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Seismic signature of Variscan and Alpine tectonics 
in NW Iberia: Crustal structure of the Cantabrian 

Mountains and Duero basin 

Gabriela Fernandez-Viejo, 1'2 Josep Gallart, l Javier A. Pulgar, 3 
Diego C6rdoba, 4 and Juan Jos• Dafiobeitia • 

Abstract. The seismic structure of the crust of the NW Iberian Peninsula, along the Cantabrian 
Mountains and their southern foreland, the Duero basin, is investigated IYom the first data set 
available from relYaction and wide-angle reflection profiles. The velocity-depth distributions 
obtained along E-W and N-S transects evidence lateral variations in crustal structure that can be 
associated to Variscan and Alpine tectonic episodes. The western part of the range, toward the 
Variscan hinterland zones, as well as the Duero basin below the sediments, show a crustal 
structure similar to that of the Variscan belt elsewere in Europe. The total crustal thickness is 30- 
32 km, and three main layers (upper, middle, and lower crust with average velocities 6.0, 6.25, 
and 6.8 km/s) are resolved. Some Paleozoic structures such as the basal detachment of the 
Cantabrian Zone are expressed in the seismic models. The crust appears to vary eastward in the 
external zones. The most outstanding feature is a crustal root beneath the highest Cantabrian 
summits where the Moho is found at 47 km depth. A prominent Alpine reworking of the crust in 
the eastern part of the Cantabrian Zone is thus revealed, and the N-S seismic transects delineate 
a geometry similar to the one found across the central Pyrenees in the Etude Continentale et 
Oc6anique par Reflexion et Refraction Sismique (ECORS) profile, revealing the importance of 
the Alpine deformations in the northern part of the Iberian plate. 

1. Introduction 

The NW part of the Iberian Peninsula, located at the edge 
between the large Eurasian and African plates, has been the site 
of different tectonic regimes since Paleozoic times which may 
have left imprints on the present lithospheric structure. It 
belonged to a continental margin of Gondwana up to the 
collisional episode leading to the European Variscan belt [Matte, 
1991; P•rez-Esta•b• et al., 1991]. Then, during the Mesozoic an 
extensional regime affected this continental Variscan crust in 
relation with the opening of the Atlantic Ocean that induced new 
oceanic crust and individualized the Cantabrian passive margin 
at the southern boundary of the Bay of Biscay [Le Pichon et al., 
1971; Williams, 1975; Montadert et al., 1979; Boillot and 
Malod, 1988; Verhoef and Srivastava, 1989; Roest and 
Srivastava, 1991]. This continental margin was reactivated in 
Cenozoic times by the Alpine convergence between Iberia and 
Europe that formed the collisional chain of the Pyrenees 
[Williams and Fisher, 1984; Seguret et al., 1986; Choukroune 
and ECORS Team, 1989; Roure et al., 1989; Mufioz, 1992], the 
western prolongation of which are the Cantabrian Mountains. 

The tectonic features of the Cantabrian Mountains (Figure 1) 
have been extensively studied [e.g. Julivert, 1983, 1987; Pdrez- 
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Estat•n et al., 1988; Dalhneyer and Marti'nez-Garci'a, 1990]. In 
contrast, prior to the ESCIN (Spanish acronym for Seismic 
Studies of North Iberian Crust) program, the only available data 
on crustal structure in north Spain came from seismic refraction 
profiles in the Pyrenees and in Galicia (northwesternmost edge 
of Iberia) [Gallart et al., 1981; Daigni•res et of., 1982; C6rdoba 
et al., 1987, 1988], with a huge gap of almost 500 km in- 
between. Two deep seismic reflection profiles on land as well as 
two marine lines were acquired during the ESCIN project in 
selected Cantabrian domains [Pdrez-Estatln et al.. 1994; 
Alvarez-Marr6n et al., 1996, 1997; Pulgar et al., 1996; 
Gallastegui et al.. 1997; Aya•za et al., 1998]. In parallel to the 
multichannel seismics, a crustal reconnaissance by seismic 
refraction/wide-angle reflection methods was designed and is 
reported in the present study for the whole area. The aim was to 
provide detailed velocity-depth functions for the Cantabrian 
Mountains and their foreland Duero basin that may characterize 
the Variscan crustal features, as well as from areas significantly 
affected by further extensional processes or Alpine crustal 
reworking in order to compare them. The interpretation of the 
first data set available in the region that constrains the deep 
structure and internal distribution of velocities is presented in 
this paper. 

2. Tectonic Setting 
The Cantabrian Mountains constitute the western 

prolongation of the Pyrenean belt. They are formed by a 
Paleozoic basement uplifted during the Alpine convergence 
between Europe and Iberia over the synorogenic Tertiary Duero 
basin [Alonso et al., 1996]. The part of the Variscan belt that 
crops out in this zone corresponds to one of the continental 
margins involved in the Variscan collision [Matte, 1991; Pdrez- 
Estal•n et al., 1991], with a geological zonation from the 
hinterland areas in the west to the foreland and external ones in 

the east [Lotze, 1945; JuIivert et aI., 1974]. 
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Figure l. Main geotectonic elements of the northern part of the Iberian Peninsula and North Iberian Margin. 
The seismic refraction profiles 1 to 5, from shot points A to G, dicussed here are shown in bold. ESCIN-1 to 4 are 
seismic reflection profiles from the Spanish Seismic Study of the North Iberian Crust (ESCI) program. IAM-12 is 
reflection profile from the Iberian Atlantic Margins project. Bathymetric contours are in meters. 

The Alpine cycle began in this area with Permo-Triassic 
rifting and basin development [Vegas and Banda, 1982; 
Martœnez-Garcœa, 1983]. A later extensional phase from Late 
Jurassic until Early Cretaceous times related to the opening of 
the Atlantic, was followed by active seafloor spreading in the 
centre of the Bay of Biscay until Late Cretaceous [Le Pichon et 
al.. 1971; Kristoffkrsen. 1978; Williams. 1975; Montadert eta!.. 
1979; Masson and Miles, 1984; Boillot and Malod. 1988; 
Verhoef and Srivastava, 1989; Sibuet and Collette, 1991]. 

In Late Cretaceous-Tertiary times the change of relative 
motion between Eurasia and Iberia led to the partial closure of 
the Bay of Biscay and the tectonic inversion of the sedimentary 
basins. In the east, this episode of convergence resulted in the 
formation of the Pyrenean collisional belt at the edge of the 
Iberian and European plates. To the west, it resulted in a change 
of the nature and position of the Iberia-Europe plate boundary 
with a jump from the spreading center of the Bay of Biscay to 
the North Spanish Trough [Schouten et al., 1984; Srivastava et 
al.. 1990; Roest and Srivastava, 1991]. This trough appears as a 
buried marginal trench situated at the bottom of the continental 
slope and outlined by a prominent gravity low [Sibuet and Le 
Pichon. 1971; Lalaut et al.. 1981]. It has been interpreted as a 
tectonic accretionary prism resulting from a moderate southward 
Tertiary subduction at the Cantabrian margin of the Bay of 
Biscay [Boillot et al., 1979; Grimaud et al., 1982; 
Derdgnaucourt and Boillot. 1982; Boillot and Malod, 1988; 
Alvarez-Marrdn et al., 1997]. 

On land, the effect of Cenozoic shortening of the Cantabrian 
margin was the formation of the Cantabrian Mountains as a 
linear range extending E-W along the north Spanish coast, with 
main summits ranging between 1800 and 2600 m in height. The 
amount of N-S Alpine shortening estimated for the development 
of the Cantabrian Mountains uplift is at least of 25 km [Alonso et 
al.. 1996], whereas in the central Pyrenees it has been evaluated 
between 100 and 150 km considering either kinematic plate 
tectonic models [Roest and Srivastava, 1991; Olivet, 1996] or 
geological cross sections [Muhoz, 1992; Vergds et al., 1995]. 

The E-W ESCIN-1 seismic reflection profile (Figure 1), on 
the Variscan Iberian massif, has provided a good image of the 
thin-skinned tectonics in the east and the transition to the thick- 
skinned style of deformation in the western part of the massif, as 
well as images of the basal detachment of the Cantabrian Zone 
and other minor faults [Pdrez-Esta•h• et al.. 1994; Gallastegui et 
al.. 1997]. The N-S profile ESCIN-2 has shown an important, 
gradual northward deepening of the crustal structures, fi'om the 
Duero basin to the Picos de Europa unit [Pulgar et al., 1996]. 
The marine transects ESCIN-3 and -4, which were also recorded 
at far offsets on land stations, have imaged the strong 
sedimentary sequence that form an accretionary prism of ,-,40 
km of extension, resulting from the Alpine inversion of 
extensional structures, as well as a moderate northward crustal 
thinning along the continental platform [Alvarez-MarrSn et al., 
1996, 1997; Pulgar et al.. 1996; FernrJndez-Viejo, 1997; Ayarza 
et al.. 1998, FerncJndez-Viejo et al., 1998]. 
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3. Field Experiment: Data Acquisition 
and Interpretation Procedure 

A seismic reft'action/wide-angle reflection experiment on 
land was cart'led out in the fall of 1992 in the NW Iberian 
Peninsula, east of Galicia up to the Cantabrian Mountains 
(Figure 1). Main features of the experiment can be described as 
follows: 

1. Seven land shots of up to 1500-kg explosives each were 
recorded by 170 portable stations (150 SGR instruments from 
U.S. Geological Survey (USGS) and 20 digital ones from 
Spanish institutions), simultaneously deployed for each shot 
along the two profiles having that shotpoint in common, at a 
station spacing of 2-2.5 km. 

2. A main profile 400 km long (profile 1) ran E-W through 
the Variscan belt of northern Spain from the external parts to the 
hinterland zone. 

3. Four 200-km-long lines (profiles 2 to 5), roughly in N-S 
directions crossing profile 1 sampled the deep structure of the 
transition between the Cantabrian Mountains and the southern 
Duero foreland basin. 

The data collected have been processed following the usual 
schemes in refraction seismics and plotted in reduced sections, 
either with normalized or true amplitudes, and at several scales, 
to ensure reliability in phase identification and travel time 
picking, after appropriate filtering (usually 3-15 Hz band pass). 

The interpretation of data to determine the P wave velocity- 
depth distribution has been accomplished by an iterative 
combination of forward modeling (travel times and amplitudes) 
and travel time inversion [Zelt and Ellis, 1988; Zelt and Smith, 
1992]. Geological and geophysical constraints, where available, 
have also been included in the modeling. 

Travel time data were inverted to solve simultaneously for 
boundary depths and velocity nodes within one or more layers. 
The relative amplitudes of the phases used in the inversion were 
compared with the observed ones and, where necessary, velocity 
gradients or velocity contrasts between layers were fitted by 
forward modeling. We estimated both the spatial resolution of a 
model about a given velocity or boundary node and the absolute 
uncertainty of specific parameters following the procedure of 
Zeh and Smith [1992]. In general, resolution is higher in the 
upper and middle crust, whereas it decreases in the lower crust 
and at Moho depth. The uncertainty is vice-versa. Representative 

error values of + 0.1-0.15 km/s for velocities and + 1-2 km for 

depths are obtained for nodes in the central part of the models 
where ray coverage was greater. Since amplitude fitting imposed 
additional constraints in forward modeling, the errors might in 
some cases be less than those reported. 

4. Data Description and Interpretation 

Several reft'acted and reflected seismic phases have been 
identified and interpreted in practically all the profiles. The 
phases named Ps, Pg, and Pn CraTespond to energy refracted 
through the near-surface material, the upper crust, and the upper 
mantle, respectively. PiP, PcP. and Prop denote reflections from 
upper middle crust, middle lower crust, and crust-mantle 
boundaries, respectively. Additional wide-angle reflections 
identified in some sections, labeled P*, are reflected in the basal 
detachment of the Cantabrian Zone (BDCZ). 

4.1.E-W Transect Along the Cantabrian Mountains: Profile 1 

The 400-km-long profile 1 crosses the Variscan belt of NW 
Spain from the hinterland areas in the west to the foreland in the 
east, sampling also the Basque-Cantabrian Tertiary basin in the 
easternmost few kilometers (Figure 1). Data from two shots, B 
and C at the middle and western end of the profile, have been 
analyzed. A third shot, A, at the eastern end, could not be 
recorded due to an unknown failure in the triggering system of 
SGR stations. 

For the interpretation of this line we have also considered the 
surface geology and the results of the 120-km-long multichannel 
profile ESCIN-1 [P•rez-Estat•n et al., 1994; Gallastegui et al., 
1997], which runs parallel to and near the line and has imaged 
structures at midcrustal levels such as the BDCZ that we have 

investigated in our velocity-depth model. 
One of the most outstanding results of the experiment can be 

illustrated by the recordings of shot B in the middle part of the 
line (Figure 2). Along the complete section, dominant energy 
from the bottom of the crust is seen in both directions at large 
distances. However, after critical distances these Prop phases 
appear at the stations in the eastern segment about 2.5 s (reduced 
time) later than at those in the western part, documenting the 
presence of important lateral variations, of >10 km in crustal 
thickness along this transect. 
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Figure 2. Shot B recorded along E-W profile 1. Record section shown with Vr= 6 km/s and a 3-15 Hz band 
pass filter. Note that reflected arrivals interpreted as Prop an'ive about 2 s later in the east than in the westward 
segment. 
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Figure 3. Shot C recorded toward the east along profile l. (top) Data as a record section with V/'= 6 km/s and a 
3-15 Hz band pass filter. Phases labeled Ps, Pg, and Pn are reft'actions at the sediments, basement, and upper 
mantle, respectively. Phases PiP, Prop are reflections at the discontinuities upper middle crust and lowel' crust 
mantle. The phase P* is interpreted as a reflection at the BDCZ (see text), which prevents in this case the 
correlation of a PcP reflection at the middle lower crust discontinuity. (bottom) Synthetics fi'om the final velocity- 
depth model (see Plate 1). 

4.1.1. The Variscan crust: Segment C-B. Figure 3 shows 
the data fi'om shot C recorded to the east for 200 kin. The Ps 

waves traveling through the superficial layer have a high velocity, 
around 5 km/s, associated with slightly metamorphosed rocks that 
crop out in this zone [Bastidct et al., 1986]. The short crossover 
distance and delay time of the Pg reft'action in the basement 
indicates a thin surface layel' in this area. Pg appears as first 
an'ival between 8 and 40 km distances with an apparent velocity 
of ~5.7 km/s and shows a decrease in velocity and amplitude 
between 40 and 80 km. To fit this change, lateral variations in 
velocity and depth in the uppermost part of the model and 
layering in the upper crust have been considered. 

PiP is the first reflected phase con'elated after 50 km 
distance and visible up to 110-120 km and is associated to an 
upper to middle crust boundary. A later weak phase P* can be 
observed between 90 and 150 km distance, the interpretation of 
which is not straightforward. If it is attributed to a reflection 
from the top of the lower crust, this lacks consistency with the 
con'esponding PeP phases defined more clearly on the reversed 
section and on profiles 3 and 4. Consistent models for these 

profiles are achieved if the P* phase is interpreted as a reflection 
on a west-dipping discontinuity in the middle crust that can be 
associated to the B DCZ well expressed on the vertical section 
ESCIN-1 [Pdrez-Estrt•hz et al.. 1994]. Prop is the most energetic 
phase present in the section fi'om 60 km distance to the end of 
the profile. The Pn refraction in the upper mantle appears as first 
arrival after 140 km distances but has very weak amplitudes. 
Modeling of this phase together with the Pn fi'om the reversed 
shot B indicates a velocity of 8.1 km/s for the uppermost mantle, 
with a slight vertical velocity gradient. 

Figure 4 shows the reverse section, from shot B to the west. 
The Ps phase travels through the superficial layers of the 
Cantabrian zone and displays a velocity lower than that for shot 
C. They are weathered layers of Paleozoic rocks outcropping in 
the Asturian Central Coal basin, mainly shales and sandstones, 
with an associated apparent velocity ~4 km/s. At short distances 
the Pg phase has apparent velocities around 5 km/s, increasing 
gradually up to values of 6 km/s which are observed for 
distances between 50 and 90 km. 

Behind the Pg arrivals, up to four reflected phases can be 
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Figure 4. Shot B recorded westward along profile 1. Seismic phases labeled as in Figure 3. The synthetics are 
fi'om the velocity-depth model of Plate 1. 

identified. The PiP phase reflected at the base of the upper crust east, shallowing in the upper crust with a dip angle lower than in 
has dominant energy between 30 and 50 km distances and can be the west segment, in agreement with geological cross sections 
correlated up to 100 km. The P* reflected phase at the BDCZ is [P•rez-Estatln et al., 1988; 1991] and with the reflection profile 
well expressed around 80-100 km, and the PcP at the top of the ESCIN-1 [Pdrez-Estatln et al., 1994; Gallastegui et al., 1997]. A 
lower crust appears between i20 and 160 km, within a zone of rather weak PcP reflection on top of the lower crust, more 
disperse energy arrivals. The reflection at the base of the crust, conspicuous at the end of the section, has been correlated 
ProP, is the most energetic phase after 80 km distance, and in the between 120 and 190 km. 
last kilometers of the section, interference with PcP makes up an The Prop phase shows in this part of the E-W transect a very 
image with a wide time interval of larger amplitudes. The Moho remarkable feature, providing the first geophysical evidence for 
is constrained also by the Pn phase, visible as first arrivals of a crustal thickening beneath the main summits of the Cantabrian 
weak amplitudes after 130 km distance with an apparent velocity Mountains at the Picos de Europa unit [Gallart et al., 1994]. This 
of 8.1 km/s. phase, well expressed in the section, is correlated at reduced 

4.1.2. The Alpine signature: Segment B-A. In the record times clearly in excess of the other profiles, i.e., 7 s at 80 km 
section of shot B to the east (Figure 5), Ps arrivals indicate an distances, or 3 s at 160 km. As mentioned before, this is at least 
average velocity of 4 km/s, similar to that measured to the west, 2 s later than for the same shot to the west. Such a delay is 
with some local time variations related to the sediment thickness explained in a model where the crust reaches 45 km depth in the 
beneath the stations. The Pg refracted energy in the basement eastern segment of the profile (see section 4.1.3). Since the PcP 
shows up in two branches, one between 20 and 40 km of velocity phase from this shot is observed at about the same time as 
around 5.5 km/s and the second one between 40 and 100 km, elsewhere, the increase in crustal thickness occurs by that of 
with a 6 km/s velocity and amplitudes decreasing with distance. lower crustal material. The Pn phase is absent in this segment 
The reflection PiP on top of the middle crust is defined between because of the insufficient recording offset for such a crustal 
40 and 110 km and shortly behind this phase, another reflection, thickness. 
P*, is correlated between 80 and 140 km. It is modeled as 4.1.3. Velocity-depth model: Features and implications. 
coming from an horizon with a velocity contrast of about 0.15 The final velocity-depth model for profile 1 is shown in Plate 1, 
km/s that corresponds to the prolongation of the BDCZ to the with indications of some velocity values at specific nodes. The 
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Figure 5. Shot B recorded castward along profile 1. Seismic phases labeled as in Figure 3. The synthetics are 
fi'om the velocity-depth model of Fig. 6. 

ray coverage and fitting of the picked phases is shown in Figure 
6, to illustrate where the model is best constrained. 

The surface layers are well resolved in the segments close to 
the shot points B and C, and their velocities are around 4 and 5 
km/s, respectively. The higher velocities to the west are in 
agreement with the higher metamorphic grade observed at the 
surface, although given the small thickness of the layers, these 
velocities could also simply be associated with the values on the 
weathered layer of the uppermost Paleozoic rocks. At the eastern 
end of the line the Mesozoic and Tertiary sediments of the 
Basque-Cantabrian basin are only sampled in an indirect way by 
the wide-angle reflections of shot B-east, and velocities of 3-3.5 

is more homogeneous, with subhorizontal limits and velocities of 
6.2-6.3 km/s fi'om 12 to 22 km depth. The lower crust is ~8 km 
thick and velocities range between 6.6 and 6.9 km/s. At the 
western end of the line the model agrees with the structure found 
in the most internal parts of the Iberian Massif, in Galicia 
[C(5/'dob{/et al., 1987, 1988; Tdllez et c/l., 1993] and is typical of 
the Variscan crust [Bcm&/. 1988]. 

To the east, the main feature within the middle crust is the 
basal detachment of the Cantabrian Zone that has been identified 

by P* reflections at 15 km depth in the central part of the 
external zones, deepening to 18 km in the transition to the 
hinterland and reaching the lower crust at 22 km depth. Below 

km/s down to 6-7 km depth have been assumed according to the detachment, another subhorizontal horizon marks the top of 
other geological and geophysical informations. the lower crust, where the velocities are higher than 6.6 km/s. 

The seismic basement displays lateral and vertical variations The deeper part of the crust in the eastern segment, below the 
of velocity and gradient that correspond to the structural style BDCZ, should be the pre-Paleozoic basement of the Iberian 
and heterogeneities of the rocks from each geological zone Massif, although Alpine deformation and thickening as shown by 
sampled. Basement velocities around 5.7 km/s and a moderate the model probably modified the theological and geophysical 
vertical gradient are interpreted in the first 3-5 km of upper properties of that material. Velocities of 6.6-6.8 km/s down to 
crust, and values of 6 km/s are found beneath. more than 40 km depth in this part of the thickened lower crust 

The crust has a total thickness of 30-32 km and appears to seem to be rather low for basement rocks of that age. They could 
consist of three main layers in the western part of the model that be explained by considering rifting and convergence episodes 
correspond to the Variscan internal zones. The upper crust is that took place during the Alpine orogeny in this part of the 
heterogeneous, with various changes of velocities and gradients. Iberian Peninsula. These processes weakened the crust, making it 
Average velocities to 12 km depth are ~6 km/s. The middle crust more susceptible for deformation and hence losing its original 
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Figure 6. Ray tracing for shots (b) C and (a) B along profile 1 and fitting between observed and calculated 
travel times (dotted and solid lines, respectively). 
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km/s. Intersection with profiles 1 and 3 is marked (see Figure 1 for location). 
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Figure 7. Seismic horizons defined by the velocity-depth model of profile 1 (Plate 1), transformed into a TWT 
section covering the area of ESCIN-1 profile and superimposed on the unmigrated line drawing interpreted fi'om 
this reflection profile [Pdrez-Esta•1n et al., 1994]. Note the general agreement between upper middle crustal 
reflections, particularly those at 5-6 s TWT associated with the BDCZ, and the discrepancy at Moho level in the 
wes tern part. 

character. A higher viscosity because of heating or intermingling 
of felsic and mafic material could be associated to these 
relatively low velocities in the deepest part of the thickened 
crust, which are the same values obtained for the normal 
Variscan lower crust at 30 km depth in the western segment. 
Modeling of Pn anSvals and Prop amplitudes at critical distances 
lead to average velocities of 8.1 km/s in the uppermost mantle 
along the E-W transect. 

The velocity-depth horizons of our model can be transformed 
into two-way travel time (TWT) horizons in order to compare 
them with the vertical reflectivity imaged by the ESCIN-1 
profile [Pdrez-E, rtal•n et al.. 1994]. Although such a comparison 
must be cautious with respect to dipping horizons as the 
published sections are unmigrated, some relevant features can be 
pointed out (Figure 7). A remarkable coincidence is observed in 
the image of the BDCZ reflector. The wide-angle Moho lies 
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Figure 8. Seismic horizons defined by the velocity-depth model of profile 5 [Pulgar et al.. 1996], transformed 
into a TWT section covering the area of ESCIN-2 profile and superimposed on the vertical reflection section 
[Pulgar et al., 1996]. Note the good agreement between the wide-angle and near-vertical Moho reflections, both 
deepening northward. 



3010 FERNANDEZ-VIEJO ET AL.: CRUSTAL STRUCTURE OF CANTABRIAN MOUNT,MNS 
, 

-2 
7O 

ß 

-150 -130 -110 -90 -70 -50 -30 -10 10 

- 170 - 150 - 130 - 110 -90 - 70 -50 -30 - 10 10 

DISTANCE (kin) 
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around 10 s TWT in the hinterland part and deepens to the east to 
>12 s TWT in the easternmost part of the Cantabrian zone 
sampled by both profiles, in agreement with the vertical 
reflectivity image [Pdrez-Estat•n et al., 1994]. However, in the 
western segment (Variscan crust) the wide-angle Moho at 10 s 
TWT does not match with the bottom of the reflective crust, 
which reaches 12 s TWT. A similar discrepancy has been 
observed in the marine profile along the continental platform 
north of ESCIN-1, the profile ESCIN-3, when compm'ing the 
results fi'om the vertical section and the wide-angle recordings 
on land [Aya/7a et at., 1998]. It has been interpreted as a crustal 
duplication either remnant of a Paleozoic root or resulting from 
an Alpine underthrusting of the lower continental crust [Aya/7a 
et at.. 1998]. On the other hand, if a similar comparison of time 
sections is performed for a N-S transect in the Alpine-influenced 
area, between the ESCIN-2 vertical profile [Pulgar et al., 1996] 
and the refraction profile 5 of our experiment interpreted already 
by Putgat et al. [1996], the composite image (Figure 8) shows a 
very good agreement for the vertical and wide-angle Mohos, 
both deepening northward from 12 s TWT to 14 s TWT along 
that 50-km-long transect. 

4.2. Transition to the Foreland Duero Basin 

Profiles 2 to 5 sample the transition from the Cantabrian 
Mountains to its southern foreland, the Duero basin. The 

interpretation of profile 5, located in the central part (the most 
thickened crust) and coincident with the land reflection profile 
ESCIN-2 and with the onshore wide-angle sampling of the 
marine ESCIN-4 line, has ah'eady been presented by Putgat et 
al. [1996]. Here we investigate the peculiarities of this transition 
on the eastern and western parts from the analysis of profiles 2, 
3, and 4. 

4.2.1. Western part: Profiles 4 and 3. Profile 4 runs N-S, 
crosses profile 1 at its northern edge and samples the western 
end of the Duero basin in the southern half of the line (Figure 1). 
Reverse coverage is achieved from shot E in the north, 
coincident with shot B of profile 1, and shot D in the south. 

Figure 9 shows the record section from shot E. Seismic 
phases Ps, Pg, PiP, P*, PeP, ProP, and Pn have been con'elated 
and interpreted in an analogous way to that described for profile 
1. The Pg phase along the Cantabrian Zone has a similar pattern 
that from shot B but shows a sharp delay of 0.3 s at 65 km 
distance where profile 4 enters the Duero basin. Shot E has also 
been recorded to the north for 30 km, through the Oviedo-Gijon 
Mesozoic-Tertiary basin up to the coast, and the Pg arrivals 
appear delayed accordingly. An intracrustal reflection labeled 
PiP is observed shortly after Pg and is fitted in the forward 
modeling by a reflection on top of a 6.0 km/s layer at 10 km 
depth. Midcrustal velocities of 6.2-6.3 km/s are only reached 
beneath 15 km depth, and the corresponding reflections fit the 
observations labeled P* in Figure 9, which can be associated to 
the prolongation southward of the BDCZ. 
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Figure 10. Shot D recorded northward along profile 4. Seismic phases labeled as in Figure 3. The synthetics are 
fi'om the velocity-depth model of Plate 2. 

Specific features to be mentioned on the record section from 
reverse shot D (Figure 10) are the strong delay of >1 s reduced 
time observed at short distances, indicative of the presence of 
low velocities in the sediments near the shot point, and the 
progressive delay in an'ivals of Pg and later phases after 30 km 
distance, due to a northward increasing thickness of the Duero 
Tertiary sediments. Three main crustal horizons are well defined 
from the corresponding wide-angle reflections observed, PiP, 
PcP, and ProP. 

The ray coverage and fitting of the observed phases for 
profile 4 are shown in Figure 11. In the velocity model obtained 
(Plate 2), the sediments of the Duero basin have velocities 
increasing from 2.9 km/s at the surface to 3.5 km/s at the contact 
with the Paleozoic basement. In the segment of the Cantabrian 
Zone, velocities agree with the ones found in profile 1 for this 
type of rocks. Upper crustal velocities around 6 km/s are found 
here down to 15 km depth, reaching almost 20 km in the 
northern part of the profile. In the contact area between the 
Duero basin and the Cantabrian zone the velocities at 6-7 km 

depth are slightly higher than in the rest of the upper crust, and 
this result could be related to the magnetic anomaly observed in 
the Cantabrian Zone [Aller et al., 1994]. A homogeneous middle 
crust with velocities of 6.2-6.3 km/s is defined down to 25-27 

km depth. The lower crust has velocities increasing from 6.6 to 
6.9 km/s down to 31 km depth in the southern part, and its 
thickness increases to the north where the Moho is located at 38- 

40 km depth at the intersection with profile 1. The Moho 

deepening in the northern part of the model is poorly constrained 
by the ray coverage of this profile and has been mainly defined 
from the results of profile 1, profile 5, and ESCIN-2 [Pulgar et 
al., 1996]. 

Additional constraints on the transition between the western 

part of the Cantabrian Mountains and the Duero basin are 
provided by profile 3 recorded between shot points C and D 
(Figure 1). This line samples main Variscan structures at rather 
oblique angles, which may disturb some interpretational features 
at depth. As most of the seismic phases identified in the 
corresponding record sections from shots C and D are similar to 
the ones discussed from the same shots along profiles 1 and 4, 
respectively, the sections along profile 3 will not be detailed 
here. A few differences can be mentioned, such as the rather 
constant Pg velocity close to 6 km/s at short distances and, from 
shot C, high velocities of almost 6 km/s already defined near the 
surface. 

The velocity-depth model of profile 3 is shown in Plate 3. 
The Duero basin sediments have velocities of 3-3.5 km/s and a 

very moderate thickness along this line. At the northern edge, 
uppermost crustal velocities of 5.5 km/s in the first kilometer 
depth and 6 km/s below contrast with lower values interpreted 
along profile 1 around the same point C. This could be 
associated with some degree of seismic anisotropy in the 
uppermost rocks (schistosed clastics and slates), since in profile 
1 recordings are perpendicular to main direction of structures, 
while in profile 3 they are parallel to the direction of main 
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Figure 11. Ray tracing for shots D and E along profile 4 and fitting between observed and calculated travel times 
(dotted and solid lines, respectively). 

200 

cleavage. These high velocities could also be related to the 
magnetic anomaly found in eastern Galicia [Alter et at., 1994]. 
In the central part of the profile the middle crust (velocities of 
6.2 km/s) is already defined from 12 km depth, in contrast to 
profile 4. However, the different tectonic units defined along 
profile 3 and sampled in an oblique direction would cause lateral 
heterogeneities not appropriately resolved, and the model of 
Plate 3 represents simply an average velocity-depth distribution. 

4.2.2. Eastern part: Profile 2. This SW-NE line is located 
at the eastern edge of profile 1 and samples the Duero basin and 
its transition to the Basque-Cantabrian basin in the NE (Figure 
1). Owing to the failure of recording shot A the line is not 
reversed, and recordings are only available from shot F in the 
SW edge. The record section (Figure 12) has a high signal-to- 
noise ratio up to the end of the line. The low-velocity Tertiary 
sediments near the shot point are sampled by the 2.9 km/s Ps 
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Figure 12. Shot F recorded to the NE along profile 2. Seismic phases labeled as in Figure 3. Note that the 
con'elation of the Prop phase shows a time delay in the middle part of the profile. The synthetics are fi'om the 
velocity-depth model of Plate 4. 

phase. The refraction at the basement, Pg, is con'elated with a of the line. Farther NE toward the Basque-Cantabrian basin, the 
lateral variable apparent velocity. PiP is con'elated shortly after Moho displays more gradual depth variations, although it is 
Pg, and PcP is visible with low amplitudes between 110 and 130 loosely constrained due to the absence of reverse recordings. 
km distance. The bottom of the crust displays two relevant 

features' the presence of a highly energetic Pn phase in the upper 5. Conclusions and Discussion 
mantle and apparent lateral variations of the clear Prop 
reflection. The con'elation of this phase shows a delay in time at The seismic reft'action and wide-angle reflection data 
-120 km distance (two branches seem to appear for some interpreted here provide a first regional image of the seismic 
kilometers) which would con'espond to a localized deepening of velocity structure of the crust at the NW Iberian Peninsula, in the 
the Moho of-5 km. Cantabrian Mountains and the transition to its southern foreland, 

The velocity-depth model for profile 2 is shown in Plate 4. the Duero basin. The area exhibits three-dimensional 
Velocities in the Duero basin sediments range between 2.9 km/s heterogeneity resulting from its geological history through two 
at the surface and 3.5 km/s at the basement contact, in agreement orogenic cycles (Variscan and Alpine) that strike perpendicular 
with geological records and geophysical data [Santisteban et al., to each other. The discussion of the final models will be based 
1996]. Two levels with different velocity gradients are on the lateral structural variations evidenced and on the derived 
distinguished in the upper crust which extends to 15 km depth, as seismic signatures that can be associated to different episodes of 
interpreted also in profile 5 from the same shot [Pulgar et al., the kinematic evolution of NW Iberia. 
1996]. The middle crust with velocities of 6.2-6.3 km/s reaches 
depths of 22-25 km, and the lower crust involves velocities of 5.1. Sediments and Upper Crust 
6.7-6.8 km/s. The depth of the Moho changes significantly. 
Located at 31 km depth in the SW part of the profile, it is The Tertiary sediments of the Duero basin show velocities 
affected toward NE by a rapid deepening or local jump of about ranging from 2.9 to 3.5 km/s between the surface and the contact 
5 km at 40 km distance from shot point F, which could be related with the Paleozoic basement. The limit between the uplifted 
to the isostatic adjustment in response to the uplift of the Sierra Paleozoic basement of the Cantabrian Mountains and the Duero 
de la Demanda unit of the Celtiberian chain, located to the east basin is marked by a basement thrust, with a 15 ø dip and 22 km 
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Figure 13. Schematic cross section that summarizes the main deep results obtained from the set of seismic 
reft'action profiles in the northern Iberian Peninsula and illustrates the Alpine crustal thickening along the 
Cantabrian Mountains. The diagram shows the E-W transect (profile 1) and the transition to the southward 
Duero basin at the internal, Variscan, parts of the range along profile 3 (CIZ, Central Iberian Zone and WALZ, 
West Asturian-Leonese Zone) and at the external, Alpine, parts along profiles 4 and 5 (CZ, Cantabrian Zone, and 
BCB, Basque-Cantabrian Basin). Results for profile 5 (between shot points F and G) come from Pulgar et al. 
[1996]. The section of the unreversed profile 2 (between shot points F and A) is not included, to facilitate the 
display of main features from the other profiles. CM, Cantabrian Mountains; DB, Duero basin. 

of estimated total displacement [Alonso et al., 1996]. This 
basement thrust is not imaged as a discontinuity on the velocity 
models, but can be related to the northward deepening of the 
upper crust in profile 4, and the slightly lower velocities in this 
zone may correspond to the shear zone in the basement 
associated to this Alpine thrust. 

Outcropping Paleozoic rocks show velocities between 4 and 

hanging wall are composed of similar rocks, whereas in the case 
of the Variscan detachment the associated shortening and 
deformation were stronger so that the rocks in contact are quite 
different. The lower limit of this structure in the N-S profiles is 
not coincident with that in the E-W line, suggesting a different 
response of the detachment, whose shear zone could be 1-3 km 
thick as reported for similar detachments farther west [Aller and 

5 km/s, depending on the sampled zone. The whole upper crust is Bastida, 1993], depending on the sampling direction. 
characterized by velocities from 5.6 to 6 km/s. This level extends 
to 12 km depth in the west and to 15-20 km depth in the east, and 5.3. Lower Crust and Moho 
shows an internal layering. The uppermost level has velocities 
from 5.6 to 5.9 km/s, with a moderate vertical gradient and Velocities interpreted at the lower crustal level range 
lateral changes related to the different geological domains between 6.6 and 6.9 km/s in all the profiles. The main lateral 
crossed. Around 7 km depth, velocities stabilize around 6 km/s. variations concern its thickness: in the eastern part of the studied 

area, where the Alpine deformation was more important, the 
5.2. Middle Crust lower crust is almost 3 times thicker than in the westernmost 

part, where the Variscan structure seems to be well preserved. 
The middle crust is defined in the models as a relatively Such an important thickening of the lower crust has to be 

homogeneous layer with velocities around 6.2-6.3 km/s that related to the convergence processes between Europe and Iberia 
extends to 22-25 km depth and thickens to the north like the since Upper Cretaceous. Our seismic data, supported by gravity 
upper crust. These velocities suggest an intermediate data [Ferndndez-Viejo, 1997] indicate that in a N-S section 
composition of this level, with rocks in amphibolite facies across the central part of the Cantabrian Mountains [Pulgar et 
[Christensen and Mooney, 1995]. al., 1996; Fernandez-Viejo et al., 1998], the geometry of the 

The main structure interpreted at this level in the E-W profile crustal thickening is very similar to the one observed in the 
1 is the Variscan detachment BDCZ, which is associated to a real Etude Continentale par Reflexion et Refraction Sismique 
velocity discontinuity. In contrast, the Alpine detachment that (ECORS) profile across the central Pyrenees [Choukroune and 
uplifted the Cantabrian range over the Duero basin is not seen as ECORS Team, 1989; Daignibres et al., 1989]. Both structures are 
a real discontinuity but is expressed as a relative thickening of related in age and arise from a main process of sinking of the 
upper and middle crust northward. This difference can be lower crust and interwedging of the Iberian plate and the Biscay- 
explained considering that in the Alpine thrust the footwall and European domain during the Alpine shorte-ning. 
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At sea, north of the study region, AIvarez-MarrSn et aI. 
[1997] interpreted an accretionary prism beneath the North 
Iberian Trough from vertical reflection data (ESCIN-4 profile). 
They suggested that a slab of the oceanic crust of the Bay of 
Biscay was subducted southward, beneath the outer part of the 
continental shelf. Interpretation of the wide-angle data obtained 
by onshore recording of this marine profile led PuIgar et al. 
[1996] and Ferndndez-Viejo et at. [1998] to alternatively favor the 
existence of both a continental crust along the North Iberian 
Margin that thins gradually northward and an anomalous low- 
velocity upper mantle. The wide-angle structural results 
concerning the sea-land transition suggest some kind of 
underthrusting of the southern margin of the Bay of Biscay by the 
Iberian lower crust that lead to a higher strain in the platform 
crust and subsequent formation of a tectonic wedge in this zone. 
More reliable measurements of seismic velocities with OBS data 

will be necessary to establish the amount of underthrusting and 
the nature of the crust of the Bay of Biscay beneath its southern 
margin. 

In the hinterland part of the Cantabrian Mountains sampled 
by the present seismic profiles, the Moho discontinuity is found at 
30-32 km depth, coincident with results fi'om former profiles 
along the North Variscan Iberian massif [CSrdoba et al., 1988]. 
This "Variscan" Moho deepens gradually eastward and reaches 
47 km depth below the main Cantabrian summits, where the 
Alpine deformation has been stronger. This crustal thickness 
seem to be continued for some 100 km eastward, although the 
deep structure toward the Pyrenees along the Basque-Cantabrian 
basin needs further seismic constraints. 

The crustal structure revealed by this network of 
refraction/wide angle reflection seismic profiles in the northern 
Iberian Peninsula is summarized in the cross section of Figure 
13. The western part of the Cantabrian Mountains, toward the 
Variscan hinterland zones, and the Duero basin below the 
sediments show a crustal structure similar to that of the Variscan 

belt around western Europe, with three levels (upper, middle, 
and lower crust) well differentiated. Significant lateral variations 
appear eastward, in the external zones. At upper midcrustal 
levels, they are related to the different lithological and tectonic 
domains sampled by the seismic profiles. At the lower crustal 
level the most relevant result is the Alpine thickening of the 
Variscan crust in the eastern part of the Cantabrian Zone, related 
to the indentation of the lower crust previously detached with the 
crust of the Cantabrian continental platform. This geometry is 
similar to that found across the central Pyrenees fi'om the 
ECORS seismic profile. The uniqueness of the Cantabrian result 
is that such an image is usually seen in places where a continent- 
continent collision stage has been reached, whereas in the 
Cantabrian Mountains the collision is acting in a similar way 
between a continent and a small continental platform segment. 
Additional geological and geophysical support is needed on a 
regional scale to constrain the formation and stability of the 
present crustal root, limited in N-S extension but prominent at 
depth with respect to the Mountain range above it, and its 
continuation in the lower lithosphere farther north. 
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