 1) of very variable

thickness that belongs to the first identifiable sedimentary
sequence overlying the acoustic basement. The lower
boundary of this package is not well defined and it fills two
major basins separated by a basement ridge striking along the
axis of the Bay of Biscay abyssal plain (the South Gascogne
Ridge ofMontadert et al. [1971] and Derégnaucourt [1981])
(Figure 7). Within these two basins, the unit 1 appears
formed by rather continuous reflectors that onlap the base-
ment highs resulting from the motion of low‐angle exten-
sional faults. These faults cut the lower part of this unit
(Figure 7) which depicts reflector sequences thickening into
their hanging wall as well as internal unconformities and
onlap surfaces (Figure 11) which denote a syndepositional
faulting.

[41] 2. A lower thin package (unit 2) of rather constant
thickness along the whole profiles that covers the basement
highs. Seismically, it is made up of moderate to high‐
amplitude reflectors with a good continuity (Figures 7–12).
The boundary between unit 2 and unit 1 is concordant
except on the flanks of the South Gascogne Ridge where
the near horizontal reflectors of unit 2 truncate the tilted
reflectors of unit 1 which are parallel to the top of the
acoustic basement (Figure 11).
[42] 3. A middle package, integrated by the labeled 3 to

7 units, which thickens toward the south (Figures 7–9). This
thickening is very pronounced in unit 3 and decreases pro-
gressively in the overlying units. The northern boundary of
this southward thickening wedge of synorogenic deposits
corresponds to the main bulge of the North Pyrenean fore-
land basin which coincides with the location of the preex-
istent South Gascogne Ridge (Figures 7 and 11). North of
this forebulge, the thickness of the package is significantly
thinner and relatively constant (Figure 7). Accordingly to
these geometric features, the intermediate package is inter-
preted as the main phase of the infill of the North Pyrenean
foreland basin developed by the flexure of the Bay of Biscay
lithosphere beneath the overriding Iberian plate. A question
arises about the location of the depocenter of unit 3, and
consequently, about the position of the North Pyrenean
thrust front during its deposition. The leading thrust imbri-
cate fan and related folds at the North Pyrenean thrust front
developed during sedimentation of units 5 to 7 (Figures 7, 9,
and 10). If the trailing thrust of such imbricate fan, which is
the floor thrust of the main thrust sheet of the abyssal thrust
system, has the same age, its hanging wall would involve a
thick succession of units 3–4 and their depocenter should be
located in the footwall of the Cantabrian slope thrust system,
which would be the thrust front at that time (Figure 7).
[43] 4. An upper and almost undeformed package that

unconformably drapes the preexistent structural topography.
This package includes the units 8 to 11 (Figure 7) and,
unlike the previous one, has a rather constant thickness
except the lowermost part (units 8 and 9) that still depicts a
progressive but gentle thinning toward the north. The
reflectors of this upper package, much more continuous, are
horizontal except in the northern parts of the Bay of Biscay
abyssal plain where the lowermost sequences of the package
appear deformed, mainly by the major normal fault that
bounds the Bay of Biscay abyssal plain to the north
(Figure 7). Also they onlap the folds developed during the
sedimentation of the underlying package. As far as the
thickness of this last posttectonic package is concerned, two
considerations can be made entailing a set of implications on
the nature and thermal behavior of the lithosphere in the Bay
of Biscay. The first is that the thickness of the posttectonic
package in the Cantabrian foreland does not differ to the one
observed over the abyssal thrust system (Figure 7); and the
second is that this thickness is 5 to 6 times thicker than over
the Landes Plateau (Basque‐Parentis Domain). From the
first, we can deduce that, after Pyrenean deformation, sub-
sidence has been similar in the whole abyssal plain which,
considering that crustal thickness is not so different [Ruiz,
2007], implies a similar nature and thickness of the litho-
sphere underlying both the “undeformed” foreland and the
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abyssal thrust system. From the second, we can infer that
the lithosphere in the abyssal plain has been much hotter
than in the Landes Plateau from the onset of the Pyrenean
deformation.
[44] The age of these four packages is difficult to precise

due to the lack of wells in the study area. However, from
seismic facies and reflector correlations of MARCONI
profiles with seismic surveys comprising the wells drilled
westward (DSDP118 and DSDP‐119 [Laughton et al.,
1972]) and northward at the toe of the Armorican Margin
(IPOD 400, 401 and 402 of Leg 48 [Montadert et al.,
1979b]), we can infer that: the lowermost package would
probably be Albian to Cenomanian in age, the lower pack-
age would be Late Cretaceous (Santonian or Campanian) in
age, the middle package would be latest Cretaceous‐middle
Miocene in age, and the upper one post middle Miocene
in age.

3.2.2.3. Structure of the North Pyrenean foreland
[45] The main features of the North Pyrenean foreland in

the Cantabrian Domain are well depicted in theMARCONI‐1
profile (Figure 7), although some of them are also visible in
profiles 11 and 5 (Figures 8, 9, and 11). In these profiles, the
basement of the North Pyrenean foreland is integrated by a
transitional crust that depicts the presence of two major east
trending basement highs bounding large‐scale basins filled
by the Albian to Cenomanian successions of the unit 1:
one fringing the North Pyrenean thrust front to the north
(Figures 7 and 8) and the other running along the axis of
the Bay of Biscay abyssal basin (Figure 7). This last
ridge, the South Gascogne Ridge, is well illustrated in the
MARCONI‐1 profile where it appears as a large wavelength
but smooth high cored by an acoustic basement depicting a
more chaotic and poorer reflectivity seismic signature. Over
this basement high, the Albian to Cenomanian sediments of
the unit 1 are nearly parallel to the top of the acoustic

Figure 11. Detail of the unmigrated MARCONI‐1 seismic profile showing the structure of the tran-
sitional crust and overlying Upper Cretaceous‐Cenozoic sediments at the northern edge of the North
Pyrenean foreland basin. Labels 1–11 are Bay of Biscay abyssal basin fill differentiated units. See
Figure 7 for location and legend.
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basement and are erosionally truncated by the overlying
near‐horizontal reflectors of the Santonian or Campanian
unit 2 (Figure 11). Such a geometric relationship indicates that,
at least here, the South Gascogne Ridge belongs to a basement
uplift formed between the Cenomanian and the Santonian.
This ridge disappears progressively east of the MARCONI‐1
profile although it is still identifiable in the MARCONI‐11
profile. On the contrary, west of the MARCONI‐1 profile,
published seismic profiles [Derégnaucourt, 1981; Alvarez‐
Marrón et al., 1996; Ayarza et al., 2004] depict that it
becomes more prominent until connect with the Bay of
Biscay oceanic ridge. This lateral continuity, together with
the chaotic and poor reflectivity of the basement and the
geometry of the overlying sediments allow us to interpret the
South Gascogne Ridge as an embryonic oceanic crust that
formed and warped up during the Cenomanian‐Santonian
times. The nature of this embryonic oceanic crust is difficult
to define due to the lack of wells drilling the South
Gascogne Ridge. However, the similarity between the
seismic features of this ridge and those observed in the
North Atlantic ridges drilled by the 1070 and 1277 ODP
sites [Jagoutz et al., 2007; Tucholke et al., 2007] suggest
that it was probably also integrated by exhumed continental
mantle with variable volumes of E‐ to N‐MORB‐ type to
alkaline melts.
[46] South of the South Gascogne Ridge, the transitional

crust of the North Pyrenean foreland also appears tilted
toward the south near the North Pyrenean thrust front. The
portion of the flexed crust is narrower (<50 km) than in the
Basque‐Parentis Domain (68 km) and shows a steeper dip
(8–12, 5°) in comparison with the 4° of this last domain
(Figures 4, 7, 8, and 9). This denotes that the rigidity of the
flexed lithosphere is different in the two domains with a Te
(elastic thickness) clearly lower in the Cantabrian Domain.
The lower crustal rigidity of this last domain could be
related to the different nature of the flexed lithosphere but
also to its lithospheric temperature that has been much hotter
than in the Basque‐Parentis Domain from the onset of the
Pyrenean deformation (see above discussion comparing the
thickness of the sedimentary posttectonic package basin
infill in both domains).
[47] In this flexed crust as well as north of the South

Gascogne Ridge, the transitional crust is integrated by an
upper slightly reflective level with low seismic velocities
(5.4–5.7 km/s [Fernández‐Viejo et al., 1998; Ruiz, 2007])
and a lower level of chaotic seismic signature in which the
seismic velocity is much higher (∼7.2 km/s [Fernández‐
Viejo et al., 1998; Ruiz, 2007]). Comparing these crustal
features with those observed for the transitional crusts of
the Armorican, West Iberia and Newfoundland passive
margins [Thinon et al., 2003; Péron‐Pinvidic et al., 2007],
it is inferred that: the upper layer is integrated by upper
continental crustal rocks and pre‐Albian prerift and synrift
sediments; and the lower layer by serpentinized continental
mantle rocks. The reflectivity of the upper layer is defined
by undulated and very discontinuous reflectors that mostly
dip to the north forming large wavelength braided bodies.
The geometry of these reflectors and bodies as well as the
displacements observed at top of the basement denote that
the transitional crust underlying the Bay of Biscay abyssal

plain is cut by two sets of south dipping extensional faults
(Figures 7, 11, and 12). One not so well defined, integrated
by low‐angle extensional faults that affect the lower part of
the Albian to Cenomanian unit 1 and other formed by
younger high‐angle extensional faults.
[48] Above this last set of extensional faults, reflectors of

the overlying sedimentary units are folded forming mono-
clines with a south dipping limb or, in some cases, tight
anticlines with a steeper and longer southern limb (Figure 11).
The geometric relationships between these folds and the
underlying extensional faults allow interpretation of them as
extensional fault‐propagation folds [Jin and Groshong,
2006; Withjack and Schlische, 2006]. In the fault located
at the SP 860, this propagation would begin during the Late
Cretaceous as attested by the progressive decrease of the dip
of the unit 2 reflectors in the anticline limbs (Figure 11). In
the other identified fault‐propagation folds, the dip varia-
tions and crosscutting relationships of the reflectors in their
limbs denote that they developed later during the sedimen-
tation of the upper Eocene (?) to middle Miocene units 5 to 9
with an age that is progressively younger toward the north
(Figures 7 and 11). In particular, these growth strata
geometries show that these folds and related extensional
faults formed coevally to the sedimentation of units 5 to 7 at
the South Gascogne Ridge and coevally to the sedimentation
of the “posttectonic” units 8 and lower of the 9, northward,
at the ones located at the SP 610, 660 and 290 (Figures 7
and 11). Consequently, the development of the North
Pyrenean thrust front appears synchronous to the exten-
sional motion of high‐angle faults at the northern boundary
of the flexed North Pyrenean foreland (bulge) which
apparently migrated toward the north during the sedimen-
tation of the middle Miocene units 8 and 9. Besides these
plate flexure related extensional faults, there is another high‐
angle fault that bounds transitional crust of the Bay of
Biscay abyssal plain to the north. This fault has a large (up
to 2 TWT sec) dip separation and affects the 8 to 10 units
but not the overlying unit 11 (Figure 7).

3.3. The Boundary Between the Basque‐Parentis
and Cantabrian Domains

[49] Interpretation of the MARCONI seismic profiles,
therefore, shows that the Bay of Biscay consists of two
distinct domains as far as the Mesozoic extensional grain of
the deformed crust, its lithospheric nature, and the rela-
tionship of the North Pyrenean front with respect to the
extensional system are concerned: the Basque‐Parentis
Domain and the Cantabrian Domain. In the Basque‐Parentis
Domain, the North Pyrenean front is located close to the
Spanish coast and the foreland consists of a thinned conti-
nental crust. In the Cantabrian Domain the North Pyrenean
front is shifted to the north and the foreland is characterized
by mantle exhumation.
[50] In the linkage between the Basque‐Parentis and the

Cantabrian North Pyrenean thrust fronts, the boundary
between both domains coincides with a bathymetric low
located between the Landes Plateau and the Asturian Plat-
form in which there are two deep north trending canyons
(Santander and Torrelavega canyons) separated by a rela-

ROCA ET AL.: BAY OF BISCAY STRUCTURE, MARCONI SURVEY TC2001TC2001

18 of 33



tively deep ridge (Santander spur, Figures 2 and 3). The
structure of this 60 km wide and north trending bathymetric
low is difficult to characterize due to the scarcity and
quality of the seismic profiles acquired in this boundary
zone. Nevertheless, the available profiles (including the
MARCONI‐4 and 8 profiles) show that the continental crust
appears deformed by northeast to east trending thrusts lim-
ited by N to NNE trending faults [Derégnaucourt, 1981;
Sánchez, 1991]. The northeast to east trending thrusts and
related folds verge northward and mainly developed along
strike of both North Pyrenean fronts. They affect the base-
ment and the overlying pre‐middle Miocene sedimentary
sequences [Cámara, 1989; Sánchez, 1991]. The greater
thickness of the Mesozoic successions in their hanging wall
suggests they resulted from the inversion of Early Creta-
ceous extensional faults during the Pyrenean deformation
[Sánchez, 1991]. The N to NNE trending faults, on the other
hand, are present along the whole linking zone and do not
show any clear vergence [Derégnaucourt, 1981]. They have
been interpreted as Jurassic‐Paleogene extensional faults
which would have controlled the location of the Santander
and Torrelavega canyons [Derégnaucourt, 1981]. However,
onshore, at the southern continuation of this linking zone,
N to NNE trending faults connecting east‐west to northwest‐
southeast extensional faults (i.e., Bustriguado, Saltacaballos
and Ramales faults; see location in Figure 3) have been
identified as Early Cretaceous extensional transfer zones that
have been subsequently inverted obliquely during the Pyr-
enean shortening [Quintana et al., 2006, 2009; López‐Mir
and Roca, 2008; García‐Senz and Robador, 2009].
[51] Then, the linkage between the Basque‐Parentis and

Cantabrian North Pyrenean fronts appears as a synthetic
partially overlapped transfer zone with predominating N to
NNE trending faults. These faults would have been active
during the Paleogene, synchronously with north directed
thrusts and would have inverted previously developed
transfer faults of the Early Cretaceous extensional fault
system. The lack of well developed strike‐slip faults con-
necting both fronts as well as the diffuse distribution of the
N to NNE trending faults in a 60 km wide zone indicates
that this transfer zone belongs to a soft fault linkage.
[52] North of this soft transfer zone, at the NW corner of

the Landes Plateau (Figure 3), the MARCONI‐4 profile
shows that the boundary between the Basque‐Parentis and
the Cantabrian domains corresponds to a northeast trending
thrust system that places the continental basement of the
Landes Plateau over the transitional crust of the abyssal
plain (Figure 12). This thrust system includes a complex
triangle zone with a folded intracutaneous thrust wedge
truncated backward by a steeper WNW‐directed thrust
(Figure 13). Over the passive roof thrust of this thrust
wedge, the upper part of unit 3 and the bottom of unit 4 are
involved in a duplex of back thrusts which, together with the
overlying units 4, 5 and 6, are folded forming an open
anticline.
[53] Thickness and reflector dip variations of the growth

package related with this thrust system demonstrates that it
developed during the sedimentation of the upper Eocene‐
lower Miocene units 5 and 6 (Figure 13), synchronously
with the frontal structures of the abyssal thrust system

(Figure 9). This age also coincides with the incision and
development of the erosive Cap Breton and Cap Ferret
canyons on top of the Landes Plateau [Ferrer et al., 2008]
which could be explained by the emplacement of the
described thrust system which sank the easternmost parts
of the abyssal plain in relation to the overthrusting Landes
Plateau.

4. Kinematics of the Pyrenean Deformation
in the Eastern Part of the Bay of Biscay
[54] The lack of wells cutting the lower and middle part of

the sedimentary infill of most of the Bay of Biscay’s deeper
parts makes it difficult to date the evolution of the Pyrenean
contractional deformation. However, from the description
and geometric analysis of the MARCONI profiles as well as
from the information provided by the samples collected by
submersibles [Capdevila et al., 1980; Malod et al., 1980,
1982; Boillot et al., 1987] and wells drilled in the neighboring
areas (i.e., wells in the western Bay of Biscay, Parentis Basin
and Armorican and North Iberian margins [Laughton et al.,
1972; Montadert et al., 1979b; Derégnaucourt, 1981; Lanaja,
1987; Sánchez, 1991; Bois et al., 1997; Gutiérrez Claverol
and Gallastegui, 2002; Biteau et al., 2006; McDougall
et al., 2009; Pérez‐García et al., 2009]), we can infer the
presence of three deformational stages in the evolution of
the Bay of Biscay linked to the development of the Pyrenean
orogen (Figure 14).
[55] 1. An initial stage, Late Cretaceous (Senonian) in age,

when the eastern part of the Bay of Biscay was submitted to
a compressive tectonic regime that produced the develop-
ment of a widespread erosive unconformity mainly visible
in the Basque‐Parentis Domain (Figures 4–6) and at the
margins fringing the Bay of Biscay abyssal plain.
[56] 2. An intermediate stage, latest Cretaceous to early

Eocene in age, characterized by the formation of the North
Pyrenean foreland basin accompanied, in the Cantabrian
Domain, by the activation of south dipping extensional
faults close to its peripheral bulge (Figures 7 and 11). Such
fault locations as well as the synchrony between foreland
basin development and extensional faulting denote layer‐
parallel stretching in the outer arc of the flexed lithosphere
hinge zone. The flexure of the North Pyrenean foreland
basin during this stage demonstrates growing of the
Pyrenean orogen. However, no significant contractional
deformation has been recorded in the study areas except
some minor thrusts and folds that, described in the Le
Danois Basin [Pérez‐García et al., 2009], are insufficient to
explain the foreland flexure. As a consequence active con-
tractional structure should be expected to occur at the
present continental slope. These inner and older Pyrenean
structures would continue to the east into the northern part
of the Basque‐Cantabrian Basin and onshore into the
Western Pyrenees. There, north directed thrusts at the thrust
front controlled a significant flexure of the north foreland at
Late Cretaceous‐Eocene times that resembles the geometry
observed in the Bay of Biscay [Debroas, 1990, Déramond
et al., 1993].
[57] 3. A final stage, middle Eocene to middle Miocene in

age, characterized by the development of the major con-
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tractional structures observed along the North Pyrenean
thrust fronts at the eastern part of the Bay of Biscay. These
structures consist of imbricate thrust systems and triangle
zones following a piggyback thrusting sequence up to the

late Oligocene. Afterward, deformation diminished and
migrated toward the hinterland following a break‐back
thrusting sequence. North of North Pyrenean front, the
flexure of the North Pyrenean foreland initiated during the

Figure 13. Detail of the thrust structure in the boundary between the transitional crust of the Bay of
Biscay abyssal basin (Cantabrian Domain) and the thinned continental crust of the Parentis Basin
(Basque‐Parentis Domain) along the unmigrated MARCONI‐4 profile. Labels 1–11 are Bay of Biscay
abyssal basin fill differentiated units. See Figure 12 for location and legend.
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latest Cretaceous continued during this stage. In the
Cantabrian Domain, the foreland subsidence decreased as
the width of the flexed foreland lithosphere does. As a
result, during the middle Eocene to middle Miocene, the
peripheral foreland bulge and the associated extensional
faults migrated northward. In contrast, in the Basque‐
Parentis Domain, flexure subsidence and peripheral bulge
location remained rather constant. Furthermore in this
domain, the foreland was not affected by flexure related
extensional faults but by contractional structures formed
from the squeezing of Albian to Upper Cretaceous salt
diapirs and, locally in the latter stages of deformation
(middle Miocene), from the inversion of some extensional
faults.
[58] This evolution evidences that, in the eastern part of

the Bay of Biscay, (1) the onset of the Pyrenean contrac-
tional deformation corresponds to a regional event which
affected the whole area and resulted into the development of
the Senonian unconformity; (2) during the latest Cretaceous
to early Eocene, Pyrenean contractional deformation was
restricted to the inner parts of the belt, at present located
along the North Iberian slope and shelves; and (3) from
middle Eocene to middle Miocene, the contractional defor-
mation progressed northward affecting the Bay of Biscay
abyssal plain and the Landes Plateau.
[59] The MARCONI profiles also clearly illustrate that

Pyrenean deformation ended at the middle part of the
Miocene. Even though, they also show that, locally (i.e.,
3270 Seamount Block crest, see profile MARCONI‐1 in
Figure 7), some minor contractional deformation has per-
sisted up to nowadays.

5. The Bay of Biscay‐Pyrenean Late Jurassic‐
Early Cretaceous Extensional Rift System
[60] Restoration of the geological cross sections, mostly

taken advantage of the new MARCONI profiles, and
palinspastic reconstruction of the Early Cretaceous basins
give us an idea of the main structural grain related with the
development of the Bay of Biscay‐Pyrenean rift system.
Such reconstruction can reasonably be done because of the
moderate amount of convergence related with the Pyrenean
orogenic event. Moreover, equivalent structures and basins
are preserved in the adjacent Armorican and West Iberian
margins as well as in their equivalent margins at the other
side of the Atlantic. In these margins a significant amount of
geophysical and well data have integrated into well con-
strained crustal‐scale cross sections which have recently
resulted into new models for the continental extension and
breakup of magma‐poor margins [Manatschal, 2004; Lau
et al., 2006; Hopper et al., 2007; Huismans and Beaumont,
2007; Péron‐Pinvidic et al., 2007; Tucholke et al., 2007;
Péron‐Pinvidic and Manatschal, 2009]. These models rely
on the reconstruction of the conjugate margins at both sides
of the Atlantic and the deduced evolution. However, we can
take advantage of the along strike decrease in the amount of
extension and plate separation in the Bay of Biscay and
Pyrenean domain to decipher the evolution of lithospheric
extension (from rifting to mantle exhumation and oceani-
zation) taken as a reference the end‐members observed in

different transects. In other words, in the Bay of Biscay‐
Pyrenees we have a unique opportunity to investigate at
surface an Atlantic margin with all the main structural ele-
ments well preserved, from the deepest to the upper parts,
such as the exhumed mantle and basins above, the synrift
basins or the postrift collapse features.
[61] The extensional rift system between Iberia and

Eurasia consisted of two parallel overlapping and segmented
arms oriented east‐west. They overlap at the eastern Bay of
Biscay where they are separated by a high that includes the
Landes and Le Danois highs (Figure 15). The northern arm
(the Bay of Biscay arm) includes the Bay of Biscay abyssal
basin and the Parentis Basin, and the southern one (the
Pyrenean arm), the Le Danois, Basque‐Cantabrian and the
Lacq‐Mauleon basins.
[62] The architecture/structure of these basins appears

strongly dependent on the crustal thickness and, in partic-
ular, on the presence or absence of ductile middle to lower
continental crust beneath the basins. Thus, in the areas
where crustal stretching has been minor and there is a
ductile middle to lower continental crust (i.e., Le Danois
Basin), the basin structure consists of a broad half‐graben
system of conjugate high‐angle extensional faults affecting
the upper crust (see Figure 7 and Figure 15, top). On the
contrary, in the cases in which the lithospheric stretching is
larger and the basins lie over a much thinner crust without a
ductile middle to lower continental crust (i.e., Parentis,
Basque‐Cantabrian and the Lacq‐Mauleon basins), the basin
structure is more asymmetric and is controlled by the
development of detachment faults that cut the entire crust.
These detachments produce the exhumation of serpenti-
nized subcontinental mantle and can carry extensional
riders of upper continental crust directly above the mantle.
Such structural configuration has been observed in the
Newfoundland and West Iberia margins [Péron‐Pinvidic
and Manatschal, 2009] and has been interpreted to occur
in the Lacq‐Mauleon Basin [Jammes et al., 2009]. Exhu-
mation of the mantle during lithospheric stretching largely
depends on the rheology of the crust in order to produce
crustal embrittlement during extensional deformation. Such
embrittlement facilitates mantle exhumation as the exten-
sional faults cut the entire thinned continental crust and
detach into the mantle. Extensional deformation and fluids
along the faults produce the serpentinization of the mantle
which in its turn localizes strain and detachment, processes
that end up with the development of shallow detachments
affecting the whole thinned lithosphere [Pérez‐Gussinyé and
Reston, 2001; Pérez‐Gussinyé et al., 2001; Reston, 2007].
This deformation mode has been documented to occur in the
West Iberia Margin before the continental breakup and the
accretion of normal oceanic crust. Thus, it is reasonable that
it also occurred in the Bay of Biscay given the same crustal
configuration of northern and western Iberia before the onset
of stretching. Moreover, the wide occurrence of peridotites
along major faults in the lower Cretaceous basins involved
in the Pyrenean thrusts sheets [Vielzeuf and Kornprobst,
1984; Mendia and Gil‐Ibarguchi, 1991; Fabriès et al.,
1998] and the field evidences that they were brought to
the bottom of the Albian basins [Choukroune, 1980;
Lagabrielle and Bodinier, 2008; Jammes et al., 2009] give
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further support to the idea that mantle exhumation occurred
in the Bay of Biscay‐Pyrenean rift system before and during
the normal oceanic accretion in the western Bay of Biscay
(Aptian‐Albian to Santonian in age [Sibuet et al., 2004b]).
[63] In relation to this oceanic accretion, the geometrical

arrangement of the mapped magnetic lineations in the Bay
of Biscay denote a progressive decrease of the amount of
accreted oceanic crust toward the east up to its disappear-
ance close to the 6°W meridian [Sibuet et al., 2004a, 2004b]
(Figure 17). Eastward, the Bay of Biscay abyssal plain
appears only floored by transitional crust with a major ridge
striking along its axis (South Gascogne Ridge; Figure 7) that
vanishes toward the east. This ridge, formed after the low‐
angle extensional faulting that triggered the exhumation of
the continental mantle, is interpreted (see section 3.2.2.3) as
being formed by an embryonic oceanic crust that warped up
during the last stages of Bay of Biscay oceanic accretion
(Cenomanian to Santonian times). The presence of this
embryonic oceanic crust in the eastern Bay of Biscay
abyssal plain would imply that the oceanic accretion in the
Bay of Biscay propagated eastward at the same time that its
extension increased along the Bay of Biscay‐Pyrenean rift
system.
[64] From a more regional point of view, the two arms of

the Bay of Biscay‐Pyrenean rift system appear formed by
segmented extensional fault systems that are linked by north
to NNE trending accommodation zones. Among these
accommodation zones are outlined (Figure 15) (1) the
Pamplona transfer zone linking the Basque‐Cantabrian and
Lacq‐Mauleon basins (Pamplona Fault [Schoeffler, 1982;
Turner, 1996; Larrasoaña et al., 2003]) and (2) the
Santander soft transfer zone that, separating the Basque‐
Cantabrian from Le Danois basins, extends northward up to
mark the boundary between the Bay of Biscay abyssal and
Parentis basins.
[65] This last transfer zone is especially significant since

it bounds the transitional crust of the Bay of Biscay
abyssal basin toward the east and displaces the locus of the
major lithospheric thinning from the Bay of Biscay arm to
the Pyrenean arm where continental mantle was exhumed
along the Basque‐Cantabrian and Lacq‐Mauleon basins
(Figure 15). This exhumed continental mantle is not present
in the Parentis Basin (western prolongation of the Bay of
Biscay abyssal basin) where the Upper Jurassic‐Cretaceous
basin fill overlies older Mesozoic or crustal rocks. The
greater extension along the Pyrenean arm eastward of the
Santander transfer zone is also evidenced by the much
thicker thickness of Cretaceous successions [Brinkmann and
Lögters, 1968; García‐Mondéjar et al., 2004; García‐Senz,
2004] as well as the widespread Cretaceous alkaline mag-
matism [Azambre and Rossy, 1976; Castañares et al., 2001;
Castañares and Robles, 2004] and coeval thermal meta-
morphism [Albarède and Michard‐Vitrac, 1978; Montigny
et al., 1986; Golberg and Leyreloup, 1990; Cuevas and

Tubía, 1999] which have not been described in the Parentis
Basin.
[66] Also, the polarity of the extensional crustal‐scale

detachments is as well opposite on both sides of this soft
transfer zone. Thus, westward, in the Bay of Biscay abyssal
basin, the predominance of extensional riders of “conti-
nental crust” bounded by low‐angle south dipping faults
over the exhumed mantle (Figures 7 and 15) enable us to
decipher that the main detachment dips southward. On the
contrary, east of the transfer zone, the geometry of the
Parentis, Basque‐Cantabrian and Lacq‐Mauleon Cretaceous
basin infills, as well as the cross‐fault relationships with the
underlying rocks, denote that the main detachments dip
northward.

6. The Significance of the Late Aptian
to Middle Albian “Breakup” Unconformity
[67] Since the arrival of plate tectonics, the end of

extensional processes on passive margins and the onset of
oceanic accretion have been correlated with the develop-
ment of a broad well‐developed unconformity (breakup
unconformity) on the continental margins separating the
synrift to the postrift sediments [Falvey, 1974]. However, in
the last years, such correlation has been questioned in dif-
ferent rift systems as in the Newfoundland‐Iberian Rift
where the “breakup” unconformity appears coeval to mantle
exhumation and older to the onset of oceanic crust accretion
[Péron‐Pinvidic et al., 2007; Sibuet et al., 2007b; Tucholke
et al., 2007].
[68] In the Bay of Biscay‐Pyrenean rift system, the age of

the “breakup” unconformity that separates the synrift and
postrift sediments on the Bay of Biscay continental margins
also does not coincide with the onset of mantle exhumation
or oceanic accretion defined with the magnetic anomalies.
The “breakup” unconformity is middle to late Aptian in age
in the continental margins fringing the Bay of Biscay oce-
anic crust (Ortegal Spur and Armorican Margin [Montadert
et al., 1979a; Derégnaucourt and Boillot, 1982; Boillot
et al., 1987; Thinon et al., 2002; Wallrabe‐Adams et al.,
2005]) and younger eastward (Parentis, Basque‐Cantabrian,
Mauleon‐Arzacq and Organyà‐Turbón basins) where it has
been dated as middle Albian [Le Vot et al., 1996; Bois et al.,
1997; Gräfe, 1999; Vergés and García‐Senz, 2001; García‐
Mondéjar et al., 2004; García‐Senz, 2004; Biteau et al.,
2006; Jammes et al., 2009]. Instead, the onset of the
oceanic accretion has been traditionally postulated to be
Barremian‐early Aptian in age based on the presence of the
M3 and M0 magnetic lineations along the northern margin
of Bay of Biscay abyssal plain [Olivet, 1996; Sibuet et al.,
2004a] as well as the seismic signature of the uppermost
crust [Thinon et al., 2003]. This mismatch between the
“breakup” unconformity and the onset of the oceanic accre-
tion ages could be solved in the West Bay of Biscay con-

Figure 15. The structure of the eastern Bay of Biscay and surrounding areas at the end of the Bay of Biscay opening
(Cenomanian). (top) Palinspastic reconstruction; (bottom) schematic crustal‐scale transects. Plate reconstruction based on
Sibuet et al. [2004b].
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sidering that the M0 and M3 anomalies were not caused by
the magnetization of the volcanic rocks formed by seafloor
spreading but primarily by the serpentinization of the
exhuming mantle rocks as described by Sibuet et al. [2007b]
in the Newfoundland‐Iberia Rift. In agreement with this
interpretation, refraction and multichannel seismic studies
carried out across the M0‐M3 magnetic sequence in the
northern Bay of Biscay abyssal plain [Thinon et al., 2003]
document a smoothed reflection Moho and the presence of
5 km thick crust (velocity 4.8–7.0 km/s) overlying a 3–4 km
thick “abnormal” mantle with velocities of 7.4–7.5 km/s.
These basement features are similar to those described in the
transitional crust of the Newfoundland‐Iberia Rift where
there is a general absence of a Moho reflection and the
basement is integrated by a thin low‐velocity (4.5–7 km/s)
basement overlying a approximately 5 km thick serpenti-
nized continental mantle with <7.2–7.9 km/s velocities
[Chian et al., 1999; Lau et al., 2006; Tucholke et al., 2007].
[69] Although a correlation between the breakup uncon-

formity and the onset of the oceanic crust could be therefore
postulated in the West Bay of Biscay, in the East Bay of
Biscay and Pyrenees, where oceanic crust is not present,
there is no doubt that the “breakup” unconformity did not
form at the end of the extensional processes on the conti-
nental lithosphere. Here, the “breakup” unconformity,
middle Albian in age, developed before the development of
the embryonic oceanic crust in the South Gascogne Ridge
(Cenomanian to Santonian in age) and during the mantle
exhumation process which was active at least up to the end
of Albian times [Henry et al., 1998; Jammes et al., 2009].
Consequently, in these areas, this is not a true breakup
unconformity but an unconformity associated to a change in
the mode of the lithospheric extensional deformation or in
the rate of extension. The origin of this “breakup” uncon-
formity cannot be associated with the final extension of
continental crust and initial exhumation of lithospheric
mantle since this process began before: during the Berriasian
(West Bay of Biscay [Fügenschuh et al., 2003]) to latest
Aptian (Pyrenees [Henry et al., 1998]) times. Therefore, it
can be neither correlated with the change of crustal thinning
mechanism that occurred before when the development of
the extensional detachment faults began. Consequently, the
“breakup” unconformity seems more related to a change in
the extension rate. In this way, the extension rates calculated
in the West Bay of Biscay depict a significant drop of the
extension rates after the formation of the middle Aptian to
middle Albian “breakup” unconformity. Concretely, using
the Gradstein et al. [2004] time scale, the extension rate
calculated between the nearly parallel Barremian M0 and
M3 magnetic lineations (10–12, 3 mm/yr) appears higher
than the one calculated for the Santonian‐Campanian interval
comprised between the A34 magnetic lineation and the Bay
of Biscay ocean spreading axis (greater than 6.7–7.1 mm/yr).
This inferred drop of the extensional rates occurred during
or after the counter‐clockwise rotation of Iberia [Gong et al.,
2008] between the formation in the West Bay of Biscay of
the V shaped M0 and the A33 and A34 east trending
magnetic lineations (Figure 17).

[70] Thus, we suggest that the widespread late Aptian to
middle Albian unconformity present in the entire Bay of
Biscay‐Pyrenean rift system does not record a continental
breakup but is related to a dramatic decrease of the exten-
sion rate which occurred after the Iberian clockwise rotation.
It does not record the end of the extension since after the
Albian and up to Santonian, there is some lithospheric
mantle exhumation in the Pyrenees, the development of the
South Gascogne embryonic oceanic crust in the Cantabrian
Domain and the accretion of oceanic crust in the West Bay
of Biscay.

7. Role of the Preexisting Bay of Biscay
Mesozoic Structure in the Development
of the Pyrenean Deformation
[71] The interpretation of the MARCONI profiles clearly

shows that the contractional structure of the eastern part of
the Bay of Biscay is strongly controlled by the previous
Mesozoic extensional structural grain. Both in the Pyrenees
and in its northern foreland, main Pyrenean related con-
tractional deformation is located along the extensionally
faulted margins of the major Early Cretaceous basins gen-
erated during the Bay of Biscay opening (Figure 16). In the
Pyrenees, the features of the contractional structures appear
strongly dependent on the geometry of the previous exten-
sional Mesozoic basin bounding faults. Thus, in the basin
margins bounded by upper crustal high‐angle faults, con-
tractional deformation is distributed along a broad region
and includes basement thrusts, cover folds and thrust slices
that depict typical geometric features of an inverted fault
(i.e., northern margin of the Basque‐Cantabrian Basin
[Gómez et al., 2002]) or basement thrusts that cut the pre-
existent faults (i.e, Cantabrian continental slope [Gallastegui,
2000]). In contrast, in the basin margins bounded by low‐
angle detachment faults (i.e., southern margin of the Basque‐
Cantabrian Basin), contractional deformation is much more
localized and mainly consists on the reactivation of these
preexistent planes.
[72] These preexistent crustal‐scale extensional detach-

ments play a fundamental role in the development of the
Basque and Cantabrian Pyrenees not only because most of
Alpine shortening is taken up in the contractional reactiva-
tion of these structures but also because they control the
orogen architecture (Figures 15 and 16). Thus, in the rift
segments where they did not develop during the opening of
the Bay of Biscay (Eastern and Central Pyrenees), the oro-
gen mainly consist on a wedge made up by an antiformal
stack of upper crustal thrust sheets (Figure 1). By contrast,
in the rift segments where large crustal‐scale extensional
detachments were present (Western, Basque and Cantabrian
Pyrenees), the orogen architecture is simpler and consists on
a slightly deformed wedge of upper crustal rocks displaced
above the reactivated detachment (Figures 1 and 16). These
architectural differences could be related to the disappear-
ance of the ductile middle to lower crust in the areas affected
by the crustal extensional detachments [see Péron‐Pinvidic
and Manatschal, 2009] which would prevent the later
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development of midcrustal detachment levels and, therefore,
the formation of imbricate and duplex thrust systems at the
upper crust during the Pyrenean compression. As a result,
in these areas, most or a very significant part of Alpine
shortening is taken up in the contractional reactivation of
the preexistent crustal low‐angle extensional detachments.
This is well illustrated in the cross sections of Figure 16
which show that (1) the Basque Pyrenees are an intra-
continental orogen developed from the subduction of the
Iberian plate beneath the Eurasian plate along the preexistent
north dipping extensional detachment that bounded the large
Cretaceous Basque‐Cantabrian Basin and (2) the Cantabrian
Pyrenees is a crustal wedge bounded northward by a south
directed subduction developed from the contractional reac-
tivation of the extensional detachment flooring the Creta-
ceous Bay of Biscay abyssal basin. In relation of this last
subduction, the present‐day absence of transitional crust
south of the Bay of Biscay oceanic crust as well as of the
M0 and M3 magnetic lineations (Figure 17) suggest that the
amount of subducted crust beneath the Cantabrian conti-
nental slope could be much greater than proposed in the
previous works [Fernández‐Viejo et al., 1998; Gallastegui,
2000]. In fact, if we take into account that the width of the
magnetic lineations on both sides of the Bay of Biscay
oceanic ridge is similar (Figure 17a), and that this propor-
tionality is maintained between the M0 and M3 magnetic
lineations, we can infer that about 100 km of the transitional
and/or oceanic crust flooring the Cretaceous Bay of Biscay
abyssal basin has been consumed beneath such subduction
during the Pyrenean orogen development.
[73] North of the North Pyrenean front, in the foreland, the

Pyrenean contractional deformation also appears strongly
controlled by the preexistent Mesozoic structural configu-
ration. It mainly developed over the foreland areas floored
by continental crust (Basque‐Parentis Domain) and is
represented by gentle folds resulting, first, from the
squeezing of the stems of Albian to Upper Cretaceous
diapirs and, then, from the limited inversion of the related
extensional faults [Ferrer et al., 2008]. Westward, in the
Cantabrian Domain, there is not significant Pyrenean con-
tractional deformation in the foreland but the spatial coin-
cidence of the North Pyrenean forebulge with the preexistent
South Gascogne Ridge (Figures 7 and 11) also denotes a
strong interaction between the inherited lithospheric Meso-
zoic grain and Pyrenean deformation. Specifically, in this
case, the location of the Pyrenean forebulge appears deter-
mined by the asthenosphere uplift that developed beneath the
South Gascogne embryonic oceanic crust during the last
stages of the Bay of Biscay opening.
[74] On the other hand, it should be noted that the

MARCONI profiles not only show that the location and
features of the Pyrenean contractional structures are con-
trolled by the preexistent Mesozoic faults and diapirs, they

also reveal that the different characteristics along strike of
the Pyrenean orogen are strongly conditioned by the seg-
mentation and geometry of the rift system developed
between Iberia and Eurasia from the Late Jurassic up to Late
Cretaceous. Indeed, the comparison between the structural
maps depicted in Figures 15 and 16 evidences an almost
perfect correlation between the extensional Late Cretaceous
rift segmentation and the segments of the Pyrenees with a
well differentiated contractional structure (Cantabrian
Pyrenees, Basque Pyrenees and Pyrenees s.s). Also, these
maps show that the Basque Pyrenees and the Pyrenees s.s.
did not grow from the tectonic inversion of the Mesozoic
basins located in the eastern prolongation of the Bay of
Biscay abyssal basin (Parentis Basin), but from the tectonic
inversion of a system of Mesozoic basins that, running
parallel in the south, included the Basque‐Cantabrian,
Organyà and Laq‐Mauleon basins (Figure 16) [García‐
Senz, 2002]. The origin of this jump could be influenced
by the change in the dip sense of the low‐angle crustal
detachment in the Bay of Biscay rift arm (from south to
north) but seems mainly controlled by the major lithospheric
and crustal thinning that would present the Pyrenean arm of
the Bay of Biscay‐Pyrenean rift eastward of the Santander
soft transfer zone at the early Late Cretaceous (Figure 15).
This major thinning of the Pyrenean arm would result in a
weaker lithosphere at the beginning of the Pyrenean com-
pression and, therefore, in a more suitable area to concen-
trate the Pyrenean contractional deformation.
[75] Therefore, as a conclusion, the MARCONI survey

allows to recognize that the rift system developed between
Iberia and Eurasia during the Late Jurassic and Cretaceous
appears as a major factor controlling not only the location
and features of most of the Pyrenean thrust sheets but also
the overall structure of the chain.

8. Conclusions
[76] Profile interpretation of MARCONI deep reflection

seismic profiles enables recognition of the present upper
crustal structure of the eastern part of the Bay of Biscay and
the main features of its Alpine geodynamic evolution. Thus,
geometric analysis of the seismic signature of the profile,
combined with available oil‐well and refraction data denote
that two domains with a different Pyrenean and north fore-
land structural evolution exist in the Bay of Biscay: the eastern,
Basque‐Parentis Domain and thewestern, CantabrianDomain.
[77] In the eastern sector (Basque‐Parentis Domain), the

North Pyrenean front is located close to the coast. It corre-
sponds to a system of east trending basement‐involved
thrusts and cover thrust sheets controlled by the inversion of
the Early Cretaceous crustal low‐angle extensional detach-
ment that, dipping to the south, bounded the Early Creta-
ceous Basque‐Cantabrian Basin to the north. North of this

Figure 16. The structure of the eastern Bay of Biscay and surrounding areas at the end of Pyrenean contractional defor-
mation (middle Miocene). (top) Palinspastic reconstruction; (bottom) schematic crustal‐scale transects (onshore portions
based on Pulgar et al. [1999], Gallastegui [2000], Gómez et al. [2002], Pedreira et al. [2003, 2007], and Ferrer et al.
[2008]). Note the role played by the major Cretaceous extensional detachments.
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contractional front, there is an undeformed latest Cretaceous
to early Miocene North Pyrenean foreland basin lying on
top of a thinned continental crust. This thinned crust
includes a structural high (Landes Plateau) and a deep Late
Jurassic‐Early Cretaceous extensional basin (the Parentis
Basin) bounded southward by a north dipping low‐angle
extensional detachment that truncated the whole crust and
thinned it down to 7 km.
[78] In the western, Cantabrian Domain, the North

Pyrenean front is shifted to the north and its geometry
clearly differs from the eastern sector. It is a north directed
blind thrust imbricated stack detached at the bottom of the
continental crust. This thrust system cut Early Cretaceous
crustal low‐angle extensional faults dipping to the north and
would passively transport Le Danois Basin and the coeval
extensional riders of upper continental crustal rocks located
at the toe of the continental slope (i.e., 3270 Seamount
Block). North of the North Pyrenean front, there is a latest
Cretaceous‐middle Miocene foreland basin overlying a
precontractional Albian to Campanian succession that rests
upon a very thin (5–8 km) transitional crust. This transi-
tional crust formed during the opening of the Bay of Biscay
and is interpreted as the result of the motion of a south
dipping detachment fault that, cutting the entire crust, pro-
duced the exhumation of serpentinized subcontinental
mantle. This exhumation was probably accompanied by the
emplacement of extensional riders of upper continental crust
on its top and, in the study area, was followed by the
development of a Cenomanian to Santonian embryonic
oceanic crust along the Bay of Biscay abyssal plain (the
South Gascogne Ridge).
[79] The transition between these two well differentiated

sectors of the North Pyrenean structure corresponds to a soft
transfer zone trending NNE‐SSW that is located north of
Santander. North of this soft transfer zone, at the NW corner
of the Landes Plateau, the boundary between the Basque‐
Parentis and the Cantabrian domains corresponds to a
northeast trending thrust system that places the continental
basement of the Landes Plateau over the transitional crust of
the Bay of Biscay abyssal plain.
[80] Comparison between this inferred present‐day struc-

ture of the eastern Bay of Biscay and regional data, enables
the interpretation of the extensional rift system developed
between Iberia and Eurasia during the Late Jurassic‐
Cretaceous as consisting of two parallel overlapping arms
oriented east‐west. The northern arm (the Bay of Biscay
arm) included the Bay of Biscay abyssal basin and the
Parentis Basin, and the southern one (the Pyrenean arm), the
Le Danois, Basque‐Cantabrian and the Lacq‐Mauleon
basins. Both arms appear formed by segmented extensional
fault systems that are linked by north to NNE trending

accommodation zones. Among these accommodation zones
the Santander soft transfer zone that bounded toward the east
the transitional crust of the Bay of Biscay abyssal basin and
displaced the locus of the major lithospheric thinning from
the Bay of Biscay arm to the Pyrenean arm is outlined.
[81] On the other hand, the architecture of the Late

Jurassic‐Cretaceous basins appears strongly dependent on
the presence or absence of ductile middle to lower conti-
nental crust beneath the basins. Thus, in the areas where
crustal stretching has been minor and there is a ductile
middle to lower continental crust (i.e., Le Danois Basin), the
basin structure consists of a broad half‐graben system of
conjugate high‐angle extensional faults affecting the upper
crust. On the contrary, in the cases in which the lithospheric
stretching is larger and the basins lie over a much thinner
crust without a ductile middle to lower continental crust
(i.e., Parentis, Basque‐Cantabrian and the Lacq‐Mauleon
basins), the basin structure is more asymmetric and is con-
trolled by the development of detachment faults that cut the
entire crust. These detachments produce the exhumation of
serpentinized subcontinental mantle and can carry exten-
sional riders of upper continental crust directly above the
mantle (i.e., Bay of Biscay abyssal basin).
[82] Finally, the interpretation of the MARCONI profiles

clearly shows that the Pyrenean contractional structure is
strongly controlled by the previous Mesozoic extensional
structural grain. Main Pyrenean related contractional defor-
mation is located along the extensionally faulted margins of
the preexistent latest Jurassic‐Early Cretaceous basins, and
the architecture of the orogen appears strongly dependent on
the geometry of the previous basin‐bounding faults and the
related absence or presence of a ductile middle to lower
crust. Thus, in the rift segments where this ductile crust was
present and the extensional basins were bounded by upper
crustal high‐angle faults (central and eastern Pyrenees), the
Pyrenean orogen mainly consist on a wedge made up by an
antiformal stack of upper crustal thrust sheets. Instead, in the
segments in which large crustal‐scale extensional detach-
ments were present and there was not a ductile crust at the
onset of the compression (Western, Basque and Cantabrian
Pyrenees), the orogen architecture is simpler and consists on
a slightly deformed wedge of upper crustal rocks displaced
above the reactivated detachment. On a large and regional
scale, it is evident that the extensional Late Cretaceous rift
segmentation and changes in the sense of the dip of the
extensional Cretaceous detachments control the different
characteristics along strike of the Pyrenean orogen in such a
way that there is an almost perfect correlation between the
extensional Late Cretaceous rift segmentation and the seg-
ments of the Pyrenees with a well differentiated contrac-
tional structure.

Figure 17. (a) Magnetic anomaly map of the Bay of Biscay [Sibuet et al., 2004b]. (b) Map of the Bay of Biscay, Pyrenees,
and surrounding areas illustrating the relationships between the contractional structure of the Pyrenees and the rift system
developed between Iberia and Eurasia during the Early Cretaceous. Magnetic picks are derived from Russell and Whitmarsh
[2003] and Sibuet et al. [2004b]. Mesozoic oceanic to transitional and transitional to continental crust boundaries in the
Atlantic and northwestern Bay of Biscay areas are based on Thinon [1999], Thinon et al. [2003], Tucholke et al. [2007] and
Jammes et al. [2009].
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CHAPTER 2:  

 

STRUCTURE OF THE NORTH-PYRENEAN FORELAND 

NORTH OF THE BASQUE PYRENEES: THE PARENTIS 

BASIN AND THE LANDES HIGH  

 

The second chapter of this thesis includes the following scientific article published in the 

journal Marine and Petroleum Geology in 2008: 

 

Ferrer, O., Roca, E., Benjumea, B., Muñoz, J.A., Ellouz, �. and MARCO�I Team. (2008) 

The deep seismic reflection MARCO�I-3 profile: Role of extensional Mesozoic structure 

during the Pyrenean contractional deformation at the eastern part of the Bay of Biscay. 

Marine and Petroleum Geology, 25, 714-730. 

 

It includes some of the main results obtained during a 3-months scientific visit at the Institut 

Français du Pétrole (IFP) in 2004 under the supervision of Dr. Nadine Ellouz Zimmerman. 

The results of this article have also been presented at several national and international 

conferences. Among them, it should be noted the poster entitled “The role of the extensional 

Mesozoic structure during the Pyrenean contractional deformation at the western Parentis 

Basin: constraints from the MARCONI-3 Deep Seismic Reflection Profile” in the International 

Meeting of Young Researchers in Structural Geology and Tectonics” held in Oviedo (Spain) in 

July 2008 and the presentation “The MARCONI-3 Deep Seismic Reflection profile: structure 

of the North Pyrenean foreland at the eastern part of the Bay of Biscay” in the “VII Congreso 

Geológico de España” held in Las Palmas de Gran Canaria (Spain) in July 2008.  
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This article analyses the MARCONI-3 deep seismic profile and depicts the main features of the 

structure of the foreland located north of the Basque Pyrenees. Specifically, it shows the 

geometry of the North-Pyrenean Foreland Basin and the structure of the underlying Parentis 

Basin and Landes High in the western end of this segment of the Pyrenees. This area was 

practically unknown before this study. The new MARCONI-3 data in combination with the 

ECORS-Bay of Biscay deep seismic profile allow to discern the geometry of the main faults 

that limit the southern part of the Parentis Basin and to elucidate the role played by these faults 

in the development of salt tectonics. These data also allow to have a better understanding of the 

structural evolution of the basin during Mesozoic and Cenozoic times.  

 

Therefore, the second chapter provides a more detailed regional vision of the Parentis Basin 

and supplies some constraints that are essential not only to understand the geometry and 

evolution of this basin but also to interpret the salt structures developed in it.  

 

Before the scientific article, this chapter also includes two abridged summaries, one in Catalan 

and one in English.  

 

 

2.1.- Resum del capítol 

 

El cos del segon capítol d’aquesta memòria de tesi està integrat per l’article científic Ferrer et 

al. (2008) (veure referència complerta a l’apartat anterior) que es centra bàsicament en la 

descripció i interpretació del perfil de sísmica de reflexió profunda MARCONI-3. Els resultats 

d’aquest article també han estat presentats a diversos congressos nacionals i internacionals 

entre els que destaca el pòster titulat “The role of the extensional Mesozoic structure during the 

Pyrenean contractional deformation at the western Parentis Basin: constraints from the 

MARCO*I-3 Deep Seismic Reflection Profile” a l’International Meeting of Young Researchers 

in Structural Geology and Tectonics celebrat a Oviedo el juliol del 2008 i la presentació “The 

MARCO*I-3 Deep Seismic Reflection Profile: structure of the *orth Pyrenean foreland at the 

eastern part of the Bay of Biscay” al VII Congreso Geológico de España que va tenir lloc a Las 

Palmas de Gran Canaria el juliol del 2008. 
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El perfil MARCONI-3 mostra per primera vegada a la comunitat científica una visió general de 

l’avantpaís nord-pirinenc situat enfront de la part occidental dels Pirineus Bascs i, combinat 

amb el perfil ECORS Golf de Biscaia permet discernir la geometria de la conca d’avantpaís 

nord-pirinenca així com l’estructura cortical infrajacent a la part més oriental del Golf de 

Biscaia. Conseqüentment el capítol 2 dóna doncs una visió regional, però més detallada, de la 

Conca de Parentis i aporta uns condicionants que son bàsics no tant sols per a entendre la seva 

geometria i evolució sinó també per interpretar les estructures salines que s’hi van 

desenvolupar.  

 

En concret, l’anàlisi geomètric del perfil MARCONI-3 combinada amb les dades de pou i de 

sísmica de refracció disponibles, mostren que l’estructura de l’avantpaís nord-pirinenc situat 

davant la part occidental dels Pirineus Bascs es caracteritza per la presència d’un tascó 

sinorogènic de més de 80 km d’amplada i 2.5 km de gruix a la seva part més potent, format per 

materials que van des del Cretaci tardà fins al Miocè mig. Aquests materials, que es troben 

afectats per les estructures contractives frontals nord-pirinenques, es disposen  discordantment 

sobre una escorça lleugerament aprimada en la qual es poden distingir dos dominis corticals 

diferents estructurats durant l’obertura del Golf de Biscaia (Juràssic superior - Cretaci Inferior): 

la Conca de Parentis i l’Alt de les Landes.  

 

La Conca de Parentis correspon a la prolongació oriental del rift que va generar l’exhumació 

del mantell i posterior formació d’escorça oceànica a les parts centrals i occidentals del Golf de 

Biscaia. La seva geometria és la d’un semi-graben delimitat al sud per una falla planar de baix 

angle que talla tota l’escorça amb un desplaçament extensiu de l’ordre de desenes de km. Al 

perfil MARCONI-3, part occidental de la Conca de Parentis, aquesta falla que s’ha anomenat 

com a Falla de les Landes, està formada per varis panells amb diferent cabussament cap al nord 

i mostra un desplaçament d’uns 20 km. Aquest desplaçament dóna lloc a un important 

aprimament cortical i genera l’omissió total de nivells de l’escorça superior i mitja sota el 

depocentre de la conca.  

 

El rebliment sedimentari de la Conca de Parentis està format per una potent successió (de fins a 

10 km de gruix) de carbonats i materials siliciclàstics d’edat juràssica a cretàcica superior que 

es van disposar al damunt de les evaporites del Triàsic superior (facies Keuper). Tant el 

rebliment Juràssic superior – Cretaci Superior com els carbonats juràssics infrajacents 
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apareixen lleugerament deformats per falles extensives amb poc salt així com per anticlinals 

amb nuclis salins formats per les mateixes evaporites triàsiques. Arran de la Falla de les 

Landes, aquests materials també es troben deformats per diapirs salins escanyats i petits pop-

ups que afecten els dipòsits previs al Miocè. Aquestes estructures són el resultat de la 

reactivació contractiva de falles i diapirs mesozoics durant els darrers estadis de la formació de 

l’edifici pirinenc. Les estructures salines mostren un primer estadi de creixement extensiu 

durant l’Albià – Cretaci Superior i una reactivació contractiva oligocena – miocena inferior 

relacionada amb la orogènia pirinenca. Els diapirs escanyats deformen els materials de la part 

alta del Cretaci fins als dipòsits sinorogènics que estan plegats per sobre d’aquestes estructures.  

 

L’Alt de les Landes correspon al bloc inferior de la Falla de les Landes. És un plateau aixecat i 

erosionat durant el Cretaci Inferior que amb una extensió d’uns 60 km es situa entre les 

conques extensives de Parentis i Basc-Cantàbrica. Aparentment poc deformat durant el procés 

d’obertura del Golf de Biscaia, aquest alt estructural està integrat per una prima successió del 

Cretàci Superior de tipus post-rift que es disposa discordantment sobre el sòcol hercinià o bé 

localment sobre relictes de la part baixa de la successió mesozoica pre-rift (Juràssic basal i 

Triàsic).  

 

A partir de les relacions geomètriques i de les variacions de gruix observades al perfil 

MARCONI-3 es pot inferir que tota l’estructura de la part oriental del Golf de Biscaia és el 

resultat de la successió de dos estadis de deformació clarament diferenciats: un d’extensiu 

coetani a l’obertura de l’Oceà Nord-Atlàntic i del Golf de Biscaia, i un de més jove clarament 

compressiu contemporani al creixement de l’orogen pirinenc. El primer estadi inclou una etapa 

syn-rift (del Juràssic superior a l’Albià inferior) en la que es va desenvolupar la Conca de 

Parentis a partir del moviment d’una  falla mestra amb cabussament nord situada al marge sud 

de la conca. Aquesta etapa syn-rift va ser seguida d’una etapa post-rift (de l’Albià superior a la 

part baixa del Cretaci Superior) en la que associats a les falles mestres es van desenvolupar una 

sèrie de diapirs a partir de les evaporites triàsiques. Posteriorment, l’estadi de deformació 

compressiva (de la part alta del Cretaci Superior fins al Miocè mig) va donar lloc al 

desenvolupament d’una conca d’avantpaís tal i com es pot veure a la part meridional del perfil 

MARCONI-3. Dins d’aquest estadi compressiu s’han identificat dues fases de deformació. La 

primera que s’inicià a l’Eocè tardà i que es va prolongar fins al Miocè basal, va coincidir amb 

la formació d’un tascó encavalcant que va involucrar sòcol paleozoic a les parts més internes 
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de l’avantpaís. Simultàniament es va produir també l’escanyament de les estructures 

diapíriques pre-existents. La segona durant el Miocè mig es va caracteritzar per la reactivació 

del creixement dels anticlinals amb nucli salí i la formació de pop-ups prop de la Falla de les 

Landes degut a la inversió de les falles normals conjugades prèvies.  

 

Aquesta evolució geodinàmica juntament amb l’estructura de l’àrea tornen a posar de manifest 

que l’estructura extensiva resultant de l’obertura del Golf de Biscaia, va jugar un paper molt 

important tant en la localització del front nord-pirinenc com en les característiques de la 

deformació contractiva del seu avantpaís. En concret, i pel que fa referència a aquesta 

transecta, l’absència d’estructures d’inversió significatives a la Conca de Parentis, tot i ser una 

zona que va patir un fort aprimament cortical prèviament a la compressió alpina, fa pensar que 

l’Alt i/o la Falla de les Landes van actuar com importants esmorteïdors per a la propagació de 

la deformació contractiva pirinenca cap al nord. Aquesta barrera per a la deformació, 

probablement generada per l’absència d’escorça mitja (nivel de desenganxament de gran part 

de les estructures contractives pirinenques) sota la Conca de Parentis, va ser activa fins al 

Miocè inferior i probablement va deixar d’actuar com a tal en els darrers estadis de formació de 

l’orogen pirinenc quan algunes falles de sòcol del marge sud de la Conca de Parentis es van 

reactivar.  

 

 

2.2.- Abridged summary 

 

The profile MARCONI-3 shows for the first time a general overview of the North-Pyrenean 

Foreland located in front of the western part of the Basque Pyrenees. This profile combined 

with the ECORS-Bay of Biscay profile allow to observe the geometry of the north-pyrenean 

foreland basin as well as the overlain crustal structure of the easternmost part of the Biscay 

Bay.  

 

Specifically, the geometric analysis of the MARCONI-3 profile combined with the available 

well data and seismic refraction data show that the structure of the North-Pyrenean Foreland 

located in front of the western part of the Basque Pyrenees is characterized by a synorogenic 

wedge of more than 80 km wide by 2.5 km thick at its thickest part. This wedge is composed 

by materials ranging from Late Cretaceous to middle Miocene deformed by the North-
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Pyrenean thrust front. These materials are unconformably deposited on a slightly thinned crust 

in which two different crustal domains developed during the opening of the Bay of Biscay 

(Upper Jurassic – Lower Cretaceous): the Parentis Basin and the Landes High. 

 

The Parentis Basin forms the eastern prolongation of the rift that led to the mantle exhumation 

and subsequent oceanic crust formation in the central and western part of the Biscay Bay. It is a 

half-graben bounded to the south by a low-angle planar fault that cuts the entire crust with an 

extensional slip of tens of km. This fault has been called Landes Fault. In the MARCONI-3 

profile, it appears composed by several panels with different dips to the north showing a slip of 

about 20 km. This slip results in a cortical thinning and generates the complete omission of 

upper and middle crust levels beneath the basin depocenter.  

 

The sedimentary fill of the Parentis Basin consists of a thick series (up to 10 km thick) of 

carbonate and siliciclastic materials of Jurassic to Upper Cretaceous age, that were deposited 

overlying the evaporites of Upper Triassic (facies Keuper). Both the Upper Jurassic – Upper 

Cretaceous filling and the overlain Jurassic carbonates are slightly deformed by extensional 

faults with small slips as well as by salt-cored anticlines formed by Triassic evaporites. Close 

to the Landes Fault, these materials are also deformed by squeezed salt diapirs and pop-ups 

affecting the pre-Miocene deposits. These structures are the result of the contractional 

reactivation of Mesozoic faults and diapirs during the last stages of the Pyrenean formation. 

Salt structures show a first extensional growth stage during the Albian – Upper Cretaceous and 

a contractional reactivation during the Oligocene – early Miocene related to the Pyrenean 

orogeny. The squeezed diapirs deform the materials of the uppermost Cretaceous until the 

synorogenic deposits which are folded over these structures.  

 

On the other hand, the Landes High forms the footwall of the Landes Fault. This structural 

high is a plateu uplifted and eroded during the Lower Cretaceous, exhibiting a stretch of 60 km 

and located between the Parentis Basin and the Basque-Cantabrian Basin. The Landes High, 

barely deformed during the Bay of Biscay opening, is characterized by a thin post-rift 

Cretaceous succession that either unconformably overlies the Hercinian basement or some 

relicts of the lower part of the pre-rift Mesozoic succession (lowermost Jurassic and Triassic 

materials). 

 



O. FERRER 

107 
 

From the geometric relationships and thickness variations observed in the MARCONI-3 

profile, we can infer that the whole structure of the eastern Bay of Biscay is the result of a 

succession of two distinct stages of deformation: an extensional stage contemporary to the 

North-Atlantic Ocean and Bay of Biscay opening, and a younger compressional stage 

contemporary to the growth og the Pyrenean orogen. The first stage includes a syn-rift phase 

(Upper Jurassic – lower Albian) in which the Parentis Basin was developed from the slip of a 

north-dipping master fault located at the southern margin of the basin. The syn-rift episode was 

followed by a post-rift phase (upper Albian – Lower Cretaceous) in which some diapirs from 

Triassic evaporites developed associated to the master faults. Later, the compressional stage 

(top of Upper Cretaceous until middle Miocene) resulted in the foreland basin development, as 

can be seen in the southern part of the MARCONI-3 profile. Two deformational phases have 

been identified within this compressional stage. The first one started in the late Eocene and 

lasted in the basal Miocene, coinciding with the formation of a thrust-wedge involving the 

Paleozoic basement and the innermost parts of the foreland. Previous diapiric structures were 

squeezed simultaneously during this compressional phase. The second phase took place during 

the middle Miocene and was characterized by the growth reactivation of salt-cored anticlines 

and the formation of pop-ups near the Landes Fault as a consequence to the inversion of pre-

existing conjugated normal faults. 

 

This geodynamic evolution together with the structure of the area highlights again that the 

extensional structure resulting from the opening of the Bay of Biscay played an important role 

both in the location of the North-Pyrenean front and on the main features of the foreland 

contractional deformation. 

 

In the particular case of the MARCONI-3 transect, the lack of significant inversion structures 

in the Parentis Basin, despite it belongs to a severely thinned crustal area before the Alpine 

compression, denotes that the Mesozoic Landes High acted as an important buffer for 

northwards propagation of the Pyrenean contractional deformation. This deformational buffer, 

probably caused by the absence of middle crust (detachment level of many of the Pyrenean 

contractional structures) under the Parentis Basin, was active until the early Miocene and 

ceased during the later stages of the Pyrenean orogen formation, when some basement faults 

from the southern margin of the Parentis Basin were reactivated.    
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a Department de Geodinàmica i Geofı́sica, Facultat de Geologia, Universitat de Barcelona, C/Martı́ i Franquès s/n, 08028 Barcelona, Spain
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� Mesozoic extensional stage which includes a Late Jurassic (?)–Late Aptian syn-rift stage in which the
Parentis Basin formed; and an Albian–early Late Cretaceous post-rift stage in which diapirs of Triassic
evaporites grew close to this major fault.
� Compressive deformational stage coeval to the Pyrenean orogeny which led to (1) the development
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structure resulting from the opening of the Bay of Biscay played an important role both in the location of
the North-Pyrenean front and in the North-Pyrenean foreland contractional deformation features.
Specially, the lack of significant inversion structures in the Parentis Basin, despite that it belongs to
a severely thinned crustal area before the Alpine compression, denotes that the Mesozoic Landes High
acted as an important buffer for the propagation of the Pyrenean contractional deformation to the north.
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ona: Josep A. Muñoz, Eduard Roca, Beatriz Benjumea, Oriol Ferrer, Ylenia Almar, Ester Falgas; (iv) Institute of Marine
, David Casas, Ferrán Estrada, Marcelı́ Farran; (v) IEO: Juan Acosta, Pedro Herranz; (vi) IGME: Adolfo Maestro, Antonio

Rafael Bartolomé.
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Fig. 1. (A) Location map of the Pyre
This deformational buffer was active until Early Miocene and probably vanished afterwards during the
last stages of Pyrenean orogen development when some basement faults reactivated in the Parentis
Basin.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The Bay of Biscay is an E–W oriented subsidiary arm of the
Atlantic Ocean located between the Iberian Peninsula and the
western coast of France (Fig. 1). It belongs to a triangular shape
abyssal plain floored by transitional or oceanic crust (Gallastegui,
2000; Gallastegui et al., 2002; Sibuet et al., 2004a,b; Pedreira, 2004;
Ruiz, 2007) which is bounded by an extensional margin to the north
(Armorican Margin) and a collisional orogen to the south (Pyrenees).

The present-day configuration of the Bay of Biscay is strongly
controlled by the relative motion of the Iberian and Eurasian plates
which itself is governed by the opening history of the Atlantic
Ocean. This history began during the Late Permian–Triassic times
with the breakup of Pangea which led to the development of an N–S
trending rift along the future Atlantic Ocean, the rifting and
opening of the Tethys and also the formation of a ESE–WNW
trending rift that connected them along the future Iberia–Eurasia
boundary (Garcı́a-Mondejar, 1989; Ziegler, 1990). The ongoing
extension along the Atlantic rift resulted in the opening of an
oceanic realm which started first in its southern parts (Jurassic)
then in the central and northern ones (Late Jurassic–Cretaceous).
Late Jurassic–Late Aptian opening of the North and Central Atlantic
Ocean resulted in a transtensional reactivation of the Triassic ESE–
nees; (B) simplified structural map
WNW rift (Montadert et al., 1979; Vergés and Garcı́a-Senz, 2001)
and then, during the Early Albian–Santonian, the accretion of
oceanic crust in the Bay of Biscay (western part of this rift;
Williams, 1975; Le Pichon and Barbier, 1987; Thinon et al., 2002;
Sibuet et al., 2004a). This process led to the development of
a transtensional to extensional plate boundary along the previous
Pyrenean rift and as a result the individualization of the Iberian
Plate which rotated 35� counterclockwise with respect to Eurasia
(Srivastava et al., 1990; Olivet et al., 1984; Olivet, 1996).

From Late Santonian a faster opening of South Atlantic Ocean
produced the northward drift of Africa and as a consequence, the
end of the oceanic accretion in the Bay of Biscay and the conver-
gence and later collision between the recently individualized Iberia
and Eurasia plates (Rosenbaum et al., 2002; Sibuet et al., 2004b).
This drastic change in the relative motion of Iberia generated the
Pyrenean orogen from the inversion of the previous extensional
structures along the Iberia–Eurasia boundary (Boillot and Malod,
1988; Muñoz, 1992; Alvarez-Marrón et al., 1995; Bourrouilh et al.,
1995; Vergés et al., 2002). This orogen, running along the plate
boundary, developed until Middle Miocene when relative motion
between Iberia and Eurasia ceased or became imperceptible
(Srivastava et al., 1990; Roest and Srivastava, 1991; Rosenbaum
et al., 2002).
of the Pyrenees and adjoining areas (modified from Muñoz, 2002).
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To understand the fundamental processes that governed the
evolution of the Bay of Biscay in this kinematic setting as well as to
establish the lithosferic structural features of its eastern and
southern parts a deep seismic survey was carried out in September
2003 (Gallart et al., 2004). This survey, called MARCONI (North-
Iberian COntinental MARgin), included the acquisition of 11
multichannel deep seismic reflection profiles with a total length of
2000 km and recording signals from a network of 24 OBS/OBH
instruments and 36 land stations, all of them located in the south-
eastern part of the Bay of Biscay (Ruiz, 2007).

Among all these new seismic profiles our study focuses on the
MARCONI-3 deep seismic profile. This profile is located in the
eastern part of the Biscay Bay, where oceanic crust was not gen-
erated and therefore, in an area in which the north foreland of the
Pyrenees is formed by a thin continental crust affected by syn-rift
Late Jurassic–Late Aptian extensional structures. These extensional
structures, mainly E–W oriented extensional faults, are parallel to
the contractional structures developed in the adjoining Pyrenean
orogen which developed from the tectonic inversion of the E–W
trending Basque-Cantabrian Mesozoic Basin. Taking into account
that in the eastern Bay of Biscay the crust was thinner than in the
adjoining Basque-Cantabrian Basin (Pinet et al., 1987; Pedreira
et al., 2003; Garcı́a-Mondejar et al., 2004), this paper seeks to better
understand why the Pyrenees do not propagate northwards in this
area. For this purpose, the MARCONI-3 deep seismic profile has
been analyzed in order to (1) document the main structural
features of the upper crust in the eastern part of the Bay of Biscay;
and (2) discern the role played by the extensional structures
formed during the opening of the Bay of Biscay in the location and
evolution of the Pyrenean contractional structures.

2. Geological setting

The Bay of Biscay is a deep basin with a V shape opened west-
wards to the Atlantic Ocean (Fig. 1). It was formed between the Late
Barremian and Cenomanian times (Montadert et al., 1979; Barbier
et al., 1986; Garcı́a-Mondejar, 1996; Vergés and Garcı́a-Senz, 2001;
Sibuet et al., 2004a). The bathymetry and the geophysical studies
carried out in this basin show that it is made up of a western part
represented by a 4–5 km deep abyssal plain floored by a 13–16 km
thin crust of transitional or oceanic nature (Gallastegui, 2000;
Gallastegui et al., 2002; Sibuet et al., 2004a,b; Pedreira, 2004; Ruiz,
2007), and an eastern part integrated by a shallower platform
(1–2 km deep) developed over a 20–25 km thick continental crust
(Pinet et al., 1987; Ruiz, 2007). Both relatively deep parts are boun-
ded north-eastwards and southwards by two well-differentiated
continental margins. The north-east margin, the Armorican margin,
is a Mesozoic extensional passive margin with SW-directed listric
normal faults (Montadert et al., 1971; Derégnaucourt, 1981; Derég-
naucourt and Boillot,1982; Le Pichon and Barbier,1987; Thinon et al.,
2003). By contrast, the southern one (the North-Iberian margin) is
contractional and is part of the Pyrenean orogen that overthrusts the
transitional to oceanic crust of the Bay of Biscay abyssal plain (Sibuet
et al., 1971; Boillot, 1986; Alvarez-Marrón et al., 1996; Gallastegui,
2000; Gallastegui et al., 2002; Ayarza et al., 2004; Pedreira, 2004),
and eastwards the thinned continental crust of the Landes Plateau
and Parentis Basin (Cámara, 1997; Gómez et al., 2002).

The Pyrenees form a doubly vergent collisional mountain belt
with a thrust system that displays an asymmetric V-shaped upper
crustal wedge. They developed over the extensional boundary
developed between Iberia and Eurasia during the Late Barremian
and Cenomanian. Specifically, they formed along the axis of the
intra-continental thinned lithosphere developed in the eastern part
of the extensional boundary and, more to the west, over the passive
continental margin fringing to the south the Bay of Biscay oceanic
crust. As a result of this significant change in the pre-orogenic
lithospheric configuration the Pyrenees display different charac-
teristics along strike (Muñoz, 2002; Fig. 1). Between France and
Spain they are a continental collisional orogen with a complex
antiformal stack of upper crustal thrust sheets developed over
a limited subduction of the continental Iberian lithospheric mantle
and lower crust underneath the Eurasian plate (Muñoz, 1992). More
to the west, in the Cantabrian Pyrenees, they constitute a weakly
deformed upper crustal wedge of continental rocks bounded by
a very limited south-directed subduction of the Bay of Biscay
oceanic lithosphere (Pulgar et al., 1996; Fernández-Viejo et al.,
2000) and to the south by the north-directed continental
subduction of Iberia mainland.

Recording this structural change, in the Pyrenees s.s., the North-
Pyrenean front is made up of basement-involved north-directed
thrusts developed from the inversion of the Lower Cretaceous intra-
continental basins formed during the opening of the Bay of Biscay
(Muñoz, 1992; Gómez et al., 2002). By contrast, in the Cantabrian
Pyrenees the North-Pyrenean front belongs to an accretionary
prism, located in the front of present-day Cantabrian continental
slope, which deforms the sediments filling the Bay of Biscay oceanic
basin (Alvarez-Marrón et al., 1995, 1996; Ayarza et al., 2004).

2.1. The eastern Bay of Biscay

In this regional setting, the eastern part of the Bay of Biscay in-
cludes the North-Pyrenean front and the adjoining North-Pyrenean
foreland. Topographically, it belongs to a relative depth platform
flanked to the north by the Armorican shelf and to the south by the
narrow and shallower Basque shelf. Along the boundary between
the platform and both shelves two major E–W oriented Cap Ferret
and Cap Breton canyons are incised (Figs. 2 and 3).

MARCONI refraction and the ECORS Bay of Biscay deep reflection
seismic surveys denote that depth to the Moho decreases north-
wards from about 30–35 km in the Basque shelf to 20–22 km be-
neath the Cap Ferret canyon (Pinet et al., 1987; Ruiz, 2007). Crustal
thinning coincides with the location of the Mesozoic Parentis Basin,
northwards the Landes structural High (Figs. 2 and 3). In this basin,
the crust below the uppermost Cretaceous–Cenozoic sediments is
less than 15 km (Gallart et al., 2004), being 19 km in the ECORS Bay
of Biscay (Pinet et al., 1987).

The Parentis Basin, striking E–W, connects westwards with the
Bay of Biscay abyssal plain (Figs. 1 and 2). It is filled by a thick (near
10 km) sequence of syn-rift Jurassic–Lower Cretaceous carbonate to
terrigenous rocks that overlie a lowermost Jurassic to Upper Triassic
evaporites and Lower Triassic–Permian detrital rocks (Dardel and
Rosset, 1971; Montadert and Winnock, 1971; Mathieu, 1986;
Bourrouilh et al., 1995; Bois et al., 1997a,b). All this Mesozoic suc-
cession is affected by E-striking normal faults which compart-
mentalise the basin (Masse, 1997) and bound it both to the north
and to the south. It is also deformed by diapirs of Upper Triassic
evaporites that pierce both the basin fill (Curnelle and Marco, 1983;
Mathieu, 1986; Mediavilla, 1987) and the overlying Upper Creta-
ceous to Cenozoic synorogenic deposits (Curnelle and Marco, 1983;
Bois et al., 1997a,b; Masse, 1997).

The Landes High is located between the Parentis Basin and the
onshore Basque-Cantabrian Basin which developed southwards
and was inverted and incorporated into the Pyrenean orogen
(Sanchez, 1991). It belongs to a plateau uplifted and eroded with an
uppermost Cretaceous–Cenozoic thick sedimentary succession that
unconformably overlies the Hercynian basement or a thin and
partially eroded Triassic–Jurassic cover (Gariel et al., 1997). This
unconformity together with the presence of Albian coastal terrig-
enous fans of northern provenance along the north Biscay coast
(Robles et al., 1988) indicates that this area belongs to a plateau
uplifted and eroded during the Middle Cretaceous. However, the
absence of Middle Jurassic to Lower Cretaceous sedimentary record



Fig. 2. Simplified structural map of the Basque Pyrenees (modified from Gómez et al.,
2002) and Cenozoic subcrop map of the eastern part of the Bay of Biscay (partially
compiled from Mathieu, 1986; Bourrouilh et al., 1995). This map displays the distri-
bution of the main Jurassic–Lower Cretaceous basins and highs developed during the
opening of the Bay of Biscay. Thick black lines and framed letters show location of
MARCONI-3 seismic profile (A–A’) and the Pedreira (2004) cross-section across the
northern Basque Pyrenees (B–B’). NPFT¼North-Pyrenean Frontal Thrust.
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both in the Landes High and north Biscay coast prevents knowing if
such plateau uplift and erosion started before, during the syn-rift
event (Late Jurassic and Albian times).

Both Parentis Basin and Landes High are overlaid by a north-
wards-thinning thick wedge of Upper Cretaceous to Cenozoic
synorogenic deposits which are affected by the North-Pyrenean
frontal structures along the Basque shelf (Cámara, 1997; Gómez
et al., 2002). These structures consist of north-directed base-
ment-involved thrusts, cover thrust slices and recumbent folds
whose location and geometry are largely controlled by the in-
version of extensional Early Cretaceous faults bounding the
Basque-Cantabrian Basin to the north (Cuevas et al., 1999; Gómez
et al., 2002).

3. MARCONI-3 profile

The MARCONI-3 profile is about 122 km long and crosses the
eastern Bay of Biscay from south to north. Its southern edge is
located in the inner Basque shelf in front of the Matxitako Cape
(north of Bilbo), crosses the Cap Breton canyon and the Landes
Platform and continues northwards up to the axis of the Cap Ferret
Canyon (Fig. 2). Along its trace, the profile cuts perpendicular the
main structures recognized in the eastern part of the Bay of Biscay
except the northern part of the Parentis Basin and the Armorican
extensional margin. Therefore, it images adequately most of the
structure of the eastern Bay of Biscay and the main features of its
Alpine geodynamic evolution.
3.1. Seismic data acquisition and processing

The MARCONI-3 deep reflection seismic profile were part of the
MARCONI survey carried out in September 2003 aboard the Span-
ish R.V. Hespérides in the south-easternmost part of the Bay of
Biscay. In this seismic experiment, crustal reflectivity was
investigated from a set of 11 N–S and E–W seismic profiles totaling
more than 1800 km of multichannel reflection, and velocity–depth
distribution was recorded at wide angles with a network of 24 OBS/
OBH instruments and 36 land stations.

The multichannel seismic survey was acquired using
a 96-channel streamer with a 2.4-km long active section towed at
a nominal depth of 10 m. Hydrophone group interval was 25 m.
Data were recorded at a sampling rate of 4 ms in 18 s long records
in order to reach the deep structure. Seismic source was an air-gun
array towed at a nominal depth of 8 m and fired every 40 s. This
corresponds to a shot-to-shot distance within a range of 100–120 m
depending on the vessel speed. This relatively large shot rate was
chosen in order to acquire signals from deep levels. As a conse-
quence, spatial aliasing may distort signals in dipping reflections.

MARCONI-3 seismic data processing consisted of conventional
steps such as trace editing, deconvolution, filtering, time-variant
filtering, normal moveout (NMO) with stacking velocity, stacking
and migration and multiple removal process. The latter was focused
on reducing the spatial aliasing effects using F-X trace interpolation
to increase trace number for each CDP. Before applying NMO
correction with stacking velocity, CDP traces were NMO corrected
with an adequate velocity function to separate primary from
multiple reflections in the F-K domain. F-K filter helped in re-
moving multiple reflections energy before stacking.

3.2. Reflectivity patterns of MARCONI-3 seismic profile

The lateral and vertical variation of the reflection patterns
throughout the MARCONI-3 seismic profile allows identification of
three superposed reflectivity packages (Fig. 3).

The upper one extends beneath the sea floor with a thickness of
1.5–2 s TWT that decreases up to 0.2 s TWT in the central portion of
the profile (SP 750). It is highly reflective with closely spaced and
generally continuous reflectors which are parallel (Fig. 3) except
near the Cap Ferret and Cap Breton canyons where they are shorter
and showing frequent cross-cutting relationships. Within this
upper level, three bands constituted by reflectors of higher ampli-
tude outline along the profile being the two lower ones assembled
in a single thicker band southwards of SP 500 (Figs. 3 and 4).

In the upper Basque continental slope (SP 0–60) the upper re-
flective level does not appear clearly differentiated. There the reflec-
tivity is very poor and only some near horizontal reflectors at a depth of
2.5 s TWT can be traced southwards to the edge of the profile.

The intermediate reflectivity level appears north of Cap Breton
canyon just beneath the middle-lower band of high amplitude
reflectors described above (Fig. 3). This is also a reflective level but
with reflectors showing less amplitude, frequency and lateral
continuity. The thickness and reflective pattern of this intermediate
level are clearly different north and south of SP 450. Thus, south of
SP 450, it is thin (<0.3 s TWT), rather transparent and constituted
by a band of discontinuous and low amplitude reflectors. In con-
trast, north of SP 450, it is much thicker (>4 s TWT), and formed by
more continuous and high amplitude reflectors that, locally, appear
disrupted by minor transparent and chaotic seismic facies bodies
showing inverted-teardrop geometries. The reflectivity along this
northern sector decreases gradually in depth and/or vanishes
laterally beneath some segments (i.e., between SP 700 and 850).

Finally, the lower reflectivity level belongs to the acoustic base-
ment. It is integrated by a chaotic seismic facies which, south of SP
450, includes continuous reflectors that coincide with multiples



Fig. 3. MARCONI-3 deep seismic profile showing the main stratigraphic units characterized from reflectivity patterns (upper) and interpreted two-way travel time line-drawing of the MARCONI-3 deep seismic reflection profile showing
the main geological features of the upper crust in the easternmost part of the Bay of Biscay (lower). Moho and lower/upper crust boundaries are compiled from Muñoz (2002), Pedreira (2004), Ruiz (2007).
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Fig. 4. Stratigraphic units differentiated in the MARCONI-3 seismic profile with their
characterized reflectivity pattern.
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both of the sea floor and of the reflectors of the upper reflective
package. In this lower level, any reflectivity associated with the
Moho or lower reflective crust has been identified. The depth of the
Moho as well as the thickness of the lower crust has been traced on
the basis of the MARCONI refraction data (Ruiz, 2007) and
projection from the ECORS Bay of Biscay reflection profile (Pinet
et al., 1987; Pedreira, 2004).

The absence of wells along and near the MARCONI-3 profile, and
through the whole Landes Platform prevents a precise datation of
these three levels and the reflectors depicted in this profile. Nev-
ertheless, from the reflector correlation along conventional seismic
surveys intersecting the MARCONI-3 seismic profile, which have
been dated using time–depth curves recorded in the wells drilled
eastwards in the Parentis Basin, we can decipher that the (1) upper
reflective level belongs to the uppermost Cretaceous–Cenozoic
sediments; (2) intermediate less reflective level correlates with the
Jurassic and middle Upper Cretaceous basin fill of the Parentis
Basin; (3) acoustic basement (lower level) is made up of the Her-
cynian basement and probably also by Permian to Middle Triassic
rocks (Fig. 4). The age of the reflectors inside the three reflective
levels is rather uncertain in the intermediate reflective level
(Mesozoic) where reflectors are less continuous and disrupted
laterally chaotic seismic facies. Comparison between Parentis Basin
information (wells and profiles) and MARCONI-3 profile also allows
the correlation of the transparent to chaotic bodies included in the
intermediate level with diapirs formed by Upper Triassic
mudstones and evaporites.

3.3. Profile description

From the spatial distribution and thickness variation of the
reflective levels as well as from the reflectors geometry, two sectors
can be differentiated along the profile: the Basque slope–Landes
High sector and the western part of the Parentis Basin (Fig. 3).

3.3.1. Basque slope–Landes High (SP 0–450)
This sector is characterized by the presence of a thick uppermost

Cretaceous–Cenozoic succession unconformably overlying the
Hercynian basement or a thin older Mesozoic cover. It is deeply
incised by the Cap Breton submarine canyon (Fig. 3).

Some reflectors, mostly parallel to the overlying sediments, have
been recognized between the upper reflective level and the
acoustic basement north of Cap Breton canyon. They have been
attributed to the pre-uppermost Cretaceous Mesozoic cover. These
reflectors draw a gentle syncline cut by the overlying sediments
(uppermost Cretaceous) north of SP 420, dip southwards and are
truncated by horizons of the same uppermost Cretaceous unit
beneath the Cap Breton canyon (SP 190) (Fig. 5). The geometric
features of this last truncation point out the absence of pre-up-
permost Cretaceous Mesozoic cover southwards and therefore the
uppermost Cretaceous rests directly upon the Hercynian basement.

Over this Hercynian basement and the thin pre-uppermost
Cretaceous Mesozoic cover, the uppermost Cretaceous–Cenozoic
package depicts a wedge-shaped geometry thickening southwards.
It is made up of several sedimentary units bounded by un-
conformities as demonstrated by onlap surfaces that, locally,
truncate underlying reflectors (Figs. 3 and 5). North of Cap Breton
canyon, these units are integrated by continuous reflectors that dip
gently southwards. The dip of reflectors is fairly constant along each
unit but progressively increases downwards in the older units.
However, beneath the Cap Breton canyon and southwards up to SP
110, the unconformities bounding the middle and upper sedi-
mentary units (Eocene–Holocene) show a nested furrow geometry
(Fig. 5). The reflectors of the overlying units onlap over the walls of
these furrows whereas those of the underlying units are often
truncated in the same areas. Also, the reflectors show flat with
a raised side or with horseshoe structure morphologies.

From a structural point of view, the uppermost Cretaceous–
Cenozoic sedimentary wedge and the underlying rocks only appear
affected by some minor normal faults recognized north of SP 300
and by a major but localized thrust wedge with a backthrust in the
Basque slope (Figs. 3 and 5). This thrust wedge is located south of
the Cap Breton canyon between SP 50 and 100 (Figs. 3 and 5). It is
depicted by north-dipping reflectors on top of a north-verging
anticline developed on the hanging wall of a north-directed thrust.
The displacement of this thrust has been evaluated to be about
2 km according to the cut-offs of some distinctive reflectors (up-
permost Cretaceous–Paleocene). The existence of the upper south-
directed backthrust detached into the Paleocene level is inferred
from the lack of deformation northwards of SP 110 as well as the
ramp geometry observed beneath SP 50 and 65 (Fig. 5). This ramp
geometry implies the presence of a south-directed thrust with
a displacement greater than 1.5 km that connects with the ob-
served north-directed thrust at SP 110 (tip of the thrust wedge).

3.3.2. Parentis Basin (SP 450–1226)
Unlike the previous sector, north of SP 450, the MARCONI-3

profile depicts a thick Triassic to Upper Cretaceous basin (3–5 s
TWT thick) which corresponds to the westwards prolongation of
the Parentis Basin (Fig. 2). This basin is overlain by an uppermost



Fig. 5. Southernmost part of the unmigrated MARCONI-3 seismic profile with line-drawing interpretation illustrating the structure of the uppermost Cretaceous–Cenozoic sedi-
ments in the Basque shelf and Cap Breton canyon.
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Cretaceous–Cenozoic package with frequent thickness and bedding
dip variations.

The Mesozoic basin is imaged by a southern segment consti-
tuted by a 4 s TWT thick and southward-dipping reflective package
and a northern segment where the Jurassic–Upper Cretaceous is
thinner (2–2.5 s TWT) and near horizontal. The boundary between
these two segments coincides with a major structural high
(henceforward called Txipiroi High) that form the pre-uppermost
Cretaceous rocks at SP 750.

Along the southern south-dipping segment, the reflective
package of Jurassic to Upper Cretaceous deposits shows that the
basin fill is structured in two synclines separated, at the upper
part, by two anticlines cored by minor transparent and chaotic
bodies (Fig. 6). These bodies cut most of the folded Albian and
Lower Cretaceous reflectors but not the uppermost Albian and
Upper Cretaceous ones. Their shape is not well defined although
it seems that they show a broad inverted-teardrop geometry. In
relation to this internal segment structure most of the Jurassic to
Cretaceous basin fill shows a rather constant thickness and par-
allel reflectors without any signature of growth sequences. Only
the uppermost sequences of the basin fill (Albian–Late Creta-
ceous) show significant thickness variations and fan shape ge-
ometries. In these sequences, thickness is maximum at the
syncline hinges and decreases both towards the anticlines cored
by chaotic bodies and towards the Txipiroi High hinge (Fig. 6).
Changes of thickness take place along several unconformities
involving truncation of reflectors and onlap above in the uplifted
areas (Figs. 7 and 8).

Unlike the previous segment, in the northern segment the
Jurassic to Lower Cretaceous basin fill is seismically imaged poorly
(Fig. 3) and consequently the location of the bottom of the
intermediate level as well as the geometry in some profile portions
is not well defined. However, from the reflective segments and
crossings with the MARCONI-4 and 8 profiles it is possible to
recognize that the Jurassic–Albian successions are cut by both
north- and south-dipping extensional faults with major displace-
ments located in two faults that dip towards the south. In this
sense, the structure of the Jurassic–Albian package could be
envisaged as three major blocks tilted to the north that are bounded
by these south-dipping faults (Fig. 3). This extensional fault system



Fig. 6. Details of the unmigrated MARCONI-3 seismic profile in the segment comprised of SP 410 and 775. It shows the structure of the southern part of the Parentis Basin as well as
inferred diapir and fault geometries.
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does not affect the overlying Upper Albian–Upper Cretaceous suc-
cessions which unconformably overlie the Jurassic–Albian succes-
sions with an irregular and erosive unconformity (Fig. 3). Greater
erosions recorded by this unconformity are located in the crest of
the tilted extensional blocks where the unconformity surface
depicts a convex geometry and is onlapped by the Upper Albian–
Eocene sediments (Fig. 9).

As far as the uppermost Cretaceous–Cenozoic package is con-
cerned, it rests unconformable over the Parentis Basin fill with
a basal unconformity which is more noticeable on the top of the
extensional tilted blocks and above all, on the Txipiroi High, where
a significant amount of Mesozoic sediments have been truncated
and eroded below (Fig. 6 and 8). It should be noted that this basal
surface shows also a relatively higher position over the space
comprised between the two anticlines observed close to the
southern boundary of the Parentis Basin (Figs. 6 and 7).

Over this basal unconformity, the uppermost Cretaceous–Ce-
nozoic package depicts significant differences north and south of
the Txipiroi High, where the package is thinnest being only 0.2 s
TWT thick (Fig. 6). South of the Txipiroi High, it is formed by
a continuous set of reflectors forming a northwards-thinning
wedge together with the coeval reflectors present in the Landes
High. By contrast, north of the high it is thicker without any clear
wedge geometry and integrated by sub-horizontal, but less



Fig. 7. Geometry of the Cretaceous and Cenozoic sedimentary units in the two diapir-related anticlines observed in the southern part of the Parentis Basin. Reflector rotations as
well as thickness variations in their limbs allow deciphering that both diapirs grew actively during the Albian–Upper Cretaceous, were later squeezed during the Oligocene–Early
Miocene and were uplifted during the Middle Miocene by the contractional reactivation of the conjugate faults that controlled the Jurassic-Early Cretaceous reactive growth of the
diapirs. Note that rotation angles are not real, since the profile has not been depth converted.
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continuous, reflectors that are disrupted by numerous internal
unconformities (Fig. 9). Emphasizing this thickness, erosive irreg-
ular geometry of the sea floor in the Cap Ferret canyon area ac-
counts for a significant removal of the upper part of the Cenozoic
package (Fig. 3).

Beneath Cap Ferret canyon (SP 950–1200) the unit bounding
unconformities are more irregular and draw a general furrow ge-
ometry truncating the underlying reflectors. The truncation and
incision of these surfaces is minor in the units attributed to the
Upper Cretaceous but becomes major in the ones located at the
bottom of the Lower Eocene and younger units (Fig. 9).

Unlike the older rocks, the uppermost Cretaceous–Cenozoic is
only affected by few minor normal faults and locally by the small
wavelength anticlines which, cored by chaotic bodies, are present
at SP 500, 580 and 890 (Fig. 3). On top of these anticlines, as well as
on top of the Txipiroi High, the uppermost Cretaceous–Cenozoic
package thins. Regardless, it unconformably rests upon the trun-
cated anticlines (Figs. 6 and 7).

In relation to these local thickness variations, the upper-
most Cretaceous–Cenozoic package can be divided into (Figs. 7
and 8):

� an upper unit (upper Miocene–Holocene) of relatively constant
thickness, made up of flat and sub-horizontal reflectors. It
unconformably overlies the underlying successions on the
limbs of the anticlines and the southern limb of the Txipiroi
High.
� a middle unit (Middle Miocene) that is significantly thinner

between the two anticlines present, close to the southern
margin of the Parentis Basin and that is erosively truncated in
the southern limb of the Txipiroi High. This unit is slightly
tilted along this last limb and also on the margins of the area
comprised between these two anticlines. In these areas the
reflectors show a progressive decrease of their dip upwards
denoting a syn-sedimentary limb rotation.
� a lower package (uppermost Cretaceous–Lower Miocene)

integrated by several units bounded by onlap surfaces that
are: folded upon the anticlines; tilted over the Txipiroi High;
and affected by normal faults over the crest of the anticlines.
Tilting of the reflectors is constant up to uppermost Eocene
but decreases progressively upwards in the younger units.
The thickness of this lower package also decreases towards
the crest of anticlines and the Txipiroi High. Such thickness
variations are more noticeable at Txipiroi High and in the
lower units (latest Cretaceous–Paleocene age) that onlap and
overlap the irregular basal unconformity of the package
(Figs. 7 and 8).

4. Geological interpretation of the MARCONI-3 profile

4.1. Salt tectonics

According to their seismic signature and geometric features, the
small wavelength anticlines located at SP 500, 580 and 890 (Fig. 3),
have been interpreted as related to the rise of evaporite diapirs
(Fig. 6). The transparent and chaotic bodies coring the anticlines
show seismic facies as the diapirs observed eastwards in the
Parentis Basin (Gailhard et al., 1971; Curnelle and Marco, 1983;
Mathieu, 1986; Mediavilla, 1987; Bourrouilh et al., 1995; Biteau
et al., 2006) as well as southwards in the Pyrenees (Brinkmann
et al., 1967; Serrano and Martı́nez del Olmo, 1990). As them, the
MARCONI-3 interpreted diapirs would be formed by Upper Triassic
mudstones and evaporites.

The presence of these diapirs implies that, beneath the re-
flective Jurassic–Cretaceous package, the basin has to include an
autochthonous Upper Triassic evaporitic layer. Its geometry is



Fig. 8. Geometry of the Late Jurassic and Cenozoic sedimentary units in the southern limb of the Txipiroi High. As in the two diapir-related anticlines shown in Fig. 7, reflector
rotations as well as thickness variations in this limb denote that the Txipiroi High grew actively during the Albian–Upper Cretaceous and reactivated later by squeezing during the
Oligocene–Middle Miocene. Note that rotation angles are also not real, since the profile has not been depth converted.
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highly speculative and only seems constrained between the SP
630 and 700. Here, beneath the bottom of the reflective Jurassic
a non-reflective unit appears, bounded underneath by a trend of
less tilted reflectors which joints the bottom of the reflective Ju-
rassic just below the syncline hinge (Fig. 6). These lower and less
tilted reflectors could belong to the Lower–Middle Triassic rocks
that underlie the Upper Triassic evaporites and, consequently, the
non-reflective unit would represent the Upper Triassic evaporite
layer. The lack of this unit beneath the Jurassic syncline hinge
would indicate, in such a case, the presence of a primary salt weld
at this point. Outside of this ‘‘constrained’’ area the bottom of the
Upper Triassic has been drawn extending the top of the inferred
Lower–Middle Triassic reflectors with the same dip (Figs. 3 and
6).

The divergent patterns of the Albian–Upper Cretaceous
reflectors towards the hinges of the synclines fringing the diapir-
related anticlines as well as the fact that these reflectors are trun-
cated by the diapirs demonstrate that diapir emplacement took
place during the Albian–Late Cretaceous. Accordingly, the synclines
have been interpreted as rim synclines associated with the active
growth of these structures.

On the other hand, the inverted-teardrop bulb shape of the
diapirs above a secondary near-vertical weld denotes that these
diapirs were squeezed later on. The age of this squeezing is recor-
ded by the reflector geometry of the sediments affected by the
anticline developed upon the diapirs from the upward expelling of
the viscous material. This geometry (see Section 3.3.2) clearly
shows that the squeezing of the diapirs took place from Oligocene
to Early Miocene (diapirs located at SP 500 and 580) and during the
Eocene–Oligocene (diapir located at SP 890).

4.1.1. Structural origin of Txipiroi High
The high that appears between the SP 640 and 850 is one of the

most outstanding structural elements depicted by the MARCONI-3
profile as already discussed (Fig. 3). The seismic signature of the
MARCONI-3 profile, however, only allows observing the structure
(geometry) of this high in the uppermost Cretaceous–Cenozoic
package and beneath, in Jurassic–Upper Cretaceous successions
cropping out in its southern flank. Therefore, it does not show the
structural features at deeper levels and specifically the geometry of
the top of the basement beneath the high.

In the absence of other data the interpretation of the deep
structure of the Txipiroi High, in consequence, must be done
indirectly from the information provided by the MARCONI-3 profile
in its more superficial part (Figs. 3 and 8). This information
(reflectivity pattern and reflectors geometry) shows that

� the uppermost Cretaceous–Cenozoic sediments thin towards
the crest on both sides of the High with a horizontal arrange-
ment that indicates progressive rotation of both high flanks
during the deposition of the Oligocene–Lower Miocene
successions;
� on the southern flank of the High the south-dipping uppermost

Cretaceous and Paleocene reflectors lie unconformably over
a truncated Lower and Upper Cretaceous succession signifi-
cantly more tilted to the south;



Fig. 9. Seismic signature of the Cap Breton and Cap Ferret canyons along the MARCONI-3 profile. Comparison between the geometry of Cretaceous–Cenozoic reflectors beneath the
canyons allows recognizing that although it formed before (Upper Cretaceous), Cap Ferret canyon mainly developed from Late Eocene when Cap Breton canyon was also created.
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� the Albian and Upper Cretaceous, observed at the toe of its
southern flank, also thins towards the crest of the High with
reflectors showing a fan shape that again denotes rotation of
this flank during their sedimentation;
� finally, beneath all these successions the High is made up of the

Jurassic–Aptian basin fill of the Parentis Basin that draws an
antiform with a southern limb formed by horizons dipping to
the south and a northern limb cut by several north-dipping
normal faults.

This data denote that the High grew with progressive rotation of
its flanks during two well-differentiated episodes: an Albian–Late
Cretaceous episode and a younger one (Oligocene–Early Miocene in
age) during the foreland basin development (Fig. 8). These episodes
were coeval with the two stages of diapir activity deduced more to
the south in the profile (Fig. 7). Also, it indicates that it was a pos-
itive relief submitted to erosion during the Albian–Late Cretaceous;
a period in which the whole area of the Bay of Biscay was not
submitted to compression (Mathieu, 1986; Masse, 1997; Muñoz,
2002; Biteau et al., 2006). Finally, it reveals that the formation of
this Albian to Upper Cretaceous positive relief was accompanied by
the development of normal faults on its northern flank that cut the
Upper Cretaceous and not the overlying uppermost Cretaceous–
Cenozoic successions.

Taking into account all these considerations, we interpret that
the Txipiroi High corresponds to a saline dome of Upper Triassic
diapiric rocks which was formed during the Albian–Late Creta-
ceous. It was subsequently squeezed as the diapirs during the
Oligocene–Early Miocene, controlling the location of the foreland
fore-bulge. This saline dome would be developed in the crest of
the roll-over generated by the normal displacement of the Landes
Fault that bounds southwards the Parentis Basin, as it is attested
by the coincident position of the high with the passive axial
surface that presents this fault in its hanging wall (see cross-sec-
tion in Fig. 3).

In relation to this interpreted origin for the Txipiroi High, the
geometric features of major highs observed between SP 950 and
990 and between SP 1060 and 1100 (positive relieves formed with
progressive limb rotation during Albian–Upper Cretaceous and
submitted to erosion during the lattermost Cretaceous) also point
to they rose from the accumulation of Upper Triassic diapiric rocks
beneath the Jurassic-Lower Cretaceous overburden. Concretely,
fault geometry and distribution point to that these two highs grew
from the accumulation of these diapiric rocks under the cutoff of its
top in the footwall block of the main south-dipping extensional
faults (Fig. 3).

4.2. The extensional structure: geometry and evolution
of the Parentis Basin

In relation to the structure of the Parentis Basin, the description
and geometric analysis of the MARCONI-3 profile presented in the
previous section bring up to two structural questions which cannot
be directly solved from the observed reflectivity: the geometry of the
main fault bounding the Parentis Basin to the south as well as the
extensional fault system and the significance of the Txipiroi High
during the extensional event. Both items are discussed below, pro-
posing for each one a solution that tries to fit with the available data.

4.2.1. Geometry of the extensional fault system of the Parentis Basin
The sudden change between the thick (>5 s TWT) Jurassic to

Aptian fill of the Parentis Basin and the extremely thin (<0.3 s
TWT) time equivalent successions on the Landes High demon-
strates that the southern boundary of the Parentis Basin is a major
fault (Landes Fault; Fig. 6). However, the MARCONI-3 does not
depict any significant fault. The southernmost imaged Mesozoic
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reflectors of the Parentis Basin are affected by the diapir-related
anticlines. Taking into account that diapir development precise
changes in the overburden thickness but not erosive surfaces and
overburden thickness variations are observed in this profile seg-
ment, we interpret that these diapirs formed from extensional
faults. Location of these faults (not observed in the profile, although
they have been seen in the parallel V80 conventional seismic pro-
files) has been done considering that (1) the fault trace should not
cut the observed continuous reflectors; and (2) in a extensional
faulting setting diapirs rise in the areas where the overburden
thickness is minor (cutoff of the top of the evaporitic source layer in
the footwall block of the extensional faults). According to this
hypothesis, the location of southernmost diapir implies the pres-
ence of a deep Upper Triassic evaporite layer in the footwall of the
related extensional fault and, therefore, that the major bounding
fault of the Parentis Basin has to be located more to the south
(Fig. 6). The southernmost location of this fault is constrained by
the reflectors attributed to the Jurassic at the northern end of the
Landes High (Fig. 6). Considering the location of the reflectors
attributed to the bottom of Jurassic on both sides of the fault, the
dip of the fault is higher than 40� and the fault displacement
generates a fault dip separation of the base of the Jurassic along the
MARCONI-3 profile on the order of 15 km (Fig. 3).

There are not conclusive arguments with respect to the geom-
etry of the Landes Fault and its related extensional fault system. The
main thickness variations occur at expenses of the Upper Jurassic–
Albian successions. However, no fan attitude or growing geometry
has been observed. The thickness of Jurassic to Aptian successions
is rather constant (5 s TWT) south of the Txipiroi High. Northwards,
it continues to be constant but much thinner (3 s TWT).

The Txipiroi High crest also separates two panels in which the
Lower–Middle Triassic and the concordant top of the Hercynian
basement depict a distinct inclination (Fig. 3). South of the
Txipiroi High crest this is beneath the major syncline, they are
planar and inclined towards the south. By contrast, north of the
crest the roughly near horizontal arrangement of the top of the
Upper Cretaceous together with the lack of significant Creta-
ceous–Jurassic thickness variations indicates that they are near
horizontal.

These data denote that the fault bounding southwards the
Parentis Basin is not listric but composed of three planar segments
separated by flattening bends. The dip (a) of the lower segment
could be approximately evaluated from the fault displacement and
the thickness of the basin fill north of the Txipiroi High applying the
Pythagoras theorem: arcsin a¼ 5 km (basin thickness)/15 km
(displacement)¼ 20�. On the contrary, the dip of the upper seg-
ment is more uncertain: the location of the reflectors attributed to
the bottom of Jurassic on both sides of the fault only allow to
precise that it must higher than 40�.

Applying the Coulomb shear model developed by Xiao and
Suppe (1992), we can also infer that the (1) fault bend has to be
located southwards of the top of the basement cutoff in the hanging
wall, probably close the plane which defined by the antithetic fault;
and (2) Txipiroi High coincides with the position of the fold hinge
that marks the northern boundary of the hanging wall rocks
sheared along the fold bend and translated away from the bend by
slip on the lower fault segment (inactive axial surface). According to
the Xiao and Suppe (1992) model, this axial surface must dip
southwards along the pre-extensional rocks with an angle equal to
the Coulomb shear angle that have these rocks in extension and be
more vertical or even dip towards the opposite dip direction along
the syn-extensional rocks. However, the geometry of the reflectors
along the MARCONI-3 profile as well as the lateral extension of the
panels in which the thickness of Jurassic–Upper Cretaceous keeps
constant only allow to deduce that this axial surface is rather ver-
tical along these syn-extensional rocks. This steep dip indicates that
during fault activity deposition rates were high relative to the
subsidence rates generated by the fault slip (Xiao and Suppe, 1992;
Shaw et al., 1997).

The rest of the extensional faults are also planar, both non-
rotational and rotational as deduced from the geometry of the syn-
rift sequences and their relationships with the post-rift.

With the deduced geometry of the Parentis extensional fault
system a problem lies on the configuration of the basement rocks,
as they do not simply balance at both sides of the main bounding
fault. One possible solution would be to invoke a pure shear thin-
ning of the crustal rocks below the Parentis Basin as observed in the
ECORS Bay of Biscay profile (Pinet et al., 1987; Masse, 1997) or an
intracrustal shear zone detachment model (Lister and Davis, 1989).
A question also arises about the possible obliquity or strike slip
component of the main southern fault.

4.3. The uppermost Cretaceous–Cenozoic foreland basin
(the upper reflective level)

The eastern part of the Bay of Biscay shows the development of
the North-Pyrenean foreland basin since the later most Cretaceous,
which formed on a crust affected by a previous extensional thin-
ning. The present-day geometry of the foreland basin, as well as its
evolution, has been strongly influenced by the location of the
extensional basins, the subsequent evolution and the related
crustal structure at depth. As a result, the North-Pyrenean foreland
basin shows two different parts along the MARCONI-3 profile. In
the southern part, south of Txipiroi High, the uppermost Creta-
ceous–Cenozoic sediments constitute a southwards-thickening
wedge with a depocentre controlled by the location of the tip of the
Pyrenean frontal thrust wedge. Taking into account that sediment
transport direction was practically perpendicular to the profile
(Gaudin et al., 2003, 2006; Bourillet et al., 2006), this denotes that
the deposition of the uppermost Cretaceous–Cenozoic sediments
was synchronous with a progressive flexure of the crust towards
the south, coeval with basin inversion and northwards thrusting of
the Basque-Cantabrian Basin (Fig. 5 and 11). In the northern part,
north of Txipiroi High, uppermost Cretaceous–Cenozoic sediments
do not follow the pattern of a flexured basin. Subsidence is higher
than in the southern part and several depocentres are distributed
along the basin. They are controlled by the previous extensional
geometry and the erosional features related with the Cap Ferret
canyon evolution. This part of the basin developed on top of the
Parentis Basin, far away from the Pyrenean orogen and over a lith-
osphere significantly thinned a short time before (10 Ma) during
the Late Jurassic–Early Cretaceous (Sibuet et al., 2004b). In this
context the observed high subsidence could be related to the
thermal cooling of the recently thinned lithosphere, an in-
terpretation that fits with the subsidence and thermo-mechanical
analyses done in the eastern part of the Parentis Basin (Brunet,
1986, 1991; Desegaulx et al., 1991). These analyses show a signifi-
cant and asymptotic decay of the tectonic subsidence during the
lattermost Cretaceous–Cenozoic which, distorted by other pro-
cesses (Eocene compression, plate rigidity and/or thermal regime
variations), is related to the thermal re-equilibration of the litho-
sphere thinned during the Late Jurassic–Early Cretaceous rifting
(Brunet, 1991). Thus, a question arises if the northern part of the
uppermost Cretaceous–Cenozoic basin observed in the MARCONI-3
profile has to be considered a part of the foreland basin or not, as no
evidence of subsidence by thrust loading is recorded.

The boundary between these two distinct parts of the upper-
most Cretaceous–Cenozoic basin is surprisingly located in the
middle of the Parentis Basin, in the Txipiroi High. This High could be
considered as the fore-bulge of the North-Pyrenean foreland basin
and also the hinge line for the more subsiding northern part of the
basin. It represents the boundary between the southern part of the
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Parentis Basin which has been slightly deformed and tilted during
the Pyrenean convergence and its northern part which coevally
subsided from thermal re-equilibration of the lithosphere thinned
during Late Jurassic–Early Cretaceous rifting.

The presence of a widespread unconformity at the bottom of the
uppermost Cretaceous unit together with the limited thickness of
uppermost Cretaceous (Fig. 7) denotes that the southern parts of
the profile (Landes High and southern Parentis Basin) were uplifted
during the uppermost Cretaceous. However, main Pyrenean-
related contractional deformation along the profile is recorded by
the Eocene–Middle Miocene sediments. First contractional de-
formation is recorded in the North-Pyrenean frontal thrust wedge
located beneath the Basque slope where thickness and reflector dip
variations in the foreland syncline related to this wedge denote that
it developed between the Eocene and Early Miocene. More to
the north contractional deformation began at the Oligocene with
the squeezing of Txipiroi saline dome and the two diapirs located in
the southern boundary of the Parentis Basin. Anticline growing
related to this diapir and salt dome squeezing persisted up to the
Early Miocene. Subsequently, at middle to early Late Miocene times
the whole area between the two diapir-related anticlines was
uplifted because of the inversion of the two conjugate normal faults
that controlled initially the location of the diapirs. Deformation
ceased at Late Miocene times as revealed by the continuous
thickness of the upper Miocene–Holocene sediments and the
unconformity at their bottom (Figs. 7 and 9).

4.3.1. Age of Cap Breton and Cap Ferret canyons
Formation and evolution of the Cap Breton and Cap Ferret

canyons is rather well constrained by the seismic signature of the
MARCONI-3 profile (Fig. 9). Reflectors’ geometry denotes that Cap
Breton began to be formed during the middle part of the Eocene
when the older erosive scar observed beneath the present-day
location of the canyon developed. This erosive scar truncates the
Lower Eocene packages and is partially covered by onlapping Upper
Eocene reflectors. Before this scar development, there is no
evidence of the existence of a canyon in this area: the Upper
Cretaceous–lowermost Eocene successions do not show thickness
changes and the reflectors are continuous, parallel and with
a constant and gentle south-directed dip (Fig. 9).

Regarding the latter Cap Breton canyon evolution, the profile
shows that until the Middle Miocene the depositional processes in
the valley floor prevailed (sedimentation of overbank, levee and
mass flow deposits) leading to a progressive smoothening of the
channel incision. Later on, at an imprecise age, the canyon valley
became erosional until now. During this last period, predominance
of erosive processes on the canyon results in the lack of post-Lower
Miocene deposits in the valley floor and the development of mass-
gravity structures on their walls.

In relation to the Cap Ferret canyon, reflector geometry shows
that its development did not took place clearly until the formation
of a major scar during the Middle Eocene. This wide and incised
scar is totally onlaped by Upper Eocene reflectors and erodes par-
tially the uppermost Cretaceous and all Paleocene and Lower
Eocene packages between SP 980 and 1090 (Fig. 9). Beneath this
major scar some minor Late Cretaceous erosive scars also appear in
the most depressed parts of a major Jurassic–Albian half-graben
(Fig. 9) that are onlapped by Upper Cretaceous and truncate as
older than the Albian reflectors. However, these scars are smaller
and much less incised than the Middle Eocene and younger ones
suggesting that they probably are not related to the Cap Ferret
canyon development but to a transport network formed previously
during the thermal subsidence of the Parentis Basin.

From this Middle Eocene scar development, the MARCONI-3
profile shows that Cap Ferret canyon migrated northwards and
that, although new erosive scars formed, depositional processes
have prevailed in the valley floor leading to a progressive
smoothening of the channel incision.

As a conclusion, the MARCONI-3 profile denotes that both Cap
Breton and Cap Ferret canyons started to develop during the Middle
Eocene, although a precursor of the Cap Ferret canyon already
existed. These canyon ages are much older than that proposed pre-
viously by Dauvillier (1961) and are similar to those proposed by
other authors who indicate that the age for the Cap Breton canyon
can be Late Eocene (Cirac et al., 2001) or even older (Schoeffler,1965).

The fixed location of the Cap Breton canyon probably resulted
from the relatively fixed position of the frontal North-Pyrenean
thrust wedge tip, whereas the migration of the Cap Ferret results
from the non-localized thermal subsidence of the northern part of
the uppermost Cretaceous–Cenozoic basin.

5. Evolution of deformation along MARCONI-3 profile

The description and geometric analysis of the MARCONI-3
profile show that the present-day structure of the eastern part of
the Bay of Biscay results from the succession of two well-differ-
entiated deformational stages (Fig. 10): an initial one which was
extensional and a younger compressive one.

The first stage is coeval to the opening of the North Atlantic
Ocean and the Bay of Biscay. It includes a syn-rift stage in which the
Parentis Basin formed from the normal motion of a major north-
dipping fault located along its southern boundary and a post-rift
stage in which diapirs of Triassic evaporites grew close to this major
fault. These diapirs led to the development of rym-synclines at their
flanks and their development was accompanied by the formation of
a major saline dome over the crest of the roll-over generated by the
normal displacement of the Landes Fault.

The MARCONI-3 profile together with available well data dates
the post-rift stage as Late Albian–early Late Cretaceous and show
that the syn-rift stage ended during the Middle Albian and was
active, at least, since the Late Jurassic. The poor reflectivity shown
by the seismic profiles beneath the Jurassic and the scarcity of wells
cutting older Jurassic rocks prevents knowing if the syn-rift activity
took place also before, and therefore, dating the age in which this
activity started. However, data compiled in the other Pyrenean
Mesozoic basins (Organyà, Mauléon-Lacq and Basque-Cantabrian
basins) denote that rifting activity did not begin before the Late
Jurassic (Curnelle and Dubois, 1986; Berástegui et al., 1990;
Hernández et al., 1999; Vergés and Garcı́a-Senz, 2001; Garcı́a-Senz,
2002). Consequently we assume the same age for the beginning of
rifting activity in the Parentis Basin. Before this rifting stage related
to the opening of Bay of Biscay regional data and quantitative
subsidence analyses indicate that the Parentis Basin was affected by
two older rifting phases, namely during the Late Permian and
during the latest Triassic–Early Liassic (Desegaulx and Brunet,
1990; Ziegler, 1990; Brunet, 1997).

The second compressive deformational stage is coeval with the
building of the Pyrenean orogen which led to the development of
a foreland basin in the eastern Bay of Biscay at the southern portion
of the MARCONI-3 profile (Fig. 3). This foreland basin developed
from latest Cretaceous up to Middle Miocene as shown both by the
(a) southward thickening of the uppermost Cretaceous–Middle
Miocene successions; and (b) southwards dip of the same age
horizons which progressively increases in depth. Although foreland
basin development indicates that the building of the Pyrenean
orogen began southwards during the latest Cretaceous, significant
contractional deformation did not affect the area imaged by the
MARCONI-3 profile up to Late Eocene. Before, older uppermost
Cretaceous–Middle Eocene horizons only record a progressive
flexure of the lithosphere towards the south and the formation of
some minor reverse and normal faults in the outer foreland basin.
The Upper Eocene–Middle Miocene horizon geometry, by contrast,



Fig. 10. Timing and main features of the Alpine deformations occurred along the MARCONI-3 and adjacent areas (Pyrenees and Armorican Margin). Pyrenees and Armorican Margin
timing and main features of Alpine deformation are based on Garcı́a-Mondejar (1996), Muñoz (2002), Thinon et al. (2002).

O. Ferrer et al. / Marine and Petroleum Geology 25 (2008) 714–730 727
depicts the development of major contractional structures affecting
the foreland sediments and underlying rocks along the whole
profile. From the geometric relationships between reflectors and
these structures we can identify an evolutionary trend of the de-
formation in which two stages can be distinguished.

The first, Late Eocene–Early Miocene in age is characterized by
the formation of a basement-involved thrust wedge in the
innermost parts of the foreland basin and the squeezing of the
diapiric structures formed previously in the Parentis Basin (diapirs
and Txipiroi High saline dome). This squeezing generates the
reactivation of the Txipiroi High saline dome and the expulsion,
mainly upwards, of the viscous material intruded along the diapirs
stems. This resulted in the second episode of active growth of the
pre-existing diapirs with formation of secondary near-vertical
welds that isolate diapir bulbs from their source layer. The forma-
tion of broad dynamic bulges above the diapirs generated the
development of (1) narrow anticlines affecting the pre-Middle
Miocene sediments; (2) growth strata with high onlap angles in the
Upper Eocene–Lower Miocene deposits sedimented on its flanks;
and (3) crestal normal faults cutting the same horizons.

The second, Middle Miocene in age, records the final stages of
contractional deformation in the profile. It is a stage characterized
by: the continuation of the Txipiroi High saline dome growth and
the formation of a pop-up in the area comprised between the
southern diapirs. This pop-up developed when contractional
reactivation of these diapirs ceased (probably due to the closing of
the diapir stems) and resulted from the inversion of the conjugate
normal faults that generate these two diapirs.
6. Discussion: Role of extensional mesozoic structure in the
development of the Northern Deformational Front of the
Basque Pyrenees

The construction of an upper crustal transect joining the
MARCONI-3 profile with the cross-section made by Pedreira (2004)
immediately southwards (Fig. 11) confirms that the contractional
structure of the Basque Pyrenees is strongly controlled by the
previous Mesozoic extensional structure. The Basque Pyrenees
results from the inversion of the Mesozoic Basque-Cantabrian Basin
that led to north-directed thrusting of basement units and to the
formation of thrust slices or inverted folds in the cover along its
northern margin (Soler et al., 1981; Sanchez, 1991; Bois and Gariel,
1994; Cuevas et al., 1999). These structures resulted from the in-
version of the south-dipping normal faults and the squeezing of the
related salt diapirs which had also developed during the exten-
sional period (Mathieu, 1986; Garcı́a-Mondejar, 1987; Cuevas et al.,
1999; Gómez et al., 2002). North of the basement thrusts developed
close to these south-dipping normal faults in their footwall (base-
ment short-cuts), Pyrenean contractional deformation diminishes
drastically. It is only represented in the Landes High by some minor
reverse faults, probably reactivated older normal faults, and more
to the north in the Parentis Basin by gentle folds resulting, first from
the squeezing of older diapir stems and then from the limited
inversion of the normal faults bounding this basin to the south.

The lack of significant inversion structures in the Parentis Basin,
despite that it belongs to a severely thinned crustal area before the
Alpine compression, denotes that the Mesozoic Landes High acted



Fig. 11. Upper crustal transect through the eastern Bay of Biscay and adjoining northern part of the Basque Pyrenees based on MARCONI-3 profile interpretation and the cross-
section made by Pedreira (2004) immediately southwards. See locations in Fig. 2.
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as an important buffer for the propagation of the Pyrenean con-
tractional deformation to the north. This deformational buffer was
active from Late Cretaceous and especially during the period
comprised between the Eocene and Early Miocene. During this
time the role of the Landes High as a buffer is evidenced by the fact
that the basement-involving Pyrenean contractional deformation
was only present south of the Landes High and mainly concentrated
along the northern margin of the Basque-Cantabrian Basin. North
of this margin, in the Landes High and Parentis Basin, coeval con-
tractional deformation was clearly minor and apparently restricted
to the Mesozoic cover where the pre-existent diapirs were
squeezed. The similar crustal signature of Basque-Cantabrian and
Parentis Basins denotes that compressive stresses diminished
abruptly northwards of the southern boundary of the Landes High
which can be considered a buffer. From Early Miocene, during the
last stages of orogen development, it seems that the Landes High
leaved to act as a buffer since it was a build-up of intraplate com-
pressive stresses northwards that produced the reactivation of
some basement faults in the Parentis Basin.

The origin of the Landes High deformational buffer is probably
related to the different crustal signature that showed this domain in
relation to the adjoining Basque-Cantabrian and Parentis basins at
the beginning of the compression. Strongly affected by the Early
Cretaceous extension in the two basins the crust was thin, warm
and mainly integrated by Mesozoic sediments. By contrast in the
Landes High, where the Mesozoic extension was much lesser, the
crust was thicker, colder and mainly made up of basement rocks.
This resulted in a crust which was significantly stronger in the
Landes High, and consequently, a differentiated crust which would
be able to dissipate part of the compressive stresses generated
southwards along the Iberian-Eurasia collision boundary.

This major strength of the Landes High in respect to the areas
located immediately southwards (Basque-Cantabrian Basin) is
expected that would disappear progressively with the growth of
the Pyrenean orogen which would produce the thickening and
cooling of the crust in these last areas and therefore an increase of
their strength. This would explain why at the end of the Pyrenean
building (Middle Miocene) the Landes High leaved to act as a buffer
allowing the build-up of intraplate compressive stresses in the
Parentis Basin area.

7. Conclusions

The new MARCONI-3 deep seismic profile allows recognizing
the present upper crustal structure of the eastern part of the Bay of
Biscay and the main features of its Alpine geodynamic evolution.
Thus, geometry analysis of the seismic signature of the profile
combined with available oil-well and refraction data denotes that
the structure of the easternmost part of the Bay of Biscay consists of
two distinct parts: a major Mesozoic basin to the north, the Parentis
Basin, and a coeval structural high to the south, the Landes High.

The Parentis Basin, striking E–W, appears bounded southwards
by a major north-dipping planar fault with a normal displacement
of near 15 km. It is filled up by a thick (up to 10 km) sequence of
Jurassic–Upper Cretaceous carbonates affected by salt domes and
squeezed diapirs made up by Triassic evaporites and mudstones.
These salt tectonic structures also affect the overlying uppermost
Cretaceous–Lower Miocene synorogenic deposits which are folded
upon these structures. Close to the southern basin boundary the
profile also shows the development of a pop-up affecting the pre-
Upper Miocene deposits which resulted from the reactivation of the
major faults bounding the basin to the south.

The Landes High, located between the Parentis Basin and the
Basque-Cantabrian Basin, belongs to a plateau uplifted and eroded
during Early Cretaceous. It includes a thin pre-Upper Cretaceous
cover tilted to the south unconformably overlaid by a thick wedge
of uppermost Cretaceous to Cenozoic deposits filling the North-
Pyrenean foreland basin. North of the Basque-Cantabrian Basin, in
the Basque shelf, the Landes High and most of the overlying fore-
land basin fill are deformed by a thrust wedge developed during the
Late Eocene–Miocene. This wedge constitutes the North-Pyrenean
thrust front which developed along the northern margin of the
Early Cretaceous Basque-Cantabrian Basin.

From geometric relationships and thickness variations it has
been inferred that the overall structure of the eastern part of the
Bay of Biscay results from the succession of two well-differentiated
deformational stages: an initial one, coeval to the opening of the
North Atlantic Ocean and the Bay of Biscay, which was extensional;
and a younger compressive one, coeval by the building of the
Pyrenean orogen.

The first stage includes a Late Jurassic (?)–Early Albian syn-rift
stage in which the Parentis Basin formed from the normal motion
of a major north-dipping fault located along its southern boundary
and a Late Albian–early Late Cretaceous post-rift stage in which
diapirs of Triassic evaporites grew close to this major fault.

The second compressive deformational stage led to the de-
velopment of the latest Cretaceous up to Middle Miocene foreland
basin in the southern portion of the MARCONI-3 profile. Although
foreland basin development indicates that the building of the
Pyrenean orogen began southwards during the latest Cretaceous,
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significant contractional deformation did not affect the present-day
North-Pyrenean thrust front and the foreland until the Late Eocene.
From the geometric relationships between dated reflectors and the
contractional structures we can identify an evolutionary trend of
the deformation in which two phases can be distinguished.

� The first, Late Eocene–Early Miocene in age, coincides with
the formation of a basement-involving thrust wedge in the
innermost parts of the foreland basin and the squeezing of the
diapiric structures formed previously in the Parentis Basin.
� The second, Middle Miocene in age, is characterized by the

continuation of the SP 750 saline dome growth and the for-
mation of a pop-up close to the Landes Fault from the inversion
of older conjugate normal faults.

This geodynamic evolution together with the structure of the
area evidences that the extensional structure resulting from the
opening of the Bay of Biscay played an important role both in
the location of the North-Pyrenean front and in the features of the
Pyrenean contractional deformation that took place in the northern
foreland. Specially, the lack of significant inversion structures in the
Parentis Basin, despite that it belongs to a severely thinned crustal
area before the Alpine compression, denotes that the Mesozoic
Landes High acted as an important buffer for the propagation of the
Pyrenean contractional deformation to the north. This deformational
buffer was active up to Early Miocene and probably vanished after-
wards during the last stages of Pyrenean orogen development when
some basement faults reactivated in the Parentis Basin.
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Alvarez-Marrón, J., Pérez-Estaún, A., Dañobeitia, J.J., Pulgar, J.A., Martı́nez Catalán, J.
R., Marcos, A., Bastida, F., Ayarza Arribas, P., Aller, J., Gallart, A., Gonzalez-
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continentale. Bulletin du Comité de Recherche et de Production de la Société
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Berástegui, X., Garcı́a-Senz, J., Losantos, M., 1990. Structure and sedimentary
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CHAPTER 3: 

 

PARENTIS BASIN SALT TECTONICS  

 

 

This third chapter presents the scientific article Ferrer et al. (2012) included in a Special 

Volume of the Geological Society of London entitled Salt Tectonics, Sediments and 

Prospectivity. In this volume, the scientific article object of this third chapter will be referenced 

as: 

 

Ferrer, O., Jackson, M.P.A., Roca, E. and Rubinat, M. (2012) Evolution of salt structures 

during extension and inversion of the Offshore Parentis Basin (Eastern Bay of Biscay). 

In: Alsop, G.I.; Archer, S.G., Hartley, A.J., Grant, -.T. & Hodgkinson, R. (eds) Salt 

Tectonics, sediments and prospectivity. Geological Society of London Special Publications, 

363, 359-377.  

 

This article includes the main results obtained from the analysis and interpretation of 

subsurface data (seismic and wells) of the Parentis Basin which was provided by the Ente 

Vasco de la Energia (EVE-SESHA). Part of the interpretation was done during a scientific visit 

of 3 months at the Bureau of Economic Geology at Austin (Texas, USA) held in 2005 under 

the supervision of Prof. Martin H. Jackson. Besides the article mentioned above, the results of 

the interpretation of subsurface data has been presented at serveral international conferences 

including the contribution "Effects of the contractional Pyrenean deformation on the salt 

structures of the offshore Parentis Basin (Bay of Biscay)” presented at the “International 

Meeting of Young Researchers in Structural Geology and Tectonics” held in Oviedo (Spain) in 



CHAPTER 3: PARENTIS BASIN SALT TECTONICS 

 

132 

 

July 2008 or the poster entitled “Structure and Salt Tectonics in the Offshore Parentis Basin, 

Eastern Bay of Biscay” presented at the “AAPG 2009 Annual Convention and Exhibition” in 

Denver (Colorado, USA) in June 2009.  

 

The Ferrer et al. (2012) publication focuses on the salt related structures developed in the 

Parentis Basin, and illustrates the complex geological interplay between the internal crustal 

structure of the basin and salt tectonics. It constitutes the main body of the work done in this 

thesis and embraces large part of the obtained results.  

 

 As in previous chapters we have included an abridged abstract in Catalan and in English. 

 

 

3.1.- Resum del capitol  

 

El tercer capítol d’aquesta tesi està integrat per l’article Ferrer et al. (2012) (veure referència 

complerta a l’apartat anterior) que s’inclou en el llibre “Salt Tectonics, Sediments and 

Prospectivity” de les “Special Publications of the Geological Society of London”. Aquest 

article recull gran part dels resultats obtinguts a partir de l’anàlisi i interpretació de les dades de 

subsol (sísmica i sondeigs) disponibles per a la Conca de Parentis. La totalitat de les dades van 

ser cedides per l’Ente Vasco de la Energia (EVE-SESHA) per a la realització d’aquesta tesi en 

motiu del projecte MARCONI.  

 

L’article concretament defineix les característiques estructurals més importants de la Conca de 

Parentis al llarg de la seva història alpina, recalcant el paper destacat que hi va jugar la 

tectònica salina i la seva interrelació amb l’estructura cortical infrajacent. En aquest sentit 

l’article es centra principalment en l’estudi de les estructures salines de la Conca de Parentis 

posant especial interès en la seva evolució estructural i l’efecte que hi va tenir la compressió 

pirinenca.  

 

Així a partir de la interpretació de detall de les dades sísmiques petroleres, recentment 

reprocessades per EVE-SESHA, l’article posa de manifest que la Conca de Parentis correspon 

a un semi-graben limitat al sud per dues grans falles extensives de baix angle que es disposen 

en relleu. Aquestes falles delimiten dos dominis estructurals clarament diferenciats on els 
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nivells salins del Triàssic superior generen diferents estructures salines que afecten tant al 

rebliment syn-rift (Juràssic superior – Cretaci) com a part de la cobertora cenozoica 

suprajacent.  

  

Concretament, a la part limitada per la Falla d’Ibis (sector oriental de la Conca de Parentis) les 

estructures salines només es localitzen als marges de la conca i presenten característiques 

diferents depenent de la seva situació al nord o al sud de la falla principal. Així, al nord de la 

falla (bloc superior d’aquesta), les estructures salines només es troben a l’extrem nord del bloc 

basculat cap al sud i constitueixen un conjunt d’anticlinals salins laxes amb direccions ONO 

que deformen una seqüència mesozoica relativament potent. En canvi en el bloc inferior de la 

falla, ja en el marge sud de la conca, la deformació salina és molt més intensa i consisteix en 

anticlinals salins i parets salines E-O amb sotcks salins i diapirs aïllats en forma de gota 

invertida que arriben a presentar llengües salines al·lòctones associades. A diferència del 

marge Nord de la conca, aquestes estructures salines deformen una cobertora mesozoica més 

prima i van ser significativament actives durant la deposició dels materials cenozoics. 

Probablement durant aquest període, el gruix del nivell de sal autòctona s’havia aprimat 

considerablement permetent en alguns casos extrems (ex. sota el depocentre de la conca) el 

desenvolupament de soldadures primàries com a conseqüència del seu esgotament.  

 

Per contra, al sector de la Conca de Parentis limitat per la Falla de les Landes (sector occidental 

de la conca), les estructures salines són presents arreu del bloc superior de la falla i es 

corresponen majoritàriament a anticlinals amb nucli salí de direcció ENE que deformen la 

potent successió syn-rift que rebleix la conca, i en menor grau, la cobertora cenozoica 

suprajacent. En aquest sector, també s’hi localitzen alguns diapirs, menys desenvolupats que es 

troben associats principalment al marge sud de la conca, molt a prop de la falla mestra de les 

Landes. De la mateixa manera que la majoria dels diapirs observats a l’altre domini de la 

conca, tots ells mostren la forma de llàgrima invertida sobre una cicatriu salina secundària 

pràcticament vertical.  

 

Malgrat les diferencies estructurals lligades a la geometria de les falles que limiten la conca, 

s’ha reconegut que la història del desenvolupament de les estructures salines va ser similar als 

dos sectors de la conca. La major part dels anticlinals salins, parets salines i alguns dels diapirs 

van començar a desenvolupar-se durant la obertura del Golf de Biscaia (Juràssic superior) tant 
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degut al creixement de falles extensives que van produir la formació de diapirs reactius, com 

sobretot per la deposició de potents successions sedimentaries en el depocentre de la conca que 

van provocar marcades diferencies de càrrega sobre les sals triàsiques infrajacents. Aquest 

darrer procés va ser especialment significatiu durant el Barremià – Albià, quan va tenir lloc 

l’episodi subsident més important de la conca i en el que es va dipositar una potent successió 

sedimentaria. La càrrega litostàtica va expel·lir les evaporites del Keuper des del depocentre de 

la conca cap als seus marges on es van formar la major part del anticlinals amb nuclis salins 

que s’observen avui en dia. El creixement d’aquestes estructures salines va continuar al llarg de 

l’Albià i el Cretaci Superior, al temps que part dels diapirs i parets salines evolucionaren a 

etapes de creixement de tipus passiu.  

 

Un canvi radical en la tectònica salina de la Conca de Parentis es va produir degut a la 

convergència entre les plaques d’Iberia i Euràsia (a partir del Santonià mig) responsable del 

desenvolupament de l’orogen pirinenc. Tal i com s’ha vist al capítol anterior, la interpretació 

del perfil sísmic MARCONI-3 va posar de manifest que l’efecte de la compressió pirinenca a 

la Conca de Parentis va ser poc important comparat amb el que s’observa a la veïna Conca 

Basco-Cantàbrica, situada més al sud, que va ser totalment invertida i involucrada a l’edifici 

pirinenc. Tot i això, la compressió pirinenca a la Conca de Parentis va ser prou important com 

per deformar les estructures salines que van rejovenir-se contractivament tot continuant el seu 

creixement a partir de l’escanyament dels seus peus (anticlinals) o conductes alimentadors 

(tijes en els diapirs). Aquest rejoveniment, iniciat en el Cretaci Superior va ser especialment 

marcat a partir de l’Eocè quan es van escanyar la major part dels diapirs generats prèviament. 

L’escanyament va produir l’amplificació dels anticlinals amb nucli salí i en algunes parts de la 

conca, l’extrusió de la sal tot formant glaceres de sal. En els darrers estadis deformatius de la 

orogènia pirinenca (Miocè mig) s’observa que una vegada tancades totes les estructures 

salines, algunes cicatrius salines van reactivar-se com a falles inverses. La tectònica salina a la 

Conca de Parentis va finalitzar al mateix temps que la deformació contractiva pirinenca al 

Miocè superior.  
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3.2.- Abridged summary 

 

This chapter summarizes the main structural features of the Parentis Basin inherited from its 

alpine history emphasizing the role played by salt tectonics and their interaction with the 

overlain crustal structure. In this sense, the article is basically focused on the study of salt 

structures of the Parentis Basin pointing out the structural evolution and the effect that the 

alpine compression had on them. 

 

The detailed seismic interpretation of the oil industry seismic data, recently reprocessed by 

EVE-SESHA, shows that the Parentis Basin corresponds to a half-graben bounded to the south 

by two large low-angle extensional faults (Ibis and Landes Faults) that are connected by a relay 

zone. These faults delimit two distinct structural domains where Upper Triassic evaporites 

generate different structures that affect both the syn-rift infill (Upper Jurassic – Cretaceous) as 

part of the overlying Cenozoic overburden.   

 

In the domain limited by the Ibis Faults (eastern sector of the Parentis Basin), salt structures are 

located only at the edges of the basin, showing different geometries depending on their location 

to the north or the south of the fault. To the north of the fault (hangingwall), salt structures are 

developed only in the northern edge of the tilted hangingwall and constitute a set of gentle 

WNW-trending salt-cored anticlines that deform the relatively thick Mesozoic sequence. 

However, in the footwall of the fault (southern margin of the basin), the salt deformation is 

much more intense being characterized by EW-trending salt-cored anticlines and salt walls 

with isolated salt stocks with an inverted teardrop geometry. Some of these stocks may have 

associated allochthonous salt sheets. Unlike the northern margin of the basin, these salt 

structures deformed a thinner Mesozoic overburden and were significantly active during the 

deposition of Cenozoic materials. 

 

By contrast, in the sector of the basin limited by the Landes Fault (western sector), salt 

structures are present throughout the hangingwall and correspond mainly to ENE-trending salt-

cored anticlines. These structures deform the thick syn-rift succession that fills the basin, and 

to a lesser degree the overlying Cenozoic overburden. In this sector, diapirs are less developed 

and are mainly located in the southern margin of the basin, near the major Landes Fault.  In a 

similar way as the diapirs of the eastern domain, diapir stems of these structures were 
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completely squeezed isolating an allochthonous salt stock. These stocks have inverted-teardrop 

bulb geometries, and are isolated from the autochthonous salt level by a nearly vertical 

secondary weld. 

 

Despite the structural differences between the eastern and the western domains related to the 

geometry of the master faults that bounded the basin, we have determined that the evolution of 

salt structures was broadly similar in both domains. Most of the salt-cored anticlines, salt walls 

and some diapirs began to growth during the Bay of Biscay opening (Upper Jurassic). The 

development of these salt structures was related both to the slip of extensional master faults 

(that triggered the growth of reactive diapirs) and, especially to the deposition of a thick 

sedimentary package in the depocenter of the basin. This package led to significant lithostatic 

load differences on the underlain Triassic salt. This process was particularly significant during 

the Barremian – Albian when the most important subsiding episode took place and a thick 

sedimentary succession was deposited. Lithostatic load expelled Keuper evaporites out of the 

depocenter towards the edges of the basin were they formed the bulk of the salt-cored 

anticlines. The growth of these salt structures continued through the Albian and the Upper 

Cretaceous at the same time that part of the salt diapirs and walls evolved to passive growth 

stages. Probably during this period, the thickness of the autochthonous salt level considerably 

thinned, allowing in some extreme cases (e.g. under the basin depocenter) the development of 

primary welds as a result of their total depletion.  

 

With the onset of the Pyrenean orogeny related to the convergence between Iberian and 

European plates, salt tectonics changed dramatically. As it has been remarked in the previous 

chapter, the interpretation of the MARCONI-3 seismic profile denotes that the effect of the 

Pyrenean compression in the Parentis Basin was relatively unimportant compared to that 

observed further south in the neighboring Basque-Cantabrian Basin which was fully inverted 

and incorporated in the Pyrenean chain. However, Pyrenean compression was enough to 

squeeze the relatively weak dormant salt structures. Shortening produced the salt structures 

rejuvenation from the amplification of salt-cored anticlines and the squeezing of diapir stems. 

This rejuvenation began in the Late Cretaceous and was especially important during Eocene 

times when most of the diapirs were squeezed. In some places, salt began to extrude glacially 

during the lattermost Cretaceous, accelerating during Eocene-early Miocene times. During the 

later stages of Pyrenean compression (middle Miocene), some welds formed from the wall 
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stems pinch off were reactivated as a reverse faults. Finally, salt tectonics ended at the same 

time that the contractional Pyrenean deformation in late Miocene times.     
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Abstract: The Late Jurassic–Cretaceous Parentis Basin (Eastern Bay of Biscay) illustrates a
complex geological interplay between crustal tectonics and salt tectonics. Salt structures are
mainly near the edges of the basin, where Jurassic–Lower Cretaceous overburden is thinner
than in the basin centre and allowed salt anticlines and diapirs to form. Salt diapirs and walls
began to rise reactively during the Late Jurassic as the North Atlantic Ocean and the Bay of
Biscay opened. Some salt-cored drape folds formed above basement faults from the Upper Jurassic
to Albian. During Albian–Late Cretaceous times, passive salt diapirs rose in chains of massive salt
walls. Many salt diapirs stopped growing in the Mid-Cretaceous when their source layer depleted.
During the Pyrenean orogeny (Late Cretaceous–Cenozoic), the basin was mildly shortened. Salt
structures absorbed almost all the shortening and were rejuvenated to form squeezed diapirs,
salt glaciers and probably subvertical welds, some of which were later reactivated as reverse
faults. No new diapirs formed during the Pyrenean compression, and salt tectonics ended with
the close of the Pyrenean orogeny in the Middle Miocene. Using reprocessed industrial seismic
surveys, we document how salt tectonics affected the structural evolution of this offshore basin
largely unknown to the international audience.

During the last decade or two, the important role of
salt in facilitating shortening in sedimentary basins
has been highlighted with examples around the
world (see reviews by Jackson 1995; Letouzey
et al. 1995; Rowan et al. 2004; Hudec & Jackson
2007).Many studies have focused on the salt-related
effects of strong shortening, but much less attention
has been devoted to the subtler effects of mild short-
ening of salt structures. A subset of studies has
focused on three types of salt tectonics: inversion
controlled by basement faults (e.g. Stefanescu
et al. 2000; Stewart 2007); thin-skinned salt struc-
tures over a detachment (e.g. Brun & Fort 2004;
Rowan et al. 2004; Sherkati et al. 2006); and salt-
cored drape folds associated with extensional base-
ment faults (e.g. Withjack & Callaway 2000). The
Parentis Basin has all three types of salt tectonics
and is an excellent example of salt structures
mildly affected by regional compression.

The Parentis Basin is in the northern foreland of
the Pyrenean chain. Salt structures grew in this basin
during Jurassic–Cretaceous rifting as the Bay of
Biscay and the North Atlantic Ocean began to
open, and were subsequently inverted when the
Iberian and Eurasian plates collided and Pyrenean
shortening propagated northwards into the Parentis
Basin in the Late Cretaceous and Palaeogene.

This basin is a western continuation of the
onshore Aquitaine region (southwestern France)
and widens westwards into the Bay of Biscay
(Fig. 1a, b). The eastern Bay of Biscay has two
bathymetric domains separated by a bathymetric
step (e.g. Sibuet et al. 2004a): a shallow part rep-
resented by the Landes shelf with a maximum
depth of 200 m and the Landes Plateau of depth
200–1500 m (Fig. 2).

The Parentis Basin has been explored for pet-
roleum for more than 50 years. Onshore exploration
started in 1953 and the Parentis field (2.1 × 108

BBL of oil) was discovered in 1954 (Biteau et al.
2006). Offshore exploration drilling started in
1966 (Bourrouilh et al. 1995; Le Vot et al. 1996).
The Parentis Basin has become a major oil-
producing province in France with accumulations
in carbonate reservoirs of Upper Jurassic–Lower
Cretaceous sandstones. Most oil fields discovered
are onshore (Parentis, Cazaux, Les Arbousiers, Les
Pins, Lugos, Mothes, Lucats, Courbey, Tamaris
and Les Mimosas), and no significant oil or gas
has been reported offshore (Mascle et al. 1994;
Biteau et al. 2006). After lack of success, offshore
exploration decreased and some 3D-seismic
surveys have been released since the 1990s in the
shallow offshore. In contrast to the onshore and in

From: Alsop, G. I., Archer, S. G., Hartley, A. J., Grant, N. T.&Hodgkinson, R. (eds) 2012. Salt Tectonics, Sediments
andProspectivity. Geological Society, London, Special Publications,363, 361–379. http://dx.doi.org/10.1144/SP363.16
# The Geological Society of London 2012. Publishing disclaimer: www.geolsoc.org.uk/pub_ethics



the shallow offshore, the deep offshore (.200 m
depth) has been little explored. Two-dimensional
seismic surveys have been carried out, but no
exploration wells have been drilled in the deep off-
shore (Fig. 2).

Although salt tectonics was important in the
evolution of the basin, no publications have
addressed this role in the entire offshore Parentis
Basin. Several studies have covered the structural
evolution of the basin (Mathieu 1986; Mascle et al.
1994; Biteau et al. 2006); others have focused only
on some salt structures in the eastern part of the
basin (Curnelle&Marco 1983;Mariaud 1987;Med-
iavilla 1987). In addition, these studies concentrated

in the French part of the basin, neglecting the
Spanish part against the North Iberian margin.

Using conventional recently reprocessed 2D
seismic surveys and well data from the Parentis
Basin, we present new interpretations of the
timing of the main tectonic domains and the style
and evolution of salt structures, focusing on exten-
sion of the continental margins and the subsequent
Pyrenean inversion.

Geological and structural setting

The Bay of Biscay is an east–west oriented embay-
ment of the Atlantic Ocean between the Iberian

Fig. 1. (a) Location map of the Pyrenees and the Bay of Biscay (modified from Muñoz 2002). (b) Simplified tectonic
map of the Pyrenees and adjoining basins (modified from Ferrer et al. 2008a). Location of Figure 3 is shown by
the dashed rectangle. (c) Upper-crustal transect through the eastern Bay of Biscay and adjoining northern part of the
Basque Pyrenees (modified from Ferrer et al. 2008a). Location is shown in (b).
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Peninsula and the western coast of France (Fig. 1a,
b). The bay opened between Late Barremian and
Santonian times (e.g. Montadert et al. 1979; Le
Pichon & Barbier 1987; Garcı́a-Mondejar 1996;
Vergés & Garcı́a-Senz 2001; Sibuet et al. 2004b).
The Bay of Biscay has two distinct domains. The
western domain is an abyssal plain 4–5 km deep
underlain by transitional to oceanic crust (Gallastegui
et al. 2002; Thinon et al. 2003; Sibuet et al. 2004a,
b; Pedreira 2004; Ruiz 2007). The eastern domain
is a shallow shelf and an intermediate plateau
overlying continental crust 15–25 km thick (Pinet
et al. 1987; Ruiz 2007). Both domains are
bounded to the NE by the Armorican Margin

(Figs 1b & 3), which is a Mesozoic passive
margin having SW-verging normal listric faults
(Montadert et al. 1979; Deregnaucourt & Boillot
1982; Le Pichon & Barbier 1987; Thinon et al.

2003). The southern boundary of the Bay of
Biscay is the North Iberian Margin (Figs 1b & 3),
a north-verging basement-involved thrust system
of Late Cretaceous–Cenozoic age that overthrust
Palaeozoic–Cenozoic sediments of the Bay of
Biscay abyssal plain (e.g. Sibuet et al. 1971;
Boillot 1986; Álvarez-Marrón et al. 1996; Gallaste-
gui et al. 2002; Ayarza et al. 2004, Pedreira 2004)
(Fig. 1c). This thrust system is the northern front
of the Pyrenean orogen, which separates the

Fig 2. Bathymetric map of the eastern Bay of Biscay (modified from Sibuet et al. 2004a) showing the seismic and
well data used in this work. For clarity, only the names of the wells referenced in the manuscript are included:
(1) Aldebaran, (2) Eridan, (3) Pingouin, (4) Ibis-2b and (5) Pelican.
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Iberian and the Eurasian plates (Fig. 1b, c). Adjoin-
ing this front is the North Pyrenean foreland basin
which preserves the Mesozoic Parentis Basin in
the eastern Bay of Biscay (Fig. 1c).

The Parentis Basin includes four bathymetric
domains: the Landes shelf, the Armorican shelf, the
Basque shelf and the deeper Landes Plateau enclosed
by them (Fig. 2). The southern Parentis Basin is
bounded by the major north-dipping Ibis and
Landes faults, visible in the ECORS-Bay of Biscay
and MARCONI-3 profiles (Figs 3 & 4a, b). The
basin is only 40 km wide in the Ibis area (Fig. 4a),
but the extensional faults have up to 2 s two-way
time (about 3400 m) throw (Bois et al. 1997).
However, further west (Fig. 4b), the basin widens
to 70 km and the extensional faults have less throw.

To the south of the main faults, the Landes High
(Fig. 1b) is part of a plateau uplifted and eroded with
an uppermost Cretaceous–Cenozoic thick sedi-
mentary succession that unconformably overlies
Hercynian basement or a thin and partially eroded
Triassic–Jurassic cover (Gariel et al. 1997)
(Fig. 1c). To the north, the basin is limited by the
Celt-Aquitaine Flexure, a hinge line (Fig. 3). South
of this hinge the pre-Triassic basement is deepest
and the Mesozoic and Cenozoic fill is thickest.

The Parentis Basin contains Mesozoic and
Cenozoic strata nearly 15 km thick (Dardel &

Rosset 1971; Mathieu 1986; Bois & Gariel 1994;
Bourrouilh et al. 1995; Bois et al. 1997) (Fig. 5).
East-striking normal faults offset the Mesozoic suc-
cession (Masse 1997) and diapirs of upper Triassic
evaporites pierce the basin fill (Curnelle & Marco
1983; Mathieu 1986; Mediavilla 1987; Ferrer
et al. 2008a), including the Upper Cretaceous–
Cenozoic synorogenic deposits (Curnelle & Marco
1983; Bois et al. 1997; Masse 1997; Ferrer et al.
2008a) (Fig. 4a).

The Moho shallows northwards from c. 30–
35 km beneath the Basque shelf to 18–22 km
below the Cap Ferret Canyon along the east–west
boundary between the Landes Plateau and the
Armorican shelf (Fig. 1c). North of this boundary,
the Moho abruptly deepens to 30–36 km beneath
the Armorican shelf (Roberts & Montadert 1980;
Tomassino & Marillier 1997; Thinon et al. 2003).
The crustal thickness decreases westwards from
7 km in the ECORS Bay of Biscay (Pinet et al.
1987; Tomassino & Marillier 1997) (Fig. 4a) to
6–5 km in the MARCONI-3 profile (Gallart et al.
2004; Ruiz 2007) (Figs 1c & 4b).

The formation and evolution of the Parentis
Basin was controlled by the relative motion of the
Iberian and Eurasian plates as the North Atlantic
Ocean opened. Two rifting episodes (Permian–
Triassic and latest Jurassic–Lower Cretaceous)

Fig. 3. Simplified Cenozoic subcrop map of the offshore Parentis Basin showing the main salt structures and faults.
Thick black lines and numbers show location of seismic profiles and line drawings in Figures 4a, b and 6–10.
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related to the break-up of Pangea formed a transten-
sional to extensional plate boundary between Iberia
and Eurasia (Srivastava et al. 1990). The main
Mesozoic sub-basins north of the Pyrenees
formed, among them the Parentis Basin (Curnelle
et al. 1982; Bourrouilh et al. 1995; Biteau et al.

2006). The main depocentre of the Parentis Basin
formed from the Barremian to Middle Albian
(Fig. 4a). From Late Santonian, faster opening of
the South Atlantic Ocean and increased northwards
translation of the African plate caused the Iberian
and Eurasian plates to converge then collide
(Ziegler 1988; Rosenbaum et al. 2002), and partially
closed the Bay of Biscay. Although Pyrenean
collision inverted the most important Mesozoic
Pyrenean extensional basins along the Iberian–
European plates boundary (e.g. Basque-Cantabrian,
Lacq-Mauleon or Organyà basins) (Choukroune &
ECORS Team 1989; Roure et al. 1989; Muñoz
1992; Bourrouilh et al. 1995; Álvarez-Marrón
et al. 1996), the Parentis Basin was only slightly
inverted (Mathieu 1986; Pinet et al. 1987; Bois &
ECORS Scientific Party 1990; Verges & Garcı́a-
Senz 2001), probably because the Landes High
blocked northwards propagation of Pyrenean short-
ening (Fig. 1c) (Ferrer et al. 2008a). This buttressing
may have been induced by stronger or thicker crust
below the Landes High.

Dataset and methodology

The seismic dataset comprised 12 reprocessed 2D
conventional seismic lines shot between 1974 and
1990 and two reprocessed deep seismic surveys
(ECORS and MARCONI), covering almost all the
Eastern Bay of Biscay (except part of the northern
Parentis Basin), the Armorican extensional margin
and the deep offshore (Fig. 2). Recent reprocessing
of conventional seismic data has significantly
improved imaging, especially of allochthonous
salt. However, the top and the base of the autochtho-
nous salt are still poorly imaged in many seismic
profiles and interpretation is merely speculative
in places.

Twenty-three wells constrain seismic interpret-
ation in the eastern Parentis Basin (Fig. 2). Because
of water depths of .1000 m, no wells have been
drilled in the western part of the basin so surveys
there have been correlated from wells in the east.

Salt-related structures

The offshore Parentis Basin exhibits a wide array of
salt-related structures. Triassic Keuper salt or its
welded equivalent underlies the entire Parentis
Basin within the study area. The ECORS-Bay of
Biscay profile illustrates the structural style of the

Fig. 4. Line drawings of interpreted deep seismic lines through the Parentis Basin. (a) ECORS-Bay of Biscay
seismic profile (modified from Pinet et al. 1987) and (b) MARCONI-3 seismic profile (modified from Ferrer et al.
2008a). Deep crustal structure is not to scale. See Figure 2 for location.
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eastern Parentis Basin domain (Fig. 4a). Here the
basin is asymmetrical and its deepest part overlies
the thinnest crust. This thinning was controlled by
the Ibis Fault whose slip tilted the hanging wall to
the south. Salt walls or salt anticlines cluster along
the edges of the Parentis Basin (Fig. 3), where the
overburden is thinnest. The viscous salt layer
accommodated an extensional drape (forced) fold
above the Ibis Fault.

Conversely, the basin geometry is different in
the west as shown by the MARCONI-3 seismic

profile (Fig. 4b) 52 km further west. Instead of
merely pinching out, the basin ends abruptly with
a half-graben controlled by a major north-dipping
fault (Landes Fault). The half-graben is filled
by thick Jurassic–Upper Cretaceous carbonates
deformed by ENE-trending salt-cored anticlines
and squeezed salt walls near the master fault
(Ferrer et al. 2008a). In contrast to those further
east, salt-cored anticlines have a longer wavelength
(up to 10 km), amplitude and lateral continuity
(between 15 and 20 km).

Fig. 5. Tectonostratigraphic chart of the Parentis Basin showing ages, lithologies, tectonic events and horizons
interpreted in seismic lines (partially compiled from Mathieu 1986; Mediavilla 1987; Bourrouilh et al. 1995; Le Vot
et al. 1996; Biteau et al. 2006).
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Eastern domain

In the eastern domain the deepest part of the basin is
the Parentis Trough (nearly 12 km deep; dashed
blue line in Fig. 3), a syncline trending east for
more than 30 km. The trough results from extension
on the Ibis Fault between the Neocomian and the
Early Albian and from deformation of the Keuper
evaporites and its overburden. This trough continues
eastwards in the onshore Parentis Basin (Fig. 3). The
thickness of Lower Cretaceous sediments reaches
more than 3400 m in the hanging wall of the Ibis
Fault, where the fault has a throw of c. 2500 m.

Salt structures of contrasting geometry formed
near the northern and southern basin margins. In
the north, gentle salt-cored anticlines trending
WNW deform all the Mesozoic sequences, which
were mildly flexed across the northern basin-
margin hinge (Céphée–Aldeberan Ridge) (Figs
3& 6). Conversely in the southernmargin, salt struc-
tures are more complex and include ENE-trending
salt anticlines (Eridan–Antares Ridge), diapiric

salt walls, isolated teardrop diapirs, stocks and
allochthonous salt sheets (Figs 3 & 6–8). These
salt structures affect Mesozoic and Cenozoic strata.

Along the southern margin of the Parentis
Trough, the Ibis/Eridan–Antares ridges comprise
salt-cored anticlines along the Ibis Fault and
deform only Mesozoic strata. These ridges stretch
55 km and trend WNW near the French coast to
ENE further west (Fig. 3). Folded strata include a
thick Jurassic unit, a Lower Cretaceous unit that
thickens in the Parentis Trough and an Albian–
Upper Cretaceous unit that thickens markedly
north of the anticline (Fig. 6). These last synfolding
deposits are cut by north-verging break thrusts in the
northern limbs of the salt-cored anticlines. The
structural complexity of the Eridan-Antarés anti-
cline increases towards the east, where its north
flank is highly faulted. In the southern limb of the
anticline, the Jurassic–Cretaceous transition is
marked by southwards thinning and the onlapping
of Lower Cretaceous strata. Further south, a strongly
erosive regional unconformity marks this transition.

Fig. 7. (a) Seismic section and (b) and interpreted line drawing of a 2D seismic profile of the eastern Parentis Basin
showing the Pelican Salt Sheet. Welded feeders are conjectural. See Figure 3 for location.
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South of the Ibis/Eridan–Antares ridges, the
apparent narrowness and inverted teardrop shape
of ENE-trending salt ridges, such as Alcyon and
Puffin, suggest that the diapirs were squeezed or
even welded (Fig. 6). The bulbs overlie what we
interpret as subvertical secondary salt welds,
formed by pinching off of the diapir stems during
lateral compression.

Lateral cutoffs of adjoining strata suggest that
these salt walls grew as passive diapirs from
Jurassic to Early Miocene times. These diapirs are
associated with minor north-dipping normal faults
displacing the Jurassic and Lower Cretaceous
series, and apparently detached in theUpper Triassic
evaporites. No diapirs reach the present seafloor.

One of these salt walls extruded to form the large
Pelican Salt Sheet (Figs 3 & 7) in the central part of

the basin. Stratal cut-offs against the base of the
sheet suggest c. 20 km of advance of salt, probably
by extruding as a glacier over the seafloor (Fletcher
et al. 1995; Hudec & Jackson 2006). Cut-offs show
that the Pelican Salt Sheet began to spread at the
end of Albian time and extruded furthest in
Paleocene–Eocene times during the Pyrenean
orogeny. Regional shortening typically squeezes
and expels salt from diapirs to form a vigorous salt
extrusion at the surface (Jackson & Cramez 1989;
Letouzey & Sherkati 2004; Hudec & Jackson
2006; Callot et al. 2007). The Ibis-2 well drilled
nearly 250 m of Triassic salt in this salt-sheet
between Eocene strata below and Senonian strata
above. These Senonian rocks have been interpreted
as a dismembered roof fragment carried during salt
extrusion (Curnelle & Marco 1983). Sporadic

Fig. 8. (a) Seismic section and (b) and interpreted line drawing of a seismic line in the eastern Parentis Basin showing
two diapirs with different growth histories. Both diapirs grew passively during the Jurassic and Early Cretaceous. Puffin
Ridge then stopped growing and was buried beneath a wedge of Upper Cretaceous–Eocene sediments, probably
because of thinner original salt closer to the margin of the salt basin. Puffin Ridge was later rejuvenated by inversion in
the Early Oligocene. Alcyon Diapir continued to grow passively until the Mid-Miocene and must have also been
squeezed during the Oligo-Miocene inversion. The differential rotation values within synkinematic strata are only for
qualitative comparisons because the profile has not been depth converted. See Figure 3 for location.
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normal faults above the salt sheet suggest accommo-
dation of the overburden as salt was redistributed
within the buried allochthonous sheet. The thin sedi-
mentary roof of this structure was stretched by flow
of underlying salt. Gentle folds in the roof of the
Pelican structure indicate continued flow within
the salt sheet caused by differential loading of the
overburden or by Pyrenean shortening (Fig. 7).
Well data indicate that this salt-sheet stopped advan-
cing and was buried during the Oligocene, probably
because its feeder stem finally pinched shut during
the Pyrenean shortening.

Western domain

Unlike the eastern domain, the western domain of
the Parentis Basin (Fig. 3 & 4b) widens and is
filled by thicker (5000–8500 m) Jurassic–Lower
Cretaceous sequences overlain by an uppermost
Cretaceous–Cenozoic package (Ferrer et al.
2008a). The southern boundary of the basin is the
major Landes Fault (Fig. 4b), which lies SW of
the Ibis Fault (Ferrer et al. 2008a) (Fig. 3). The foot-
wall of the Landes Fault tilts south, whereas
the hanging wall is either broadly anticlinal
(Fig. 4b) or near horizontal (Fig. 9). The dominant
structures in this domain, which trend ENE, are
the Izurde, Marratxo and Txipiroi anticlines
defined by Jurassic–Lower Cretaceous overburden

and cored by Upper Triassic evaporites (Fig. 9).
These folds have a greater wavelength (up to
10 km), amplitude and lateral continuity (between
15 and 20 km) than the eastern basin ridges. The
Txipiroi salt-anticline overlies a gentle basement
antiform (Fig. 4b). In contrast, the Marratxo and
Izurde salt anticlines formed where the basement
was virtually flat (Fig. 9). Despite the different base-
ment structure, these structures share the following
features.

† The Jurassic–Aptian successions were extended
by north-dipping normal faults detached in the
Upper Triassic evaporites. These faults are loca-
ted mainly in the northern flank of the anticlines,
especially near the synclinal hinges (Fig. 9).

† In the southern flanks of these structures, a strong
erosional unconformity across the Lower and
Upper Cretaceous successions is overlain by
uppermost Cretaceous–Paleocene strata.

† The uppermost Cretaceous–Cenozoic units thin
towards the crest of salt anticlines on both sides,
suggesting that the fold limbs rotated during
Pyrenean shortening.

† Salt anticlines are separated by autochthonous
salt thinned to the point of welding (Fig. 9).
Some of these salt anticlines may have produced
salt diapirs, as in the crest of the Izurde Ridge
(Fig. 9).

Fig. 9. (a) Seismic section and (b) and interpreted line drawing of a seismic line across the western Parentis Basin (deep
offshore) showing two salt-cored anticlines and two possibly welded diapirs. See Figure 3 for location.
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In the western domain diapirs are close to the
Landes Fault (Figs 9 & 10). Their bulbs have an
inverted-teardrop shape suggesting a secondary
near-vertical weld formed by closing of the diapir
stem (Fig. 10). Although mechanically feasible, the
presence of welded feeders is speculative because
of poor data quality. These diapirs cut most of the
folded Albian and Lower Cretaceous reflectors,
but only some uppermost Albian and Upper Cre-
taceous reflectors. Although seismic resolution is

poor, some diapiric pedestals are interpreted at the
base of the secondary welds.

Study of the Ibis and Landes faults is outside the
scope of this paper and both structures have poor
seismic coverage (Fig. 2). Nevertheless, we provi-
sionally interpret the Ibis and Landes faults as a
large relay structure in which the Triassic salt and
its diapirs are confined to the hanging wall of the
Landes Fault, but extend eastwards up the relay
ramp into the footwall of the Ibis Fault (Fig. 3).

Fig. 10. Geometry of Cretaceous and Cenozoic sedimentary units in two anticlines cored by squeezed diapirs in the
hanging wall of the Landes Fault in the southern Parentis Basin. Both diapirs grew as passive diapirs during the Jurassic
and Early Cretaceous. The diapirs then stopped growing and were buried beneath an Upper Cretaceous roof. They
were rejuvenated by inversion in the early Oligocene and again uplifted during the Middle Miocene by contractional
reactivation of the faults that controlled early growth of the diapirs. The differential rotation values within synkinematic
strata are only for qualitative comparisons because the profile has not been depth converted. See Figure 3 for location.
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Initiation and growth of salt diapirs

Due to poor seismic resolution at depth, diapiric
initiation is poorly documented. However, in some
cases cut-offs of flanking reflectors suggest that
salt diapirs and walls began to rise during the Late
Jurassic. These diapirs could have been initiated

reactively by mild extension of the carbonate plat-
form during post-rift thermal subsidence (Fig. 11).
In the most cases, the actual normal faults that
could have initiated reactive diapirism are not
clearly imaged, and so our interpretation is conjec-
tural. Nonetheless, a large reactive diapir is pre-
served in the western Parentis domain between

Fig. 11. Summary of the history of salt tectonics and regional tectonics in the offshore Parentis Basin.
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Euskal Balea and Izurde ridges (Fig. 9). Differential
thicknesses of growth strata on its flanks suggest
that it began rising in the Jurassic. Abundant Late
Jurassic–Early Cretaceous normal faults between
diapirs support an extensional setting (Fig. 9).

Some diapirs could have been triggered by differ-
ential sedimentary loading because the Upper Juras-
sic sequence varies slightly in thickness (Figs 6–8).
More severe tectonic instability is suggested by
the major unconformity at the Jurassic–Cretaceous
transition along both edges of the eastern Parentis
domain (Mathieu 1986; Mediavilla 1987; Masse
1997; Biteau et al. 2006). Further south in the
Alcyon or Puffin zone, this erosion exposed Middle
Jurassic strata (Figs 6, 8&12b,c). This erosive uncon-
formity has been linked to the growth of salt anticlines
during Triassic–Liassic deformation (Curnelle &
Cabanis 1989), but could also record uplift of a rift
shoulder as the Bay of Biscay began to open in
the Cretaceous. This rifting could have initiated
reactive diapirism.

As subsidence peaked, a 5 km thick Barremian–
Albian sequence filled the Parentis Trough (Brunet
1991) (Fig. 12b–d). Sediment loading in the Paren-
tis Trough expelled Keuper evaporites towards the
edges of the basin, where salt-cored anticlines
formed (Eridan–Antares–Ibis in the southern and
Céphée–Castor in the northern area) (Figs 11 &
12c, d). Because Jurassic–Lower Cretaceous aggra-
dation was faster in the west, salt diapirs there
tended not to reach the surface or extrude. Deep
diapirs grew in the footwall of extensional faults,
forming broad but low diapirs. Exceptions were
the relatively tall diapirs, Euskal Balea and Izurde.
To the south, the Basque–Cantabrian shelf
remained high during the Lower Cretaceous
(Mathieu 1986; Bois et al. 1997). Some reefs grew
above the salt-cored anticlines (e.g. Antares) of
the northern Parentis edge during the mid-upper
Albian (Mathieu 1986; Biteau et al. 2006). The dis-
tribution of these carbonate build-ups in the shelf
margin was probably controlled by the interaction
of eustasy, salt tectonics and palaeogeography,
as in the Mesozoic La Popa Basin (Mexico) and
the modern Persian Gulf (Purser 1973; Giles &
Lawton 2002).

During the Albian–Late Cretaceous, salt diapirs
rose in chains of massive salt walls (Fig. 12d, e).
Once they pierced reactively to the surface, the salt
walls would have continued to grow as passive
diapirs (Fig. 11). Most diapirs have thickened
peripheral sinks of Albian–Upper Cretaceous age
around them (e.g. Puffin and Alcyon; Figs 9 & 12d,
e). Generally these local responses to diapiric rise
were masked by large changes in regional thickness
controlled by crustal tectonics. As the source layer
depleted and the salt was partially welded, many
salt diapirs stopped growing in the Mid-Cretaceous.

Effect of basement structures on early

salt tectonics

North-dipping faults (Ibis and Landes faults) offset-
ting the basement with throws of more than 3 km
are recognizable in the southern boundary of the
basin. However, smaller faults are largely masked
by the velocity effects of salt. Also, Pyrenean inver-
sion may have removed early extensional offset on
smaller faults. Despite poor imaging, the huge
scale of faulting means that basement tilting and
fault offsets evidently controlled the initial thick-
ness of salt and overburden, and hence affected
the style of salt tectonics. Contrasting effects are
shown by the Ibis Fault and the Landes Fault.

Ibis Fault

The most important structure of the eastern Parentis
Basin is the Ibis Fault, which is overlain by the
Eridan–Antares anticline. In the southern limb of
the anticline, the Jurassic–Cretaceous transition is
marked by the southwards thinning and the onlap
of Lower Cretaceous strata. These features suggest
that the Ibis footwall was already elevated and
tilted northwards at the start of the Cretaceous
(Fig. 6 shows the present-day subhorizontal attitude
after Palaeogene rotation of the basement during
inversion). Further south, near the edge of the
basin, this thinning changes to a strongly erosive
regional unconformity. North of the Eridan–
Antares anticline, thickening of the Neocomian to
Lower Aptian sequences suggests that the Parentis
Trough began its main subsidence in Neocomian
times.

Although the basement is poorly imaged, the Ibis
Fault is interpreted as a half-graben because its over-
burden forms a monocline verging northwards
(Figs 4a & 6). A salt-cored anticline (Eridan–
Antarés anticline) drapes over the northwards-
dipping master fault of the half-graben. Generic
physical modelling (e.g. Withjack & Callaway
2000; Ferrer et al. 2008b) suggests that, before Pyr-
enean shortening, this anticline was probably a
monoclinal extensional drape fold responding to
slip on the underlying Ibis Fault. The viscous salt
layer partially decoupled the major subsalt fault
slip from the draping cover. Physical modelling
(Jackson et al. 1994; Vendeville et al. 1995;
Withjack & Callaway 2000) suggests that, in such
systems, the displacement and displacement rate
of the subsalt normal fault and the thickness and
strength of the salt layer and its overburden con-
trolled the structural style of the cover sequence.
Thrust faults similar to those in the northern limb
of the fold also form in physical models of drape
monoclines above a rapidly slipping normal fault
in the basement (Withjack & Callaway 2000).
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A massive Upper Aptian–Albian depocentre on
the north flank of the Eridan–Antarés anticline
onlaps markedly onto the Céphée–Aldebaran anti-
cline to its north (Figs 4a, 6 & 12d). The main sedi-
mentary load of the Parentis Trough was therefore
confined between the two salt-cored anticlines.
This differential load in the trough would have
expelled salt laterally to the north and south and
possibly to the east, where overburden was
thinner. Salt expulsion would have allowed the
depocentre to subside and eventually weld the auto-
chthonous salt beneath the base of the trough, as
inferred in Figures 4a and 6.

Landes Fault

The Landes Fault forms a half-graben at the
southern edge of the Triassic salt basin and its
overburden 5000–8500 m thick. Basement dips
southwards in the hanging wall and further north
is near-horizontal or gently northward dipping
(Fig. 4b). This change in hanging-wall dip strongly
influenced the location and evolution of the Txipiroi
salt-cored anticline (Ferrer et al. 2008a) at the
edge of the half-graben. Uppermost Cretaceous–
Cenozoic strata rest on an angular unconformity,
especially above extensional tilted blocks. Erosion
truncated more than half the Lower Cretaceous
sediment thickness below the severest parts of the
unconformity (Fig. 9). Fault geometry suggests
that the Txipiroi anticline grew from the migration
and later accumulation of Keuper salt (Ferrer et al.
2008a, b).

As extension, basement tilting and sedimen-
tation progressed during the Jurassic and Early
Cretaceous, increased loading of the Landes half-
graben expelled salt into early-formed diapirs such
as Euskal Balea and Izurde and laterally to the
north up the tilted hanging wall of the Landes
Fault (Fig. 9). Lateral salt migration produced salt-
cored anticlines where the dip of the basement
becomes near-horizontal, forming the Txipiroi and
Izurde ridges (Ferrer et al. 2008b). Salt migration
ended when the source layer welded. Examples of
similar structural style have been described in the
Jeanne d’Arc basin (Withjack & Callaway 2000).

Pyrenean shortening of salt structures

The Pyrenean orogeny began during the Late Cre-
taceous and continued to the Eocene. As a result
the central part of the Parentis Basin (Parentis
Trough) was uplifted and inverted (Fig. 12e). The
top of Cretaceous was strongly eroded, and the
Paleocene unit is higher than south of the Ibis
Fault (Figs 6 & 12f). The Parentis Basin as a
whole was only mildly shortened by this orogeny,

compared to the Pyrenean hinterland where the
minimum total shortening is about 165 km
(Beaumont et al. 2000; Muñoz 2002).

The Landes High in the Parentis Basin appears to
have provided a buttress against the Pyrenean com-
pression, which protected the Parentis Basin from
major inversion even though the underlying crust
was severely thinned in the Mesozoic (Ferrer et al.
2008a). The lack of significant inversion structures
in the Parentis Basin is the main indication that
the Landes High shielded the Parentis Basin from
Pyrenean shortening from Late Cretaceous to
Early Miocene time. Shielding explains why
basement-involved Pyrenean shortening is only
present south of the Landes High and concentrated
along the northern margin of the Basque-Cantabrian
Basin (Fig. 1c). The Landes High acted as a buttress
probably because it had a stronger crust than in the
adjoining Basque–Cantabrian and Parentis basins.
The two basins were strongly extended in the
Early Cretaceous so that thin, warm crust was over-
lain by thick Mesozoic cover. By contrast, in the
Landes High (where Mesozoic extension was
much less) the crust was thicker and colder and
overlain by thin cover; it was therefore significantly
stronger and able to resist Pyrenean compression
along the Iberian–Eurasia collision boundary.

The Pyrenean inversion of the Parentis Basin
drastically deformed salt structures formed earlier
by Triassic–Early Cretaceous extension and halo-
kinesis. Most salt structures responded readily to
shortening by rising and narrowing because they
were weak and their ENE trend was favourably
oriented to the north-directed Pyrenean compression
(Figs 11 & 12f). Salt structures responded in the fol-
lowing ways. (1) Previously buried and dormant salt
walls near the southern boundary of the basin were
rejuvenated by squeezing as the salt within them
was displaced upwards and arched their previously
flat-lying roofs (Figs 8, 10 & 12f). (2) Squeezed
salt walls extruded so much that salt advanced gla-
cially, beginning in the lattermost Cretaceous and
accelerating during Eocene–Early Miocene times
(Figs 7 & 11). (3) Large anticlines rose above
regional during shortening as the salt-cored Ibis
and Eridan–Antarés ridges above the Ibis Fault
and the Txipiroi anticline near the Landes Fault
(Fig. 4a, b). (4) In the most extreme regional short-
ening, both extruding and buried salt walls could
have pinched off to form subvertical secondary
salt welds (Figs 10–12f, g). If diapirs welded shut,
any further shortening could have been by inversion
of pre-existing normal faults, by reverse fault welds
or by short-cut thrusts that nucleated in the salt ped-
estals during the last stages of the Pyrenean contrac-
tion (Fig. 8). No new diapirs formed during the
inversion because the source layer was largely
depleted in salt. Salt diapirism ended with the
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close of the Pyrenean orogeny in the Mid-Miocene
(Figs 9, 10–12g).

Pinching off of some diapirs is conjectural but is
suggested by the following three lines of evidence,
each of which is disputable. (1) Pinch-off is
mechanically likely as the culmination of shortening
in a wide array of geological settings (e.g. Vende-
ville & Nilsen 1995; Cramez & Jackson 2000;
Brun & Fort 2004; Gottschalk et al. 2004; Rowan
et al. 2004; Roca et al. 2006; Rowan & Vendeville
2006; Sherkati et al. 2006; Jackson et al. 2008;
Dooley et al. 2009). However, shortening may not
have been sufficient for complete pinch off. (2) In
the western Parentis Basin, where the quality of
seismic data is better, the strong reflector of the
top of autochthonous salt curves up to a cuspate
point below the crest of the salt wall. However,
this geometry could be a velocity pull-up. (3) The
roof of the diapirs is arched above the regional in
some places, as for Puffin Diapir in Figure 6.
Where one side of the diapir is uplifted higher
than the other side, this is compatible with a thrust-
weld resulting from closure of an inclined stem.
Again however, the asymmetrical arching could
reflect another cause: an inclined stream rising up
the inclined stem of a diapir.

Conclusions

The evolution of the Parentis Basin during exten-
sional and subsequent contractional crustal defor-
mation was strongly influenced by salt tectonics.
Two master faults (Ibis and Landes faults) sep-
arated two structural domains having a wide array
of salt-related structures. These faults may form a
large relay structure. Salt stocks and walls grew
near the south edge of the salt basin in the hanging
wall of the Landes Fault in the western domain
and in the footwall of the Ibis Fault in the eastern.
In the east, gentle drape anticlines cored by salt
formed in the edges of the basin (Eridan–
Antares–Ibis and Céphée–Castor ridges). In the
west, larger salt-cored anticlines formed in the
crest of basement antiforms (e.g. Txipiroi salt-
anticline) or above flat basement (e.g. Marratxo
and Izurde salt-anticlines).

Salt walls and diapirs rose from a Triassic
source layer deposited during Pangaea rifting.
These structures may have been initiated in exten-
sion as reactive diapirs during early opening of
the Bay of Biscay, or by differential sedimentary
loading as early as the Upper Jurassic. The thick
sedimentary fill deposited in the Parentis Trough
since the Barremian–Albian expelled Keuper eva-
porites towards the edges of the basin where salt-
cored anticlines formed. The Eridan–Antares–Ibis
anticline grew as a drape fold above the Ibis master

fault in response to its slip. The Céphée–Castor salt-
cored anticline grew in the northern edge.

Salt diapirs evolved to a passive mode during
Albian times. Many of these walls stopped growing
by the middle of the Late Cretaceous, but some con-
tinued to grow passively until the Miocene.

As Iberia and Eurasia collided and drove the Pyr-
enean orogeny in the Late Cretaceous, the Parentis
Basin was mildly shortened. Pre-existing salt-cored
anticlines were amplified so that their crests were
uplifted and eroded. Because of their weakness
and preferred orientation, most salt structures
responded readily to compression and absorbed
most of the Pyrenean shortening. Diapirs, some of
which were dormant and buried, were rejuvenated
by regional compression as their stems may have
pinched off. Upward expulsion of salt displaced
from the squeezed walls arched up their sedimen-
tary roofs to form shallow anticlines. Locally the
pre-shortening salt walls expelled salt which
advanced as glaciers over the seafloor for up to
20 km. This salt sheet stopped advancing and was
buried during the Oligocene. No new diapirs
formed as the Parentis Basin was inverted because
the autochthonous source layer was largely
depleted.
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Fidalgo-González, L. & Avedik, F. 2003. Deep
structure of the Armorican Basin (Bay of biscay): a
review of Norgasis seismic reflection and refraction
data. Journal of the Geological Society of London,
160, 99–116.

Tomassino, A. & Marillier, F. 1997. Processing and
interpretation in the tau-p domain of the ECORS Bay
of Biscay expanding spread profiles. Mémoires de la
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CHAPTER 4: 

 

ANALOGUE MODELLING APPLIED TO THE PARENTIS 

BASIN 

 

 

The fourth chapter integrates the main results obtained from the analyses of the analogue 

modelling experiments carried out at the UMR C�RS Géosystèmes of the Université de Lille 1 

(France) during 2006 and 2009 under the supervision of Bruno C. Vendeville. These results are 

partially included in two scientific articles, one published in the Bolletino de Geofisica teorica 

et applicata and the other recently submitted to the Basin Research journal. Pending the 

editorial committee’s decision of this last journal, the bibliographic references of these articles 

are: 

 

Ferrer, O.; Vendeville, B.C. and Roca, E. (submitted) Salt tectonics evolution during the 

hanging wall deformation in analogue models of extensional kinked-fault flattening at 

depth: Application to the Parentis Basin, Eastern Bay of Biscay. Basin Research. 

 

Vidal-Royo, O.; Ferrer, O.; Koyi, H.A.; Vendeville, B.C.; J.A. Muñoz and Roca, E. (2008) 

3D reconstruction of analogue modelling experiments from 2D datasets. Bolletino di 

Geofisica teorica ed applicata, 49, 7. 2 supplement, 524 – 528. 

 

The results of both articles have also been presented at several international conferences. 

Among them should be noted the posters entitled “Influence of a syntectonic viscous salt layer 

on the structural evolution of extensional kinked-fault systems” and “3D reconstruction of 
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analogue modeling experiments from 2D datasets” presented in the “GEOMOD 2008 Meeting” 

held in Firenze (Italy) in September 2008 and the communication “Salt tectonics in the Parentis 

Basin (Eastern Bay of Biscay)” presented in the “VII Congreso Geológico de España” held in 

Las Palmas de Gran Canaria (Spain) in July 2008.  

 

The analogue modelling conducted in this thesis consisted of 11 experiments made with sand 

and silicone in order to understand the origin and the mechanisms that controlled the 

formation, kinematics and geometry of salt structures in the Parentis Basin. From the 

observations realized in the interpreted seismic data (see Chapter 2 and 3 of this dissertation), 

analogue modelling has specifically focused on: 1) understanding the behavior of pre- and syn-

kinematic salt layers (viscous silicone) in the hangingwall deformation of an extensional fault 

and how this deformation may depend on the geometry of the fault, and 2) understanding the 

evolution of salt structures (diapirs and anticlines) subjected to different rates of shortening. In 

this process, in order to better understand the geometry and evolution of salt structures, a new 

method has been developed to reconstruct the geometry of three-dimensional analogue model 

surfaces using images of 2D sections done at the end of the experiments. This technique, 

explained in Vidal-Royo et al. (2008), allows to obtain a fairly detailed view of the model 

geometry similar to the ones that can be obtained at the end of the experiment using 

sophisticated and expensive instruments like computerized tomography scanner (CTS). 

 

Taking into account that the work carried out with analogue modelling has been reflected in 

these two different articles, and that these articles only include partially the obtained results; 

the chapter 4 has been organized into three different subsections. The first one (4.4) is focused 

on the analysis of salt deformation in the hangingwall of an extensional kinked-planar fault 

(Ferrer et al., submitted). The second subsection (4.5) includes the analysis carried out on the 

contractional reactivation of salt structures and their application to the Parentis Basin. Finally, 

the third subsection (4.6) presents the new methodology developed to reconstruct 3D analogue 

models (Vidal-Royo et al., 2008).  Prior to these three subsections, an abridged abstract of the 

whole fourth chapter is presented in Catalan (4.1) and in English (4.2). 
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4.1.- Resum del capítol 

 

Aquest capítol integra els principals resultats obtinguts a partir de l’estudi dels experiments de 

modelització analògica realitzats a l’UMR C�RS Géosystèmes  de l’Université des Sciences et 

Technologies de Lille 1 (França) durant els anys 2006 i 2009 sota la direcció del Dr. Bruno C. 

Vendeville. Part d’aquests resultats han estat inclosos en dos articles científics, un publicat el 

2008 al Bolletino di Geofisica teorica et applicata, i l’altre sotmès recentment a la revista 

científica Basin Research (veure referències a l’apartat anterior). Els mateixos resultats, i 

d’altres que no s’inclouen en aquestes publicacions, també han estat presentats en diversos 

congressos internacionals entre els que destaquen els pòsters titulats “Influence of a syntectonic 

viscous salt layer on the structural evolution of extensional kinked-fault systems” i “3D 

reconstruction of analogue modeling experiments from 2D datasets” presentats al GEOMOD 

2008 Meeting que es va celebrar a Firenze (Italia) el setembre del 2008 i la comunicació oral 

“Salt tectonics in the Parentis Basin (Eastern Bay of Biscay)” presentada al “VII Congreso 

Geológico de España” que va tenir lloc a Las Palmas de Gran Canaria el juliol del 2008.  

 

La utilització de models analògics aplicats a la geologia estructural està considerada com una 

eina de gran utilitat que, en el cas de la tectònica salina, ha permès comprendre els processos 

dinàmics i cinemàtics que intervenen en la gènesi i evolució d’aquest tipus d’estructures 

(Vendeville i Jackson, 1992; Jackson i Vendeville, 1994; Letouzey et al., 1995; Vendeville et 

al., 1995; Withjack i Callaway. 2000; Fort et al., 2004a; Rowan i Vendeville, 2006; Dooley et 

al., 2005, 2007 i 2009 entre d’altres). Així doncs, per tal de comprendre millor tant els 

processos tectònics responsables de l’evolució de la Conca de Parentis com l’origen i els 

mecanismes que han controlat la formació, la cinemàtica i la geometria actual de les estructures 

salines que s’observen en aquesta conca es van realitzar 11 experiments de modelització 

analògica.  

 

Concretament, a la vista de les observacions realitzades a partir dels perfils sísmics (veure 

capítols 2 i 3) la modelizació analògica realitzada es va centrar en: 1) entendre el 

comportament que te una capa salina (nivell viscós) pre- o sin-cinemàtica en el bloc superior 

d’una falla extensiva i veure com la seva deformació està influenciada per la geometria de la 

falla; i 2) caracteritzar quina és l’evolució de les estructures salines (diapirs, parets i anticlinas 

salins) reactivades contractivament amb diferents valors d’escurçament. En tots els casos s’ha 
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utilitzat silicona per tal de reproduir els materials evaporítics, i sorra de mida 350 µm per 

simular el comportament del sòcol paleozoic i de les successions terrígenes i carbonàtiques de 

la cobertora mesozoica i cenozoica. La geometria i cinemàtica de les falles de sòcol que limiten 

la Conca de Parentis, s’han simulat amb mòduls de fusta sobre el que s’hi ha desplaçat una 

làmina de plàstic.  

 

Per tal de definir i caracteritzar l’estructura obtinguda en els experiments, i així poder entendre 

millor la seva gènesi i evolució, s’ha desenvolupat una nova metodologia de reconstrucció 

tridimensional de les superfícies simulades analògicament. Aquesta metodologia utilitza les 

fotografies realitzades a les seccions 2D que es fan al finalitzar el model, i permet visualitzar 

de forma bastant acurada la geometria de les superfícies analitzades.  

 

Tenint en compte que la feina duta a terme amb la modelització analògica ha quedat plasmada 

en dos articles científics diferents i que aquests només inclouen part dels resultats obtinguts, el 

capítol 4 s’ha organitzat en tres subapartats diferents: un primer centrat en l’anàlisi de la 

deformació salina en el bloc superior d’una falla extensiva planar formada per varis panells 

amb diferents cabussaments (Ferrer et al., sotmès), un segon subapartat que inclou l’anàlisi de 

la reactivació d’estructures salines durant un episodi compressiu i la seva aplicació a la Conca 

de Parentis, i finalment un tercer subapartat en el que es presenta la nova metodologia de 

reconstrucció de models analògics 3D a partir de dades 2D (Vidal-Royo et al., 2008). 

 

Pel que fa referència al subcapítol focalitzat en caracteritzar el paper que juga la presència d’un 

nivell salí en la deformació que es produeix al bloc superior d’una falla extensiva constituïda 

per diferents panells plans (subcapítol 4.4), els experiments analògics duts a terme han permès 

constatar que aquest nivell dúctil (silicona) controla clarament els patrons de deformació del 

bloc superior de la falla. Així, tant independentment de la geometria del nivell de silicona 

(sigui pre- o sin-extensiu) com de la geometria de la falla, el nivell de silicona actua com un 

nivell de desenganxament molt eficient que separa una unitat infrajacent fortament afectada per 

falles normals d’una unitat suprajacent en la que pràcticament no se n’hi han desenvolupat. En 

concret s’ha constatat doncs, que el nivell de silicona actua com una zona de cisalla extensiva 

dúctil que inhibeix la propagació de les falles normals i/o les bandes de cisalla desenvolupades 

als materials infra-silicona cap als materials supra-silicona. D’aquesta manera, mentre el sòcol 

està completament fracturat per un sistema de falles normals antitètiques més o menys complex 
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depenent de la geometria de la falla principal, al bloc superior de la falla la cobertora presenta 

anticlinals salins, parets salines i diapirs com a resultat del moviment de la silicona. 

 

A nivell de deformació salina, el comportament del nivell de silicona com a zona de cisalla 

extensiva, conjuntament amb els canvis laterals de gradients de pressió generats per les 

variacions de potència dels materials suprajacents, generen la migració de la silicona des del 

depocentre del semigraben cap a la cresta del rollover. Com a resultat, en aquestes zones es 

desenvolupen estructures extensives (falles) que afecten els materials suprajacents i també es 

produeix l’acumulació de silicona que forma anticlinals amb nucli salí, parets salines i 

localment diapirs. L’efecte inhibidor de la propagació de les estructures de la unitat infra-

silicona a la supra-silicona, deixa de ser efectiu be quan es genera una cicatriu primària que 

posa en contacte els materials infra- i supra-silicona degut a la migració total de la silicona, o 

be quan l’extensió aplicada al model ha sigut prou important com per a que la terminació del 

nivell de silicona contra la falla, sobrepassi l’angle que formen els dos panells de la falla. En 

aquestes situacions les falles es propaguen cap amunt a traves dels materials supra-silicona 

provocant una deformació similar a la observada en els materials subsilicona.  

 

Els resultats obtinguts a partir de tots aquests tipus d’experiments analògics s’han comparat 

amb les estructures observades a la Conca de Parentis aportant en alguns casos, informació 

força valuosa a l’hora d’interpretar-les, mentre que en d’altres han permès la seva validació. Un 

exemple d’aquest últim cas és l’alt estructural del Txipiroi, que en el treball de Ferrer et al. 

(2008a) ja havia estat interpretat com un gran anticlinal salí format a la cresta del rollover a 

partir de la migració de la sal des del depocentre de la conca. 

 

El subcapítol dedicat a la caracterització de la reactivació contractiva d’estructures salines 

(principalment diapirs, parets i anticlinals salins) – apartat 4.5 d’aquest capítol – s’ha centrat en 

analitzar la resposta que tenen aquestes estructures, quan son sotmeses a diferents quantitats 

d’escurçament. Per aquest motiu, l’experimentació analògica realitzada s’ha dissenyat per 

generar un gran nombre d’estructures salines amb diferents orientacions a partir d’un 

mecanisme de creixement passiu. Això ha permès que, després d’esgotar totalment el nivell de 

silicona autòctona durant el règim de creixement passiu, es disposés d’una gran varietat 

d’estructures salines per a ser reactivades contractivament. L’evolució d’aquestes estructures 

durant la compressió ha permès identificar 3 etapes de creixement diferents: 1) una etapa 



CHAPTER 4: ANALOGUE MODELLING APPLIED TO THE PARENTIS BASIN 

 

168 

 

inicial en la que es produeix l’escanyament de les tiges dels diapirs juntament amb una 

acceleració de l’extrusió o sobreeiximent de silicona a la superfície dels models que pot 

generar sobreeiximents salins de dimensions força diverses; 2) una segona etapa en la que 

l’escurçament de les tiges salines dona lloc al desenvolupament de cicatrius salines secundàries 

que separen cossos al·lòctons de silicona amb forma de gota invertida del seu nivell autòcton, i 

finalment 3) una darrera etapa en la que les cicatrius salines es reactiven com a encavalcaments 

amb una geometria que varia en funció del grau d’escurçament. 

 

La comparació dels resultats obtinguts d’aquestes modelitzacions analògiques amb les 

estructures salines identificades sísmicament a la Conca de Parentis ha permès constatar que un 

cop generades extensivament als darrers estadis d’obertura del Golf de Biscaia, aquestes 

estructures van ser reactivades contractivament durant la orogenia pirinenca. En particular, s’ha 

pogut observar que l’escurçament N-S associat a la formació d’aquest orògen, encara que va 

ser poc important a la Conca de Parentis en comparació amb la veïna Conca Basco-Cantàbrica, 

va ser suficient com per produir l’escanyament de les tiges de la majoria dels diapirs pre-

existents del sector meridional de la conca amb la conseqüent formació d’alguna glacera salina 

a partir de l’Eocè. Endemés, a la zona occidental de la Conca de Parentis, on tant el nombre de 

diapirs com la seva dimensió era menor, l’escurçament va provocar el desenvolupament de 

cicatrius salines pel tancament total de les tiges diapíriques així com la seva posterior 

reactivació com a encavalcaments amb una geometria variable en funció del grau 

d’escurçament aplicat.  

 

Finalment, la nova metodologia de reconstrucció 3D dels models analògics a partir de dades 

2D (subcapítol 4.6) s’ha desenvolupat sobre 2 models analògics: un model en compressió amb 

plecs i encavalcaments generats sobre un nivell de desenganxament dúctil de silicona que va 

ser inclòs a la tesi doctoral de Vidal-Royo (2010), i un altre model extensiu amb una falla 

normal que deforma en el seu bloc superior una successió sedimentaria amb un nivell dúctil 

també de silicona que s’inclou al subapartat 4.4 d’aquesta tesi.  

 

El primer pas de la metodologia desenvolupada consisteix en introduir les fotografies del 

model en un entorn 3D. Per fer-ho, es defineix un sistema de coordenades arbitraries i 

s’assigna una coordenada a cadascun dels vèrtex de les fotografies respectant en tot moment la 

seva posició en el model així com l’espaiat entre les diferents seccions. Un cop les fotografies 
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estan georeferenciades, és possible digitalitzar els horitzons i les falles d’interès en cadascuna 

de les seccions respectant la seva posició original dins del model. Finalment, quan un mateix 

element (horitzó o estructura) ha sigut interpretat a cadascuna de les seccions del model on es 

troba present, es procedeix a la construcció de la superfície de l’element per a tot el model. 

L’algoritme d’interpolació utilitzat per a la construcció de la superfície, dependrà 

principalment tant de la densitat de dades reals (seccions) com de la complexitat de les 

estructures a digitalitzar. La reconstrucció tridimensional final és una base de dades excel·lent 

per poder desenvolupar altres tipus d’estudis. Cal destacar que amb aquesta nova tècnica no cal 

disposar d’instruments de laboratori extremadament cars (ex. l’escàner de tomografia 

computeritzat) per tal d’obtenir models 3D al final de l’experiment.  

 

 

4.2.- Abridged summary 

 

The use of analogue models applied to structural geology is considered a useful tool that in the 

case of salt tectonics has elucidated the dynamic and kinematic processes involved in the 

formation and evolution of these kinds of structures (Vendeville and Jackson, 1992; Jackson 

and Vendeville, 1994; Letouzey et al., 1995; Vendeville et al., 1995; Withjack and Callaway. 

2000; Fort et al., 2004a; Rowan and Vendeville, 2006; Dooley et al., 2005, 2007 and 2009). 

Eleven analogue models have been carried out in order to understand the tectonic processes 

which controlled the evolution of the Parentis Basin, and to establish the origin and the main 

mechanisms that governed the formation, kinematics and geometry of salt structures in this 

basin. Specifically, from the interpretation of the Parentis Basin seismic profiles (see chapter 2 

and 3 of this dissertation), the analogue modelling included in this chapter was focused on: 1) 

understanding the behavior of pre- and syn-kinematic salt layers (viscous level) during the 

deformation of the hangingwall of an extensional fault and how this deformation is influenced 

by the master fault geometry, and 2) establishing the evolution of salt structures (diapirs, walls 

and anticlines) subjected to different rates of shortening. 

 

In both types of models we have used two different materials: a silicone polymer simulating 

viscous salt in nature (SMG 36, manufactured by Dow Corning, U.K.) and dry well-sorted 

quartz sand with an average grain size of 350 µm simulating the Paleozoic basement and the 

Mesozoic and Cenozoic terrigenous and carbonatic brittle rocks. The geometry and kinematics 



CHAPTER 4: ANALOGUE MODELLING APPLIED TO THE PARENTIS BASIN 

 

170 

 

of basement faults that bounded the Parentis Basin were simulated with wood blocks covered 

by a flexible sheet that was attached to the mobile end wall of the sand-box model. In addition 

to define and to characterize the structure obtained in the analogue experiments and thus better 

understand its genesis and evolution, a new methodology for three-dimensional reconstruction 

of the analogically simulated surfaces has been developed. This methodology uses photographs 

of 2D sections taken at the end of the experiment, and allows an accurate observation of the 

geometry of the diverse geological features (horizons and/or structures).  

 

The subsection 4.4 of this chapter is focused on the analogue experiments used to characterize 

of the role played by the presence of salt levels in the deformation of the hangingwall of an 

extensional fault formed by several planar panels. These experiments reveal that the existence 

of a ductile level (silicone polymer) clearly controls the deformation patterns of the 

hangingwall. Thus, regardless the silicone level geometry (either pre- or syn-extensional) or the 

geometry of the extensional fault, the silicone level acts as a very efficient detachment level 

separating two different structural styles for each unit. In particular, it was found that the 

silicone level acts as an extensional ductile shear zone inhibiting the upwards propagation of 

extensional faults and/or shear bands from the sub-silicone materials. Thus, while the basement 

is completely fractured by an antithetic normal fault system more or less complex depending 

on the geometry of the master fault, the migration of the silicone produces salt-cored anticlines, 

walls and diapirs in the overburden of the hangingwall. The mechanical behavior of the 

silicone level as an extensional shear zone in conjunction with the lateral changes of pressure 

gradients generated as a consequence of overburden thickness variations, triggered the silicone 

migration from the half-graben depocenter towards the rollover shoulder. As a result, the 

accumulation of silicone produces gentle silicone-cored anticlines and local diapirs with minor 

extensional faults. Although the presence of a viscous level inhibits the upwards propagation of 

extensional structures from the sub-silicone into the supra-silicone sequence, there are some 

cases where upwards fault propagation is possible. This occurs either when a primary weld 

connecting the supra- and sub-silicone materials is developed, or when the amount of slip 

along the master fault is large enough so that the tip of the silicone reaches the junction 

between the upper and lower panels of the master faults.   

 

While in some cases the results of these types of analogue experiments have helped in the 

interpretation of the Parentis Basin salt structures, in others they have allowed to its validation. 
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An example is the Txipiroi High which had already been interpreted (see Chapter 2 of this 

dissertation) as a huge salt-cored anticline developed in the rollover shoulder of the Landes 

Fault due to the migration of salt from the deepest part of the hangingwall. 

 

The characterization of contractional reactivated salt structures (mainly diapirs, salt walls and 

salt-cored anticlines, see section 4.5 in this chapter) has focused on analyzing the response of 

these structures when are subjected to different amounts of shortening. For this reason, 

analogue models were designed to generate a large amount of salt structures with different 

orientations using a passive growth mechanism (downbuilding). Salt structures developed at 

the end of the downbuilding stage were later contractionally reactivated. The evolution of salt 

structures during compression has allowed to distinguish three different stages: 1) an initial 

phase where diapir and salt walls stemps were squeezed together with an acceleration of the 

silicone extrusion to the surface of the models that produced large overhangs and canopies; 2) 

an intermediate phase in which some secondary welds developed from the total squeezing and 

closure of the diapir and salt walls stemps isolating allochthonous silicone stocks with an 

inverted teardrop shape; and finally 3) a final phase in which secondary welds were reactived 

as reverse faults with a geometry that changes depending on the amount of shortening. 

 

Comparison of the results of these analogue models with the Parentis Basin salt structures 

interpreted from seismic data has revealed that subsequent to its formation, salt structures were 

reactivated contractionally during the Alpine orogeny. Although the N-S shortening associated 

to the formation of the orogen was less significant than in the neighboring Basque-Cantabrian 

Basin, it was large enough to produce the squeezing of diapirs and salt walls of the southern 

Parentis Basin allowing the extrusion of a salt glacier during Eocene times. Moreover, in the 

western sector of the basin where the number of diapirs and salt walls was lower and their size 

was smaller, shortening led to the development of secondary welds from the total closure of 

some diapirs and salt wall stemps. Some of these welds were reactivated as reverse faults 

during the final stages of the Pyrenean formation. 

 

Finally, the new methodology to reconstruct analog models in 3D from 2D datasets was 

explained in the article by Vidal-Royo et al. (2008), which is included in the section 4.1 of this 

chapter. This methodology was developed using two analog models: a contractional model 

with folds and thrusts detached on a viscous silicone layer (see the PhD. thesis by Vidal-Royo 
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2010), and a second extensional model with a kinked-planar extensional fault and a 

sedimentary succession in its hangingwall including a viscous silicone level interlayered within 

the sedimentary succession included in the section 4.4 of this chapter. 

 

The first step of this methodology is to introduce the photographs of the analogue model 

sections in a 3D environment. In this step we define a local coordinate system assigning 

coordinates to each vertex of the photographs taking into account their relative position in the 

model and the distance between each section. Once the sections are georefered, it is possible to 

digitize each element (horizons and structures) onto each image respecting their position within 

the analog model. Finally, the next step is the construction of the corresponding surface 

throughout the model. In this process, the interpolation algorithm applied depends on the 

density of data (number and space between sections) and the complexity of the structure to 

model. The final 3D geological model is an excellent data base to develop other types of 

studies. Note that with this new technique, it is not necessary to have expensive laboratory 

instruments (e.g. computerized tomography) to obtain 3D models at the end of each 

experiment. 
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ABSTRACT   
 

We used analogue models to determine the role played by a viscous salt layer 
during rollover fold of the hanging wall of a crustal-scale normal fault having 
varying geometry. The model set ups included a rigid wooden block simulating 
the footwall of a basement master normal fault having varying geometries. The 
hangingwall (pre-kinematic sequence) was modelled using alternating layers of 
dry sand. In some experiments, the uppermost part of the pre-kinematic 
sequence included a layer of viscous silicone (analogue of a salt layer). In other 
models, the silicone layer was deposited during extension, at the base of the 
syn-kinematic sequence. 

  
The presence of a viscous layer significantly affected the deformation style of 
the hangingwall and inhibited the upward propagation of normal faults from 
the basement into the supra-salt sequence. The viscous layer acted as an 
efficient decoupling level that accommodated a large amount of deformation. 
Analysis of the fault-bend fold axial surfaces reveals that the pre- or the syn-
kinematic viscous layer acts as an extensional ductile shear zone decoupling the 
overburden from the sub-silicone materials.  
 
Moreover, the weight of the syn-kinematic sand deposited in the overburden 
during rollover folding increased the differential loading generating a lateral 
pressure gradient in the silicone layer. This pressure gradient trigger the 
silicone flow from beneath the main depocentre toward the rollover shoulder 
forming different salt structures at different locations. 
 
Comparison between the results of these analogue models and structures in the 
western offshore Parentis Basin validates a recently published structural 
interpretation of this region. 
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INTRODUCTION  
 

The evolution of extensional fault 
systems has been studied extensively 
throughout the last 50 years using 
analogue models. Most of these works 
have addressed from two different 
perspectives: or varying the geometry of 
the normal master fault (Figs. 1A and 1B) 
(McClay and Ellis, 1987a & b; Ellis and 
McClay, 1988; McClay, 1990; McClay 
and Scott, 1991; McClay et al., 1991; 
Withjack and Schlische, 2006), or 
introducing mechanical anisotropies in 
the analogue materials used to 
characterize the pre-kinematic 
sedimentary pile of the hangingwall (Figs. 
1C and 1D) (Vendeville and Jackson, 
1992; Jackson and Vendeville, 1994; 
Vendeville et al., 1995; Withjack and 
Callaway, 2000; Dooley et al., 2004 & 
2005; Soto et al., 2007; Durcanin, 2009). 
 
The firsts studies were mainly focused on 
the evolution of the hangingwall 
deformation above a normal fault plane 
and its influence on the structural style of 
the hangingwall materials (Fig. 1A) (e.g. 
McClay and Ellis, 1987a & b; Ellis and 
McClay, 1988; McClay, 1990; McClay 
and Scott, 1991; McClay et al., 1991; 
Withjack and Schlische, 2006). The 
experimental setups used in these models 
consisted on a rigid footwall that 
remained fixed throughout the 
experiment and a hangingwall filled by 
different coloured sand layers without 
mechanical anisotropies (Fig. 1A). A 
flexible sheet overlying the fault surface 
and the base of the model which was 
fixed to the moving wall simulated the 

detachment level in these type of models 
(Fig. 1A). In relation to the main fault 
geometries, these models considered 
planar, kinked or listric faults (Ellis and 
McClay, 1988; McClay and Scott, 1991, 
McClay et al., 1991 among others). The 
different master fault shapes resulted in 
different basins geometries and structures 
in the hangingwall during the extension. 
All these experiments analyzed both the 
deformation of pre- and syn-extensional 
sequences laying the basis for the 
extensional fault system study. 
 
On the other hand, there are the models 
that in addition to the different fault 
geometries (planar, kinked or listric), 
considered mechanical anisotropies in 
the pre-kinematic sequence by 
introducing a viscous layer covering both 
the hangingwall and the footwall of the 
master fault (Figs. 1C and 1D) (e.g. 
Vendeville and Jackson, 1992; Jackson 
and Vendeville, 1994; Vendeville et al., 
1995; Withjack and Callaway, 2000; 
Dooley et al., 2004 & 2005; Soto et al., 
2007; Durcanin, 2009 among others). In 
these experiments, mechanical 
anisotropies were modelled introducing a 
viscous silicone layer covered by a brittle 
pre- and/or a syn-extensional overburden 
formed by dry sand or wet clay. While in 
this experimental setup the footwall was 
rigid and remained fixed during the 
experiment, the hangingwall was 
modelled in two different ways: 1) 
considering a brittle hangingwall filled by 
different coloured pre-kinematic sand 
layers (Fig. 1C) (e.g. Soto et al., 2007), or 
2) considering it as a rigid block (Fig. 1D) 
(e.g. Vendeville, 1988 or Withjack and 
Callaway, 2000). In this second type of 
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models (considering a rigid hangingwall), 
the presence of a viscous layer lead to the 
formation of extensional forced folds 
above active normal planar basement 
faults (Fig. 1D) (Vendeville, 1988; 
Vendeville and Jackson, 1992; Jackson 
and Vendeville, 1994; Vendeville et al., 
1995; and Withjack and Callaway, 2000). 
In these models, the silicone polymer 
accommodates the basement extension 
by the formation of a drape fold whose 
upper hinge is affected by extensional 
faults. More examples with a rigid 
hangingwall are included in the works of 
Dooley et al. (2004 and 2005) which 
embrace models with a pre-kinematic 
silicone layer overlying a complex system 
of extensional basement faults. All these 
works allowed determining the three-
dimensional geometry of diapirs and 
faults developing in the brittle 

overburden. However, the works of Soto 
et al. (2007) (Fig. 1C) and Durcanin 
(2009) used a set up that included a rigid 
footwall characterized by a listric normal 
fault and, a shallow viscous layer within 
the pre-kinematic sequence. The 
hangingwall of these models was filled by 
different coloured pre-kinematic sand 
layers overlying a basal sheet attached to 
the moving wall (Fig. 1C). The 
experiments of both works resulted in 
growth synclines within the syn-kinematic 
sediments. In addition, as a common 
feature of the experiments developed in 
both works, it should be noted that the 
presence of a ductile layer in the upper 
part of the pre-kinematic sequence 
inhibited the upwards fault propagation 
into the syn-kinematic sequence (Fig. 
1C). 

 

 
Fig. 1.- Different analogue models styles in extensional settings taking into account 
variations in the master fault shape and in the analogue materials rheology. A) Interpreted 
cross section of an experiment by McClay and Scott (1991) illustrating the formation of a 
rollover fold in the hanging-wall of a ramp-flat listric extensional fault. B) Interpreted cross 
section of a model by Withjack and Callaway (2000) showing the development of a graben 
avobe the master fault. C) Intrepreted cross section of a model by Soto et al. (2007) 
showing the development of a growth syncline over a listric fault with a pre-kinematic 
silicone layer (vertical exaggeration 50%). D) Interpreted cross section of an experimental 
model by Vendeville (1987) illustrating the development of an extensional forced fold over 
a basement fault. 
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As a result of all these previous works, it 
was determined which are the main 
parameters controlling the deformation 
style of the supra-silicone materials 
during basement-involved extension. 
These include: 1) the geometry of the 
main bounding basement fault; 2) the 
thickness of the viscous layer; 3) the 
thickness and the strength of the 
overburden; 4) the amount of slip along 
the master fault and finally 5) the ratio 
between rates of sedimentation and 
extension.  
 
However, all these previous works 
(except the unpublished work of 
Durcanin, 2009) are restricted to a 
situation where the viscous layer was 
deposited before deformation begins 
(pre-kinematic silicone). This fact 
strongly controls the geometry of the 
viscous layer, which has a laterally 
constant thickness and extends across the 
entire hanging wall. In our work, we 
compare the changes in overburden 
structural style between models having a 
pre- or a syn-kinematic viscous layer. The 
study of these new models allows better 
understanding how a ductile layer in the 
hanging wall can act as a decoupling level, 
as well as a source layer for salt tectonics. 
In addition to the study of the role of 
mechanical anisotropies in different 
stratigraphic positions, this work also 
analyzes the effect of the basement 
normal fault geometry (straight or 
kinked) in the deformation of the 
hanignwall in both 2-D and 3-D. 
 
After all, we compare the results of these 
models with data from the Parentis Basin, 
thereby validating the structural model 
proposed by Ferrer et al. (2008) and 
Roca et al. (2011).  

 

ANALOGUE EXPERIMENTS 
Initial assumptions, experimental set up 

and procedure  

 

The analogue modelling experiments 
presented in this work were carried out in 
a 52 cm-long, 95 cm-wide glass-sided, and 
25 cm-deep deformation box (Fig. 2). 
The models were constructed between 
two end walls, one of which was usually 
fixed, whereas the other wall was moved 
by a motor-driven worm screw (Fig. 2) at 
a displacement rate that remained the 
same for all experiments. The fixed wall 
was part of the rigid footwall of an 
extensional fault (Fig. 2). 
 
Although extensional faults with variable 
geometry are well known in nature, the 
models presented in this work have been 
realized considering three basic fault 
geometries. The first one is a simple 
planar extensional fault formed by a 
single 60º-dipping fault segment (Fig. 2A). 
The second configuration is characterized 
by a kinked extensional fault modelled by 
two joined segments with different dip 
(i.e., 60º the upper and 20º the lower), 
both separated by a fault bend (Fig. 2B). 
Finally, to study the relationship between 
both previous geometries, some models 
considering a fault that change along 
strike were carried out.  This change was 
from simple planar at one end of the 
model to kinked in the other. Both 
geometries were connected by an 
intermediate oblique ramp (Fig. 2C). In 
all three basic fault geometries, the fault 
plane linked at depth with a horizontal 
base through a second fault bend (Fig. 2). 
To facilitate the discussion, from this 



Salt deformation in the hangingwall of a extensional kinked-fault 

181 
 

point and for the rest of the article, we 
will refer to these faults as “master fault”.  
 

 
Fig. 2.- Experimental 3-D set ups and 
details of the main fault geometries used 
in this work. 

 
Moreover, the segments forming the 
master fault in the different models were 
constructed with wood and remained 
completely fixed and invariable 
throughout the experiments (Figs. 2 and 
3). Thus, it must to take into account that 
this design allowed that the deformation 
during extension was concentrated 
exclusively on the hangingwall (Fig. 3). In 

addition, to constrain in a more realistic 
way the deformation of the sand pile of 
the hangingwall, we have used a sheet of a 
flexible (but not stretchable) material 
covering the interface between the master 
fault and the sand pile of the hangingwall. 
This technique has been widely used in 
other studies (Malavieille, 1984; McClay 
and Ellis, 1987a; McClay et al., 1991; 
Kerr and White, 1993; McClay, 1996; 
Patton, 2005; Soto et al., 2007). The 
flexible sheet was attached to the base of 
the mobile end wall. Fault slip was 
simulated by moving away the end wall, 
thus pulling the basal sheet and the 
hanging wall (Fig. 3). This configuration 
permit in a more efficient way the 
transmission of the dip slip deformation 
along the master fault during the 
extension to all sand particles of the 
hangingwall.  
We used two kinds of modelling 
materials in building the hangingwall: dry, 
well-sorted quartz sand (Nemours sand, 
having an average grain size of 200 μm) 
simulating brittle sedimentary rocks and a 
silicone polymer (polydimethyl-siloxane 
or PDMS, trade name SGM 36, 
manufactured by Dow Corning, U.K.) 
simulating viscous salt in nature (Fig. 3). 
The sand had an angle of internal friction 
of about 30º; a bulk density between 
1500-1700 kg/m3 and a low cohesion of 
140 Pa. The silicone polymer used in 
these experiments has a near-perfect 
Newtonian behaviour for strain rates 
lower than 5 x 10-1 s-1 (Weijermars, 1986). 
At room temperature (22ºC) it had a 
density of 950-987 kg/m3, and an effective 
viscosity of 5 x 104 Pa·s when deformed 
at a strain rate of 2 x 10-3/s. 
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Fig. 3.- 2-D schematic diagram of the configuration used in this work with the nomenclature 
of the main elements mentioned in the text. 

 
As illustrated in Figure 4, we applied 
three different infill configurations of the 
hangingwall for each fault geometry 
described above: (1) without silicone 
(sand only), (2) sand overlain by a pre-
kinematic silicone layer covering the 
entire width of the hanginwall, and (3) 
sand partly overlain by a syn-kinematic 
silicone. This resulted in a series of 9 
model types. In all these models the pre-
extensional brittle “basement” in the 
hangingwall was modelled by alternating 
1-cm-thick layers of coloured and white 
dry quartz sand (Figs. 3 and 4) 
terminating against the master fault. Both 
types of sand have similar mechanical 
properties. In models having a pre-
kinematic viscous layer, the uppermost 
sand layer was replaced by a 1-cm-thick 
silicone layer (Fig. 4 models B18, B19 
and B20). The total thickness of the 
complete pre-extension sequence (sand 
or sand+silicone) was 25 cm. 
All models were subjected to a total 
amount of 14 cm of basement extension 
by translating the hangingwall of the 
master fault in a direction orthogonal to 
that of the moving wall (Fig. 3) at a 
constant velocity of 0,5 cm.h-1. The 
accommodation space created in the half 
graben as the extension progressed was 
filled episodically with alternating layers 
of coloured and white quartz sand 
simulating syn-rift deposits (Fig. 3). In 

models without silicone, the sand levels 
of the syn-kinematic sequence shows a 
roughly wedge-shaped geometry, thickest 
against the border fault and thinning 
towards the rollover crest, where layers 
pinched out (Fig. 5A). The top of the syn-
kinematic layers in these models 
remained constant throughout the 
experiment equal to the original regional 
datum (Fig. 5A). By contrast, in models 
that comprised a pre- or syn-kinematic 
viscous layer, local upward diapiric rise of 
the silicone deformation made it 
impossible to maintain a constant 
regional datum. Therefore, in these 
experiments, we had to raise 
progressively the regional datum (Fig. 5B 
and 5C). In these models, the syn-
kynematic sand layers thin towards the 
rollover crest. In models with syn-
kinematic silicone, the second syn-
kinematic layer was made by silicone 
(Models C08, C09 and C10 in Figure 4, 
and B in Figure 5). The initial geometry 
of the silicone layer in these models 
depended on that of the rollover fold, 
itself controlled by the geometry of the 
master fault. The base of the silicone 
layer had a ramps-flat geometry which 
depended on the number and the length 
of the master fault panels affecting the 
underlying sand basement (Fig. 4 models 
C08, C09 and C10). It was thickest (1.5 
cm) against the basement fault and 
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laterally thinned towards the rollover 
crest, where it eventually pinched out 
(Fig. 5B). This thickness variation is 
controlled by the different axial surfaces 
generated in the pre-silicone, basement 
sequence during extension. In contrast 
with the models having a syn-kinematic 
silicone layer, the geometry of the 
silicone in models where the silicone is 
pre-kinematic (Figs. 4 (models B18, B19 
and B20) and 5C), was initially tabular, 
having the same thickness across the 
entire model. 
 

 
Fig. 4.- Dendrogram of the different 
experiments varying the geometry of the 
main basement fault (from simply planar 
to kinked) and the geometry and areal 
extent of the viscous silicone layer 
(black). The drawing show idealized 
geometries of subsalt sequence after 
deposition of the silicone layer. 
 
Diapirs and walls that develop in models 
containing a viscous layer initially rise 
reactively (Jackson and Vendeville, 1990; 
Vendeville and Jackson, 1992) in relation 
to the extensional thinning of the 
overburden as the end wall moves. Later 
when these structures pierce completely 
the overburden and reach the surface of 

the model, their growth evolves to passive 
(Vendeville and Jackson, 1991). During 
this stage the crest of diapirs or walls is 
episodically covered by a thin roof when 
a new syn-kinematic sand layer is added 
to the model, but the silicone breaks 
through this roof reaching again the 
surface extruding locally. Each silicone 
overhang formed onto the model’s 
surface was physically removed 
simulating salt dissolution when it reaches 
the seafloor and comes in contact with 
sea water. Finally, at the end of the 
extension, all models were completely 
buried by a thick, post-kinematic sand 
layer in order to preserve the final 
topography of the upper surface and to 
prevent any post-kinematic movement of 
the viscous silicone layers (Fig. 3). 
 

 
Fig. 5.- Line drawings from interpreted 
cross-sections from three models having 
different experimental setup confi-
gurations: (A) kinked fault with no 
silicone (A12 in Fig.4); (B) kinked fault 
with a synkinematic silicone layer (C09 in 
Fig. 4) and (C) kinked fault with a 
prekinematic silicone level (B19 in Fig. 
4). Note that the geometry of the master 
fault is similar in all three sections. See 
Fig. 7 for details. 
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At the end, models were dampened with 
water in order to generate capillarity 
forces and thus increase the cohesion 
enough to allow for cutting serial sections 
at 2 or 1.5 cm intervals depending of the 
models and its structural complexity. 
These sections oriented parallel to the 
direction of extension, were systematically 
photographed. Cross-section photographs 
were then georeferenced using 3-D-
vizualisation software to help interpreting 
the data extracted from the model. The 
main horizons (e.g. the top and base of 
the viscous silicone layer) and faults were 
digitized to build a three-dimensional 
geological model at the end of 
deformation. It is beyond the scope of 
this paper to describe thoroughly the 
methodology used for surface 
reconstruction, and we refer the reader to 
the work by Vidal-Royo et al. (2010) for 
more details. Cross-section photographs 
are complemented with shot time-lapse 
overhead photographs taken every 10 
minutes to record the structural evolution 
of the upper surface model’s topography 
during deformation. 
 

 

EXPERIMENTAL RESULTS 
 

The shape of the rollover developed 
during the extension and the position of 
the basin depocenter clearly depend on 
the geometry of the master fault, as well 
as the formation of antithetic faults in the 
subsalt series. In models where the 
master fault was a simple panel with a 
basal planar detachment (Fig. 6, upper 
sections), the rollover fold was narrower 
and rooted more deeply than in models 

having a kinked fault geometry (Fig. 6, 
lower sections). The presence of a 
intermediate ramp coincided with a 
deepening of the basin towards the area 
where the master fault is composed by a 
single panel (Fig. 6, central sections). The 
rollover geometry also differed 
depending on the fault geometry. In 
models where the main fault geometry 
consisted of a simple planar panel with a 
basal detachment, the regional dip of the 
basin was constant towards the master 
fault and was built by the offsets along the 
antithetic faults from the depocenter to 
the rollover shoulder (Fig. 6, upper 
sections). Instead in models in which the 
main fault geometry consisted of two 
planar panels with a basal detachment 
(Fig. 6, lower sections) the basin’s 
included an intermediate sector that was 
sub-horizontal and was bounded by two 
antithetic fault families related to the dip 
changes of the main fault.  
 
These changes in basin geometry are 
clearly visible in models where the 
geometry of the master fault changed 
along strike (Fig. 7). The schematic map 
of figure 7 illustrates the antithetic normal 
faults mapped at the top of the subsalt 
unit. This figure shows a triangular shape 
for the basin with a deeper and narrower 
part related to the segment where the 
master fault is composed of a simple 
panel, and an intermediate horizontal 
panel between two antithetic faults 
families related to the zone where the 
fault comprises two panels. As the 
intermediate oblique ramp narrows, the 
distance between the both antithetic fault 
families decreases until relieved by a soft 
linkage zone (see map of figure 7). 
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Fig. 6.- Photographs of various equivalent sections in three different models (see Figs. 2 and 
4 for details) showing the interaction between the master fault geometry and the presence 
or absence of a viscous layer.  

 
Similarly, the master fault geometry 
exerts a strong control on the geometry 
and position of the antithetic fault system 
in the hanging wall in the pre-kinematic 
unit (Fig. 8). The dip changes between 
the different panels of the master fault 
result in panels having different dips in 
the pre-kinematic sequence. Thus, the 
pre-kinematic sequence  shows areas with 
horizontal sand levels alternating with 
kink bands bounded by two axial surfaces 
(active and inactive axial surfaces). In 
these kink bands, the horizons are tilted 
towards the master fault (Fig. 8).   
 
As Xiao and Suppe (1992) noted, our 
models show that once extension started, 
an active axial surface (AAS in Fig. 8) 
developed in the angle between the two 
different panels of the master fault. 
However, unlike the active axial surfaces 
of the models developed by these 
authors, in our models these surfaces are 
not bisectors and, according to the 
bedding attitudes, they are slightly curved 
(Fig. 8). This fact may be related with the 
internal deformation of the sand used in 

the experiments. During ongoing 
extension, a new axial surface (inactive 
axial surface, IAS in Fig. 8) developed 
with a dip similar to that of the active 
axial surface. Antithetic faults developed 
during the extension in the pre-kinematic 
unit are analogous to the axial surfaces 
(separating different overall dip domains). 
Thus, the inactive axial surface is really 
the outer antithetic fault developed in the 
pre-kinematic unit (Fig. 8). The distance 
between both axial surfaces corresponds 
to the amount of slip along the fault. In 
models made of more than one panel, 
the angle of the axial surfaces remains 
constant; therefore all the axial surfaces 
have similar dips (60+/-10º). In models 
where the angle of the axial surfaces is 
bisector, the dip of the different axial 
surfaces varies (Hardy 1995). This 
implies that the slip imposed on the 
bottom fault segment is accommodated 
along each active axial surface. For this 
reason, the velocity of the particles during 
extension is not constant because it 
decreases when crossing an axial surface. 
The areas located between active and 
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inactive axial surfaces act as a shear zone 
absorbing the entire deformation in the 
pre-kinematic sequence (Fig. 8). Shear 

occurs at intergranular level with the 
formation of kink-bands and the 
development of antithetic faults. 

 

 
Fig. 7.- Line drawings from three cross sections of the model (C10 in Fig. 4) having a syn-
kinematic viscous level (black) with a master fault geometry changing from simple (A) to 
kinked (C) linked by a lateral ramp (B). Note that the lateral extent of the silicone layer and 
the position of silicone structures clearly depend on the master fault geometry. The 
schematic map (top right) shows the system of antithetic faults developed at the top of the 
pre-kinematic unit prior to deposition of the first syn-kinematic layer. The gray area (right-
hand side) indicates the amount of total extension applied to the model. The position of 
each cross section is marked on the map. 

 
Thus in models where the master fault is 
characterized by a single panel with a 
basal horizontal detachment, a set of 
intrabasin antithetic faults attached to the 
master fault forms (Fig. 7A). By contrast, 
in models where the master fault 
comprises two panels with a basal 
horizontal detachment (kinked-planar 
fault), two families of antithetic faults 
form near the areas where the dip of the 
master fault changes (Fig. 7C). In this 

case, there are two active axial surfaces 
and two inactive axial surfaces bounding 
two kink band areas (Fig. 8). The 
antithetic faults are located between each 
pair of active and inactive axial surfaces. 
The distance between both fault families 
depends on the length of the lower fault 
panel (Figs. 7B vs. 7C). Note that the 
curvature of the antithetic faults increases 
with increasing extension. 
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Fig. 8.- (A) Cross section in a model with no silicone (A12 in Fig.4) indicating the position 
of axial surfaces (A.A.S active axial surface; I.A.S. inactive axial surface and G.A.S. growth 
axial surface). (B) Section in a model comprising a layer of syn-kinematic silicone (C09 in 
Fig. 4) showing the position of the main axial surfaces (A.A.S active axial surface; I.A.S. 
inactive axial surface and G.A.S. growth axial surface). Note that in Fig. 8B the growth axial 
surface developed in the silicone level (white dashed line) is diffuse, acting all this level as a 
shear band. See Fig. 7 for details.  

 
While the geometry of the pre-kinematic 
sequence clearly depends of the master 
fault geometry, the geometry of the syn-
kinematic sequence is strongly controlled 
by the type of infill used for each model 
configuration. It is for this reason that we 
will discuss each type of model 
separately.  
 

 

Models without interlayered silicone layer 
 
In these models the rollover that 
developed during extension was filled 
with successive layers of colored sand 
alternating with white sand. As a final 
result, growth strata of the syn-kinematic 
sequence form a gently folded monocline 
(Fig. 5A and left column of Fig. 6). Some 
antithetic faults developed initially in the 
pre-kinematic sequence propagated 
upward through the syn-kinematic 
sequence during extension. These 
normal faults trend parallel to the master 
fault and accommodate most of the 
extension. The upward propagation of 
structures from the pre-kinematic 
sequence into the syn-kinematic 
sequence is more common in models 

where the main fault comprises two 
panels than in models with a simple 
panel. The sequence of development of 
these faults within the syn-kinematic 
sequence shows that faults are younger 
towards the master fault, affecting higher 
stratigraphic levels (Fig. 5A). In the syn-
kinematic sequence a growth axial surface 
(GAS in Fig. 8) connects the active and 
the inactive axial surfaces of the pre-
kinematic sequence. This growth axial 
surface shows a dip opposite to that of 
the two associated axial surfaces. 
 
The shape of growth strata and the 
rollover fold depends on the master fault 
geometry. In all the experiments with no 
interlayered ductile material (Fig. 4, 
models A11, A12 and A14), the 
extensional basin was a half-graben with 
significant lateral thickness changes in the 
syn-kinematic strata. These layers are 
thicker near to the master fault and thin 
and pinch out towards the rollover 
shoulder (Fig. 5A).  
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Models with a syn-kinematic silicone 
layer 
 
After the first extensional stage, in this 
type of models, syn-kinematic 
sedimentation started first with a thin 
sand layer that aimed to preserve the fault 
scarp in the pre-kinematic unit. We then 
deposited a viscous level, whose extent 
was restricted to the rollover area, above 
the first syn-kinematic sand layer. This 
silicone layer thinned and pinched out 
towards the rollover shoulder (Figs. 6 and 
7). As extension progressed in successive 
stages, the half-graben deepened and 
additional sand layers were deposited 
episodically. Lateral thickness changes in 

the syn-kinematic sequence related to the 
wedge geometry caused an increase in 
differential loading triggering lateral 
pressure gradients within the viscous 
layer. Once the overburden was 
sufficiently thick, differential loading 
allowed the viscous silicone to flow 
laterally towards the rollover shoulder 
where the overburden was thinner. As 
the extension progressed and new syn-
kinematic layers were added, differential 
loading squeezed the viscous silicone 
beneath the thickest overburden. This 
squeezing pushed the silicone upslope 
climbing the underlying tilted surface 
generated by the antithetic faulting in the 
pre-kinematic sequence.  

 

Fig. 9.- Line drawing and photographs of a cross section of model C10 (Fig. 4) with the 
master fault formed by two segments. (A) Detail photograph illustrating the position of the 
main and the secondary depocentres, the silicone-cored anticline and the primary weld. (B) 
Detail photograph showing the salt walls and the primary welds formed at the pinch-out of 
the silicone layer above the rollover shoulder.   

 

The shape of silicone structures also 
varies depending on the master fault 
geometry. In models having a simple 
planar fault (C08 in Fig. 4), a large 
silicone wall formed above the inactive 
axial surface in the pre-kinematic 
sequence (Fig. 7A). However, in models 

having a kinked fault with two panels 
(C09 in Fig. 4), a monocline or a subtle 
silicone-cored anticline formed near the 
upper inactive axial surface of the pre-
kinematic sequence (Figs. 5B and 7C). 
The lower part of the post-silicone strata 
thinned towards the anticline crest. In 
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some cases another gently subsiding 
depocentre formed in the vicinity of the 
silicone-cored anticline. The silicone 
migration from the main depocenter and 
the secondary fed the growth of the 
silicone-cored anticline allowing its 
amplification (Figs. 5B and 7C). As 
extension progresses, the lateral 
migration of the silicone towards the 
regions where the overburden was thin 
causes a thinning of the viscous layer 
below the main depocenter. In the most 
extreme cases, pre- and syn-kinematic 
series became welded, and only a silicone 
remnant or a primary weld was preserved 
in between the scarps of the stair-stepped 
in pre-silicone basement (Figs. 7C and 
9A). Near the rollover shoulder, the 
silicone migration led to the formation of 
small silicone-walls (Figs. 7B; 7C and 
9B). These structures formed mainly in 
the footwall of listric faults detaching at 
the top of the viscous layer. Some minor 
primary welds formed between silicone 
walls (Fig. 9B). Finally, in models having 
a lateral ramp linking the two previous 
fault geometries (C10 in Fig. 4), silicone 
migration resulted in the formation of a 
broad silicone-anticline located between 
the active and the inactive axial surface of 
the pre-kinematic sequence (Fig. 7B). In 
some extreme cases, the silicone layer 
pierced the anticline’s crest where the 
overburden was thinner. As for models 
having a kinked-fault geometry, small 
silicone-walls formed above the rollover 
shoulder from listric normal faults 
detached at the tip of the silicone level 
(Fig. 7B). In contrast to the previous 
models, in models with an intermediate 
oblique ramp (C10 in Fig. 4) a prominent 
silicone-cored anticline was developed 
between the inactive and the active axial 
surface of the pre-kinematic unit. The 

shape of this structure could be amplified 
by the development of thin-skinned faults 
or by diapirs that pierce the overburden 
(Fig. 7B). Furthermore, the development 
of normal faults associated with the 
extension that took place over the pinch 
out of the silicone level may promote the 
migration of silicone from this area 
towards the anticline (Fig. 7B).    
 
The more distal fault formed in the pre-
kinematic sequence in the experiments 
with a syn-kinematic silicone layer, 
probably acted as a frontal buttress 
opposing salt flow out of the basin. In 
addition, the pinch out of the viscous 
layer also opposed to this lateral silicone 
flow. 
  
 
Models with a pre-kinematic silicone 
layer 
 
In models with a pre-kinematic silicone 
layer (Fig. 4, B18, B19 and B20) the 
evolution of the ductile layer during 
extension is barely conditioned by its 
areal extent. In this configuration, the 
silicone level is almost tabular and covers 
the entire hangingwall, unlike in syn-
kinematic silicone configurations where 
the silicone has a wedged section and 
covers only parts of the hangingwall. In 
this case, unlike what happens in models 
with syn-kinematic silicone there is no 
frontal buttress that could oppose the 
silicone flow during the rollover fold 
formation. Because of this tabular shape, 
the regional depositional datum for syn-
linematic layer could not be kept 
constant, and had to be continually raised 
during all the extensional phase (Figs. 5C 
and 11).   
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As in the previous experiments, lateral 
thickness changes in the syn-kinematic 
unit produced variations in differential 
loading on the silicone layer allowing 
lateral  pressure gradients within the 
viscous layer. These pressure gradients 
triggered silicone flow from the area of 
high loading (the rollover deponcenter) 
towards the area where the cover was 
thinner (the rollover shoulder). With 
ongoing extension and syn-kinematic 
sedimentation, differential loading 
squeezed the viscous silicone beneath the 
overburden and pushed it upslope, 
climbing the stair-stepped tilted surface 
generated by the antithetic faults affecting 
the top of the pre-kinematic sequence as 
in models with syn-kinematic silicone.  
 
In this configuration, the shape of 
silicone structures also varies depending 
on the master fault geometry. In models 
having a simple planar fault (B18 in Fig. 
4) the early stages of extension were 
characterized by the development of a 
linear extensional half-graben parallel to 
the master fault above the rollover 
shoulder. As the extension progressed 

two half-graben-border faults were well 
developed, thinning the overburden and 
allowing piercement by silicone walls. In 
models with a kinked planar fault (B19 in 
Fig. 4) the rise of silicone structures was 
controlled by the development of a small 
graben located above the rollover 
shoulder. This graben evolved into a half- 
graben with further extension. A silicone 
anticline formed where the top of the 
pre-kinematic unit was flat and 
horizontal. The crest of this anticline can 
be locally pierced by passive diapirs. The 
comparison between both previous 
models typologies shows that the 
thickness of the overburden, and 
therefore the silicone migration, is more 
important in models with a single planar 
fault than in model with a kinked fault 
(Figs. 9A vs. 9D). Finally in the model 
that combined the three fault geometries 
(B20 in Fig. 4), six incipient grabens 
developed above the rollover shoulder 
during the early stages of extension (Fig. 
10A).  

 

Fig. 10.- Maps illustrating the structural evolution of Model B20 (lateral changes in fault 
geometry and pre-kinematic silicone). Note the evolution from grabens during the early 
stages of extension (A) to hemigrabens as the extension increases (B) with the subsequent 
extrusion of overhangs (C). Some accommodation zones between diapirs show strike-slip 
faults.  



Salt deformation in the hangingwall of a extensional kinked-fault 

191 
 

 

These grabens that are linked by poorly 
defined accommodation zones show a 
trend perpendicular to the direction of 
extension. These grabens progressively 
became half grabens as the extension 
progresses (Fig. 10B). The faults that 
bound these grabens on the side closest 
to the master fault stopped their growth 
and most of the extension becomes 
accommodated by the faults dipping 
towards the master fault. The progressive 
thinning of the overburden related to slip 
along these faults during extension 
favored the development of reactive 
silicone walls and some diapirs. These 
structures can pierce locally the entire 
overburden growing passively (Fig. 11B, 
C and D) and reach the model surface 
extruding glacially to form small 
overhangs (Figs. 10C and 10D and 
schematic map of Fig. 11). We physically 
removed these overhangs before 
depositing the next sand layer. The trend 
of salt structures mimics the trace of the 
bend fault between the master fault the 
horizontal basal detachment (Fig. 11, 
schematic map). 
 

 

DISCUSSIONS 

Presence of a viscous layer during 
rollover growth 
 
Our work shows that the presence of a 
viscous layer located at varying 
stratigraphic positions (pre- or syn-
kinematic) plays an important role in the 
evolution of a rollover fold generated 
from different master faults geometries. 
This viscous layer strongly influences the 
structural features in the suprasilicone 
overburden throughout deformation and 

facilitates the growth of the rollover fold. 
Basement extension causes the formation 
of a synform trending parallel to the 
master fault trace. The growth of this 
synform increases the differential 
sedimentary loading as different syn-
kinematic levels are deposited (Figs. 7 
and 11). The difference in sedimentary 
load triggers silicone flow upslope from 
the rollover depocenter toward the 
rollover shoulder facilitating the 
formation of analogue salt structures 
(anticlines, walls, diapirs and welds) at 
different structural positions (Figs. 7 and 
11).  
 
Models without interlayered silicone 
show a structural evolution similar to that 
presented in previous works (McClay and 
Ellis, 1987; Ellis and McClay, 1988; 
McClay, 1990; McClay and Scott, 1991; 
Withjack and Schlische, 2006). 
Structures developed in the pre-
extensional materials of the hangingwall 
during the extensional phase propagated 
upwards within the syn-extensional 
sequence showing a set of antithetic 
normal faults (Figs. 5A and 6, left 
column). These normal faults, striking 
parallel to the master fault, are younger 
towards the master fault and reach higher 
stratigraphic levels of the syn-kinematic 
unit near the master fault (Figs. 5A and 
8A). Similarly, axial surfaces developed in 
the pre-kinematic unit during the 
extensional phase are associated with a 
growth axial surface in the syn-kinematic 
sequence (Fig. 8A). 
 
However, experiments involving 
interlayered silicone show remarkable 
differences regarding previous works. 
With ongoing extension and the 
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deposition of the firsts sand layers of the 
syn-kinematic sequence, a differential 
loading occurs on the silicone layer which 
triggers their lateral migration from areas 
with high pressures (rollover depocenter) 
to areas where the pressure is lower 
(rollover shoulder). During this process 
the viscous layer is expelled causing 
further subsidence in the depocenter 
(Figs. 7 and 11). Silicone migration 
towards areas with less lithostatic load is 
accompanied by the local inflation of the 

overburden to form soft silicone 
anticlines (Figs. 7B; 7C and 8B). The 
growth of these anticlines can be 
accentuated by the migration of silicone 
from a smaller secondary depocenter that 
developed in the other anticline flank 
(Fig. 9). The flow of silicone from this 
secondary depocenter is more important 
in experiments with pre-kinematic 
silicone because the volume available is 
greater.  

 

 
Fig. 11.- A, B, C & D) Line drawings from four cross sections of Model B20 (Fig. 4) having 
a pre-kinematic silicone layer and lateral changes of the master fault’s profile. Note that the 
position of diapirs clearly varies depending on the geometry of the master fault. The map of 
the upper right corner represents the top of the model after the last stage of extension. The 
gray area (right-hand side) indicates the amount of total extension applied to the model. 
Note that overhangs have formed. The position of each section is marked on the map.  

 
As the silicone anticline grows, a gently-
dipping growth axial surface developed 

along the anticline flank closest to the 
master fault (Fig. 8B). The formation of 
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this growth axial surface near the silicone 
anticline suggests the existence of a shear 
band within the viscous level (Fig. 8B, 
dashed white line). This shear band 
transmits the movement of the main fault 
upward to the overburden. In this sense, 
the shear band is parallel to the silicone 
level which acts as a ductile shear zone 
softening the dip of the axial surface with 
respect to the axial surfaces developed on 
the subsilicone sequence (60-70o). As a 
result silicone acted as a large detachment 
allowing initially the formation of small 
grabens or half-grabens above the 
rollover shoulder (Figs. 7; 9B and 11). 
The faults that limited these small basins 
thinned the overburden, triggering the 
reactive growth of small silicone walls and 
diapirs during thin-skinned extension 
(Figs. 7; 9B and 11). Once diapirs 
reached the surface, they grew passively 
and even formed allochthonous 
overhangs, depending of the ratio 
between the rates of silicone rise and 
sedimentation (Fig. 10). 
 
 
Role of the master fault in salt structures 
development 
 
In models with a pre-kinematic silicone 
layer, the position of the silicone walls 
and diapirs is strongly influenced by the 
geometry of the master fault (Fig. 11). 
The master fault geometry controls the 
architecture of antithetic faults whose 
development in turn controls the regional 
slope of the basin. In models where the 
master fault consists of a simple panel 
(Fig. 11A), the slope of the basin is steep, 
conditioning the accumulation of silicone 
practically above the rollover shoulder. In 
these models, the accumulation of 
silicone also depends on the 

development of a half-graben controlled 
by a listric antithetic fault immediately 
above the rollover shoulder that rotates 
the hangingwall triggering silicone 
migration (Fig. 11A). However, in models 
where the master fault geometry consists 
of more than one panel (Figs. 11C and 
11D), the position where salt walls and 
diapirs develop is slightly offset away 
from the rollover shoulder. In this case, 
basement faulting and diapirism are 
slightly decoupled. This may be due to 
the fact that the basin slope is much 
gentler than that in models having only 
one panel. Smaller regional dip allows a 
more effective silicone migration.  
 
In models where the viscous silicone was 
syn-kinematic, the location of silicone 
walls and diapirs is also controlled by the 
geometry of the master fault. However, in 
addition to this control factor it must be 
considered the initial geometry of the 
silicone layer (triangular in cross section) 
which also plays an important role in the 
development of salt structures (Fig. 7). 
Indeed, salt structures of these models 
are smaller and are characterized by 
small diapirs, gentle anticlines and 
primary welds (Fig. 7). This reduction in 
the salt structures’ size is due to the fact 
that the volume of available silicone for 
diapirisim is smaller than in models 
having a more evenly distributed silicone 
(pre-kinematic). In addition, the 
buttressing effect produced by the 
silicone pinch out is much stronger than 
in syn-kinematic silicone models. For this 
reason, the location of the silicone walls 
and diapirs is not above the rollover 
shoulder, but farther toward the basin, 
above the outer antithetic faults (Fig. 7).  
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In all the models having silicone, thin-
skinned extension initially forms small 
grabens linked by accommodation zones 
located above the rollover shoulder (Fig. 
10A). As extension progresses, several 
grabens become half-grabens (mainly 
basinwards-dipping faults) (Fig. 10B). 
Silicone walls and diapirs reach the 
surface of the experiments extruding as a 
small overhangs (Fig. 10C). When this 
occurs and if extension continues, some 
vertical right-lateral strike-slip faults form, 
having small displacements and linking 
the diapirs and silicone walls (Fig. 10C).  
 
 
The ductile level as a shear zone 
 
Unlike what is observed in models 
without silicone, where antithetic faults 
and kink bands developed in the pre-
kinematic unit propagate upwards into 
the syn-kinematic unit during extension 
(Figs. 5A and 8A), in models with a 
viscous layer these two elements only 
reach the base of the silicone layer (Figs. 
7; 11 and 12). Thus, the structural style of 
the sub-silicone and the supra-silicone 
materials is clearly different. While the 

sub-silicone unit is strongly faulted, the 
supra-silicone unit shows wide folds and 
minor faults associated to salt structures 
(Figs. 7, 11 and 12).  
 
In a similar way occurs with the axial 
surfaces developed in the pre-kinematic 
unit (Fig. 8). While the active and inactive 
axial surfaces developed in the pre-
kinematic unit in models without silicone 
propagates within the syn-kinematic unit 
maintaining its dip (Fig. 8A), in models 
with a viscous layer the dip of the axial 
surfaces of the pre-kinematic unit is not 
constant (Fig. 8B). Active and inactive 
axial surfaces in the syn-kinematic unit 
dips gently towards the basin and are 
completely shifted with respect to the 
axial surfaces of the pre-kinematic unit. 
This suggests the existence of a shear 
band within the silicone level (Fig. 8B). In 
these models axial surfaces act as a shear 
band transmitting the movement of the 
main fault to the supra-silicone sequence. 
The silicone layer plays as a ductile shear 
zone smoothing the dip of the axial 
surface with respect to the axial surfaces 
developed in the sub-silicone sequence 
(60-70o) (Fig. 8B). 

 

 
Fig. 12.- 3-D reconstructed surfaces showing the deformation patterns of the Model C10 
(lateral changes in fault geometry and syn-kinematic silicone); see also Figs. 4 and 7. (A) 
Base-silicone surface (note the development of antithetic faults) and (B) Top-silicone 
surface with the position of the salt structures. Note that the geometry of both surfaces is 
clearly different because the silicone level acted as a strong level of decoupling. The letters 
A, B, C and D correspond to homologous points in both figures. 



Salt deformation in the hangingwall of a extensional kinked-fault 

195 
 

 
From these previous observations, it 
follows that in models with a viscous layer 
the silicone acts as an efficient decoupling 
accommodating a large amount of strain 
and inhibiting the upward faults 
propagation. However, although the 
presence of a viscous level inhibits the 
upward propagation of extensional 
structures from the sub-silicone to the 
supra-silicone sequence, there are some 
cases where upwards fault propagation is 
possible. This occurs when the amount of 
slip along the master fault is large enough 
so that the tip of the silicone reaches the 

junction between the upper and lower 
panels of the master fault (Fig. 5C). From 
this stage on, if extension continues, new 
antithetic extensional faults and a new 
axial surface form in the supra-silicone 
level (Fig. 5C). Note that more rarely, the 
upward propagation of these faults can 
also occur when the silicone layer has 
been completely depleted and a primary 
weld has developed. However, both 
mechanisms of fault propagation 
described above, require a greater 
extension than has been applied in the 
models presented in this work.  

 

 
Fig. 13.- Maps of the surface displacement vectors at the model’s surface and cross sections 
for two different models. (A) Model A14 (Fig. 4) with no silicone and along-strike changes 
in master fault geometry and B) model C10 (Fig. 4) with syn-kinematic silicone and along-
strike changes in master fault geometry. The location of both sections is referenced in the 
corresponding map (see Fig. 11 for the section legend). Note that the length of the 
displacement vectors is strongly controlled by the presence or absence of silicone. 
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Comparison of the horizontal 
displacement vectors in the syn-kinematic 
series between a model without silicone 
and a model with syn-kinematic silicone 
illustrates the presence of this shear band 
(Fig. 13). For the same amount of 
imposed regional extension, the model 
without silicone (Fig. 13A) shows only 
one population of vectors, whereas the 
model with syn-kinematic silicone (Fig. 
13B) shows two distinct vector 
populations having different lengths. The 
area that separates these two 
displacement domains coincides with the 
pinch out of the silicone layer (Fig. 13B 
see cross section). The shorter 
displacements vectors in this model are 
located above the surface covered by the 
silicone layer (Fig. 13B). The difference 
in displacement values suggests that the 
silicone layer acted as a decoupling level 
that slows the movement of supra-silicone 
overburden with respect to the sub-
silicone series. This reverse shear band 
also controls the extension of the tip of 
silicone level and the development of 
grabens or half grabens in this location. 
In this case, the amount of extension in 
the syn-kinematic unit in the series 
underlain by silicone is less than that 
occurred in the same unit of the model 
without silicone.   
 

 

COMPARISON WITH THE 
PARENTIS BASIN (BAY OF 
BISCAY) 

 

In this section, we show that our models 
reproduce many of the key features 
interpreted by Ferrer et al. (2008) and 

Roca et al. (2011) using seismic data from 
the deep offshore Parentis Basin (eastern 
Bay of Biscay). We then show that these 
types of models are useful tools to 
characterize subsalt deformation in areas 
where seismic data are scarce or of poor 
quality.  
 
The Parentis Basin, trends E-W and is a 
100-km wide extensional basin located in 
the eastern Bay of Biscay (Fig. 14). This 
basin is filled by a thick sequence (near 
10 km) of syn-rift Upper Jurassic-Lower 
Cretaceous carbonate to terrigenous 
rocks that overlie Lower-Middle Jurassic 
carbonates, lowermost Jurassic to Upper 
Triassic evaporites and Lower Triassic-
Permian clastic rocks (Dardel and Rosset, 
1971; Mathieu, 1986; Bourrouilh et al., 
1995; Bois et al, 1997). Evaporitic 
materials were mainly deposited during 
the Lower Triassic in the post-rift 
sequence after the break-up of the 
Pangea (Dardel and Rosset, 1971; 
Mathieu, 1986; Bourrouilh et al., 1995; 
Bois et al, 1997).The role of salt tectonics 
in the evolution of this basin has been 
widely documented in numerous studies 
(e.g., Mathieu, 1986; Mediavilla, 1987; 
Biteau et al., 2006; Ferrer et al., 2012). 
 
Figure 15 illustrates the interpretation of 
the MARCONI-3 seismic profile from 
the western Parentis Basin (Ferrer et al., 
2008). This section comprises a thick 
Triassic to Upper Cretaceous basin (3-5 s 
TWT thick) bounded southward by a 
north-dipping kinked master fault made 
from two planar segments, resulting in an 
overall concave upward geometry (the 
Landes Fault) with a normal 
displacement of near 20 km (Roca et al., 
2011). The Landes fault acts as a crustal-
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scale detachment fault that has offset the 
upper and middle crustal levels enough 
so that beneath the Parentis basin, the 

Mesozoic sedimentary fill directly 
overlies a very thin lower crust (Roca et 
al., 2011). 

 

 
Fig. 14.- Location map of the Parentis Basin (modified from Munoz, 2002). The thick 
black line marks the location of the MARCONI-3 cross-section (A-A’) showed in Fig. 15.  

 
In the southern sector of the basin, the 
sedimentary sequence dips toward the 
south and is pierced by two squeezed 
diapirs of Lower Triassic evaporites (Fig. 
15). By contrast, in the northern sector 
the Mesozoic sequence is thinner and 
near horizontal (Fig. 15). These two 
regions are separated by a major 
structural high (Txipiroi High) where a 
significant amount of Mesozoic 
sediments have been truncated and 
eroded (Fig. 15). The Mesozoic basin is 
overlain by the uppermost Cretaceous-
Cenozoic fill of the northern Pyrenean 
foreland basin (Fig. 15).  
 
Ferrer et al. (2008) interpreted the 
Txipiroi High as a salt-anticline cored by 
Upper Triassic rocks that formed during 
Albian-Late Cretaceous times. This 
structure formed in the hinge of a 
rollover fold generated by the normal slip 
along the Landes Fault, as it is attested by 
the coincident position of the Txipiroi 
high with the passive axial surface in the 
hangingwall of this fault (Fig. 15). This 

interpretation is consistent with Xiao and 
Suppe’s (1992) models. The structural 
high grew by progressive limb rotation 
during Albian-Upper Cretaceous times 
and underwent to erosion during the 
latemost Cretaceous (Ferrer et al., 2008 
and 2012). Nevertheless, any growth 
geometry has been observed southwards 
of the Txipiroi High crest, where the 
thickness of Jurassic to Aptian series is 
constant. For this reason the geometry of 
the Landes Fault is not listric but has 
been interpreted as comprising at least 
three planar segments (Ferrer et al., 
2008). 
 
Overall, the geometries obtained from 
the models that included an interlayered 
viscous material are quite similar to those 
interpreted for the Parentis Basin, 
although in this basin, the growth 
synclines have not been preserved. The 
presence of evaporites combined with 
slip along the Landes Fault is responsible 
for the formation of the Txipiroi salt-
cored anticline. As observed in the 
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models (Fig. 9), this structure could have 
resulted from lateral migration of the 
Triassic salt after a long history of 
episodic rifting –first in the Permo-
Triassic (possibly including evaporites), 
then a minor period of quiescence during 
part of the Jurassic and finally during a 
renewed rifting in latermost Jurassic-Early 
Cretaceous (Albian) (Fig. 15). Salt 
migration combined with the local 
extension of the main crustal 
detachments in the Upper Cretaceous 
(Coniacian) (Roca et al., 2011) led to the 

Txipiroi salt anticline formation in the 
rollover fold hinge. The growth of this 
structure ended during the Late 
Cretaceous, coinciding with the formation 
of a primary salt weld. Nevertheless with 
the onset of the Pyrenean orogeny, the 
Txipiroi salt anticline as well as most of 
the salt-cored anticlines of the Parentis 
Basin, was reactivated during the Late 
Cretaceous to the Eocene times. These 
anticlines were squeezed and amplified 
rising above regional during shortening 
(Ferrer et al., 2012).  

 

 
Fig. 15.- Interpretation of the MARCONI-3 deep seismic profile (modified from Ferrer et 

al. 2008) showing the main geological features of the upper crust in the easternmost part 

of the Bay of Biscay. See Fig. 13 for location.  

 
However, seismic data do not provide 
conclusive arguments on the geometry of 
the Landes Fault, its related extensional 
fault system or the deformation of the 
basement in the hangingwall. A possible 
explanation for the basement 
deformation could be thinning by pure 
shear of the crustal rocks below the 
Parentis Basin, as it has been observed in 
others parts of the basin (Pinet et al., 
1987; Masse, 1997) or by an intracrustal 
shear zone detachment model (Lister and 
Davis, 1989). 
 

 

 

CONCLUSIONS 
 

Our modeling results demonstrate that 
the presence of a viscous layer in 
different stratigraphic positions (top of 
the pre-kinematic sequence or at base of 
the syn-kinematic sequence) strongly 
influences the structural evolution of the 
hangingwal and the growth of salt 
structures.   
 
In models with no silicone, basement 
extension was accommodated by the 
upward propagation of the faults 
developed during the extensional phase 
into the syn-kinematic sequence. 
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However, in models with a viscous layer, 
basement extension triggered silicone 
flow towards the rollover shoulder away 
from the basement footwall. During salt 
migration, the silicone climbed the 
faulted ramp formed at the top of the 
pre-kinematic sequence. The lateral flow 
of silicone formed different salt structures 
(silicone-cored anticlines, walls, diapirs 
and primary welds) depending on the 
master fault geometry used in the 
experiment. Broad silicone-cored 
anticlines formed between the active and 
the inactive axial surfaces of the pre-
kinematic unit. Walls and diapirs grew 
mainly above the rollover shoulder from 
normal faults bounding grabens or half-
grabens during thin-skinned extension. 
Several diapirs grown from extensional 
faults developed in the crest of silicone-
cored anticlines with a significant volume 
of silicone. Some primary welds 
developed as a result of the source layer 
depletion.  
 
In models involving a layer of viscous 
silicone, the silicone tends to decouple 
deformation between the pre-kinematic 
and syn-kinematic sequences, each one 
having a clearly distinct structural style. 
Faults of the pre-kinematic unit propagate 
upward into the syn-kinematic unit only 
when the silicone layer has been depleted 
and a weld has formed, or when the 
extension of the master fault was so great 
that the tip of the silicone layer towards 
the fault has been translated down to the 
lower segment of the master fault.  
 
As seen from the experiments, the 
presence of a viscous layer had a double 
effect: 
 

1.- It acted as a shear band with internal 
strain accommodating the deformation of 
the sub-silicone materials and inhibiting 
the upwards propagation of extensional 
structures into the supra-silicone layers.  
 
within the silicone layer, causing 
extension at the tip of silicone level. The 
extension is responsible of the formation 
of a set of grabens parallel to the pinch 
out of silicone. There, the grabens 
thinned the overburden and triggered the 
growth of small diapirs. 
 
2.- In combination with the extensional 
slip of the master fault, the expulsion of  
silicone from the rollover depocenter 
towards the rollover shoulder controls the 
space of accommodation available for the 
deposition of new syn-kinematic layers, 
showing the relationship between salt 
tectonics and sedimentation.  
 
Finally, our models reproduce many of 
the key features interpreted for the deep 
offshore Parentis Basin (eastern Bay of 
Biscay) validating the structure of the 
subsalt materials where seismic data are 
poor quality.  
 

 

ACKNOWLEDGEMENTS 
 

This work was carried out under the 
financial support by the GEOMOD 4D 
(CGL2007-66431-C02-02/BTE) and the 
INTECTOSAL (CGL2010-21968-C02-
01) projects and the GEOMODELS 
Research Institute. The Grup de Recerca 
de Geodinàmica i Anàlisi de Conques 
(2009SRG1198) is funded by the 
Secretaria d’Universitats i Recerca del 
Departament d’Economia i Coneixement 



O. Ferrer et al. (submitted) 

200 
 

de la Generalitat de Catalunya.  Research 
of O. Ferrer was partially funded by the 
FPU predoctoral grant program of the 
Ministerio de Educación, Cultura y 
Deporte (AP2002-0988) from the 
Spanish Government. We also would like 
to acknowledge Midland Valley for 
providing the 2D MoveTM software 
package as a part of an educational grant. 
ParadigmTM is also acknowledged for 
providing Gocad software, which was 
used for the surface modelling. 
 

 

REFERENCES 

BITEAU, J.J.; LE MARREC, A.; LE 
VOT, M. & MASSOT, J.M. (2006) 
The Aquitaine Basin. Petroleum 
Geoscience, 12, 247-273. 

BOIS, C, PINET, B. & GARIEL, O. 
(1997) The sedimentary cover along 
the ECORS Bay of Biscay deep 
seismic reflection profile : A 
comparison between the Parentis 
basin and other European rifts and 
basins. Mémoires de la Societé 
Géologique de France, 171, 143-165. 

BOURROUILH, R., RICHTER, J.P. & 
ZOLNAÏ, G. (1995) The North 
Pyrenean Aquitaine Basin (France): 
Evolution and Hydrocarbons. AAPG 
Bulletin, 79, 831-853. 

DARDEL, R.A. & ROSSET, R. (1971) 
Histoire géologique et structurale du 
bassin de Parentis et de son 
prolongement en mer. In : Histoire 
Structurale du Golfe de Gascogne 
(Ed. by J. Debyser et al.) V. I, pp 
IV.2.1 – IV.2.28, Publication de 
l’Institut Français du Pétrole, 
Technip, Paris, France. 

DOOLEY, T., MCCLAY, K., 
HEMPTON, M. & SMIT, D. (2004) 
Basement controls on salt tectonics: 
results from analog modeling. In: 
Salt-sediment Interactions and 

Hydrocarbon Prospectivity: 
Concepts, Applications, and Case 
Studies for the 21st Century (Ed. by 
P. Post et al.). 24th Annual 
GCSSEPM Foundation Bob F. 
Perkins Research Conference, CD-
ROM. 

DOOLEY, T., MCCLAY, K., 
HEMPTON, M. & SMIT, D. (2005) 
Salt tectonics above complex 
basement extensional fault systems: 
results from analogue modeling, In: 
Petroleum Geology: North-West 
Europe and Global Perspectives – 
Proceedings of the 6th Pretroleum 
Geology Conference (Ed. by A. G. 
Doré and B.A. Vining) Geological 
Society of London, p. 1631-1648. 

DURCANIN, M.A. (2009) Influence of 
synrift salt on rift-basin development: 
Application to the Orpheus Basin, 
offshore eastern Canada. 
Unpublished M.S. thesis, Rutgers 
University, 142 p. 

ELLIS, P.G. & MCCLAY, K.R. (1988) 
Listric extensional fault systems – 
results of analogue model 
experiments. Basin Research, 1, 55-
70. 

FERRER, O., ROCA, E., BENJUMEA, 
B., MUÑOZ, J.A., ELLOUZ, N. & 
MARCONI TEAM (2008) The 
deep seismic reflection MARCONI-
3 profile: Role of extensional 
Mesozoic structure during the 
Pyrenean contractional deformation 
at the Eastern part of the Bay of 
Biscay. Marine and Petroleum 
Geology, 25, 714-730. 

FERRER, O., JACKSON, M.P.A., 
ROCA, E. & RUBINAT, M. (2012) 
Evolution of salt structures during 
extension and inversion of the 
Offshore Parentis Basin (Eastern Bay 
of Biscay). In: Salt Tectonics, 
Sediments and Prospectivity (Ed. by 
G.I. Alsop, S.G. Archer, A.J. 
Hartley, N.T. Grant and R. 
Hodgkinson). Geological Society, 



Salt deformation in the hangingwall of a extensional kinked-fault 

201 
 

London, Special Publications, 363, 
361-379. 

HARDY, S. (1995) A method for 
quantifying the kinematics of fault-
bend folding. Journal of Structural 
Geology, 17(12), 1785-1788. 

JACKSON, M.P.A. & VENDEVILLE, 
B.C. (1994) Regional extension as a 
geologic trigger for diapirism. 
Geological Society of America 
Bulletin, 106, 57-73. 

KERR, H.G. AND WHITE, N. (1993) 
An automatic method for 
determining three-dimensional 
normal fault geometries. Journal of 
Geophysical Research, 98, 17.837-
17.857. 

LISTER, G.S. & DAVIS, G.A. (1989) 
The origin of metamorphic core 
complexes and detachment fault 
formed during Tertiary continental 
extension in the northern Colorado 
River region, U.S.A. Journal of 
Structural Geology, 11(1-2), 65-94. 

MALAVIEILLE, J. (1984) Modélisation 
expérimentale des chevauchements 
imbriqués: Application aux chaînes 
de montagnes. Bulletin Société 
Géologique de France, 7, 129-138.  

MASSE, P. (1997) The early Cretaceous 
Parentis Basin (France). A basin 
associated with a wrench fault. 
Mémoires de la Societé Géologique 
de France, 171, 177-185. 

MATHIEU, C. (1986) Histoire 
géologique du sous-basin de Parentis. 
Bulletin du Centre de Recherches 
Exploration et Production Elf-
Aquitaine, 10(1), 22-47. 

MEDIAVILLA, F. (1987) La tectonique 
salifère d’Aquitaine. Le Bassin de 
Parentis. Pétrole et Techniques, 335, 
35-37. 

MCCLAY, K.R.(1990) Extensional fault 
systems in sedimentary basins. A 
review of analogue models studies. 
Marine and Petroleum Geology, 7, 
206-233. 

MCCLAY, K.R. (1996) Recent advances 
in analogue modelling: Uses in 

section construction and validation. 
In: Modern developments in 
structural interpretation, validation 
and modeling (Ed. by P.G. 
Buchanan and D.A. Nieuwland). 
Geological Society, London, Special 
Publication, 99, 201-225. 

MCCLAY, K.R. & ELLIS, P.G. (1987a) 
Analogue models of extensional fault 
geometries. In: Continental extension 
tectonics (Ed. by M.P. Coward, J.F. 
Dewey and P.L. Hancock). 
Geological Society, London, Special 
Publication, 28, 109-125. 

MCCLAY, K.R. & ELLIS, P.G. (1987b) 
Geometries of extensional fault 
systems developed in model 
experiments. Geology, 15, 341-344. 

MCCLAY, K.R. & SCOTT, A.D. (1991) 
Hangingwall deformation in ramp 
flat listric extensional fault systems. 
Tectonophysics, 188, 85-96. 

MCCLAY, K.R., WALTHAM, D., 
SCOTT, A.D. & ABOUSETTA, A. 
(1991) Physical and seismic 
modelling of listric normal fault 
geometries. In: The Geometry of 
Normal Faults (Ed. by A.M. Roberts, 
G. Yielding and B. Freeman). 
Geological Society, London, Special 
Publication, 56, 231-239. 

MUÑOZ, J.A. (2002) The Pyrenees. In: 
The Geology of Spain (Ed. by W. 
Gibbons and T. Moreno). 
Geological Society, London, pp. 370-
385. 

PATTON,  T.L. (2005) Sandbox 
models of downward-steeping 
normal faults. AAPG Bulletin, 89(6), 
781-797. 

PINET, B., MONTADERT, L., 
CURNELLE, R., CAZES, M., 
MARILLIER, F., ROLET, J., 
TOMASSINO, A., GALDEANO, 
A., PATRIAT, P., BRUNET, M.F., 
OLIVET, J.L., SHANING, M., 
LEFORT, J.P., ARRIETA, A. & 
RIAZA, C. (1987) Crustal thinning 
on the Aquitaine Shelf, Bay of 



O. Ferrer et al. (submitted) 

202 
 

Biscay, from deep seismic data. 
Nature, 325, 513-516. 

ROCA, E.; MUÑOZ, J.A.; FERRER, O. 
& ELLOUZ, N. (2011) The role of 
the Bay of Biscay Mesozoic 
extensional structure in the 
configuration of the Pyrenean 
orogen: constraints from the 
MARCONI deep seismic reflection 
survey. Tectonics, 30, TC2001. 

SCHULTZ-ELA, D.D. & JACKSON, 
M.P.A. (1996) Relation of subsalt 
structures to suprasalt structures 
during extension. AAPG Bulletin, 
80(12), 1896-1924. 

SOTO, R. ; CASAS-SAINZ, M. & DEL 
RÍO, P. (2007) Geometry of half-
grabens containing a mid-level 
viscous décollement. Basin Research, 
19, 437-450. 

VENDEVILLE, B.C. (1987) Champs de 
failles et tectonique en extension: 
modélisation expérimentale. Ph.D. 
Thesis, Université de Rennes, 
Rennes, France, 395 p. 

VENDEVILLE, B.C. (1988) Scale 
models of basement-induced 
extension. Comptes Rendus de 
l’Académie des Sciences de Paris, 
307, série II, 1013-1019. 

VENDEVILLE, B.C. & JACKSON, 
M.P.A. (1991) Deposition, extension 
and the shape of downbuilding salt 
diapirs. AAPG Bulletin, 75, 687-688. 

VENDEVILLE, B.C. & JACKSON, 
M.P.A. (1992) The rise of diapirs 
during thin-skinned extension. 
Marine and Petroleum Geology, 9, 
331-353. 

VENDEVILLE, B.C., GE, H. & 
JACKSON, M.P.A. (1995) Scale 
models of salt tectonics during 
basement-involved extension. 
Petroleum Geoscience, 1, 197-183. 

VIDAL-ROYO, O., FERRER, O.; 
KOYI, H.A., VENDEVILLE, B.C., 
MUÑOZ, J.A. & ROCA, E. (2010) 
3D reconstruction of analogue 
modelling experiments from 2D 
datasets. Bolletino di Geofisica 

teorica ed applicata, 49 (2 
supplement), 524-528. 

WEIJERMARS, R. (1986) Flow 
behaviour and physical chemistry 
bouncing putties and related 
polymers in view of tectonic 
laboratory applications. 
Tectonophysics, 124, 325-358. 

WITHJACK, M.O. & CALLAWAY, S. 
(2000) Active normal faulting 
beneath a salt layer: An experimental 
study of deformation patterns in the 
cover sequence. AAPG Bulletin, 84 
(5), 627-651. 

WITHJACK, M.O. & SCHLISCHE, 
R.W. (2006) Geometric and 
experimental models of extensional 
fault-bend folds. In: Analogue and 
Numerical Modelling of Crustal-
Scale Processes (Ed. by S.J.H. Buiter 
and G. Schreurs) Geological Society, 
London, Special Publication, 253, 
285-305. 

XIAO, H. & SUPPE, J. (1992) Origin of 
Rollover. AAPG Bulletin, 76(4), 509-
529. 

 

 



   



 



O. FERRER 

 

 205

                                                                                                                             

 

 

 

 

CHAPTER 4:  

 

4.5.- EXPERIMENTAL ANALOGUE MODELLING OF 

CONTRACTIONAL SALT STRUCTURES REACTIVATION: 

APPLICATION TO THE PARENTIS BASIN  

 

4.5.1.- I�TRODUCTIO� 

At upper crustal levels, salt is much weaker than the typical sedimentary rocks either in 

extensional or in compressional regimes (Jackson and Vendeville, 1994). It deforms as a 

viscous material with a constant strength between sedimentary rocks whose strength increases 

with depth (Vendeville and Jackson, 1992). As a result, salt act as a good detachment surface 

and localizes the horizontal extensional and contractional strains.  

In areas previously deformed by salt structures (diapirs, salt walls, salt stocks, etc…) any later 

deformation will be initiated and concentrated in these salt structures, preserving practically 

intact the inherited structure of the adjacent non-saline strata. In this type of deformation, 

shortening of pre-existing salt structures will initially produce diapir reactivation, rejuvenation 

of salt structures, squeezing, welding and afterwards the development of folds and thrusts 

nucleated over the salt structures and linking them. This kind of features have been described 

in different tectonic settings as convergent-margins fold belts, including slightly inverted rift                                                                    

basins to complex thrust-and-fold systems (i.e. Letouzey et al., 1995; Roca et al., 2006) (Fig. 

4.5.1A), intraplate inverted extensional basins (i.e. Nilsen et al., 1995; Letouzey et al., 1995) 
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(Fig. 4.5.1B), and down dip ends of divergent plate margins (i.e. Jackson et al., 2004; Rowan 

et al., 2004; Fort et al., 2004; Mount et al., 2006) (Fig. 4.5.1C).  

As shown in chapter 3, interpretation of seismic profiles acquired in the Parentis Basin shows 

that the structure of this basin is characterized by the presence of salt tectonics structures 

(mainly diapirs and salt walls). These structures formed during the extensional opening of the 

basin and were compressively reactivated during the build up of the adjoining pyrenean 

orogen. To understand the mechanics of this later contractional evolution, two analogue 

modelling experiments were carried out at the laboratory of analogue modelling of the UMR 

C�RS Géosystèmes at the Université des Sciences et Technologies de Lille 1 (France).  

This chapter includes the results of these two experiments and its comparison to the salt 

structures interpreted from the seismic data of the Parentis Basin. 

 

Fig. 4.5.1.- Schematic regional cross-sections across three geological settings in which contractional salt tectonics 
are present: A) foreland portions of collisional mountain belts; B) inverted rift basins, and C) deepwater portions of 
gravity failed sedimentary lobes in passive margins (modified from Letouzey et al., 1995). 
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4.5.2.- A�ALOGUE EXPERIME�TS 

The analysis of salt deformation in contractional reactivated salt structures has been done using 

different analogue modelling techniques and setups (Withjack and Scheiner, 1982; Koyi, 1988; 

Nilsen et al., 1995; Vendeville and Nilsen, 1995; Letouzey et al., 1995; Roca et al., 2006; 

Rowan and Vendeville, 2006; Dooley et al., 2007 and 2009 among others). A complete 

revision of all these techniques was done by Dooley et al. (2009) providing different 

information about the role of the pre-existing salt structures, the amount of contractional 

deformation, the rheology of salt, etc…).  From all these modelling techniques, in our models 

we have used the methodology proposed by Rowan and Vendeville (2006) to trigger the 

growth of salt structures. Then we have applied different contractional rates to the models. This 

methodology is based on a tabular silicone layer covered by a thin layer of sand which is drawn 

locally with a vacuum to generate several individualized minibasins separated by inter-basin 

spaces. The top of the silicone layer crops out in these inter-basin spaces. This device supports 

the growth of both passive diapirs and walls as the silicone acts as a pressurized fluid. In this 

case, the main factor which controls the silicone flow is a change in the fluid pressure 

(Vendeville and Jackson, 1992). Therefore, if the silicone layer is horizontal and the 

overburden is isopach, the fluid pressure will be constant in the silicone layer (i.e. between 

points P1 and P2 in Fig. 4.5.2A) and salt flow will not occur. Instead, if the overburden 

thickness varies as occurs after vacuuming locally the sand (P2 in Fig. 4.5.2B), silicone fluid 

pressure also varies leading to the silicone flow. This flow goes from the areas with higher 

fluid pressure (P1) (minibasins depocenters) to the areas with the lowest fluid pressure (P2) 

(inter-basin spaces) allowing the growth of small silicone ridges (Fig. 4.5.2B). The upward 

growth of all these ridges results in the sedimentation of thinner syn-kinematic overburden 

successions deformed by crestal grabens which thin the overburden and create the space for the 

upwards silicone flow. In this kinematic scenario, silicone passive diapirs can develop piercing 

the thinned graben floors usually at the intersection of the ridges.  

The resulting salt structures net, driven exclusively by passive diapirism, presents a wide range 

of geometries and structural directions when the feeder silicone level is totally exhausted. 

Therefore, it is a technique that produces a wide array of salt structures that will respond 

differently to a later contraction depending on its orientation and its geometry. In this way it 

can be studied the response of salt structures (mainly stemps and necks) as well as their 

adjacent strata during the shortening. Note that this method does not allow to characterize the 
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internal structure of salt diapirs and does not consider the different mechanisms that can trigger 

the initial growth of diapirs. In this regard, recall that the initial growth of salt structures in the 

Parentis Basin was controlled by extensional thick-skinned processes (see chapter 3 and 

section 4.4 of this chapter) and not by a passive diapirism growth as proposes the method used 

in our experiments. This fact limits the applicability of our experiments, especially for the 

behavior of the deepest part of diapirs, walls and domes.     

 

Fig. 4.5.2.- A) Hydraulic pressure distribution between two points (P1 and P2) after the deposition of a sand layer of 

constant thickness (brown) over the silicone (black) (ρο overburden density, ρs salt   density). B) Hydraulic pressure 

distribution after vacuuming the sand in a point (P2). The practical disappearance of the pressure head on point P2 

induces the salt flow from the areas with a higher pressure head (P1). Modified from Vendeville and Jackson, 1992. 

  

Considering this limitation, the two models allow to compare how pre-existing silicone 

structures have been deformed using two shortening values and rates (10 and 20 % of final 

shortening). Silicone structures obtained at the end of the models have been very helpful during 

the interpretation of salt structures of the Parentis Basin.  

 

 4.5.2.1.- Experimental setup, initial conditions and assumptions 

The two laboratory experiments were run in a 100 cm-long, 100 cm-wide and up to 20 cm-

deep glass-sided deformation rig (Fig. 4.5.3A). Models were constructed between four end 

walls which was kept fixed during the passive diapirism growth stage, later one of them was 

moved by motor-driven worm-screw to induce the contractional deformation (Fig. 4.5.3A). 
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The base of the model, consisting of a wood plate, was completely flat and horizontal. It should 

be noted that in order to facilitate the discussion of this sub-chapter, all views of the models 

(top-views and cross-sections) are oriented with the moving wall on the left-hand side of the 

figures.   

 

Fig. 4.5.3.- A) 3D Schematic diagram of the experimental apparatus used in the models designed to 
analyze the deformation of salt structures during contractional reactivation and B) Section of the model 
1 with the modelling materials terminology used in the experiments. 

 

In the experimental models, we have used two basic materials: differently colored dry sand 

simulating the brittle sedimentary overburden and silicone polymer SMG-36 manufactured by 

Dow Corning, simulating viscous salt in natural systems (Fig. 4.5.3B). The dry sand is 

composed of quartz grains with an average grain size of 350 µm. Its density is ca. 1300 kg/m
3
 

with an internal friction angle between 25 and 30
o
 and a negligible cohesive strength of 140 Pa. 

The silicone used in both experiments was a nearly-perfect Newtonian fluid with the following 

mechanical properties at room temperature (22ºC): a density of 950-987 kg/m
3
, a strain rate of 

2 x 10
-3
/s and an effective viscosity of 5 x 10

4
 Pa·s. Using these materials, our models were 

scaled with a length ratio (model/nature) of 2 x 10
-15
, implying that 1 cm in the model 

simulates 500 meters in nature. 

As stated before, salt migration with subsequent rise of salt structures was triggered applying 

the methodology developed by Rowan and Vendeville (2006). Following this method, both 
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experiments have been designed with a basal layer of silicone (Fig. 4.5.4A) overlain by an also 

tabular sand layer (Fig. 4.5.4B) which has been locally vacuumed to form several minibasins 

separated by strips in which sand layer is absent (Fig. 4.5.4C). The resulting map pattern 

includes differently sized, oriented and shaped minibasins (Mb in Fig. 4.5.4C) and intrabasin 

spaces in order to study the effect of these features during the ongoing diapiric deformation and 

later contractional reactivation.  

 

Fig. 4.5.4.- Sequence of three consecutive top views of the minibasin construction process in model 1. A) Top view 
of the silicone layer completely flat, B) Top view of the first sand layer overlying the silicone with a net of passive 
markers formed by a grid of 0.5x0.5 squares used to control the deformation during the downbuilding stage, and C) 
The same sand layer of figure B with 7 minibasins (Mb) after vacuuming the spaces between minibasins.  

 

After this initial setup that induces an almost immediate silicone flow from the base of 

minibasins to the inter-basin spaces, several syn-downbuilding sand layers have been added in 

a variable time span (see Table 4.5.1 for time and thickness parameters). On the top of each 

sand layer we have arranged a net of passive markers in a grid of 0,5 x 0,5 cm squares in order 

to control the deformation during the compression.  

The interplay between salt-rise (R) and sediment aggradation (A) (salt rise (F) minus erosion 

(E) and dissolution (D)) controls the cross-sectional shape and the behavior of the salt-

sediment interface in a passive diapir (Fig. 4.5.5A) (e.g. Jackson and Talbot, 1991; Vendeville 

et al., 1993; Jackson and Vendeville, 1994; Talbot, 1995). Thus, when net diapir rise is lower 

than the aggradation rate, the diapir narrows upward and may ultimately become completely 

buried (Fig. 4.5.5B). Conversely, if aggradation rate is equal to diapir rise, diapir walls are 

vertical (Fig. 4.5.5C). Finally, when net diapir rise exceeds aggradation rate, the diapir flares 

and may ultimately form extrusive sheets (Fig. 4.5.5D). Pulses of extension or contraction will 

affect diapir-rise rates. It should be noted that in our experiments, during the early 
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downbuilding stage, each new syn-kinematic sand layer added to the overburden was flush 

considering the initial regional datum of the silicone layer. This entails to consider that the 

diapiric rise rate (R) was nearly similar to the sediment aggradation (A) in the subsiding 

adjacent minibasins (Fig. 4.5.5) and therefore the diapir walls are vertical (e.g. Vendeville and 

Jackson, 1991; Vendeville et al., 1993; Jackson and Vendeville, 1994; Talbot 1995). 

   

 

Table 4.5.1.- Time (hours), material composition and total thickness (centimeters) parameters as well as shortening 
values used in the two experiments designed to study the contractional reactivation of diapiric structures. Note the 
major amount of shortening as well as overburden/silicone ratio in the second model.  

 

After the deposition of the last considered syn-downbuilding sand layer the models were left 

free to evolve during 13.3 hours, in order to give enough time to the silicone to flow and to 

produce the complete depletion of the silicone layer. This induced to the development of 

primary silicone welds beneath the minibasins and the extrusion of silicone to the model 

surface forming overhangs (Figs. 4.5.6A and 4.5.6B). Simulating underwater dissolution all 

these overhangs were subsequently removed and the model was completely covered by a new 

sand level.  
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Fig. 4.5.5.- A. Sketch showing the net diapir rise (R) and amount of extruded diapiric rocks is controlled by the salt 
flow (F) which raises diapiric material to the surface and salt dissolution (D) and erosion (S) which removes this 
ascending diapiric material. B, C and D. Main relations between salt aggradation and the diapir shape. 
Reinterpreted and redrawn from Jackson and Vendeville (1994).   

 

The contractional experiment deformation stage started with this resulting end-downbuilding 

models which were shortened at a constant rate of 7.5 mm/hour. The amount of shortening 

applied in both experiments was different. In the first experiment the total shortening was 10 

cm (10% of the initial length). In the second it reached 20 cm (20% of the initial length) (see 

Table 4.5.1). This allowed to analyze the deformation features of the model with two different 

shortening values and comparing them provided information about the kinematics of the 

contractional reactivation of pre-existing salt structures. Note that major overhangs produced 

during the downbuilding stage were removed in both models previously to the deposition of 

every new sand level in order to avoid further complexity due to the deformation of these 

structures during the contractional deformation stage.  
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Fig. 4.5.6.- A. Top view of the experimental model 2 at the end of the downbuilding stage highlighting the location 
of the emerging salt walls/diapir stemps (black) and extrusive overhangs (grey) around the different minibasins 
(Mb). Note that the moving wall during the compressional stage is located at the left of the image. B. Oblique image 
of the same surface of figure 4.5.6A showing in detail one of the extruding silicone walls with outcropping 
overhangs (see Fig. 4.5.6A for location). Grid lines of figures 4.5.6A and 4.5.6B are passive markers on the model 
surface. C. Detail of a 2D longitudinal section of the model 1 at the end of the experiment that depicts the 
development of a diapir with overhangs during the periods of no-sedimentation at the end of the downbuilding 
(orange and white upper levels) and shortening stages (blue upper sand level). 

After the contractional deformation stage (at the end of the experiments) the models were 

dampened with water to give them enough cohesion for later sectioning. In our models, the 

sectioning consisted of 2 cm spaced serial sections perpendicular to the shortening direction 

(Fig. 4.5.7). The obtained cross-sections are systematically photographed to reconstruct the 

final model structure. Cross-sections were complemented with time-lapsed photographs (every 

10 minutes) from the top of the model taken during the entire experiment in order to analyze its 

kinematics. 

 

 Fig. 4.5.7.- A and B, Process of serial sections cutting at the end of the model after dampen with water in order to 
generate capillarity forces and increase the cohesion.  
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4.5.3.- EXPERIME�TAL RESULTS 

Although the main objective of the two experiments is to characterize the contractional 

reactivation of salt structures, it is clear that before understanding this process, we must know 

how salt structures were generated. For this reason, before proceeding with the description of 

contractional deformation of salt structures, we considered necessary to include a subsection 

describing the experimental results obtained just before shortening the model.   

 

4.5.3.1.- Downbuilding stage of salt tectonics deformation: 

Prior to remove the overhangs at the end of the downbuilding stage both models show the 

development of a mesh of salt structures characterized by subcircular to elliptical minibasins 

surrounded by salt ridges that locally evolve to extruding circular to elliptical diapirs and walls 

that pierce the entire syn-downbuilding sequence (Fig. 4.5.6A).   

The flanks of these structures are vertical or very steep and usually include in their upper part 

small buried wings developed at the boundary of the syn-downbuilding sand layers (Fig. 

4.5.6C). As usual they also present small overhangs at the model surface which can form 

wings, tongues or silicone canopies (Figs. 4.5.6A and 4.5.6B).  

Silicone or its welded equivalent is located beneath the entire model overburden at the end of 

the downbuilding stage. This indicates that the silicone source layer was completely exhausted 

along the entire model forming primary welds beneath the minibasins at the end of the modeled 

downbuilding stage. A primary weld (Jackson and Cramez, 1989) formed when the subsiding 

overburden contacts with the subsalt materials after the total evacuation of autochthonous salt. 

In general, this type of welds shows a very gentle dip, being horizontal or sub-horizontal. 

The geometry of these primary welds as well as of the extruding diapiric structures strongly 

dependens on the pre-established minibasin geometry. Thus, in initial elliptic minibasins the 

silicone accumulates in the basin margins parallel to the long axis of the ellipse forming large 

silicone ridges, and primary welds develop following this axis. Instead primary welds nucleate 

at the minibasin depocenter, and these salt ridges grew similarly in all surrounding basin 

margins. Accumulation of silicone thus, mainly occurs in the margins of the elongated 

minibasins and especially in the triple points where several intra-basin arms converge. The 

larger diapirs showing circular to elliptical cross-sectional shapes are mainly located at these 
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triple points. Thus, the models done denote that during the downbuilding process both the 

migration and the rate of silicone are strongly influenced by the initial geometry of minibasins 

and also by variations in the sedimentation rate of the overburden. Every time that a new syn-

downbuilding layer is added to the model, the flow of silicone increases and become faster 

going from the minibasin depocenter to the inter-basin areas.  

 

4.5.3.2.- Contractional salt tectonics reactivation: 

The analysis of the ongoing contractional deformation of this polygonal mesh of minibasins 

surrounded by silicone walls and diapirs shows, as already noted by Rowan and Vendeville 

(2006) that during shortening, minibasins simply transported passively while the deformation 

was totally absorbed by the weakness silicone structures formed during the downbuilding stage 

at their boundaries. Both the type and the amount of deformation experimented by these 

silicone structures will strongly depend on their inherited geometry as well as the existence of 

different translation motions between adjoining minibasins. Thus, silicone structures developed 

on minibasin boundaries orthogonal to the shortening direction will show a deformation pattern 

purely contractional (Figs. 4.5.8A and 4.5.8B) but not those formed on ridges oblique or 

parallel to this direction. These last ones (parallel) may not undergo any kind of deformation if 

the adjoining internally undeformed minibasins have the same translation vector (Figs. 4.5.8A 

and 4.5.8C). By contrast if the ridge direction is oblique to the shortening they undergo strike-

slip deformation (Figs. 4.5.8A and 4.5.8D). It is the same with the oblique ones which, 

depending of the existence of differential motions between the adjoining minibasins, can be 

deformed orthogonally to the main shortening direction or with an additional strike-slip 

deformation. 

In relation to the oblique salt ridge contractional deformation, it should be noted that internal 

shortening of silicone ridges perpendicular to the “regional” shortening direction will result in 

an apparent strike-slip motion between the adjoining minibasins that is not related to the 

internal deformation of the silicone.  
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Fig. 4.5.8.- A) Detailed view of the structural map of model 1 surface after 10% of shortening. B, C and D) Top 
view deformational evolution of several diapirs stems during the contractional deformation (B, diapirs located on top 
of some ridges perpendicular to the main regional shortening axis; C, translated diapir located on top of a pre-
existent ridge oriented parallel to the regional main shortening axis and D, diapirs stems located on top of a ridge 
parallel to the shortening direction that experimented strike-slip deformation). Colors indicate the top view of the 
diapirs stems top at different model shortening values. The percent shortening for each color is indicated in the 
legend (see Fig. 4.5.7A for location).  

Lateral changes of ridge orientation, differential displacement between minibasins and silicone 

ridges, as well as changes on their internal architecture acquired at the end of the downbuilding 

stage, will result in rapid changes of the structural style of models contractional deformation. 

This is clearly depicted in serial cross-section done in both models that highlight the important 

lateral changes in salt structures (Fig. 4.5.9). Thus, three consecutive longitudinal sections of 

model 1 spaced 2 cm (Fig. 4.5.9) illustrate that after shortening, the silicone salt wall 1 laterally 

switches from a reactive diapir (Figs. 4.5.9A and 4.5.9B) to an extruding diapir with a salt 

glacier (Fig. 4.5.9C). Salt wall 2 varies from an extruding diapir with a salt glacier first (Fig. 

9A), to a contractionally rejuvenated diapir (Fig. 4.5.9B), and then, to a welded diapir (Fig. 

9C). Finally, structure 3 changes from a thrust-welded diapir (Fig. 4.5.9A) to a contractionally 
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rejuvenated extruding diapir (Fig. 4.5.9C) with an intermediate locally welded diapir situation 

(Fig. 4.5.9B). 

 

Fig. 4.5.9. – 2 cm spaced serial longitudinal sections of model 1 showing the lateral variations of three silicone 
structures at the end of the experiment (model with 10 cm of shortening). Note the lateral evolution of the structure 
number 3 from squeezed extruding diapir (C) to thrust-welded diapir (A). Black: silicone; blue level: syn-
contractional deposits; other sand levels: syn-downbuilding deposits. See figure 4.5.6F for location.   

 

Note that in any model new diapirs are developed during shortening. To generate diapirism in 

compressional settings it is required a combination of crestal normal faulting, crestal erosion 

and active diapirism (Hudec and Jackson, 2007). 

With these general deformational patterns, the analysis of both models allows to establish an 

evolutionary scheme of the contrational reactivation of salt structures. In this evolutionary 

scheme we can distinguish 3 stages with variable temporary limits. These limits depend on the 

previous salt structure and include an initial stage of diapiric reactivation; an intermediate stage 

of diapir and silicone walls squeezing, and finally a stage of folding and thrusting development 

along the inherited salt structures.  
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Initial salt tectonic reactivation stage (less than 5% of shortening) 

Although at the end of the downbuilding the source layer was totally depleted, as soon as 

shortening began the segments of the inherited diapir network orthogonal or oblique to the 

shortening direction reactivated their growth immediately (Fig. 4.5.8). This is the result of the 

squeezing of the salt structures which narrows them parallel to the main shortening direction 

and drives a significant increase of upwards silicone flow rates. Consequently, inherited 

circular to subcircular diapirs become more elliptical with a major axis perpendicular to the 

shortening direction. The shortening of the outcropping diapirs and walls also produces the 

lateral extrusion of silicone forming small overhangs on the surface of the model.  

Extruding diapirs are not the only structures that were shortened. During this initial stage, 

diapirs and silicone walls buried at the end of the downbuilding stage, which have an 

intermediate strength between outcropping diapirs and minibasins, were also squeezed. The 

upward salt flow increase related to the shortening is especially significant and induces the 

development of overburden anticlines or thrusted folds on top of the buried diapirs.  

 

Intermediate contractional diapir welding stage (5 to 8% of shortening) 

As the shortening progressed, the stems (Fig. 4.5.10A) of diapirs formed in the ridges 

orthogonal or oblique to the main shortening direction pinch-off developing vertical secondary 

welds (Fig. 4.5.10B). This type of welds, defined also by Jackson and Cramez (1989), are 

developed when a diapir or a salt wall is squeezed during shortening and the strata originally 

separated by the salt structure (diapir or wall) are joined (Fig. 4.5.10B). The development of 

these welds is not coeval in the ensemble of the polygonal mesh of silicone structures in both 

models. It is strongly dependent on the orientation, the initial width and the relative motions 

between the internally undeformed minibasins. Thus, welding occurs faster in the salt 

structures with narrow stems or developed in ridges orthogonal to the shortening direction than 

those with wider silicone stems or formed on oblique ridges (comparison between structures 1 

and 2 in the three consecutive sections of Fig. 4.5.9). 
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Fig. 4.5.10.- Section details of different salt structures observed in our experiments with the used terminology. A 
and B are examples of model 1 (after 10% of shortening) and C and D are examples of model 2 (after 20% of 
shortening). A) Diapir showing a canopy formed from the contractional squeezing of the pre-existing diapir stem. B) 
Relationship between primary and secondary welds in a diapir completely squeezed. C and D) Stocks of 

allochthonous silicone. Note that the secondary weld has accommodated a large amount of deformation acting as 
a thrust-weld. Small silicone remnants may be along the weld at the end of deformation. 

During the secondary welding of the pre-existent diapirs, silicone is pinched off and expelled 

upwards arching the diapiric roof. The lower part of the diapir remains forming an 

autochthonous silicone pedestal or teepees (robust remnants of the original diapir base) (Fig. 

4.5.10B). The formation of a salt pedestal in our models is inherited of the upwards-concave 

geometry of the minibasins base at the end of the downbuilding episode. At this time, diapirs 

and silicone walls are wider at its base than at the diapir stem. As a result, diapir walls 

convergeing during contractional deformation would produce first the welding of the stems and 

the creation of a triangular salt remnant with the teepee geometry (Fig. 4.5.10B) (Nilsen  et al., 

1995; Vendeville and Nilsen 1995). These salt pedestals, if surrounded by primary welds, will 

be preserved during the ongoing shortening. In contrast, the expelled silicone emplaced at 

stratigraphic levels above the autochthonous source layer is called allochthonous silicone 

(Jackson and Talbot, 1991) (Fig. 4.5.10). The shape of these allochthonous silicone bodies can 

be highly variable. If the silicone does not reach the surface, it generally shows inverted 

teardrop geometries (Figs. 4.5.10C and 4.5.10D). In opposition, if the silicone extruded onto 

the model surface, the allochthonous silicone body acquires planar shapes (Figs. 4.5.10A, 

4.5.10B or 4.5.11) (salt glaciers or salt sheets). 
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During this episode, the lateral extrusion of silicone on the surface of the models accentuates as 

a result of partial or total closure of most diapir stems with the development of subsequent 

primary welds. This increased the extrusion rate, leading to the formation of silicone tongues 

or glaciers (Fig. 11). 

 

Fig. 4.5.11. – Oblique photographs of different silicone extrusions on the surface of the analogue models realized. 
A) Extrusion localized in the crest of a silicone-cored anticline of model 1 after 7% of shortening). Note that silicone 
flows glacially downwards by the both flanks of the anticline. B) Asymmetric silicone extrusion with a tongue shape 
in model 2 after 5% of shortening. C) The same silicone extrusion of figure 4.5.10B highlighting the smooth 
topography that silicone require to flow (model 2). Each square of the regular mesh used as a passive marker in 
the three images has 1 cm

2
.  

 

Folding and thrusting along welded diapirs stage (more than 8% of shortening) 

With increasing contraction, areas between the silicone walls must also get shortened, so that 

folds and/or thrusts trend away from the welded diapirs and silicone walls formed in the ridges 

orthogonal or oblique to the main shortening direction (Figs. 4.5.12 and 4.5.13). The 

development of these contractional structures is not coeval in the entire models but it depends 

on the width or number of silicone walls which change along the models. This configuration 

inherited from the minibasins polygonal pattern imposed at the begining of the experiments, 

also determine the existence of differential translational movements between minibasins 

producing a strike-slip movement of the silicone ridges oriented parallel or obliquely to the 

regional shortening direction (Fig. 4.5.12F). The formation of such strike-slip structures is 

clearly evident in the silicone walls bounding up and down the central minibasin in figures 

4.5.8A and 4.5.12 (see top view) where the net of square passive markers at the top of the sand 

layer denotes the existence of simple shear directional movements and the diapirs acquire an S-

shape geometry in plant (Figs. 4.5.8A and 4.5.8D). Shortening, therefore, results in a polygonal 

pattern of contractional structures, some with oblique and strike-slip movement, that induce 

different minibasins translations and, in some cases, minibasin rotations around vertical axis 

close to their older boundaries (see Fig. 4.5.12F).  
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The geometry and evolutionary trend of the contractional structures after the contractional 

diapir welding is strongly controlled by the initial attitude of the silicone-sand interface on the 

silicone walls and diapirs. Thus, on silicone structures with an hourglass-shape or flaring 

upwards, contractional deformation produces stocks of extruding overhangs or of buried 

diapirs with an inverted teardrop geometry, which increasing the contraction, are transported 

on top of thrusts developed at the bottom of the secondary silicone vertical welds (Figs. 

4.5.13A and B, structure 2, and 4.5.13D, structure 1). These thrusts, detached near the top of 

the silicone in the pedestals, induce the formation of thrust welds which connect the secondary 

welds and the silicone source (autochthonous) layer.  

Instead, if the silicone structures have a tapering geometry, contraction produces the welding of 

their uppermost parts and, as shortening progresses, of the deepest parts. The downwards 

migration of the diapir parts that become welded is accompanied by the folding of the 

overlying parts.   

From this moment, ongoing contraction produces the development of a low-angle thrust that 

detached at the uppermost part of the silicone layer at one of the pedestal limbs, cut the bottom 

of the new formed secondary weld and displaces it over the other pedestal limb (Figs. 4.5.13A 

and B, structure 2, and 4.5.13D, structure 1). In our analogue models, this thrust development 

is preceded by the formation of a fault-propagation fold which deforms the pre-existent welded 

structure. It should be noted too that the vergence of the thrusts formed here or in the hourglass 

shaped diapirs is not consistent throughout the model (Figs. 4.5.13A, B, C and D). Factors such 

as differences in the thickness of the minibasins at the end of downbuilding, wings or 

overhangs geometries or the differential shortening due to the polygonal network of silicone 

ridges and diapirs during compression may influence on the subsequent thrust vergence.  

Consequently, as the geometry and orientation of the pre-contractional silicone structures 

changes a lot in our models, shortening of about 8% resulted in the development of a complex 

structural mesh of folds, thrusts, and sometimes, strike-slip faults with significant strike-

parallel variations in structural style as shown on the map and sections in figures 4.5.6 and 

4.5.8. This includes the formation of Q-tip structures (Rowan and Vendeville. 2006, Rowan et 

al., 2012), cut or not by younger thrusts, and changes of thrust vergence along linear silicone 

walls (see top views of both experiments at the end of shortening; Figs. 4.5.6 and 4.5.8).  
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Figs. 4.5.12.- A, B, C, D and E) 5 serial longitudinal sections of the model 1 (see Fig. 4.5.6F for location) showing 
the significant strike-parallel variations in the structural style of contractional reactivated salt structures. Black: 
silicone layer; blue level: syn-contractional deposits; green, white, red and orange levels: syn-downbuilding 
deposits. F) Interpreted top view of the model at the end of shortening.  
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Fig. 4.5.13.- A, B, C, and D) 4 serial longitudinal sections through the length of the model 2 (see Fig. 4.5.7E for 
location) showing the significant strike-parallel variations in the structural style of salt structures. E) Image and 

interpretation of the model at the end of shortening.  
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The progression of the deformation produces that the salt geometries described above were 

more pronounced (Fig. 4.5.8). Thus, from about 14% of shortening, nearly all diapirs were 

totally welded producing an asymmetric reactivation with the development of thrust welds, 

exhibiting fairly complex geometries (Figs. 4.5.7C and 4.5.7D and cross-sections of Fig. 4.5.8). 

At the end of the compressional stage, after 20% of shortening, the model shows a well-

developed system of folds and thrusts (Figs. 4.5.7C, 4.5.7D and 4.5.8).  

In addition to the development of contractional structures, it should be noted that the 

shortening produced the increase of silicone extrusion on the surface of the model. As a result, 

different large silicone tongues or overhangs can coalesce laterally from different diapirs. 

These tongues can be welded with adjacent tongues forming silicone canopies (Fig. 4.5.7A) 

(Jackson et al., 1987). In our models the junctions or salt sutures resulting from this 

coalescence cannot be observed due to the silicone rheology (Fig. 4.5.6F). 

 

 

4.5.4.- DISCUSSIO�S 

Comparing the results of our experiments with previous analogue models conducted to analyze 

the contractional deformation of salt structures, we can reassert that, as already noted by 

several authors (Nilsen et al., 1995; Letouzey et al., 1995; Vendeville and Nilsen, 1995; 

Rowan and Vendeville, 2006; or Dooley et al., 2009 among others), the onset of shortening 

marked a significant change in the structural style of salt tectonics. Silicone diapirs and walls, 

as the weakest part of the rock volume preferentially accommodate the contractional 

deformation during shortening. In addition, our experiments denote that the contractional 

evolution of salt structures is strongly controlled by: 1) the availability of silicone either in the 

source layer or in diapir or wall stems; 2) the inherited shape and orientation of the silicone 

structures; 3) the thickness of the overburden, and finally 4) the amount of shortening.  

 

1) Availability of silicone in the source layer or in the diapir or wall stems 

The availability of silicone, either in the source layer during the downbuilding or in diapirs or 

salt walls during compression, is one of the most important factors that control the 
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development of salt structures in our models. Thus, at the beginning of the downbuilding stage, 

the presence of a thick autochthonous silicone source layer hardly influences the volume of 

silicone available for the formation of analogue salt structures. A thick silicone layer allows the 

continuous feeding of diapirs or walls developed during this stage. If the silicone layer is thick 

the subsidence of minibasins bordering these silicone structures can be extended for longer 

until the development of primary welds. 

In this sense, we must stress the importance of availability of silicone in the source layer at the 

end of the downbuilding stage. If the source layer was exhausted when shortening started 

(having a net of primary welds below the most minibasins), the volume of silicone to deform 

compressively had to be lower and therefore larger overhangs or sheets would not develop on 

the model surface. Conversely, if the autochthonous silicone layer has not depleted during the 

beginning of the compressional stage (having silicone below the minibasins), the volume of 

silicone capable to flow will be much greater. This would facilitate the extrusion of large 

overhangs or sheets during compression.  

Besides the autochthonous silicone source layer, the availability of silicone will also depend on 

the size of the diapirs or walls at the beginning of the compressional stage. A diapir subject to 

shortening and with its source layer exhausted, continues to grow until the complete closure of 

the diapir stem and the subsequent development of a vertical secondary weld (Nilsen et al., 

1995; Vendeville and Nilsen, 1995 and Hudec and Jackson, 2007) (Fig. 4.5.12). This diapir 

squeeze causes the upwards mobilization of the salt stock. From here, the type of growth of salt 

structures and its evolution will largely depend on their sizes, which implicitly control the 

availability of silicone to flow (Nilsen et al., 1995 and Rowan and Vendeville, 2006). If the 

volume of silicone in the diapir or wall stems at the end of the downbuilding is important, they 

can absorb a large amount of deformation. In these cases, the contractional deformation will 

produce the upwards mobilization and migration of a large volume of silicone. Depending on 

the geometry of the silicone bodies as well as the thickness of the overlying overburden, 

silicone migration generates allochthonous stocks, the thickening of the source layer or 

extensive overhangs on the model surface. If these overhangs (or the combination of several of 

them to form canopies) are buried again, they will be able to form an allochthonous silicone 

layer susceptible to act as a good secondary detachment level during more advanced stages of 

contractional deformation. Thus, various detachments can coexist acting simultaneously (e.g. 

the autochthonous source layer and the allochthonous layer formed by overhangs or canopies).  
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Fig. 4.5.14.- A) Top view and interpretation of the model 1 at the end of the downbuilding stage. Note the different 
orientation of the resulting silicone structures. B, C, D, E F and G) Top view and corresponding interpretation 
during the compression of the upper blue layer (synkinematic) of the model 1.  
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For a shortening lower than 10% we have observed in our experiments that tall narrow diapirs 

were squeezed cramping their stems as salt was upwards expulsed until the formation of a 

vertical secondary weld. In contrast, wide tall diapirs are not completely closed maintaining the 

connection with the source layer. Finally, low and wide diapirs that had been buried earlier, do 

not grow showing a structural style more similar to the regional shortening. In this case, 

incipient contractional structures as box-fold antiforms and thrusted-folds were developed in 

the overburden. 

 

2) Inherited shape and orientation of silicone structures 

 

The shape and the orientation of salt structures around the boundaries of the minibasins at the 

end of the downbuilding stage effectively influence their evolution during the compressional 

stage and will result consequently in rapid changes of their structural style (Figs. 4.5.8, 4.5.14 

and 4.5.15). 

 

According to the models, the effect of the compression is more important in longitudinal 

silicone structures (walls) oriented orthogonally to the regional shortening direction, whose 

deformation is clearly contractional. Thus, in model 1 with a moderate shortening (10%), 

buried silicone walls with this orientation evolve to symmetrical box-folds that may have 

variable geometries depending on the shapes of the minibasins that originally bounded these 

walls (Figs. 4.5.12A and 4.5.12B, structure 1, and Fig. 4.5.14). This contractional deformation 

is also detected in the outcropping diapirs that extruded above the model surface. These 

structures evolve from a completely circular section shape at the end of the downbuilding stage 

to an elliptical shape as shortening progresses (Figs. 4.5.8A, 4.5.8B and Fig. 4.5.14). In 

contrast, in model 2 (20% of shortening) silicone walls orthogonal to the shortening direction 

were totally squeezed and welded developing thrusts with asymmetric hangingwall anticlines 

(Figs. 4.5.13 structure 1 and Fig. 4.5.15). 

 

However, in the model with a moderate shortening, salt structures that display a trend parallel 

to the shortening direction, do not suffer noticeable deformation when they evolve following 

the same strain vector than the adjacent minibasins (Figs. 4.5.8A, 4.5.8C and 4.5.14). In this 

case, these structures will be translated according to the shortening direction. The outcropping 
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diapirs located on a wall parallel to the shortening direction show a circular shape in top-view 

that remained undeformed as shortening progresses (Fig. 4.5.8C). In the same way, in the 

model with larger shortening (model 2), the deformation pattern of silicone structures parallel 

to the shortening direction is similar to the one described in model 1. These structures undergo 

a relatively low deformation and tend to accumulate a huge volume of silicone forming wide 

diapirs. Finally, longitudinal silicone structures with an oblique trend to the shortening 

direction may be subject to a strike-slip deformation motion whenever motion differences 

between the adjoining minibasins were recorded (Figs. 4.5.8A, 4.5.8D, 4.5.14 and 4.5.15). This 

strike-slip deformation may be very weak and therefore difficult to detect in models. Regarding 

this last point, it should be noted that the deformation of silicone walls parallel the shortening 

direction can lead to misinterpretations. If the motion of two adjacent minibasins separated by 

a silicone wall parallel to the shortening direction is different, apparent strike-slip motions can 

appear between both minibasins. However, this strike-slip deformation is related to the 

difference in the velocity rate between both minibasins and not to the silicone deformation. 

 

 

Fig. 4.5.15.- Detail of a top view and interpretation of a sector of the model 2 at the end of the downbuilding stage. 
The image shows the development of some outcropping diapirs, several thrust orthogonal to the shortening 
direction and strike-slip faults oblique to this direction. The development of these structures is inherited from the 
direction of salt structures at the end of the downbuilding stage. 

 

3) Thickness of the overburden 

  

The thickness of the overburden is another factor that controls the evolution of salt structures 

during compression. In this regard note that the type of growth that silicone structures suffer as 
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shortening progresses largely depends on whether this structure has been buried or not (Nilsen 

et al., 1995; Vendeville and Nilsen, 1995; Rowan and Vendeville, 2006; Hudec and Jackson, 

2007 or Dooley et al., 2009) (Fig. 4.5.16).  

 

Fig. 4.5.16. – Sketchs showing the evolution of two different salt stocks during regional shortening. A, B, C 
and D) Evolution of a passive salt stock buried by post-downbuilding materials and a rejuvenation phase by 
regional shortening (toothpaste model) (modified from Vendeville and Nilsen, 1995). E, F, G and H) Evolution 
of an hourglass-shaped passive diapir to a teardrop diapir during regional shortening with the consequent 
formation of a secondary weld (modified from Hudec and Jackson, 2007).  

 

In our models, when a wide silicone structure has been buried by the overburden during the 

downbuilding stage it remains in a dormant stage. This dormant diapir could be later 

reactivated and rejuvenated during the compressional stage. Dooley et al. (2009) proposed the 

toothpaste model to explain the evolution of buried salt structures during a compressional 

stage, given its similarity to this process. A diapir buried by a thick roof and with the source 
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layer exhausted (Fig. 4.5.16C) remains in equilibrium and do not grow (Fig. 4.5.2). These 

dormant diapirs lie in equilibrium until there is an imbalance (e.g. ongoing of shortening) that 

reactivates its growth. Thus, a compressional episode with a moderate shortening produces the 

rejuvenation of the buried diapir from the inflation of the diapir and arching its previously flat-

lying thick roof (Fig. 4.5.16D). This process may be accentuated if the source layer was not 

completely depleted since the available volume of silicone is greater. The arching of the roof 

produces extension in the anticlinal crest that developed on top of the diapir enabling the 

development of a crestal graben (Fig. 4.5.16D) (Nilsen et al., 1995 and Vendeville and Nilsen, 

1995). If the crestal graben produces a significant thinning of the roof, it can lead to the 

silicone extrusion on the model surface forming overhangs or glaciers.  

Conversely, if the dormant diapir has a small size and its cover was significantly thick, the 

limited volume available would not allow the overburden bulging. In these cases, salt stock 

could shrink producing the complete deflation of the diapir stem with the subsequent secondary 

weld development. When this occurs, a symmetrical box-fold antiform develops. This box-fold 

is limited by thrusts that nucleated in the upper part of the secondary weld (Figs. 4.5.12A and 

4.5.12B, structure 1). 

In opposition to the evolutionary models in which diapirs have been buried, there are the 

diapirs that grew passively during the downbuilding stage (Figs. 4.5.16E, F, G and H). Passive 

diapirism is the syn-depositional growth of a diapir whose exposed crest rises as sediments 

accumulate around it (Rowan and Roca, 2012). As noted in our models, the crest of the diapir 

may be covered temporarily when a sand layer is deposited (Figs. 4.5.16E, G and H). 

Nevertheless, the scarce thickness of this sand layer over the diapir allows the passive growth 

of the diapir piercing the thin roof and its outcrop (Fig. 4.5.16H). During compression, growth 

of these structures also shows a passive pattern. As already mentioned above, the net diapir rise 

and thus the geometry of these diapirs during compression will depend on the result between 

salt flow, salt dissolution or erosion and aggradation (Jackson and Vendeville, 1994) (see Fig. 

4.5.5). 

The symmetry or asymmetry of the diapir roof during shortening also depends of the 

overburden thickness (Vendeville and Nilsen, 1995; Rowan and Vendeville, 2006; Callot et al., 

2007; Dooley et al., 2009). So when the overburden is thin, the diapir can rejuvenate 

symmetrically due to the roof folding and the subsequent crestal graben development (Callot et 

al., 2007; Vendeville and Nilsen, 1995 and Dooley et al, 2009). In this type of models, salt can 
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break through to the surface (Callot et al., 2007). By contrast, when the roof has a considerable 

thickness, its geometry during shortening is clearly asymmetrical with the development of 

thrusts (Callot et al., 2007 and Dooley et al., 2009). 

4)  Amount of shortening 

 

The presence of salt layers plays a determinant role in the structural style developed during 

compression. This fact, combined with the total amount of shortening, strongly influences the 

type of salt structures developed at the end of the compression. It is for this reason that the two 

experiments were conducted with different degrees of shortening (Fig. 4.5.17). 

 

 

Fig. 4.5.17- Comparison of the structural style of the models based on the degree of shortening (the upper section 
corresponds to the model 1 with a 10% of final shortening and the lower section is from model 2 with a 20 % of 
shortening).  

 

In this way, the model with a 10% of shortening is basically characterized by the stems closure 

of most salt structures, the silicone extrusion in several sectors and, the formation of symmetric 

box-folds nucleated at the upper part of secondary welds (Fig. 4.5.17). Locally, some of these 

box-folds are slightly asymmetrical due to the incipient development of thrusts on the opposite 

flank to the moving wall (Figs. 4.5.12C and E, structure 1). A common feature in the model 

with less shortening is that the deformation is mainly concentrated in the silicone structures 

developed during the downbuilding stage. In contrast, the areas occupied by minibasins appear 

practically undeformed with the sand layers completely flat (Fig. 4.5.17). Therefore, during 

compression diapirs having a huge volume of silicone (more resistant to the strength) are 

squeezed; the minibasins (mechanically more competent than flanking silicone structures) are 

simply translated following the shortening direction and, finally, the minor silicone structures 

are closed acting as nucleation points for later compressional structures.  
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In contrast, asymmetric compressional structures with a no preferred vergence predominates in 

the model with a 20% of shortening (Figs. 4.5.13 and 4.5.17). The existence of salt structures is 

secondary and is characterized by allochthonous silicone relicts and secondary welds. In 

addition, the style of these silicone structures is clearly different from the model with less 

shortening. Thus, this model shows silicone structures completely squeezed regardless its size. 

With increasing deformation the symmetric box-fold anticlines located above the secondary 

welds in models with 10% of shortening become more asymmetric. In this situation, where the 

availability of weak silicone is null, any further shortening focuses on reverse fault welds or on 

short-cut thrusts nucleated in the silicone pedestals using the silicone as a decollement (Fig. 

4.5.18). It is common the presence of broad gentle synforms controlled by the mechanical 

differences between minibasins and silicone structures developed during the downbuilding 

stage. In general, the compressional structures correspond to reverse fault welds that laterally 

evolve within thrusts (Fig. 4.5.18).  

 

The dramatically pich-off of diapirs or walls causes the upwards silicone expulsion creating 

stocks of allochthonous silicone with very complex geometries due to the high degree of 

contractional deformation. Moreover, note that many of these stocks have been decapitated by 

thrusts and are displaced several centimeters (up to 5 cm) from their original place above its 

pedestal (Fig. 4.5.18). Similarly, some secondary welds have been strongly deformed acquiring 

curved geometries without any apparent pattern.  

 

 

Fig. 4.5.18- Comparison of the structural styles based on the degree of shortening applied to the models. A) Cross-

section and interpretation of model 1. B) Cross-section and interpretation of model 2. 
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4.5.5.- THE CO�TRATIO�AL DEFORMATIO� OF THE SALT STRUCTURES I� 

 THE PARE�TIS BASI� 

 

The structure of the Parentis Basin previously to the Pyrenean shortening was characterized by 

the presence of an assembly of E-W trending salt walls with subordinate diapirs and salt-cored 

anticlines (Mathieu, 1986; Ferrer et al., 2012). The geometry and the location of these 

structures were controlled by the motion of low-angle extensional faults affecting the overlain 

basement (see chapters 2 and 3 of this dissertation). These pre-contractional salt structures are 

quite different to the polygonal mesh of salt walls developed by downbuilding used in our 

experimental setup. The minibasins subsidence triggered the rise of passive walls and diapirs 

from a horizontal silicone source layer.  

In addition to the mechanism responsible of salt structures development, there are other 

constraints that have not been taken into account in our models because introduced a high 

degree of complexity to the experimental setup. These comprehend differences in the 

mechanical properties of the materials used as a salt analogue, the geometry of the silicone 

layer, the basement geometry, etc. Despite all these differences, the geometry and the 

deformation patterns of salt-analogue structures during compression have been powerful tools 

that have allowed: 1) the interpretation of the salt structures geometry below the allochthonous 

stocks (commonly obscured by seismic noise) in the southern sector of the Parentis Basin and, 

2) the understanding of the main characteristics and parameters that define the contractional 

deformation during the Pyrenean orogen development. 

Regarding this last point, we must take into account that in the eastern Parentis domain salt 

structures present clear differences depending on their location in the hangingwall or in the 

footwall of the Ibis Fault (Fig. 4.5.19) (Ferrer et al., 2008a and 2012). This is conditioned by 

the thickness of the overburden overlying the evaporitic layer. Whereas the overburden in the 

hangingwall is thicker and only allows the development of salt-cored anticlines, it is thinner in 

the footwall allowing the growth of more complex salt structures (walls and diapirs). Since the 

experiments are especially focused on the deformation of salt walls and diapirs during 

shortening, we will focus this discussion on salt structures of the southern sector of the eastern 

Parentis domain. 

Prior to the beginning of the alpine orogeny, salt structures of the southern sector of the 

Parentis Basin were characterized by various E-W and ENE-WSW-trending salt walls (Fig. 
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4.5.19). Between these, the southernmost wall (Puffin salt wall) extends laterally for more than 

70 km to the west whereas all the salt walls located more to the north (Alcyon, Le Centaure 

and Phoenix salt walls) are less extended ending before in this direction (Fig. 4.5.19). The 

growth of these structures could have been initiated reactively during the Late Jurassic in 

relation to the mild extension that took place during the post-rift thermal subsidence (Ferrer et 

al., 2012). These structures rose as massive salt walls during the Albian-Late Cretaceous and 

some diapirs pierced reactively to the surface continuing their growth as passive diapirs (Ferrer 

et al., 2012). In the mid-Cretaceous the source layer was depleted and partially welded 

stopping the diapirs and salt walls growth. Most salt walls were buried after the mid-

Cretaceous becoming dormant salt walls (see chapter 3 for more details). 

 

Fig. 4.5.19- Simplified Cenozoic subcrop map of the offshore Parentis Basin showing the main salt structures and 

faults. Thick black lines and numbers show location of seismic profiles and line drawings in Figures 4.5.20, 4.5.21, 
4.5.22 and 4.5.23. Modified from Ferrer et al., 2012. 

 

The buttress effect produced by the Landes High during the Pyrenean compression (Late 

Cretaceous to the Eocene times) made that the Parentis Basin was only midly shoretend, 

compared to its neighboring Basque-Cantabrian Basin located a hundred km further south 

(Ferrer et al., 2008a and 2012). However, salt structures as the weakest part of the rock 

volume, preferentially accommodated the Pyrenean shortening as silicone in our models. Salt 
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walls located in the southern sector of the basin and salt-cored anticlines distributed elsewhere 

responded readily to shortening given their orientation nearly orthogonal to the north directed 

Pyrenean deformation.  

Dormant salt walls of the southern boundary of the basin were rejuvenated by squeezing as 

diapirs in the models (Fig. 4.5.20). Shortening caused the upwards migration of silicone 

arching their roofs. This is what probably happened in the Alcyon diapir (Fig. 4.5.20A). This 

diapir pierced passively until the lower-middle Miocene. Seismic profiles and models show 

that the upper part of dormant diapirs was inflated during shortening as a consequence of the 

upwards salt migration. This salt is supplied by the lower part of the feeder, which 

progressively narrowed (Fig. 4.5.20).  In the most extreme cases, shortening produces the 

complete squeezing of the diapir feeder developing a salt weld (Figs. 4.5.21, 4.5.22 and 

4.5.23). Nevertheless, despite the quality of seismic data in the diapir stem of the Alcyon 

diapir, it does not seem that it was welded during the Pyrenean compression (Fig. 4.5.20A). 

 

Fig. 4.5.20- A) Seismic section and interpretation of the main horizons of a 2D seismic profile of the Parentis Basin 
showing the Pelican Salt Sheet (see Fig. 19 for location). B) Detail of a longitudinal section of model 1 (see Fig. 
4.5.12E for location) showing a feeder that in its lower part (in comparison with the upper) has been narrowed by 
the regional shortening. Unlike the diapir of Fig. 4.5.20A was buried, the structure of the Fig. 4.5.20B extruded 
forming a silicone sheet which was welded with other adjacent sheets to form a canopy.  

 

During the compressional stage, some diapirs or salt walls reached the seabed (e.g. 

Pelican Diapir) extruding as salt glaciers or salt sheets. This is the case of the Pelican 

Salt Sheet (Fig. 4.5.21A) in which salt extrusion began during the lattermost Cretaceous and 
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accelerated during Eocene-Early Miocene times to form a salt sheet of ca. 140 km
2
. This 

allochthonous salt structure obscures the subsalt area in seismic data creating a poorly imaged 

sector which difficult the interpretation of the feeder. For this reason there are several 

interpretation options (feeder connected to the source layer, existence of a secondary weld, 

thrust-weld, etc…). 

 

Fig. 4.5.21- A) Seismic section and interpretation of the main horizons of a 2D seismic profile of the Parentis Basin 
showing the Pelican Salt Sheet (see Fig. 4.5.19 for location). B) Detail of a longitudinal section of the model 1 (see 
Fig. 4.5.12E for location) showing a silicone sheet with the stem practically welded as a consequence of the 
shortening applied during compression. 

 

Altough the basement geometry of diapirs of Fig. 4.5.21 is not the same (faulted in the Parentis 

Basin vs. flat in the analogue model), the process of extrusion and the resulting geometry of 

salt/silicone sheets is comparable. In model 1 (10% of shortening) various silicone sheets 
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associated to diapirs were developed during the compressional stage (Fig. 4.5.21B). Models 

clearly show that during shortening the diapir feeder is squeezed reducing progressively its 

diameter. A secondary weld develops when the stem is completely closed. A thread-shaped 

silicone remnant with a mm of thickness is preserved in the models supporting the existence of 

the ancient diapir. 

In the Parentis Basin, salt structures that suffered a greater degree of shortening are the Puffin 

Diapir located in the eastern sector of the basin and the Euskal Balea Salt Wall located in the 

western part (Fig. 4.5.19). This is probably because both structures occupy the southernmost 

position in the basin, place where the Pyrenean deformation was more important. Thus, the 

roof of the Puffin Diapir shows a slightly asymmetric bulging with a southwards vergence 

(Figs. 4.5.22A). The horizon corresponding to the top of the Oligocene is regionally highest in 

the northern flank of the diapir than in the southern one, indicating some contractional 

reactivation. However, the poor quality of seismic data in the lower part of this structure does 

not allow a good interpretation. In the seismic images it is difficult to assess if the diapir stem 

(chaotic seismic facies) is completely closed in the basal part of the structure and if there is a 

salt pedestal. The interpretation has been done combining the information provided by the 

seismic data (different height of the Oligocene on both flanks of the diapir, pedestal existence, 

etc…) with the results obtained from our analogue experiments (Fig. 4.5.22B).  

 

Fig. 4.5.22- A) Seismic section and interpretation of the main horizons of a 2D seismic profile of the eastern 
Parentis Basin showing an inverted teardrop stock of allochthonous salt separated from its source layer by a 
secondary weld (see Fig. 4.5.19 for location). B) Detail of a longitudinal section of the model 2 (see Fig. 4.5.13E for 
location) showing the same geometry than Fig. 4.5.22A. 
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Finally, this structure has been interpreted as a squeezed diapir in which the salt has pinched 

off to form a subvertical secondary salt weld that separates an allochthonous salt body with 

inverted teardrop geometry from its autochthonous source layer (Fig. 4.5.22A). This secondary 

weld could have been slightly reactivated as a reverse fault-weld during the latter stages of 

shortening as also observed in the models (Fig. 4.5.22B). When this occurs and if the 

shortening progresses, the geometry of the weld and the salt stock may change dramatically. In 

advanced compressional stages it is common the nucleation of a short-cut at the upper part of 

the salt pedestal (Fig. 4.5.22A). From this point and if the shortening continues, the salt body 

and the weld are transported passively in the hangingwall (Fig. 4.5.23B). This fact has been 

observed in our analogue experiments, but has not been found in the Parentis Basin because the 

degree of shortening is lower.  

 

Fig. 4.5.23- A) Seismic section and interpretation of the main horizons of a 2D seismic profile of the western 
Parentis Basin showing an inverted teardrop stock of allochthonous salt separated from its source layer by a 
secondary weld (see Fig. 4.5.19 for location). B) Detail of a longitudinal section of the model 2 (see Fig. 4.5.13E for 
location) showing a higher degree of compressional deformation. 

To conclude this section, it should be noted that either in the modelling or in the Parentis 

Basin, new diapir were not developed during compression. In both cases, the source layer was 

completely depleted before shortening.    
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4.5.6.- CO�CLUSIO�S 

The conclusions of this chapter are: 

 

Methodologically, it should be noted that although the process responsible of salt structures in 

the models is not the same as that inferred from the seismic of the Parentis Basin, the geometry 

of salt bodies after the compressional stage is similar. This fact allows to compare the resulting 

salt structures of the models with those interpreted in the basin, validating the use of analog 

modelling when the quality of seismic data is not good.  

The study of our models allows to establish the evolutionary model of salt structures during 

contractional reactivation distinguishing 3 stages with variable temporary limits (Fig. 4.5.24). 

These limits depend on the previous salt structure and includes: 1) an initial stage of diapiric 

reactivation (shortening < 5%), 2) an intermediate stage of diapir and silicone walls squeezing  

(shortening between 5 and 8%), and 3) an stage of folding and thrusting development along the 

inherited salt structures (shortening > 8%). During the initial stage diapirs are squeezed 

narrowing its silicone stems (Fig. 4.5.24A to E).  With a shortening between 5 and 8% the 

complete closure of diapiric and salt walls stems forming secondary welds took place (Fig. 

4.5.24F). At the end of the initial stage and during the intermediate episode silicone migrates 

upwards. Associated to this migration occurs the arching of diapiric roofs enabling the 

extrusion of silicone glaciers or sheets on the surface of the model. For compressional ratios 

higher than 8% some short-cuts nucleate in the upper part of the silicone pedestals (Fig. 

4.5.24G and H). Simultaneously it is common the deformation of secondary welds and stocks 

and the development of box-fold antiforms over the buried silicone structures. Finally, for 

higher degrees of contractional deformation, both welds and stocks are strongly deformed 

while being passively transported in the hangingwall of the short-cuts. The structural style for 

these advanced compressional stages is similar to the one observed in convergent-margin fold 

belts with presence of salt, where thrusts with no consistent vergence separate broad synforms 

over a salt decollement.   

To conclude this chapter, we could like to emphasize that although the amount of shortening 

during the Pyrenean formation was not very important in the Parentis Basin, it is essential to 

understand the geometry of salt structures at the end of the extensional stage, in order to 

understand how they reacted during the compressional stage. Thus, the structure of the Parentis 



O. FERRER 

 

 241

Basin previous to the Pyrenean deformation was characterized by the presence of an E-W 

trending assembly of salt walls with subordinate diapirs and salt-cored anticlines. 

 

 

Fig. 4.5.24- Conceptual model of the contractional deformation evolution of a buried diapir obtained from the two 
experiments of this chapter. A) Initial stage. B) Shortening arches the roof of the diapir where some extensional 
faults are developed. C) Silicone breaks the diapiric roof and extrude on the surface of the model. D) Diapir 
narrows extruding more silicone glacially. E) As contractional deformation proceeds, diapir tapers and the silicone 
sheet increases in size as a consequence of the volume of extruded silicone. F) Complete closure of the diapir 
stem and formation of a secondary weld. G) Nucleation of a short-cut and a back-thrust in the upper part of the salt 
pedestal and incipient development of a box-fold antiform. H) Amplification of the previous box-fold antiform and 

deformation of the secondary weld. 

The amount of shortening that reached the Parentis Basin during the Alpine orogen did not 

develop major thrusts, but it was enough to deform salt structures. Depending on its location in 

the basin, salt structures were deformed following different ways. Salt walls of the southern 

margin (Puffin salt wall in the eastern sector and Euskal Balea salt wall in the western) had 

been squeezed developing secondary welds that isolated allochthonous salt stocks as it has 

been observed in the models. In contrast, salt walls further to the north and their related diapirs 

were partially squeezed narrowing their feeders without the development of secondary welds.  
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Both in the basin and in the experiments, no new diapirs formed during the compressional 

stage. This may be related to two different factors:  

  

1) The complete depletion of the source layer before the beginning of compression. 

This made that the amount of salt available to flow during compression was lower 

and concentrated only on the salt walls and diapir stems.  

2) An excessive thickening of the overburden which prevented the growth of salt 

structures.  
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Summary  
 
3D Reconstruction of geological structures has become a widespread technique with which to perform a more realistic 
approach to field or model geometries. This work presents a methodology to reconstruct 3D geometries of analogue 
modelling experiments without using sophisticated instruments such as Computerized Tomography (CT) scanners. Our 
approach is based on a 2.5D approach in which sections with different orientations and top views of models are 
integrated in order to obtain a unique consistent 3D model of the experiment geometries. The main benefit of 3D 
modelling is that it must agree with nature in all the spatial directions and, therefore, a more reliable result is obtained. 
In addition, 3D geometries provide an excellent database from which further studies can be performed.  
 
Introduction  
 
The interest of constructing and visualizing geological models in 3D has grown in last years. Since tools, techniques 
and software are presently more available than they were in the past, many researchers have focused their interest in 
solving problems by providing three-dimensional results. In many cases, 3D approaches allow to make a straight 
comparison to field case-studies, since reconstructed features must agree with nature in all the spatial directions. 
3D geological reconstruction of analogue models is particularly interesting since analogue modelling is usually 
compared to natural cases to unravel geological processes, and reproduce the behaviour of a given geological scenario. 
In this sense, a 3D reconstruction approach makes analogue modelling a more powerful tool to provide solutions to 
unknown geological processes. Nowadays, X-Ray Computerized Tomography (CT) scanners are used to obtain 3D 
imagery of any superficial or inner region of sandbox models, even while deformation is taking place (Schreurs et al., 
2002; Konstantinovskaya et al., 2007; among others). However, due to their limited availability, most laboratories do 
not have access to these devices. In this work, we present a methodology that allows to obtain accurate 3D 
reconstructions of analogue modelling experiments from a 2.5D approach by working with top views, sections and little 
more than a computer. This task has been carried out for the final deformational stage of one analogue modelling 
experiment performed at the Hans Ramberg Tectonic Laboratory in Uppsala University. 
Although this method is obviously more time-consuming than using a CT scanner while running the model, it becomes 
a satisfactory alternative available to most of the scientific community. In addition, once the 3D reconstruction is 
obtained, it becomes an excellent database in which many features can be also tested and compared to natural cases. 
Strain distribution studies, 3D restoration tests, synthetic models of fracture distribution, fluid-flow reservoir modelling 
as well as many other applications can be executed from the 3D geometrical reconstruction of an experiment. In 
addition, the method presented in this work can be applied no matter the geological setting is. As an example, the 
reconstruction of an experiment executed in a compressive setting is presented, even though the workflow could be 
equally applied to extensional, transpressive or other geological settings. 
 
Methodology 
 
This work aims to show how to reconstruct the 3D geometry of the stratigraphic horizons and faults of an analogue 
modelling experiment, by integrating the different photographed sections and top view of the model in a unique 3D 
framework. Due to the necessity of referring any point of the model to a xyz coordinate triplet, an arbitrary system of 
coordinates must be defined by the modeller before running the experiment. Further section, top views and 
horizon/fault interpretations will be referred to this coordinate system. Although this may differ for each particular case, 
it usually makes sense to define the origin of coordinates in one of the stationary corners of the sandbox (Figure 1). 
Once the experiment is run, the modeller has a potential amount of valuable data to play with and to obtain from the 
experiment. It is important to highlight that the more data can be extracted, the more reliable the 3D reconstruction 
would be. Consequently, the quality of the results is strongly dependant on the accuracy with which the data is 
extracted from the model. This is particularly decisive in the sectioning procedure. Precise straight cuts and coordinate 



GeoMod2008  Firenze, 22-24 September 2008 
 

 

2 

measurements of the sections’ edges are mandatory to obtain accurate and reliable results. More precise 3D geometries 
are obtained from closely-spaced sections. Despite this, a balance between quality of results and structural variability 
must be kept to obtain the best results in the minimum amount of time. This balance will strongly depend on the degree 
of variability of the structural style. 
 Furthermore, since we aim to obtain a 3D geometry from a series of 2D sections, the interpolation between them will 
better represent the main orientation(s) in which sections are taken. Therefore, choosing an appropriate orientation of 
sectioning regarding the dominant structural trend will be a key issue to obtain the best fitted interpolation between 
sections. 
Other important parameter to take into account is the focal distance from the photo camera to each section. In this case, 
since the used sandbox has a rectangular shape (Figure 1) all the sections taken in the same orientation must feature the 
same length. To avoid image distortions and undesired different horizon length (i.e., a wrong assignment of 
coordinates), one must keep a constant focal distance between the camera and each section. In addition, the 
photographic objective must be completely perpendicular to the sections. This can be done by keeping the camera 
motionless and displacing the model towards the same reference line. Alternatively, keeping the model immobile and 
displacing the camera straight-forward the same distance with respect to the previous section will also keep a constant 
focal distance. 
 

                   
 
As stated, taking homogeneous flat sections and careful measurements of the coordinates’ corners is decisive to 
perform an accurate 3D reconstruction of the model. Measuring the distance from the lateral wall (x), from the fix wall 
(y) and the maximum altitude (z) at both edges of the section is a task that must be executed accurately and carefully. 
In this work, we took sections in two different orientations (i.e., perpendicular and parallel to shortening), since the 
interference between orogen-parallel and transverse structures characterizes the main structural pattern of the model 
(Figure 2). This allowed us to observe the internal structure of the model in all the spatial directions, and carry out a 
more constrained reconstruction. 
 

 
 
Once all the sections are photographed and the coordinate measurements are taken for each section, we must assign 
these coordinates to the corresponding corners. We can do so by using any CAD or GIS software that deals with raster 
images and allows working in a 3D referred system of Cartesian coordinates. In this work we have used Microstation 
V8.1 from Bentley Systems Inc. due to its availability for Academia purposes, even though any similar software can be 
equally used. In such a 3D framework, we have assigned the corresponding coordinates to the four corners of each 
photographed section, being possible to visualize them in its virtual relative position according to the arbitrary system 
of coordinates (Figure 3). After assigning the coordinates to each section, it is already possible to digitize the horizons 
and faults of interest by keeping their coordinates and position inside the model framework. Although this depends on 
the aim of each work, we suggest to digitize only the relevant boundaries and horizons to outline the internal structure 
of the model. This permits to avoid too crowded interpretations that would lead us to a rambling identification of the 
horizons when executing the 3D interpolation. In the present work, we have outlined the top horizon of the detachment 
level (silicon-sand boundary), two internal markers of the sand cover pack and the top line of the model (topography of 

Figure 1. Initial setup of the 
experiment. Note how an arbitrary 
system of coordinates is defined in 
which sections and interpretations 
must be referred to. 

Figure 2. To construct a more 
consistent 3D model, digitized 
interpretations of the last top 
view and all the sections taken 
in different orientations have 
been integrated. Note that half a 
model has been sectioned  
parallel to shortening 
orientation, whereas the other 
part has been sectioned along-
strike. 
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the model) (Figure 4A). To reconstruct the topography of the model, we have used a laser scanner as the one showed in 
Nilforoushan et al. (2008), which provided a detailed three-dimensional 1 mm x 1 mm spaced net of the model 
topography. One of the main improvements is that we have been able to upholster the last top view of the model onto 
the 3D topography provided by the laser scanner. This allowed to digitize in 3D the outcropping structures onto the 
upholstered top view of the model (Figure 4B), integrating this mapped traces with the ones digitized in the along-strike 
and across-strike sections (Figure 4A). However, if laser scanner facilities are not achievable, a good enough 
topography surface can be also obtained by interpolating the topographic profiles digitized on each available section. 
 

                                     
 
Once the digitization of the horizons and faults of interest is executed in a 3D framework, the interpolation of the lines 
belonging to the same horizon/fault can be carried out. Both CAD and GIS software packages usually allow to work by 
placing objects in different layers. This is very helpful when organizing objects according to the horizon/fault they 
belong to. In such a way, it is advisable to place all the objects representing the same surface together in the same layer. 
This will make the interpolation process much easier. In order to homogenize the dataset, it is useful to densify the 
nodes of all the interpretation lines up to a suitable regular interval, which should be lower than 10% of the longest line 
length. After setting up the digitization of all the interpretation lines in the 3D framework and carry out the 
densification process, interpolation between nodes of the lines can be executed, for each given horizon or fault, by 
using the interpolation algorithm that provides a best fitting surface regarding the dataset and the structural style. 
 

 
 

Results 
 
The aim of the experiment presented in this work was to analyze the effect of the initial geometry of the basal 
detachment level as a contributor on the generation of oblique and transverse structures. The model results were 
compared to the structure observed in Central External Sierras (Southern Pyrenees, Spain). However, since the present 
work aims to be essentially methodological, no further discussions about comparisons to nature will be kept. Despite 
this, a brief description of the initial setup will be exposed for completeness. 
The model comprises a colour inter-layered sequence of sand covering an uneven basal level made of transparent 
silicone (ductile layers) neighbouring pure brittle sand (Figure 1, initial setup). Dry quartz sand sieved to an average 
grain size of 35 μm was used to simulate the brittle sedimentary cover. The bulk density was 1700 kg m-3 and the 
cohesive strength was 140 Pa. The detachment level was simulated by means of a Newtonian silicone polymer with a 
density of 987 kg m-3 and an effective viscosity of 5 x 104 Pa s, neighbouring dry quartz sand. The layers were placed 
on an aluminium plate. The model had a fixed width of 45 cm, an initial length of 60 cm, and a constant detachment 
thickness of 8 mm (Figure 1). The model was shortened up to 20% during 6 h. Before placing the ductile layer, a small 
amount of sand was glued onto the basal plate to force contrasting friction in the basement, in order to accentuate the 
frictional contrast between the ductile layers and the sand sequence. The aim of this irregularly distributed detachment 
level was to test whether lateral contrasts in friction cause the generation of arcuate, oblique and even transverse 
structures regardless the orientation of the shortening. A total number of 54 cross sections were taken, organized in two 

Figure 3. Three-dimensional 
visualization of several 
sections used in this work. 
Note the difference in 
structural style between both 
sections. As in Figure 2, note 
the two orientations taken for 
sectioning, in order to better 
constrain the interference 
structural pattern of the 
model.  

Figure 4. The 
interpretations have 
been digitized in a 
3D framework both 
onto the sections (A) 
and the 3D model of 
the topography (B) 
obtained by 
scanning the model 
surface with a laser 
scanner. 
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different types of sectioning: 29 parallel-to-shortening sections to observe the internal structure across strike; and 25 
perpendicular-to-shortening sections, showing the internal geometry of the transverse structures. In addition, top 
photographs were taken every 15 minutes, to figure out the structural evolution of the model through time. From all 
these 2D dataset, we showed up the internal structure of the model by digitizing the silicone-sand boundary, two 
internal colour markers of the sand cover pack, all the perceptible faults and the topographic profile. By following the 
exposed methodology, we were able to reconstruct many different surfaces: the shape of the ductile layer, two internal 
levels of the sand cover pack corresponding to colour markers, the topographic surface, and several sets of major and 
minor associated faults affecting the entire sequence. As shown in Figure 5, the geometry of these surfaces fits exactly 
the position of the 2D sections. 
 

                          

Figure 5. Different views of the 3D 
reconstruction obtained in this work. A 
shows a view from the WSW (shortening 
comes from North); B shows how the 
reconstructed surfaces fit exactly the 
digitized sections; C shows a view from 
the ESE; D shows the same view as C but 
fitting the used sections; E and F are two 
detailed views of how the model fits the 
along-strike sections (E) and the parallel-
to-shortening sections (F). 

 
Discussion and Conclusions 
 
This work presents a methodology that has proven useful to obtain 3D reconstructions of analogue modelling 
experiments, on absence of CT scanners or other sophisticate gadgets. By using little more than the common tools and 
procedures used in an analogue modelling laboratory, as well as any software supporting CAD or GIS platforms, an 
accurate 3D reconstruction can be achieved. These results can be directly compared to natural cases and become a 
database to expand research aims. This methodology can be applied to many different tectonic settings. 
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CHAPTER 5: 

 

GENERAL DISCUSSION, CONCLUDING REMARKS AND 

PERSPECTIVES OF ADVANCE 

 

 

5.1.- General discussions 

 

As it has already been explained in the previous chapters, the Parentis Basin is an asymmetric 

extensional basin which belongs to a 250 km wide and 100 km long. It is bounded southwards 

by a major crustal detachment fault with more than 20 km of offset that induced a dramatic 

thinning of the crust, which could be less than 4 km thick beneath the basin. Together with the 

Basque-Cantabrian Basin, which is also bounded by a major north-dipping extensional 

detachment that even produces the exhumation of the mantle in the central parts of the basin, 

the Parentis Basin integrates the central portion of the rift system developed between Iberia and 

Eurasia during the late Jurassic-Cretaceous. As shown in Figure 5.1 this rift system consisted 

in two E-W parallel overlapping arms (the Pyrenean arm to the south and the Bay of Biscay 

arm to the north) that denote an overall decrease of the lithospheric stretching along the rift 

system from west to east. This variation in the amount of extension and plate separation also 

resulted in a longitudinal change of the extensional deformation style (Fig. 5.2). Thus, in the 

Pyrenees s.s., late Jurassic-early Cretaceous extension resulted in the development of a set of 

upper crustal grabens bounded by relatively high-angle faults and, along the present-day North-

Pyrenean Fault Zone, the generation of a younger north-dipping extensional detachment that 
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induced the exhumation of lower crustal and mantle rocks along a narrow strip (see cross-

section DD’ in figs. 5.1 and 5.2). 

 

As the extension increases towards the west, in the western Pyrenees, the low-angle 

extensional detachment bounded rift basin widens and constitutes the so called Mauleon Basin, 

which is floored by at least 10-20 km of serpentinized mantle rocks (see cross-section CC’ in 

figs. 5.1 and 5.2). Further to the west, in the eastern Bay of Biscay and adjoining on land 

southern areas, the increasing stretching resulted in the development of two rift basins also 

bounded by low-angle lithospheric cutting north-dipping detachments: the Basque-Cantabrian 

Basin (with similar in crustal features to the Mauleon Basin) and the studied Parentis Basin 

whose detachment bounding fault did no produce mantle exhumation but the already described 

dramatic thinning of the crust (see cross-section BB’ in figs. 5.1 and 5.2).  

 

 

 

Fig. 5.1.- Map of the Bay of Biscay, Pyrenees and surrounding areas illustrating the relationships between the 
contractional structures of the Pyrenees and the rift system developed between Iberia and Eurasia during the Early 
Cretaceous (modified from Roca et al., 2011). Purple lines correspond to the locations of cross-sections showed in 
Figs. 5.2 and 5.6. 
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Finally, west of the Santander accommodation zone, the rift system structure mainly consists of 

a now south dipping extensional low-angle fault with a fault offset ca. 100 km that induced the 

exhumation of large strips of serpentinized mantle rocks which widen progressively westwards 

(see cross-section AA’ in figs. 5.1 and 5.2). This exhumed mantle includes an axial proto-ridge 

which also widens westwards and evolves to the oceanic crust that floors the central part of the 

Bay of Biscay north and west of the Galicia coast (Fig. 5.1). 

 

 

Fig. 5.2.- Schematic cross-sections showing the lateral structural changes of Bay Biscay-Pyrenees Late Jurassic-
Early Cretaceous rift architecture. A-A’) Central to western Bay of Biscay (modified from Roca et al., 2011); B-B’) 
eastern Bay of Biscay (modified from Roca et al., 2011); C-C’) Western-Pyrenees (modified from James et al., 
2009) and D-D’) Central to eastern Pyrenees (modified from Muñoz, 1992). Cross-section location is showed in 
Figure 5.1. 

 

This lateral variation of the lithospheric extensional structure (also linked to a temporary 

evolution) took place in an arm of the Central Atlantic Rift System and, consequently, in a rift 

system that could be correlated to different evolutionary stages of the Atlantic passive margins.  
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Depending on the tectono-magmatic evolution during the rifting episode, passive margins can 

be classified as volcanic and non-volcanic. Volcanic margins (i.e. the South Atlantic with the 

Brazilian Margin and its conjugate West Africa Margin or the conjugate margins of Greenland 

and Norway in the North-Atlantic) (Fig. 5.3A) are narrow with a sharp transition from a 

slightly stretched continental crust to the oceanic crust. It includes large amounts of volcanic 

basaltic floods of variable width (from tens to hundreds of kilometers) and a thickness greater 

than 4 km (usually less than 7 km, but occasionally reaching up-to 20 km) (Jackson et al., 

2000; Geoffroy, 2005). In seismic profiles, this volcanic flood, form groups of seawards 

dipping reflectors (SDRs) (Fig. 5.3A). These SDRs groups have been initially recognized on 

the continental margins of Norway (Mutter et al., 1982; Roberts et al., 1984a and 1984b among 

others) and have been interpreted as extruding magmatic materials (basaltic lavas or other 

felsic rocks and rhyolites) over the transitional crust recording the continental break-up 

(Menzies et al., 2002; Geoffroy, 2005).  

 

 

 

Fig. 5.3.- Idealized schematic cross-section across A) a South Atlantic magma-rich passive margin (modified from 
Jackson et al., 2000), and B) a Central Atlantic magma-poor passive margin (modified from Péron-Pinvidic and 
Manatschal, 2009). In figure A salt tectonics effects have been omitted to simplify the figure. Vertical exaggeration 
is roughly 1:2.5. 
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In contrast, the non-volcanic passive margins (i.e. the Iberian-Newfoundland conjugate passive 

margins in the Central Atlantic) (Fig. 5.3B) are wider and exhibit a more gradual change from 

continental to oceanic crust with a wide intermediate transitional crust that belongs to a 

exhumed continental mantle partially serpentinized and overlain by isolated extensional ridges 

of upper crustal rocks (Lavier and Manatschal, 2006; Péron-Pinvidic and Manatschal, 2009; 

James et al., 2010; Bronner et al., 2011). In this type of passive margins volcanism is poor and 

the structure is characterized by a zonation of four well defined domains (Péron-Pinvidic and 

Manatschal, 2009). Proximal parts are characterized by half-grabens (e.g. Jeanne d’Arc or 

Galicia Interior Basins) that produced crustal stretching (Fig. 5.3B). An important crustal 

thinning occurs towards more distal parts of the passive margin. This new domain is 

characterized by the development of detachment faults and allochthonous tilted blocks (Fig. 

5.3B) (e.g. Manatschal et al., 2001). In the distal part of the margin, previously to the oceanic 

crust domain, the transitional crust shows features between oceanic and continental crusts. This 

is the domain of the exhumed mantle characterized by serpentinized peridotites (Fig. 5.3B). 

Finally, the more distal part comprises the oceanic crust (Fig. 5.3B).   

 

Taking into account the scarcity of volcanic rocks and the extensional structure of the Bay of 

Biscay-Pyrenean Rift System, we can consider this rift system as an example of “magma-poor” 

rifted margin that longitudinally depicts different evolutionary stages. These interpreted 

preserved evolutionary stages fit rather well with the recent models proposed to explain the 

formation of this kind of passive margins based on the Alpine and Iberian-Newfoundland 

margins and numerical models (Lavier and Manatschal, 2006). As shown in figure 5.4, these 

models proposed a multiepisodic evolutionary extension composed by four phases. During the 

first phase, called stretching phase (Fig. 5.4A), rifting starts with a pure shear extension and is 

characterized by the development of high-angle extensional faults that, cutting the brittle upper 

crust and mantle, spread in the wide stretched area (Lavier and Manatschal, 2006). Then, as 

stretching increases and the ductile middle-lower crust thins considerably, the system evolves 

to a more local phase (thinning phase) (Fig. 5.4B) where high-angle faulting is substituted by 

the development of conjugate sets of upper crustal and mantle low-angle detachments often 

connected by incipient to well developed major ductile shears. The third stage or exhumation 

phase (Fig. 5.4C), is reached when the ductile middle crust is welded. At this moment all the 

stretching occurs along of a major low-angle detachment that cuts the entire lithosphere. This 
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detachment, with a downward concave geometry induces the exhumation of the lithospheric 

mantle which is serpentinized by hydrothermal processes (Lavier and Manatschal, 2006). 

Finally, the ongoing lithosphere thinning results in the oceanic crust accretion that records the 

last evolutionary stage (seafloor spreading phase, Fig. 5.4D). 

 

 

 

Fig. 5.4.- Schematic regional reconstruction of hyperextended margins evolution including the main four phases 
until the seafloor spreading (modified from Perón-Pinvidic and Manatschal, 2009). A) Stretching phase: slight 

stretching of the continental crust and development of high-angle listric faults associated with half-graben 
subsidence as a consequence of the distributed extension. B) Thinning phase: localization of the extension related 
to the development of a conjugate decoupled system of detachment faults. C) Exhumation phase: serpentinized 
mantle exhumation at the sea floor as a consequence of the extension absorbed by lithospheric detachment faults. 
D) Seafloor spreading: proto-ridge development as a consequence of the extreme crustal thinning. 

  

Within the framework of the nowadays widely accepted models, the Bay of Biscay – Pyrenees 

offers in a relatively small area a unique opportunity to study the transition between these 

different stages as well as the features of the intermediate ones that are poorly preserved along 

the ensemble of the Atlantic  magma-poor passive margins. Concretely, the studied Parentis 
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Basin allows to characterize the transition between the so-called thinning and exhumation 

phases, showing how in this transition a dramatic change on the main detachment polarity and 

in the upper crustal deformation could be produced (as it occurs here): from an unique major 

upper crustal detachment to a lithospheric detachment with frequent upper crustal extensional 

riders in its hangingwall and/or footwall. 

 

Also related to this pre-orogenic extensional evolution and structure, the work carried out in 

this thesis denotes that later Pyrenean orogen architecture is strongly controlled by the pre-

orogenic gain. Late Santonian-middle Miocene in age, this orogen developed along previously 

thinned lithospheric areas, concentrating along the Pyrenean areas and westwards of the 

inherited Santander transfer zone, along the southern margin of the exhumed mantle of the Bay 

of Biscay abyssal plain, and acquired a different deformation pattern depending on the previous 

moderately evolved extensional deformation. Thus, in the areas in which the previous 

stretching was not enough to weld the ductile middle crust, contractional deformation resulted 

in the development of an upper crustal wedge made by an antiformal stack of thrust sheets. In 

contrast, in areas where large extensional low-detachment developed previously, contractional 

deformation was mainly accommodated by the reactivation of these faults, which uplift its 

related hangingwall basins with lesser or no localized inner contractional deformation.   

 

 

Besides these considerations concerning the structure and the evolution of this  Atlantic 

segment or rift arm partially or totally inverted during Pyrenean orogeny, the study carried out 

in the Parentis Basin and surrounding areas also provides substantial information about the role 

played by the pre-rifting salt in the ongoing deformation. Most of the salt layers present in the 

Atlantic margins (e.g. Gulf of Mexico, offshore Brazil, West Africa, etc…) are post-rift or, 

according to the recent classification proposed by Rowan et al. (2012), on the above non-

volcanic margin evolution syn-thinning and/or syn-exhumation. They are present on top of 

normal rifted continental crust, a highly attenuated crust, or even over an exhumed mantle or a 

proto-oceanic crust (Jackson et al., 2000; Rowan and Roca, 2012 among others). Their base 

has a regional slope towards the ocean and is strongly deformed by gravity gliding and 

differential loading processes. The salt deformation style in this setting is thin-skinned and 

includes upslope extension and subsequent downslope contraction. This results in a parallel 

margin tectonic style zonation with: 1) active extensional tilted blocks rooted in the evaporites, 

diapirs, raft tectonics structures and rollers in the upslope domain (Fig. 5.5A) (Fort et al., 
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2004a); 2) undeformed or passively extensional salt downslope structures in the midslope 

domain; and 3) squeezed diapirs, large salt sheets, polyharmonic folds and thrusts in the 

downslope contractional domain (Fig. 5.5A) (Fort et al., 2004a and 2004b). In all these 

margins, deformation concentrated above the salt layer whereas beneath it the subsalt rocks 

appear undeformed or are passively transported along large low-angle lithospheric 

detachments.  

 

Instead, in the Bay of Biscay-Pyrenees Rift System or in the Newfoundland Margin where salt 

is pre-extensional or syn-extensional (Mathieu, 1986; Biteau et al., 2006; Withjack and 

Callaway, 2000; Soto et al., 2007; James et al., 2010) both supra- and subsalt layers are 

extensionally deformed and the salt clearly decoupled the deformation. Salt is also stretched 

along its complete length. This results as observed in the studied area, in a clearly different 

deformation structural style with development of extensional deformation structure on the 

subsalt, suprasalt and salt layers.  

 

In the areas in which extension has resulted in a stretching phase deformational style (i.e. 

Southern and Central North Sea) the role of the pre-rift salt during extensional deformation is 

rather well known. It tends to decouple the deformation producing a different structural style 

for the supra- and sub-salt units. Diapirs commonly developed above or near basement normal 

faults (Rowan and Roca, 2012). In contrast, the behavior of pre-rift salt in more evolved 

stretching scenarios of passive margin formation is much less known and mainly based on 

geometric models (Fig. 5.5). Therefore, the analysis of the salt deformation in the Parentis 

Basin provides valuable information to understand the behavior of the pre-rift salt in these 

environments. Thus, the work done in this thesis emphasizes that during the development of 

large low-angle crustal to lithospheric detachment salt migration goes from thick syn-rift basin 

depocentres to the footwall block but also and mainly to the hangingwall rollover highs. This 

last migration seems to occur when extension along the detachment fault is so large that breaks 

the lateral continuity of the salt layer.  

 

It has also been observed (as already pointed out James et al., 2010) that the formation and 

transport above the detachment of upper crustal slices bounded by extensional faults produces 

significant rotations of the slices which results in quick and large lateral changes in the 

structural relief to the salt layer. This induces the formation of extensional forced folds or salt-
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cored anticlines at the top of these blocks that can evolve locally to generate salt diapirs (Figs. 

5.5B and 5.5C).  

 

 

Fig. 5.5.- Conceptual model showing the relationship between the presence of evaporites and crustal thinning in 
hyperextended passive margins (modified from James et al., 2010). A) Post-rift salt fossilizing the previous active 
extensional basins. Gravity gliding trigger salt movement basinwards developing different salt tectonic styles. B) 
Pre-rift salt without a regional and continuous decollement in the salt layer: contractional structures as the 
developed in the previous post-rift salt model are absent. A breakaway zone related to the detachment lithospheric 
fault is well developed and the hangingwall blocks include both sub- and suprasalt units. Salt diapirs are always 
related to thick-skinned tectonics and are restricted to upper part of the rotated footwall blocks. C) Thick pre-rift salt 
with a regional and continuous decollement located in the salt layer: the breakaway zone is here diffuse and the 
hangingwall blocks include mainly suprasalt materials. Salt structures are both related to thick and thin-skinned 
tectonics and may include salt diapirs, turtles and even contractional structures developed on the toe of the passive 
margin developed both during and after the extension. Note the significant structural relief of the salt layer in figure 
C that allows the development of extensional forced folds on top of the basement extensional faults.  
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The deformation scenario above described could be significantly different if the salt act or not 

as regional decollement of the extensional deformation. If pre-rift salt does not act as a 

decollement (this normally implies a thin salt layer), a well-defined breakaway zone is 

developed (Fig. 5.5B) and hangingwall blocks include suprasalt and subsalt units (James et al., 

2010). In this case, a breakaway zone related to the detachment lithospheric fault is well 

developed and the hangingwall blocks include both sub- and suprasalt units. Salt diapirs related 

to thick-skinned tectonics are restricted to the upper part of the rotated footwall blocks. In 

contrast, if pre-rift salt acts as a decollement, the breakaway zone is diffuse and hangingwall 

blocks include mainly suprasalt units (Fig. 5.5C) (James et al., 2010). In this case, salt 

structures are both related to thick- and thin-skinned tectonics and may include salt diapirs, 

turtles, forced folds on top of basement extensional faults and even contractional structures 

developed on the toe of the passive margin. Also, there is a major decoupling between subsalt 

and suprasalt units in such a way that suprasalt stretching used to be concentrated, inlands in 

the footwall where the overburden is thinner, at least during the beginning of the low-angle 

crustal detachment. This results in the development in this practically lithospheric undeformed 

zone of widespread systems of salt walls and diapirs, structures that are absent in the 

lithospheric thinned areas.  

 

Nevertheless, it should be emphasized that there are other key factors as the thickness of the 

evaporitic layer, the mechanical properties of the salt, or the velocity of deformation which will 

control the subsequent deformation. Depending on the salt thickness, different salt structures 

may be developed during extension. Thin evaporites localize detachments but cannot form 

diapirs (Hudec and Jackson, 2007) developing listric faults and salt rollers instead. In contrast, 

thick evaporites allow the formation of reactive diapirs during extension (Vendeville and 

Jackson, 1992) that may evolve to passive diapirs depending of the availability of salt in the 

source layer. In a similar way, using sand-box analogue models, Withjack and Callaway (2000) 

established that the velocity of extension as well as the mechanical properties of salt and 

overburden strongly influence the decoupling between supra- and subsalt deformation as well 

as the development of forced folds over the major extensional faults in rift systems.  

 

Finally, besides all the above discussed achievements, and unlike other Atlantic margins, the 

study of eastern Bay of Biscay together with the Pyrenean domain, has allowed to investigate 
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the evolution of this contractional deformation of an Atlantic non-volcanic passive margin 

affected by large low-angle crustal to lithospheric detachments (Fig. 5.6). As already stated, 

during the Alpine orogeny (late Santonian-middle Miocene) the extensional architecture of the 

studied margin was compressively retouched. Whereas the southern or Pyrenean arm was 

totally inverted and incorporated to the Pyrenean chain (Fig. 5.6), the northern or Bay of 

Biscay arm (including the Parentis and the Bay of Biscay Abyssal basins) was only locally 

inverted preserving many of the Atlantic passive margin features (Fig. 5.6).  

 

 

 

Fig. 5.6.- Schematic cross-sections showing the lateral structural changes in the Pyrenean contractional 
deformation along the orogen. A-A’) Central to western Bay of Biscay (modified from Roca et al., 2011); B-B’) 
eastern Bay of Biscay (modified from Roca et al., 2011); C-C’) Western-Pyrenees (modified from James et al., 
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2009) and D-D’) Central to eastern Pyrenees (modified from Muñoz, 1992). Cross-section location is showed in 
Figure 1. 

 

Thus, analyzing the present-day Parentis Basin structure, it is evident that in these pre-existent 

extensional settings contractional deformation generates the inversion of the 

crustal/lithospheric detachments that, if salt is rather continuous, results in a reactivation of this 

level as a contractional decollement both in the hangingwall and footwall detachment blocks 

(Fig. 5.7). 

  

 

 

Fig. 5.7.- Conceptual model showing the evolution during the contractional inversion of a crustal/lithospheric 

detachment. A) End of the thinning phase: salt ridges were developed in the rollover hinge and over the master 
fault. Different salt diapirs grow over the footwall of the detachment fault related to the thin-skinned extension. B) 
Low shortening produces the amplification of the wave-length of salt ridges. This amplification rejuvenated and 
uplifted these structures initiating erosion. Pre-existent salt diapirs were partially squeezed forming secondary 
welds and salt sheets. C) High shortening produces the total inversion of the detachment fault and the passive 
transport of salt structures using a basal detachment. Some salt ridges were break by thrusts and crestal erosion 
may initiate diapirism. Note that no synorogenic deposits neither lithospheric foreland flexure deformations have 
been considered in these sketches. Their inclusion would minimize the regional uplift and erosion of the inverted 
basin, and change the frontal length and deformation of the thrust fronts.  
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This uplifts the depocenter of the syn-rift basin as a pop-up structure and induces, as observed 

in the Parentis Basin, the rejuvenation of salt structures. Salt ridges located over the rollover 

hinge and over the master fault were amplified, producing uplift and the subsequent erosion of 

their crests developing local unconformities (Fig. 5.7B). In contrast, the stems of salt diapirs 

and walls developed over the footwall of the crustal detachment were partially closed by 

squeeze developing secondary welds and salt sheets. If contractional deformation progresses, 

as in the Pyrenees, the salt layer act as an effective detachment translating the deformation out 

of the extensional basin (Fig. 5.7C). The depocenter of the syn-rift basin may be completely 

uplifted by the inversion of the low-angle crustal to lithospheric detachments. Salt structures 

were passively transported over this basal detachment without significant contractional 

deformation. The important erosion that took place on the crest of salt ridges may favor the 

development of new diapirs during this stage (Fig. 5.7C). 

 

 

 5.2.- Concluding remarks 

 

Taking into account all these considerations the main results of the present thesis can be 

grouped into three action lines: 1) the characterization of structural variations along the Bay of 

Biscay-Pyrenean Rift System and its influence in the Pyrenean orogen development; 2) the 

definition of the Parentis Basin structure, in particular its western parts that were practically 

unknown; and 3) the analysis of the role played by the Upper Triassic pre-rift salt during both 

the extensional opening of the Bay of Biscay (specifically in the Parentis Basin) and the 

subsequent contractional development of the Pyrenean orogen. Following the main results 

obtained in each one of these lines are outlined: 

  

5.2.1 Along strike lithosphere structure variations of the Bay of Biscay-Pyrenean Rift 

System and its influence in the Pyrenean orogen development 

The rift system developed between Iberia and Eurasia during the Late Jurassic-Cretaceous 

consisted of two parallel overlapping arms oriented E-W. The northern arm (the Bay of Biscay 

arm) includes the Bay of Biscay Abyssal Basin and the Parentis Basin, and the southern one 

(the Pyrenean arm), the Le Danois, Basque-Cantabrian and the Lacq-Mauleon basins. Both 
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arms appear formed by segmented extensional fault systems that are linked by N to NNE 

trending accommodation zones. Amongst these accommodation zones is outlined the 

Santander soft transfer zone. This structure bounded toward the east the transitional crust of the 

Bay of Biscay Abyssal Basin displacing the locus of the major lithospheric thinning from the 

Bay of Biscay arm to the Pyrenean arm. This accommodation zone also changed the polarity of 

the extensional crustal scale detachments which was opposite on both sides. 

 

The architecture/structure of the late Jurassic-Cretaceous basins is strongly dependent on the 

crustal thickness and, in particular, on the presence or absence of ductile middle to lower 

continental crust beneath the basins. Thus, in the areas where crustal stretching has been minor 

and there is a ductile middle to lower continental crust (i.e., Le Danois Basin), the basin 

structure consists of a broad half-graben system of conjugate high-angle extensional faults 

affecting the upper crust. On the contrary, in the cases in which the lithospheric stretching is 

larger and the basins lie over a much thinner crust without a ductile middle to lower continental 

crust (i.e., Parentis, Basque-Cantabrian and the Lacq-Mauleon basins), the basin structure is 

more asymmetric, being controlled by the development of detachment faults that cut the entire 

crust. These detachments produce the exhumation of serpentinized subcontinental mantle and 

may carry extensional riders of upper continental crust directly above the mantle (i.e., Bay of 

Biscay Abyssal Basin). 

 

The interpretation of the ECORS, ESCI and MARCONI deep seismic profiles together with 

the onshore surface geology clearly shows that the Mesozoic extensional structural gain 

strongly controlled the contractional structure of the Pyrenean orogen. The main contractional 

deformation is located along the extensionally faulted margins of the pre-existent latest 

Jurassic-Early Cretaceous basins, and the architecture of the orogen appears strongly dependent 

on the geometry of the previous basin-bounding faults and the related absence or presence of a 

ductile middle to lower crust. Thus, in the rift segments where this ductile crust was present 

and the extensional basins were bounded by upper crustal high-angle faults (central and eastern 

Pyrenees), the Pyrenean orogen mainly consists on a wedge made up by an antiformal stack of 

upper crustal thrust sheets. Instead, in the segments in which large crustal scale extensional 

detachments were present and there was not a ductile crust at the onset of the compression 

(Western, Basque and Cantabrian Pyrenees), the orogen architecture is simpler and consists on 

a slightly deformed wedge of upper crustal rocks displaced above the reactivated detachment. 
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On a large and regional scale, it is evident that the extensional Late Cretaceous rift 

segmentation and the changes in the sense of the dip of the extensional Cretaceous detachments 

control the different characteristics along strike of the Pyrenean orogen in such a way that there 

is an almost perfect correlation between the extensional Late Cretaceous rift segmentation and 

the segments of the Pyrenees with a well differentiated contractional structure. 

 

5.2.2 The structure of the Parentis Basin  

The ECORS-Bay of Biscay and the MARCONI-3 deep seismic profile together with the 

available subsurface data acquired during the hydrocarbon exploration surveys allow the 

recognition of the upper crustal structure of the eastern part of the Bay of Biscay and the main 

features of its Alpine geodynamic evolution. The spatial distribution and thickness of the 

reflective levels as well as the geometry of the reflectors suggest that the structure of the North-

Pyrenean Foreland at the western part of the Bay of Biscay consists of a wedge of uppermost 

Cretaceous to Cenozoic syn-orogenic sediments lying on the top of a thinned continental crust 

with a major Mesozoic Basin to the north (the western Parentis Basin), and a coeval structural 

high to the south (the Landes High).  

 

The boundaries between these two structural realms are two major crustal to lithospheric 

extensional detachments (Landes and Ibis Faults). These north-dipping structures have a 

kinked-planar geometry and show an extensional displacement larger than 20 km. They 

truncate the whole crust generating the total omission of the upper and middle crustal levels 

beneath the eastern Parentis Basin depocenter. North of these detachments (this is the 

hangingwall), the syn-rift Parentis Basin appears filled by a thick (near 10 km) sequence of 

Jurassic to Lower Cretaceous carbonate to terrigenous rocks. All this sedimentary infill is 

detached on the Upper Triassic evaporites and is deformed by a anticline-syncline forced fold 

system developed over the extensional detachment mimicking the geometry of the basement. 

This extensional folding structure is cut by reverse and rotated extensional faults in the step 

limb developed over the basement detachment. It appears affected by salt ridges and diapirs 

formed during the Albian-Late Cretaceous along both basin margins (footwall of the basement 

detachment and hinge of the hangingwall rollover). All these salt structures were rejuvenated 

by squeezing during the Pyrenean late Eocene-middle Miocene compression, during the latest 
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Cretaceous. At that time the Parentis Basin depocenter uplifted and was eroded as a result of 

the initial contractional reactivation of the low-angle crustal to lithospheric detachments. 

 

Located in the footwall of this extensional detachment, the Landes High appears as a plateau 

uplifted and eroded during Early Cretaceous formed by a thin uppermost Cretaceous cover that 

unconformably overlay the variscan basement or a thin older Mesozoic cover.  

 

In this structural scenario, the development of the strongly contractionally deformed North-

Pyrenean frontal fold and thrust system along the southern margin of the Landes High and the 

lack of significant inversion structures in the Parentis Basin denotes that the Landes High acted 

as an important buffer for the north propagation of the Pyrenean deformation during the Late 

Cretaceous and especially between the Eocene and early Miocene times. The origin of this 

deformational buffer is probably related to the different crustal signature that showed this 

domain in relation to the adjoining Basque-Cantabrian and Parentis basins. In the Landes High 

the crust was much thicker and stronger that in the adjacent basins. In fact, this difference of 

thickness acted differently in response to the compressive stresses generated southwards along 

the Iberian-Eurasia collision boundary.  

 

5.2.3 Role played by the Upper Triassic pre-rift salt during both the extensional 

development of the Parentis Basin and the later Pyrenean contractional deformation 

Upper Triassic pre-rift salt layers played a crucial role in the evolution of the Parentis Basin 

during both extensional and later contractional deformation. This salt layer produces the 

development of a shallow decollement level which decouples the deformation and produces the 

generation of two Mesozoic-Cenozoic cover domains with differentiated overburden and salt 

structures: 1) a southern domain developed on the footwall of the master fault only developed 

in the eastern Parentis Basin; and 2) a northern and central domain developed on the 

hangingwall of the master faults developed either in the eastern as in the western Parentis 

Basin. The southern domain is characterized by a thin overburden that includes a significant 

amount of extensional faults and squeezed salt diapirs and walls. In contrast, the northern and 

central domain shows a thick overburden in which the Upper Triassic salt favored the 

development of forced folds above the crustal/lithospheric detachments. In this last domain, 

salt was expelled by differential loading towards the upper tip of the detachments and the 

rollover hangingwall hinge forming gentle salt-cored anticlines. According to the observed 
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Mesozoic and Cenozoic strata geometries, these salt-cored anticlines as well as the salt walls 

and diapirs identified in the southern domain began to rose reactively during the early opening 

of the Bay of Biscay. However, it is possible that may also have grown by differential 

sedimentary loading as early as the Upper Jurassic. Then during Albian times, some of the salt 

structures developed in the southern domain evolved to a passive mode continuing growing 

through the Upper Cretaceous.  

Afterwards, the onset of the contractional deformation related to the beginning of the Iberia 

and Eurasia convergence resulted in a contractional reactivation of all these pre-existent salt 

structures. Later, this reactivation induced: 1) the amplification of salt-cored anticlines, 2) the 

squeezing of the dormant and buried diapirs which formed secondary welds and thrusts-welds, 

and 3) an increase of the salt extrusion in the salt diapirs that formed glacial salt sheets. The 

deformation patterns of this contractional reactivation have been contrasted with contractional 

sand-box experiments of salt structures which have also been useful to interpret the poor-

seismic image of the diapir structures in the Parentis Basin.  

This lateral migration (poorly or not described previously), has been tested by analogue models 

that validated the interpretations of the Txipiroi and Céphée-Aldebaran anticlines as salt 

inflating structures developed from the migration of salt from the main depocenters towards the 

main rollover hinges 

 

 

5.3.- Perspectives of advance 

The execution of this thesis has involved opening new research lines. Even so, it is usual that 

not all these lines are finally addressed. In this sense, this PhD. thesis has allowed to provide 

answers or at least to gain insight on most of the questions and challenges posed at the 

beginning. However, we have not answered some of the question marks that have arisen 

throughout its development, either because they have not been addressed due to lack of time or 

simply because they are beyond the scope of this work. Some of them have already started to 

be analyzed, but others will be only raised in this section as future research topics. Among 

these, the most significant from my point of view are: 
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a) Construction of a 3D geological model from the interpretation of the 2D seismic data of 

the Parentis Basin. Although this point has already started to be addressed with the 

three-dimensional reconstruction of several salt structures of the Parentis Basin (e.g. 

Alcyon diapir and Pelican salt sheet), we have not included them in the memory of this 

thesis. These models should allow a better understanding of the Parentis Basin 

evolution and the interaction between salt tectonics and sedimentation.  

 

b) The sequential restoration of the different cross-sections obtained from the MARCONI 

deep seismic survey to get a reconstruction of the North-Iberian Margin prior to the 

contractional deformation stage.  

 

c) It would be very interesting to obtain new 2D or 3D seismic data with a better quality, 

covering several salt structures of the basin in order to clarify the reactive growth 

geometries inferred from the available data. It would also be interesting to have new 

seismic data from the northern margin of the basin to have a better control of this 

sector.  

 

d) Conduct some field studies complemented with subsurface data in some salt structure 

of the Basque-Cantabrian Basin. Salt structures developed in this basin started to grow 

during the opening of the Bay of Biscay as well as in the Parentis Basin. Their study is 

really interesting because they are characterized by larger contractional deformation 

than in the salt structures of the Parentis Basin. This study will comprise the subsequent 

deformational stage of salt structures in compressional settings.  

 

e) Development of sand-box models combined with seismic and outcrop data to establish 

the deformational pattern of extensional forced folds during a tectonic inversion phase. 

There are interesting examples of forced folds developed in the Bay of Biscay-Pyrenean 

Rift System (e.g. Ibis forced fold in the Parentis Basin or the southern master fault of 

the Organyà Basin) that could complement these analogue models with field and 

subsurface data.  The evolution of forced folds during a subsequent compressional stage 

is poorly documented and questions like “how these structures react during 

compression?” or “what is the role of the inherited extensional structure acquired in the 

rift stage during compression?” still remain unanswered. 

 



O. FERRER 

273 

 

5.4.- References 

 

Biteau, J.J., Le Marrec, A., Le Vot, M. and Massot 

J.M. (2006) The Aquitaine Basin. Petroleum 

Geoscience, 12, 247–273.  

 

Bronner, A., Sauter, D., Manatschal, G., Péron-

Pinvidic, G. and Munschy, M. 

(2011) Magmatic breakup as an explanation for 

magnetic anomalies at magma-poor rifted 

margins. &ature Geoscience, 4, 549-553.  

 

Fort, X., Brun, J.P. and Chauvel, F. (2004a) Salt 

tectonics on the Angolan margin, 

synsedimentary deformation processes. 

American Association of Petroleum Geologist 

Bulletin, v. 88 (11), 1523-1544. 

 

Fort, X., Brun, J.P. and Chauvel, F. (2004b) 

Contraction induced by block rotaion avobe 

salt (Angolan margin). Marine and Petroleum 

Geology, 21, 1281-1294. 

 

Geoffroy, L. (2005) Volcanic passive margins. 

Comptes Rendus Geoscience, 337 (16), 1395-

1408. 

 

Hudec, M.R. and Jackson, M.P.A. (2007) Terra 

infirma: understanding salt tectonics. Earth-

Science Reviews, 82, 1–28. 

 

Jackson, M.P.A., Cramez, C. and Fonck, J.M. (2000) 

Role of subaerial volcanic rocks and mantle 

plumes in creation of South Atlantic margins: 

implications for salt tectonics and source rocks. 

Marine and Petroleum Geology, 17, 477-498. 

 

Jammes, S., Manatschal, G., Lavier, L. and Masini, 

E. (2009) Tectonosedimentary evolution 

related to extreme crustal thinning ahead of a 

propagating ocean: The example of the western 

Pyrenees. Tectonics, 28, TC4012, 

10.1029/2008TC002406. 

 

James, S., Manatschal, G. and Lavier, L. (2010) 

Interaction between prerift salt and detachment 

faulting in hyperextended rift systems: The 

example of the Parentis Basin and Mauleon 

basins (Bay of Biscay and western Pyrenees). 

American Association of Petroleum Geologist 

Bulletin, V. 94 (7), 957-975. 

 

Lavier, L.L. and Manatschal, G. (2006) A 

mechanism to thin the continental lithosphere 

at magma-poor margins. &ature, 440/13, 324-

328. 

Manatschal, G., Froitzheim, N., Rubenach, M.J. and 

Turrin, B. (2001) The role of detachment 

faulting in the formation of an ocean-continent 

transition: Insights from the Iberia Abyssal 

Plain. In: Wilson, R.C.L., Whitmarsh, R.B., 

Taylor, B. and Froitzheim, N. (eds.). &on-

volcanic rifting of continental margins: 

Evidences from land and sea. Geological 

Society of London Special Publications, 187, 

405-428. London, United Kingdom. 

 

Mathieu, C. (1986) Histoire géologique du 

sous‐bassin de Parentis. Bulletin du Centre de 

Recherches Exploration Production Elf-

Aquitaine, 10(1), 22–47. 

 

Menzies, M.A., Klemperer, S.L., Ebinger, C.J. and 

Baker, J. (2002) Characteristics of volcanic 

rifted margins. Geological Society of America 

Special Paper, 362, 1-14. 

 

Muñoz, J.A. (1992) Evolution of a continental 

collision belt: ECORS‐Pyrenees crustal 

balanced section. In: McClay, K.R. (ed.). 

Thrust Tectonics, 235–246. Chapman and Hall, 

London, United Kingdom. 

 

Mutter, J.C., Talwani, M. and Stoffa, P.L. (1982) 

Origin of seaward-dipping reflectors in oceanic 

crust off the Norwegian margin by “subaerial 

sea-floor spreading”. Geology, 10, 353-357. 

 

Péron‐Pinvidic, G. and Manatschal G. (2009) The 

final rifting evolution at deep magma‐poor 

passive margins from Iberia‐Newfoundland: A 

new point of view. International Journal Earth 

Science, 98(7), 1581–1597.  

 

Roberts, D.G., Backman, J., Morton, A.C., Murray, 

J.W. and Keene, J.B. (1984a) Evolution of 

volcanic rifted margins: Synthesis of Leg 81 

results on the west margin of Rockall Plateau. 

In: Blackman, J. (ed.). Initial Report of the 

Deep Sea Drilling Project, 81, 883-911. U.S. 

Government Printing Office, Washington, 

U.S.A. 

 

Roberts, D.G., Schnitker F., et al. (1984b) Initial 

reports of the Deep Sea Drilling Project, 81. 

U.S. Government Printing Office, Washington, 

U.S.A. 

 

Roca, E., Muñoz, J.A., Ferrer, O. and Ellouz, N. 

(2011) The role of the Bay of biscay Mesozoic 



CHAPTER5: DISCUSSIONS AND CONCLUSSIONS 
 

274 

 

extensional structure in the configuration of the 

Pyrenean orogen: Constraints from the 

MARCONI deep seismic reflection survey. 

Tectonics, 30, TC2001. 1o.1029/2010TC00 

2735. 

 

Rowan, M.G. and Roca, E. (2012) Salt tectonics: 

Global Styles, Spanish Outcrops (Cantabria, 

&orth Spain). M232a Nautilus Geoscience 

Training Course. 323 p.  

 

Rowan, M.G., Lawton, T.F. and Giles, K.A. (2012) 

Anatomy of an exposed vertical salt weld and 

flanking strata, La Popa Basin, Mexico. In: 

Alsop, G.I.; Archer, S.G., Hartley, A.J., Grant, 

N.T. a Hodgkinson, R. (eds.). Salt Tectonics, 

sediments and prospectivity, Geological 

Society of London Special Publications, 363, 

33-57. London, United Kingdom. 

 

Soto, R. , Casas-Sainz, M. and del Río, P. (2007) 

Geometry of half-grabens containing a mid-

level viscous décollement. Basin Research, 19, 

437-450. 

 

Vendeville, B.C. and Jackson, M.P.A. (1992) The 

rise of diapirs during thin-skinned extension. 

Marine and Petroleum Geology, 9, 331-353. 

 

Withjack, M.O. and Callaway, S. (2000) Active 

normal faulting beneath a salt layer: an 

experimental study of deformation patterns in 

the cover sequence. American Association of 

Petroleum Geologist Bulletin, 84, 627–651. 

 
 

 



   



 



O. FERRER 

277 
 

 

  

 

 

 

REFERENCES 

 

 
 

 
Albarède, F. and Michard‐Vitrac, A. (1978) Datation 

du métamorphisme des terrains secondaires des 
Pyrénées par les méthodes 39Ar‐40Ar et 
87Rb‐87Sr: Ses relations avec les péridotites 
associées. Bulletin de la Société Géologique de 
France, 7, 681–687. 

 
Álvarez-Marrón, J., Pulgar, J.A., Dañobeitia, J.J., Pérez 

Estaún, A., Gallastegui, J., Martínez Catalán, J.R., 
Banda, E., Comas, M.C. and Córdoba, D. (1995) 
Results from the ESCI-N4 marine deep seismic 
profile in the northern Iberian Margin. Revista de 
la Sociedad Geologica de España, 8(4), 355–363. 

   
Álvarez-Marrón, J., Pérez-Estaún A., Dañobeitia, J.J., 

Pulgar J.A., Martínez-Catalán, J.R., Marcos, A., 
Bastida, F., Ayarza Arribas, P., Aller, J., Gallart, 
J., Gonzalez-Lodeiro, F., Banda, E., Comas, M.C. 
and Cordoba, D. (1996) Seismic structure of the 
northern continental margin of Spain from ESCIN 
deep seismic profiles. Tectonophysics, 264, 153–
174. 

 
Álvarez-Marrón, J., Rubio, E. and Torné, M. (1997) 

Subduction-related structures in the North Iberian 
Margin. Journal of Geophysical Research, 102, 
22.497–22.511. 

 
Ayarza, P., Martínez‐Catalán, J.R., Alvarez‐ Marrón, J., 

Zeyen, H. and Juhlin, C. (2004) Geophysical 
constraints on the deep structure of a limited 
oceancontinent subduction zone at the North 
Iberian Margin. Tectonics, 23, TC1010. 

 
Azambre, B. and Rossy, M. (1976) Le magmatisme 

alcalin d’âge crétacé dans le Pyrénées occidentals 
et l’Arc Basque: Ses relations avec le 
métamorphisme et la tectonique. Bulletin de la 
Société Géologique de France, 18, 1725–1728. 

 
Bacon, M., Gray, F. and Matthews, T. (1969) Crustal 

structure studies in the Bay of Biscay. Earth 
Planetary Science Letters, 6, 101–105. 

 
Barbier, F., Duvergé, J. and Le Pichon, X. (1986) 

Structure profonde de la marge Nord‐Gascogne. 
Implications sur le mécanisme de rifting et de 
formation de la marge continentale. Bulletin du 
Centre de Recherches Exploration Production. 
Elf-Aquitaine, 10, 105–121. 

 
Beaumont, C., Muñoz, J.A., Hamilton, J. and Fullsack, 

P. (2000) Factors controlling the alpine evolution 
of the Central Pyrenees inferred from a 
comparison of observations and geodynamical 
models. Journal of Geophysical Research, 105, 
8121–8145. 

 
Berástegui, X., García-Senz, J. and Losantos, M. 

(1990) Structure and sedimentary evolution of the 
Organyà Basin (Central South Pyrenean Unit, 
Spain) during the Lower Cretaceous. Bulletin de 
la Société Géologique de France, 8, 251–264. 

 
Biteau, J.J., Le Marrec, A., Le Vot, M. and Massot J.M. 

(2006) The Aquitaine Basin. Petroleum 
Geoscience, 12, 247–273.  

 
Boillot, G. (1986) Le Golfe de Gascogne et les 

Pyrénées. In : Boillot, G. (ed.). Les marges 
continentales actuelles et fossiles autour de la 
France. 5–81. Masson, Paris, France. 

 
Boillot, G. and Malod, J. (1988) The north and 

northwest Spanish Continental Margin: A review. 
Revista de la Sociedad Geologica de España, 
1(3–4), 295–316. 

 
Boillot, G., Dupeuble, P.A. and Malod, J. (1979) 

Subduction and tectonics on the continental 
margin of northern Spain. Marine Geology, 32, 
53–70. 

 
Boillot, G., Malod, J. A., Dupeuble, P. A. and Cybere 

Group (1987) Mesozoic evolution of Ortegal 
Spur, north Galicia margin: Comparison with 
adjacent margins. In: Boillot, G., Winterer, E.L., 



REFERENCES 

 

278 
 

Meyer, A.W. (eds.). Proceedings of the Ocean 
Drilling Program, Science Results, 103, 107–115. 
College Station, Texas, USA.. 

 
Boillot, G., Mougenot, D., Girardeau, J. and Winterer, 

E. L. (1989) Rifting processes on the west Galicia 
continental margin, Spain. In: Tankard, A. J. and 
Balkwill, H. R. (eds.). Extensional Tectonics and 
Stratigraphy of the +orth Atlantic Margins. 
American Association of Petroleum Geologist 
Memoir, 46, 363–377. Tulsa, Okla., USA. 

 
Bois, C. and Gariel, O. (1994) Deep seismic 

investigation on the Parentis Basin (Southwestern 
France). In: Mascle, A. (ed.). Hydrocarbon and 
Petroleum Geology of France. European 
Association of Petroleum Geologists. Special 
Publication, 4, 173–186. Springer, Berlin, 
Germany. 

 
Bois, C., Pinet, B. and Gariel, O. (1997a) The 

sedimentary cover along the ECORS Bay of 
Biscay deep seismic reflection profile: A 
comparison between the Parentis basin and other 
European rifts and basins. Mémoires de la Société 
Géologique de France, 171, 143–165. 

 
Bois, C., Gariel, O., Lefort, J.P., Rolet, J., Brunet, M.F., 

Masse, P. and Olivet, J.L. (1997b) Geologic 
contribution of the Bay of Biscay deep seismic 
survey: A summary of the main scientific results, 
a discussion of the open questions and suggestions 
for further investigation. Mémoires de la Société 
Géologique de France, 171, 193–209. 

 
Bois, C. and ECORS Scientific Party (1990) Major 

geodynamic processes studied from the ECORS 
deep seismic profiles in France and adjacent 
areas. In: Leven, J. H., Finlayson, D. M., Wright, 
C., Dooley, J. C. and Kennet, B. L. N. (eds.). 
Seismic Probing of Continents and Their Margins. 
Tectonophysics, 173, 397–410. 

 
Bourillet, J.F., Zaragosi, S. and Mulder, T. (2006) The 

French Atlantic margin and deep-sea submarine 
systems. Geo-Marine Letters, 26, 311–315. 

 
Bourrouilh, R., Richter, J. P. and Zolnaï, G. (1995) The 

North Pyrenean Aquitaine Basin, France: 
Evolution and hydrocarbons. American 
Association of Petroleum Geologist Bulletin, 79, 
831–853. 

 
Brinkmann, R. and Lögters, H. (1968) Diapirs in 

Western Pyrenees and foreland. In: Braunstein, J. 
and O’Brien, G.D. (eds.). Diapirism and Diapirs. 
American Association of Petroleum 
GeologisMemoir, 8, 275–292. American 
Association of Petroleum Geologist, Tulsa, Okla, 
USA. 

 
Brinkmann, R., Lögters, H., Pflug, R., Von 

Stackelberg, U., Hempel, P.M. and Kind, H.D. 
(1967) Diapirtektonik und stratigraphie im 
vorland der spanischen Westpyrenäen, Beihefte 
zum Geologischen Jahrbuch, 66, 183 pp. 

 
Bronner, A., Sauter, D., Manatschal, G., Péron-

Pinvidic, G. and Munschy, M. (2011) Magmatic 
breakup as an explanation for magnetic anomalies 
at magma-poor rifted margins. +ature 
Geoscience, 4, 549-553.  

Brun, J.P. and Fort, X. (2004) Compressional salt 
tectonics (Angolan Margin). Tectonophysics, 382, 
129–150. 

 
Brunet, M.F. (1986) Subsidence history of the 

Aquitaine basin determined from subsidence 
curves. Geological Magazine, 121 (5), 421–428. 

 
Brunet, M.F. (1994) Subsidence in the Parentis Basin 

(Aquitaine, France): Implications of the thermal 
evolution. In: Mascle, A. (ed.). Hydrocarbon 
Exploration and Underground Gas Storage in 
France, 4, 187–198. Springer, Paris, France. 

 
Brunet, M.F. (1997) Subsidence along the ECORS Bay 

of Biscay deep seismic profile. Mémoires de la 
Société Géologique de France, 171, 167–176. 

 
Callot, J.P., Jahani, S. and Letouzey, J. (2007) The role 

of pre-existing diapirs in fold and thrust belt 
development. In: Lacombe, O., Roure, F., Lavé, J. 
and Verges, J. (eds.). Thrust Belts and Foreland 
Basins from Fold Kinematics to Hydrocarbon 
Systems: Frontiers in Earth Sciences. 309–325. 
Springer, Berlin, Germany.  

 
Cámara, P. (1989) La terminación estructural 

occidental de la Cuenca Vasco‐Cantábrica, In: 
Villalobos, L. (ed.). Libro Homenaje a Rafael 
Soler. 27–35. Asociación de Geólogos y 
Geofísicos Españoles del Petróleo, Madrid, Spain. 

 
Cámara, P. (1997) The Basque‐Cantabrian basin’s 

Mesozoic tectono‐sedimentary evolution. 
Mémoires de la Société Géologique de France, 
171, 187–191. 

 
Capdevila, R., Boillot, G., Lepvrier, C., Malod, J. A. 

and Mascle, G. (1980) Les formations cristallines 
du Banc Le Danois (marge nord‐ibérique). 
Comptes Rendus de l’Académie des Sciences de 
Paris, Ser. D, 317–320. 

 
Castañares, L. M., Robles, S., Gimeno, D. and 

Vicente‐Bravo, J. C. (2001) The submarine 
volcanic system of the Errigoiti Formation 
(Albian‐Santonian of the Basque‐Cantabrian 



O. FERRER 

279 
 

basin, northern Spain): Stratigraphic framework, 
facies and sequences. Journal of Sedimentary 
Research, 71, 318–333. 

 
Castañares, L.M. and Robles, S. (2004) El vulcanismo 

del Albiense‐Santoniense en la Cuenca 
Vasco‐Cantábrica. In: Vera, J.A. (ed.). Geología 
de España. 306–308. Sociedad Geológica de 
España, Salamanca, Spain. 

 
Chian, D., Louden, K.E., Minshull, T.A. and 

Whitmarsh, R.B. (1999) Deep structure of the 
ocean‐continent transition in the southern Iberia 
abyssal plain from seismic refraction profiles: 
Ocean Drilling Program (Legs 149 and 173) 
transect. Journal of Geophysical Research, 104, 
7443–7462. 

 
Choukroune, P. (1980) Comment on “Quenching: An 

additional model for emplacement of the 
lherzolite at Lers (French Pyrenees)”. Geology, 8, 
514–515. 

 
Choukroune, P. and ECORS Team (1989) The ECORS 

Pyrenean deep seismic profile reflection data and 
the overall structure of an orogenic belt. 
Tectonics, 8, 23–39. 

 
Cirac, P., Bourillet, J.F., Griboulard, R., Normand, A., 

Mulder, T. and the Itsas Team (2001) Le canyon 
de Capbreton: Nouvelles approches 
morphostructurales et morphosédimentaires. 
Premiers résultats de la campagne Itsas. Comptes 
Rendus de l’Académie des Sciences de Paris, Ser. 
IIa Sciences Terre Planetes, 332, 447–455. 

 
Cramez, C. and Jackson, M.P.A. (2000) Superposed 

deformation straddling the continental–oceanic 
transition in deep-water Angola. Marine and 
Petroleum Geology, 17, 1095–1109. 

 
Cuevas, J. and Tubía, J. M. (1999) The discovery of 

scapolite marbles in the Biscay Synclinorium 
(Basque‐Cantabrian basin, Western Pyrenees): 
Geodynamic implications. Terra +ova, 11, 259–
265.  

 
Cuevas, J., Aranguren, A., Badillo, J.M. and Tubía, 

J.M. (1999) Estudio estructural del sector central 
del Arco Vasco (Cuenca Vasco‐Cantábrica). 
Boletín Geológico y Minero de España, 110, 3–
18. 

 
Curnelle, R. and Marco, R. (1983) Reflection profiles 

across the Aquitaine basin. In: Bally, A.W. (ed.). 
Seismic Expression of Structural Styles: A Picture 
and Work Atlas. American Association of 
Petroleum Geologist, Studies in Geology, vol. 15, 
chap. 2.3.2, 11–17. American Association of 
Petroleum Geologists, Tulsa, Okla., USA. 

 
Curnelle, R. and Dubois, P. (1986) Évolution 

mésozoïque des grands basins sédimentaires 
français (bassins de Paris, d’Aquitaine et du Sud-
Est). Bulletin de la Société Géologique de France, 
8, 526–546. 

 
Curnelle, R. and Cabanis, B. (1989) Relations entre le 

magmatisme «triasique» et le volcanisme infra-
liasique des Pyrénées et de l’Aquitaine; Apports 
de la géochimie des éléments en traces. Bulletin 
du Centre de Recherches Exploration Production 
Elf-Aquitaine, 13, 347–375. 

 
Curnelle, R., Dubois, P. and Seguin, J.C. (1982) The 

Mesozoic–Tertiary evolution of the Aquitaine 
basin. Philosophical Transactions of the Royal 
Society of London, A305, 63–84. 

 
Dardel, R.A. and Rosset, R. (1971) Histoire géologique 

et structurale du bassin de Parentis et de son 
prolongement en mer. In: Debyser, J., Le Pichon, 
X. and Montadert, L. (eds.). Histoire Structurale 
du Golfe de Gascogne, Publication de l'Institut 
Français du Pétrole, vol I., IV.2.1–IV.2.28. 
Technip, Paris, France. 

 
Dauvillier, A. (1961) L’origine du Gouf de Capbreton. 

Sciences, 49–55. 
 
Debroas, E.J. (1990) Le Flysch noir albo‐cénomanien 

témoin de la structuration albienne à sénonienne 
de la zone nord‐pyrénéenne en Bigorre (Hautes 
Pyrénées, France). Bulletin de la Société 
Géologique de France, Ser. 8, 6(2), 273–285. 

 
Déramond, J., Souquet, P., Fondecave‐Wallez, M. J. 

and Specht, M. (1993) Relationships between 
thrust tectonics and sequence stratigraphy surfaces 
in foredeeps: Model and examples from the 
Pyrenees (Cretaceous‐Eocene, France, Spain). In: 
Williams, G.D. and Dobb, A. (eds.). Tectonics 
and Seismic Sequence Stratigraphy. Geological 
Society of London Special Publications, 71, 193–
219. London, United Kingdom. 

 
Derégnaucourt, D. (1981) Contribution a l’étude 

géologique du Golfe de Gascogne. Ph.D. thesis, 
Université Pierre et Marie Curie, Paris, France. 
217 p.  

 
Derégnaucourt, D. and Boillot, G. (1982) Structure 

géologique du golfe de Gascogne. Bulletin du 
Bureau de Recherches Géologiques et Minières 
de France, 2(1), 149–178. 

 
Desegaulx, P. and Brunet, M.F. (1990) Tectonic 

subsidence of the Aquitaine Basin since 
Cretaceous times. Bulletin de la Société 
Géologique de France, Ser. 8, 6(2), 295–306. 



REFERENCES 

 

280 
 

 
Desegaulx, P., Kooi, H. and Cloetingh, S. (1991) 

Consequences of foreland basin development on 
thinned continental lithosphere: application to the 
Aquitaine basin (SW France). Earth and 
Planetary Science Letters, 106, 116–132. 

 
Didier, J., Guennoc, P. and Pautot, G. (1977) 

Granodiorites et charnockites de l’éperon de 
Goban (marge armoricaine) au contact du 
domaine océanique. Comptes Rendus de 
l’Académie des Sciences de Paris, Ser. D, 713–
716. 

 

Dooley, T., McClay, K., Hempton, M. and Smith, D. 
(2004) Basement controls on salt tectonics: results 
from analog modeling. In: Post, P., Olson, D., 
Lyons, K., Palmes, S., Harrison, P. and Rosen, N. 
(eds.). Salt-sediment Interactions and 
Hydrocarbon Prospectivity: Concepts, 
Applications, and Case Studies for the 21st 
Century 24th Annual GCSSEPM. Foundation Bob 
F. Perkins Research Conference, CD-ROM. 

 
Dooley, T., McClay, K., Hempton, M. and Smith, D. 

(2005) Salt tectonics above complex basement 
extensional fault systems: results from analogue 
modeling. In: Doré, A.G. and Vining B.A. (eds.). 
Petroleum Geology: +orth-West Europe and 
Global Perspectives – Proceedings of the 6th 
Pretroleum Geology Conference. Geological 
Society of London, p. 1631-1648. 

 
Dooley, T.P., Jackson, M.P.A. and Hudec, M.R. (2007) 

Initiation and growth of salt-based thrust-belts on 
passive margins: results from physical models. 
Basin Research, 19, 165-177. 

Dooley, T.P., Jackson, M.P.A. and Hudec, M.R. (2009) 
Inflation and deflation of deeply buried salt stocks 
during lateral shortening. Journal of Structural 
Geology, 31, 582–600. 

 
Durcanin, M.A. (2009) Influence of synrift salt on rift-

basin development: Application to the Orpheus 
Basin, offshore eastern Canada. Master Sciences 
thesis, Rutgers University, New Jersey, USA, 142 
p. 

 
Ellis, P.G. and McClay, K.R. (1988) Listric extensional 

fault systems – results of analogue model 
experiments. Basin Research, 1, 55-70. 

 
Fabriès, J., Lorand, J.P. and Bodinier, J.L. (1998) 

Petrogenetic evolution of orogenic lherzolite 
massifs in the central and western Pyrenees. 
Tectonophysics, 292, 145–167. 

 

Falvey, D.A. (1974) The development of continental 
margins in plate tectonic theory. Australian 
Petroleum Production and Exploration 
Association Journal, 14, 95–106. 

 
Fernández‐Viejo, G. (1997) Estructura cortical de la 

Cordillera Cantábrica y su transición a la Cuenca 
del Duero a partir de datos de sísmica de 
refracción/reflexión de gran ángulo, Ph.D. thesis, 
Universitat de Barcelona, Barcelona, Spain. 309 
p. 

 
Fernández-Viejo, G., Gallart, J., Pulgar, J.A., 

Gallastegui, J., Dañobeitia, J.J. and Córdoba, D. 
(1998) Crustal transition between continental and 
oceanic domains along the north Iberian margin 
from wide angle seismic and gravity data. 
Geophysical Research Letters, 25, 4249-4252.  

Fernández-Viejo G. and Gallastegui, J. (2006) The 
ESCIN Project after a decade: a synthesis of the 
results and open questions. Trabajos de Geología, 
25, 9-25. 

Fernández‐Viejo, G., Gallart, J., Pulgar, J.A., 
Gallastegui, J., Dañobeitia, J.J. and Córdoba, D. 
(2000) Seismic signature of Variscian and Alpine 
tectonics in NW Iberia: Crustal structure of the 
Cantabrian Mountains and Duero basin. Journal 
of Geophysical Research, 105, 3001–3018. 

 
Fernández-Viejo, G., Gallastegui, J., Pulgar, J.A. and 

Gallart, J. (2011) The MARCONI reflection 
seismic data: A view into the Eastern part of the 
Bay of Biscay. Tectonophysics, 508, 34-41. 

 
Ferrer, O., Roca, E., Benjumea, B., Muñoz, J.A., 

Ellouz, N. and MARCONI Team (2008a) The 
deep seismic reflection MARCONI-3 profile: 
Role of extensional Mesozoic structure during the 
Pyrenean contractional deformation at the Eastern 
part of the Bay of Biscay. Marine and Petroleum 
Geology, 25, 714-730. 

Ferrer, O., Vendeville, B. C. and Roca, E. (2008b) 
Influence of a syntectonic viscous layer on the 
structural evolution of extensional kinked-fault 
systems. Bolletino di Geofisica teorica ed 
applicata, 49, 371–375. 

 
Ferrer, O., Jackson, M.P.A., Roca, E. and Rubinat, M. 

(2012) Evolution of salt structures during 
extension and inversion of the Offshore Parentis 
Basin (Eastern Bay of Biscay). In: Alsop, G.I.; 
Archer, S.G., Hartley, A.J., Grant, N.T. a 
Hodgkinson, R. (eds.). Salt Tectonics, sediments 
and prospectivity, Geological Society of London 
Special Publications, 363, 359-377. London, 
United Kingdom. 



O. FERRER 

281 
 

Ferrer, O., Vendeville, B.C. and Roca, E. (submitted) 
Salt tectonics evolution during the hangingwall 
deformation in analogue models of extensional 
kinked-faults flattening at depth: application to 
the Parentis Basin, Eastern Bay of Biscay. Basin 
Research. 

Fletcher, R.C., Hudec, M.R. and Watson, I.A. (1995) 
Salt glacier and composite sediment–salt glacier 
models for the emplacement and early burial of 
allochthonous salt sheets. In: Jackson, M.P.A., 
Roberts, D.G. and Snelson, S. (eds.). Salt 
Tectonics: A Global Perspective. American 
Association of Petroleum Geologists Memoir, 65, 
77–108. Tulsa, Okla., USA. 

 
Floquet, M. (2004) El Cretácico Superior de la Cuenca 

Vasco‐Cantábrica y áreas adyacentes. In: Vera, 
J.A. (ed.). Geología de España. 299–306. 
Sociedad Geológica de España, Salamanca, Spain. 

 
Fort, X., Brun, J.P. and Chauvel, F. (2004a) Salt 

tectonics on the Angolan margin, synsedimentary 
deformation processes. American Association of 
Petroleum Geologist Bulletin, v. 88 (11), 1523-
1544. 

Fort, X., Brun, J.P. and Chauvel, F. (2004b) 
Contraction induced by block rotaion avobe salt 
(Angolan margin). Marine and Petroleum 
Geology, 21, 1281-1294. 

Frankovic, A. (2011) Análisis cinemático de la pared 
de sal Euskal Balea (Golfo de Vizcaya) y de los 
diapiros de Salinas de Añana y Maestu (Cuenca 
Vasco-Cantábrica, Álava). PhD thesis, Euskal 
Herrik Unibertsitaten, 324 p. 

 
Fügenschuh, B., Froitzheim, N., Capdevila, R. and 

Boillot, G. (2003) Offshore granulites from the 
Bay of Biscay margins: Fission tracks constrain a 
Proterozoic to Tertiary thermal history. Terra 
+ova, 15, 337–342. 

 
Gailhard, G., Kmiecluck, C. and Winnock, E. (1971) 

Interprétation d’un profil sismique tire sur la plage 
atlantique de Mimizan aux Pyrenées. In: Debyser, 
J., Le Pichon, X., Montadert, L. (eds.). Histoire 
Structurale du Golfe de Gascogne. Publication de 
l’Institut Français du Pétrole, vol I., IV.3.1–
IV.3.9. Technip, Paris, France. 

 
Gallart, J., Fernández‐Viejo, G., Díaz, J., Vidal, N. and 

Pulgar, J.A. (1997) Deep structure of the 
transition between the Cantabrian Mountains and 
the north-Iberian Margin from wide‐angle 
ESCI‐N data. Revista de la Sociedad Geológica 
de España, 8(4), 365–382. 

 
Gallart, J., Pulgar, J.A., Muñoz, J.A. and MARCONI 

Team (2004) Integrated studies on the lithospheric 

structure and Geodynamics of the North Iberian 
Continental Margin: The MARCONI Project. 
Geophysical Research Abstracts, 6, 04196. 
European Geosciences Union. 

 
Gallastegui, J. (2000) Estructura cortical de la 

Cordillera y Margen Continental Cantábricos: 
Perfiles ESCI-N. Trabajos de Geología, 22, 9–
234. 

 
Gallastegui, J., Pulgar, J.A. and Gallart, J. (2002), 

Initiation of an active margin at the North Iberian 
continent‐ocean transition. Tectonics, 21(4), 1033, 
10.1029/2001TC901046. 

 
Gallastegui, J., Pulgar, J.A. and Gallart, J. (2002) 

Initiation of an active margin at the North Iberian 
continent–ocean transition. Tectonics, 21 (4), 
10.1029/2001TC901046. 

 
García‐Mondéjar, J. (1987) Aptian‐Albian carbonate 

episode of  Basque‐Cantabrian Basin, northern 
Spain. Amercian Association of Petroleum 
Geologist Bulletin, 71, 558. 

 
García‐Mondéjar, J. (1989) Strike‐slip subsidence of 

the Basque‐Cantabrian Basin of Northern Spain 
and its relationships to Aptian‐Albian opening of 
Bay of Biscay. In: Tankard, A.J. and Balkwill, 
H.R. (eds.). Extensional Tectonics and 
Stratigraphy of the +orth Atlantic Margins, 
AAPG Memoir, 46, 395–409, Tulsa, Okla., USA. 

 
García‐Mondéjar, J. (1996) Plate reconstruction of the 

Bay of Biscay. Geology, 24(7), 635–638. 
 
García‐Mondéjar, J., Fernández‐Mendiola, P.A., 

Agirrezabala, L.M., Aramburu, A., 
López‐Horgue, M.A., Iriarte, E. and Martínez de 
Rituerto, S. (2004) El Aptiense‐Albiense de la 
Cuenca Vasco‐Cantábrica. In: Vera, J.A. (ed.). 
Geología de España. 291–296. Sociedad 
Geológica de España, Salamanca, Spain. 

  
García‐Senz, J. (2002) Cuencas extensivas del 

Cretácico inferior en los Pirineos centrales: 
Formación y subsecuente inversión. Ph.D. thesis, 
Universitat de Barcelona, Barcelona, Spain. 310 
p. 

 
García‐Senz, J. (2004) Estructura extensiva de edad 

cretácica en los Pirineos centrales. In: Vera, J.A. 
(ed.). Geología de España. 330–331. Sociedad 
Geológica de España, Salamanca, Spain. 

 
García‐Senz, J. and Robador, A. (2009) Variation in 

structural style at the lateral termination of a 
basement‐involved wedge: The margin of the 
Western Cantabrian basin. In: Flor Rodríguez, G., 
Gallastegui, J., Flor Blanco, G. and Martín 



REFERENCES 

 

282 
 

Llaneza, J. (eds.). +uevas Contribuciones al 
Margen Ibérico Atlántico 2009. 61–63, 
Universidad de Oviedo, Oviedo, Spain.  

 
Gariel, O., Bois, C., Curnelle, R., Lefort, J.P. and Rolet, 

J. (1997) The ECORS Bay of Biscay deep seismic 
survey: Geological framework and overall 
presentation of the work. Mémoires de la Société 
Géologique de France, 171, 7–19. 

 
Gaudin, M., Cirac, P., Trainer, J., Cremer, M., 

Scneider, J.L., Bourillet, J.F., Gonthier, E., 
Faugères, J.C., Vittori, J., Crumeyrolle, P. and 
Griboulard, R. (2003) Morphology and sediment 
dynamics of Capbreton canyon (Bay of Biscay, 
SW France). Geophysical Research Abstracts 5, 
13900. 

 
Gaudin, M., Mulder, T., Cirac, P., Berné, S., and 

Imbert, P. (2006) Past and present sedimentary 
activity in the Capbreton Canyon, southern Bay of 
Biscay. Geo-Marine Letters, 26, 331–345. 

 
Geoffroy, L. (2005) Volcanic passive margins. 

Comptes Rendus Geoscience, 337 (16), 1395-
1408. 

Giles, K.A. and Lawton, T.F. (2002) Halokinetic 
sequence stratigraphy adjacent to the El Papalote 
diapir, northeastern Mexico. American 
Association of Petroleum Geologist Bulletin, 86, 
823–840. 

 
Golberg, J.M., and Leyreloup, H. (1990) High 

temperature‐low pressure Cretaceous 
metamorphism related to crustal thinning (eastern 
North-Pyrenean zone, France). Contributions 
Mineralogy Petrolology, 104, 194–207.  

 
Gómez, M., Vergés, J. and Riaza, C. (2002) Inversion 

tectonics of the northern margin of the Basque 
Cantabrian Basin. Bulletin de la Société 
Geologique de France, 173 (5), 449-459.  

 

Gong, Z., Langereis, C.G. and Mullender, T.A.T. 
(2008) The rotation of Iberia during the Aptian 
and the opening of the Bay of Biscay. Earth and 
Planetary Science Letters, 273, 80–93.  

 
Gottschalk, R.R., Anderson, A.V., Walker, J.D. and Da 

Silva, J.C. (2004) Modes of contractional salt 
tectonics in Angola Block 33, Lower Congo 
basin, West Africa. In: Post, P.J., Olson, D.L., 
Lyons, K.T., Palmes, S.L., Harrison, P.F. and 
Rosen, N.C. (eds.). Salt–Sediment Interactions 
and Hydrocarbon Prospectivity: Concepts, 
Applications, and Case Studies for the 21st 
century, 24th Annual Research Conference. 
SEPM Foundation, 705–734. 

 

Gradstein, F.M., Ogg, J.G. and Smith, A.G. (2004) A 
Geologic Time Scale 2004, 589 pp., Cambridge 
University Press, Cambridge, United Kingdom. 

 
Gräfe, K.U. (1999) Sedimentary cycles, burial history 

and foraminiferal indicators for systems tracts and 
sequence boundaries in the Cretaceous of the 
Basco‐Cantabrian Basin. +eues Jahrbuch 
Geologie und Palaeontologie, Abhandlungen, 
212(1–3), 85–130. 

 
Gutiérrez Claverol, M. and J. Gallastegui (2002) 

Prospección de hidrocarburos en la plataforma 
continental de Asturias. Trabajos de Geología, 23, 
21–34. 

 
Hardy, S. (1995) A method for quantifying the 

kinematics of fault-bend folding. Journal of 
Structural Geology, 17(12), 1785-1788. 

 
 Henry, P., Azambre, B., Montigny, R., Rossy, M. and 

Stevenson, R.K. (1998) Late mantle evolution of 
the Pyrenean sub‐continental lithospheric mantle 
in the light of new 40Ar‐39Ar and Sm‐Nd ages on 
pyroxenites and peridotites (Pyrenees, France). 
Tectonophysics, 296, 103–123. 

 
Hernaiz, P.P., Serrano, A., Malagón, J. and 

Rodríguez‐Cañas, C. (1994) Evolución estructural 
del margen SO de la cuenca Vasco‐Cantábrica. 
Geogaceta, 15, 143–146. 

 
Hernández, J.M., Pujalte, V., Robles, V. and Martín-

Closas, C. (1999) Propuesta para una nueva 
división estratigráfica para el Grupo Campóo en 
su área tipo (Jurásico superior-Cretácico basal del 
N de Burgos y S de Cantabria. Revista de la 
Sociedad Geológica de España, 12, 277–296. 

 
Hopper, J.R., Funck, T. and Tucholke, B.E. (2007) 

Structure of the Flemish Capmargin, 
Newfoundland: Insights into mantle and crustal 
processes during continental breakup, In: Karner, 
G.D., Manatschal G. and Pinheiro, L.M. (eds.). 
Imaging, Mapping and Modelling Continental 
Lithosphere Extension and Breakup. Geological 
Society of London Special Publications, 282, 47–
61. London, United Kingdom. 

 
Hudec, M.R. and Jackson, M.P.A. (2006) Advance of 

allochthonous salt sheets in passive margins and 
orogens. American Association of Petroleum 
Geologist Bulletin, 90, 1535–1564.  

 
Hudec, M.R. and Jackson, M.P.A. (2007) Terra 

infirma: understanding salt tectonics. Earth-
Science Reviews, 82, 1–28. 

 
Huismans, R.S. and Beaumont, C. (2007) Roles of 

lithospheric strain softening and heterogeneity in 



O. FERRER 

283 
 

determining the geometry of rifts and continental 
margins. In: Karner, G. D., Manatschal G. and 
Pinheiro, L.M. (eds.). Imaging, Mapping and 
Modelling Continental Lithosphere Extension and 
Breakup. Geological Society of London Special 
Publications, 282, 111–138. London, United 
Kingdom. 

 
Jackson, M.P.A. (1995) Retrospective salt tectonics. In: 

Jackson, M.P.A., Roberts, D.G. and Snelson, S. 
(eds.). Salt Tectonics: A Global Perspective. 
American Association of Petroleum Geologists 
Memoir, 65, 1–28. Tulsa, Okla., USA. 

 
Jackson, M.P.A. and Cramez, C. (1989) Seismic 

recognition of salt welds in salt tectonics regimes. 
In: Rates of geologic processes. GCSSEPM Gulf 
Coast Section, 10th Annual Research Conference, 
Program and Extended Abstracts, 66–71. 
Houston, Texas, USA. 

 
Jackson, M.P.A. and Talbot, C.J. (1991) A Glossary of 

Salt Tectonics. The University of Texas at Austin, 
Bureau of Economic Geology Geological Circular 
91-4, 44 p. 

Jackson, M.P.A. and Vendeville, B.C. (1994) Regional 
extension as a geologic trigger for diapirism. 
Geological Society of America Bulletin, 106, 57-
73. 

 
Jackson, M.P.A., Cramez, C. and Fonck, J.M. (2000) 

Role of subaerial volcanic rocks and mantle 
plumes in creation of South Atlantic margins: 
implications for salt tectonics and source rocks. 
Marine and Petroleum Geology, 17, 477-498. 

Jackson, M.P.A., Cornelius, R.R., Craig, C.H., Talbot, 
C.J. (1987) The Great Kavir salt canopy: a major 
new class of sat structure (abs.): Geological 
Society of America, Abstracts with Programs, v. 
19,. 714. 

Jackson, M.P.A., Vendeville, B.C. and Schultz-Ela, 
D.D. (1994) Structural dynamics of salt  systems. 
Annual Review of Earth and Planetary Sciences, 
22, 93–117. 

 
Jackson, M.P.A., Cramez, C. and Fonck, J.M. (2000) 

Role of subaerial volcanic rocks and mantle 
plumes in creation of South Atlantic margins: 
implications for salt tectonics and source rocks. 
Marine and Petroleum Geology, 17, 477-498. 

 
Jackson, M.P.A., Hudec, M.R. and Jennette, D.C. 

(2004) Insights from a gravity-driven linked 
system in deep-water Lower Congo Basin, Gabon. 
In: Post, P., Olson, D., Lyons, K., Palmes, S., 
Harrison, P. and Rosen, N. (eds.). Salt-Sediment 
Interactions and Hydrocarbon Prospectivity: 

Concepts, Applications, and Case Studies from 
the 21st Century: 24th Annual GCSSEPM 
Foundation Bob F. Perkins Research Conference, 
CD-ROM. 

Jackson, M.P.A., Hudec, M.R., Jennette, D.C. and 
Kilby, R.E. (2008) Evolution of the Cretaceous 
Astrid thrust belt in the ultradeep-water Lower 
Congo Basin, Gabon. American Association of 
Petroleum Geologist Bulletin, 92, 487–511. 

 
Jagoutz, O., Müntener, O., Mannatschal, G., Rubatto, 

D., Péron‐Pinvidic, G., Turrin, B.D., and Villa, 
I.M. (2007) The rift‐to‐drift transition in the North 
Atlantic: A stuttering start of the MORB 
machine?. Geology, 35, 1087–1090. 

 
Jammes, S., Manatschal, G., Lavier, L. and Masini, E. 

(2009) Tectonosedimentary evolution related to 
extreme crustal thinning ahead of a propagating 
ocean: The example of the western Pyrenees. 
Tectonics, 28, TC4012, 10.1029/2008TC002406. 

 
James, S., Manatschal, G. and Lavier, L. (2010) 

Interaction between prerift salt and detachment 
faulting in hyperextended rift systems: The 
example of the Parentis Basin and Mauleon basins 
(Bay of Biscay and western Pyrenees). American 
Association of Petroleum Geologist Bulletin, V. 
94 (7), 957-975. 

Jin, G. and Groshong, R.H. (2006) Trishear kinematic 
modeling of extensional fault‐propagation 
holding. Journal of Structural Geology, 28, 170–
183. 

 
Kerr, H.G. and White, N. (1993) An automatic method 

for determining three-dimensional normal fault 
geometries. Journal of Geophysical Research, 98, 
17.837-17.857. 

 
Klimowitz, J., Malagón, J., Quesada, S. and Serrano, A. 

(1999) Desarrollo y evolución de estructuras 
Salinas mesozoicas en la parte suroccidental de la 
Cuenca Vasco‐Cantábrica (Norte de España): 
Implicaciones exploratorias. In: Asociación de 
Geólogos y Geofísicos Españoles del Petroleo 
(eds.). Libro Homenaje a José Ramírez del Pozo,  
159–166, Madrid, Spain. 

 
Konstantinovskaya, E.A., Harris, L.B., Poulin, J., 

Ivanov, G.M. (2007) Transfer zones and fault 
reactivation in inverted rift basins: Insights from 
physical modeling. Tectonophysics, 441, 1-26.  

 
Koyi, H.C. (1988) Experimental modeling of role of 

gravity and lateral shortening in Zagros mountain 
belt. American Association of Petroleum 
Geologist Bulletin, 72, 1381-1394. 



REFERENCES 

 

284 
 

Lagabrielle, Y. and J.L. Bodinier (2008) Submarine 
reworking of exhumed subcontinental mantle 
rocks: Field evidence from the Lherz peridotites, 
French Pyrenees. Terra +ova, 20, 11–21. 

 
Lanaja, J.M. (1987) Contribución de la exploración 

petrolífera al conocimiento de la geología de 
España. Instituto Geológico y Minero de España, 
465 pp. Madrid, Spain. 

 
Larrasoaña, J.C., Parés, J.M., Millán, H., del Valle, J. 

and Pueyo, E.L. (2003) Paleomagnetic, structural, 
and stratigraphic constraints on transverse fault 
kinematics during basin inversion: The Pamplona 
Fault (Pyrenees, north Spain). Tectonics, 22(6), 
1071, 10.1029/2002TC001446. 

 
Lau, K.W.H., Louden, K.E., Funck, T., Tucholke, B.E., 

Holbrook, W.S., Hooper, J.R. and Larsen, H.C. 
(2006) Crustal structure across the Grand 
Banks‐Newfoundland Basin Continental 
Margin—I. Results from a seismic refraction 
profile. Geophysical Journal International, 167, 
127–156. 

 
Laughton, A.S., Berggren, W.A., et al. (1972) Sites 118 

and 119. In: Laughton, A.S., Berggren, W.A. 
(eds.). Initial Reports of the Deep Sea Drilling 
Project, 12, 673–901. U.S. Government Printing 
Office, Washington, U.S.A. 

 
Lavier, L.L. and Manatschal, G. (2006) A mechanism 

to thin the continental lithosphere at magma-poor 
margins. +ature, 440/13, 324-328. 

Le Pichon, X. and F. Barbier (1987) Passive margin 
formation by low-angle faulting within the upper 
crust: The northern Bay of Biscay margin. 
Tectonics, 6, 133–150.  

 
Letouzey, J. and Sherkati, S. (2004) Salt movement, 

tectonic events, and structural style in the central 
Zagros fold and thrust belt (Iran). In: Post, P., 
Olson, D., Lyons, K., Palmes, S., Harrison, P. and 
Rosen, N. (eds.). Salt-Sediment Interactions and 
Hydrocarbon Prospectivity: Concepts, 
Applications, and Case Studies from the 21st 

Century: 24th Annual GCSSEPM Foundation Bob 
F. Perkins Research Conference, CD-ROM, 
4444–4463. 

Letouzey, J., Colletta, B., Vially, R. and Chermette, 
J.C. (1995) Evolution of salt-related structures in 
compressional settings. In: Jackson, M.P.A., 
Roberts, D.G. and Snelson, S. (eds.). Salt 
Tectonics – A Global Perspective. American 
Association of Petroleum Geologist Memoir, 65, 
41–60. Tulsa, Okla., USA. 

 
Le Vot, M., Biteau, J.J. and Masset, J.M. (1996) The 

Aquitaine Basin: Oil and gas production in the 

foreland of the Pyrenean fold‐and‐thrust belt. New 
exploration perspectives. In: Ziegler, P. and 
Horvath, F. (eds.). Structure and Prospects of the 
Alpine Basins and Forelands. Peri‐Tethys 
Memoir, vol. 2, Memoires Museum National 
Histoire Natural, 170, 159–171. Paris, France. 

 
Limond, W.Q., Gray, F., Grau, G. and Patriat, P. (1972) 

Mantle reflections in the Bay of Biscay. Earth 
Planetary Science Letters, 15, 361–366. 

 
Limond, W.Q., Gray, F., Grau, G., Fail, J.P., 

Montadert, L. and Patriat, P. (1974) A seismic 
study in the Bay of Biscay. Earth Planetary 
Science Letters, 23, 357–368. 

 
Lister, G.S. and Davis, G.A. (1989) The origin of 

metamorphic core complexes and detachment 
faults formed during Tertiary continental 
extension in the northern Colorado River region, 
USA. Journal of Structural Geology, 11, 65–94. 

 
López‐Mir, B. and Roca, E. (2008) Estructura 

geológica de las secuencias cretácico‐cenozoicas 
en el extremo noroccidental de la Cuenca 
Vasco‐Cantábrica (Pirineos Occidentales). 
Geotemas, 10, 453–456. 

 
Malavieille, J. (1984) Modélisation expérimentale des 

chevauchements imbriqués: Application aux 
chaînes de montagnes. Bulletin de la Société 
Géologique de France, 7, 129-138.  

 
Malod, J.A., Boillot, G., Capdevila, R., Dupeuble, P.A., 

Lepvrier, C., Mascle, G., Muller, C. and 
Taugourdeau‐Lantz, J. (1980) Plongées en 
submersible au Sud du golfe de Gascogne: 
Stratigraphie et structure de la pente du banc Le 
Danois. Comptes Rendus Sommaires Séances 
Société Géologique France, 3, 73–76. 

 
Malod, J.A., Boillot, G., Capdevila, R., Dupeuble, P.A., 

Lepvrier, C., Mascle, G., Muller, C. and 
Taugourdeau‐Lantz, J. (1982) Subduction and 
tectonics on the continental margin of northern 
Spain: Observations with the submersible Cyanna. 
In: Legget, J.K. (ed.). Thench‐fore arc geology, 
Geological Society of London Special 
Publications, 10, 309–315. London, United 
Kingdom. 

 
Manatschal, G. (2004) New models for evolution of 

magma‐poor rifted margins based on a review of 
data and concepts from West Iberia and the Alps. 
International Journal Earth Sciences, 93, 432–
466. 

 
Manatschal, G., Froitzheim, N., Rubenach, M.J. and 

Turrin, B. (2001) The role of detachment faulting 
in the formation of an ocean-continent transition: 



O. FERRER 

285 
 

Insights from the Iberia Abyssal Plain. In: Wilson, 
R.C.L., Whitmarsh, R.B., Taylor, B. and 
Froitzheim, N. (eds.). +on-volcanic rifting of 
continental margins: Evidences from land and 
sea. Geological Society of London Special 
Publications, 187, 405-428. London, United 
Kingdom. 

Martínez‐Torres, L.M. (1993) Corte balanceado de la 
Sierra Cantabria (cabalgamiento de la Cuenca 
Vasco‐Cantábrica sobre la Cuenca del Ebro). 
Geogaceta, 14, 113–115. 

 
Mascle, A., Bertrand, G. and Lamiraux, Ch. (1994) 

Exploration for and production of oil and gas in 
France: a review of the habitat, present activity 
and expected developments. In: Mascle, A. (ed.) 
Hydrocarbon and Petroleum Geology of France. 
European Association of Petroleum Geologists, 
Paris, Special Publications, 4, 3–28. 

 
Masse, P. (1997) The early Cretaceous Parentis basin 

(France): A basin associated with a wrench fault. 
Mémoires de la Société Géologique de France, 
171, 177–185. 

 
Mathieu, C. (1986) Histoire géologique du sous‐bassin 

de Parentis. Bulletin du Centre de Recherches 
Exploration Production Elf-Aquitaine, 10(1), 22–
47. 

 
Mattauer, M. and Seguret, M. (1971) Les relations 

entre la chaîne des Pyrénées et le golfe de 
Gascogne. In: Debyser, J., Le Pichon, X. and 
Montadert, L. (eds.). Histoire Structurale du 
Golfe de Gascogne, Publication de l'Institut 
Français du Pétrole, vol. I., IV.2, 1–IV.2.28. 
Technip, Paris, France. 

 
Mauriaud, P. (1987) Le Bassin d’Aquitaine. Pétrole et 

Techniques, 335, 38–41. 
 
McClay, K.R. (1990) Extensional fault systems in 

sedimentary basins. A review of analogue models 
studies. Marine and Petroleum Geology, 7, 206-
233. 

 
McClay, K.R. (1996) Recent advances in analogue 

modelling: Uses in section construction and 
validation. In: Buchanan, P.G. and Nieuwland 
D.A. (eds.). Modern developments in structural 
interpretation, validation and modeling. 
Geological Society of London Special 
Publications, 99, 201-225. London, United 
Kingdom. 

 
McClay, K.R. and Ellis, P.G. (1987a) Analogue models 

of extensional fault geometries. In: Coward, M.P., 
Dewey J.F. and Hancock P.L. (eds.). Continental 
extension tectonics. Geological Society of London 

Special Publications, 28, 109-125. London, 
United Kingdom. 

 
McClay, K.R. and Ellis, P.G. (1987b) Geometries of 

extensional fault systems developed in model 
experiments. Geology, 15, 341-344. 

 
McClay, K.R. and Scott, A.D. (1991) Hangingwall 

deformation in ramp flat listric extensional fault 
systems. Tectonophysics, 188, 85-96. 

 
McClay, K.R., Waltham, D., Scott, A.D. and 

Abousetta, A. (1991) Physical and seismic 
modelling of listric normal fault geometries. In: 
Roberts, A.M., Yielding, G. and Freeman, B. 
(eds.). The Geometry of +ormal Faults Geological 
Society of London Special Publication, 56, 231-
239. London, United Kingdom. 

 
McDougall, N.D., Pérez-Garcia, A., Huedo, J.L. and 

Esteban, M. (2009) Stratigraphy, structural 
framework and sedimentology of the Gaviota 
Limestone Formation: Gas reservoir in Gaviota 
Field and the Fulmar Permit. In: Gräfe, K.U. 
(1999) Sedimentary cycles, burial history and 
foraminiferal indicators for systems tracts and 
sequence boundaries in the Cretaceous of the 
Basco‐Cantabrian Basin. (eds.). +uevas 
Contribuciones al Margen Ibérico Atlántico 2009, 
105–108, Universidad de Oviedo, Oviedo, Spain. 

 
Mediavilla, F. (1987) La tectonique salifère 

d’Aquitaine. Le Bassin de Parentis. Pétrole et 
Techique, 335, 35–37.  

 
Mendia, M.S., and Gil‐Ibarguchi, J.I. (1991) Highgrade 

metamorphic rocks and peridotites along the 
Leiza Fault (Western Pyrenees, Spain). 
Geologische Rundschau, 80, 93–107. 

 
Menzies, M.A., Klemperer, S.L., Ebinger, C.J. and 

Baker, J. (2002) Characteristics of volcanic rifted 
margins. Geological Society of America Special 
Paper, 362, 1-14. 

 
Metcalf, J.R., Fitzgerald, P.G., Baldwin, S.L. and 

Muñoz, J.A. (2009) Thermochronology of a 
convergent orogen: Constraints on the timing of 
thrust faulting and subsequent exhumation of the 
Maladeta Pluton in the Central Pyrenean Axial 
Zone. Earth Planetary Science Letters, 287, 488–
503. 

 
Montadert, L., Damotte, B., Fail, J.P., Delteil, J.R. and 

Valery, P. (1971) Structure géologique de la 
plaine abyssale du Golfe de Gascogne. In: 
Debyser, J., Le Pichon, X. and Montadert, L. 
(eds.). Histoire Structurale du Golfe de Gascogne, 
Publication de l'Institut Français du Pétrole, vol. 
I., VI‐14.1–VI.4.42. Technip, Paris, France. 



REFERENCES 

 

286 
 

 
Montadert, L. and Winnock, E. (1971) Histoire 

structural du Golfe de Gascogne. In: Debyser, J., 
Le Pichon, X. and Montadert, L. (eds.). Histoire 
Structurale du Golfe de Gascogne, Publication de 
l'Institut Français du Pétrole, vol. II., VI.16.1–
VI.16.18. Technip, Paris, France. 

Montardet, L., Winnock, E., Delteil, J.R. and Grau, M. 
(1974) Continental margins of Galicia, Portugal 
and Bay of Biscay. In: Burk, C.A. and Drake, 
C.L. (eds.). The Geology of Continental Margins, 
323-341, Springer, Berlin, Germany. 

Montadert, L., De Charpal, O., Roberts, D.G., 
Guennoc, P., and Sibuet, J.C. (1979a) Northeast 
Atlantic passive margins: Rifting and subsidence 
processes. In: Talwani, M., Hay, W., Ryan, W. 
and Maurice Ewing B.H. (eds.). Deep Drilling 
Results in the Atlantic Ocean: Continental 
Margins and Paleoenvironment, Ser., vol. 3, 154–
186, AGU, Washington, D. C., USA. 

 
Montadert, L., Roberts, D.G. et al. (1979b) Site 399, 

400 and hole 400a, In: Montadert, L., Roberts, 
D.G., et al. (eds.). Initial Report Deep Sea 
Drilling Project, 48, 35–71. U.S. Government 
Printing Office, Washington, U.S.A. 

 
Montigny, R., Azambre, B., Rossy, M. and Thuzat, R. 

(1986) K‐Ar study of Cretaceous magmatism and 
metamorphism in the Pyrenees: Age and length of 
rotation of the Iberian Peninsula. Tectonophysics, 
129, 257–273. 

 
Mount, V.S., Rodriguez, A., Chaouche, A., Crews, 

S.G., Gamwell, P. and Montoya, P. (2006) 
Petroleum system observation and interpretation 
in the vicinity of the K2/K2-North, Genghis Khan, 
and Marco Polo Fields, Green Canyon, Gulf of 
Mexico. Gulf Coast Association of Geological 
Societies Transactions, 56, 613-625. 

Muñoz, J.A. (1992) Evolution of a continental collision 
belt: ECORS‐Pyrenees crustal balanced section. 
In: McClay, K.R. (ed.). Thrust Tectonics, 235–
246. Chapman and Hall, London, United 
Kingdom. 

 
Muñoz, J.A. (2002) The Pyrenees. In: Gibbons, W. and 

Moreno, T. (eds.). The Geology of Spain, 370-
385, Geological Society of London, London, 
United Kingdom. 

 
Mutter, J.C., Talwani, M. and Stoffa, P.L. (1982) 

Origin of seaward-dipping reflectors in oceanic 
crust off the Norwegian margin by “subaerial sea-
floor spreading”. Geology, 10, 353-357. 

Nilforoushan, F.; Koyi, H.A., Swantesson, J.O.H. and 
Talbot, C.J. (2008) Effect of basal friction on 
surface and volumetric strain in models of 
convergent settings measured by laser scanner. 
Journal of Structural Geology, 30, 366-379.  

 
Nilsen, K.T., Vendeville, B.C., Johansen, J.T. (1995) 

Influence of regional tectonics on halokinesis in 
the Nordkapp Basin, Barents Sea. In: Jackson, 
M.P.A., Roberts, D.G., Snelson, S. (eds.). Salt 
Tectonics: A Global Perspective. American 
Association of Petroleum Geologist Memoir 65, 
413-436. Tulsa, Okla., USA.  

Olivet, J.L. (1996) La cinématique de la plaque 
Ibérique. Bulletin du Centre de Recherches 
Exploration Production Elf-Aquitaine, 20(1), 
131–195. 

 
Olivet, J.L., Bonin, J., Beuzart, P. and Auzende, J.M. 

(1984) Cinématique de l’Atlantique Nord et 
Central. Publications du Centre +ational pour 
l’Exploration des Océans, Brest, 1–108. 

 
Patton, T.L. (2005) Sandbox models of downward-

steeping normal faults. American Association of 
Petroleum Geologist Bulletin, 89(6), 781-797. 

 
Pedreira, D. (2004) Estructura cortical de la zona de 

transición entre los Pirineos y la Cordillera 
Cantábrica. Ph.D. thesis. Universidad de Oviedo, 
Oviedo, Spain. 343 p. 

 
Pedreira, D., Pulgar, J. A., Gallart, J. and Díaz, J. 

(2003) Seismic evidence of Alpine crustal 
thickening and wedging from the western 
Pyrenees to the Cantabrian Mountains (north 
Iberia). Journal Geophysical Research, 108(B4), 
2204, 10.1029/2001JB001667. 

 
Pedreira, D., Pulgar, J. A., Gallart, J. and Torné, M. 

(2007) Three‐dimensional gravity and magnetic 
modeling of crustal indentation and wedging in 
the western Pyrenees‐Cantabrian Mountains, 
Journal Geophysical Research, 112, B12405, 
10.1029/2007JB005021. 

 
Pérez‐García, A., Arnáiz, A., De Castilho, J.G., Loza, 

J.S., Rodríguez, S. and McDougall, N. (2009) 
Stratigraphy, facies analysis, depositional model 
and petroleum system of the Xana Oil 
Accumulation. In: Flor Rodríguez, G., 
Gallastegui, J., Flor Blanco, G. and Martín 
Llaneza, J. (eds.). +uevas Contribuciones al 
Margen Ibérico Atlántico 2009. 101–104, 
Universidad de Oviedo, Oviedo, Spain. 

 
Pérez‐Gussinyé, M., and Reston, T.J. (2001) 

Rheological evolution during extension at passive 



O. FERRER 

287 
 

nonvolcanic margins: Onset of serpentinization 
and development of detachments to continentla 
breakup. Journal Geophysical Research, 106, 
3961–3975, 10.1029/2000JB900325. 

 
Pérez‐Gussinyé, M., Reston, T. J. and Morgan, J. P. 

(2001) Serpentinization and magmatism during 
extension at non‐volcanic margins: The effect of 
initial lithospheric structure. In: Wilson, R.C.L., 
Whitmarsh, B., Taylor, B. and Froitzheim, N. 
(eds.). +on‐Volcanic Rifting of Continental 
Margins: A comparison of Evidence From Land 
and Sea.  Geological Society of London Special 
Publications, 187, 551–576. London, United 
Kingdom. 

 
Péron‐Pinvidic, G. and Manatschal G. (2009) The final 

rifting evolution at deep magma‐poor passive 
margins from Iberia‐Newfoundland: A new point 
of view. International Journal Earth Science, 
98(7), 1581–1597.  

 
Péron‐Pinvidic, G., Manatschal, G., Minshull, T. M., 

and Sawyer, D.S. (2007) Tectonosedimentary 
evolution of the deep Iberia‐Newfoundland 
margins: Evidence for a complex breakup history. 
Tectonics, 26, TC2011, 10.1029/2006TC001970. 

 
Pflug, R., and Schöll, W.U. (1976) Un bloque de 

material jurásico metamorfizado en el Keuper del 
Diapiro de Estella (Navarra). Munibe, 4, 349–353. 

 
Pinet, B., Montadert, L. and ECORS Scientific Party 

(1987) Deep seismic reflection and refraction 
profiling along the Aquitaine Shelf (Bay of 
Biscay). Geophysical  Journal, Royal  
Astronomical Society., 89, 305-312. 

 
Pinet, B., Montadert, L., Curnelle, R., Cazes, M., 

Marillier, F., Rolet, J., Tomassino, A., Galdeano, 
A., Patriat, P., Brunet, M.F., Olivet, J.L., Shaning, 
M., Lefort, J.P., Arrieta, A. and Riaza, C. (1987) 
Crustal thinning on the Aquitaine Shelf, Bay of 
Biscay, from deep seismic data. +ature, 325, 513-
516. 

 
Pulgar, J.A., Gallart, J., Fernández‐Viejo, G., 

Pérez‐Estaún, A., Álvarez‐Marrón, J. and the 
ESCI Group (1996) Seismic image of Cantabrian 
Mountains in the western extension of the 
Pyrenean belt from integrated reflection and 
refraction data. Tectonophysics, 264, 1–19.  

 
Pulgar, J.A., Alonso, J.L., Espina, R.G. and Marín, J.A. 

(1999) La deformación alpina en el basamento 
varisco de la Zona Cantábrica. Trabajos de 
Geología, 21, 283–294. 

 

Pulgar, J.A., Gallart, J., Fernández-Viejo, G., 
Gallástegui, J., Benjumea, B., Bartolomé, R., 
Ruiz, M., Fernández-Baniela, F., Ferrer, O. and 
MARCONI Team, (2004) Structure and tectonic 
evolution of the Cantabrian Margin of the Bay of 
Biscay: results from MARCONI multichannel 
seismic data. Book of Abstracts of the 11th 
International Symposium on Deep Structure of the 
Continents and their Margins (Quebec, Canada). 

Purser, B.H. (1973) Sedimentation around bathymetric 
highs in the southern Persian Gulf. In: Purser, 
B.H. (ed.). The Persian Gulf: Holocene 
Carbonate Sedimentation and Diagenesis in a 
Shallow Epicontinental Sea. 157–177. Springer-
Verlag, New York, USA. 

 
Quintana, L., Alonso, J.L., Pulgar, J.A. and 

Rodríguez‐Fernández, L.R. (2006) 
Transpressional inversion in an extensional 
transfer zone (the Saltacaballos fault, northern 
Spain). Journal of Structural Geology, 28, 2038–
2048. 

 
Quintana, L., Alonso, J.L., Pulgar, J.A. and 

Rodríguez‐Fernández, L.R. (2009) Zonas de 
transferencia extensional en el sector central de la 
Zona Vasco‐cantábrica. In: Flor Rodríguez, G., 
Gallastegui, J., Flor Blanco, G. and Martín 
Llaneza, J. (eds.). +uevas Contribuciones al 
Margen Ibérico Atlántico 2009, 57–60, 
Universidad de Oviedo, Oviedo, Spain. 

 
Reston, T.J. (2007) The formation of non‐volcanic 

rifted margins by the progressive extension of the 
lithosphere: The example of the West Iberian 
margin. In: Karner, G.D., Manatschal, G. and 
Pinheiro, L.M. Imaging, Mapping and Modelling 
Continental Lithosphere Extension and Breakup. 
Geological Society of London Special 
Publication, 282, 77–110. London, United 
Kingdom. 

 
Riaza Molina, C. (1996) Inversión estructural en la 

cuenca mesozoica del off‐shore asturiano. 
Revisión de un modelo exploratorio. Geogaceta, 
20(1), 169–171.  

 
Roberts, D.G., and Montadert L. (1980) Contrast in the 

structure passive margins of the Bay of Biscay 
and Rockall Plateau. Philosophical Transactons 
Royal Society London, Ser. A, 294, 97–103.  

 
Roberts, D.G., Backman, J., Morton, A.C., Murray, 

J.W. and Keene, J.B. (1984a) Evolution of 
volcanic rifted margins: Synthesis of Leg 81 
results on the west margin of Rockall Plateau. In: 
Blackman, J. (ed.). Initial Report of the Deep Sea 
Drilling Project, 81, 883-911. U.S. Government 
Printing Office, Washington, U.S.A. 



REFERENCES 

 

288 
 

 

Roberts, D.G., Schnitker F., et al. (1984b) Initial 
reports of the Deep Sea Drilling Project, 81. U.S. 
Government Printing Office, Washington, U.S.A. 

 
Robles, S., García‐Mondejar, J. and Pujalte, V. (1988) 

A retreating fan‐delta system in the Albian of 
Biscay, northern Spain: Facies analysis and 
paleotectonic implications. In: Nemec W. and 
Steel R.J. (ed.). Fan Deltas: Sedimentology and 
Tectonic Setting. 197–211, Blackie, London, 
United Kingdom. 

 
Roca, E., Sans, M. and Koyi, H.A. (2006) Polyphase 

deformation of diapiric areas in models and in the 
eastern Prebetics (Spain). American Association 
of Petroleum Geologist Bulletin, 90, 115–136. 

 
Roca, E., Muñoz, J.A., Ferrer, O. and Ellouz, N. (2011) 

The role of the Bay of biscay Mesozoic 
extensional structure in the configuration of the 
Pyrenean orogen: Constraints from the 
MARCONI deep seismic reflection survey. 
Tectonics, 30, TC2001. 1o.1029/2010TC00 2735. 

Roest, W.R. and Srivastava, S.P. (1991) Kinematics of 
the plate boundaries between Eurasia, Iberia and 
Africa in the North Atlantic from the Late 
Cretaceous to the Present. Geology, 19, 613–616.  

 
Rosenbaum, G., Lister, G.S. and Duboz, C. (2002) 

Relative motions of Africa, Iberia and Europe 
during Alpine orogeny. Tectonophysics, 359, 
117–129.  

 
Roure, F., Choukroune, P., Berastegui, X., Muñoz, 

J.A., Vilien, A., Matheron, P., Bareyt, M., 
Seguret, M., Cámara, P. and Deramond, J. (1989) 
ECORS deep seismic data and balanced cross 
sections, geometric constraints on the evolution of 
the Pyrenees. Tectonics, 8, 41–50. 

 
Rowan, M.G. and Vendeville, B.C. (2006) Foldbelts 

with early salt withdrawal and diapirism: Physical 
model and examples from the northern Gulf of 
Mexico and the Flinders Ranges, Australia. 
Marine and Petroleum Geology, 23, 871–891. 

 
Rowan, M.G. and Roca, E. (2012) Salt tectonics: 

Global Styles, Spanish Outcrops (Cantabria, 
+orth Spain). M232a Nautilus Geoscience 
Training Course. 323 p.  

Rowan, M.G., Peel, F.J. and Vendeville, B.C. (2004) 
Gravity-driven foldbelts on passive margins. In: 
McClay, K.R. (ed.). Thrust Tectonics and 
Hydrocarbon Systems. American Association of 
Petroleum Geologist Memoir, 82, 157–182. Tulsa, 
Okla., USA. 

 
Rowan, M.G., Lawton, T.F. and Giles, K.A. (2012) 

Anatomy of an exposed vertical salt weld and 
flanking strata, La Popa Basin, Mexico. In: Alsop, 
G.I.; Archer, S.G., Hartley, A.J., Grant, N.T. a 
Hodgkinson, R. (eds.). Salt Tectonics, sediments 
and prospectivity, Geological Society of London 
Special Publications, 363, 33-57. London, United 
Kingdom. 

Rowan, M.G., Muñoz, J.A., Roca, E. and Sumner, H.S. 
(2012) The four-stage model for hyperextended 
margins: implications for evaporite deposition and 
salt tectonics. Meeting of Deep-water continental 
margins. The Geological Society of London.  

 
Ruiz, M. (2007) Caracterització estructural i 

sismotectònica de la litosfera en el Domini 
Pirenaico-Cantàbric a partir de mètodes de 
sísmica activa i passiva. PhD. thesis, Universitat 
de Barcelona, Barcelona, Spain. 354 p. 

 
Russell, S.M. and Whitmarsh, R.B. (2003) Magmatism 

at the west Iberian non‐volcanic rifted continental 
margin: Evidence from analyses of magnetic 
anomalies. Geophysical Journal International, 
154, 706–730.  

 
Sánchez, F. (1991) Evolución estructural 

postkimmerica de la plataforma continental 
vascocantábrica. Ph.D. thesis, Universidad 
Politécnica de Madrid, Madrid, Spain. 174 p. 

 
Savostin, L.A.,  Sibuet, J.C., Zonenshain, L.P., Le 

Pichon, X. and Roulet, M.J. (1986) Kinematic 
evolution of the Tethys belt from the Atlantic 
Ocean to the Pamirs since the Triassic. 
Tectonophysics, 123, 1–35.  

 
Schoeffler, J. (1965) Le gouf de Capbreton de l’Éocène 

inférieur à nos jours. In: Whittard, W.F. and 
Bradshaw, R. (eds.). Submarine Geology and 
Geophysics. 265–270, Butterworths, London, 
United Kingdom.  

 
Schoeffler, J. (1982) Les transversales basco‐landaises. 

Bulletin du Centre de Recherches Exploration 
Production Elf-Aquitaine, 6(1), 257–263. 

 
Schreurs, G., Hänni, R. and Vock, P. (2002) Analogue 

modelling of transfer zones in fold and thrust 
belts: a 4-D analysis; In: Schellart, W.P. and 
Passchier, C. (eds.). Analogue modelling of large-
scale tectonic processes. Journal of the Virtual 
Explorer, 6, pp 43-49.  

 
Schultz-Ela, D.D. and Jackson, M.P.A. (1996) Relation 

of subsalt structures to suprasalt structures during 
extension. American Association of Petroleum 
Geologist Bulletin, 80(12), 1896-1924. 



O. FERRER 

289 
 

 
Serrano, A. and W. Martínez del Olmo (1990) 

Tectónica salina en el Dominio 
Cántabro‐Navarro: Evolución, edad y origen de 
las estructuras salinas. In: Ortí, F. and Salvany, 
J.M. (eds.). Formaciones Evaporíticas de la 
Cuenca del Ebro y Cadenas Periféricas, y de la 
Zona de Levante, 39–53, Universitat de 
Barcelona, Barcelona, Spain. 

 
Serrano, A. and W. Martínez del Olmo (2004) 

Estructuras diapíricas en la zona meridional de la 
Cuenca Vasco‐Cantábrica. In: Vera, J.A. (ed.). 
Geología de España. 334–338. Sociedad 
Geológica de España, Salamanca, Spain. 

 
Serrano, A., Martínez del Olmo, W. and Cámara, P. 

(1989) Diapirismo del Trias salino en el dominio 
Cántabro‐Navarro. In: Asociación de Geólogos y 
Geofísicos Españoles del Petroleo (eds.). Libro 
Homenaje a Rafael Soler, 115–122, Madrid, 
Spain. 

 
Shaw, J.H., Hook, S.C. and Sitohang, E.P. (1997) 

Extensional fault-bend folding and synrift 
deposition: an example from the Central Sumatra 
Basin, Indonesia. American Association of 
Petroleum Geologist Bulletin, 81 (3), 367–379.  

 
Sherkati, S., Letouzey, J. and Frizon de Lamotte, D. 

(2006) Central Zagros fold-thrust belt (Iran): new 
insights from seismic data, field observations and 
sandbox modeling. Tectonics, 25, TC4007, 
10.1029/2004 TC001766. 

 
Sibuet, J.C. and Collette, B.J. (1993) Quantification de 

l’extension liée a la phase pyrénéenne et 
géométrie de la frontière de plaques dans la partie 
ouest du golfe de Gascogne. Comptes Rendus de 
l’Académie des Sciences de Paris, Ser. II Mec. 
Phys. Chim. Sci. Terre Univers, 317, 1207–1214. 

 
Sibuet, J.C.; Pautot, G. and Le Pichon, X. (1971) 

Interpretation structurale du golfe de Gascogne à 
partir des profiles de sismique.  In: Debyser, J., Le 
Pichon, X. and Montadert, L. (eds.). Histoire 
Structurale du Golfe de Gascogne, Publication de 
l'Institut Français du Pétrole, vol I., VI.10.1–
VI.10.31. Technip, Paris, France. 

 
Sibuet, J.C. and Le Pichon, X. (1971) Structure 

gravimétrique du golfe de Gascogne et le fossé 
marginal nord-espagnol. In: Debyser, J., Le 
Pichon, X. and Montadert, L. (eds.). Histoire 
Structurale du Golfe de Gascogne, Publication de 
l'Institut Français du Pétrole, vol I., VI.9.1–
VI.9.18. Technip, Paris, France. 

Sibuet, J.C., Monti, S., Loubrieu, B., Mazé, J.P. and 
Srivastava, S.P. (2004a) Carte bathymétrique de 

l’Atlantique nord‐est et du Golfe de Gascogne. 
Bulletin de la Société Géologique de France, 
175(5), 429–442. 

 
Sibuet, J.C., Srivastava, S.P. and Spakman, W. (2004b) 

Pyrenean orogeny and plate kinematics. Journal 
of Geophysical Research, 109. B08104, 
10.1029/2003JB00 2514. 

 
Sibuet, J.C., Srivastava, S.P., Enachescu, M. and 

Karner, G.D. (2007a) Early Cretaceous motion of 
Flemish Cap with respect to North America: 
Implications on the formation of Orphan Basin 
and SE Flemish Cap‐Galicia Bank conjugate 
margins. In: Karner, G.D., Manatschal, G. and 
Pinheiro, L.M. (eds.). Imaging, Mapping and 
Modelling Continental Lithosphere Extension and 
Breakup. Geological Society of London Special 
Publications, 282, 63–76. London, United 
Kingdom. 

 
Sibuet, J.C., Srivastava, S. and Manatschal, G. (2007b) 

Exhumed mantle‐forming transitional crust in the 
Newfoundland‐Iberia rift and associated magnetic 
anomalies. Journal Geophysical Research, 112, 
B06105, 10.1029/2005JB003856. 

 
Soler, R., López Vilchez, J. and Riaza, C. (1981) 

Petroleum geology of the Bay of Biscay. In: 
Illing, L.V. and Hobson, G.D. (eds.). Petroleum 
Geology of the Continental Shelf of +orth‐West 
Europe, 474–482, Inst. of Pet., London, United 
Kingdom. 

 
Soto, R. , Casas-Sainz, M. and del Río, P. (2007) 

Geometry of half-grabens containing a mid-level 
viscous décollement. Basin Research, 19, 437-
450. 

 
Srivastava, S.P., Roest, W.R., Kovacs, L.C., Oakey, G., 

Lévesque, S., Verhoef, J. and Macnab, R. (1990) 
Motion of Iberia since the Late Jurassic : Results 
from detailed aeromagnetic measurements in the 
Newfoundland Basin. Tectonophysics, 184, 229-
260.  

 
Srivastava, S.P., Sibuet, J.C., Cande, S., Roest, W. R. 

and Reid, I.D. (2000) Magnetic evidence for slow 
seafloor spreading during the formation of the 
Newfoundland and Iberian margins. Earth 
Planetary Science Letters, 182, 61–76. 

  
Stefanescu, M., Dicea, O. and Tari, G. (2000) Influence 

of extension and compression on salt diapirism in 
its type area, East Carpathians Bend area, 
Romania. In: Vendeville, B., Mart, Y. and 
Vigneresse, J.L. (eds.). Salt, Shale and Igneous 
Diapirs in and around Europe. Geological 
Society of London Special Publications, 174, 
131–147. London, United Kingdom. 



REFERENCES 

 

290 
 

 
Stewart, S.A. (2007) Salt tectonics in the North Sea 

Basin: a structural style template for seismic 
interpreters. In: Ries, A.C., Butler, R. W.H. and 
Graham, R.H. (eds.). Deformation of the 
Continental Crust: The Legacy of Mike Coward. 
Geological Society of London Special 
Publications, 272, 361–396. London, United 
Kingdom. 

 
Talbot, C.J. (1995) Molding of salt diapirs by stiff 

overburden. In: Jackson, M.P.A., Roberts, D.G., 
Snelson, S. (eds.). Salt Tectonics: A Global 
Perspective. Amercian Association of Petroleum 
Geologist Memoir 65, 61-75. Tulsa, Okla., USA. 

Thinon, I. (1999) Structure profonde de la marge 
nord‐Gascogne et du basin armoricain. Ph.D. 
thesis, Université de Bretagne Occidentale, Brest, 
France. 326 p. 

 
Thinon, I., Réhault, J.P. and Fidalgo-González, L. 

(2002) La couverture sédimentaire syn-rift de la 
marge Nord-Gascogne et du Bassin Armoricain 
(Golfe de Gascogne) à partir de nouvelles données 
de sismique de réflexion. Bulletin de la Société 
Géologique de France, 173(6), 515–522.  

 
Thinon, I., Matias, L., Réhault, J.P., Hirn, A., 

Fidalgo‐González, L. and Avedik, F. (2003) Deep 
structure of the Armorican Basin (Bay of Biscay): 
A review of Norgasis seismic reflection and 
refraction data. Journal of the Geological Society 
of London, 160, 99–116.  

 
Tomassino, A. and Marillier, F. (1997) Processing and 

interpretation in the tau‐p domain of the ECORS 
Bay of Biscay expanding spread profiles. 
Memoires de la Société Géologique de France, 
171, 31–43.  

 
Tucholke, B.E. and Sibuet, J.C. (2007) Leg 210 

synthesis: Tectonic, magmatic, and sedimentary 
evolution of the Newfoundland‐Iberia rift. Proc 
Ocean Drilling Program, Sci Results, 210, 1–56. 

 
Tucholke, B.E., Sawyer, D.S. and Sibuet, J.C. (2007) 

Breakup of the Newfoundland‐Iberia rift. In: 
Karner, G.D., Manatschal, G. and Pinheiro, L.M. 
(eds.). Imaging, Mapping and Modelling 
Continental Lithosphere Extension and Breakup. 
Geological Society of London Special 
Publications, 282, 9–46. London, United 
Kingdom. 

 
Turner, J.P. (1996) Switches in subduction direction 

and the lateral termination of mountain belts: 
Pyrenees‐Cantabrian transition, Spain. Journal 
Geological Society, 153, 563–571.  

 

Van der Voo, R. (1969) Paleomagnetic evidence for the 
rotation of the Iberian Peninsula. Tectonophysics, 
7, 5–56.  

 
Vendeville, B.C. (1987) Champs de failles et 

tectonique en extension: modélisation 
expérimentale. Ph.D. Thesis, Université de 
Rennes, Rennes, France, 395 p. 

 
Vendeville, B.C. (1988) Scale models of basement-

induced extension. Comptes Rendus de 
l’Académie des Sciences de Paris, 307, série II, 
1013-1019. 

 
Vendeville, B.C. and Jackson, M.P.A. (1991) 

Deposition, extension and the shape of 
downbuilding salt diapirs. American Association 
of Petroleum Geologist Bulletin, 75, 687-688. 

 
Vendeville, B.C. and Jackson, M.P.A. (1992) The rise 

of diapirs during thin-skinned extension. Marine 
and Petroleum Geology, 9, 331-353. 

 
Vendeville, B.C. , Jackson, M.P.A. and Weijermanrs, 

R. (1993) Rates of salt flow in passive diapirs and 
their source layers. In: Rates of geologic 
processes: SEPM Gulf Coast Section, 10th Annual 
Research Conference, Program and Extended 
Abstracts, 269-276. Houston, Texas, USA.  

Vendeville, B.C. and Nilsen, K.T. (1995) Episodic 
growth of salt diapirs driven by horizontal 
shortening. In: Travis, C.J, Harrison, H., Hudec, 
M.R., Vendeville, B.C., Peel, F.J. and Perkins, 
B.F. (eds.). Salt, Sediment, and Hydrocarbons. 
SEPM Gulf Coast Section 16th Annual Research 
Foundation Conference, 285–295. 

 
Vendeville, B.C., Ge, H. and Jackson, M.P.A. (1995) 

Scale models of salt tectonics during basement-
involved extension. Petroleum Geoscience, 1, 
179–183. 

 
Vergés, J. and García‐Senz, J. (2001) Mesozoic 

evolution and Cainozoic inversión of the 
Pyrenean Rift. In: Ziegler, P.A., Cavazza, W., 
Robertson, A.H.F. and Crasquin-Soleau, S. (eds.). 
Peri-Tethyan Memoir 6: Peri‐Tethyan 
Rift/Wrench Basins and Passive Margins. 
Memoires du Museum National d’Histoire 
Naturelle, 186, 187–212. Paris, France. 

 
Vergés, J., Fernández, M. and Martínez, A. (2002) The 

Pyrenean orogen: Pre-, syn-, and post-collisional 
evolution. In: Rosenbaum, G. and Lister, G.S. 
(eds.).  Reconstruction of the Evolution of the 
Alpine-Himalayan Orogen. Journal of the Virtual 
Explorer, 8, 57-76. 

 



O. FERRER 

291 
 

Verhoef, J., Roest, W.R., Macnab, R., Arkani‐Hamed, 
J. and the Members of the Project Team (1996) 
Magnetic anomalies of the Arctic and North 
Atlantic oceans and adjacent land areas, Open 
File Rep. 3125, Geological Survey of Canada, 
Ottawa, Canada. 

 
Vidal-Royo, O. (2010) 3D reconstruction and modeling 

of the Sierras Exteriores Aragonesas (Southern 
Pyrenees, Spain). Structural evolution of the Pico 
del Águila anticline. PhD. Thesis. Universitat de 
Barcelona, Barcelona, Spain. 297 p. 

Vidal-Royo, O., Ferrer, O., Koyi, H., Vendeville, B.C., 
Muñoz, J.A. and Roca, E. (2008) 3D 
Reconstruction of analogue modelling 
experiments from 2D datasets. Bolletino di 
Geofisica teorica ed applicata, 49 (2 supplement), 
524-528 

  

Vielzeuf, D. and J. Kornprobst (1984) Crustal splitting 
and the emplacement of Pyrenean lherzolites and 
granulites. Earth Planetary Science Letters, 67, 
87–96. 

 
Wallrabe‐Adams, H.J., Altenbach, A.V., Kempe, A., 

Kuhnt, W. and Schaefer, P. (2005) Facies 
development of ODP Leg 173 sediments and 
comparison with tectono‐sedimentary sequences 
of compressional Iberian plate margins‐a general 
overview. Journal Iberian Geology, 31(2), 235–
251. 

 
Weijermars, R. (1986) Flow behaviour and physical 

chemistry bouncing putties and related polymers 
in view of tectonic laboratory applications. 
Tectonophysics, 124, 325-358. 

 
Williams, C.A. (1975) Sea-floor spreading in the Bay 

of Biscay and its relationships to the north 
Atlantic. Earth and Planetary Science Letters, 24, 
440-456.  

 
Withjack, M. and Scheiner, C. (1982) Fault patterns 

associated with domes –an experimental and 
analytical study. American Association of 
Petroleum Geologist Bulletin, 66, 302-316. 

Withjack, M.O. and Callaway, S. (2000) Active normal 
faulting beneath a salt layer: an experimental 
study of deformation patterns in the cover 
sequence. American Association of Petroleum 
Geologist Bulletin, 84, 627–651. 

 
Withjack, M.O. and Schlische, R.W. (2006) Geometric 

and experimental models of extensional 
fault‐bend folds. In: Buitre, S.J. H. and Schreurs, 
G. (eds.). Analogue and +umerical Modelling of 
Crustal‐Scale Processes, Geological Society of 

London Special Publications, 253, 285–305. 
London, United Kingdom. 

 
Xiao, H. and Suppe, J. (1992) Origin of rollover. 

American Association of Petroleum Geologist 
Bulletin, 76, 509–525. 

 
Ziegler, P.A. (1990) Geological Atlas of Western and 

Central Europe, 2nd Ed. Shell International 
Petroleum Maatschappij, 232 p, The Hague, 
Netherlands. 

 



   



 



GGAC
Grup de Geodinàmica i Anàlisi de Conques

i rn s t i t u t d e e c e r c a

S
a
lt

 t
e
c
to

n
ic

s
 i
n

 t
h

e
 P

a
re

n
ti

s
 B

a
s
in

 (
e
a
s
te

rn
 B

a
y
 o

f 
B

is
c
a
y
):

J
. 
O

ri
o

l 
F

e
rr

e
r 

G
a
rc

ia

2012

O
ri

g
in

 a
n

d
 K

in
e
m

a
ti

c
s
 o

f 
s
a
lt

 s
tr

u
c
tu

re
s
 i
n

 a
 h

y
p

e
re

x
te

n
d

e
d

 m
a
rg

in
 a

ff
e
c
te

d
 b

y
s
u

b
s
e
q

u
e
n

t 
c
o

n
tr

a
c
ti

o
n

a
l 
d

e
fo

rm
a
ti

o
n

J. Oriol Ferrer Garcia

Ph.D. Thesis

Supervisor: Eduard Roca

June 2012

Salt tectonics in the Parentis Basin
(eastern Bay of Biscay):

Origin and kinematics of salt structures in a
hyperextended margin affected by subsequent

contractional deformation

Geomodels Research Institute
Geodynamics and Basin Analysis Group
Departament de Geodinàmica i Geofísica

Universitat de Barcelona


	0PORTADA_A1
	1a
	00_Inici
	01_Index
	01_IndexFull blanc doble
	02_Resum extens
	02_Resumb_Full blanc 1

	2b
	2
	03_Proleg
	03_ProlegbFull blanc doble
	04_Capitol 1
	04_Capitol 1_Full blanc 1
	04a_Portada art.1
	04a_Portada art.1_Full blanc 1
	04a_Roca et al. 2011
	04a_Roca_Full blanc 3

	3
	05_Capitol 2
	05_Capitol 2Full blanc 1
	05a_aPortada art.2
	05a_aPortada art.2Full blanc 1
	05a_Ferrer et al._2008
	The deep seismic reflection MARCONI-3 profile: Role of extensional Mesozoic structure during the Pyrenean contractional deformation at the eastern part of the Bay of Biscay
	Introduction
	Geological setting
	The eastern Bay of Biscay

	MARCONI-3 profile
	Seismic data acquisition and processing
	Reflectivity patterns of MARCONI-3 seismic profile
	Profile description
	Basque slope-Landes High (SP 0-450)
	Parentis Basin (SP 450-1226)


	Geological interpretation of the MARCONI-3 profile
	Salt tectonics
	Structural origin of Txipiroi High

	The extensional structure: geometry and evolution of the Parentis Basin
	Geometry of the extensional fault system of the Parentis Basin

	The uppermost Cretaceous-Cenozoic foreland basin (the upper reflective level)
	Age of Cap Breton and Cap Ferret canyons


	Evolution of deformation along MARCONI-3 profile
	Discussion: Role of extensional mesozoic structure in the development of the Northern Deformational Front of the Basque Pyrenees
	Conclusions
	Acknowledgements
	References


	05a_FerrerFull blanc 3
	06_Capitol 3
	06_Capitol 3Full blanc 1
	06a_aPortada art.3
	06a_aPortada art.3Full blanc 1
	06a_Ferrer et al._2012
	06a_FerrerFull blanc 3

	4
	07_Capitol 4a
	07_Capitol 4aFull blanc 1
	07a_aPortada art.4
	07a_aPortada art.4Full blanc 1
	07a_Ferrer et al_submitted
	(*)GEOMODELS Research Institute, Grup de Geodinàmica i Anàlisi de Conques, Departament de Geodinàmica i Geofísica, Facultat de Geologia, Universitat de Barcelona (UB), Martí i Franquès s/n, 08028 Barcelona, Spain. joferrer@ub.edu

	07a_FerrerFull blanc doble
	07b_Capitol 4b
	07b_Capitol 4b Full blanc doble  1
	07b_Capitol 4bFull blanc doble
	07b_Portada art.5a
	07b_Portada art.5aFull blanc 1
	07c_Vidal_et_al. 2008
	(*)GEOMODELS, Dept. Geodinàmica i Geofísica, Universitat de Barcelona. C/ Martí i Franquès s/n. – 08028 Barcelona, (Spain), oskarvidal@ub.edu
	(**)Hans Ramberg Tectonic Laboratory, Department of Earth Sciences, Uppsala University. Villavägen 16, SE-75236, Uppsala, Sweden.
	(***)Université de Lille 1, UMR CNRS Géosystèmes 8110, Cité Scientifique, Bat. SN5, Villeneuve d'Ascq, F-59655, (France)

	07c_VidalFull blanc doble
	08_Capitol 5
	08_Capitol 5Full blanc doble
	09_Referencies
	09_ReferenciesFull blanc doble


	PORTADA_B


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




