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Abstract

Reflection profiles characterize the structure and the upper Mesozoic to Cenozoic deposits of the Gulf of Cadiz region. Two
long ENE—WSW multichannel seismic lines (ca. 400—500 km long) are analyzed to study the evolution of the area from the
continental shelf to the Horseshoe and Seine abyssal plains. The huge allochthonous deposits emplaced in this region (the so-
called “Olistostrome™ of the Gulf of Cadiz) are described in terms of three different domains on the basis of the seismic
architecture, the main tectonic features and the nature of the basement, oceanic or continental. The eastern domain extends
along the continental shelf and upper and middle slope and corresponds to the offshore extension of the Betic—Rifean external
front. It is characterized by salt and shale nappes later affected by extensional collapses. The central domain develops along the
lower slope between the Betic—Rifean front and the abyssal plains and is characterized by a change in dip of the allochthonous
basal surface and the basement. The allochthonous masses were emplaced by a combined gravitational and tectonic mechanism.
The northern boundary of this domain is marked by the occurrence of an outstanding WNW —ESE-trending thrust fault with a
strike-slip component, termed here as the Gorringe—Horseshoe fault. The westernmost domain corresponds to the abyssal
plains, where the distal emplacement of the allochthonous body takes place; it is characterized by thrust faults affecting both the
sedimentary cover and the oceanic basement. The allochthonous masses show a less chaotic character and the thickness
decreases notably. These domains represent different evolutionary steps in the mechanisms of emplacement of the
allochthonous units. The eastern domain of the allochthonous units was emplaced as part of the pre-Messinian orogenic wedge
related to the collision that gave rise to the Betic—Rifean Belt, whereas the allochthonous wedge of the central and western
domains were emplaced later as a consequence of the NE—SW late Miocene compression that continues in present times.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The Gulf of Cadiz region straddles the E-W
trending segment of the Eurasian—African plate
boundary that extends from Azores to the Mediterra-
nean Sea, between the Gloria Fault and the western
end of the Alpine Mediterranean belt: the Gibraltar
Arc (Fig. 1). The diffuse nature of this segment of the
plate boundary is widely accepted on the basis of the
related seismicity, that is characterized by scattered
shallow-and intermediate-type earthquakes (Vazquez
and Vegas, 2000). Earthquake fault plane solutions
(Grimison and Chen, 1986; Buforn et al., 1995;
Jiménez-Munt and Negredo, 2003) support the exis-
tence of a wide transpression zone ascribed to the
slow (2—4 mm/year) oblique NW—SE convergence
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that initiated in the late Miocene (Dewey et al., 1989;
Argus et al., 1989).

The Gulf of Cadiz is also a relevant area, as it
comprises the ocean—continent boundaries of the
African and Iberian margins, in spite that the exact
location of both boundaries is not well known. Most
of the Gulf of Cadiz is floored by continental crust
that thins to the west (Gonzalez-Fernandez et al.,
2001), whereas the oceanic crust is found at the
Gorringe Bank, Horseshoe and Seine Abyssal Plains
(Purdy, 1975; Roeser et al., 2002).

In the wake of the opening of the Central Atlantic,
the geodynamic evolution of the Gulf of Cadiz has
been ruled by N—S Africa—Eurasia convergence. This
plate convergence lasted from mid-Oligocene up to
late Miocene times and then continued with slow late

IBERIA /7

Gloria Fau’lJtC_
N
AN

37°

4 54 S )CIE 1Z
s q(;%ﬂf?j...:::ﬁ;’::z.::r
[ha!

TASYO Lines I:'I 1 - 3 m 5

HE-91 Lines

IAM Li / 3
—_—— ines
Ul Coesines MM 2 777 ¢ [ o

37° N~

JASYO

36° 4 aRo:

35°

Seine Abyssal Plain

YO:
A

~

T T T
14 10°

T
6°W

Fig. 1. Location map of Tasyo and HE-91 MCS lines and previous surveys in the Gulf of Cadiz: ARIFANO lines (Sartori et al., 1994; Torelli et

al., 1997), IAM lines (Tortella et al., 1997; Gonzalez-Fernandez et al.,

2001), CD lines (Hayward et al., 1999). Shaded areas denote the track of

seismic lines displayed in the following figures. Inset shows plate tectonic setting with plate boundaries as solid lines. (1) South Portuguese
Zone of the Iberian Massif, (2) Complexes of the Alboran Domain, (3) Flysch units, (4) Mesozoic Maghrebian Domain Cover, (5) Mesozoic
South Iberian Domain Cover, (6) Neogene—Quaternary Deposits, (7) Guadalquivir Allochthon boundary onland.
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Miocene to recent NW convergence (Dewey et al.,
1989; Srivastava et al., 1990; Rosenbaum et al.,
2002). Westward drift and collision of the Alboran
Domain with the north African and south Iberian
margins in the early—middle Miocene, caused the
development of the Rif and Betic orogen, and as a
consequence the radial emplacement of huge allochth-
onous masses (the so-called “olistostrome unit’’) on
the Guadalquivir Basin (Iberian foreland), Rharb
Basin (North African foreland) and Gulf of Cadiz
(Perconig, 1960—1962; Flinch and Vail, 1998; Torelli
et al., 1997; Maldonado et al., 1999; Gracia et al.,
2003a).

Since the chaotic body was recognized onland in
the sixties (Perconig, 1960—1962) and offshore in the
following decades (Roberts, 1970; Lajat et al., 1975;
Bonnin et al., 1975; Baldy et al., 1977; Malod and
Mougenot, 1979; Maldonado et al., 1999), various
interpretations have been made to explain the em-
placement mechanism of this allochthonous unit (in-
cluding gravitational processes, debris-flow mecha-
nisms, diapirism and tectonic melange, among others).
These interpretations gave rise to different nomencla-
tures: ““Olistostrome”, “Guadalquivir allochthon”
and “Guadalquivir accretionary wedge”. There is,
however, a general agreement on the age of emplace-
ment, which has been established as late Tortonian in
the Guadalquivir (Perconig, 1960—1962) and Rharb
foreland basins (Flinch and Vail, 1998). A similar
discussion has been carried on for the offshore pro-
longation of this unit in the Gulf of Cadiz (Torelli et
al., 1997; Tortella et al., 1997; Maldonado et al., 1999;
Somoza et al., 1999; Gutscher et al., 2002).

The tectonic setting of the Gulf of Cadiz has been
so far ascribed to three scenarios: (a) Maldonado et al.
(1999) proposed subduction of the intermediate-type
Iberian crust under the Alboran microplate in a
western Alboran subduction zone and subsequent
deformation of the lower plate in the form of crustal
slices (oceanic slices at the Gulf of Cadiz). (b)
Gutscher et al. (2002) considered that in the Gulf of
Cadiz, these allochthonous masses represent an active
accretionary complex related to a narrow east-dipping
slab of oceanic lithosphere west of the Gibraltar Arc,
under the Alboran Sea. (c) Sartori et al. (1994)
suggested that in the distal margin and Atlantic basin
plains there is no subduction-related deformation, but
the stresses are released across a 200-km area between

the Seine Abyssal Plain and the Gorringe Bank,
without a defined plate margin. Vazquez and Vegas
(2000) also supported a diffuse contractive deforma-
tion of the lithosphere due to the African—Iberia
convergence. This diffuse deformation occurs at the
long-lived Africa—Iberia interface, a ‘“‘not fully
fledged” plate boundary (Vegas, 2001). Both tectonic
regimes—subduction and distributed compression de-
formation—have been related in the same tectonic
frame by Vazquez and Vegas (2000).

The objective of this work is to contribute to the
knowledge of the main tectonic structures and the
evolution of the Gulf of Cadiz within the African—
Iberian Tertiary convergence. We analyze two long
transects (ca. 400-500 km long) from the Cadiz
continental shelf and Strait of Gibraltar to the
Horseshoe and Seine Abyssal Plains. These sections
have been mainly drawn on the basis of two-long
reflection seismic profiles, acquired during the
Tasyo cruise. To date, no attempts have been made
to explain the evolution of the olistostrome unit
from the Guadalquivir Basin to the Atlantic abyssal
plains. These cross-sections not only reveal the
present tectonics and structure of the region, but
also allow us to infer the geological evolution. The
long sections are complemented, moreover, with
additional Tasyo profiles that show detailed struc-
tures (Fig. 1).

2. Geological background

The main geological units that bound the Gulf of
Cadiz are: the Algarve Basin in the north part, the
South Portuguese Zone of the Iberian Massif, that
crops out in southern Portugal, the Guadalquivir
foreland basin to the east and the Betic—Rifean
orogenic belt, which extends from southern Iberia to
Morocco through the Gibraltar Arc (Fig. 1).

The Algarve Basin extends along southern Portu-
gal and the continental margin with an E—W direc-
tion. The basement is made up of Devonian and
Carboniferous materials, which belong to the South
Portuguese Zone, a Variscan SW verging fold-and-
thrust belt (Ribeiro et al., 1983). The stratigraphic
record of this basin extends from Late Triassic to
Quaternary with a hiatus from Cenomanian to Mio-
cene. Nevertheless, Paleogene deposits have been
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found on the continental shelf, where boreholes have
drilled sediments of Paleocene and Eocene age. The
evolution of the Algarve Basin within the south
Iberian margin is characterized by the Alpine tectonic
inversion of the Mesozoic extensional structures (Ter-
rinha et al., 2002).

The Betic belt has been divided in terms of internal
and external zones. The former corresponds to the
Alboran Domain Complexes and is made up of a stack
of nappes mainly composed of Paleozoic to Triassic
metamorphic rocks. The external zone (Subbetic
units) represent the south Iberian Mesozoic paleomar-
gin, later incorporated into the belt and characterized
by thin skinned tectonics. They consist of Triassic to
lower Miocene deposits detached and thrusted to-
wards the foreland. The Subbetic is overthrusted by
the Flysch of Campo de Gibraltar units, which con-
tains Cretaceous to Miocene siliciclastic deposits,
mostly turbidites. These sediments were deposited in
a deep trough located between the Iberian margin and
the Alboran Domain and later translated and incorpo-
rated into the Gibraltar Arc belt (Azafion et al., 2002).

In the Cadiz area, two sectors have been defined
onland within the External Zone (Berastegui et al.,
1998; Garcia-Castellanos et al., 2002): a southwestern
zone of Mesozoic outcrops (lower Jurassic to upper
Cretaceous—Paleocene age), and to the north, a body
which has been traditionally referred to as the Olis-
tostrome or Guadalquivir Allochthon, constituted by
chaotic masses and a frontal Miocene north-verging
imbricated wedge. This chaotic body consists of
Triassic evaporites and red beds with blocks, mostly
of upper Cretaceous to Paleogene limestones. It also
involves marlstones ranging from Aquitanian to Tor-
tonian. The southeastern half of the Guadalquivir
foreland basin is covered by this allochthonous unit,
which near the coast reaches a width of 50 km and a
thickness of 2—3 km (Flinch and Vail, 1998). These

wedge-shaped allochthonous units extend from the
Iberian Peninsula and Morocco (Prerifaine nappes at
the Rharb foreland basin) to the Horseshoe and Seine
Abyssal Plains.

3. Methodology and data sources

As part of the TASYO Project, a multichannel
seismic reflection (MCS) survey was carried out in
2000 in the Gulf of Cadiz aboard the B/O Hespérides.
During this cruise, 1728 km of MCS seismic profiles
were obtained crossing the area in ENE-WSW, NE—
SW and NW-SE directions (Fig. 1). Seismic data
were acquired by means of a five BOLT airgun array
of 22.45 and 34.8 1 (line Tasyo-3) of capacity and a
TELEDYNE 96-channel streamer of 2.5 km long, and
recorded for 10 s at a 2-ms sampling rate. The shot
interval was 50 m. Data processing (stacking and time
migration) has been performed at the B/O Hespérides
and the Instituto Andaluz de Ciencias de la Tierra
(CSIC). The area was simultaneously surveyed with
Simrad EM-12 multibeam echo sounder.

Analysis of these new seismic data allow us to
identify several seismic units and map the main
tectonic features that have determined the general
structure of the margin (Fig. 2). Additional MCS
profiles obtained during HE-91 cruise as well as
IAM seismic lines have also been analyzed to com-
plement the easternmost part of the Gulf of Cadiz and
the Horseshoe Abyssal Plain. The structures and
seismic units identified on MCS lines have been tied
to other profiles (Fig. 1) previously published by
different authors in the area (Sartori et al., 1994;
Torelli et al., 1997; Tortella et al., 1997; Hayward et
al., 1999). Seismic unit ages have been assigned on
the basis of tentative correlations with DSDP 135 and
units defined by Maldonado et al. (1999).

Fig. 2. Structural map of the survey area based on interpretation of MCS lines. The map is supplemented in the Portuguese continental shelf with
the Carta Geologica de Portugal a escala 1:500,000 (Servicos Geoldgicos de Portugal, 1992) and in the southwest Portuguese margin, the
Marques de Pombal fault has been traced after Terrinha et al. (2003). Bathymetric contours from Tasyo multibeam data and Smith and Sandwell
(1997). Crustal thickness after Purdy (1975), Medialdea et al. (1986), Gonzalez et al. (1998) and Gonzalez-Fernandez et al. (2001). AH:
Albufeira basement high; ALG: Algarve Basin; CB: Cadiz Basin; CPR: Coral Patch Ridge; DCC: Diego Cao Channel; F-A, F-A; F-B, F-C,
FC,: Fronts of the Allochthonous Units; FF: Flysch Front; GB: Guadalquivir Bank; GUALb: Guadalquivir Allochthon boundary (buried);
GUALo: Guadalquivir Allochthon boundary (outcropping); HAP: Horseshoe Abyssal Plain; LC: Lagos Canyon; PC: Portimao Canyon; PH:
Portimao basement high; SbF: Subbetic Front; SF: San Fernando; SVC: San Vicente Canyon. (1) South Portuguese Zone (Paleozoic), (2)
Complexes of the Alboran Domain (Internal zone), (3) Flysch units, (4) Algarve Basin (Mesozoic), (5) Triassic deposits (External zone), (6)

Mesozoic sediments (External zone), (7) Neogene—Quaternary sediments.
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The current structure of the region and its evolution
is envisaged through two long ENE-WSW line-
drawings (Fig. 3). Both line drawings are chiefly
derived from the interpretation of MCS profiles
Tasyo-1 and Tasyo-12. Nevertheless, in order to get
a more complete image of the region, both Tasyo lines
has been linked to MCS profiles IAM-T3 and HE-91-
10 and IAM-GC-2 and HE-91-12 lines, respectively
(Tortella et al., 1997; Gonzalez-Fernandez et al.,
2001). The structure of the lower crust and Moho
depth is based on velocity models, where depth has
been converted to TWT (Gonzalez-Fernandez et al.,
2001), and on other seismic data (Sartori et al., 1994).
It should be considered, however, that these conver-
sions might locally produce a distorted image of the
crustal geometry.

4. Stratigraphic framework

Five units are differentiated above the acoustic
basement. These units range in thickness from: 2—
2.5 s (TWT) in the middle continental slope to 2—3.5 s
(TWT) in the lower slope, and again to 2—2.5 (TWT)
in the basin plains (Fig. 3).

The complete stratigraphic sequence of the sedi-
mentary cover in the Gulf of Cadiz region is consti-
tuted by the following units (Fig. 4): (Ul) a basal
upper Jurassic—lower Aptian unit made up of marls
and limestones, onlapping basement irregularities
with a mean thickness of 400—600 ms TWT; (U2)
an upper Cretaceous—lower Eocene predominantly
terrigenous unit (shales with chert layers and lime-
stones at the base) deposited in a deep sea environ-
ment (Hayes et al., 1972) and with a fairly constant
thickness of 400 ms TWT along the basin plains, that
increases towards the slope (600—800 ms TWT); (U3)
a unit that has been tentatively attributed to the Upper
Oligocene—Miocene according to the stratigraphic
position, that was only recognized on the Horseshoe
Abyssal Plain and locally at the lower slope with a
thickness of about 400 ms (TWT); (U4) the Allochth-
onous Unit of the Gulf of Cadiz, the so-called “Olis-
trostrome™, (U5) a Miocene—Quaternary Unit. This
later unit is composed on the continental shelf and
slope of Miocene marly clays and sands, and Plio-
cene—Quaternary hemipelagic deposits, contourites
and turbidite beds (Maldonado et al., 1999). On the

southern edge of the Horseshoe Abyssal Plain, DSDP
135 drilled marls and nannoplankton chalk ooze of
late Oligocene—early Miocene to Pleistocene age
(Hayes et al., 1972).

Due to its specific characteristics (unusual thick-
ness and wide distribution) and the widely discussed
mechanism of emplacement, the “olistostrome unit”
merits independent attention. In this contribution,
these deposits will be called the Allochthonous Unit
of the Gulf of Cadiz (AUGC). This denomination
avoids genetic implications, since more than one
mechanism can be invoked along the evolution of
the margin, as it will be farther discussed.

The wedge-shaped AUGC is constituted by a set of
superposed sheets. Its thickness ranges from 0 s in the
external front to 2.5 s TWT (about 2.75 km assuming
a velocity of 2.2 km/s, after Gonzalez-Fernandez et
al., 2001). These masses have been seismically char-
acterized by chaotic reflectors and numerous diffrac-
tions and hyperbolic reflections. Nevertheless,
towards the western external front as the thickness
decreases, it is seismically more coherent and less
deformed. The allochthonous deposits have been
drilled onshore in front of Chipiona (Cadiz G-1 in
Fig. 1) where it is made up of marls and anhydrite
(Maestro et al., 2003).

The allochthonous masses involve two Miocene
units defined in the continental shelf and upper slope
by Maldonado et al. (1999): pre-olistostrome unit M1
(Langhian-Serravallian and lower Tortonian) and syn-
olistostrome unit M2 (upper Tortonian). Fragments of
Mesozoic and plastic Triassic materials and even
lower Cenozoic units are also comprised in the
AUGC, taking into account seismic and well data
(Maestro et al., 2003). On the continental shelf and
upper slope the AUGC overthrusts unit M1, com-
posed of grey and green clays, which is responsible of
the marly diapirism in the Gulf of Cadiz. Similar data
has been reported by Flinch and Vail (1998) in the
southern margin of the Guadalquivir foreland basin.

5. Structure of the Gulf of Cadiz from seismic
interpretation

The tectonics, seismic architecture, morphostruc-
ture and crustal structure of the area will be described
and interpreted in terms of three key regions (Figs. 2
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Fig. 3. Two cross-sections along the Gulf of Cadiz composed of line-drawings of MCS profiles Tasyo 12, IAM GC-2 and HE-91-10 (a) and Tasyo 1, IAM-T3 and HE-91-12 (b). Crustal structure from depth to TWT time converted after Gonzalez-Fernandez et al. (2001) is superposed on both

sections. Discussion in the text. See Fig. 2 for location.
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Fig. 4. Stratigraphy of the following MCS profiles at the lower slope and abyssal plain and correlation with seismic units previously defined in

the area.

and 3): (1) the easternmost region, which extends
along the continental shelf and upper and middle
slope, has been named the Offshore Betic—Rifean
Domain; (2) the central domain, which includes the
Frontal Slope of the allochthonous wedge; and (3) the
outer Oceanic Domain, that corresponds to the Horse-
shoe and Seine Abyssal plains separated by the Coral
Patch Ridge, where thrust tectonics affecting the
basement is conspicuous. This later domain includes
the distal front of the AUGC.

5.1. The offshore Betic—Rifean domain

The northern external boundary is marked by a set
of elongated basement highs, named the Guadalquivir
Bank, and the Portimao and Albufeira basement highs
(GB, PH and AH, respectively, in Fig. 2). These highs
are located on the middle slope at 1200—1300 m
depth, south of the Algarve Basin, and they corre-
spond to the offshore prolongation of the Variscan
basement outcropping in South Portugal (Fig. 2). The
Guadalquivir Bank constitutes the only Variscan base-
ment outcrop (South Portuguese Zone of the Iberian
Massif) of the margin, where graywackes, shales,

quartzites and basic volcanic rocks were dredged
(Vegas et al., 2004), although in Fig. 3a it is covered
with a thin layer of sediments. These basement highs
play an important role in the morphostructure and
depositional architecture of the margin, as they trap
sediment supplied from the Algarve Basin, act as an
obstacle for the advance of the AUGC and influence
the development of canyons and channels on the
margin. The basement highs overlie a thinned conti-
nental crust of 22—23 km (Gonzalez-Fernandez et al.,
2001) and their dimension and importance are well
expressed by gravity and magnetic anomalies (Dafio-
beitia et al., 1999).

East and southwards and in the proximity of the
Strait of Gibraltar, the Flysch and Subbetic units cross
obliquely the continental shelf and upper slope and
continue into the Moroccan margin with the Rifean
flysch and external units to form the Gibraltar Arc
(Fig. 2).

The region is characterized by successive arcuate
thrusts corresponding from E to W to the Flysch and
Subbetic materials in the internal area and to the
AUGC, which continues onland (Figs. 2 and 3b). The
Flysch units outcrop extensively close to the Strait of
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Gibraltar and overthrust the Subbetic units (Figs. 3a
and 5). The Subbetic units include upper evaporitic
Triassic units, affected by diapirism, and Mesozoic to
Tertiary carbonate and terrigenous deposits (Jurassic to
late Oligocene), which overlie the Paleozoic basement.
Several diapirs have been identified offshore in this
area, as for example a huge diapir close to the Flysch-
Subbetic boundary, seaward off San Fernando (SF in
Fig. 2), where a salt diapir outcrops. Over the Subbetic
and Flysch units, an arcuate basin (Cadiz Basin, CB in
Fig. 2) with two marked depocenters located over the
fronts of both units is remarkable in Fig. 3b (S.P. 600
and 1100), filled by a middle Miocene—Quaternary
depositional sequence of more than 1 s TWT.

West of the Subbetic Front (SbF in Fig. 2), the
AUGC develops as a set of superposed units that
prograde seawards, reaching progressively further
distances along a seaward dipping basal surface

(Fig. 3b). The chaotic masses of the northern allochth-
onous wedge front overlie middle Miocene deposits,
as for example close to the Portimao basement high
(Fig. 6).

The progressive westward migration of these units
is responsible for the convex morphology of the
isobaths on the slope, which appear as a fan-shaped
body. The AUGC reaches the base of the middle slope
at 2400 m water depth, and delineates the external
boundary of this domain (F—C in Figs. 2 and 3b). In
spite of the chaotic character attributed to the AUGC,
the high quality of the seismic data allows us to
distinguish the internal landward-dipping reflectors
that represent the basal detachments of the successive
imbricated bodies (Fig. 3b).

Extensional collapses and roll-over structures are
found at the back of the advancing allochthonous
sheets (Maestro et al., 2003). These features are

NNW HE-91-13 SSE
o 9000 . 9100 . 9200 9300 9400 . 9500 9600

9000 . 9100 . 9200

Cadiz Basin

9300 . 9400 . 9500 . 9800

Fig. 5. Interpreted MCS line HE-91-13 and seismic profile across the Flysch and Subbetic units. Discussion in the text. See Fig. 1 for location.
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Fig. 6. Detail of the MCS line Tasyo-6 and line drawing in the Portimao basement high area, showing the external front of the AUGC. See Fig. 1

for location and Fig. 4 for seismic units explanation.

represented in Fig. 2, where several listric faults with
an arcuate trace merge at the sea floor near the
continental shelf break in front of Chipiona.

The irregular and undulating top of the allochtho-
nous unit frequently shows mounded geometries, that
can either mark secondary fronts or geometries related
to diapirism (Figs. 3 and 5). Extensive mud diapirism
and mud volcanism has been reported throughout the
Gulf of Cadiz margin (Somoza et al., 2002; Pinheiro
et al.,, 2003). On Fig. 2, the location of the main
diapirs and mud volcanoes structures extending from
the coast to the lower slope are shown. In the northern
Gulf of Cadiz, these diapirs display a NE—SW trend,
parallel to the arcuate Subbetic Front and form a set of
parallel ridges (Hernandez-Molina et al., 2003). South
of the Strait of Gibraltar, mud volcanoes followed a
NNW-SSE trend.

Near the coast, the 30-km-thick continental crust
thins progressively to 21-22 km approximately at
8°W (Gonzalez-Fernandez et al., 2001). Two base-
ment highs that belong to the northern boundary of
this domain are represented in Fig. 3a: the Guadalqui-
vir Bank and the Albufeira basement high, located to
the SW (Fig. 2), where the upper crust has been
defined using wide-angle seismic reflection models.
Taking into account that the Guadalquivir Bank is
made up of Paleozoic rocks, it is proposed that this
uppermost layer represents the South Portuguese
Zone. A prominent intracrustal reflector (Fig. 3b),
associated with the top of the middle crust at 4 s
TWT (approximately 5 km depth) beneath the Cadiz
Basin, can be traced down to 10 s TWT (12 km depth)
along an 80-km long seaward dipping surface. This
crustal boundary separates two blocks (upper and
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lower crust) with different reflection signatures. There
are also groups of upper crustal reflectors rising from
this midcrustal region, which could be considered
emerging thrusts ramping up into the upper crust from
the midcrustal detachment zone.

5.2. The frontal slope of the allochthonous wedge: the
transition to the basin plains

The lower slope and rise is characterized by the
occurrence of an outstanding WNW —ESE-trending
fault, named here as the Gorringe—Horseshoe fault,
which lies southeast of the Gorringe Bank and bounds
the northeastern margin of the Horseshoe Abyssal
Plain (Figs. 2 and 3a). Another feature of this area
is the change in inclination of the allochthonous basal
surface. The greatest thicknesses of the AUGC are
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reached in this domain, close to the Gorringe—Horse-
shoe fault (Fig. 3a).

The internal boundary of this region is well ob-
served south of San Vicente Cape by an abrupt deep-
ening of the basement of 3 s (TWT) from the Albufeira
High along 15—-20 km, followed by a gentler deepening
of 1.5 s (TWT) along 25 km (Figs. 3a and 7).

Three seismic units (Ul, U2 and U3) of Late
Jurassic to Miocene age underlie the AUGC (Fig.
3a). In contrast to the eastern domain, the AUGC (U4)
seems to involve the complete Miocene depositional
sequence and constitutes the bulk of the “infilling” of
the slope basins. The abrupt deepening of the base-
ment facilitates the gravitational collapse of the
allochthonous unit and the overlying sediments (Fig.
3a). As it can be observed in Fig. 7 (S.P. 4500—-5500),
several allochthonous sheets have slid down due to

Tasyo-12 ESE

4400 4200 4000
] I ] I 1

1
Albufeira
basement high i fiag:
Gravity Sliding =

Fig. 7. Segment of MCS line Tasyo-12 and line drawing. Note the slope failure produce by gravity-driven advance of the allochthonous sheets at
the base of the Albufeira High. See Fig. 1 for location and Fig. 4 for seismic units explanation.
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slope instability and appear superposed at the base of
the Albufeira basement high. Extensional structures
are produced at the slide head due to the gravitational
forces that emplace the slope allochthonous masses.
These gravitational faults determine the arcuate trace
of the isobaths (Fig. 2).

The Gorringe—Horseshoe fault is an active thrust
fault with a right-lateral strike-slip component that has
been identified using seismic data and map criteria
(Figs. 2, 3a and 8). It is 150 km long and has a NW—
SE direction that slightly changes at its eastern end.
Neotectonic modelling of this part of the Africa—
Eurasia plate boundary carried out by Jiménez-Munt
and Negredo (2003) has predicted NW—SE striking
faults to have dextral motion and relatively high slip
rates (2.8 mm year '). This fault, that has been
crossed by two seismic profiles (Tasyo-4 and Tasyo-
12), displaces the basement top and seemed to be
rooted at the base of the crust, which lies at 12 s TWT
at the lower slope (Gonzalez-Fernandez et al., 2001).
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It is interpreted to be located near the continent—ocean
boundary, considering that crustal thickness reaches
14 km (Gonzalez et al., 1996). We have also re-
interpreted this structure in the following seismic
profiles (Fig. 1): ARIFANO AR92-01 line, close to
CDP 1400 (Torelli et al., 1997) and IAM-3 line, near
CDP 4700 (Gonzalez-Fernandez et al., 2001; Tortella
et al., 1997).

The Gorringe—Horseshoe fault offsets the uncon-
formity between the basement and the sedimentary
cover, but also cuts through the AUGC deposits to
the seafloor. This fault produces tilting of the depo-
sitional units (which appear northeastward dipping),
due to the hangingwall load, lamination of the units
and the outward advance of successive imbricates of
the allochthonous wedges (Fig. 3a). The Gorringe—
Horseshoe fault marks also a change of dip in the
basal surface of the AUGC, that passes to verge
from oceanward to landward, and induced a change
in the mode of emplacement from gravitational to
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Gorringe-Horseshoe Fault

Fig. 8. Segment of MCS line Tasyo-12. Note the Gorringe—Horseshoe fault, which marks a change in the basement dip. Arrows denote the
offset produced by the fault. See Fig. 1 for location and Fig. 4 for seismic units explanation.
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tectonic (Fig. 3). Previously slid allochthonous
wedges of the slope were reactivated and transported
seaward as illustrated by some subfronts: (between
F-A, and F-A in Figs. 2 and 3). The change of the
basement dip is also observed in Fig. 3b, close to SP
80, where a fault of similar characteristics has been
identified (F-C; in Figs. 2 and 3).

a ws

Tasyo-3

The Coral Patch Ridge constrained the seaward
migration of the allochthonous wedges and induced
the divergence of the migration front, which
becomes split into two lobes, one north—westward
and another south—westward (Fig. 2). The external
front (F—B) of the AUGC pinches out near the top
of the Coral Patch Ridge, where it is sealed by only

wW
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b SP 90 . 1100 | 1300 . 1495 1695 . 1895 . 2095 2295 2495
CORAL PATCH RIDGE
41 F-

Strike-slip faults

w

Fig. 9. MCS line Tasyo-3 (a) and line drawing (b) at the Coral Patch Ridge. Discussion in the text. Black box on the MCS line outlines a detailed
section (c). See Fig. 1 for location and Fig. 4 for seismic units explanation.
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200 ms TWT of Pliocene—Quaternary sediments
(Fig. 9).

Gonzalez et al. (1996) proposed from the interpre-
tation of the TAM-3 wide-angle seismic reflection
profile (Fig. 1), a model for the crustal structure of
this domain that shows a progressive thinning of the
crust from about 30 km close to San Vicente Cape to
15 km (11 km below sea bottom) at 80—100 km from
the coast. On the distal margin this thickness is
maintained south—westward, close to the Gorringe—
Horseshoe fault. In a NE—SW direction, crustal thick-
ness changes from 22 to 14 km (Fig. 2).

5.3. The oceanic domain: the abyssal plains and the
Coral Patch Ridge

This region is characterized by active thrust tec-
tonics (Figs. 10 and 11). A slope of 600—700 m marks
a change from the distal margin to the flat Horseshoe
Abyssal Plain located at 4800 m depth (Fig. 10). The
basin plain is bounded by two NE—SW major reliefs:
the Gorringe Bank and the Coral Patch Seamount
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(Fig. 2). The Gorringe Bank is flanked by northwest
and southeast-verging thrust faults (Ryan and Hsii,
1973; Mauffret et al., 1989; Le Gall et al., 1997;
Galindo-Zaldivar et al., 2003). South of the Coral Patch
Seamount, the Seine Abyssal Plain at 4300—4400 m
depth is shallower than the Horseshoe Abyssal Plain.

5.3.1. The Horseshoe Abyssal Plain

The depositional sequence in the Horseshoe Abys-
sal Plain is characterized by upper Jurassic to Miocene
sediments (U1, U2 and U3) overlain by an allochth-
onous wedge (U4) of 400—500 ms (TWT) thick, that
thins progressively until it disappears at about
11°50) W—12°W. In the basin plain, a northwest-
ward-verging thrust system trending NNE—SSW is
observed (Figs. 2, 3a, 10 and 11). These thrust faults
can be delineated by internal crustal reflectors that
extend into the oceanic basement, fold the sedimen-
tary cover and develop seafloor elevations (Figs. 10
and 11). In general, these thrust faults have a small
horizontal component, and consequently the crustal
shortening accommodated by each fault is minor. The

ENE

84|00 8290 BOEIJO ?8:30 TGIOO 7400

9000 8800

8600

8400 8200 8000 7800

Horseshoe Abyssal Plain

Sea floor elevations

10

Fig. 10. Western segment of MCS line Tasyo-12 and line drawing showing the thrust belt of the Horseshoe Abyssal Plain. Details of
interpretation in text. See Fig. 1 for location and Fig. 4 for seismic units explanation.
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Fig. 11. MCS line Tasyo-15 and line drawing showing the thrust fault that marks the eastern boundary of the Horseshoe Abyssal Plain.
Associated recent slides are observed. This thrust fault has also been cut southwards by line Tasyo 12 (Fig. 10, S.P. 7900). Details of
interpretation in text. See Fig. 1 for location and Fig. 4 for seismic units explanation.

main vertical offset of the basement is observed at the
eastern boundary of the plain, where a thrust fault
originates a promontory that rises 600 m over the sea
floor (Fig. 11). The geometry of the structures shows
high-middle angle in the sediments and tends to
flatten to low angles in the basement. It is noteworthy
that the thrust faults seem to be rooted at the base of
the crust (11.5 s TWT), as it can be observed in the

seismic profiles from the IAM Project (MCS line
IAM-3, Fig. 1), that registered 14 s TWT (Gonzalez
et al., 1996; Tortella et al., 1997). In fact, the Moho
discontinuity has been identified by Sartori et al.
(1994) at about 11 s (TWT) near the basin plain.
Shortening is expressed in the sedimentary cover
as symmetric folds. These are thrust-related folds and
show large amplitude and middle-long wavelength
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(12-30 km). The thrust faults also favoured the
westward transport of small allochthonous sheets, that
progressively become more layered and less chaotic in
character (Fig. 10). In this sense, each thrust accounts
for a small proportion of the continuous and slow
shortening of the oceanic crust and at the same time
favoured the basinward transport of the allochthonous
materials, which only comprise part of the Miocene
deposits. The seafloor elevations developed by the
crest of the folds indicate, however, recent tectonic
activity (Fig. 10, S.P. 7800—8100).

The thrust belt extends westwards under the Horse-
shoe Abyssal Plain, where these structures are blind
(Fig. 12). The Miocene—Quaternary unit (U5) buried
the thrust relief, although its base can be often
disrupted by normal faults that accommodate part of
the deformation.

5.3.2. The Seine Abyssal Plain and the Coral Patch
Ridge

During the Tasyo survey, only the eastern prolon-
gation of the Coral Patch Seamount was surveyed: the

SW Tasyo-13 NE
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87 Horseshoe Abyssal Plain

deformed sediments
/

Fig. 12. MCS line Tasyo-13 and line drawing showing a blind basement thrust at the Horseshoe Abyssal Plain. Details of interpretation in text.

See Fig. 1 for location and Fig. 4 for seismic units explanation.
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Coral Patch Ridge (CPR in Fig. 2), located on the
southeastern edge of the Horseshoe Abyssal Plain.
This elongated ridge is bounded to the NW by
northwestward-verging thrust faults trending ENE—
WSW, recently active, that give rise to a step-like
morphology of the sea-floor (RIFANO, IAM and AR-
92 lines, Sartori et al., 1994; Tortella et al., 1997,
Hayward et al., 1999), that progressively rises to 3200
m depth at the top of the Coral Patch Ridge. The
direction of the ridge and the faults is slightly oblique
to the NE—SW thrust faults of the Horseshoe Abyssal
Plain (Fig. 2). In this area, DSDP Site 135 (Hayes et
al., 1972) drilled the upper part of an upper Jurassic—
Aptian unit (Ul, marls and limestones) below an
Aptian—lower Eocene unit (U2), that records at the
top a change from terrigenous to pelagic sedimenta-
tion corresponding to the Miocene—Quaternary
deposits (US).

Some differences must be pointed out related to
thrust fault architecture and geometry in the southern
Coral Patch Ridge and northern Seine Abyssal Plain.
The thrust faults appear to be controlled by pre-
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existing basement extensional faults. Examples of this
tectonic inversion are displayed in Fig. 9 (S.P. 1795)
and Figs. 13 and 14b (S.P. 6496-6596), where
reactivation of pre-existing extensional faults, that
have become thrust faults can be observed, verging
to the WSW on seismic profiles. The system has
undergone partial inversion, and normally, the pre-
existing extensional architecture is not obliterated,
even though they may have locally sea floor expres-
sion (Fig. 9, S.P. 2095). Only in one case, the
basement is clearly displaced about 200 ms (Figs.
13 and 14b, S.P. 6496—6596). These faults are spaced
about 15-20 km apart, propagate into the upper units
and become steeper and convex upwards, showing the
development of shortcuts. The sedimentary cover has
also undergone shortening and forms anticlinal and
synclinal fold structures, which adapt to the basement
morphology. It is difficult to determine the direction
of these faults as only two profiles cross the area, but
taking into account the stress direction during the
Miocene, as well as the bathymetric trend, they could
be considered as nearly NNE—SSW structures.
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Fig. 13. Western segment of MCS line Tasyo-1 and line drawing. Details of interpretation in text. D: Diapirs. The black boxes on the MCS line
outline detailed segments depicted in Fig. 14. See Fig. 1 for location and Fig. 4 for seismic units explanation.
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Fig. 14. Two details of MCS line Tasyo-1 shown in Fig. 13. Arrows mark a small basement offset. See Fig. 13 for location.
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On the western end of line Tasyo-3, S.P. 900—1300
(Fig. 9), it is interesting to notice the occurrence of
faults, verging to the ENE in the seismic profiles and
asymmetrical folds affecting the sedimentary cover.
On line Tasyo-3 (Fig. 9, S.P. 900—1000), one of these
faults produces a vertical offset of 200 ms (TWT) in
the sedimentary cover and eventually reaches the sea
floor, which appears elevated 150—300 m. It has been
interpreted as a strike-slip fault trending WNW—ESE,
considering the scarp depicted by multibeam data.
Nevertheless, more seismic profiles would be neces-
sary to characterize and map these faults.

Piercement structures that deform the sedimentary
cover, and that may have a diapiric origin are ob-
served in the western end of line Tasyo-1 (Fig. 13). In
this respect, the diapirism is widely spread in the
Moroccan margin and especially close to this area,
where it has been related to an early rifting phase
(Pautot et al., 1970). The Jurassic—lower Cretaceous
unit is thicker and a Triassic evaporitic sequence may
not be excluded.

Wide-angle seismic reflection profiles in the Seine
and Horseshoe Abyssal Plains show typical oceanic
Moho depths of about 11 km below sea level with low
upper mantle velocities of 7.3—7.6 km/s (Purdy,
1975). The continent—ocean boundary has been de-
fined from magnetic anomalies and seismic data by
Roeser et al. (2002) near the beginning of line Tasyo-1
(Figs. 1 and 3b).

6. Evolutionary steps and tectonic interpretation

The present structure of the AUGC in the Gulf of
Cadiz seems to be developed under a NW—SE com-
pressive regime by a three step evolutionary sequence
that initiated in the middle Miocene (Figs. 2 and 3).
This hypothesis is supported by three successive
processes that have been repeated at each step: thrust-
ing, gravitational sliding and/or tectonic transport, and
subsequent extensional collapse at the back of the
advancing sheets, which in turn facilitates overthrust-
ing. Each step is well represented in each of the three
domains, within which the mechanism of emplace-
ment of the AUGC changes from gravitational in the
Offshore Betic—Rifean Domain to gravitational and
tectonic in the Frontal Slope of the allochthonous
wedge, evolving to tectonic in the basin plains (Oce-

anic Domain). As the compressive regime progresses,
the deformation extends westwards from the Offshore
Betic—Rifean Domain to the oceanic basin plains. In
spite of this basinward migration, deformation con-
tinues in the eastern areas of the Gulf of Cadiz, where
extensional collapse reaches the sea floor. During
these processes, not only different types of crust but
deeper crustal layers were progressively involved.

6.1. Thrusting and extensional collapse of the
allochthonous wedges in the offshore Betic—Rifean
domain

The first evolutionary step is recorded in the
Offshore Betic—Rifean Domain (Figs. 2 and 3). The
allochthonous units were transported seaward the
Subbetic Front along the continental slope as a con-
sequence of the emplacement of the external zones
from the middle Miocene to the Tortonian (Berastegui
et al., 1998; Maldonado et al. 1999). These chaotic
masses were initially extruded by the overthrusting
external Subbetic zone. The evaporites and marls
acted as a detachment layer along a basal seaward-
dipping paleoslope that favoured the development of
gravity driven processes. As a consequence, the
allochthonous units become progressively imbricated
and advance seawards.

The large accommodation space of the Gulf of
Cadiz and the paleoslope facilitates the radial expul-
sion of the allochthonous masses, while in the con-
fined Guadalquivir Basin, these units form a belt
restricted to the southern half of the basin. The
distribution and extension of the allochthonous units
is controlled by the existent paleorelief. Besides, the
allochthonous mass advance is restricted by some
structural highs that block its movement as for exam-
ple the Guadalquivir Bank and the Portimao basement
high (Figs. 2 and 6). The arcuate or curved shape of
the external fronts is also a consequence of the
olistostrome advance interaction with obstacles in
the basement (Fig. 2).

The diapirism is especially important north of the
Subbetic Front (Fig. 2). The enhanced diapirism was
probably favoured by the overload and overpressure
produced by the Subbetic, including the allochthonous
units, as they advanced over a narrow basin, where the
Variscan basement occupies an elevated position and
constitutes a rigid boundary. Also remarkable is the
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alignment of a series of diapiric ridges and mud
volcanoes along the Subbetic arcuate front trace. This
fact confirms the relation between the compressional
tectonics and these hydrocarbon fluid venting struc-
tures, although extensional processes have also been
invoked (Diaz-del-Rio et al., 2003; Somoza et al.,
2003).

The advancing sheets gave rise to extensional
collapse and roll-over structures on the back (Figs. 2
and 3a), which developed coeval with the thrusting of
the successive imbricates (Maestro et al., 2003). The
occurrence of evaporites facilitated the collapse. Sim-
ilar structures have been described on the Prerifaine
nappes at the Rharb Basin (Fig. 2) in Morocco (Flinch
and Vail, 1998; Service Géologique du Maroc, 1985).
The extensional collapse of the Late Messinian and
the Pliocene, has been related to the highest rates of
basin subsidence (Maldonado et al., 1999). The basin-
ward migration of the allochthonous masses facilitates
the development of landward dipping normal faults,
which coincide with the previously thrusted Subbetic
and Flysch fronts. This process originated the Cadiz
Basin (Fig. 3b).

6.2. Gravity and tectonic transport in the frontal slope
of the allochthonous wedge

The second step is represented in the Frontal Slope
of the allochthonous wedge and it is marked by the
development of the Gorringe—Horseshoe fault and the
change in dip of the AUGC basal surface and the
basement, which indicates tectonic transport favoured
by the continuous NW-SE compressive regime.
Gutscher et al. (2002) also interpreted that this type
of deformation is tectonically driven in this domain by
west vergent thrusts rooted in an east-dipping decolle-
ment, but located above the acoustic basement.

Fault activity determines the gravity and tectonic
transport of new sheets against the slope that previ-
ously slid (Fig. 3). Thus, gravitational and tectonic
mechanisms of emplacement are superposed. Once
more the westward advancing allochthonous sheets
facilitate the extensional collapse on the back of the
advancing wedges and favour chaotic mass transport.
In this context, vertical uplift of the Albufeira base-
ment high, related to reverse faults active at present
(Zitellini et al., 2004) would also ease slope failures at
its base.

6.3. Thrusting in the oceanic domain

The deformation migrates during the final step to
the basin plains, where thrust tectonics prevails. The
transport and reactivation of allochthonous sheets
(Oceanic Domain) is linked to thrust development,
where basement in involved. Each thrust carries the
allochthonous masses over and at the same time,
increments the dip of the imbricates at the back of
the thrust (Figs. 3a and 10, S.P. 7800). Additional
sheets are triggered, moreover, along the slopes pre-
viously created by the tectonic uplift.

Thrusts that sole out in the basement and become
listric at the Horseshoe Abyssal Plain have also been
reported by Gracia et al. (2003b) and Zitellini et al.
(2001, 2004). According to Zitellini et al. (2004),
movement along the thrust fault that bounds the
eastern limit of the Horseshoe Abyssal Plain (termed
Horseshoe fault by this authors) (Fig. 2) post-dates the
emplacement of the allochthonous body and it is
active at present.

Widespread seismic activity has been reported in
the Gulf of Cadiz and surrounding areas, where the
focal mechanisms show reverse faulting with a strike-
slip component and horizontal NNW—SSE compres-
sion (Buforn et al., 1995; Negredo et al., 2003).
Nevertheless, the analysis of earthquake distribution
(Vazquez and Vegas, 2000; Gracia et al., 2003a;
Zitellini et al., 2004) indicates that although the
scattered character of the seismicity pattern, shallow
to intermediate-depth earthquakes are specially con-
centrated in the Guadalquivir Bank— Albufeira—Porti-
mao basement highs, in the eastern Horseshoe Abyssal
Plain and close to the Gorringe—Horseshoe fault.

In the eastern Horseshoe Abyssal Plain, seismicity
pattern is in agreement with the most recent deforma-
tion observed on seismic lines, where thrust tectonics
seems to be subsequent to accretion of the allochth-
onous units at the Frontal Slope of the allochthonous
wedge. Thus, as seismicity indicates, the present
tectonic activity related to Africa—Eurasia conver-
gence is located in the Oceanic Domain.

7. Concluding remarks

The present structure of the Gulf of Cadiz is a
result of both the European—African plate conver-



196 T. Medialdea et al. / Marine Geology 209 (2004) 173—198

gence motion and the westwards migration of the
Betic—Rifean Arc. The emplacement of the huge
allochthonous wedges can also be regarded as a result
of both. The compressional regime has generated a
broad zone of deformation, which is mainly expressed
by folds, thrusts faults and thrusts with a strike-slip
component (Gorringe—Horseshoe fault), that extend
across the slope and reach the basin plains, involving
the continental and oceanic basements.

The Gulf of Cadiz region comprises three domains,
along which tectonic activity migrates westwards,
characterized by its own seismic architecture, tecton-
ics and crustal structure, each one representing an
evolutionary step. In this context, the compressive
deformation of the allochthonous body and the base-
ment is accommodated in a different manner.

The eastern domain (Offshore Betic—Rifean Do-
main) represents the seaward extension of the Betic—
Rifean front, overthrusted onto the southern Iberian
and northern African Mesozoic continental margins.
This domain exhibits overthrusted allochthonous
wedges that were developed as a result of the emplace-
ment of the orogenic front onto the proximal continen-
tal margin. The allochthonous units subsequently
collapsed along extensional detachments caused by
the seaward gravitational migration of nappes.

The central domain constitutes the zone of transi-
tion to the oceanic basins, which contains the transi-
tion between the continental and oceanic crust. Within
this central domain, the basement accommodates the
late Miocene up to Present compressive deformation
by several thrusts and the Gorringe—Horseshoe fault.
The allochthonous wedges were emplaced in this
domain by a combined mechanism of mass gravity
sliding and collapse along the slope, and were later
tectonically reactivated.

The base of the lower slope is close to the ocean—
continent boundary as wide-angle seismic data sup-
ports (Purdy, 1975; Gonzalez et al., 1996). This
boundary may act as an inhomogeneity that accom-
modates deformation produced by the slow conver-
gence. Thus it is consistent that compressive stresses
had been resolved through such a weak zone close to
the Horseshoe Abyssal Plain by major thrust faults,
rooted at the base of the crust (Fig. 3a).

Finally, the westernmost domain corresponds to the
African oceanic crust. The generalized compressive
regime affected the area in a distributed manner and

developed numerous thrusts in the sedimentary cover
and oceanic basement. Some thrust faults seem to take
up, however, a more important amount of deformation
in the eastern Horseshoe Abyssal Plain, and must be
responsible for the main shocks in the region. The
allochthonous wedges represent the distal extension of
this body over the oceanic crust, with a mixed
allochthonous—parautochthonous character.

In summary, the allochthonous wedges of the east-
ernmost domain initially originated by the westward
migration of the Betic—Rifean orogenic belt over the
Atlantic margins of Iberia and Africa. However, these
allochthonous units were later reactivated and new
wedges were emplaced successively in the central and
western domain as a result of NE-SW late Miocene
compression, and in relation to basement structures.
This evolution may be explained as a consequence of
the slow Africa—Iberia convergence, which is accom-
modated throughout an area that straddles the ill-
defined Africa—Eurasia plate boundary.
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