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Abstract: The deep vertical seismic reflection ESCI experiment in the Betic Cordillera and Alborén Sea basin was designed to
constrain a structural transect in an area marked by lithospheric thickening and thinning episodes, related to different compressio-
nal, extensional and transcurrent processes since Mesozoic times. The vertical stacks, however, lack resolution in imaging the tran-
sition between stretched and unstretched crust at the Albordn domain. Complementary wide-angle data recorded in the same expe-
riment and analysed here reveal the lateral variations of the Moho. Five stations located along the Betics-2 profile up to 60 km in-
land recorded the air-gun shots of the Albordn-1 profile. The conventional processing of these data had to overcome some technical
deficiencies prior to the generation of high-density receiver-gathers, which show conspicuous reflections from the bottom of the
crust along most of the profile. In addition to a classical interpretation by forward modelling, we developed a multichannel proces-
sing of the wide-angle Moho reflections, as large-offset multifold is achieved for a 60 km-long section. In the final wide-angle
stack, the crust shows a moderate thinning seawards. The strong reflections observed between 6-7 s along the 35 km offshore seg-
ment are associated to the Moho beneath the Albordn Sea basin. This horizon penetrates up to 10 km inland where it is imaged at 8
s. Further north, this reflective level vanishes and a more diffuse reflectivity evidenced after 11 s is attributed to the crust-mantle
transition beneath the Internal Betics. The wide-angle stack merged with the land and marine vertical sections completes a seismic
transect across the Albordn domain. The composite section confirms that the transition from stretched to unstretched crust is mar-
ked by an abrupt Moho-jump of more than 3 s. This seismic image agrees with gravity interpretations in the same area. The ge-
ophysical results seem to enhance the role of shear tectonics. Lateral westward movements may have juxtaposed two blocks of dif-
ferent crustal thicknesses, before the Neogene-dominating compressional and extensional tectonics between the African and Ibe-
rian plates.

Keywords: ESCI profiles, Betics-Alboran Sea transition, wide-angle seismics, multichannel processing, unified seismic section,
crustal transect.

Resumen: Uno de los objetivos del experimento ESCI de sismica de reflexién vertical en la cordillera Bética y la cuenca del mar
de Alborén era el establecer una transecta estructural en un drea marcada por episodios de engrosamiento y adelgazamiento de la li-
tosfera, en relacién con los diferentes procesos compresionales, extensionales y transcurrentes acaecidos desde el Mesozoico. En la
prictica, las secciones (stacks) de la sismica vertical carecen de resolucién respecto al control de la transicién entre corteza defor-
mada y no deformada en el dominio de Alboran. En cambio, los datos complementarios de gran dngulo registrados en el mismo ex-
perimento y analizados en este trabajo, si permiten inferir las variaciones laterales del Moho. Estos datos se obtuvieron al registrar
los disparos de aire comprimido del perfil Albordn-1 en cinco estaciones en tierra, a lo largo del perfil Béticas-2 hasta unos 60 km
al norte de la lfnea de costa. Durante el procesado convencional de los datos, ha sido preciso paliar algunas deficiencias en los
tiempos origen de los tiros, antes de poder construir los ensamblajes para las distintas estaciones. En ellos, la alta densidad de re-
gistros permite correlacionar con claridad fases reflejadas en la base de la corteza a lo largo de casi todo el perfil. Ademds de una
interpretacion clasica en términos de modelizaci6n directa, se ha desarrollado un procesado multicanal de los datos de gran dngulo,
puesto que se dispone de cobertura miiltiple para las reflexiones en el Moho a lo largo de una seccién de unos 60 km de longitud,
En el stack final obtenido, se observa un adelgazamiento cortical moderado hacia el centro de la cuenca. Las reflexiones con gran
energfa visibles entre 6 y 7 s a lo largo del segmento marino de 35 km se asocian con el Moho bajo la cuenca del mar de Albordn.
Este horizonte penetra unos 10 km en tierra, donde se observa a unos 8 s. Mds al norte, este nivel reflectivo desaparece, y se pone
de relieve, en cambio, una reflectividad mds difusa a partir de 11 s, atribuida a la transicién corteza-manto bajo las Béticas Internas.
Se ha elaborado una transecta sismica completa a través del dominio cortical de Albordn combinando el stack de gran 4ngulo con
las secciones verticales en tierra y en mar. La seccién compuesta confirma una transicién cortical marcada por un salto brusco de
unos 3 s en el Moho. Esta imagen sismica coincide con las interpretaciones gravimétricas en la misma zona. Los resultados geofisi-
cos parecen acentuar el papel de una tecténica de cizalla, que habrfa ocasionado movimientos laterales de envergadura hacia el oes-
te, juxtaponiendo dos bloques de diferente espesor cortical, antes de la tecténica neégena dominada por extensién y compresion en-
tre las placas ibérica y africana.

Palabras clave: perfiles ESCI, transicién Béticas-Mar de Albordn, sfsmica de gran dngulo, procesado multicanal, seccién sismica
unificada, transecta cortical.

Gallart, J., Dfaz, J., Vidal, N. and Dafiobeitia, J.J. (1997): The base of the crust at the Batics-Albordn Sea transition: evidence for
an abrupt structural variation from wide-angle ESCI data. Rev. Soc. Geol. Espafia, 8 (4), 1995: 519-527.

The structural and evolutionary framework of the  since Mesozoic times is marked by different compressio-
westernmost Mediterranean is particularly complex. The  nal, extensional and transcurrent processes, some of
kinematic regime between the Iberian and African plates  them coeval (Garcia-Duefias et al., 1994). The interac-
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tion between these large plates takes place at the western
end of the Alpine orogenic belt, formed by the Betics
and Rif-Tell chains, separated by the Albordn Sea basin.
This basin opens eastwards to the Algerian and South
Balearic basins, and is limited westwards by the Gibral-
tar Arc.

Many geotectonic studies have been developed in the
area. Classical analysis focusing on Betics units (Internal
Betics, Subbetics and Prebetics) have been replaced no-
wadays by more general approaches based on the Gibral-
tar Arc setting. This arc resulted (Garcfa-Duefias et al.,
1994) from continental collision and juxtaposition of tec-
tonic complexes and palacogeographic elements belon-
ging to pre-Miocene crustal domains. The internal zones
of the Gibraltar Arc constitute the Albordn domain, in-
cluding the Albor4n basin, and the external zones refer to
the South Iberian and Maghrebian domains.

Restoration of the relative positions between the dif-
ferent blocks have been attempted in a number of evolu-
tionary models (Dercourt et al., 1986; Dewey et al.,
1989; Srivastava et al., 1990), and mechanisms of exten-
sional collapse (Vissers et al., 1995) or delamination
(Docherty and Banda, 1995) are invoked to explain the
formation of extensional basins within a regime of conti-
nental collision.

However, plate tectonic concepts are difficult to
apply in this case, as basic features regarding lithosphe-
ric structure, or seismotectonics are still poorly understo-
od. The occurrence of very deep earthquakes, at depths
about 650 km beneath the Betics is very uncommon in a
continent-continent interaction context. Moreover, major
fault structures or plate limits cannot be inferred from the
present-day seismicity, which is abundant but appears
broadly distributed. This fact could be related, to some
extent, to uncertainties in event location, due to an une-
ven distribution of monitoring stations. In the Betics,
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ESCIALBORAN-2

Figure 1.- Location of the ESCI
profiles in the southern part of the
Iberian Peninsula: lines ESCI-Al-
bordnl and 2 on the marine basin
and ESCI-Béticas] and 2 on the
Iberian mainland. Geological sche-
me on land adapted from Docherty
and Banda (1995). 1: Maghrebian
domain; 2: South Iberian domain;
3: Flysch Trough; 4: Alboran do-
main (p: peridotites); 5: volcanic
rocks; 6: onshore marine deposits
and Quaternary sediments; 7; Afri-
can foreland.
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seismicity is controlled by a permanent network since re-
cent times, but few 3-component stations operate in an
area with strong lateral variations of crustal structure.

The present knowledge on the lithospheric structure
is also limited and uneven. Several seismic refraction ex-
periments have been carried out in the Betics realm since
the seventies (Banda & Ansorge, 1980; Medialdea et al.,
1984; Barranco et al., 1990; Banda ef al., 1993), comple-
mented in cases by gravity modelling (Torné & Banda,
1992), as well as regional tomography (Blanco & Spak-
man, 1993) and surface waves analysis (Paulssen & Vis-
ser, 1993). A number of lateral variations in lithospheric
structure have been inferred, although structural models
often lack resolution due to the limited quality/density of
the available data with respect to the dimensions of the
Betics internal heterogeneities. Lithospheric thinning in
the Albordn Sea has been reported from a few regional
seismic studies and thermal modelling (Poliak et al., in
press), but details on the crustal velocity distribution or
Moho location are not constrained by the seismic refrac-
tion or reflection data available up to now (Watts et al.,
1993).

The ESCI-Beticas/Alboran seismic reflection experi-
ment (Garcfa Dueiias et al., 1994; Comas et al., this vol.)
was intended to provide a first complete structural tran-
sect of the northern flank of the Gibraltar Arc, from the
external to the internal domains. Two profiles totalling
about 200 km were recorded on land, respectively across
the South Iberian domain (ESCI-Béticasl, in a NW-SE
direction) and the Alpine metamorphic complexes of the
Betics (ESCI-Béticas2, in a NNE-SSW direction). Anot-
her two profiles were recorded in the Albordn Sea basin,
one continuing 90 km seawards the NNE-SSW line (ES-
CI-Alboranl), and the other (ESCI-Albordn2) in a 400
km WSW-ENE line from the axis of the Albordn basin
towards the South Balearic basin (Fig. 1).
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Figure 2.- Location of 5 land stations, A to E, that recorded the shots of the marine profile ESCI-Albordnl. The white square indicates the area

where wide-angle multicoverage is achieved.

Remarkable crustal features are imaged in the tran-
sect, specially after detailed reprocessing of the data in-
land (Carbonell et al., this vol.), but the base of the crust
at the onshore/offshore transition and along the marine
segment lack resolution (Comas et al., this vol.). There-
fore, onshore wide-angle recording of the marine ESCI-
Alborénl profile provides a complementary dataset that
constrains the lateral variation of the crust-mantle transi-
tion along the NNE-SSW transect. These data are analy-
sed in the present paper.

The wide-angle data of the ESCI experiment: proces-
sing difficulties and classical interpretation

The air-gun shots of the marine profile ESCI-Albo-
rdnl, running from the coast to 90 km seawards have be-
en piggy-back recorded by 5 portable 3-component land
stations, placed along the ESCI-Béticas2 profile (Fig. 2),
at an average station spacing of 15 km.

The classical processing of these large-offset recor-
dings has raised some difficulties. Due to an unexpected
technical failure in the time storage system onboard the
Bin-Hai vessel (GECO company) during this marine
profile, the shooting break-times were stored in tapes
only up to full seconds, although the shooting rate was
based on distance rather than time intervals (shots every
75 m, not at a fixed time sequence). Therefore, the accu-
racy in travel times between any successive shots was
not better than 1 s, and the corresponding receiver-gather
sections (see example in Fig. 3a) display continuous ran-
dom jumps in arrival times that difficult the correlation
of any seismic phase. This seemed to prevent us from
any valuable interpretation of those data.

However, the high signal-to-noise ratio observed in
the individual wide-angle recordings, together with the

poor resolution in the images of the deep crust provided
by the vertical reflection profiles compelled us to deve-
lop further analysis on the large-offset data. In fact, they
constrain in a unique way the Moho along a transect
where the crustal thickness seems to be reduced by a fac-
tor of two. Moho depths previously reported in that area
range from 38 km beneath the internal Betics (Banda et
al., 1993) to less than 20 km in the Albordn basin (Hatz-
feld, 1976).

A detailed inspection of the record-section for station
A, closer to the coast and with the best signal-to-noise
ratio (Fig. 3a) shows that a rather consistent correlation
can be established among those traces (approximately
one tenth of the total number of traces) that display the
earliermost arrivals. In fact, up to two branches can be
distinguished in this way along the first half of the profi-
le. We may then assume that these traces correspond sta-
tistically to the shots for which the break-time does not
exceed a full second in more than, say, one tenth. The ti-
me delay observed in the remaining traces with respect
to the correlated branch should then correspond to the
number of tenths that any particular shot exceeds a full
second.

Under this assumption, we painstakingly corrected
the break-times of the different shots in order that the
first arrivals lay within the correlated branches. All the
applied corrections were found to be consistent, i.e. not
exceeding one second. In any case, these corrections can
be considered as conservative, in the sense that real co-
rrections, if not equal to, can only be higher than the ap-
plied ones (the real travel time curve might be earlier
than the reference curve, but not later than this one). An
accuracy better than 0.2 s is estimated in the final travel
times from shots along the first 50 km of the profile.

The corrected record-section (see Fig. 3b) shows
strong coherency not only in first arrivals but also in la-
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Figure 3.- Example of data recorded on station A, near the shoreline. 3a (top panel): first part of the record-section (Reduction velocity of 6 km/s)
obtained from the original available break-times, the accuracy of which is limited to full seconds. This causes the observed scattering in first arri-
vals. The dotted line indicates a consistent correlation that can be established among the fist arrivals. 3b (bottom panel): shows the same section on-

ce the break-times have been modified to fit the correlation. Note the high degree of coherency in secondary phases.

ter, secondary phases, specially on a high energetic re-
flected phase from the bottom of the crust (Fig. 4) which
is of particular interest to complete a structural transect.
Using the corrected break-times file, we then built up the
record-sections for the 5 stations onland, which all show
a consistent seismic pattern (see examples in Fig. 4).

As a first step in data interpretation, we applied the
classical forward modelling scheme. Considering the un-
certainties inherent to our data indicated above and the
lack of refracted phases, like Pn, observed in this unre-
versed profile, we have not focused the interpretation in
establishing a very detailed velocity-depth distribution.
We rather searched for most relevant features of a velo-
city model that explains the main seismic phases at the
different stations. In such a model, the velocity errors
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can be estimated around 0.2 km/s. Fig. 5 shows an exam-
ple of appropriate fitting for station C, in the middle of
the line. Beneath a sedimentary sequence that may be
characterised by an average velocity of 5.1 km/s, crustal
velocities of 6 km/s are found after 8 km depth. The
main reflected phase observed with continuity in the re-
cord-sections after distances of 40 km is interpreted as
the reflection in a Moho which is located around 21 km
depth beneath the shoreline and shows a moderate, pro-
gressive thinning seawards.

According to the geographical location of the recor-
ding stations and the critical distances of the PmP obser-
vations, this “Albordn Sea Moho” must be continued so-
me 10 km onshore. The continuation of this reflector
further inland can not be evidenced in view of the diffuse
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Figure 4.- Receiver gathers (Vr=6 km/s) showing the marine profile ESCI-Alborén] recorded on three land stations: A (Fig. 4a); C (Fig. 4b) and E
(Fig. 4c). In the sections, the conspicuous secondary energy correspond to reflections at the bottom of the “Albordn Sea” crust.

reflective pattern observed at short distances in the nort-  large-offset multifold for a 60 km-long segment around
hernmost stations D and E (see Fig. 4c). the onshore/offshore tramnsition (see Fig. 2). Usually,
such zones are poorly constrained in the conventional
stacked sections due to their location at the edge of the
vertical recording profiles, both onland and at sea. In ad-

The geometry of the piggy-back recordings onland, dition, the vertical penetration of seismic energy at the
i.e. on 5 stations in-line with the marine profile, provide ~ Betics-Albordn Sea transition may be perturbed by the

Multichannel analysis of the large-aperture data
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Figure 5.- Example of forward
modelling developed for station C,
in the middle of the line (see Fig.
2). Bottom: ray-tracing and velo-
city-depth model. Crustal veloci-
ties in km/s. Top: synthetic seis-
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heterogeneities in the uppermost sedimentary sequences
and the strong lateral variations in deep crustal structure.

Additionally, a large-offset geometry undershots the
zone of interest, deals with high-energetic post-critical
reflections, and minimises the scattering of energy by
obstacles above the investigated Moho reflector. In the
multicoverage wide-angle procedure a CMP is composed
of recordings from very different seismic paths.

Taking into account the advantages of the large-aper-
ture geometry, we propose to generate a wide-angle
stack section using the multifold processing methodo-
logy developed by our group (Gallart et al., 1995; Vidal
et al., 1995; Vidal et al., this vol.) that extends the con-
ventional sequence to larger offset range.

In practice, the ITA-Landmark software was used,
starting from the 5 receiver-gathers with data in SEG-Y
format. The highly variable distances range requires an
accurate management of relevant parameters such as the
geometry or the bin width. For the latter, a value of 500
m has been adopted as a trade-off for the differences in
spacing between sources and receivers.

Pre-processing of the data in the receiver-gathers in-
clude edition of traces, muting, energy equalisation and
band-pass filtering. Energy preceding the PmP reflec-
tions (essentially refracted Pg phases) has been elimina-
ted by direct mute, as f-k filtering distort the signal and
is not very efficient in this case. Velocity analysis in the
Common Mid Point (CMP) gathers leads to static and
dynamic corrections applied prior to the generation of
the wide-angle stacked section. Differences in station
elevations and water depths beneath the shots are ac-
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(black squares, see also Fig. 4b).

counted for by applying topographic corrections. A sin-
gle CMP may consist of traces resulting from very diffe-
rent, large offsets, and the Normal Move Out (NMO) co-
rrection is a fundamental step. Contrary to the near-verti-
cal reflection case, the NMO in our Moho reflected data
strongly depends on the average velocity considered. For
the Betics-Alboran data, the NMO velocities oscillate
between 5.8 and 6.0 km/s and, in each CMP, they can be
usually constrained up to 0.1 km/s. After the NMO co-
rrection, some far-offset traces may be affected by im-
portant stretching, and mute must be applied accor-
dingly.

The final stacked section is shown in Fig. 6. Along
the 35 km segment in the Albordn Sea basin, the reflec-
tions at the bottom of the crust are imaged with conti-
nuity, indicating a moderate thinning seawards, from 7 s
beneath the shoreline to 6 s at the SW end of the sampled
section.

An outstanding feature inferred from the section is
the continuity of this horizon (the “Albordn Sea Moho™)
onshore, up to about 10 km inland where it is imaged at
8 s. This reflectivity vanishes abruptly further inland. In
the northernmost 15 km of the section it is replaced by a
more diffuse reflective pattern after 11 s which can be at-
tributed to the crust-mantle transition beneath the Inter-
nal Betics. This reflectivity around 11-12 s seems to be
imaged almost to the shoreline, although it is difficult to
constrain such horizon with the available recording geo-
metry, as only subcritical wide-angle reflections with
low energy content can be expected from that deep re-
flector. The main features in the reflective image of the
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Figure 6.- Wide-angle stacked section obtained at the Betics/Alboran transition. The arrow marks the shoreline. In the 35 km-long marine segment
(SW) the reflectivity at 6-7 s is associated to the “Albordn Sea Moho”, which penetrates about 10 km inland. In the 15 km further NE (Internal Be-
tics), continuity of the reflective level is interrupted, and a diffuse reflectivity after 11 s is observed.

wide-angle section, when converted to depths using ap-
propriate crustal velocities, are consistent with the Moho
location constrained in the forward modelling (Fig. 5).

Discussion: a Moho transect at the Betics/Alboran
transition by combining the wide-angle and the near-
vertical stacks

A complete structural transect in a NNE-SSW direc-
tion from the Internal Betics towards the axis of the Al-
boran Sea basin can be obtained by merging the vertical
sections of the profiles ESCI-Béticas2 and ESCI-Albo-
ranl with the wide-angle section. The latter section fills
in the gap between the two normal incidence profiles.
Fig. 7 illustrates the procedure. The two land and marine
vertical stacks are first juxtaposed (Fig. 7a) and then de-
cimated to a CMP spacing compatible with the wide-an-
gle stack (Fig. 7b). Finally, the three sections are merged
(Fig. 7c), considering a common datum plane at sea level
and a datum velocity of 4.5 km/s.

The image of the base of the crust is significantly en-
hanced along the marine segment, for which the vertical
stack lacks resolution (Comas et al., this vol.) due to the
presence of water multiples and absorption of energy
within the sedimentary cover. The land segment of the
cofnposite section seems rather confusing, and differen-
ces in the frequency content and relative amplitude sca-
ling should be invoked to properly decipher the seismic
pattern. On the vertical section of the profile ESCI-Béti-
cas2 a strongly reflective lower crust is imaged between
6-7 s and 11-12 s (Garcia-Duefias et al., 1994; Carbonell
et al., this vol.). According to the seismic refraction re-
sults in the Internal Betics (Banda et al., 1993), the Mo-
ho should correspond to the end of this reflective band.
Within 10 km of the shoreline, the quality of the image
decreases. The composite section shows in that area the
energy reflected from the bottom of the “Albordn Sea

crust”, and this reflectivity appears as time coincident (7-
8 s) with the laterally juxtaposed energy reflected from
the top of the lower crust in the vertical stack. A more
detailed analysis of the composite stack can confirm the
compatibility between both sections, as well as the exis-
tence of a lateral jump in the Moho level inland.

The full-aperture stacked image at the Betics/Albordn
transition differs significantly from the images obtained
with the same technique in comparable margins around
Iberia, like the Valéncia Trough at the NE Iberian Penin-
sula. An important steady thinning of the crust has been
evidenced along the Catalan flank of the Valéncia
Trough where the Moho shallows for more than 10 km
in about 60 km horizontal distance (Vidal et al., 1995;
Vidal et al., this vol.). In the Albordn domain, the shallo-
wing of the Moho takes place very abruptly; the jump is
located some 10 km inland, and a very moderate crustal
thinning is further evidenced along the northern flank of
the Alboran basin.

Hence, the thinned crust at the central part of the Al-
bordn Sea basin extends to the northern mainland and
penetrates beyond the shoreline. The transition to the
thickened crust of the Internal Betics is marked by an
abrupt change of 3-4 s in the Moho level.

The seismic image at the Betics/Alboran transition
fully agrees with gravity interpretations in the same area
(Torné & Banda, 1992; Watts er al., 1993). The density
model requires a steplike lateral variation of the
crust/mantle transition (depth change of 15 km in less
than 20 km distance) to fit the strong gradient of about
10 mGal/km in the Bouguer anomaly. In contrast, the
gravity anomaly pattern in the eastern Albordn basin is
fitted by a much more smooth lateral transition along
100 km distance. Subsidence analyses (Watts et al.,
1993; Docherty & Banda, 1995) indicate also that subsi-
dence rates clearly increase towards the western Alboran
basin.
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gle section. 7c (Bottom): final stack after merging of the wide-angle section (Fi

related to the abrupt jump in the Moho location.

aperture stacked section along the Betics/Alborén transition. 7a (Top): juxtaposition of vertical stacks: profiles ESCI-Béticas2 on land (left) and ESCI-Alborén] at sea (right). The

arr6w marks the shoreline. 7b (Middle): same section decimated to a CMP spacing of 500 m, comparable to the one of the wide-an,
6). The bottom of the crust in the marine segment is clearly enhanced. Onland, the rather confuse image at the superposed zone is
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The steplike transition between stretched and unstret-
ched crust evidenced in this work, associated to the ons-
hore-offshore transition at the Albordn domain, suggest
that shear tectonics (Scrutton, 1986) could be taken into
account, in addition to the extensional processes interac-
ting with a surrounding convergent regime and increa-
sing the differences in crustal thicknesses. Lateral west-
ward movements that may have juxtaposed two crustal
blocks of different thicknesses could have played a signi-
ficant role, prior to the Alpine-to-Recent compressional
and extensional dominating tectonics between the Afri-
can and Iberian plates. Post-collisional delaminating pro-
cesses in the lower crust could also originate important
variations in the present-day deep crustal structure. Furt-
her informations on the lithospheric distribution of seis-
mic velocities are needed to constrain the geodynamic
evolution of the Betics-Albordn Sea domains.

The ESCI-Béticas/Alboran seismic profiles have been fun-
ded by CICYT project GEO090-617. The contribution of diffe-
rent members of the Instituto de Ciencias de la Tierra-CSIC in
the field work during the wide-angle data acquisition is greatly
acknowledged.
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