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[1] The North Iberian or Cantabrian margin, located
at the southern flank of the Bay of Biscay, underwent
successive tectonic regimes of rifting, passive margin,
and compression from Mesozoic to Tertiary times. A
complete crustal cross section of the North Iberian
Margin, from the abyssal plain to the shoreline, and a
reconstruction of its undeformed Upper Cretaceous
structure are presented here. It is constrained after the
compilation and interpretation of different geophysical
data sets recently available in the area. The reflective
pattern is provided by deep seismic reflection profile
ESCIN-4, complemented by commercial profiles and
well information from the North Iberian platform, and
the velocity-depth control comes from an onshore-
offshore wide-angle seismic profile, tested also with
gravity modeling. The detailed cross section of the
Meso-Tertiary basins that fill the platform and abyssal
plain shows structures from the three main tectonic
events: (1) normal faults and asymmetric basins from
the Permian to lower Cretaceous extensional stage; (2)
Upper Cretaceous sediments deposited under stable
conditions during the passive margin period; and (3)
inverted faults, thrusts and folds related to the Tertiary
compression. The deep structure of the crust beneath
the margin is poorly constrained from ESCIN-4 profile
that shows reflectivity in the lower crust only at a
small area under the platform. However, the
corresponding wide-angle experiment provides a
conspicuous image of the Moho that shows a
continued deepening toward the continent. On the
basis of the geophysical results, we propose a new
model for this margin where the lower crust is detached
and underthrusted to the south as a result of the partial
closure of the Bay of Biscay. An interpreted Mesozoic
crustal-scale extensional detachment could be the
weakness zone that allowed the lower crust to ‘‘slide’’
southward under the upper crust, resulting in the
indentation of the Cantabrian Margin lower crust into

the Iberian crust. Plate convergence stopped at an early
stage, making this a unique area to study the initial
stages of deformation of a passive margin. INDEX

TERMS: 8105 Tectonophysics: Continental margins and

sedimentary basins; 8015 Structural Geology: Local crustal

structure; 3025 Marine Geology and Geophysics: Marine seismics

(0935); KEYWORDS: deep seismic reflection, ESCIN-4 profile,

crustal structure, North Iberian continental margin, Bay of Biscay

1. Introduction

[2] The North Iberian Margin or Cantabrian Margin,
trends E-W in the southern border of the Bay of Biscay
(Figure 1). It is the conjugate of the Armorican Margin, in
the North, and marks the present northern boundary of the
Iberian plate. Due to its location at the limit between the
European and African plates, it has suffered different
tectonic regimes during its evolution since the Lower Palae-
ozoic, when the North Iberian and Armorican margins
where juxtaposed as part of the collisional European Varis-
can chain [Matte, 1991].
[3] The present-day architecture of the margin and of the

Cantabrian Mountains in the south, which are the western
prolongation of the Pyrenees, results from the superposition
of two almost orthogonal orogenic events: the E-W Variscan
orogeny [Pérez-Estaún et al., 1988] and the approximately
NW-SE Tertiary Alpine orogeny [Alonso et al., 1996;
Pulgar et al., 1996]. Both events were separated by several
extensional episodes that started by rifting in the Permian to
Late Jurassic and evolved to an oceanic stage in the Bay of
Biscay, with seafloor spreading that lasted until Late Creta-
ceous (Figure 2) [Martı́nez-Garcı́a, 1982; Vegas and Banda,
1982; Boillot et al., 1984; Verhoef and Srivastava, 1989].
The main effects of the Alpine orogeny were as follows: the
NW-SE Cenozoic oblique convergence between the Iberian
and European plates, the partial closure of the Bay of
Biscay, the deformation of the margin and the uplift and
deformation of the Cantabrian Mountains [Le Pichon et al.,
1971; Boillot et al., 1979; Grimaud et al., 1982; Srivastava
et al., 1990b; Alonso et al., 1996; Álvarez-Marrón et al.,
1997]. The end of convergence, at the end of the Miocene,
aborted the collision between the plates, that had already
started further west in the Pyrenean region [Boillot and
Capdevila, 1977; Williams and Fischer, 1984; Séguret and
Daignières, 1986; Etude Continentale et Océanique par
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Reflexion et Refraction Sismique (ECORS ) Pyrenees Team,
1988; Roure, 1989; Muñoz, 1992]. This complex tectonic
evolution and the fact that plate convergence stopped at an
early stage, makes it a unique area to study the super-
position of two orthogonal orogenic events and the initial
episodes of deformation of a passive margin.
[4] The Variscan structure of the Cantabrian Mountains

has been extensively studied [e.g., Julivert, 1971; Pérez-
Estaún et al., 1988; Dallmeyer and Martı́nez-Garcı́a, 1990],
but its Alpine structure has only been recently investigated
[Alonso et al., 1996; Pulgar et al., 1996, 1999]. The
geology and evolution of the margin was also the aim of
extensive research, particularly in the 70’s–80’s [e.g., Boil-
lot et al., 1971, 1979; Montadert et al., 1971; Malod and

Boillot, 1980; Malod et al., 1982; Boillot and Malod, 1988].
Crustal seismic information in North Spain was restricted to
the Pyrenees in the NE and Galicia in the NW [Gallart et
al., 1981; Daignières et al., 1982; Córdoba et al., 1987,
1988]. The ESCIN project (Spanish acronym for Seismic
Studies of the North Iberian Crust) was developed in the
90’s to fill the 500 km gap between both areas. This project
included the acquisition (Figure 1) of four multichannel
deep seismic reflection profiles (two offshore and two
onshore) across strike of the Variscan and Alpine structures,
respectively [Pérez-Estaún et al., 1994; Álvarez-Marrón et
al., 1996, 1997; Pulgar et al., 1996; Gallastegui et al.,
1997; Ayarza et al., 1998; Gallastegui, 2000]. Álvarez-
Marrón et al. [1997] showed the tectonic inversion of the
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Figure 1. Simplified geological map of NW Iberia and its continental platform with the location of the
geological cross section (A-A0-A00; Figure 8) and geophysical data mentioned in the text and shown in
Figure 7. Bathymetric contours are in meters.
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Mesozoic sedimentary basin in the Iberian platform imaged
in ESCIN-4 and interpreted an accretionary prism at the foot
of the continental slope along the Iberian Margin. A set of
wide-angle/refraction profiles from complementary projects
was recorded in the northern part of the Iberian Peninsula
and continental margin that showed an important Alpine
duplication of the crust beneath the Cantabrian Mountains
[Pulgar et al., 1996; Fernández-Viejo, 1997; Gallart et al.,
1997; Ayarza et al., 1998; Fernández-Viejo et al., 1998,
2000].
[5] This paper focuses on the seismic expression of the

architecture of this margin along the N-S transect of ESCIN-4
profile (Figure 1) and on the evolution of the Mesozoic and
Alpine structures developed there. A detailed interpretation
of ESCIN-4 and other geological and geophysical data
available on the North Iberian Margin have been integrated
to built up the first complete geological cross section along
the transect, and a Cretaceous reconstruction of the margin
before its Tertiary deformation. The data include wide-angle
and gravity information acquired and interpreted within
ESCIN and complementary projects, together with commer-
cial seismic reflection profiles and oil exploration well data
from the platform area.

2. Geological Framework and Tectonic

Evolution

[6] The Paleozoic materials that crop out in the studied
area are part of the foreland thrust and fold belt of the
Iberian Variscan Orogen and constitute the basement that
underwent deformation during the Mesozoic and Tertiary.
The overall Variscan structure in NW Spain is east verging,
with a geological zonation from the hinterland areas in the
west to the foreland and most external ones in the east

(Figure 1). However, the Variscan chain shows a tight
arcuate shape and structures in the studied area verge to
the south (near Ribadesella in Figure 1), in the core of the
Asturian arc [Julivert, 1971; Pérez-Estaún et al., 1988,
1994]. The Paleozoic rocks are mainly sedimentary and
consist of a kilometric succession of sandstones, shales, and
limestones deformed under shallow conditions.
[7] The present geometry of the Mesozoic and Tertiary

rocks that crop out in the Cantabrian Mountains near the
coastline is related to Alpine structures such as the
Llanera fault, and the reworking of Variscan thrusts.
The Llanera fault is an extensional Mesozoic structure
that was later inverted during the Tertiary and is the
northern boundary of the Oviedo Tertiary basin (Figure 1)
[Alonso et al., 1996; Pulgar et al., 1999]. A Permo-
Mesozoic succession is preserved in its northern down-
throw block, while the lower Cretaceous lies directly on
top of the basement, in the southern block, and is covered
by Tertiary syntectonic deposits (Oviedo Basin).
[8] In the continental shelf the Mesozoic is exposed in a

band parallel to the coastline and northward is mostly
covered by Tertiary deposits (Eocene-Neogene) [Boillot et
al., 1979]. Oil exploration wells show significant lateral
thickness variations along the platform. Awell located close
to the coastline (MCK-1 in Figure 1) reached the basement
at 3103 m depth, but more than 5000 m of Meso-Tertiary
deposits were drilled northward in a well (MCH-1X in
Figure 1) that only reached the lower Cretaceous [Lanaja,
1987].
[9] In the Upper Cretaceous the area from the Duero

Basin to the present-day shoreline was part of a shallow
platform, whereas the present platform constituted the
continental slope of the stable margin, as shown by the
Upper Cretaceous deep water turbiditic deposits sampled in
the platform [Boillot et al., 1979; Boillot and Malod, 1988].

Figure 2. Map of offshore negative gravity anomalies (contours in mGal) in the Iberian Trough [Lalaut
et al., 1981] and magnetic lineations in the Northeast Atlantic and Bay of Biscay (M0 - Upper Aptian;
34 - Santonian) [Srivastava et al., 1990a]. Dotted line represents the east boundary of the oceanic crust in
the Bay of Biscay according to Derégnaucourt and Boillot [1982]. Bathymetric contours are in meters.

GALLASTEGUI ET AL.: NORTH IBERIAN MARGIN TERTIARY EVOLUTION 15 - 3



[10] The basin was deformed and inverted during the
Tertiary compressional stage and north vergent thrusts
developed [Boillot et al., 1979; Álvarez-Marrón et al.,
1997]. Dives of submersible Cyana and dredges, showed
that Variscan basement rocks outcrop in Le Danois Bank
and in the upper continental slope, in the hanging-wall of
north vergent Tertiary thrusts [Boillot et al, 1979; Malod
and Boillot, 1980; Malod et al., 1982]. Other evidences of
Tertiary deformation are also present at the foot of the
continental slope, along the North Iberian Trough (Figure 1).
This trough is filled by Cenozoic sediments that thicken
toward the continental slope, and are partly deformed in
what was interpreted as an accretionary prism related to the
southward subduction of the Bay of Biscay oceanic crust
[Boillot et al., 1971, 1979; Montadert et al., 1971; Le
Pichon et al., 1971; Boillot and Malod, 1988; Álvarez-
Marrón et al., 1997]. Other evidences proposed for the
subduction are the asymmetry of the magnetic anomalies in
the Bay of Biscay [Srivastava et al., 1990a], a belt of
negative gravity anomalies and the presence of an inter-
preted relict marginal trench along the foot of the continen-
tal slope (Figure 2) [Le Pichon et al., 1971; Sibuet and Le
Pichon, 1971; Lalaut et al., 1981].

3. Geophysical Constraints on the

Architecture of the Cantabrian Margin

3.1. Vertical Seismic Reflection Profiles

[11] Vertical seismic reflection profiles, particularly
ESCIN-4, are the main source of information used to
construct the N-S transect in the North Iberian Margin. To
build up the geological cross section on the Cantabrian
platform we will also consider the interpretation of 25
commercial seismic reflection profiles (Figure 1) that dis-
play a more detailed seismic image of the sedimentary
basin. Data from several oil exploration wells in the plat-
form (MC C-2, MC K-1, MC H-1X) have been used to
distinguish and date the reflectors from the sedimentary
basin [Lanaja, 1987].
[12] Profile ESCIN-4 was acquired in 1993 to inves-

tigate the N-S crustal structure of the North Iberian Margin
in the transition from the continental to the oceanic
domains (Figure 3). The profile runs from the coastline
in the south, to the center of the Bay of Biscay in the
north. Significant changes in bathymetry are encountered
along the profile (from 0 to 200 m in the continental shelf
to 900–1000 m in the Inner Basin and Bank Le Danois
and 4000–5000 m at the abyssal plain, with a steep
continental slope �17�) (Figure 1). Detailed information
on data acquisition and processing parameters for this
profile are given by Álvarez-Marrón et al. [1996]. In this
paper we will specially focus on the crustal structure of the
margin and on the structure of the Meso-Tertiary deposits
that fill the Iberian platform and the abyssal plain. Most
distinctive features identified are reported hereafter. Main
reflective levels have been subsequently converted to
depth using the velocity model presented in section 3.2
(see Figure 7c).

[13] The Iberian platform is highly reflective in the upper
4 s and reflectors are especially coherent in the upper 2 s
(Figures 3 and 4). A band of south dipping reflectors (A in
Figures 3 and 4) under Le Danois Bank and the Inner Basin
has been interpreted as the base of the Meso-Tertiary basin
that filled the margin. Its base is more diffuse under the
Peñas Trough, where less coherent energetic dipping reflec-
tors at 4 s (A) can be traced. The basement is almost
transparent seismically and deep reflectivity is restricted to
the area under the Peñas Trough, where a group of south
dipping reflections (B) are imaged between 9 and 11 s. At
the southern end of the profile, shallow reflectors show a
synformal shape in the Peñas Trough. A band of coherent
reflectors (C), identified as the upper Cretaceous, is onlap-
ped to the north and south in both flanks of the Peñas
Trough by the upper package of Tertiary reflectors (D),
which can be divided in two sequences by an intermediate
unconformity (interpreted in Figure 6a). Band C is folded
and disrupted by several north dipping inverted faults on
both flanks of the trough. Reflectivity decreases below the
upper Cretaceous in both commercial and deep seismic
reflection profiles, holding up the interpretation of the lower
part of the sedimentary basin and the Paleozoic basement.
Upper reflections draw an open antiform (E) in the transition
from the continental shelf to the Inner Basin. Coherent
reflections above band A dip gently to the south and show
a wedge shape in the Inner Basin (CDP 2400-4400). Three
depositional sequences have been identified in the upper two
seconds, corresponding to Tertiary sequences deposited
unconformably on the Cretaceous levels (Figure 6). The
two lower sequences are syntectonic. They are deformed by
thrusts rooted in the Mesozoic levels and can be correlated
with reflectors D identified in the Peñas Trough. The upper-
most sequence, found in the Inner Basin, is undeformed and
constitutes the posttectonic level.
[14] Reflectivity decreases beneath the continental

slope, but several north dipping shallow events can be
traced dipping less than the sea bottom (F) (Figures 3
and 4). These events bend landward, changing their dip
to the south under Le Danois Bank. These surfaces are
curved as an effect of the abrupt increase in water depth
from the platform to the abyssal plain (Figure 4b) and
they become flat south dipping events after depth con-
version (Figure 4c).
[15] The abyssal plain area is highly reflective down to the

arrival of the first multiple, at 12 s, that masks all primary
signals (Figures 3 and 5). Reflectors are very coherent and
energetic, except for those under 7 s at the foot of the
continental slope between CDP’s 6000 and 9600, which
are folded and disrupted (J). Three different conformable
sequences of reflectors are recognized filling the abyssal
plain basin and reaching 10 s depth (Figures 3 and 5). The
uppermost one (G) is composed of horizontal and parallel
reflectors between 6 and 7 s. Most of them are flat and
continuous for more than 70 km to the N of the continental
slope. The intermediate sequence (H, between 7 and 9 s in
the S of the profile) is fan-shaped, thins northward and is
mostly made of south dipping reflectors that die out in the
area where these reflectors are disrupted (J). Several uncon-
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formities can be traced inside this sequence. The upper
sequence (G) and the top of the intermediate (H), uncon-
formably overlap the deformed package of reflectors (J) in
the south. The lowest sequence of parallel reflectors is less
than 1 s thick and thins toward the south (I, between 9 and
10 s, north of CDP 9300). The basement below that lowest
sequence is energetic, but reflectors lack coherency.

3.2. Wide-Angle Seismic Data

[16] Seven autonomous three-component land stations
recorded the marine shots from ESCIN-4 reflection profile,
providing wide-angle sampling of the margin coincident
with ESCIN-4, but extended 70 km onshore. This data set
was analyzed using two different methodologies: classical
velocity-depth forward modeling (Figure 7a) [Pulgar et al.,
1996; Fernández-Viejo, 1997; Fernández-Viejo et al.,
1998], and multichannel processing of Moho reflections
[Gallart et al., 1997]. The latter provided a large-aperture
stacked section that could be superposed on the conven-
tional ESCIN-4 section to enhance the signature of the
crust-mantle boundary beneath the continental platform.
The Moho thus appears as a continuous reflector deepening
landward (Figure 7b). The velocity-depth model (Figure 7a)
shows P wave velocities in the range of 5.6–6.35 km/s for
the upper and middle crust. The lower crust and the Moho

are well defined throughout the profile, from the shoreline
to the abyssal plain. Velocities in the lower crust increase
northward from 6.6 km/s under the shoreline to 7.3 km/s in
the abyssal plain suggesting a very thinned continental or
oceanic-type crust. Moho deepens southward from 17 km in
the abyssal plain, to 22 km under the continental slope and
30 km beneath the shoreline. A second deeper ‘‘Iberian
Moho’’, which has also been imaged inland dipping to the
north in deep seismic reflection profile ESCIN-2, is mod-
eled beneath the Cantabrian Mountains reaching almost
60 km depth. This deep seismic image has been interpreted
as an imbrication of two crusts, the Iberian crust in the south
and the Cantabrian Margin crust in the north, due to the
northward underthrusting of the former beneath the latter
[Pulgar et al., 1996; Fernández-Viejo, 1997; Gallart et al.,
1997; Fernández-Viejo et al., 1998]. This crustal root was
also found in other E-W seismic experiments under the
Cantabrian Mountains, like a refraction profile [Fernández-
Viejo et al., 2000] and the deep seismic reflection profile
ESCIN-1 [Gallastegui, 2000].

3.3. A Seismic Cross Section

[17] A time-velocity model for profile ESCIN-4 has been
constructed (Figure 7c), based on the interpretation of the
different crustal levels and reflectors. It can subsequently be

Figure 4. (a) Magnification of the continental platform and continental slope area in migrated deep
seismic reflection profile ESCIN-4. (b) Interpretation of the platform and continental slope on profile
ESCIN-4 (Figure 3). Gray colors indicate the Meso-Tertiary basin deformed in the Tertiary. (c) Depth
converted section.
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converted to depth, and include onshore data, to construct a
geological cross section from the coastline to the abyssal
plain (Figure 7d). The velocity information integrated in this
model comes from several sources: velocities for the sedi-
ments that fill the abyssal plain are obtained from Monta-
dert et al. [1971], Sibuet et al. [1971], and Álvarez-Marrón
et al. [1997]; values in the platform are calculated from
stack and well information; the structure of the sedimentary
basins and upper crust is directly derived from seismic
reflection data (ESCIN-4 and commercial profiles), and
finally, wide-angle velocity models provide the information
for lower crustal and mantle levels [Pulgar et al., 1996;
Fernández-Viejo, 1997; Gallart et al., 1997].

3.4. Gravity Modeling

[18] To provide further constraints on the crustal inter-
pretation from seismic data, 2-D gravity modeling has been
carried out on two N-S profiles, from the Duero Basin to the
Bay of Biscay [Gallastegui, 2000]. In this paper we present
the offshore portion of the western profile coincident with
ESCIN-4 (see Figure 1), but the calculated gravity curve
includes the gravity effect of the crustal structure beneath
the Cantabrian Mountains in the S (Figure 7e). A gravity
anomaly map was compiled from offshore Free-Air data
[Sandwell and Smith, 1997] and onshore Bouguer data
collected from the BGI (Bureau Gravimétrique Interna-
tional) and complemented with new measurements col-
lected inland for this research. Gravity anomalies in the
margin trend E-W, parallel to the direction of the main
bathymetric features (Figure 2). A steep gradient separates a
gravity low (-120 mGal), at the foot of the continental slope
along the margin, from a gravity high (120 mGal) at Le
Danois Bank and the rest of the platform [Gallastegui,
2000]. Densities for the different crustal levels have been
calculated and compiled in the model of Figure 7c after the
P wave velocities [Ludwig et al., 1970] obtained from
several sources: (1) the wide-angle model mentioned
before, (2) well data in the platform, and (3) stack and
migration velocities in the abyssal plain sediments [Mon-
tadert et al., 1971; Sibuet et al., 1971; Álvarez-Marrón et al.,
1997].
[19] The observed gravity curve along the profile

(Figure 7f ) is appropriately fitted by the one calculated
from the density model of Figure 7e, which is well in
agreement with geological and seismic models. The shape
of the most prominent anomaly, characterized by a high-low
pair (Figure 7f ), is typical of most continental margins due
to the edge effect related to the increase of water depth and
the mantle shallowing toward the oceanic domain. In this
case, the anomaly high is increased by the presence of
basement rocks at Le Danois Bank and along the continen-
tal slope, and the anomaly low is increased by the thick pile
of sediments at the foot of the continental slope. Densities
range between 1.9 and 2.63 g/cm3 for the sedimentary levels
and between 2.7 and 2.75 g/cm3 for the upper and middle
crust. The lower crust has been modeled as a continuous
level with density increasing northward (2.92–2.95 g/cm3),
in agreement with the seismic velocity-depth model
(Figure 7a). This density model is similar to those proposed

further to the west along the margin by Fernández-Viejo
et al. [1998].

4. Geological Interpretation

[20] The overall structure imaged along the N-S transect
is that of a Mesozoic passive continental margin that
resulted from an extensional event and later underwent a
limited compression in the Tertiary that reworked the crustal
geometry. The restricted Alpine deformation suffered by the
margin allowed us to reconstruct its Upper Cretaceous
passive margin geometry and the evolution of the structure
due to the Tertiary compression (Figure 8).
[21] Extension spanned from Permian to Lower Creta-

ceous and resulted in the development of N120E listric
normal faults with the downthrown block to the north,
similar to examples mapped inland. Due to the lack of
resolution of the seismic profiles under the upper Creta-
ceous level ( post-rift), there is no seismic expression of
these faults in the margin. However, the presence of
analogous faults inland, truncation of reflectors and differ-
ences in sediment thickness in short distances, found in
exploration wells, allowed us to interpret several north
dipping normal faults that divide the basin into sub-basins.
These sub-basins are asymmetric, increasing their thickness
to the south and reaching maximum depths of 6 km (see
Figure 6). Upper Cretaceous levels are not affected by the
normal motions of the faults, giving thus a maximum age
for their displacement. In the reconstruction of the margin
(Figure 8), a set of normal faults in the paleocontinental
slope have also been interpreted, in a model analogous to
the one proposed for the undeformed northern conjugate
Armorican Margin [Le Pichon and Barbier, 1987]. We have
interpreted that these faults converge in a basal extensional
detachment or shear zone located on top of the lower crust.
[22] The effects of the compression due to the closure of

the Bay of Biscay in the Tertiary are present all over the
margin. The shortening of the margin is evidenced by (1)
northward emplacement of thrusts in the Inner Basin, that are
rooted in the Mesozoic succession and associated with
growth ramp folds and syntectonic Tertiary deposits; and
(2) development of open folds such as the one between the
Peñas Trough and the Inner Basin (under CDP 2000 in
Figure 4b). Coeval deformation is also found inland (for
example in the extensional Llanera fault) and in the normal
faults that bound the Peñas Trough to the north and south,
that were reactivated as reverse fault. Inversion in the Peñas
Trough was also accommodated by the northward rotation of
the upper section of the fault planes in the north and
development of inversion anticlines between inverted faults
in the south, as the one below well MC-C2. The detailed
interpretation of the Tertiary reflectors evidenced two uncon-
formable syntectonic sequences (1 and 2 in Figure 6), and a
posttectonic sequence (3), that date the deformation in the
margin. The lowermost syntectonic sequence ‘‘1’’ is Upper
Eocene. It onlaps the southern border of the Peñas Trough,
showing that the area to the south of the Peñas Trough was
undergoing deformation and uplift, whereas it lays conform-
ably in the rest of the platform that was almost stable. This is
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in agreement with the Upper Eocene inversion of the Llanera
fault inland and the start of uplift in the Cantabrian Moun-
tains. Deformation extended to the rest of the platform
during the Oligocene-Lower Miocene when syntectonic
sequence ‘‘2’’ deposited and there was a general uplift and
inversion of structures in the Cantabrian Mountains. This

sequence onlaps on both sides of the Peñas Trough and is
coeval with its shortening. In the Inner Basin, it is syntec-
tonic with thrusting and thrust-related fold growth. The
uppermost sequence ‘‘3’’ is posttectonic and onlaps on the
northern and southern margins of the Inner Basin (Le Danois
Bank and continental platform, respectively).

Figure 6. (a and b) Depth converted interpretation of two commercial seismic reflection profiles close
to deep seismic reflection profile ESCIN-4 showing the tectonic inversion that affected the platform in the
Tertiary. Note the three sedimentary sequences defined in the Tertiary-Quaternary: sequences 1 and 2 are
syntectonic, and sequence 3 is posttectonic. (c) Detailed geological cross section of the platform derived
from the interpretation of commercial seismic reflection profiles. Both ends of the cross section are
located as white circles along profile A0-A00 in Figure 1.
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[23] Most conspicuous deformation in the margin is con-
centrated at the continental slope and the deformed area at its
foot.Malod and Boillot [1980] identified thrusts at the top of
the continental slope that superpose basement on Mesozoic
and we have interpreted the structure of the whole con-
tinental slope as an imbrication of thrusts, mostly emplaced
in basement rocks. However, it is impossible to identify the
type of superposition in the lower part of the continental
slope and the amount of shortening, due to the poor
reflectivity and lack of displacement markers. The imbricate
structure produced the shortening and steepening of the
continental slope and the uplift of the present platform that
was previously part of the Cretaceous continental slope
(Figure 8). There is a 4 km thick pile of sediments at the
foot of the continental slope. The deformed area at the foot of
the continental slope had previously been interpreted as an
accretionary prism related to the southward subduction of the
Bay of Biscay oceanic crust under the Iberian Margin [Le
Pichon et al., 1971; Boillot et al., 1979; Srivastava et al.,
1990b; Álvarez-Marrón et al., 1997]. In ourmodel (Figure 8),
we consider that this set of north verging thrusts is the
continuation of the imbricate structure developed at the
continental slope. The deformed area has been modeled with
a density (Figure 7e) and a velocity (Figure 7c) intermediate
between those of the continental slope basement rocks and
the Tertiary deposits that fill the abyssal plain since the thrusts
involve syntectonic Tertiary rocks and basement slices. The
thrusts converge in depth at theMesozoic extensional detach-
ment located on top of the lower crust, which would thus
constitute a crustal scale weakened surface that reworked as a
Tertiary compressional feature. This surface favored the
southward underthrusting of the Cantabrian Margin crust
that indented in the Iberian crust, duplicating the crust and
building up a crustal root under the Cantabrian Mountains
(see Figure 7a) [Pulgar et al., 1996; Fernández-Viejo, 1997;
Gallart et al., 1997; Fernández-Viejo et al., 1998, 2000]. The
geometry of the syntectonic reflectors in the abyssal plain
shows that thrusts follow a forward sequence of emplacement
affecting younger reflectors toward the north. Álvarez-Mar-
rón et al. [1997] dated the syntectonic deposits of the abyssal
plain, in ESCIN-4 and a profile further to the west, as Eocene
to Lower Miocene, giving the time span of compression
associated to the accretionary prism. This age is in concord-
ance with the age of deformation and uplift in the platform
and Cantabrian Mountains. There is no clear evidence of
tectonic activity after the Miocene in this section, although
recent uplift in the shelf and minor present day seismicity
associated with NW-SE compression [Herraiz, 2000] sug-
gest that some deformation persists.

5. Discussion and Conclusions

[24] The North Iberian Margin underwent a short period
of compression during the Tertiary, as a result of the partial
closure of the Bay of Biscay, after a rift and passive margin
stage that spanned the Permian to Upper Cretaceous. This
makes this area a suitable place to study the initial episodes
of deformation in a margin prior to the continental collision
stage, which took place farther east in the Pyrenees.

[25] A sedimentary basin, up to 6 km thick, developed
from Permian to lower Cretaceous times. The basin was
asymmetric, thinning toward the north, and its geometry
was controlled by extensional N120�E faults, that divided it
in a number of smaller connected basins (Figure 8b). These
faults have been mapped inland (Llanera fault) and imaged
offshore in seismic reflection profiles. We assume that these
faults converge at depth in an extensional detachment
developed on top of the lower crust, that would play an
important role in the later development of the margin.
During the Upper Cretaceous oceanic stage in the Bay of
Biscay, most of the present margin was part of the con-
tinental slope (Figure 8b) and only the area closer to the
present-day platform constituted part of the Cretaceous
platform, which extended to the Duero Basin in the south
and covered the present Cantabrian Mountains area.
[26] The subsequent Tertiary compressional stage short-

ened the margin and modified its upper and lower crustal
structure. The basin suffered tectonic inversion and its
deformation was mainly controlled by previous Mesozoic
and Variscan structures (Figures 6c and 8a). Normal Mes-
ozoic faults and Variscan thrusts reactivated as reverse faults
and developed related folds. The emplacement of north
vergent Tertiary thrusts was restricted to the northernmost
part of the basin, in the transition to Le Danois Bank. These
thrusts developed growth ramp folds and small basins with
syntectonic Tertiary deposits. Three different Tertiary
sequences have been interpreted in the margin, that allowed
establishing the timing of the deformation (Figure 6). The
two lower sequences are syntectonic and the upper one is
posttectonic. The lowermost sequence is Upper Eocene and
evidences that deformation in the margin started in the area
to the south of the Peñas Trough, coeval with the onset of
uplift and deformation in the Cantabrian Mountains. The
rest of the platform remained almost stable until the Oligo-
cene, when deformation expanded northward to the rest of
the platform. The second sequence (Oligocene-Lower Mio-
cene) deposited during the main deformation period in the
platform, coinciding with the uplift and deformation of the
Cantabrian Mountains. There are no evidences of further
deformation in the posttectonic Plio-Quaternary sequence
deposited in the Inner Basin. However, recent uplift in the
coastline and present low-grade seismicity in the area
evidence the continuation of minor tectonic activity.
[27] Most of the deformation and shortening at the upper

crustal levels concentrated in the imbricate of thrusts that
developed along the continental slope and in the deformed
area at its foot, where Tertiary rocks and the basement are
affected (Figures 4 and 5). This structure was active during
the Eocene-Miocene and is responsible for the shortening
and uplift of the former Cretaceous continental slope that
constitutes the present shelf and shortened continental slope
(Figure 8). The calculated shortening of the margin from
line-length balancing of the base of the upper Cretaceous and
Moho is about 88 km. However, this value has to be taken as
a minimum estimate, calculated for this model, due to the
lack of control on the precise shortening at the continental
slope. The overall shortening estimated for the complete
section from the Duero Basin to the Bay of Biscay is 96 km
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Figure 7. (a) Velocity model derived from wide-angle data. Thick lines represent the segments directly
sampled by reflected or refracted seismic phases. [Fernández-Viejo et al., 1998]. (b) Deep seismic
reflection profile ESCIN-4. The stacked section (LC) that resulted from multichannel processing of the
large-aperture Moho-reflection recorded inland from ESCIN-4 marine shots [Gallart et al., 1997] has
been superposed. (c) Velocity model of ESCIN-4 used to convert to depth the main reflective levels
interpreted. (d) Geological cross section of the continental margin that synthesizes all information
available in the area. (e) Density model of the studied area, based on the velocity distribution, which
explains the gravity data. (f ) Fitting between observed and calculated gravity anomalies.
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[Gallastegui, 2000]. Previously calculated values for the
shortening of the Bay of Biscay based on plate reconstruc-
tions range from 120 km [Grimaud et al., 1982] to 40 km
[Srivastava et al., 1990a]. The shortening calculated for the
Pyrenean region by balanced cross-section techniques varies
from 75 km in the west central Pyrenees [Teixell, 1998] to
147 km in the central Pyrenees [Muñoz, 1992].
[28] The integration of different geophysical and geo-

logical results into a single cross section parallel to deep
seismic reflection profile ESCIN-4 provides the basis for a
new interpretation of the crustal structure of the North Iberian
Margin in this sector. Although the Tertiary partial closure of
the Bay of Biscay is well established, there is no geological or
geophysical evidence of subduction in this area, in the sense
of the sinking of oceanic crust in the mantle. In fact, the
oceanic nature of the crust of the Bay of Biscay in the studied
section is not well established, as the velocity-depth distri-
bution there is poorly constrained. This part of the margin is
close to the eastern apex of the Bay of Biscay and the crust
would be more likely of very thinned continental type,
according to (1) the structural diagram of the Bay of Biscay
[Derégnaucourt and Boillot, 1982] (Figure 2), (2) the veloc-
ities suggested in the wide-angle model (Figure 7a), and (3)
the lack of magnetic anomalies, which vanish toward the east
[Sibuet, 1980; Srivastava et al., 1990a] (Figure 2). The nature
of the crust and its young age would make it very buoyant
and difficult to sink in the mantle [Fernández-Viejo, 1997].
Moreover, all geophysical data presented in this paper
suggest that the lower crust is a continuous level under the
North Iberian Margin and Bay of Biscay. The negative
gravity anomaly in the North Iberian Trough, previously
invoked as an evidence of the subduction, is explained in our
gravity model as an edge effect related to the northward
thinning of the continental crust and to the thick pile of
sediments deposited in the North Iberian Trough.

[29] In summary, it is not necessary to assume the
presence of a slab of oceanic crust subducting under the
North Iberian Margin, to account for the partial closure of
the Bay of Biscay in the Tertiary. We propose in our model
that the shortening of the upper crustal levels was resolved
at the deeper levels by the southward underthrusting of the
Cantabrian Margin lower crust along the top of the middle
crust. The proposed Mesozoic crustal-scale extensional
detachment favored the underthrusting, as it constituted a
weakness zone that allowed the lower crust to ‘‘slide’’
southward under the upper crust. The southward under-
thrusting of the lower crust along a detachment explains the
indentation of the Cantabrian Margin crust into the Iberian
crust that forced the northward subduction of the Iberian
crust under the Cantabrian Mountains. The model is in
agreement with previous wide-angle/refraction models of
the margin that show a crustal thickening under the Canta-
brian Mountains and a duplication of the Moho [Pulgar et
al., 1996; Fernández-Viejo, 1997; Gallart et al., 1997;
Fernández-Viejo et al., 1998, 2000].
[30] Further research is needed to provide more precise

constraints on the crustal structure of the North Iberian
Margin, and measurement of seismic velocities with OBS
data would be the key element to prove the real nature of the
crust (thinned continental or oceanic) and its lateral varia-
tions along the margin.
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Min., 2, I(3), 149 –178, 1982.
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seismic modeling of the Variscan foreland thrust
and fold belt in NW Spain from ESCIN-1 deep
seismic reflection data, Tectonophysics, 269, 21 –
32, 1997.

Grimaud, S., B. Boillot, B. J. Collette, A. Mauffret,
P. R. Miles, and D. B. Roberts, Western extension
of the Iberian-European plate boundary during the
Early Cenozoic (Pyrenean) convergence: A new
model, Mar. Geol., 45, 63–77, 1982.

Herraiz, M., et al., The recent (upper Miocene to Qua-
ternary) and present tectonic stress distribution in
the Iberian Peninsula, Tectonics, 19, 762 – 786,
2000.

Julivert, M., Decollement tectonics in the Hercynian
Cordillera of NW Spain, Am. J. Sci., 270(1), 1 –
29, 1971.

Lalaut, P., J. C. Sibuet, and C. Williams, Presentation
d’une carte gravimétrique de l’Atlantique nord-est,
C. R. Acad. Sci. Parı́s, Ser. D, 292, 597 – 600,
1981.

Lanaja, J. M., Contribución de la exploración petrolı́fera
al conocimiento de la geologı́a de España, 465, Inst.
Geol. y Min. de Esp. (IGME), Madrid, 1987.

Le Pichon, X., and F. Barbier, Passive margin formation
by low-angle faulting within the upper crust: The
Northern Bay of Biscay Margin, Tectonics, 6, 133 –
150, 1987.

Le Pichon, X., J. C. Bonnin, J. Francheteau, and J. C.
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