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a b s t r a c t

A buried mixed contouriteeturbidite system has been identified in the Pliocene succession of the Algarve
basin in the northern Gulf of Cadiz. This margin is currently dominated by the Mediterranean Outflow
Water and associated contourite deposition. Analysis of seismic data along with careful geographical and
oceanographic reconstructions of the margin show the gradual move from a turbidite-dominated to-
wards a contourite-dominated margin, and the subsequent ‘birth’ of an impressive elongate mounded
contourite drift system- the Faro-Albufeira drifts. The contourite drift can be distinguished from down-
slope (turbiditic and mass transport deposits) based on the acoustic character, distribution analysis and
through careful margin reconstruction. In the earliest Pliocene, Seismic Unit P1 has been interpreted as a
dominant down-slope (most likely turbidite) system sourced mainly from the northeast. There is clear
evidence of contourite reworking at Seismic Unit P2, where upslope progradation and a sheeted
morphology are observed. High amplitude reflections are thought to be a result of more vigorous bottom
currents in the early Upper Pliocene that were capable to redistributing coarser sediments. However, in
the northeast of the study area a thick sequence of chaotic seismic facies has been interpreted as mass
transport deposits sourced from the north indicate that the bottom currents were unable to dominate
over the entire margin due to high down-slope clastic influx. Semi-transparent Seismic Unit P3 indicates
that the Upper Pliocene initially experienced a reduction in bottom current intensity; however upslope
progradation shows that a mixed system was maintained. Above the Base Quaternary Discontinuity (ca.
2.6 Ma), highly erosive discontinuities and high amplitude seismic reflections are evidence of pro-
nounced intensification of the Mediterranean OutflowWater and a move to a fully contourite-dominated
slope. Mixed turbiditeecontourite systems such as the one identified in the Algarve Basin could provide
impressive petroleum potential where downslope clastics are winnowed and reworked by bottom water
currents to leave good reservoir properties. Here, we present a conceptual model for sheeted drifts as
hydrocarbon reservoirs in the subsurface.

� 2013 Published by Elsevier Ltd.
1. Introduction

The term ‘contourite’ is accepted for those sediments deposited
or substantially reworked by bottom currents (Heezen et al., 1966;
Rebesco and Camerlenghi, 2008). Major accumulations of
(R.E. Brackenridge), fjhernan@
.ac.uk (D.A.V. Stow), e.llave@

Elsevier Ltd.
contourite deposits are referred to as “drifts”. Where currents are
strong enough, a variety of erosional and depositional features are
developed (Evans et al., 1998; García et al., 2009; Hernández-
Molina et al., 2008; Masson, 2001; Nelson et al., 1993; Preu
et al., 2013; Stow et al., 2009; Stow and Mayall, 2000). An asso-
ciation of various drifts and related erosional features is commonly
termed a contourite depositional system (CDS) (Hernández-
Molina et al., 2003, 2008). Mixed contouriteeturbidite systems
are developed where bottom currents have interacted with down-
slope processes (Faugères et al., 1999; Rebesco and Camerlenghi,
2008).
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The use of seismic data is vital to contourite drift identification
and interpretation. Drifts are primarily identified by external ge-
ometry and internal architecture. This is useful for drifts ofmounded
morphology, butmuchmore challengingwith aggradational sheeted
drifts. For these, the seismic facies could be an additional important
diagnostic tool. It is, therefore, of great importance to fully under-
stand the acoustic response of sedimentary drifts. Work by Faugères
et al. (1999), Howe (2008), Nielsen et al. (2008) and Shanmugam
(2006) have provided an initial overview to the seismic response of
contourites and outline the processes by which to analyse and
describe drifts using geophysical data. There are several types of
contourite drifts, defined mainly on their morphological, sedimen-
tological and seismic characteristics (Faugères and Mulder, 2011;
Faugères et al., 1999; McCave and Tucholke, 1986; Rebesco, 2005;
RebescoandCamerlenghi, 2008; RebescoandStow, 2001; Stowet al.,
2002b). The generation of each drift type is controlled by a complex
set of factors, most importantly the local morphology of the seabed,
the bottom water current conditions and the sediment supply
(Faugères and Stow,1993; Faugères et al.,1999; Shannon et al., 2005;
Vianaet al.,1998).Often, a complexCDS is formed, consistingofmany
different drift types and erosional elements. A given contourite
accumulation may also evolve over time between drift types. Since
the primary identification of contourites is usually by overall drift
geometry (Nielsen et al., 2008), many known drifts are those with
some topographic relief from the seabed, i.e. those of mounded
Figure 1. A) Location map for the study area (boxed). AABW ¼Atlantic BottomWater; AALW
Atlantic deep Water. B) Tectonic and Location Map for the study Area. Modified from Maldo
Gulf of Cadiz and is influenced by the Mediterranean Outflow Water. The seismic surveys us
position of the seismic lines on Fig. 3. MOW¼Mediterranean OutflowWater. Atlantic SW ¼A
the reader is referred to the web version of this article.)
externalmorphology. Much less is known about the identification of
sheeted drifts both on the seabed and in the subsurface. In recent
years, the hydrocarbon potential of contourite deposits has been
explored (Viana et al., 2007), and it is seen that clastic reservoir
(sand-rich) facies are most commonly found as sheeted drifts, or as
localized channel accumulations. It is therefore of great importance
that these drifts are characterized and made identifiable in the sub-
surface and distinguishable from down-slope deposits.

This work examines a buried contourite sheeted drift within a
mixed system in the Gulf of Cadiz using seismic data. The key aims
are therefore; 1) Characterize the along- and down-slope compo-
nents of the system on all scales (drift-, depositional unit- and
seismofacies-scale); 2) Assess the interaction between along- and
down-slope processes; 3) Propose a depositional model for the
Algarve Margin Pliocene section; 4) Identify any key criteria to aid
the identificationof sheeted contouritedrift systemselsewhere; and
5) Use the above information to make conclusions on the identifi-
cation of contourites in the subsurface for hydrocarbon exploration.

2. Geological and oceanographic setting

2.1. Geological setting and margin evolution

The study area is located along theAlgarveMargin in thewestern
Gulf of Cadiz (Fig. 1A). This region has had a complex geodynamic
¼Atlantic Intermediate Water; MOW ¼Mediterranean OutflowWater; NADW ¼ North
nado and Nelson (1999). C) The study area is located along the northern margin of the
ed for this study are indicated. Study area highlighted in box. Red dashed line indicated
tlantic Surface Water. (For interpretation of the references to color in this figure legend,
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history as a result of its situation between the African and Eurasian
continental plates (Flinch et al.,1996;Medialdea et al., 2009; Zitellini
et al., 2009). Geophysical studies have aided the interpretation of the
margin evolution, which has been varied and complex (Gutscher
et al., 2002; Maldonado et al., 1999; Medialdea et al., 2004; Nelson
and Maldonado, 1999). The plate boundary between the African
andEurasianplates has ‘jumped’ (Srivastava et al.,1990) and at times
the Iberian plate acted independently (Roest and Srivastava, 1991).
Three key events have been identified as crucial for the modern set-
up of the margin (Maldonado et al., 1999): 1) Late Mesozoic passive
margin development that occurred post-rift and sea-floor spreading
as the Tethys and Atlantic Oceans opened; 2) the Cenozoic conver-
gence of the African and Eurasian plates in an NeS direction; and 3)
the extensional collapse of mountains to the east and resulting
olistostrome emplacement, named the Cadiz Allochthonous Unit
(Medialdea et al., 2004) over the Gulf of Cadiz. A change in
compression orientation in the Late MioceneePliocene may also
haveplayedan importantpart in affecting the sedimentationpattern
of the margin (Zitellini et al., 2009).

Today, a compressional tectonic regime is ongoing in the Gulf of
Cadiz, although it is slowing and the margin is moving towards
more stable conditions (Rosenbaum et al., 2002). The Eurasian and
African plates are currently converging at a rate of approximately
4 mm/yr in an NEeSW orientation (Maldonado et al., 1999). To the
west, the Azores-Gibraltar Fracture Zone (AGFZ) results in strike-
slip tectonics in the west of the Gulf (Fig. 1B). To the East,
mounting evidence points towards a region of forced lithospheric
subduction of oceanic crust eastwards under the Alboran and
Mediterranean Seas (Gutscher et al., 2002; Royden, 1993). This re-
sults in slab rollback and subsequent uplift and extensional tec-
tonics in the eastern Gulf of Cadiz and Gibraltar regions. Elsewhere
neotectonics play an important role along the margin. The depo-
sition of an unstable allocthonous unit in the middle to late
Miocene has led to intense halokinesis along the margin, which
affects the modern day sea floor. Triassic and Mid-Miocene marls
and salts have pierced overlying sediments forming diapiric ridges
and adjacent depocentres (Hernández-Molina et al., 2006; Llave
et al., 2007; Somoza et al., 2003). In all, the margin is a tectoni-
cally complex and active one. This has important implications for
both modern and past sedimentation trends.

2.2. Oceanographic setting

The hydrodynamic framework of the Gulf of Cadiz is dominated
by the water exchange between the Atlantic Ocean and the Medi-
terranean Sea. The Strait of Gibraltar acts as the gateway for ex-
change between the warm saline Mediterranean Outflow Water
(MOW) and the overlying Atlantic InflowWater (Baringer and Price,
1999; Llave et al., 2007). Much physical oceanographic research has
been carried out on the MOW in recent decades and its current
properties and route are now well constrained (Baringer and Price,
1999; García Lafuente and Ruiz, 2007; Serra et al., 2010).

The MOW is composed of a mixture of water masses sourced
from the Mediterranean Basin; the Levantine Intermediate Water
forming approximately two thirds, and the remainder sourced from
the Western Mediterranean Deep Water. The constricted basin of
the Mediterranean with its arid climate provides favourable con-
ditions for the formation of warm, highly saline, dense water of
13 �C, 36.5& (Ambar and Howe, 1979). The water mass accelerates
through the narrow gateway of the Strait of Gibraltar, where they
are thought to locally reaching velocities in excess of 2.5 m s�1

(Ambar and Howe, 1979; Mulder et al., 2003) and moves north-
westwards along the mid-slope of the Gulf of Cadiz (Fig. 1C).
Density-driven descent and mixing with overlying Atlantic Waters
results in decreasing salinity along the margin from SE to NW
(Baringer and Price, 1997) and eventually the MOW leaves the
seabed and reaches a neutral buoyancy at a depth of 1400 m
offshore the Cape of St Vincent, where it begins to raft above the
North Atlantic Deep Water.

The MOW is restricted to a core approximately 10 kmwide as it
accelerates through the Strait of Gibraltar. Along the mid-slope of
the Gulf of Cadiz however, the core can exceed 80 km in width
(Baringer and Price, 1997) and forms a broad, sluggish flow. The
velocity is locally enhanced where late Cenozoic neotectonics have
created diapiric ridges oblique to the MOW flow direction (García
et al., 2009). These ridges, predominantly marly in composition
(Maldonado et al., 1999), have undoubtedly been responsible for
the splitting of the water mass into numerous distinctive cores
(Fig. 1C), although vertical layering within the water core has also
been proposed as an additional control. There are two principal
water cores- one main upper water core and a lower core that
further divides to form the Intermediate Branch, the Principal
Branch and the Southern Branch (Llave et al., 2007). Each branch
demonstrates unique physical oceanographic properties, such as
salinity, temperature and average velocity (Ambar and Howe, 1979;
Borenas et al., 2002; Zenk, 1970). Overall, the Upper Core (which
influences the study area) is a smaller, warm, less saline water mass
when compared to the lower core (Llave et al., 2007).

The movement of water masses through the Strait of Gibraltar
was first recorded in salinity data acquired in the early 1900s
(Nielsen, 1912) and since then, numerous studies on the water
shows that physical properties have remained fairly constant. There
is more controversy surrounding the palaeo-evolution of the MOW.
Data from the Mediterranean Basin shows that the Messinian
Salinity Crisis ended in the latest Miocene (Hsü et al., 1973). This
signifies that the Strait of Gibraltar opened at this time so that the
exchange of water was possible between the Atlantic Ocean and the
Mediterranean Sea. The precise date of the initiation of the MOW is
in dispute, but it is generally accepted that bottomwater formation
in the Mediterranean initiated sometime after the influx of the
Atlantic water into the basin, probably in the beginning of the Early
Pliocene (Hernández-Molina et al., 2009b; Llave et al., 2010;
Raddatz et al., 2011; Rogerson et al., 2012). Since that time, varia-
tions in the MOW are clear from proxy data and the high cyclicity
observed in acoustic data. These variations point towards a more
vigorous and denser lower branch of the MOW during glacial times
(Cacho et al., 2000; Hernández-Molina et al., 2006; Llave et al.,
2006; Toucanne et al., 2007; Voelker et al., 2006) and a more
vigorous les denser upper branch of the MOW during the recent
highstand period (Rogerson et al., 2005; Stow et al., 2002a). A clear
separation between responses to climatic/eustatic-induced
changes and tectonic movements remains challenging, and will
be explored further in this study.

2.3. Contourite depositional system (CDS)

The MOW directly affects the sediments deposited in the study
area, and the rest of the Gulf of Cadiz. Sufficient velocities have been
maintained to form large contourite drifts along the entire length of
the margin from the Strait of Gibraltar to the Cape of St Vincent and
beyond along the western and northern Iberian continental mar-
gins (Hernández-Molina et al., 2011; Van Rooij et al., 2010). As both
depositional and erosional products can be present along a margin
influenced by bottom currents, it is practical to refer to contourites
as depositional systems. A contourite depositional system (CDS)
will form along any continental margin where along-slope pro-
cesses dominate over mass wasting, turbidity currents and pelagic/
hemipelagic settling processes (Hernández-Molina et al., 2008).
Each depositional system will begin in some region that can pro-
vide a mechanism for enhanced bottom water velocity. It will



Figure 2. A number of past studies have been carried out. General consensus is
nearing in the Quaternary section; however the Pliocene is refusing to yield a robust
stratigraphy to date. This study identifies three units in the Pliocene and a highly
eroded section in the Lowermost Quaternary. From Llave et al. (2007, 2011), Lopes et al.
(2006), Maldonado and Nelson (1999), Marches et al. (2010) and Roque et al. (2012).
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terminate where the transport capacity of the contour current is
diminished so that it is no longer capable of dominating over other
depositional processes. A CDS will evolve over time and space,
controlled by climatic and oceanographic changes in addition to
local tectonic activity that can affect the margin and water masses
such as oceanic gateways and halokinesis.

The Gulf of Cadiz CDS initiates where the MOW overspills into
the Atlantic Ocean as a highly saline dense water mass and is
accelerated through the narrow conduit which connects the two
oceans: the Strait of Gibraltar (Howe,1982). Coriolis Forces push the
water mass northwards, moving it around themid-slope in the Gulf
of Cadiz and extending round the west Iberian Margin. Close to the
Strait of Gibraltar, current-meter moorings have recorded bottom
water velocities in excess of 1 m s�1 (Baringer and Price, 1999;
García et al., 2009; Hernández-Molina et al., 2011) and as a result,
erosion and sand-deposition are the dominant ongoing processes.
Features are closely tied to the erosive capacity of the bottomwater
mass (i.e. its velocity) and the local sea bed morphology
(Hernández-Molina et al., 2008) with laterally extensive erosional
surfaces in the east moving to discrete contourite channels in the
west where outcropping diapiric structures manipulate the bottom
water core. Contourite moats occur more distal still (from the Strait
of Gibraltar) and are associated with depositional features. Many
contourite drifts are observed along the margin, evolving between
drift types over space and time. There is also a broad trend of
decreasing mean grain size along the margin as the transport ca-
pacity of the MOW decreases with distance from the Strait of
Gibraltar (Nelson et al.,1999). Detailed investigations of the systems
has exposed five distinct ‘morphosedimentary sectors’ (Hernández-
Molina et al., 2003, 2006; Llave et al., 2007) each showing different
characteristics and depositional/erosional features. (1) Proximal
scour and sand ribbons sector; (2) Outflow-sedimentary lobe
sector; (3) Channels and ridges sector; (4) Active contourite drift
sector; (5) Submarine canyons sector. The study area under inves-
tigation here is located mainly in the active contourite drift sector
(sector 4) and extends someway into the submarine canyons sector
(see Fig. 5 in Hernández-Molina et al., 2006).

On a larger scale, this CDS can be compared and contrasted to
others found on continental margins around the oceans. This sys-
tem is classed as a mixed contouriteeturbidite system, but unlike
many other margins (Locker and Laine, 1992; Rebesco et al., 2002;
Viana, 2001; Viana et al., 2002) along-slope processes now domi-
nate along the mid-continental slope and down-slope processes
dominate at greater depths on the lower continental slope and
abyssal plain (Hernández-Molina et al., 2011). Other features of this
margin that makes it markedly different from others, is the lack of a
continental rise and relatively fewer down-slope submarine can-
yons than would be expected (attributed to the large nature of the
margin fluvial system). The first feature could be accounted for by
the unstable substratum in the Gulf of Cadiz: the ‘Cadiz Alloctho-
nous Unit’, and the second has been linked to the vigorous water
masses circulation, which inhibit the down-slope processes on the
upper and middle slope (Hernández-Molina et al., 2006).

3. Past work in the region

Early studies on the regional tectonostratigraphic evolution of
the Gulf of Cadiz identified major discontinuities bounding at least
two seismic units within the Pliocene (Maldonado et al., 1999).
More localized studies on the Algarve Margin have resulted in
dispute over 1) the names, 2) the age and 3) the number of major
discontinuities in the study area (Llave et al., 2011; Lopes et al.,
2006; Marches et al., 2010; Roque et al., 2012) (Fig. 2) Much of
this confusion and conflict derives from interpretations based on
the analysis of very old seismic data from the 1970s, or low
frequency, deep-penetrating data that gives much lower resolution.
Most recent work points towards agreement on Quaternary dis-
continuities, however the Pliocene section has remained poorly
studied and unwilling to provide a robust stratigraphy.
4. Data and methods

An extensive 2D seismic survey database was used (Fig. 1C),
comprising two surveys. Survey PD00 was acquired by TGS-NOPEC
in 2000 using a tuned bolt array with a shot point interval of 12.5 m
(TGS, 2005). Survey PR00 was acquired at an unknown earlier date,
but reprocessed in 2000 with survey PD00 (George, 2011). A total of
95 lines along the Portuguese margin of the Gulf of Cadiz make up
the data set, between 160 and 320 km WNW of the Gibraltar
Gateway. These seismic lines cover the outer shelf and extend
down-slope to water depths of up to 3000m. The 2D seismic grid is
relatively dense, with offsets of 5e10 km between lines that range
from 140 to 300 km in length. Additional data includes a detailed
bathymetric map and marine gravity (TGS, 2005; Zitellini et al.,
2009). All available data was compiled and uploaded to the inter-
pretation software, in this case IHS Kingdom 8.5.

In general, the survey shows moderate to high quality,
decreasing with depth. Poor resolution is observed at depths
greater than 2.5e3 s TWT. Additional zones of poor resolution can
be accounted for by the presence of salt or gas, which are known to
adversely affect seismic resolution (Loseth et al., 2009). The data
was also checked for polarity and has been processed to European
standard (negative events represent increased impedance con-
trasts). No velocity model is available for reliable time-to-depth
conversion at this stage.

Work in the region has been carried out to identify key dis-
continuities in the subsurface, which relate to changes in the
depositional style associate with oceanographic events along the
slope. The data has been tied to industry borehole Algarve-2
(Fig. 1C), which was drilled by Esso in 1982 (Algarve-2, 1982).
This has been used to confirm the depths and ages of the major Late
Miocene and Pliocene discontinuities with some confidence at a
regional scale. Although there will be increased risk in reflection
mapping away from the boreholes, care was taken to map discon-
tinuities by observing strong reflections in seismic (Sheriff and



Figure 3. Location of seismic lines indicated on Fig. 1C. Seismic sequences are labelled and the key discontinuities named. MPR ¼ Mid Pleistocene Reflection; MQD ¼ Mid Qua-
ternary Reflection; BQD ¼ Base Quaternary Discontinuity; UPD ¼ Upper Pliocene Discontinuity; LPR ¼ Lower Pliocene Revolution; M ¼ Top Miocene Discontinuity. Depositional
sequences P1-QII refer to those outlined in Fig. 2.
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Geldart, 1995) and, more importantly, observing reflection termi-
nations (onlapping and downlapping as well as erosional trunca-
tions of reflections). In addition, the regional Quaternary ages given
by Llave et al. (2001, 2007, 2011); Lopes et al. (2006); Hernández-
Molina et al. (2002, 2006); Marches et al. (2010) and Roque et al.
(2012) have been considered for the final chronostatigraphic
framework.

Once picked, discontinuities were mapped. Key horizons are:
the seabed, six discontinuities within the Pliocene and lowermost
Quaternary section, and the acoustic basement (Fig. 3). Contour
maps for these horizons were produced using standard methods,
Figure 4. Isochron (time) maps for depositional sequences P1-QII. Reds are depocentres.
sections. A major region or absent sedimentation (erosion) is seen in PQ.
along with isochron maps for different sections in the Pliocene
succession (Fig. 4). This work builds on that carried out by
Hernández-Molina et al. (2006), Llave et al. (2001), (2007) and Stow
et al. (2002a).

5. Results: the seismic response of the Pliocene section

The Late Miocene to Quaternary sediment cover along the Gulf
of Cadiz margin is characterized by major discontinuities which
have been used to aid interpretation (Fig. 3). Each seismic sequence
has different acoustic characteristics, and here they will be
A clear contrast in the focus of deposition between the Quaternary and the Pliocene



R.E. Brackenridge et al. / Marine and Petroleum Geology 46 (2013) 36e5042
outlined, including the first detailed description of the features of a
contourite sheeted drift in the Lower Pliocene (Unit P2 in Fig. 3).
The Quaternary succession has previously been carefully analysed
(Llave et al., 2011) and care will be taken to note any comparisons
and contrasts between the Quaternary and Pliocene successions.

5.1. Upper Miocene

Although outside the scope of this paper, it should be noted that
a considerable thickness of Miocene and older sediments underlay
the Gulf of Cadiz contourite system. It is most likely composed of
sediments of hemipelagic and turbiditic origin. Maximum sedi-
ment thickness between the base Pliocene and top acoustic base-
ment is up to 0.75 ms TWT, although the formation pinches out
along many of the structural highs. The Miocene succession is
heavily deformed, now observed as palaeorelief in the seismic data.
Deposition of the olistostrome mass: the Cadiz Allochthonous Unit
(Maldonado et al., 1999; Medialdea et al., 2004) throughout the
Miocene resulted in a complex array of depositional basins and
tectonic highs. Neotectonism has since punctured the sediments in
some regions, most notably in the east of the study area.

5.2. Seismic Unit P1

5.2.1. Bounding discontinuities
The basal discontinuity of Seismic Unit P1 is defined by amarked

change in seismofacies and forms a major onlap surface (Fig. 5). It
has been dated as the latest Miocene atw5.3 Ma (Llave et al., 2011)
and approximately marks the MioceneePliocene boundary. It has
been previously named Discontinuity M (Llave et al., 2010, 2011)
Figure 5. Detailed seismic section from line PD00-830 (Fig. 3B.) Onlap and truncation
trends can be seen in the reflections. Different seismofacies can clearly be identified,
most notably, transparent and chaotic in the Pliocene section close to the slope moving
to more laterally continuous reflections in the Quaternary section.
and it should be noted that this differs in age from the Roque et al.
(2012) Discontinuity M, which instead marks the base of the
Miocene. There are some local evidences across the study area that
this discontinuity represents a smooth erosional surface. The
overlying seismic unit is here named P1 to correlate to the (Llave
et al., 2010, 2011) classification scheme and associates, in part, to
the base of U1 in the Roque et al. (2012) sequence classification
(Fig. 2). The unit is dated as the Early Zanclean.

5.2.2. Distribution
Figure 4 shows an isochron map of Seismic Unit P1 and clearly

shows a considerable depocentre in the NE of the study area. Here,
it reaches thicknesses of 0.25 ms but pinches out basinwards to the
south and southwest. To the north, it is onlapping onto the palae-
oslope relief and in places onto tectonic highs.

5.2.3. Seismic character and evolution across the study area
The Seismic Unit P1 is made up of stacked high amplitude,

laterally continuous reflection events. Locally, moderate reflection
amplitudes appear at the base of this unit. In general, a weak
response is observed at the base, increasing up the sequence,
evolving towards high amplitude, laterally extensive reflections
that top the sequence. This is in stark contrast to the underlying
weak to semi-transparent and more chaotic seismofacies of the
Late Miocene. The package has been deformed by late Tertiary
tectonics. Deformation includes faulting, displacement due to the
uplift of the Guadalquivir High (Fig. 3) and localized deformation by
halokinesis.

5.3. Seismic Unit P2

5.3.1. Bounding discontinuities
The discontinuity separating Seismic Units P1 and P2 is the most

subtle of the discontinuities in studied sedimentary record across
the study area. Although largely conformable with the underlying
P1 seismic package, it locally marked as an onlap surface (Fig. 5). In
compliance with Llave et al. (2011), this discontinuity is named the
Lower Pliocene Discontinuity (LPR). Onlap is seen primarily along
the continental slope, and to some extent in minor depocentres
formed between the salt and mud diapirs. There appears to be
localized upslope progradation along the continental slope in
contrast to the onlap observed in the underlying P1 sequence.

5.3.2. Distribution
P2 reaches its maximum thickness in the northeast of the study

area, where it is 0.15 ms (Fig. 4). Maximum thicknesses coincide
with an area of chaotic seismic facies (Fig. 3A). There is also a
depocentre in the southeast (Fig. 4). Towards the west, the package
thins considerably and in places it is completely absent where it has
been cut by later erosional surfaces.

5.3.3. Seismic character and evolution across the study area
In the east of the study area, there is a marked change in seis-

mofacies across the LPR discontinuity. There is a change from
laterally continuous reflections in Seismic Unit P1 to highly chaotic
seismic facies in P2. The package itself shows varied character across
the region. To the northeast, a thick succession of chaotic seismic
facies dominates. However, basinwards andwestwards along-slope,
this evolves towards high amplitude, parallel reflections.

5.4. Seismic Unit P3

5.4.1. Bounding discontinuities
The high amplitude reflections of Seismic Unit P2 make way for

more transparent facies over large swaths of the study area (Fig. 3A).
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The thin Upper Pliocene P3 unit is bounded by the Upper Pliocene
Discontinuity (UPD) at its base and the Base Quaternary Disconti-
nuity (BQD) on top. This unit is previously identified by Roque et al.
(2012). The basal discontinuity is marked by a change in seismofa-
cies in the south east of the study area and localized onlap and
downlap. There is some localized evidence that this is an erosional
discontinuity (Fig. 5), and (Llave et al., 2001) have noted its erosive
character. Data from industry borehole Algarve-2 indicate the
overlying sequence P3 is Late Pliocene (Early Piacenzian) in age.

5.4.2. Distribution
Seismic Unit P3 has been heavily eroded by later events along

the continental margin and is completely absent acrossmuch of the
north study area. Basinwards, it has been preserved, although sig-
nificant thinning is seen over the diapiric ridges in the east. Else-
where a consistent thickness of approximately 0.1 ms is maintained
with some thinning to the west (Fig. 4).

5.4.3. Seismic character and evolution across the study area
Seismic Unit P3 marks a change in acoustic response, with a

move to a weak semi-transparent seismic response throughout the
study area. As with the underlying Seismic Unit P2, chaotic seis-
mofacies characterize the northeast of the study areawhereas semi-
continuous, parallel reflections are seen in the remaining region.

5.5. Seismic Unit PQ

5.5.1. Bounding discontinuities
The BQD, which is easily distinguished by its high amplitude,

marks the base of Seismic Unit PQ and the onset of contourite-
dominated deposition along the margin (Fig. 3). Previous studies
have dated this discontinuity as w2.6 Ma (Llave et al., 2011; Roque
et al., 2012). The upper boundary is as yet unnamed and is identi-
fiable due to its locally highly erosive nature in the northeast of the
study area where erosional truncations are seen (Fig. 3A). In this
study, the erosional discontinuity has been named the Lower-
Quaternary Discontinuity (LQD).

5.5.2. Distribution
The seismic unit has been heavily eroded in the northeast of the

study area and in places it is completely absent along the slope.
Basinwards, the seismic unit is preserved and is seen to thicken
considerably to the west (Fig. 4), which is in stark contrast to the
underlying Pliocene Seismic Unit P3, which thinned to the west.
Significant thinning over diapirs in the east of the study area is seen
throughout the entire section (e.g. Fig. 3A).

5.5.3. Seismic character and evolution across the study area
The intense erosion along the slope has left a partially ‘missing

sequence’ that can only be seen in the south of the study area. Very
little can be said about the original external geometry of the de-
posits, but up to four regional, highly erosional discontinuities have
been identified within the section. High amplitude, laterally
extensive aggradational seismic reflections with many erosional
truncations are seen within the sequence.

5.6. Mid-upper Quaternary

The Quaternary to recent section is marked by numerous dis-
continuities, many highly erosional in nature. Seismic sequences
are highly progradational and aggradational in nature and show a
clear progradation in an upslope direction. Two main depocentres
are identified: one in the northeast, and one in the southwest of the
study area (Fig. 4). The Quaternary section is the first sequence
where erosional features have been preserved, and channels can be
seen. The stacked sequences are highly complex, and outside the
scope of the presented paper. They have been examined in detail in
Llave et al. (2001, 2007).

6. Discussion

6.1. Pliocene depositional model for the Algarve Margin

Using seismic stratigraphic analysis, this study identifies four
key successions within the Pliocene to Lowermost Quaternary
section along the AlgarveMargin. These have been attributed to the
changing dominance of along- and down-slope processes leading
to the eventual evolution of a contourite depositional system (CDS).
Seismic unit development is determined by the interplay of the
Mediterranean OutflowWater (MOW), tectonic activity and glacio-
eustatic sea level changes. Llave et al. (2011) have expressed these
sequences as contourite evolutionary stages and interpret the
Lower Pliocene as a pre-contourite phase, the Upper Pliocene as an
early contourite phase and the Quaternary as a late and contourite-
dominant phase. The evidence from this study supports this
regional interpretation.

In addition, a Pliocene mixed system has been described in
detail for first time with interacting down-slope and along-slope
processes, confirming some of the findings by Roque et al. (2012).
The region therefore provides a good opportunity to analyse the
differing acoustic responses of the sediments deposited by these
processes and uses the conclusions to better identify sheeted
contourite drifts elsewhere in the subsurface.

6.1.1. Seismic Unit P1; Lowermost Pliocene
Discontinuity M is defined by a change in acoustic response, and

acts as a clear onlap surface, especially where the overlying Seismic
Unit P1 appears to ‘infill’ the Miocene palaeotopography. Locally,
there is some evidence of erosion that could indicate some short
hiatus associate to Discontinuity M. Overall, the discontinuity has
been interpreted as an important change in the deposition process.
The overlying P1 sequence is highly reflective and made up of
laterally extensive parallel seismic reflections up to 0.15 ms TWT in
thickness and the distribution map of this sequence shows the
main depocentre in the NE of the study area (Fig. 4).

The isochron map for the Seismic Unit P1 shows sedimentation
focused broadly in an along-slope orientation with lobes fanning
out to the Southwest (Fig. 4). Careful reconstruction of the regional
palaeogeography in the Gulf of Cadiz gives clues to the likely origin
of this seismic unit. Riaza and Marínez Del Olmo (1996) and
Martínez del Olmo (2004) proposed that throughout the latest
Miocene and Early Pliocene a down-slope system was supplying
the region with sediment from the northeast. They suggest that
there was an influx of clastic sedimentation across the northeast
Gulf of Cadiz at this time which resulted in the deposition of the
Guadiana Sands via down-slope (most likely turbiditic) processes.
These sands have been identified in industry boreholes to the east
of the study area (Riaza andMarínez Del Olmo,1996). Based on this,
and the distribution trends observed in the data, we can expect that
this could be a distal turbiditic fan system, moving across the
continental slope and being deflected basinwards. Systems with
similar distribution patterns have been observed in the Peira Cava
turbidite system in France (Amy et al., 2004; McCaffrey and Kneller,
2001). Within the study area, the high amplitude, laterally exten-
sive ‘tram line’ acoustic response at the base of Seismic Unit P1 is
indicative of sandier facies (although it cannot be quantitatively
stated). The seismic facies of Unit P1 make it difficult to distinguish
along- and down-slope deposits, and the additional distribution
analysis is required to make conclusions on the depositional
process.
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Locally in regions where the thickness is significant (close to the
modern upper slope), complex relationships can be seen in the
form of localized onlap relationships (Fig. 5). The proximity to the
upper slope suggests that two discrete down-slope sedimentary
systems were feeding this area e one minor down-slope system
sourcing from the north and a large-scale down- and across-slope
system sourcing form the northeast, which quickly dominated
margin deposition (Fig. 6).

The MioceneePliocene boundary is generally accepted to be the
time when the Strait of Gibraltar was opened, and the subsequent
flooding of the Mediterranean ended the Messinian Salinity Crisis
(Hsü et al., 1973). However, there is much more ambiguity over
when bottom water generation in the Mediterranean Sea reini-
tiated and when the MOW was established in the Gulf of Cadiz.
Based on the present study, the seismic data shows little evidence
of along-slope processes in the lowermost Pliocene. This is in
agreement with interpretations from Hernández-Molina (2009),
Hernández-Molina et al. (2009a), Llave et al. (2011) and Roque et al.
(2012). Therefore, if exchange of water masses was occurring
through the Strait at this time, they were insufficient to dominate
margin deposition at a seismic scale.
Figure 6. Gross depositional environment reconstructions across the study area for
depositional sequences P1-QII. It is seen that there is a move from downslope-
dominated to contourite-dominated sedimentation. The highly erosive nature of the
bottomwater currents is clear to see in along the upper slope and contourite channels.
AD ¼ Albufeira Drift; FEMD ¼ Faro Elongate Mounded Drift; BDSD ¼ Bartolomeu-Dias
Sheeted Drift; FSD ¼ Faro Sheeted Drift; PH ¼ Portimao High; GH ¼ Guadalquivir High;
PSD ¼ Pliocene Sheeted Drift; MOW ¼ Mediterranean Outflow Water.
6.1.2. Seismic Unit P2; Late-Lower Pliocene
The Lower Pliocene discontinuity (LPR), located at the base of

Seismic Unit P2, signifies the clear onset (at seismic scale) of the
MOW’s influence on the study area. This occurred sometime in the
Late-Early Pliocene (Late Zanclean) (Llave et al., 2011) when the
Gibraltar Gateway allowed for the exchange of water masses be-
tween the Atlantic Ocean and the Mediterranean Sea and exchange
initiated. Such an oceanographic reorganization would have had a
substantial effect on the depositional style of the margin, causing a
change in dominant depositional processes.

The overlying package, P2, is highly variable in character across
the region and this has been interpreted to be as a result of multiple
depositional processes ongoing thorough the Late Zanclean.
Figure 6 maps the extent of down-slope vs. along-slope sediments,
as based on their seismic facies and distribution. A thick succession
(0.2 ms TWT) of chaotic seismic facies in the easternmost study
area is interpreted as down-slope mass transport deposit accu-
mulation. Their close proximity to the upper slope suggests debris
flow deposits (debrites). Basinwards and westwards, these chaotic
facies become increasingly interbedded with more laterally
continuous seismic reflections, interpreted to be a Lower Pliocene
sheeted contourite drift based on its overall regional geometry.
Evidence for a contouritic origin for P2 include; (1) progradation of
seismic units upslope, a characteristic commonly used as a identi-
fication criteria in many contourite depositional systems (Faugères
et al., 1999); (2) an along-slope orientation; and (3) evidence for a
highly cyclic nature of the sequence.

6.1.3. Seismic Unit P3; Upper Pliocene
One of the most subtle of the discontinuities along the Algarve

Margin, the Upper Pliocene discontinuity (UPD) marks a change in
sediment acoustic response of the unit with a move from high
amplitude to semi-transparent seismic facies. The overlying Upper
Pliocene sequence shows localized areas of high amplitude re-
flections in some areas, but laterally these give way to semi-
transparent regions showing poor continuity. In the NE of the
study area, chaotic seismic facies still dominate indicating that in
this region mass transport processes were still active at this time.

The distribution of the seismic unit shows a largely sheeted
morphology, orientated, but thinning along-slope. This observa-
tion, combined with the semi-transparent seismic facies, leads to
the conclusion that a homogeneous muddy-sheeted contourite
drift was deposited at this time, influenced by a relatively sluggish
MOW. In addition, there is evidence that there was significant
tectonic movement at this time, with P3 thinning considerably over
the diapiric ridges and onlapping of seismic reflections onto the
underlying UPD discontinuity. The local occurrence of high ampli-
tude reflections can be linked to where diapir growth has affected
bottom water flow and locally intensified it, resulting in localized
patch drifts of coarser material (Fig. 3C). In the northwest of the
study area there is still strong interbedding of down-slope (chaotic)
and along-slope (parallel) seismic facies (Fig. 6) indicating that at
this time, contourite deposition was not completely dominant.

6.1.4. Seismic Unit PQ: uppermost PlioceneeLowermost Quaternary
The BQD marks a major change in the depositional style of the

margin. Throughout the Pliocene, deposition has been focused to
the east of the study area. This shifts westwards above the BQD.
This seismic unit is completely absent from the north of the study
area due to intense erosion along the middle slope. Only a ‘window’

into the sequence is preserved basinwards (Figs. 3A and 4) and
therefore it is difficult to be certain on its complete interpretation.
Clues to the origin of this sequence can however be gathered. A
major change in the system is evidentewith an increase in seismic
amplitudes and a move to discontinuities that are highly erosive in
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nature and the drift begins to develop a more pronounced moun-
ded morphology. These are characteristics of a high-energy con-
tourite system. Thinning over the diapiric ridges in the east imply
ongoing halokinesis, further intensifying the MOW at this time. As
erosion dominated in the east of the study area (where erosional
truncations are common in the unit), the west was a region of
contourite deposition, where transport capacity of the bottom
water fell as it exited the diapiric ridge province. Here, upslope
progradation is evident, a feature common to contourite drift
growth (Fig. 5) (Faugères et al., 1999).

Due to the absence of the seismic unit in the north of the study
area, conclusions cannot be made of the regional drift type as the
external and internal morphologies cannot be clearly analysed.
What is clear is that this unit signifies a major period of repeated
MOW intensifications and that the ongoing tectonic and diapiric
movements were likely to be instrumental in the change to
contourite-dominated system.

6.1.5. Mid-upper Quaternary
After a period of intense erosion in the lowermost Quaternary,

the modern set-up of the margin truly began to establish itself
(Fig. 6). It is at this time that the contourite system in the study area
moves from a sheeted (aggradational) drift to a remarkable
mounded elongated and separated drift (progradational and ag-
gradational). This sedimentary record has been studied in great
detail by Llave et al. (2007) and Roque et al. (2012) among others
and is outside the scope of this paper. However, it forms a good
contrast to the underlying Pliocene/Lower-Quaternary sheeted drift
and contouriteeturbidite mixed system. It is separated from the
sheeted drift system by major discontinuities that are interpreted
to be in response to tectonic readjustment of the margin. The
mounded drift shows the development of a well-formed contourite
moat along the middle slope, and all the features outlined by
Faugères et al. (1999) as being characteristic of contourite drifts
such as upslope progradation and regional unconformities or
erosional surfaces.

6.2. Sheeted drift identification and characteristics

Seismic data almost always possesses uncertainty in the inter-
pretation stage, with many possible outcomes (Sheriff and Geldart,
1995). Knowledge of the regional tectonic setting, palaeoceano-
graphic set up of the margin and additional data such as bathy-
metric, petrophysical and sedimentological aid the clarification of
the seismic data into a realistic and robust geological interpreta-
tion. The recognition of a contourite drifts on seismic is however
still problematic, particularly where downslope processes are also
ongoing since the seismic response is often similar (Shanmugam,
2012). Additional problems are encountered where the resolution
of the seismic data is poor due to deep-penetrating low frequency
acoustic data (as is commonly used in the petroleum industry) or
by the use of older seismic data. Three key criteria for identification
have been proposed; 1) the presence of major discontinuities across
the entire drift region that represent erosional or hiatus surfaces
formed by major hydrological events; 2) the presence of deposi-
tional units exhibiting convex-upwards geometry; and 3) pro-
gradational or aggradational stacking patterns (Faugères and
Mulder, 2011; Faugères et al., 1999; Rebesco and Camerlenghi,
2008). Using these criteria, many mounded drifts have been iden-
tified both on themodern sea floor (Faugères et al., 1993) and in the
subsurface (Hüneke and Stow, 2008). Identification of sheeted
drifts has proven more problematic, particularly in the sub-surface.
Examples do exist in the Campos Basin (Moraes et al., 2007), Danish
Basin (Surlyk and Lykke-Andersen, 2007), the North Rockall Trough
(Stoker et al., 1998), Argentine slope (Hernández-Molina et al.,
2009a) and around the Antarctic margin (Maldonado et al.,
2003). The majority of these have been recognized, as with the
Algarve Margin buried sheeted drift, due to their close relationship
with turbidite and mounded contourite deposits respectively.

Here we examine in detail, the seismic characteristics of the
sheeted drift found in the Lower Pliocene succession of the Algarve
basin (Gulf of Cadiz) and discuss the close relationship between
down-slope and along-slope processes at the beginning of drift
formation. This is carried out at the scale of the drift to that of the
seismofacies.

6.2.1. Seismofacies-scale characteristics
Seismofacies are extremely variable in any sediment body and,

in general, cannot solely be used to determine contouritic origin of
a deposit. In the case of the Upper Pliocene drift within the Algarve
basin however, seismofacies do give a strong indication of the
presence of a contourite sheeted drift as it can clearly be distin-
guished from other deposits based on the acoustic response. High
amplitude and laterally continuous reflections can be identified and
are in stark contrast to the chaotic down-slope sequence seen close
to the continental slope (Fig. 3A). These seismic facies are seen to be
interbedded in Seismic Units P2 and P3. A similar seismic facies
relationship is observed in the Storegga slide complex and associ-
ated contourites offshore NW Europe, albeit on a larger scale
(Solheim et al., 2005).

Contrasting Seismic Unit P1 with P2 illustrates the problem of
distinguishing depositional processes from seismic facies alone.
Locally, both sequences show very similar acoustic characteristics,
and so they have been interpreted based on other observations on a
larger scale.

6.2.2. Depositional unit-scale characteristics
Typical characteristics of sheeted drifts on the sea-floor have

been outlined in the literature. Faugères et al. (1999) note that
sheeted drifts, both accumulating on the abyssal plain and plas-
tered along continental slopes (as in the case of the Gulf of Cadiz)
show little to no progradation of seismic units. They observe that
“gently downlapping reflections show only slight downcurrent
progradation with either a basinward or landward oblique
component”. In the Pliocene sheeted drift, this is certainly the case.
Sequences identified across the drift are aggradational in nature.
There is some evidence of minor progradation, including upslope
progradation which is often an indication of contourite influenced
sedimentation (Fig. 5). The intense interaction with down-slope
processes to the east of this system (Fig. 3A) may disguise further
prograding packages. Individual units are seen to downlap and are
interpreted as prograding along-slope to the west. Sequences also
thin towards many of the diapirs in the east of the study area,
indicating active halokinesis at the time of deposition.

6.2.3. Discontinuities and seismic unit identification
Regionally extensive erosional discontinuities are often impor-

tant criteria for contourite identification. Previous work in this re-
gion has identified key discontinuities based on laterally
continuous high amplitude reflections (Lopes et al., 2006;
Maldonado et al., 1999; Marches et al., 2010). However, disconti-
nuities in the study area are not always clearly erosive at a seismic
scale or across a wide area, but can be due simply to a reorgani-
zation of the hydrodynamic set up of the margin. In such cases they
can be identified by a distinct regional change in the acoustic
response of the package. Where the nature of the discontinuity is
erosional, the acoustic impedance (AI) between the under- and
over-lying seismic packages may not necessarily be significant. The
nature of high-energy contourite deposition (as is the case in the
Gulf of Cadiz) is one of gradual waxing and waning flow. Erosional



Figure 7. The palaeoceanographic implications of each depositional sequence.
Although some potential ties are seen between times of enhances bottom water cur-
rents and eustatic sea level, there must addition allogeneic controls on the system.
These are ties to alternative forcing such as tectonics and halokinesis. Eustasy curve
from Miller et al. (2005).
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discontinuities correlate to times of enhance bottomwater velocity,
such as is seen in the uppermost Pliocene to Lowermost Quaternary
in the study area. During such times the current has erosional ca-
pabilities. The gradual waning of flow results in deposition of
sediment particles from the moment that the transport capacity
drops below the erosional threshold. Therefore there is not
necessarily a hiatus in the sediment recordwhere digenesis, or hard
ground formation may form a remarkable seismic reflection, but
the AI depends solely on the difference acoustic response of the
over- and underlying sediment packages. As a result, many of the
discontinuities identified in this detailed study are highly variable
in amplitude and can demonstrate low acoustic impedance be-
tween under- and over-lying seismic packages (low-amplitude re-
flections). Consequently, discontinuities in contourites should be
identified through the observation of truncations, onlaps and
downlap morphologies of the seismic reflections and not using
solely the identification of laterally continuous high amplitude
reflections.

6.2.4. Drift-scale characteristics
Since contourite drift types are named on account of their

external morphology (Faugères and Mulder, 2011; Faugères et al.,
1999; McCave and Tucholke, 1986; Rebesco and Stow, 2001; Stow
et al., 2002b), the drift identified in the Pliocene offshore the
Algarve Margin can be classified as a sheeted drift within a mixed
system. The overall morphology is that of consistent thickness and
is mapped extending over an area of over 2000 km2 (Fig. 6).
Thinning occurs only close to the basin margins (along the upper
slope and Guadalquivir Bank and against some (but not all) diapirs
in the east of the study area). Since its deposition, the drift has been
deformed by ongoing halokinesis and faulting along the margin,
but the original broad, low-mounded morphology is still evident
and is strikingly different to the overlying mounded elongated and
separated drift (Faro-Albufeira drift).

Overall distribution of the drift is elongated in an NEeSW
orientation, following the contours of the continental slope. This
highlights an important consideration when identifying sheeted
drifts in the sub-surface; prior knowledge of the oceanographic set
up of a margin can aid contourite recognition. Along the Algarve
basin, the Pliocene oceanographic set-up is moderately well con-
strained (Hernández-Molina et al., 2011; Rogerson et al., 2012). It is
well known that the opening of the Gibraltar Gateway occurred
around the MioceneePliocene boundary (Nelson et al., 1999;
Maldonado et al., 1999). Estimates for the full onset of the MOWare
around the time of discontinuity Lower Pliocene Discontinuity
(LPR) when upslope progradation begins to be seen in the seismic
data. This provides good evidence for oceanographic conditions
favourable to drift formation. Elongation of a sediment body along-
slope can, when combined with knowledge of the palaeoceano-
graphic set-up along a margin, aid the recognition of contourite
sheeted drifts in the subsurface.

7. Implications

7.1. Palaeoceanographic implications

This mixed turbiditeecontourite system and its acoustic
response can tell us a great deal about the oceanographic evolu-
tion of the Algarve Margin. Authors have analysed the effects of
relative sea level and global climatic changes on the MOW (Llave
et al., 2006; Nelson et al., 1993; Stow et al., 2002a). Although it is
challenging to completely isolate the climatic effects to the bot-
tom water current, it appears that there is a basinwards shift of
the dominant MOW core during times of lowstand due to
increased density of the water mass (Llave et al., 2006). Therefore,
since the Algarve Margin is influenced by the upper core of the
MOW, it would be expected that the most vigorous bottom waters
are associated with highstand conditions. However, problems
arise with this theory when the depositional sequences are
compared to the global eustatic sea level curve (Miller et al.,
2005). Figure 7 summarizes the relationship between sea level
and the drift evolution. Neotectonics will further complicate this,
and care must be taken to distinguish the two controls on bottom
water velocity by looking at the margin-wide versus the localized
response.

Within the Algarve Basin contourite succession, high cyclicity is
observed in the acoustic data, indicating that there have been times
of increased velocity and times of waning bottom water currents.
Sea level fluctuations during the Pliocene and Quaternary are var-
ied. Broad trends seen include a lowering of sea level during the
Quaternary and a move to more extreme sea level fluctuations as a
result of the change to dominance of the 100 ka Milankovitch cy-
cles. Here we examine the paleaoceanographic implications of the
Pliocene sequence.

Discontinuity M separates the Miocene from the lower Pliocene
and signifies the end of the Messinian Salinity Crisis at 5.33 Ma
(CIESM, 2008). Subsequent discontinuities represent times when
bottom water velocities were enhanced sufficiently to cause
widespread or localized erosion of the sea floor. Seismic Unit P2
represents the full onset of the Mediterranean Outflow Water and
the resulting discontinuity, the LPR, has been dated at approxi-
mately 4.0e4.2 Ma (Llave et al., 2011). This occurred at a time of
low then rising global eustatic sea level (Miller et al., 2005). The
high amplitude acoustic response of the contourite section of
Seismic Unit P2 topped by an erosive discontinuity indicates
accelerating bottom water velocities at this time and the deposi-
tion of a sandy-sheeted drift. Global sea-level trends (Fig. 7) show
a relative high at this time (Miller et al., 2005). In addition, there is
a strong influx of debrite deposits. Downslope processes are most
commonly associated with sea level lowstand (Catuneanu, 2006),
indicating that there may have been some additional control on
the system at this time, for example major tectonic events. Seismic
Unit P3 has been interpreted as a time when relatively weak
bottom water currents were in action over the drift. During this
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time, there was a dramatic fall in sea level followed by a relative
highstand (Fig. 7), although fluctuations in eustasy continued
throughout the latest Pliocene. Proxy data shows that in the Late
Pliocene (3.5e3.3 Ma) the density of the MOW significantly
increased (Khelifi et al., 2009) and it is likely that the semi-
transparent Seismic Unit P3 is representing a weaker Upper Core
of the MOW, while the Lower Core was intensified (outwith the
study area). Seismic Unit PQ returns to high amplitude reflections
with multiple erosional discontinuities. The section is partially
absent due to erosion along much of the slope. This indicates a
time of enhanced MOW circulation in the upper core. The global
sea level curve shows repeated high amplitude fluctuations at this
time, interpreted at 4th order glacio-eustatic cycles. In addition,
the seismic indicates that this was a time of accelerated diapir
growth to the east of the study area, and therefore the excep-
tionally vigorous bottom water currents can be attributed to the
combination of high amplitude eustatic fluctuations enhanced by
neotectonics (Fig. 6).

Three important conclusions from details palaeoceanographic
studies can be made based on this work. Firstly, there does appear
to be some link between eustasy and bottom water velocity, how-
ever it does not seem always be directly tied to the 3rd or 4th order
cycles, but is more complex. This is in agreement with the findings
of Rogerson et al. (2012). This in turnwill affect the evolution of the
margin on a seismic scale. However, caution must be executed to
consider additional controls such as tectonics. Secondly, the
amplitude and duration of climatic and eustatic fluctuations cause
differing responses to the contourite system. It is a highly complex
relationship. Finally, the MOW itself has an important influence on
the type of system that will develop and onset of processes that
trigger turbulence in a bottomwatermass can significantly alter the
development of a contourite depositional system. The above ob-
servations show that seismic facies, acoustic amplitudes and
seismic stratigraphic techniques can be used to analyse palae-
oceanography on an along-slope and downslope mixed system,
although all must be used to come to a robust conclusion.
Figure 8. The Gulf of Cadiz contourite depositional system and mixed system provides a go
petroleum reservoirs. Sands accumulate within contourite channels or as broad sheet-like
7.2. Economic importance

Deep-water continental margins can provide all aspects of a
petroleum system; mature source rocks, ample seal facies and
trapping structures. These systems have therefore had growing
economic interest in recent decades. The search for reservoir facies
has focused on turbidite systems, which are capable of supplying
sand-facies to the continental slope. Turbidite sand sheets are often
regarded to be among the most economically viable reservoirs on
account of their excellent lateral continuity, simple reservoir ge-
ometry, andwell-sorted sediments (Weimer and Slatt, 2004). These
lead to reservoirs that have high porosity and permeability values
and high-rate, high-recovery reserves.

Mixed systems such as the Pliocene system offshore the Algarve
Margin could provide a further reservoir facies for hydrocarbon
exploration (Fig. 8). The interplay of down-slope clastic influx with
strong along-slope current reworking can produce well-sorted
sandy accumulations with excellent reservoir potential (Antich
et al., 2005). Seismic Units P2 and PQ show promising signs of
sand-rich contourite deposition. They are made up of high ampli-
tude reflections when compared to other units and show evidence
of a high-energy environment of deposition (erosional truncation
of reflections is seen in the uppermost Pliocene). Where con-
touriteeturbidite mixed systems can be identified in the subsur-
face, bottomwater reworking of clastic down-slope sediment holds
the potential for excellent reservoir quality facies deposition
(Mulder et al., 2008).

This has been demonstrated in the Santos Basin offshore Brazil
(Bulhões et al., 2012; Viana et al., 1998; Viana and Rebesco, 2007).
Here, sediment overflow from the shelf has been directly feeding
into the bottom currents since the Oligocene. Additionally, there
are downslope systems that are greatly modified where they are
deposited in the path of vigorous bottom currents. The result is
regions of high amplitude acoustic response and large-scale bed-
forms where contourite sands are deposited. These deposits show
some similarities to the Algarve Margin contourites of the Pliocene,
od example of many contourite sands. Upon further burial these could make excellent
drifts.
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albeit under a less aggressive current regime compared to that of
the Santos Basin (which is largely transported away and leave only
discrete patch drifts within a dominantly erosional regime). Along
the Algarve Margin, Seismic Unit P2 shows seismic evidence of this
process, with major sediment influx up-current (debrites repre-
sented by chaotic seismic facies) resulting in the deposition of a
sand-rich sheeted contourite drift downcurrent and basinwards
(Fig. 5).

An alternative reservoir facies deposited in mixed systems could
be winnowed turbidite deposits. Where down-slope processes,
generally occurring on a timescale of minutes to hours, are influ-
enced by longer-lasting (operating of a geological timescale)
moderate bottom currents, the finer grain sizes may be removed by
winnowing. The result is a sand-rich deposit exhibiting good
sorting, porosity and permeability, and therefore good potential
reservoir properties on burial. Examples of such deposits have been
identified both on the sea-floor, for example in the Gulf of Mexico
(Shanmugam and Moiola, 1982; Shanmugam, 2012), and in the
subsurface as in the Campos basin (Mutti et al., 1980). If there is any
minor onset of the MOW in the Lowermost Pliocene in the Algarve
Basin (Seismic Unit P1), this mixed deposit could consist of clean
sands and hold some reservoir potential.

A final mechanism for sand influx into a contourite system is
outlined by Viana et al. (2007) as “downwelling of dense saline
waters developing sand-rich channels”. This is a probably source of
additional sediment influx to the modern Gulf of Cadiz Sand Sheet
in the easternmost Gulf of Cadiz. Shelf spillover, downwelling of the
MOW and bottom water current erosion contribute to the accu-
mulation of sand across an area estimated to be 4000 km2. The
contourite sand sheet is located at the exit of the Strait of Gibraltar
across an area where the MOW speeds out and decelerates on
exiting the confined Gibraltar Oceanic Gateway (Buitrago et al.,
2001). Regions of bottom water acceleration through narrow con-
duits evidently provide a mechanism for impressive contourite
sand accumulation and it may be this mechanism that resulted in
the deposition of Seismic Unit PQ in the Algarve Basin on exiting a
very active region of diapirism to the east of the study area.

The above examples highlight that where there is 1) sufficient
transport capacity in a given bottom current for the transport and
deposition of grain sizes >0.063 mm and 2) a sediment influx from
the shelf to a bottom current system, then there is the possibility of
accumulating contouritic sediments on the slope that have very
attractive properties for the hydrocarbon industry. Seismic data is a
dominant source of information for the sub-surface and it is widely
used to great effect in the hydrocarbon industry. Since misinter-
pretation of sheeted contourite deposits as turbidites has important
implications for reservoir architecture and reservoir modelling, it is
of great importance that contourite sand sheets are identifiable in
geophysical data. As with turbidite sand identification, seismic
reflection mapping and attribute analysis can give clues to the
facies distribution, but care should be taken to also observe external
and internal morphologies in addition to reconstructing themargin
palaeoceanographic set up in order to fully determine the origin of
a potential reservoir target.

8. Conclusions

A buried mixed contouriteeturbidite system has been identified
in the Pliocene succession in the Algarve basin. Analysis of seismic
data shows the gradual move from a turbidite-dominated towards
a contourite-dominated margin, and the subsequent ‘birth’ of an
impressive elongate mounded contourite drift system- the Faro-
Albufeira drifts. The contourite drift was distinguished from
turbidite deposits based on the acoustic character, distribution
analysis and through careful palaeogeographic reconstruction. In
the earliest Pliocene, Seismic Unit P1 has been interpreted as a
dominant down-slope (most likely turbidite or mass transport)
system sourced mainly from the northeast. There is clear evidence
of contourite reworking at Seismic Unit P2, where upslope pro-
gradation and a sheeted morphology are observed. Nevertheless, in
the northeast of the study area a thick sequence of chaotic seismic
facies has been interpreted as mass wasting deposits sourced from
the north. Evidence for more vigorous activation of the MOW in
sequence P2 is seen basinwards in the form of extremely high
amplitude reflections. However, the bottom currents were unable
to dominate over the entire margin due to high down-slope clastic
influx. Semi-transparent Seismic Unit P3 indicates that the upper
Pliocene initially experienced a reduction in bottom water in-
tensity; however upslope progradation shows that a mixed system
was maintained. Above the Base Quaternary Discontinuity (ca.
2.6 Ma), highly erosive discontinuities and high amplitude seismic
reflections are evidence of pronounced intensification of the MOW
and of fully contourite-dominated slope.

As deepwater exploration becomesmore andmore important to
meeting energy needs, it is important to further our understanding
of these regions. Water masses circulation is particularly important
in these deeper settings and as a result contourite deposits are very
common and can hold the potential for good reservoirs, particularly
where they are closely associated with a downslope system or
other source of coarse clastic sediment. Where contouriteeturbi-
dite mixed systems can be identified in the subsurface, bottom
water reworking holds the potential for excellent reservoir quality
facies deposition. Misinterpretation of sheeted contourite deposits
as turbidites has important implications for reservoir modelling
and it is therefore of great importance that the interpreter has a
good understanding of how to distinguish deepwater depositional
processes using acoustic data. Key steps are to analyse seismic
facies, sequence distribution and palaeo-margin set up prior to
defining any depositional process.
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