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Abstract: In the northern Iberian Peninsula, a N-S lithospheric transect along the Cantabrian Mountains and the continental
margin can be constrained not only from the seismic images of the vertical reflection ESCI-N profiles but also from the
analysis of complementary large-aperture reflection data. The seismic velocities interpreted from a refraction profile in the
land segment confirm a Variscan-type crust beneath the Duero basin, which has been reworked and thickened in the Canta-
brian Mountains as a result of the Alpine tectonics. Forward modelling of high-quality wide-angle reflections, obtained by
piggy-back recording onland the ESCI-N4 marine shots on 7 stations in a N-S line, indicates the existence of two different
Moho levels. The deeper one is an “Iberian Moho™ located in the sampled segment inland, strongly deepening northwards
and defined up to the coast where it reaches about 60 km depth. A much shallower “Cantabrian margin Moho” is found in
the marine segment, at depths ranging from 30 km beneath the coast to 22 km at the continental slope. The extend and loca-
tion of this Moho is confirmed in a large-offset stacked section, obtained by multichannel processing of the wide-angle data.
However, this technique cannot properly image the deeper Moho inland. The N-S seismic section that is built up by combi-
ning the different ESCI-N data sets suggests a wedge-type pattern of crustal subduction northwards, similar to the image gi-
ven by the ECORS Pyrenees profile. :

Keywords: ESCI profiles, Cantabrian Mountains-Cantabrian Margin transition, wide-angle seismics, multichannel proces-
sing, unified seismic section, crustal root.

Resumen: En el margen norte de la Penfnsula Ibérica es posible completar una transecta litosférica N-S, a través de la cor-
dillera Cantdbrica y el margen Cantdbrico, a partir de las imdgenes sismicas de los perfiles ESCI-N de reflexién vertical, asi
como del andlisis de los datos complementarios de reflexién de gran dngulo. Las velocidades sismicas deducidas de la inter-
pretacién de un perfil de refraccién en el segmento terrestre de la transecta confirman la existencia de una corteza de tipo
varisco bajo la cuenca del Duero. Esta corteza ha sido retrabajada y engrosada en los montes Cantdbricos como consecuen-
cia de la tecténica alpina. Por otra parte, se dispone de datos de reflexiones de gran 4ngulo, con una alta calidad y densidad
de informacidn, a partir de los disparos con cafiones de aire del perfil marino ESCI-N4 registrados en tierra, en 7 estaciones
dispuestas segtin una Ifnea N-S hasta unos 60 km al sur de la lfnea de costa. La modelizacién por métodos directos (trazado
de rayos y sintéticos) de estos datos de gran 4ngulo indica la existencia de dos niveles distintos para la base de la corteza
(Moho). El més profundo es un “Moho ibérico”, detectado bajo el segmento terrestre muestreado y presentando un fuerte
buzamiento hacia el norte hasta la lfnea de costa, donde se sitia a unos 60 km de profundidad. A 1o largo del segmento ma-
rino se pone de relieve un “Moho cantdbrico” mucho mds superficial, a profundidades que varfan entre 30 km bajo la costa
y 22 km en el talud continental. La localizacién y extensién de este segundo Moho queda confirmada en una seccién
(“stack”) de gran apertura, obtenida mediante un procesado multicanal de las reflexiones de gran dngulo. En cambio, la geo-
metria de registro no permite controlar con esta técnica el Moho mds profundo en tierra. Finalmente, se ha elaborado una
seccién sismica completa combinando las diferentes imégenes proporcionadas por los datos ESCI-N de reflexién vertical y
de gran dngulo. Esta transecta N-S sugiere una subduccién cortical hacia el norte, con una imagen de imbricacién en forma
de cufia similar a la obtenida en el perfil ECORS Pirineos.

Palabras clave: perfiles ESCI, transicién cordillera Cantébrica-margen Cantdbrico, sismica de gran dngulo, procesado mul-
ticanal, seccién sfsmica unificada, raiz cortical.

Gallart, J., Ferndndez-Viejo, G., Dfaz, 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. Rev. Soc. Geol. Espaiia, 8 (4), 1995:
365-382.

The ESCI-North project (ESCI-N) involved the ac-
quisition of a number of vertical reflection deep seismic
profiles on land and at sea (Fig. 1). These profiles docu-
ment the main crustal features of relevant tectonic do-
mains in the NW Iberian Peninsula, concerning the Can-
tabrian Mountains and its margins.The 140 km-long E-

W land profile ESCI-N1 was implemented in the exter-
nal zones of the Variscan orogenic belt in NW Spain
(Pérez-Estatin et al., 1994). The hinterland areas of this
orogen were sampled by the marine profile ESCI-N3 that
consisted of 3 segments totalling 380 km off the north
coast of Galicia and Asturias (Alvarez—Marrén et al., in
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Figure 1.- Geological scheme of the northwestern Iberian Peninsula and continental margin showing the deep vertical reflection profiles recorded in

the ESCI-N project.

press). The deep structure of the transition between the
Duero basin and the Cantabrian Mountains was imaged
by the 65 km-long N-S profile ESCI-N2. Finally, the
structural features related to the ocean-continent transi-
tion in the southern part of the Bay of Biscay were inves-
tigated by the 145 km-long N-S profile ESCI-N4 offsho-
re Asturias (Alvarez-Marrén et al., this vol.). The geolo-
gical framework and tectonic evolution of the areas rela-
ted to the ESCI-N profiles are discussed in the different
papers of this volume dealing with those profiles (Pérez-
Estatin et al., this vol.; Alvarez-Marrén et al., this vol.;
Martinez-Catalédn et al., this vol.), and will not be detai-
led here.

The profiles ESCI-N2 and ESCI-N4 were intended to
delineate a N-S lithospheric transect across the Canta-
brian Mountains and their northern and southern mar-
gins, in the area where the Alpine tectonics had produced
the main surface uplifts in the Variscan crust. However,
the geometry and lateral evolution of the deep structure
from the Cantabrian Mountains to the North Iberian mar-
gin are not well constrained by the available near-vertical
reflection data. The seismic images provided by the two
profiles suffer from: i) a lateral shift of about 40 km bet-
ween both lines, ii) a 35 km-long N-S gap in the seismic
sampling, and iii) a significant lack of continuity of the
main features observed at depth in both profiles. On
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land, the Moho at the northern end of profile ESCI-N2,
about 30 km away from the shoreline, can be defined on
the stacked section at 15 s TWT, and all the lower crustal
reflectivity exhibits a general deepening northwards. At
sea, evidences of a Moho around 10 s TWT can be found
in the ESCI-N4 profile along a 20 km-short segment, and
the deep reflectivity vanishes towards the continental
slope.

In this context, the structural constraints that could be
further provided by large-aperture recording devices ap-
pear as of most relevance, and are investigated in this pa-
per.

Wide-angle data

Two sets of wide-angle seismic data can be conside-
red to constrain a N-S crustal transect across the Canta-
brian Mountains and their margins (Fig. 2). On one hand,
the vertical profile ESCI-N2 is approximately coincident
with a segment of a 200 km-long reversed refraction pro-
file performed in a complementary project focused in
providing regional information on velocity-depth distri-
bution along the Cantabrian Mountains and Duero fore-
land basin (Gallart et al., 1994). Moreover, the air-gun
shots along the marine profile ESCI-N4 had also been re-
corded at wide-angle distances in land, by means of 7
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Figure 2.- Large-aperture seismic data used in this work: refraction profile 5 (shots F and G) and piggy-back recording on land (stations 20 to 26)

the air-gun shots of profile ESCI-N4.

portable stations deployed in a N-S line at a 10 km sta-
tion spacing.

The wide-angle data provided by the ESCI-N4 profile
have been analysed by two different methodologies: clas-
sical velocity-depth forward modelling, and multichannel
processing leading to a large-aperture stacked section. In
the following, both approaches will be developed, as well
as a comparison of the corresponding results with the ne-

ar-vertical images, and a discussion of the overall seismic
constraints for the N-S structural transect.

Velocity-depth forward modelling
The N-S refraction profile on land

Within a general reconnaissance by refraction profi-
ling of the external zones of the Variscan chain in NW

Rev. Soc. Geol. Espaiia, 8 (4), 1995
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Spain, profile 5 was recorded in a N-S direction, parallel
to reflection profile ESCI-N2 (Fig. 2) and samples the
highest elevations of the Cantabrian Mountains and the
transition to the foreland Duero basin. Two shots, named
F and G, of 1500 kg dynamite each where fired at both
ends of the 200 km-long profile and recorded by 80 por-
table stations spaced 2.5 km. The main seismic phases
observed in the record-sections have been interpreted in
a classical forward modelling procedure (Zelt & Smith,
1992) which may include inversion for parts of the mo-
del with adequate coverage.

A detailed presentation of the data from shots F and G,
as well as correlation and interpretation of phases is given
in Pulgar et al. (in press). The velocity-depth final model
obtained for this profile is shown in Fig. 3. The velocity
profile corresponds to a Variscan crust characterised by
upper, middle and lower levels. The uppermost velocities
decrease from more than 5 km/s in the Palaeozoic rocks of
the Cantabrian zone down to values of 2.2 km/s in the
Tertiary sediments of the Duero basin. The basement and
middle crust are characterised along the profile by homo-
geneous velocities of 5.9-6.0 km/s and 6.2-6.3 km/s res-
pectively. The lower crust presents higher lateral changes
in velocity and thickness, and is particularly affected by an
important crustal thickening beneath the Cantabrian
Mountains. Velocities in the upper mantle seem also to be
affected by lateral N-S variations, although direct control
from Pn waves is available only for shot F.

At the southern end of the profile the Moho is located
at 31 km depth, and shows a moderate deepening along
the Duero basin. Depths of 35 km are obtained at the
transition to the Cantabrian Mountains, and towards the
North the deepening is more acute, but constrained only
for a 20 km-long segment. This crust-mantle boundary is
consistent with the seismic image provided by the verti-
cal reflection profile ESCI-N2.

The onshore-offshore wide-angle recordings: description
and modelling

The piggy-back recording on land stations of the air-
gun shots of the ESCI-N4 marine profile provide 7 high-
density receiver gathers (trace spacing of 75 m, station
spacing 10 km) that sample the transition from the Can-
tabrian Mountains to the Cantabrian margin at longitude
5° 5° W. All the seismic phases identified in the 7 sta-
tions (numbered 20 to 26 from N to S) have been consi-
dered and fitted in the forward modelling analysis. Most
relevant features of the data can be illustrated in the re-
cord-sections of stations 21 and 25 (Figs. 4 and 5). One
trace out of three is shown for display purposes. Correla-
tion of seismic phases and travel-time picking has been
performed on large-scale full traces record-sections co-
rrected for bathymetry, to minimise perturbations related
to strong time-delays and diffractions at the hinge of the
continental slope (the water layer increases from 900 m
to 4600 m in 15 km distance). However, the final velo-
city-depth model and the fitting with the observations
(see Figs. 4, 5, 7 and 8) will be shown considering the
presence of the water layer.

Correlation of first arrivals up to offsets of 30 km in
station 21 results in different branches interpreted as re-
fracted within Mesozoic and Cenozoic sedimentary ba-
sins located at the Cantabrian platform, the velocity of
which range from 4.5 to 5.7 km/s. Arrivals from shots
located at offsets beyond 45 km in station 21 show, for
all stations, increasing delays up to 1 s, attributed to sedi-
mentary basins of 5-6 km thickness and 3.0 km/s velo-
city, located beyond 20 km seawards. Beyond the conti-
nental slope, a sedimentary sequence down to 10 km
depth has been included according to results of ESCI-N4
profile (Alvarez-Marrén et al., this vol.).

The basement, at about 5 km depth, is characterised
by a velocity of 6.0 km/s. Although the correlation of Pg
refracted phases is perturbed by the lateral variation of
the uppermost layers up to the continental slope, the up-
per crustal features of the model have been constrained
also by inversion, as this is the most densely sampled
part of the profile.

Reflected energy arrivals are observed in all the re-
cord sections. However, the ringing character of the sig-
nal difficults the identification of successive arrivals, and
local amplitude variations observed systematically in so-
me traces may be due to differences in energy transmis-
sion across the sea-bottom. In practice, two intracrustal
reflected phases PiP and PcP, delineating the middle and
lower crust, and the most energetic PmP Moho-reflection
have been identified in the first half of the record-sec-
tions. The middle crust is characterised in the model by
velocities of 6.2-6.3 km/s, is located at 15 km depth in
the South and shallows up to 7-8 km depth in the slope.
Beyond this, crustal materials with high velocities about
7.2-7.3 km/s directly underlay the sediments in the mo-
del. The top of the lower crust is located at 23 km depth
in the southern end of the model, and shallows conti-
nuously northwards up to the slope, in correspondence
with a velocity increase from 6.4 to 6.9 km/s.

In the second half of the record-sections, for the
shots northwards of the continental slope, one single
energetic reflected phase is correlated in stations 20 to
23, corresponding to the crust-mantle boundary along
the Cantabrian margin. The geometry of the Moho indi-
cates a progressive crustal thinning northwards, from 30
km beneath the shoreline to 22 km depth at the northern
side of the slope. Continuity of this horizon is assumed
in the model and results in a crustal thickness of about
17 km at the northern end of the ESCI-N4 profile. Up-
per mantle velocities are not resolved in the absence of
Pn data, but velocity contrasts needed for PmP critical
distances indicate that low sub-Moho values of 7.8 km/s
are compatible with the observations. Beyond the conti-
nental slope, different crustal features suggested in the
model may characterise a transitional or oceanic-type
crust, although they are not constrained in the absence
of OBS data.

The reflective pattern changes drastically in the sout-
hernmost recordings. For stations 25 and 26, the PmP
phase (reflections from a Moho level that produces arri-
val times consistent with those observed for stations 20
to 24) appears with weaker amplitudes, and is followed

Rev. Soc. Geol. Espaiia, 8 (4), 1995
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by a more energetic reflected phase at 2-3 s later on, la-
belled PmP’ in Fig. 5.

First, we investigated whether this PmP’ phase could
correspond to a multiple or peg-leg reflection. Fig. 6 dis-
plays the recorded seismograms of the shots which pro-
vide arrivals of both reflected phases, i.e., the shots loca-
ted at distances between 150-200 km from station 25 or
160-210 km from station 26. If PmP’ was a multiple
phase generated on the source side, the time delay bet-
ween PmP and PmP’ arrivals for a same shot recorded at
the two stations should be the same. However, the obser-
ved delays in the two record-sections differ by more than
1 s. Moreover, the multiple reflection more likely to be
observed is the one associated with the water layer. For
the shots involved, the water column is 4500 m, which
would imply a delay of 6 s for that multiple, i.e., much
later on than the PmP’ arrivals. Therefore, the PmP’ pha-
se must be attributed to a real reflection at some deep
crustal or mantle level.

Several attempts have been made to explain the am-
plitude and arrival times of this PmP’ reflection, together
with the PmP phase observed in all the stations. An ap-
propriate fitting could only be achieved by considering
that the “Cantabrian margin Moho” extends southward
up to the coast, and assuming that a much deeper reflec-
tor, the “Iberian Moho”, is present further inland and
strongly deepens northward up to the shoreline (Fig. 7).

This Iberian Moho is the most striking feature in the
velocity-depth model (Fig. 8). It is located at 37 km
depth beneath station 26, and reaches about 60 km bene-
ath the shoreline. It could not be modelled further north,
as reflections were not observed in stations near the co-
ast. In turn, the shallower Moho of the Cantabrian mar-
gin can go beyond the shoreline, but only up to 10 km
inland, where it is located at 33 km depth.

Wide-angle multichannel analysis: processing and
stacked section

Customarily, refraction/wide angle reflection seismic
data are processed and interpreted considering specific
methodologies (correlation of main seismic phases and
fitting them by forward modelling) which are indepen-
dent from those dealing with near-vertical reflection data
(based on multifold analysis). i

Results coming from both types of reflection data are
regarded as complementary, but attempts _to use them to-
gether to constrain a seismic model of the crustal structu-
re are perturbed by a number of uncertainties inherent to
each method (phase correlation on the forward mode-
lling, velocity control on the vertical sections, etc.). Mo-
re conclusive results are foreseen if an unified analysis of
the two reflection data sets could be developed.

In this sense, recording on land the ESCI-N4 air-gun
shots, in 7 stations in-line with the marine profile, has
provided a large-aperture multicoverage around the ons-
hore-offshore transition, and a multichannel wide-angle
analysis can be envisaged. By developing a large-apertu-
re processing sequence analogous to the conventional

one for near-vertical reflection data, the corresponding
stacked sections can be readily compared and merged in-
to a single crustal image (Gallart ez al., 1995; Vidal et
al., 1995; Vidal et al., this vol.).

In our profile, due to the large spacing between the re-
cording stations the wide-angle multichannel analysis
should be focused on the Moho reflected phases, which are
observed in each receiver-gather for tens of kilometres.
Fig. 9 shows the area, extending about 15 km inland and
70 seawards, where large-offset multicoverage is achieved.
Main steps of the processing sequence applied to the wide-
angle ESCI-N4 data can be summarised as follows:

The data where first organised into receiver gathers
in SEG-Y format. Geometry and bin width (a value of
500 m is adopted) are essential parameters to establish
for pre-processing of data, due to the variability of the
distances range. Editing of traces, muting, energy equali-
sation, band-pass filtering and predictive deconvolution
were applied to the receiver gathers. The refracted
energy (Pg phases) was eliminated by direct muting, and
the CMP gathers formed afterwards. Static and dynamic
corrections are to be applied to the CMP gathers prior to
the building up of a wide-angle stacked section. Topo-
graphic corrections should account for station elevations
and water-depth beneath the shots. The Normal Moveout
(NMO) correction is essential in this case, as very diffe-
rent large offsets are involved in a single CMP. The
NMO is also very dependent on the average velocity
considered, which can be constrained up to 0.1 km/s. In
practice, NMO velocities for the ESCI-N4 wide-angle
CMPs oscillate around 6.2 km/s. After the NMO correc-
tion, mute must be applied for some far-offset traces
with important stretching.

On the other hand, the limitations of the NMO tech-
nique in case of large offsets (Vidal ez al., 1995) implica-
te that processing of PmP reflections using standard re-
flection packages is feasible for a single reflector, under
the assumption of an average velocity above it. Therefo-
re, the distinct deep crustal reflections observed in our
profile on the receiver-gathers of the southernmost sta-
tions (Figs. 5 and 6) and associated to two different Mo-
ho levels in the forward modelling (Figs. 7 and 8) could
not be analysed altogether. The stacked section has been
built up considering the most energetic Moho reflections
beneath the Cantabrian continental margin, which are vi-
sible in all the land stations. The features in the stacked
section of the second Moho defined in the forward mo-
del beneath the Cantabrian Mountains and the problems
associated to large-aperture processing of very deep, in-
clined reflectors will be discussed in the next section.

The wide-angle stacked section obtained after this
processing is shown in Fig. 10. The datum plane was si-
tuated at sea level, and a datum velocity of 4.5 km/s was
considered. A clear reflectivity from the bottom of the
crust is imaged along the Cantabrian continental margin.
The Moho reflectivity shows a moderate, steady thinning
northwards, from around 10 s TWT beneath the shoreli-
ne to 7-8 s at 70 km seawards, beneath the continental
slope. No wide-angle multicoverage is achieved further

Rev. Soc. Geol. Esparia, 8 (4), 1995
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Figure 9.- Area where large-offset multicoverage is achieved.

north, at the abyssal plain. In the southernmost part of
the section, the reflective level is continued in the 15 km
sampled inland, around 10-12 s TWT.

This wide-angle stacked image is consistent with the
velocity-depth model obtained in the forward analysis
(Fig. 8). In that model, the Moho beneath the Cantabrian
margin is located at 30 km depth beneath the shoreline,
continues onshore for some kilometres, and thins north-
wards up to 23 km depth beneath the continental slope.

The problem of imaging very deep, inclined reflectors
in a wide-angle stack

The forward interpretation of the seismic data has
shown that along the velocity-depth model two Mohos

Y
E Bay of Biscay
&
;g - 44°N
s
ﬁ,
Il;,erian'
Penigsula, o
42°N

4w 2'W

coexist at different levels and zones. The structural ima-
ge suggest the imbrication by shortening of two crusts of
different depths, and has similarities to the image obtai-
ned in the ECORS-Pyrenees deep reflection profiling. In
this sense, it is of interest to investigate how these late
energies are imaged in the wide-angle stacked section.

A major problem raised in the previous section is to
adapt the vertical reflection processing techniques to lar-
ge-offset data. Particularly, the NMO correction is feasi-
ble for a single reflector with an average velocity above
it. Hence, the multichannel processing of the two reflec-
tive levels observed in the data should be carried out in
two successive, independent steps, one for each reflector.
The processing and final stacked image for the first (sha-
llower) reflector, the “continental margin Moho”, have

]
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Figure 10.- Final stacked section obtained by adapting the conventional reflection procedure to large offsets. Reflections from the Moho at the continental
margin are observed throughout the section, ranging from 10-12 s TWT in the few km inland imaged, to 7-8 s TWT beneath the continental slope.
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Figure 11.- Three examples of a stack that merges the reflections of the two Mohos, processed separately, depending on the average vélocity consi-
dered for the deeper, Iberian Moho. Values ranging between 7, 7.5 and 8 km/s (from top to bottom panels) result in similar reflective images, but

shifted several seconds.
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Figure 12.- Example illustrating the problem of multifold processing in case of a deep, inclined reflector sampled at wide-angle offsets. (12a): synt-
hetic data on two stations that record the reflections on such an horizon from shots at large offsets. Features of the model (geometry, average velo-
city,..) are similar to the real case considered. (12b): image of this reflector (line-drawing) on the stacked synthetic section. In this case the accuracy
in NMO velocities is better than 0.2 km/s. (12c): depth location of the reflector before and after migration, using a velocity of 6.9 km/s. The multi-
fold procedure does not restore the reflective segment to its original location. The fitting is even poorer if different migration velocities are conside-
red.
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already been reported (see Fig. 10). Best-fitting NMO
velocities are difficult to establish regarding the deeper
reflector (the “Cantabrian Moho”). The corresponding
CMPs are made up by traces coming from two stations at
most (only one in several cases); the energy onsets are
rather diffuse, and similar acceptable alignments can be
obtained with very different values of NMO average ve-
locities.

Fig. 11 shows three examples of the stacked sections
that result from processing the deep reflector with NMO
velocities of 7.0, 7.5 and 8.0 km/s respectively. The final
images have been obtained by merging those built up in-
dependently for each reflector. Application of time-va-
riant scaling (AGC) was necessary for display purposes.
The resolution of the deep reflector is similar in the three
cases, although its location at depth varies significantly:
from 16-18 s to 22-24 s according to the velocities consi-
dered. On the other hand, the real spatial location of this
reflector may be far away from that assigned by the
CMP procedure, specially if strong dips are involved, as
suggested in the forward modelling. Hence, migration
should be considered carefully, although the correspon-
ding algorithms are far from being adapted to the depths
and offsets involved, and constraints on migration velo-
cities are rather poor.

With these difficulties in mind, prior to undertake a
detailed, time-consuming migration analysis on our deep
data, we have made some simple tests on the reliability
of migration algorithms in case of very deep inclined re-
flectors and large-offset multicoverage. Fig. 12 illustra-
tes these tests. Starting from a simple one layer crust and
a dipping Moho, we calculated the synthetic data on two
stations at large offsets, in a geometry similar to that of
ESCI-N4 profile. After building up the CMP gathers,
and applying static and dynamic corrections, we came up
with the synthetic stack. In this case, resolution in NMO

Duero foreland basin

Cantabrian Mountain

velocities, and hence in the stack, is better than 0.2 km/s.
Therefore, we considered a simple segment (the line-dra-
wing of the reflector imaged in the stack) and applied the
migration procedure (Chun & Jacewitz, 1981) to relocate
this segment. Despite the wide range of migration velo-
cities considered, it has been impossible to place that re-
flector back to its original position in the synthetic model
(see Fig. 12c¢).

This simple exercise indicates us that migration tech-
niques are not conclusive in case of very deep, inclined
reflectors, specially if the only reflection data available
came from few stations at very large offsets, as is the ca-
se in the ESCI-N4 profile. Therefore, we did not develop
any further the multichannel analysis to precise the exis-
tence of a deep reflector in the southern part of the sec-
tion, but focused on the much more reliable image of the
Moho at the Cantabrian margin.

Discussion: combining results from small and large-
aperture seismic reflection data

Multicoverage sampling around the onshore/offshore
transition at the northern margin of the Iberian Peninsula
has been achieved by piggy-back recording the ESCI-N4
marine profile in portable stations on land.

Strong reflections at the Moho beneath the Canta-
brian continental margin are present along the whole 85
km-long wide-angle stacked section (Fig. 10). This con-
trasts with the image of the conventional section from
the ESCI-N4 profile (Alvarez-Marrén et al., this vol.),
where almost no evidences of near-vertical reflected
energy are found at deep crustal levels.

Comparison of both stacked sections illustrates the
advantage of considering large-aperture geometries
which may avoid uppermost heterogeneities disturbing
the vertical penetration of energy by undershooting the

Shorgline

Bay of Biscay abyssalpain

l Cantabrian continental shelf

g
=3
ax
—
Q.
A
=
| | ] | L
60 i", e ').Q :

|:| Sediments Basement

Figure 14.- Schematic crustal section integrating the seismic data sets investigated here. The white line marks the connection (shifting of 40 km)

between the refraction and the wide-angle velocity models.
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structure of interest at overcritical distances. Moreover, a
remarkable consistency in arrival times (10 s TWT) is to
be pointed out for the deep reflectivity observed in both
sections, located in a short area 20 km offshore.

A full-aperture seismic section can be obtained by

. merging the two geometrically coincident near-vertical
and wide-angle stacks, as shown in Fig. 13. This compo-
site section provides the most complete crustal image of
the Cantabrian margin, from the coast to the continental
slope.

The wide-angle multicoverage cannot reveal the fea-
tures at depth of the continent-ocean transition. The area
seawards of the slope, where is located the accretionary
prism related to the southward subduction of the Bay of
Biscay oceanic crust (Alvarez-Marrén ez al., this vol.) is
not sampled from the land recordings, and OBSs could
not be available in that experiment. On the other hand, it
is difficult to continue inland the N-S crustal transect
provided by stacked sections. The seismic energy from
the bottom of the crust beneath the northern flank of the
Cantabrian Mountains cannot be imaged properly in the
multichannel wide-angle processing, and the vertical
profile ESCI-N2 on land is shifted 40 km eastwards and
35 km southwards of the marine line. However, the fea-
tures of a N-S transect can still be discussed on the basis
of the wide-angle forward modelling.

Conclusions: wide-angle seismic constraints to the
ESCI-N profiles

A N-S crustal transect of the Cantabrian continental
margin can be completed by integrating to the seismic
images of the vertical reflection ESCI-N profiles the re-
sults of the large-aperture reflection experiments related
to that project.

The vertical sections lack continuity and resolution
concerning deep crustal images. The ESCI-N2 profile
shows several reflective levels deepening northwards up
to the end of the profile, 35 km onshore, where the lo-
wermost reflector is located at 15 s. Along the Canta-
brian margin, the marine profile ESCI-N4 displays al-
most no reflected energy beneath the sedimentary se-
quence, apart from some reflections at 10 s TWT in a
short segment 20 km offshore (Alvarez-Marrén et al.,
this vol.). ’

In the southern part of the transect, involving the
transition from the Duero basin to the Cantabrian Moun-
tains, the refraction profile 5 constrains the seismic velo-
cities of the different crustal levels imaged on the ESCI-
N2 line, and confirms a Variscan-type crust beneath the
Duero basin. This crust has been completely reworked
beneath the Cantabrian Mountains, probably in relation
with the Alpine tectonics, resulting in a significant crus-
tal thickening northwards. The amount and extend of this
thickening cannot be controlled by the profiles on land
(for that purpose, they should have been recorded by de-
vices at sea).

However, the piggy-back recording of the marine
ESCI-N4 shots on 7 land stations, aligned from the coast

to 60 km inland, provides an additional high-quality wi-
de-angle data set that constrains the deep crust at the
transition from the Cantabrian Mountains to the conti-
nental margin along a transect shifted 40 km to the west
of the southern segment. The dense-spaced receiver gat-
hers display reflected energy from deep crustal levels
that have been attributed in the forward modelling to two
different Moho levels. The deeper one is located on the
southern part of the sampled area, up to the shoreline
where it reaches 60 km depth, and correspond to the
northward continuation of the dipping “Iberian Moho”
imaged in the land profiling. Between the coast and the
continental slope, a much shallower “Cantabrian margin
Moho” is well constrained by the velocity-depth model
as well as by the wide-angle stacked section. It is located
at 30 km depth beneath the shoreline, and shows a pro-
gressive crustal thinning along the continental platform,
up to 22 km depth at the continental slope. Further
North, higher crustal velocities suggest the presence of a
transitional or oceanic-type crust, but in that area the mo-
del resolution is low, in the absence of OBS data, and
there is no wide-angle multicoverage data.

The N-S seismic transect completed by combining
small and large-aperture reflection data sets is summari-

* sed in Fig. 14 and shows a relevant crustal thickening

beneath the Cantabrian Mountains and an abrupt transi-
tion towards the continental margin. The structural ima-
ge indicates the imbrication of two crusts of very diffe-
rent thickness, with a wedge-type pattern of crustal sub-
duction northwards. This image is similar to the Pyrene-
an one from the ECORS profile, and reveals the impor-
tance of the Alpine tectonics at the western end of the
Pyrenees.
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