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Abstract. The western Alboran Sea contains three morpho-
structural domains: continental margins, structural highs,
and basins, some with diapirs. Seven sequences from Torto-
nian to upper Quaternary, identified on airgun profiles,
record a distinct set of depositional events. The tectonic
evolution was influenced by the relative movement of the
African and Iberian plates. Connections through the
Atlantic/Mediterranean gateways and global sea level oscil-
lations are recorded as major unconformities in the deposi-
tional record. A Neogene change in tectonic character from
transtensional to transpressional regimes is postulated on the
basis of changes in the regional stress field orientation.

Introduction

Inquiries concerning the origin of the western Alboran Sea
concentrate on the geodynamic evolution and detailed seis-
mic stratigraphy, largely influenced by the tectonic events
and the development of the Atlantic—-Mediterranean gateway
{Weijermars 1988). Seismic reflection profiles of the Albo-
ran Sea show that its western sector contains the largest
basin and probably the thickest and oldest depositional se-
quences (Mulder and Parry 1977; Megias 1982). This basin,
created under a generalized compressional regime, under-
went an important subsidence after the early Miocene as
shown by its several kilometers thick Neogene and Quater-
nary deposits (Le Pichon and others 1972). The Late Mi-
ocene to Recent stratigraphy of this area is based, actually,
on results from DSDP Site 121 (Ryan and others 1973),
although this drill-site has been the subject of several contro-
versies concerning the identification of the upper Miocene
units (Olivet and others 1973; Auzende and others 1975;
Pastouret and others 1975; Montenat 1977). The base of this
drill-site was initially identified as Tortonian but lately rein-
terpreted as Messinian.

Furthermore, the Late Miocene paleoceanography in re-
lation to the Atlantic/Mediterranean gateway and to the
Mediterranean salinity crisis is not well understood, because
different studies propose conflicting interpretations, such as
the presence of thick evaporite deposits in the western Albo-

ran basin (Auzende and others 1975; Diilon and others
1980).

We concentrate on the interpretation of the stratigraphic
and tectonic evolution of the western Alboran Sea, particu-
larly from the Late Miocene to present (Fig. 1A). This work
uses recently collected airgun reflection profiles to provide a
detailed definition of depositional sequences and tectonic
events, not previously available from deep-penetration seis-
mic surveys. A new seismic stratigraphy is proposed on the
basis of the correlation of these profiles with lithologic units
defined on DSDP Site 121 and the identification of key
stratigraphic horizons of regional distribution.

Methods

Three cruises were conducted aboard B/O Garcia del Cid
during 1989-1990 (GC-89-1, GC-90-1, GC-90-2) collect-
ing single-channel airgun seismic reflection profiles (Fig.
1B). Different airgun sources were deployed, from 80 to
160 in® (13 to 26 deciliters) and recorded in two different
hydrophone arrays (80 and 120 element SIG hydrophones).
More than 2,000 km of new seismic lines were obtained on
analog records at 1, 2, and 4 sec (two-way travel time). All
seismic data were processed onboard and represented in
analog format. Navigation was by NAVSTAR G.P.S. and
Transit satellites.

About 400 km of single channel, deep penetration flex-
otir seismic profiles from Polymede I, and more than 200
km from Geomede cruises were interpreted (Fig. 1B). Seis-
mic profile interpretations of Atlante and Gibraltar II cruises
were also utilized. The abundance of research cruises that
collected seismic data are compiled in Fig. 1B.

Morphostructure and Seismic Stratigraphy

The western sector of the Alboran Sea is limited to the west
by the arcuate orogen of the Rif Mountains and Betic Cordil-
leras, which are incised in the arc axis by the Strait of
Gibraltar (Andrieux and others 1971; Horvarth and Berck-
hemer 1982). To the east, the Alboran Sea opens to the
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Figure 1. Western Alboran Sea. A: Bathymetric chart showing the loca-
tion of the seismic profiles illustrated in Figures 3-5. Soundings in meters.
Base chart IOC-UNESCO (1981). B: Seismic profiles gathered during
various cruises. Profiles Shell 1975 from Mulder and Parry (1977).

Algerian—Balearic basin plain, limited by the 2,000 m iso-
bath. The western end of the Alboran Ridge is the most
prominent feature, composed of a series of seamounts and
intervening depressions oriented in an east-northeast direc-
tion (Fig. 1A). The western Alboran Basin has a subdued,
gentle sloping to subhorizontal bottom topography in the
center with water depths of 1,400-1,500 m. Several irregu-
lar submarine banks were also observed between the Span-
ish margin and the Alboran Ridge (Fig. 1A).

Morphostructural Domains

Three main morphostructural domains are differentiated: (1)
the continental margins of Spain and Morocco, (2) the west-
ern Alboran, Malaga, and Motril basins, and (3) the struc-
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Figure 2. Morphostructural chart of the western Alboran Sea. A: Main
morphostructural elements. B: Ceuta Drift and upper Messinian and intra
Pliocene channels. Explanation in text.

tural highs of the Alboran Ridge and the Djibouti and Xauen
banks. Another structural high of the basement is called
DSDP Site 121 High (Figs. 1A and 2A).

The Spanish continental margin is characterized by gen-
tle relief, with a gradual transition from shelf to slope and to
base-of-slope provinces. The deposits above the structural
blocks of the acoustic basement are thick and generally not
disrupted by faulting (Fig. 3A). The Moroccan continental
margin shows, in contrast, two different styles. In the west-
ern, north-northwest oriented sector, the proximal continen-
tal margin is mostly characterized by a narrow and rather
sediment-starved continental shelf, with outcrops of the In-
ternal Rifean zones (Tesson and others 1987). Above the
structural blocks of the basement, the slope and base-of-
slope are occupied by thick depositional units not affected
by faulting (Fig. 3B). The other sectors of the continental
margin of Morocco and the Alboran Ridge are characterized
by structural blocks of the basement with a very irregular
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Figure 3. Representative seismic profiles showing the main morphostructural elements of the western Alboran Sea. A: Spanish margin. B: Margin off
Morocco showing the Ceuta Drift. Key horizons: T, top of Tortonian sequence; m, top of lower Messinian sequence; M, Messinian unconformity; Py, top of
lower Pliocene sequence; P,, top of upper Pliocene sequence; Q,, top of lower Quaternary sequence; D, diapirs; B, basement. Location in Figure 1A.

distribution of deposits, which are affected by faulting of the
most recent units (Campos and others 1992, their Fig. 3A;
Maldonado and others 1992, their Fig. 2B).

The west Mediterranean basins are deep depressions of
the basement, bounded by faults and characterized by thick
depositional units of Miocene to Recent deposits. The west-
ern Alboran Basin is an elongated structural depression ori-
ented north-northwest and approximately 130 km long and
55 km wide that occupies the deepest sector (Fig. 2A). The
axis of the basin contains diapiric walls with their crest
subparallel to the direction of the depression elongation,
except in the northern sector where the diapirs are more
irregular. The Mdlaga Basin has a predominantly east-north-
east orientation and is largely confined on the Spanish conti-
nental margin (Figs. 1A and 2A). To the east of the Strait of
Gibraltar these two basins are connected and very thick
depositional sequences are observed in multichannel seismic
profiles (Mulder and Parry 1977; Megias 1982).

The structural highs, including the Alboran Ridge, cor-
respond to faulted blocks of the basement with a reduced or
absent sedimentary cover (Fig. 2A). A large part of this
basement belongs to formations of the Betic and Rif Internal
Zones sampled at DSDP Site 121, and volcanic rocks that
may outcrop locally as seamounts (Olivet and others 1973;
Ryan and others 1973; Auzende 1978). The structural highs
are bounded by faults that show a vertical offset of reflec-
tors. Most faults are oriented east-northeast or north-north-
west, but northwest, northeast, east, and north trends are
also observed locally (Fig. 2A). The vertical offset of reflec-
tors shows a predominantly normal component, but some
faults may have changed over time to a reverse component,
developing structural inversions. The transcurrent move-
ments of these faults cannot be evaluated from seismic re-
flection profiles. Some of the most important faults are,

however, the offshore extension of inland faults where sig-
nificant strike—slip components have been recognized (Wei-
jermars 1987; Leblanc, 1990).

Seismic Stratigraphy

Seven seismic sequences are identified in single-channel
airgun seismic profiles ranging in age from the Late Mi-
ocene to Recent (Figs. 3-5).

Sequence 1, at the top, is characterized by continuous
and parallel reflectors with high acoustic impedance, limited
at the base by a paraconformity in the basins and unconfor-
mity toward the margins (Q, horizon; Figs. 3-5). The paral-
lel reflectors, which form the bulk of this unit in the basins,
contain locally channelized and wedge lobe reflector pat-
terns toward the margins, with a variety of seismic facies
indicative of high energy deposits. Thicknesses range from
0.2 sec (two-way travel time) or absence in the margins, to
more than 0.7 sec in the basins. The reflectors mimic the sea
bottom morphology, except where they are incised by can-
yons. This sequence mostly represents basin ponding by
hemipelagic deposits, which are locally interrupted at the
margins by gravity flows and turbidites derived from river
sources. The westernmost continental margin off Morocco
shows a mounded geometry and facies characteristics indic-
ative of drift deposits developed by bottom currents (Fig.
3B). This sequence is situated within lithologic Unit 1 of
DSDP Site 121 attributed to the Quaternary (Fig. 4). The
lower boundary cannot be precisely dated, due to poor re-
covery at this drill-site and, compared with the underlying
unit, the absence of major lithologic or seismic changes in
the basin.

Sequence 2 is best developed at the continental margins,
bounded by an unconformity at the top (Q; horizon) and



A LITHOLOGIC DEPTH AGE
UNITS m
0
JQUATERNARY
290
LOWER 3
PLEISTOCEN =
TO LOWER -

= :—:’_-' (TURBIDITES)

- UNIT 3: MARLS, Bao UPPER
. SANDSIONES (‘T‘:?n‘i%'ﬁm, B
7 < .

", PART) 867 _

" BASEMENT:  ‘- o
. METAMORPHIC ) "
ROCKS
K
REFLECTORS
B SEQUENCES ‘DEPTH AGE
\ (secs.)
e — ", SEQUENCE UPPER e
e — \
e, ow\TERNARY%
e ——— —————
52— _2_2_1Q1 %
-l “LOWER
e —— —, SEQUENCE 2 |p2{ 0.4 LO Q. Dea———
T —=_ == | SEQUENCE UPPER |_—2*_ _& 5
P = :—k =
ST e = 3 puocene = o=
e =R TR e = P10.63 I, « ===
o~ - =T X — X[ SEQUENCE LOWER . — = X —3
ES5 === — I 2= 4 PLIOCENE '= —= _ - ‘|
S = ) = MD.7 —— ==
T x Y — —,/V\/M . . | T S
* - T //——/: =, | SEQUENCE T
- - °. == TORTONIAN
° _ - —=_— | 7
—_ = 2 - Figure 4. Correlation between litho-
5o T o - T === igure 4. Correlation between litho
'__;—_{ == = ;’;’//’ D.9 | logic units from (A) DSDP Site 121
J ’_/”{ | I after Ryan and others (1973) and the
/_—%, — | BASEMENT seismic stratigraphy (B) of a repre-
[~ — P | | sentative single-channel airgun seis-
- - - 1 | mic profile (Line 902-37), also illus-
I I trated in Figure SA. Location in
Figure 1A. Explanation in text.

onlap terminations over the underlying deposits (P, hori-
zon). The seismic reflectors depict sigmoid and complex
sigmoid progradations over the margins and continuous and
parallel reflectors in the basins. Thicknesses range from 0.6
sec on the continental slope (where it is best developed) to
0.2 sec in the basins. On the basis of the results of DSDP
Site 121, the bottom of this sequence is tentatively corre-
lated with the transition between lithologic Unit 1 (pelagic)
and lithologic Unit 2 (turbiditic), dated at about the
Pliocene/Quaternary boundary (Fig. 4).

Sequence 3 (between the P, and P, horizons) is best
characterized by the presence of channelized facies and
short discontinuous wavy reflectors (Figs. 3 and 5). Facies
with parallel reflectors are also observed, but the reflectors
are more widely spaced than in overlying sequences. The
unconformity at the bottom of Sequence 3 locally has a

strong erosive character and fills deeply incised channels, as
illustrated by a large erosive channel trending eastward from
the Strait of Gibraltar (Figs. 2B and 5B). This sequence is
mainly restricted to the basins and distal sectors of the con-
tinental margins, although the thickness distribution (0.1 to
0.5 sec) varies due to the erosive character of the base. A
suite of erosive events, high-energy channelized turbidite
and hemipelagic settling processes are recorded, which
show significant vertical and lateral changes (Figs. 3 and 5).
Cores of lithologic Unit 2 at DSDP Site 121 reveal the
presence of turbidites and sands, which may correspond to a
channelized facies of Sequence 3 in airgun records (Figs. 4
and 5). The lower boundary of Sequence 3 clearly lies
within this turbiditic Unit 2 of Pliocene age. In contrast,
previous correlations of seismic reflectors with DSDP Site
121 have misattributed the base of Sequence 3 to the
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Figure 5. Representative seismic profiles of the study area. A: Spanish margin, Milaga Basin, and DSDP Site 121 structural high. B: western Alboran
Basin and DSDP Site 121 structural high. Key horizons as in Figure 3. Location in Figure 1A. Explanation in text.

Messinian unconformity (Mulder and Parry 1977), probably
due to the channelized character of the base and the reduced
resolution of deep-penetration seismic profiles.

Sequence 4 has a predominantly transparent character in
airgun profiles (Figs. 3 and 5). Locally, strong parallel re-
flectors are also observed, but the continuity is low in com-
parison to the overlying units. The unconformity at the bot-
tom of this sequence (M horizon) has a strong erosive
character and an irregular morphology, although the vertical
relief is less prominent than in the unconformity at the top
(P, horizon; Fig. 5A and B). Sequence 4 is best developed in
the basins, with a very irregular thickness distribution due to
the erosive character of the two bounding horizons. It is also
observed locally in proximal sectors of the continental mar-
gins, filling depressions among the structural blocks (Figs. 3
and 5). It shows a basinward transition, from high energy
and probably shallow deposits in the proximal margin grad-
ing to ponding and distal turbidites in the basins. We corre-
late the unconformity at the base of this sequence with the M
reflector of the Messinian event (Ryan and others 1973).
Sequence 4 corresponds, consequently, to the lower
Pliocene, which was almost totally eroded at DSDP Site 121
as shown by the airgun records (Figs. 4 and 5A).

Sequence 5 is represented by very irregular, discontinu-
ous reflectors of high acoustic impedance and numerous
internal unconformities (Fig. 5). The distribution of this
sequence is controlled by the structure of the basement and
the depth of erosion of the M reflector at the top. The bottom
boundary (m horizon) onlaps the basin margins and struc-
tural highs. Sequence 5 shows locally a tilting of the reflec-
tors and angular unconformity below the overlying deposits.
Vertical faulting is also observed, particularly at the conti-
nental margins. This sequence is thin in airgun profiles,

0.2-0.3 sec, and normally absent in the continental margins
and below the erosive channel in the basin (Figs. 2B and
5B). The internal reflectors of this sequence seem to repre-
sent thin evaporites and reef deposits similar to those ex-
posed in the Messinian facies of southeastern Spain (Weijer-
mars and others 1985; Dabrio and others 1985; Montenat
and others 1987). Thick evaporitic or salt deposits of the
type of the Algero-Balearic basin, inferred in some previous
studies (Auzende and others 1975; Dillon and others 1980),
are not observed, not even in the deepest sectors of the
western Alboran Basin.

The age of Sequence 5 is problematic, as it was probably
not present at DSDP Site 121, located within the basin
channel (Fig. 4). In addition, the precise location of the
Pliocene/Miocene unconformity, and the occurrence of
Messinian and Tortonian deposits in this borehole are also
controversial (Ryan and others 1973; Auzende and others
1975; Montenat and others 1975; Pastouret and others
1975). We attributed Sequence 5 to the upper Messinian on
the basis of its stratigraphic position and seismic characteris-
tics, in agreement with the interpretation of Ryan and others
(1973).

The deposits below Sequence S are poorly represented
because of the limited penetration of single-channel pro-
files. Sequence 6 is represented by parallel reflectors of low
acoustic impedance, with a thin transparent layer at the top.
This sequence shows a local angular unconformity with the
overlying deposits (m horizon) and apparent conformity at
the bottom (T horizon, Figs. 4 and 5). The thickness ob-
served is rather uniform (0.2 sec). Sequence 6 represents
basin ponding by pelagic deposits and it is attributed to the
lower Messinian on the basis of correlation with the stratig-
raphy of the internal basins of southeastern Spain (Dabrio
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and others 1985; Montenat and others 1987). According to
Montenat and others (1975), there are evidences for the
presence of Messinian facies at DSDP Site 121, although the
airgun records show that Sequence 6 was eroded there (Figs.
4 and 5).

Sequence 7 (below the T horizon) is only observed in our
airgun records in the proximity of structural highs and basin
diapirs (Figs. 3-5). This sequence is represented by an alter-
nation of parallel reflectors and transparent beds with wavy,
discontinuous reflectors (Fig. 4). This facies corresponds to
an alternation of hemipelagic ponding deposits and tur-
bidites that record a cyclic pattern of low and high terrige-
nous influx to the basin. Sequence 7 was dated above the
metamorphic basement as Tortonian at DSDP Site 121
(Fig. 4).

Two more acoustic units are differentiated in the airgun
records. The nucleus of the diapirs appears as transparent
facies deeply rooted below Sequence 7 (Figs. 3 and 5).
These facies are thought to be undercompacted shales with
excess pore-pressure resulting from sediment overburden,
which facilitates density inversion and the development of
diapiric structures. On multichannel seismic profiles these
facies are dated as lower Miocene (Comas and others 1992).
The acoustic basement is represented either by metamorphic
rocks of the Alboran Domain, as at DSDP Site 121, or by
volcanic rocks that outcrop locally in submarine banks (Ol-
ivet and others 1973).

Geodynamic Evolution
Early Miocene

For this period, deep-penetration seismic profiles show that
the oldest deposits infilling the basins are Early Miocene in
age (Comas and others 1992), probably between Early
Aquitanian and Late Burdigalian (22-14 m.y.a.). The ob-
lique convergence of the African and Iberian plates during
this time along irregular plate boundaries may have pro-
duced significant boundary-parallel displacements and syn-
chronous development of contractional fault systems, simi-
lar to those formed by the tectonic escape in the Alpine and
Himalayan system (Laubscher 1988). A model of orogenic
float can be postulated for the development of the western
Alboran Basin, where a major decollement separates the
sedimentary and Alboran Domain units mechanically from
the underlying continental lithosphere (e.g. Oldow and oth-
ers 1990). Such a major decollement system individualizes
the complex structures of the orogenic float and favors lon-
gitudinal transport of terrains. We endorse the proposal that
the initial development may have resulted from oblique lat-
eral transport of terrains along strike—slip faults, within the
transpressional orogenic float.

Tortonian to Recent

The evolution from the Tortonian to Recent is summarized
in four representative time sketches (Fig. 6). The relative
positions of Iberia and Africa for this reconstruction are
based in the kinematic of Iberia, recently developed by
Srivastava and others (1990). Because the absolute sense of
motions along faults cannot be defined in seismic profiles,
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Figure 6. Simplified structural sketches of the western Alboran Sea evolu-
tion, Late Miocene to Recent. See explanation in text. Reconstruction of
relative positions of Africa and Iberia from Srivastava and others (1990).

we also adopt the stress fields established from land studies
(e.g. Montenat and others 1987; Philip 1987; De Larouziére
and others 1988; Sanz de Galdeano 1990). The discrepan-
cies that may be observed locally between the generalized
stress field for each epoch and the proposed movements
along faults, however, should be attributed to significant
regional variations of the same stress field (e.g. Philip
1987).

Before the Tortonian, the main western Alboran basins
were largely developed as small, deep, faulted depressions
filled with sediments while a regional subsidence was ac-
tive. The Tortonian deposits (Sequence 7) are largely trans-
gressive, as depositional sequences onlap the margins and
structural highs, whereas the basins were ponded throughout
with a cyclic alternation of hemipelagic and turbiditic facies.
Normal faulting was still active along the eastern and west-
ern borders of the western Alboran Basin (Fig. 3A), but
coeval movements with predominant transcurrent compo-
nents are proposed along the southern and northern borders
(Fig. 6A).

The Messinian deposits (Sequences 5 and 6) record com-
pressional tectonics, particularly along the margins and
structural highs where angular unconformities are observed
below the overlying Pliocene sequence (Figs. 3 and 5). The
roughly north—south stress field during this epoch facilitated
relative sea level lowering as a result of intraplate stresses
(e.g. Cloetingh 1988), and together with a global sea level
lowering (Haq and others 1987) associated with a great



expansion of the Antarctic ice sheet (Weijermars 1988),
resulted in the closure of the Betic and Rif straits, which led
to the isolation of the Mediterranean from the Atlantic
Ocean and the Messinian event (Fig. 6B). This stress field
also allowed transcurrent movements and extension in an
east-west to east-southeast-west-northwest direction at the
end of the Messinian.

During the Early Pliocene (Sequence 4), the stress field
was also roughly oriented in a north—south direction (Philip
1987; De Larouziére and others 1988). The transtensional
regime in the Strait of Gibraltar facilitated the development
of small asymmetrical pull-apart basins along the axis and
induced the reopening of the connection with the Atlantic
Ocean. During this time the western Alboran Basin contin-
ued the extension within a generalized transtensive regime.

The stress field changed during the Late Pliocene to the
north-northwest—south-southeast direction (Fig. 6C). A rel-
ative lowering of sea level was observed, as the depositional
sequences (Sequence 3) were shifted basinward and ponded
the basins. Strike-slip movements were active along the
Strait of Gibraltar, developing small pull-apart basins that
propagated toward the west and filled with relatively thick
depositional sequences. Along the Alboran Ridge the
strike—slip systems were blocked with the development of
positive flower structures (e.g. Campos and others 1992,
their Fig. 4).

The regional stress field in the western Alboran Sea at
present is relatively well established. The orientation of the
stress varies between north-northwest—south-southeast and
north-northwest—south-southwest (Philip 1987). During the
most recent epoch, the Alboran Ridge has been character-
ized by a predominantly compressive regime and develop-
ment of structural inversions. The bending of the stress field
around the Strait of Gibraltar and the orientation of faults in
relation to the local stress also facilitated horizontal move-
ments at this time (Fig. 6D).

Conclusions

The basins of the western Alboran Sea were developed un-
der transtensive tectonics regime that evolved to transpres-
sive within a generalized regime of transcurrent, continental
collision. The anisotropy of the lithosphere and local discon-
tinuities created by individual structural blocks have facili-
tated variations in the distribution of the stress field and
tectonic regime (Philips 1987; Mauffret and others 1992).
During Tortonian time, the western Alboran Basin ex-
panded and onlapped the margins under a generalized north-
west—southeast compressive regime. The stress field during
Messinian time was roughly north—south and coupled with a
low global sea level stand, severed the Atlantic/
Mediterranean connections through the Rif and Betic straits
(Fig. 6). The upper Messinian sequence records a drastic
change in the sedimentary environment with subaereal ero-
sion, as well as restricted and shallow marine facies, al-
though no salt or thick evaporitic deposits have been ob-
served (Fig. 4). After the Messinian, the tectonism in the
Strait of Gibraltar, with transcurrent movements, reopened
the Atlantic/Mediterranean gateway and developed a deep
canyon entrenched eastward from the Strait of Gibraltar into
the western Alboran Basin.
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The Early Pliocene is characterized by onlap and pond-
ing of the continental margins and basins, respectively. Dur-
ing the Late Pliocene there was a transpressive regime along
east-northeast structures that was perpendicularly oriented
to the stress, for example the Alboran Ridge, and a basin-
ward shift of depocenters, which reflect the global sea level
lowering and tectonic influence. An evolution similar to the
Pliocene is observed during the Quaternary, with onlap and
agradation of the continental margins in the lower Quater-
nary sequence and basinward migration of depocenters and
basin ponding during the upper Quaternary sequence.
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