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INTRODUCTION
Our understanding of the role of deep ocean 

circulation in the sedimentary evolution of con-
tinental margins is rapidly improving. However, 
gaining knowledge about the processes involved 
requires that connections be made between 
contourite features, their spatial and temporal 
evolution, and the near-bottom fl ows that form 
them. We propose a multidisciplinary approach 
to evaluate the present and ancient processes 
related to the Mediterranean Outfl ow Water 
(MOW) and its evolution in the Gulf of Cadiz 
after it is funneled through the Strait of Gibral-
tar. Morphosedimentary features are identifi ed 
using swath bathymetry and seismic profi les, 
and their oceanographic and geologic implica-
tions are discussed. Oceanographic analysis was 
performed using acoustic Doppler current pro-
fi ler (ADCP) and conductivity, temperature, and 

depth (CTD) data sets, integrated with acoustic 
analysis and numerical simulations. Seismic 
data and sediment samples collected by dredges, 
cores, and borehole MPC-1 provided details on 
sedimentology, stratigraphy, evolution, and age 
constraints (see Fig. DR1 in the GSA Data Re-
pository1).

The Strait of Gibraltar conditions the Medi-
terranean-Atlantic water-mass exchange, and 
is one of the most important oceanic gateways 
worldwide. It enables the addition of highly 
saline MOW into the Atlantic Ocean, which 
enhances the density of the North Atlantic and 

preconditions it for deep thermohaline convec-
tion. Without the MOW, the Atlantic Meridional 
Overturning Circulation (AMOC) would be re-
duced by ~15% and the North Atlantic surface 
temperature would decrease by as much as 1 °C 
(Rogerson et al., 2012). The MOW results from 
the mixing of Mediterranean Levantine Inter-
mediate Water (LIW) and Western Mediterra-
nean Deep Water (WMDW) within the strait. 
Upon exiting, the MOW cascades downslope 
as an overfl ow of 0.67 ± 0.28 Sv of warm sa-
line water (Serra et al., 2010). It fl ows north-
westward after exiting the strait, settling as an 
intermediate contour current along the middle 
slope at water depths between 400 and 1400 m, 
with two differentiated cores: the upper core 
and the lower core (MU and ML, Fig. DR1). 
An extensive contourite depositional system has 
been generated by the interaction of the MOW 
and the middle slope (Hernández-Molina et al., 
2008). Our work is focused on the sector of the 
Gulf of Cadiz after the exit from the Strait of Gi-
braltar (Fig. 1); this sector is characterized by an 
abrasional surface oriented along slope between 
500 and 800 m, ~100 km long and 30 km wide, 
and consisting of sandy sheeted drifts, scours, 
ripples, sand ribbons, and sediment waves (Nel-
son et al., 1993).

CONTOURITE FEATURES
Erosional and depositional contourite features 

were identifi ed west of the Strait of Gibraltar 
(Figs. 1 and 2). Two zones (eastern and western) 
are separated by a region of basement highs, and 
are coincident with a marked change in margin 
trend from west-southwest to northwest, as well 
as the development of a distinct middle slope to 
the west. In both zones, the upper slope is lo-
cally incised by downslope-trending valleys, 

1GSA Data Repository item 2014080, supplemen-
tal information (Table DR1 and Figures DR1–DR4), is 
available online at www.geosociety.org/pubs/ft2014
.htm, or on request from editing@geosociety.org or 
Documents Secretary, GSA, P.O. Box 9140, Boulder, 
CO 80301, USA.
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ABSTRACT
We characterize the eastern Gulf of Cadiz, proximal to the Strait of Gibraltar, using a mul-

tidisciplinary approach that combines oceanographic, morphosedimentary, and stratigraphic 
studies. Two terraces (upper and lower) were identifi ed along the middle slope. They are com-
posed of several associated morphologic elements, including two large erosive channels, which 
allow us to determine a new and more detailed understanding of the Mediterranean Outfl ow 
Water (MOW) pathway and its deceleration upon exiting the Strait of Gibraltar. There is evi-
dence for along-slope circulation and additional secondary circulation oblique to the main fl ow. 
The present upper core of the MOW fl ows along the upper terrace and the lower core fl ows 
along the lower terrace. However, the lower terrace shows larger and better defi ned erosive 
features on the seafl oor than does the upper terrace; we attribute this to a denser, deeper, and 
faster MOW circulation that prevailed during past cold climates. Development of the present 
features started ca. 3.8–3.9 Ma, but the present morphology was not established until the late 
Pliocene–early Quaternary (3.2 to older than 2.0 Ma), when the MOW was enhanced, coeval 
with global cooling, a sea-level fall, and an increase in thermohaline circulation. We propose a 
direct link between the MOW and the Atlantic Meridional Overturning Circulation and there-
fore between the MOW and both the Northern Hemisphere and global climate. Our results 
have enabled a better understanding of a major overfl ow related to an oceanic gateway, and 
are of broad interest to geologists, climatologists, oceanographers, and petroleum geologists.
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and in the western zone a sandy plastered drift 
is identifi ed. Erosional features dominate in the 
eastern zone, composing a large (3–4 km wide), 
west-southwest–trending channel (called the 
southern channel) located along the southern 
part of the strait. A smaller northern channel was 
also identifi ed. In the western zone, two terraces 
(lower and upper) are present, each compris-
ing (from landward to seaward) a basinward-
dipping erosional surface, a channel, a smooth 
mounded drift adjacent to the channel, and nu-
merous small furrows oblique to the channel.

The upper terrace is shallower in the east 
(500 m) and deepens northwestward (~730 m). 
It is 13.5–23 km wide and slopes seaward 
~0.34° in the east and ~0.18° in the west. The 
erosional surface is a marked erosive scarp in-
cised into the upper slope with a clear trunca-
tion surface (Fig. 2). The northern channel is 
fi lled with coarse sandy sediments and becomes 
more distinctive toward the northwest, where it 
feeds into the Cadiz and Guadalquivir contou-
rite channels (Fig. 1). Its axis slopes from 500 m 
in the east to 780 m in the northwest, and it is 
bounded on its seaward fl ank by a drift. The 
crest of this drift also slopes, from 530 m in 
the east to 650 m in the west. It is constructed 

Figure 1. Swath bathymetry at exit of Strait of Gibraltar. Main depositional and erosive fea-
tures are shown. 

Figure 2. Seismic and hydrographic vertical sections from exit of Strait of Gibraltar. Water column colors indicate salinity (left) and tem-
perature (right). Water-mass interpretations are shown on left sections and major contourite features are shown on right sections. Profi le 
locations are in Figure 1. TWT—two-way traveltime. 
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by erosional and depositional phases having a 
complex internal structure composed of sandy 
deposits. A series of furrows deviates from the 
northern channel by 30°–45° (Fig. 1). The lower 
terrace has larger and better defi ned features 
than the upper terrace, and deepens northwest-
ward, from 585 m in the southeast to 750 m in 
the northwest. This terrace is ~9 km wide and 
slopes seaward an average of 0.45° in the eastern 
sector and 0.18° in the western sector. The large 
and incised southern channel is ~6 km wide and 
is characterized by coarse to very coarse sand 
deposits; it has a broadly sinusoidal shape, west-
southwest to northwest trend, and feeds into the 
Cadiz contourite channel in the central sector. 
The channel axis slopes from 715 m in the east 
to 780 m in the northwest. Seaward of the south-
ern channel, an associated drift is characterized 
by irregular morphology and muddy deposits 
(Fig. 2). The drift has a crest that deepens west-
ward from 600 m to ~830 m. Numerous furrows 
are evident across the drift, trending at 40°–45° 
from the channel orientation, but they evolve 
downslope to southwest-oriented furrows (Fs1 
to Fs 3 in Fig. 1) due to the changing gradient of 
the lower slope.

The onset and evolution of these contourite 
features are based on biostratigraphic and cy-
clostratigraphic analysis of borehole MPC-1 
(Fig. 3; Fig. DR2). The lowermost lower Plio-
cene seismic units are characterized by weak, 
aggradational refl ections and consist of mud. 
Overlying those, an important ca. 3.8–3.9 Ma 
lithological change is identifi ed, when sandier 
deposits become dominant. A signifi cant re-
gional change in both seismic facies and depo-
sitional style occurred during the late Pliocene–
early Quaternary, observed in a hiatus from 
3.2 Ma to younger than 2.58 Ma (the base of the 
Quaternary discontinuity). Quaternary deposits, 
characterized by interbedded sands, shell beds, 
silts, and clays, are clearly distinguished from 
the underlying Pliocene units by higher ampli-
tude seismic refl ections. After the middle Pleis-
tocene discontinuity (ca. 0.9 Ma), the sheeted 
drifts become even sandier.

HYDROGRAPHIC FEATURES
Five water masses were identifi ed in the 

study area (Fig. 2; Fig. DR3) based on analysis 
of CTD and ADCP data: (1) Surface Atlantic 
Water (SAW); (2) Eastern North Atlantic Cen-
tral Water (ENACW); (3) modifi ed Antarctic 
Intermediate Water (AAIW); (4) MOW; and (5) 
North Atlantic Deep Water (NADW). The ob-
served values of potential temperature (θ) and 
salinity (S) are similar to previously reported 
values (Serra et al., 2010). The dissolved oxygen 
(O2) and neutral density (gn) values are based 
on descriptions of Aït-Ameur and Goyet (2006) 
and Louarn and Morin (2011) (Table DR1 in 
the Data Repository). The SAW is the most 
superfi cial water mass (above 180–200 m). It 

circulates eastward along the northern sector 
toward the Alboran Sea, and through the Strait 
of Gibraltar, where it shallows to <100 m. The 
ENACW is directly below the SAW down to 
~500–600 m, and also shallows in the strait to 
~225 m. The MOW fl ows above the NADW 
and directly below the ENACW, but in the op-
posite direction, with velocities that can locally 
exceed 100 cm/s. The MOW upper boundary 
dips seaward, forming a local doming, where 
higher turbulence and faster fl ows are estimat-
ed. The MOW plume has two quasi-permanent 
main cores, the upper and lower, each with an 
overlying countercurrent, as well as smaller and 
less intense intermittent fi laments. The modi-
fi ed AAIW was recently identifi ed in the Gulf 
of Cadiz (Louarn and Morin, 2011), but our 
study presents its fi rst record in the eastern Gulf 
of Cadiz, where it represents the coldest water 
mass above the MOW with a bottom bound-
ary identifi ed down to 600–625 m. This water 
mass also fl ows northwest, further confi ning the 
MOW and ENACW against the slope. Internal 
waves and nepheloid layers occur associated 
with the SAW interact with the shelf break, 

as well as at the interfaces between the SAW-
ENACW, ENACW–modifi ed AAIW, and along 
the upper boundary of the MOW.

DISCUSSION AND CONCLUSIONS
The identifi ed major contourite features 

result from the MOW undergoing a marked 
reduction in density, increase in volume, and 
deceleration within the fi rst ~100 km after its 
exit from the Strait of Gibraltar. Immediately 
west of the Camarinal Sill (Fig. 1), the MOW 
current velocity decreases from >240 cm/s to 
60–100 cm/s further northwest, and its volume 
transport increases by a factor of 3 to 4 (Serra 
et al., 2010). The new morphosedimentary map 
presented here allows us, for the fi rst time, to 
trace the local interaction between the MOW 
and the seafl oor immediately downstream of 
Strait of Gibraltar. Close to the strait, the most 
signifi cant erosional feature is the southern 
channel, which clearly shows that most of 
the MOW fl ows along the southern zone for 
~55 km, until reaching the region of basement 
highs. This location marks an abrupt change in 
the seafl oor morphology, with the development 

Figure 3. A, B: Multichannel seismic refl ection profi les indicating main discontinuities, 
seismic facies, and position of well MPC-1. C: Global climatic and sea-level curves for 
past 6 m.y. (Miller et al., 2011). Profi le locations in Figure 1; abbreviations as in Fig-
ure 2 legend. TWT—two-way traveltime.
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of the upper and lower terraces along the mid-
dle slope to the west. Both terraces have simi-
lar morphologic elements moving seaward: an 
erosional surface, a channel, a smooth mound-
ed drift, and furrows. The erosional surface and 
the channel formation result from the tendency 
of the Coriolis-controlled fl ow to be concen-
trated along its right side, eroding the right 
fl ank of the channel (viewed downstream) and 
constructing a mounded drift on the left side 
where the current velocity is reduced. These 
processes are similar to those described for the 
mounded drifts along other margins (Hernán-
dez-Molina et al., 2008). However, there are 
two intriguing differences: fi rst, the same fea-
tures are observed at two different depths; and 
second, the seaward occurrence of scours and 
furrows is oblique (30°–45°) to the channels. 
The feature repetition is indicative of similar 
processes at different depths.

As the MOW descends, the Coriolis force 
defl ects the fl ow against the slope and the cur-
rent axis veers northwestward. Previous stud-
ies suggest that in the central sector of the Gulf 
of Cadiz, the fl ow splits into an upper and a 
lower core, due to the effects of bottom fric-
tion and seafl oor topography (Serra et al., 
2010). The fl ows of the two cores have differ-
ent densities, thus different depths, suggesting 
that their formation might require some kind 
of fl ow-stripping process. However, our re-
sults indicate that separation of current cores 
occurs earlier in the MOW pathway and that 
the erosive effects of the upper and lower cores 
have shaped the upper and lower terraces (and 
associated channels), respectively. This fur-
ther implies that generation of the upper and 
lower cores either occurs in the central part of 
the Strait of Gibraltar or is directly inherited 
from the two principal water masses (LIW and 
WMDW) exiting the Alboran Sea. The largest 
principal erosive features and coarse sandy de-
posits occur on the lower terrace and along the 
southern channel, implying that current inten-
sity was strongest and most persistent in this 
area. However, hydrographic measurements 
and three-dimensional numerical simulations 
of salinity, temperature, and current speed in 
the study area (Fig. 2; Figs. DR3 and DR4) 
show that, under the present conditions, MOW 
is mainly circulating along the upper terrace, 
with little circulation of the lower core over the 
lower terrace. Therefore, the erosional features 
along the lower terrace (erosional surface and 
southern channel) must have formed during 
a previous period of enhanced MOW, during 
which the lower core was dominant. Our hy-
pothesis that the two MOW cores change in 
volume, density, and speed over time is con-
sistent with (1) both terraces (and respective 
channels) being at different water depths; (2) 

paleoceanographic studies indicating that the 
MOW was denser and fl owed deeper and faster 
along the Iberian margin during past cold epi-
sodes (Rogerson et al., 2012, and references 
therein); and (3) the existence of a broader, 
deeper main channel, and a narrower, shal-
lower secondary channel within the Cadiz con-
tourite channel in the central part of the Gulf 
of Cadiz (García et al., 2009), the main path 
for the lower core of MOW. Therefore, we 
propose here that the MOW upper core fl ows 
mostly along the upper slope and the upper 
terrace during warm highstand intervals (as at 
present), and that an enhanced lower core fl ows 
along the middle slope and the lower terrace 
during longer cool lowstand intervals. This hy-
pothesis has important implications for the en-
tire Atlantic Iberian margin in terms of the ver-
tical displacement of water masses as well as 
changes in facies distribution. The furrows are 
indicative of secondary fl ow. Whereas the main 
core produces the large channel, due to bottom 
stress, induced MOW fi laments in the bottom 
Ekman layer are generated at an oblique di-
rection from the main fl ow (Pedlosky, 1996), 
thereby forming the furrows. The other across-
slope channels and gullies identifi ed over the 
slope indicate a more complex interference 
between along-slope and down-slope sedimen-
tary processes.

The presence of extensive sand-rich deposits 
over contourite terraces and channels has impor-
tant conceptual implications, both in establish-
ing a facies model for sandy contourites and in 
assessing their potential for deep-water hydro-
carbon exploration.

The opening of the Gibraltar gateway is 
well documented to have occurred at the end 
of the Miocene (Nelson et al., 1993). The main 
discontinuities identifi ed in the Pliocene and 
Quaternary sedimentary record resulted from 
tectonic evolution of the margin, coupled with 
paleoceanographic changes in the MOW. De-
velopment of the present contourite features 
started ca. 3.8 Ma, when the overfl ow intensi-
fi ed and sandy contourites started to be depos-
ited. The MOW continued to gain infl uence 
over the margin throughout the Pliocene, be-
coming completely dominant during the late 
Pliocene and early Quaternary (3.2 Ma to older 
than 2.0 Ma). During this period, there was a 
signifi cant intensifi cation of MOW current 
activity (with hiatuses formation) coeval with 
global cooling (Fig. 3C), sea-level fall (Miller 
et al., 2011), and enhanced thermohaline circu-
lation (Rogerson et al., 2012) and AMOC (Bar-
toli et al., 2005). The increase in the transport 
of warm saline waters to northern latitudes via 
the MOW likely contributed to an enhanced 
AMOC, and consequently, to changes in the 
Northern Hemisphere and global climate.
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Appendix A. Supplementary Materials 

Figure DR1. Study area with the data sets (a and b) used in this work and the regional water‐mass circulation sketched. 

The data that we used in this study were acquired mainly during the CONTOURIBER‐1 Cruise (2010) onboard RV 

“Sarmiento de Gamboa” and include: I) swath bathymetry (showed in a); II) very high‐resolution (Parasound) and mid‐

resolution (airgun) seismics; III) superficial sediment samples; and IV) Acoustic Doppler Current Profiler (ADCP) data. 

Published bathymetric data sets (showed in b) from the SWIM Project (Zitellini et al., 2009) were also utilized, 

including higher‐resolution data from TV‐GIB (Gutscher, 2005), the CADISAR‐1 (Mulder et al., 2003) and Sonar‐91 

(IFREMER, 1991, SECEG/SNED) cruises, in addition to a regional geophysical compilation. Industry borehole MPC‐1 

(1982) provided details on margin evolution and age constraints. Finally, a very detailed hydrographic analysis was 

performed, based on: I) the ADCP data; II) an extensive Conductivity, Temperature and Depth (CTD) dataset collected 

by the Universities of Lisbon and Cádiz since 1970; III) an integrated acoustic analysis of the water column, conducted 

at the University of Bremen, for detection of water‐mass interfaces, nepheloid layers and internal waves; and IV)
numerical simulations of bottom temperature, salinity and currents, performed at the University of Hamburg.



Figure DR2. Golfo de Cadiz, Mar Profundo C‐1 (MPC‐1, 1982) Borehole data showing the main lithologic and logging characteristics and the ages of the Miocene, Pliocene and Quaternary sedimentary records. The main discontinuities and stratigraphic horizons are included: Top of the 
Miocene (M); Lower Pliocene Reflection (LPR); Upper Pliocene Discontinuity (UPD); Base of the Quaternary (BQD); Mid Pleistocene Discontinuity (MPD). The chronology of the sediments was established based on the combination of planktonic foraminifera biostratigraphy performed 
in the sidewall samples taken along the borehole, and the cyclostratigraphic patterns defined in the well logs. The ages (in Ma) for the first occurrence (FO) and last occurrence (LO) of species are based on Lourens et al (2004). Additionally, patterns in the Gamma Ray (GR), Sonic (DT) 
and Spontaneous Potential (SP) were correlated with those previously defined by Sierro et al. (2000). A sandy/clayey interval is identified between 917 and 1722 m depth, with a porosity of 34 to 38% and the following main characteristics: sand‐clay thickness of 815 m; net sand thickness 
of 600 m; net/total percentage of 74%; 80 reservoirs of sandy layers; average thickness of the frequent layer of 12 to 15 m; minimum layer thickness of 1.5 m; maximum layer thickness of 40 m; and net in layers of thickness higher than 10 m of 168 m (Buitrago et al., 2001). 
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Figure DR3. Vertical sections of ocean velocity measured at the eastern area close to the exit of the Strait of Gibraltar 

(a) and further west (b and c). See Figure 1 for section locations. The water color code displays the Acoustic Doppler 

Current Profiler (ADCP) velocity components. Water‐mass interpretations are shown on the left sections and major 

contourite features, on the right sections. The ocean velocities were measured by a 75 KHz hull‐mounted ADCP. The 

panels on the left correspond to the velocity component in the east‐west direction (positive values indicate currents 

towards the east), and the panels on the right correspond to the velocity component in the north‐south direction 

(positive values indicate current towards the north). The dashed black lines indicate where the current velocity is zero. 
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Figure DR4. Average (left) and standard deviation (right) of simulated bottom salinity (a,b), temperature (c,d) and 

speed (e,f) adjacent to the Strait of Gibraltar. Major erosional features (terraces and channels) are indicated. White 

dots represent the 200‐m isobath. We used output of the MIT general circulation model (Marshall et al., 1997), 

configured to the Northeast Atlantic and Western Mediterranean regions from 9°E to 24°W and 30°N to 48°N with a 

horizontal resolution of about 2.8 km (Serra et al., 2010a). The vertical resolution varies from 5 m in the upper ocean 

to 100 m in the deep ocean (140 levels). The bottom topography was extracted from ETOPO2 and the initial 

temperature and salinity from the World Ocean Atlas 2005 (Boyer et al., 2005). The model was run for the period 1990 

to 2009 forced at the surface by fluxes of momentum, heat and freshwater computed with bulk formulae and the 

NCEP reanalysis 6‐hourly atmospheric state (Kalnay et al., 1996) and laterally by the output of a 16‐km Atlantic 

solution of the MITgcm forced by the same NCEP dataset (Serra et al., 2010b). Vertical mixing uses the KPP 

formulation of Large et al. (1994) and Laplacian vertical diffusion and viscosity have coefficients of 1×10‐4 m2/s. A 
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quadratic bottom drag coefficient of 0.002 and biharmonic coefficients of horizontal diffusion and viscosity of 1×103 

m4/s and 5×108 m4/s were employed. The simulation realism concerning the MOW circulation is discussed in Serra et 

al. (2010a). All analyses presented here were based on daily model output and corroborated our conclusion that, 

presently, the MOW flows mainly along the upper slope and the upper terrace (UT) in the middle slope, without any 

permanent circulation over the lower terrace (LT). 

Table DR1. Regional characteristic values of potential temperature (), salinity (S), dissolved oxygen (O2) and neutral 

density (n) for the main water masses in the sector of the Gulf of Cadiz close to the Strait of Gibraltar. 

Water Masses  Temperature (T) 
 C

Salinity (S)  Dissolved oxygen (O2) 
ml / l 

Neutral density (n) 
Kg / m

3

Surface Atlantic Water (SAW)  18‐20  ~36.4  4.6  1025.8‐1026.3 

East North Atlantic Central Water (ENACW)  10.6‐16.5  35.6‐36.3  5.06  1026.4‐1027.6 

Mediterranean Outflow Water (MOW)  13.1  ~38.5 4.15  1029.1

Modified Antarctic Intermediate Water (AAIW)  ~10  ~35.62 ~4.16  1027.5

(North) Atlantic Deep Water (NADW)  1.5‐4  34.8‐35.2  5.52  1027.3‐1027.9 
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