Seismic and tectonic interpretation of the ESCI-Béticas and
ESCI-Alboran deep seismic reflection profiles: structure
of the crust and geodynamic implications

R. VEGAS!, I. T. VAZQUEZ?, T. MEDIALDEA' and E. SURINACH?

! Departamento de Geodindmica, Facultad de Ciencias Geoldgicas,
Universidad Complutense de Madrid, 28040-Madrid.

? Departamento de Cristalografia y Mineralogia, Estratigrafia, Geodindmica, Petrologia y Geoquimica,
Facultad de Ciencias del Mar, Universidad de Cddiz, Poligono Rio San Pedro, 11510-Puerto Real (Cddiz).

* Departament de Geologia Dinamica, Geofisica i Paleontologia, Universitat de Barcelona,
Zona Universitaria de Pedralbes, 08028-Barcelona.

Abstract: The seismic and tectonic interpretation of the ESCI-Béticas and ESCI-Alboran deep seis-
mic reflection profiles provides an overall image of the crust on the northern flank of the Betic-Rif
orogenic system. In these interpretations, previous wide-angle refraction-reflection and MCS indus-
trial profiles were used in order to identify the sequence of collisional-extensional events that built
up the crust in this escape-type orogenic area. A model of convergence between the Iberian crust
and the Albor4n domain, including coeval extension due to lateral escape, is consistent with the data
presented in this paper.
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Resumen: La interpretacién sfsmica y tecténica de los perfiles ESCI-Béticas y ESCI-Alborén pro-
porcionan una imagen global de la corteza en el flanco norte del orégeno bético-rifefio. En esa inter-
pretacién se han utilizado otros datos procedentes de perfiles de sismca de refraccidn-reflexién de
gran dngulo y de perfiles de sfsmica multicanal comerciales. Se propone una secuencia de procesos
extensionales y colisionales que origina la estructuracién de esta zona orogénica. Ademads se consi-
dera un modelo tecténico de escape lateral que es congruente con los datos presentados.
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Long-range seismic profiles have as their main objec-
tive to find out about the architecture of the crust and the
upper mantle. The derived crustal arrangement is funda-
mental for the construction of geodynamic models. Ne-
vertheless, from a tectonic point of view, deep seismic
data are often inconclusive, due to their inadequate situa-
tion and restricted resolution with regard to the main tec-
tonic features constraining the geological evolution of
the sampled areas. This is the case with the ESCI-Béticas
and ESCI-Alboran profiles (Fig. 1) that were part of the
ESCI-project and had the geodynamic evolution of the
Betic Cordillera as one of their objectives. This evolu-
tion should be viewed in the context of the main boun-
dary between the Iberian plate (welded to Eurasia) and
the African plate. In current literature, since the model
proposed by Andrieux et al. (1971), an intermediate
crustal unit —the so-called Albordn plate— is widely ac-

cepted. This buffer-like plate constitutes the “internal zo-
nes” of both the Iberian and African deformed borders,
the Betics and Rif, respectively. Two main hypotheses
have been advanced: one considering a westward motion
of the “Alborédn plate”, that overrides both the Iberian
and African margins and so caused their deformation;
the other one envisages the Alborén plate as squeezed by
the African and Iberian plates acting like a vice, without
substantial E-W displacement. Nevertheless, the main
problem resides in the crustal extension that was simulta-
neous with thrusting and folding in both the Betic and
Rif areas. This extensional collapse in the inner part of
the orogenic area gave rise to the Albordn basin, the sea-
way that now separates the orogenic area of Africa and
the Iberian Peninsula.

In the “static hypothesis” the compression-extension
process is explained as an orogenic collapse due to co-
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llisional thickening. Lithosphere thickening caused an
unstable root, whose removal was responsible for the
foundering of the internal part of the orogenic area and
for the outward thrusting in the peripheral zones (Platt
& Vissers, 1989). The second hypothesis considers the
coeval extension-compression as a result of asymmetri-
cal mantle delamination causing simultaneously exten-
sion-shortening in the same orogenic area (Garcia-Due-
fias et al., 1992). Both hypotheses seem inconclusive
since they explain neither the shape of the buffer-like
Albordn plate nor the intermediate and deep seismicity
of the region.

For this complex and still unexplained plate boun-
dary, a comparison with the Caribbean and Scotia-South
Sandwich intermediate plates can be established. These
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intermediate plates show some relevant similarities: an
arcuate leading front similar to the Gibraltar Arc, two
compressive borders with coeval extension and compres-
sion as well as lateral escape (e.g. Vegas et al., 1995;
Mann ez al., 1995). Case studies of the main plate boun-
daries in these regions may provide new insights into the
plate-interaction scenarios, and will serve as possible
examples for other arcuate regions formed by lateral es-
cape between great plates, like the Betic-Rif and Albordn
connection and the Carpathian Arc.

Within this tectonic background, this study attempts to
interpret regionally the ESCI-Béticas-Albordn profiles in
order to describe the main seismic features in terms of the
processes of extension/compression that built up the crust
in the area of the central Betics and the NE Albor4n basin.
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Figure 2.- Line drawing of the ESCI-Béticas] and 2 profiles. The topographic section of the profile track is presented at the top. Both profiles are
shown from their cross-point. CG: Guadalquivir basin; CG-B: Guadix-Baza basin; SF: Los Filabres Range; SN: Sierra Nevada; SC: La Contravwsa

Range. See text for the R legend and Fig. 1 for location.
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Figure 3.- Location of the seismic data used in this study. Heavy solid lines: ESCI-Alborén profiles; light solid lines: industrial seismic reflection
profiles. Discontinuous lines: deep seismic refraction and wide-angle reflection profiles. AL: Almufiécar; AR: Alborén ridge; AT: Alborén trough;
CG: Cabo de Gata; DB: Djibouti bank; MB: Motril basin. Bathymetric isolines are displayed every 400 m.

Seismic data

Several seismic surveys have been integrated in the
development of this study:

ESCI-Béticas and ESCI-Albordn profiles

The ESCI-Béticas profiles, whose technical characte-
ristics are outlined by Garcfa-Duefias et al., 1994), are
located between the Guadalquivir basin and the Alborédn
Sea (Fig. 1). The ESCI-Béticasl profile crosses the
South Iberian domain: the Guadalquivir basin, the Prebe-
tic and Subbetic zones and the Neogene-Quaternary ba-
sin of Guadix-Baza, at the limit of the external-internal
zones. The NW-SE direction of the line is parallel to the
compressive tectonic transport (Banks & Warburton,
1991). The ESCI-Béticas2 runs across the emerged part
of the Albordn domain (Nevado-Fildbride and Alpujdrri-
de complexes and several intramontane basins) in a
NNE-SSW direction. This direction is almost parallel to
the extensional tectonic transport in this part of the chain
(e.g. Galindo Zaldivar er al., 1989; Garcia-Duefias et al.,
1992; Crespo-Blanc et al., 1994). Final migration sec-
tions were used for the interpretation of these two profi-
les and a combined line drawing of both sections is
shown in Fig. 2. The resulting image is only slightly dis-
torted and provides a cross-section of the whole chain
(Vegas et al., 1994).

The ESCI-Alborén profiles are situated in the eastern
part of the Albordn Sea (Figs. 1 and 3). The ESCI-Albo-
rénl and 1B profiles cross the northern continental mar-

gin between Adra and the Albordn ridge (Motril basin,
Djibouti bank and Albordn trough) in a NNW-SSE direc-
tion. They are a continuation of the ESCI-Béticas2 line
mentioned above. The ESCI-Albordn2, 2A, 2B and 2C
profiles (WSW-ENE direction) begin in the Albordn
trough and end in the South Balearic basin (at the Carta-
gena meridian). They provide an image of the crust tran-
sition between the Albordn basin (very thinned continen-
tal crust, Hatzfeld, 1976) and the South Balearic basin
(floored by oceanic-type crust, Galdeano & Rossignol,
1977). The use of brute stacked sections and the bad
quality of the data impose some limitations to the inter-
pretation.

Deep seismic refraction and wide-angle reflection profiles

These profiles were considered complementary (es-
pecially at their cross points with the ESCI sections) to
elaborating a velocity model and calculating the depth of
the main reflectors. The results of the depth conversion
of the ESCI-Béticasl and 2 profiles were presented by
Vegas et al. (1994) and are shown in Fig. 4a. Depth was
calculated using the mean velocities shown in the sec-
tions for the first seconds and the velocity defined in the
deep refraction-reflection sections of the same region
(Banda et al., 1993; Barranco et al., 1990). For the ES-
CI-Albordnl line (Fig. 4b), the root-méan square veloci-
ties indicated in the industrial seismic sections were con-
sidered for the sedimentary cover and the velocity defi-
ned in the deep refraction-reflection sections for deeper
structures (Hatzfeld, 1976; Surifiach & Vegas, 1993).
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Figure 4.- Depth-converted profiles for the ESCI-Béticas (a) and ESCI-Alboranl (b) profiles. Numbers represent P-velocities in kms-1.

Industrial seismic lines in the Albordn Sea

A dense grid of seismic reflection profiles was recor-
ded for oil exploration in the northern Albordn Sea bet-
ween 1974 and 1983 (Fig. 3). Its characteristics (sources,
processing, etc.) vary, as does the quality, which is gene-
rally good. On the continental shelf of the eastern area
the quality of the seismic sections is not very high; ne-
vertheless, the available data allow correlation with the
ESCI-Alborin profiles, especially the ESCI-Alboranl
(Fig. 5). The interpretation of these profiles allows us an
analysis of the major structures and seismic units of the
Neogene-Quaternary sedimentary basin. Some basement
reflectors have also been traced and can be tied-in to in-
tracrustal or deeper discontinuities. The structures have
been correlated with those observed in the ESCI-Alboran
profiles.

Methods

The ESCI-Béticas and ESCI-Albordn seismic profiles
have been interpreted in terms of seismic fabric (Allmen-
diger et al., 1987a), which permits a fuller structural in-
terpretation (Berastegui, 1992) and the identification of
great domains or structural units in the crust with a simi-
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lar reflection pattern. The concept of seismic fabric is ba-
sed on the geometric association of the reflectors at the
profile scale and the description of the seismic facies.
Main seismic reflectors and units were differentiated by
the conventional criteria used in seismic analysis: 1) tra-
cing of the main reflectors associated to the major dis-
continuities, 2) geometric configuration of the secondary
reflectors and its relation with the major discontinuities
and 3) the identification of seismic facies following Mit-
chum et al. (1977) with description and geological inter-
pretation of the seismic unit parameters.

Seismic interpretation: main seismic units
ESCI-Béticasl

Unit 1: Low reflective fabric. It shows transparent to
weak facies (Figs. 2 and 6). The unit has a wedge shape
and is bounded at the top by the topographic surface and
the R1 reflector and at the bottom by the R2 reflector (7s
TWT depth). R1 is a discontinuity dipping to the South
(1-8 s TWT depth). The continuous reflections observed
at the top of the unit can be related to the cover-base-
ment boundary of the Guadalquivir basin. This unit may
be correlated to the upper Hesperic crust.



S661 (¥) § ‘vupdsz ‘029 00§ 49y

B

03

el

RS
R
ey

i

.
Y 3
s m?";»‘-ﬁm

AN 9

TWT sec
o)

————  R.10

7l M T

—_—
——

i

—_—— -
— — — — RNl <

"
—

01

5 1'0 km

Figure 5.- Example of industrial MCS profiles used for complementary interpretation of ESCI-Albordn deep seismic reflection profiles. This seismic section crosses the Motril basin in an oblique direction. Note the R10
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ESCIBETICAS 01

ESCIBETICAS 02

Figure 6.- Seismic and tectonic interpretation of the ESCI-Béticasl and 2 profiles. 1: Unit 1 (upper Variscan crust); 2: Unit 2 (lower Variscan
crust); 3: Unit 3 (external Betics); 4: Unit 4 (Albordn domain front); 5: Unit 5 (upper Albordn domain); 6: Unit 6 (middle and lower Albordn do-

main), 6a: northern sector, 6b: southern sector. See text for the R legend.

Unit 2: Layered fabric. The facies are very reflecti-
ve with a subparallel configuration. Five reflectors can
be distinguished. These reflectors are horizontal to the
North, but to the South seem to curve under R1 (Figs.
2 and 6). The unit is bounded at the bottom by R3
(12.8 s TWT depth) and at the top by R2 (7 s TWT
depth). This unit corresponds to the lower Hesperic
crust and R3 to the crust-mantle discontinuity. The la-
yered fabric points to the presence of intracrustal duc-
tile shear zones or lithological boundaries (Passchier,
1986; Rey, 1993). These lower crust laminations have
been described in other segments of the European Va-
riscan belt (Meissner, 1988) and in the Basin and Ran-
ge Province (Allmendiger et al., 1987b). In both pa-
pers these features were correlated with modern exten-
sional events, which means that this segment of the
Hesperic crust could be considered the South Iberian
continental margin during the Mesozoic time. The cur-
ved geometry could be attributed to a suture between
two different crustal blocks.

Unit 3: Discontinuous dipping reflections fabric.
The unit is characterised by weak facies with disconti-
nuous reflections that dip gently to the South, although
in the southern part of the unit the reflections dip to the
North (Figs. 2 and 6). This unit corresponds to the up-
per crust of the external Betic zone. Two levels can be
defined: the upper level related to the Guadix-Baza ba-
sin and the lower one to the Prebetic and Subbetic zo-
nes. The dipping reflections could be associated to th-
rust sheets.

Unit 4: Irregular fabric. It shows chaotic facies with
discontinuous reflections (Figs. 2 and 6). This unit is
probably associated to the Albordn crustal domain, or
possibly to a wedge of the lower Hesperic crust.

ESCI-Béticas2

Unit 5: Low reflective fabric. The unit is characteri-
sed by transparent to weak facies. The reflections are
smoothly dipping to the South and o the North (Figs. 2
and 6). North to the cross-point with ESCI-Béticas], sha-
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llower and continuous reflections are probably related to
the sedimentary cover-basement limit of the Guadix-Ba-
za basin. This unit corresponds to the upper crust of the
Albordn domain (Fig. 6). The image provided by the
seismic profile is too poor to discern the tectonic features
(Fig. 2). The remarkably coalescent character of the re-
flections that limits this unit at the base (R4 and R6) may
be related to a detachment behaviour in the building of
the chain and to the extensional events that caused the
present thinning.

Unit 6: Dipping and cross fabric. It is a high reflecti-
ve unit, with progressive complexity in its structures
southwestwards. Two sectors (North and South) can be
defined, with some differences in their internal configu-
ration. The unit is bounded at the top by R4 and R6 and
at the bottom by RS and R7 (Figs. 2 and 6). In the nort-
hern sector, the R4 upper limit dips gently to the North
(4 s TWT depth). The R5 lower limit (11 s TWT depth)
displays a complex signal with increasing amplitudes
and continuity towards the South. The seismic facies are
characterised by subparallel and discontinuous reflec-
tions that dip to the North. Downwards the facies beco-
me less reflective with discontinuous reflections that are
horizontal or dip to the North. In the southern sector the
upper boundary (R6) is horizontal (5.8 s TWT depth)
and the lower (R7) rises towards the South (10.5 to 9 s
TWT). The seismic facies show a clear cross-configura-
tion, with continuous reflections dipping North and
South. This unit can be associated to the lower-middle
crust of the Albordn domain. The cross-fabric has been
related to collisional processes with tectonic indentation
{(Meissner, 1988), but it could be simply attributed to a
crustal segment where the tectonic processes (extensio-
nal and compressive) developed with more intensity,
probably due to ductile behaviour. The thickness of the
lower and middle crust in the Betic Cordillera is bigger
in the northern part of the internal zones (Filabres Ran-
ge), whereas the general thickness of the chain remains
uniform. This fact could explain the gravimetric anoma-
lies to the North of the Sierra Nevada range (Surifiach &
Udias, 1978).
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Figure 7.- Line drawing of the ESCI-Albordn(1, 1B) profile. MB: Motril basin; D: Djibouti bank; AT: Albor4n trough. Se text for the R legend.

ESCI-Albordn profiles :

Seismic data from these profiles do not allow a detai-
led study of the seismic facies and, therefore, the tectonic
fabric. The study is restricted to the upper part of the pro-
files where reflections are clean (sedimentary cover and
cover-basement boundary) and completed with industrial
seismic reflection profiles. The crust-mantle discontinuity
and other deeper features will be only sketched.

Unit 7: Sedimentary fabric. The unit presents reflecti-
ve and stratified facies with continuous and parallel re-
flections (Figs. 7 and 8). It is bounded at the top by the
sea floor and at the bottom by a major discontinuity
(R10), characterised by onlap landward and downlap se-
award. This unit corresponds to the Pliocene-Quaternary
formations of the Alborédn basin. The upper reflective fa-
cies are probably associated to the Quaternary and Upper
Pliocene sedimentary unit, whilst the lower transparent
ones are probably related to the Lower Pliocene forma-
tions. In this sense, R10 represents the Miocene-Pliocene
boundary (Upper Messinian unconformity).

ESCIALB-01

Unit 8: Sedimentary fabric. This is a high reflective
unit characterised by stratified facies with continuous
and parallel reflections. It is bounded at the top by R10
and at the bottom by R11, defined by onlap terminations
towards both sides of the basin. This unit only found in
the Motril basin (Figs. 7 and 8), and is deformed in some
asymmetrical anticlines, especially near the northern ed-
ge of the basin, where they also affect unit 7. Unit 8 is
correlated with Miocene formations of the Motril basin
and R11 is associated to the cover basement boundary in
this basin. Deformation affecting units 7 and 8 is pro-
bably due to the sedimentary thrusts towards the basin
edges.

Unit 9: Sedimentary fabric. This unit consists of stra-
tified facies with subparallel and continuous reflections.
Its geometry is conditioned by the basement morphology
(Figs. 9 and 10). The upper boundary (R10) is conti-
nuous, whereas the lower is more irregular and is charac-
terised by the Miocene formation of the central Albordn
trough and the South Balearic basin.

ESCIALB-01B

(9@s) 1M1

Figure 8.- Seismic and tectonic interpretation of the ESCI-Albordn(l1, 1B) profile. 1: Unit 10: (thinned Albordn domain); 2: Units 8 and 9 (Miocene
sedimentary sequences); 3: Unit 7 (Pliocene-Quaternary sedimentary sequences); 4: Unit 11 (very thinned Albordn domain and transitional crust to

the South Balearic basin). See text for the R legend.
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Figure 9.- Line drawing of the ESCI-Albordn2 profile. 9a: ESCI-Albordn2 and 2A profile; 9b: ESCI-Albordn2B profile. See text for the R legend.

Unit 10: Trregular fabric. This unit is characterised by
weak facies with discontinuous reflections dipping to the
North and South, with some diffractions. It is found on
the northern margin of the Albordn Sea (Figs. 7 and 8)
and outcrops in the northern scarp of the central Albordn
trough. It corresponds to a segment of the Albordn crus-
tal domain, probably very thinned continental crust. In
the northern pat of the ESCI-Albordnl line (Fig. 7), a
discontinuous reflector (R12) is observed dipping to the
North, related to the crust-mantle discontinuity. The R12
depth is 10 s TWT under the continental shelf and 8 s

TWT South of the Motril basin. Under the eastern part of
the Djibouti bank, R12 ranges from 7 to 6.5 s TWT
depth by means of two small steps. The upper step,
which can also be observed on R10 and R11, could be
interpreted as a strike-slip fault.

Unit 11: Weak reflective fabric. It is characterised by
weak and transparent facies with diffractions. The upper
limit is reflective and shows discontinuous reflections
and diffractions (Figs. 9 and 10). The lower limit is not
well defined, but sometimes it is possible to observe dis-
continuous reflections at 7.5 s TWT (R13). This unit is
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Tigure 10.- Seismic and tectonic interpretation of the ESCI-Albor4n2 profile. 10a: ESCI-Albordn2 and 2A profile; 10b: ESCI-Alborén2B profile. 1:
Unit 7 (Pliocene-Quaternary sedimentary sequences); 2: Unit 9 (Miocene sedimentary sequences); 3: Unit 11 (very thinned Albordn domain and
transitional crust to the South Balearic basin); 4: Unit 12 (oceanic-type crust); 5: igneous intrusions. See text for the R legend.
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Figure 11.- Synthetic cross section through the Central Betic Cordille-
ra and the northern continental margin of the Albordn Sea interpreted
from the ESCI-Béticas1 and 2 and the ESCI-Albor4nl profiles. See le-
gends of Figs. 6 and 8.

associated to the Albordn Domain (central Alboran
trough) and the transition to the South Balearic basin. It
probably consists of a very thinned continental crust with
important igneous intrusions (vertical areas with diffrac-
tions). The lower limit (R13) must correspond to the
crust-mantle discontinuity.

Unit 12: Low reflective fabric. It is characterised by
transparent facies and is bounded at the top and the bot-
tom by two well-defined discontinuities. The upper limit
shows numerous diffractions near unit 9, and the bottom
is characterised by some strong discontinuous reflec-
tions (R14) of high amplitude (Figs. 9 and 10). Curved
geometry could be observed affecting this unit and the
R15 reflector. This unit shows typical oceanic crust fa-
cies. Diffractions are frequently found in the sedimen-
tary cover-basement boundary, due to he irregularities
of the volcanic basement. A lack of reflections and dif-
fractions is observed as the depth increases, which is
caused by the progressive change from volcanic to plu-
tonic character in normal oceanic crust. The flexure ob-
served in this unit could be related to two different seg-
ments of oceanic crust. R14 is associated to the Moho
discontinuity.

Contribution of ESCI-Béticas and ESCI-Alboran
profiles to the crust structure

South Iberian Domain

The R1 discontinuity separates the Variscan crust
from the Betic orogenic domain (Fig. 11). This boundary
is related to a major thrust, or its lateral ramp, that links
the external Betic zones and the Albordn crustal domain
over the Hesperic Massif. It could be associated with a
suture zone between two different crusts.

The Foreland Region: The Hesperic crust shows a
thickness of 36-38 km in the undeformed region; its ove-
rall structure is similar to that found in other Variscan re-
gions of the Iberian Peninsula (Surifiach & Vegas, 1988).
Greater thickness could be explained by the overload of
the external zones, that were detached and piled up on
the Iberian border. Under R1, the Variscan crust is cha-
racterised by the presence of two levels: the upper level
shows transparent facies (unit 1), whereas the lower oné
(unit 2) is more reflective and layered. The layered fabric
and the thinning towards the South of the Variscan crust
suggest the presence of a continental margin during the
Mesozoic time span in the South Iberian region (Garcia-
Hernandez et al., 1980).

The geometry of the Variscan-Alboran boundary and
the underlying antiformal bending of the Variscan crust
could be interpreted in terms of the mechanical impossi-
bility of extending the shortening along the Hesperic
Massif. The geometry also excludes the existence of a
major thrust rooted in an intracrustal or subcrustal de-
tachment of the Hesperic Massif as a result of a process
of continuous collision. Therefore, the idea of a major
thrust related to the formation of the Spanish Central
System (Banks & Warburton, 1991; Ribeiro ez al., 1990)
must be rejected.
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External Zones: The basement of the external zones
is constituted by Variscan crust. The thinning of this
crust can be related to the development of the South Ibe-
rian continental margin in the Mesozoic time. The ex-
tensional structures originated during the rifting episode
were reactivated as compressive thrusting. Over the
crustal thrust (R1), a unit associated to the Mesozoic co-
ver of the South Iberian continental margin (unit 3) can
be differentiated. This unit is structured and detached in
thrusts mainly towards the foreland and is secondary to
the Albordn domain (e.g. Banks & Warburton, 1991).
This piling-up balances the general thickness of the
crust.

Albordn Crustal Domain

The boundary between the two crustal domains is un-
clear in the lowest part of the crust. A wedge, probably
of the Albordn crustal domain, is observed under the
Subbetic units and over the crustal thrust. In the Albordn
Domain, the crust thins progressively to the South.

The Internal Zones: Two levels are neatly differentia-
ted in the crust: the upper (unit 5) and the lower-middle
crust (unit 6). The thickness of the crust is at its maxi-
mum (36 km) under the Los Filabres Range. It is impor-
tant to point out the absence of roots under the main re-
liefs of the Betic Cordillera, although they were sugges-
ted by Surifiach & Udfas (1978) on the basis of gravime-
tric and deep seismic refraction data. The lower-middle
crust shows a complex cross-fabric, probably caused by
the development of important tectonic processes (com-
pressive and extensional) through the Betic Cordillera
history. It is defined at the top by a conspicuous reflector
at 15 - 20 km depth. The coalescent character of the re-
flections suggests detachment behaviour.

The upper crust shows several reflectors that should
represent detachment zones related to the extensional
events (e.g. Garcia-Duefias et al., 1992; Jabaloy et al.,
1992). The upper crust is thinned with respect to the lo-
wer crust of the central chain. However in the southern
part, where the extensional processes gave rise to the Al-
bordn Sea, the thinning seems to have developed with
higher intensity in the lower crust and there is a quite
abrupt thinning of the lower crust southwards. The Moho
discontinuity varies from 10.5 to 9 s TWT depth in the
South. The complex structure of the lower crust and the
absence of orogenic roots could indicate the response of
the crust to stretching processes.

Albordn Basin: Most of the Albordn basin basement
corresponds to a very thinned continental crust. The
main thinning seems to have taken place in the lower
crust (Fig. 8). In the northern part of the ESCI-Alboran]
profile (Fig. 11) extensional events have been stronger.
The crust-mantle discontinuity rises from 9.5, near the
coast, to a depth of 7.5 s TWT South of the Motril basin.
Southwards, the thinning takes place more progressively
and the lower crust disappears totally, leaving only the
upper crust, which also shows some thinning. This thin-
ning of the lower crust could be explained in terms of a
ductile stretch with progressive layering —as shown by
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the wedging of the lower crustal reflectors under the con-
tinental shelf— while the upper crust seems to follow an
asymmetrical shear model.

Under the South Balearic basin, the crust is oceanic.
The boundary between the thinned continental crust and
the oceanic crust cannot be traced accurately. The transi-
tion occurs gradually with thinning of the continental
crust, igneous intrusions and the presence of oceanic
crust materials, which are indicated by an increase in
seismic facies (units 11 and 12), generally associated to
oceanic crust towards the East. A flexural feature is ob-
served in unit 12 in relation to two oceanic crust seg-
ments, located at different depths. This is related to their
cooling stage and therefore to their age: the deeper seg-
ment must be de older one. According to this interpreta-
tion, two episodes of oceanic crust formation could be
defined in the Albordn Sea. The older can be related to
the opening of the South Balearic basin, and the youn-
ger, East of the Alboran ridge, corresponded to an ephe-
meral oceanic opening forced by the extensional proces-
ses in the Albordn basin.

Deep reflections should be treated with caution be-
cause the seismic data can be artefacts. Deep reflectors
of the mantle ought to be related to the extensional pro-
cesses that gave rise to the Alboran basin, as extensional
detachments, or to the compressive Pliocene-Quaternary
event, as an incipient subduction.

Tectonic significance and geodynamic implications

One of the most relevant features identified in the
profile ESCI-Béticas] corresponds to a ramp that limits
the boundary between the Variscan crust of the Iberian
foreland and the orogenic front of the Betic Cordillera
(Figs. 2 and 6). Above this ramp, the Mesozoic cover ap-
pears as a typical double-vergent structure with foreland-
directed folds and thrust (pro-shear thrusts) and back-
thrusts (retro-shear thrusts). Both groups of thrusts are
probably coeval. The ramp deepens and separates the lo-
wer crust of the Iberian Massif from the extra-Iberian
crust of the Albordn Domain. It is difficult to clarify
whether the “Iberian” crust extends under the Albordn
upper crust, forming the lowermost seismic unit of the
profile ESCI-Béticas2. Anyway, the interpretation of the
profiles ESCI-Béticas precludes the existence of a verti-
cal shear zone strike-slip zone between the external and
internal zones of the Betic Cordillera.

Another important feature, from a tectonic point of
view, is the absence of crustal roots under the main re-
liefs of the chain, as other “Alpine” ranges seems to ha-
ve. This may indicate either a lithosphere flexure or a de-
tachment of the upper crust above the main reflector that
separates it from the lower crust.

Three aspects of the ESCI-Alboran profiles are worth
of mention: the crustal thinning and basin formation, the
basin inversion and the nature of the oceanic crust in the
abyssal plain of the eastern Albordn Sea.

Crustal thinning in the Albordn domain may corres-
pond to the main phase of basin formation that reached
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the stage of thermal subsidence in many places. Basin in-
version, in form of reactivated listric faults, seems to oc-
cur at least in Plio-Quaternary sediments. On the other
hand, there could be oceanic crust in the eastern depths
of the Albordn basin, extending into the South Balearic
Sea. This oceanic crust seems to correspond to “forced”
and dispersed spreading centres, as revealed by the inter-
preted igneous centres along the profiles ESCI-Albo-
rdn2. The sharp flexure occurring between the oceanic
areas may represent two different stages of oceanic crust
formation, the older being the floor of the South Balearic
Sea.

Although the profiles studied offer only a partial
view of the northern border of the complex plate-boun-
dary, the tectonic features they record can be, at least,
included in a geodynamic model. We favour a model in
which westward directed translation of the extra-Iberian
Albordn domain causes at its frontal and lateral faces
overthrusting and deformation in the external zones on
both margins. This translation is only possible is a “free
face” is located a the front. The starting phase of this
translation must be placed somewhere in the present-day
South Balearic basin. This continental collision caused

" the expulsion of the Albordn domain as a consequence

of oceanic crust consumption (related to the slab now
described in tomographic studies, Blanco & Spakman,
1993) and HP-LT metamorphism, as well as of pervasi-
ve deformation including extensional and compressional
phases. The oblique Africa/Europe convergence during
these Upper Cretaceous to Eocene Alpine collisions
caused expulsion and lateral transport of the Albordn
domain. The ramp observed can be ascribed to this dis-
placement, whose characteristics fit easily with the mo-
del of “orogenic float” described by Oldow et al.
(1994).

The extensional phase can, in turn be understood by
an expansion of this “orogenic float” over a very thin
oceanic-type crust (the basement of the “synorogenic”
flysch). This extension persists until no free face is avai-
lable in the westward displacement of the Albordn do-
main. It seems to occur in he Uppermost Miocene time,
when basin inversion gave rise to compressed structures
in the Albordn basin. Some resemblance to he plate-
boundary mentioned in the first paragraphs of this study
can be considered. Indeed the three phases described in
this model may correspond to different slip-vectors of
the Europe-Africa convergence.
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