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Abstract

An approach to the interpretation of the Holocene highstand depositional systems and the influence of shelf

circulation patterns on sediment dispersal in the northern Gulf of Cadiz shelf (SW Iberian Peninsula) is reported. The

study area comprises the transition from the southern Portuguese shelf, lacking major fluvial input, to the Guadiana

and Guadalquivir shelves, receiving sediments from fluvial sources. An integrated study using high-resolution seismic

profiles and meteorological and physical oceanography data was undertaken to reach the proposed goals.

A lateral transition of shelf environments is evidenced during the most recent sea-level highstand period. The

Portuguese shelf can be considered as a moderate to high-energy environment, where the dominance of storm events led

to the construction of a significant infralittoral prograding wedge, as a consequence of normal incidence of storm waves

and steep shelf profile. The Guadiana shelf shows a distinct partition of depositional systems, as a result of a moderate

fluvial supply and significant reworking wave and current activity over morpho-structural highs. Proximal facies are

attributed to poorly developed prodeltas, whereas distal facies are interpreted as muddy belts. The Guadalquivir shelf is

a fluvially dominated environment, as the most prominent feature is a thick, widespread prodelta whose formation has

been controlled by significant fluvial supply, moderate hydrodynamic regime and smooth shelf topography.

The comparison between sediment transport patterns evidenced in geophysical records and shelf circulation patterns

enables us to propose a model for the sediment dispersal during the Holocene highstand period. Sediment dispersal is

controlled by an intermittent counter current system, which seems to be intimately linked with the wind regime.

Eastward dispersal on the middle to outer shelf is led by the general anticyclonic circulation, dominant under the

influence of westerly winds. Westward dispersal occurs in the inshore zones, mainly led by the entrance of warm water

tongues on the shelf under the action of easterly winds. These two opposing patterns of sediment dispersal are bounded

by zones of current shear (Huelva Front and Strafford Shear).
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1. Introduction

Most studies of shelf depositional systems
during the Holocene highstand focus on relatively
homogeneous shelf environments influenced to
some extent by fluvial supplies, either in prodeltaic
settings (Park et al., 1990; Figueiredo and Nit-
trouer, 1995; D!ıaz et al., 1996; Nittrouer et al.,
1996; Kuehl et al., 1997), or in shelf muddy belts
(Park et al., 1995, 1996, 1999; Lee and Chung,
2000; Lesueur et al., 2001; Yoo et al., 2002). This
general trend is also applicable to the northern
shelf of the Gulf of Cadiz (SW Iberian Peninsula),
where research efforts concerning the Holocene
highstand sedimentary processes have been con-
centrated on the fluvially dominated Guadalquivir
shelf (Lobo, 1995; Nelson et al., 1999; Rodero,
1999). In contrast, studies concerning the Holo-
cene highstand systems tract (HST) in the con-
tinental shelf westward of the Guadalquivir River
have been fragmented. These studies have been
Fig. 1. Location of the study area in the Gulf of Cadiz margin, show

sites where current measurements were made. The estimated shelf-bre

indicated.
generally limited to the Portuguese shelf located
westward of the Guadiana River (Vanney and
Mougenot, 1981; Roque, 1998; Hern!andez-Molina
et al., 2000a), whereas the Holocene highstand
accumulation on the continental shelf located off
and eastward of the Guadiana River mouth has
received much less attention (Nelson et al., 1999).
In spite of those limitations, the study of

depositional styles developed during the Holocene
highstand on the continental shelf northwestward
of the Guadalquivir River is significant, because
this area shows a lateral gradation from the
sediment-starved southern Portuguese shelf to
the fluvially dominated Guadalquivir shelf. This
shelf sector receives sediment supplies from fluvial
sources of different sizes, such as the Arade,
Guadiana, Piedras and Tinto-Odiel Rivers
(Fig. 1). Furthermore, this continental shelf is
characterised by significant physiographic
changes, such as shelf width and gradient, and
by different coast orientations. These specific
ing the position of high-resolution seismic profiles and the two

ak position and some bathymetric contours (in metres) are also
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physiographic features influence the hydrody-
namic processes, particularly wave activity and
shelf current patterns. Therefore, the interaction
between multi-sourced fluvial supplies, physio-
graphic constraints and oceanographic agents
may form complex patterns of Holocene deposi-
tional styles.
The application of this approach to the study of

the complex ocenographic processes that operate
on the Gulf of Cadiz shelf (Vargas et al., 2003) is
particularly interesting. The traditional view as-
sumes the influence of North Atlantic Surface
Water (NASW) or Atlantic Inflow Current
(Nelson et al., 1999) flowing towards the east
and southeast and entering the Mediterranean
Sea through the Straits of Gibraltar (Ochoa and
Bray, 1991). However, evidences of a more
complex shelf circulation picture have been re-
cently provided (Folkard et al., 1997; Mauritzen
et al., 2001). Therefore, the study of the sediment
dispersal system from the distribution patterns and
internal structure of Holocene HST and its
comparison with shelf oceanographic patterns
may emphasise the influence of meteorological
conditions, shelf current patterns and current
boundaries on the dispersal patterns of shelf
sediment.
Consequently, the aims of this study are to: (a)

document the different styles of shelf depositional
systems developed during the Holocene highstand
to the east and west of the Guadiana River; (b)
determine the influences of wave regime, current
patterns, sediment supply, shelf physiography and
coastal configuration on the depositional styles of
the Holocene HST; and (c) establish the relation-
ships between the shelf circulation patterns and the
Holocene sediment dispersal system.
2. Geological and oceanographic setting

2.1. Physiography

The study area is the northern part of the Gulf
of Cadiz located between Quarteira (Portugal) and
the Guadalquivir River mouth (Spain) (Fig. 1),
characterised by contrasting physiographic fea-
tures. The Portuguese margin shows an infralittor-
al domain extending up to 30–35m water depth
with a mean gradient of 0.21�. The seaward
boundary with the continental shelf is marked by
a break of slope. The shelf shows width values
ranging from 5 km off Faro to 20 km off the
Guadiana River, whereas gradient values range
between 0.32� and 1.27�. The shelf edge is located
at water depths between 120 and 140m. Seaward,
the upper slope extends up to 500–700m with an
average gradient of about 4� (Roque, 1998).
Between the Guadiana and Guadalquivir Rivers
there is no clear boundary between the infralittoral
domain and the continental shelf. The shelf width
increases eastward from 20 to 25 km off and
eastward of the Guadiana River to more than
30 km off the Guadalquivir River. Average shelf
gradients are lower than 0.3� in front of the
Guadiana River and lower than 0.2� in front of the
Guadalquivir River. The shelf edge is located at
water depths of 100–130m. Seaward, the upper
slope extends up to 400m water depth, with
gradients up to 3� (Lobo, 2000).

2.2. Fluvial input

The most prominent feature of the Portuguese
coast is a large barrier island-lagoon system (Ria
Formosa). This coast is characterised by minor
fluvial input. The most significant fluvial supply is
provided by the Arade River, which generates a
small prodelta located westward of the study area
(Moita, 1986). The Spanish coast is characterised
by several rivers forming estuaries partially closed
by spits, such as the Guadiana, Piedras, Tinto-
Odiel and Guadalquivir (Fig. 1). Their mean water
discharge has been evaluated by van Geen et al.
(1997): 80m3/s for the Guadiana, 20m3/s for the
Tinto-Odiel and 160m3/s for the Guadalquivir.
Although the Guadalquivir River is the main
fluvial input of the Gulf of Cadiz margin, its
associated muddy sedimentary wedge is deflected
southeastward far from the study area, due to the
east and southeastward advection of suspended
sediments by the action of the NASW (Palanques
et al., 1986–1987; Lobo, 1995; Guti!errez-Mas et al.,
1996; Nelson et al., 1999; Rodero et al., 1999). As
a consequence, the Guadiana River can be
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Fig. 2. Distribution map of surficial sediments in the study area, based on previous studies conducted in the Portuguese (Moita, 1986)

and the Spanish (Nelson et al., 1999) shelves.
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considered the main sediment source to the study
area (Morales, 1997).

2.3. Modern surficial sediment distribution

The infralittoral domain is covered by a
continuous belt of sands (Moita, 1986; Nelson
et al., 1999), only interrupted by muddy deposits
related with river mouth prodeltas, such as the
Guadalquivir (Fig. 2). However, silts predo-
minate in the inner shelf adjacent to the Guadiana
River mouth (Nelson et al., 1999). Rocky out-
crops of reduced extent are relatively frequent
in inner shelf sectors, especially between the mouth
of the Guadiana River and the Tinto-Odiel
system (Rey and Medialdea, 1989; Fern!andez
Salas et al., 1999). Most part of the middle
shelf is covered by a mud layer showing
an offshore and southeast gradation to finer
grain size. The mid-shelf mud layer usually extends
to about 100m water depth (Nelson et al., 1999).
A transgressive sand deposit is exposed at
the seafloor about 100–120m, forming a la-
terally continuous belt, particularly east of
the Guadiana River (Moita, 1986; Nelson et al.,
1999) (Fig. 2).

2.4. Shelf seismic stratigraphy

A late Quaternary stratigraphic framework has
been established from the analysis of high-resolu-
tion seismic profiles (Somoza et al., 1997; Hern-
!andez-Molina et al., 2000b; Lobo et al., 2002).
Sedimentation on the Gulf of Cadiz margin during
the late Quaternary is marked by periods of forced
regression. Since the last interglacial, several shelf
wedges accumulated in response to periods of sea-
level fall and lowstand related to fifth-order sea-
level changes (periodicity of about 20,000 years).
Each wedge is constituted by a forced wedge
regressive systems tract (FWRST) and a lowstand
systems tract (LST). The most recent of those
marginal wedges is related with the Last Glacial
Maximum (Somoza et al., 1997; Hern!andez-
Molina et al., 2000b).
Post Last Glacial Maximum sediments are

organised in a transgressive (TST) and a highstand
(HST) system tracts (Somoza et al., 1997; Nelson
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et al., 1999; Hern!andez-Molina et al., 2000b; Lobo
et al., 2001). The TST is constituted by four
backsteppping parasequences (Lobo et al., 2001)
which are downlapped by the Holocene HST
consisting of prograding subaequous deltaic facies
and middle shelf muddy deposits (Maldonado and
Nelson, 1999; Nelson et al., 1999; Rodero et al.,
1999).

2.5. Physical oceanographic setting

2.5.1. Wave regime

Significant wave height measured off Faro is
0.92m. The coastal stretch is affected by two main
wave trains coming from W to SW, with 68% of
occurrences, and SE, with 25% of occurrences.
Westerly waves have significant height of 0.8m
and average period of 4.5 s, whereas easterly waves
have significant height of 1m and average period
of 4.9 s (Costa, 1994). During storm conditions
(significant height >3m), the two directions have
similar occurrence, with 44% for SW waves and
43% for SE waves (Costa, 1994).

2.5.2. Shelf current patterns

The circulation in the Gulf of Cadiz appears to
be forced by the water exchange through the
Straits of Gibraltar. The Atlantic Inflow imposes
eastward-directed current patterns on the shelf
(Baringer and Price, 1999). However, some works
point out a counter-current system controlled by
the wind regime (i.e. Fi !uza, 1983) that opposes to
the classical pattern. The most frequent northerly
winds are upwelling-favourable at the Portuguese
coast north of Cape St. Vincent. Waters upwelled
farther west can bend around Cape St. Vincent
and invade the Gulf of Cadiz shelf as a coastal
plume. Cold water upwells in the southern
Portuguese coasts only under westerlies. In con-
trast, relaxation of upwelling-favourable wind
and/or onset of easterlies favour the development
of an inshore warm water tongue stretching
westwards from the Bay of Cadiz. This picture
was observed by Stevenson (1977). Water upwelled
at the west coast was drawn eastwards over the
outer shelf by the anticyclonic Tarif Eddy, whereas
a warm water tongue featured the inner shelf. Both
flows were separated by the Huelva Front.
The warm counter-current is a recurrent feature
that occurred in the 45% of clear advanced very
high-resolution radiometer (AVHRR) scans from
1982 to 1991 (Relvas and Barton, 2002). Fi !uza
(1983) and more recently Folkard et al. (1997)
inferred wind control on the development of
inshore counter currents. Direct measurements
confirm that this dual band pattern has association
with the wind stress field in the Gulf of Cadiz shelf
(Vargas et al., 2003).
3. Data and methods

3.1. Shallow sub-bottom geology data

Subsurface geological information was pro-
vided by high-resolution seismic profiles (Fig. 1)
recorded with a Uniboom system (Geopulset:
280 J, shot delay of 500ms, recording scale
of 200ms). These records were collected during
three oceanographic surveys: Golca-93, Fado-
9611 and Wadiana 2000. Positioning was achieved
using a Differential Global Positioning System
(DGPS). The high-resolution seismic records
were interpreted following standard seismic
stratigraphy rules (Mitchum et al., 1977). Based
on the geometry and internal seismic chara-
cters, morpho-sedimentary units can be iden-
tified. We used the following convention in text
and figures: water depth was expressed in
metres (m) below sea surface, whereas seismic
boundary depth and unit thickness were ex-
pressed in Two-way Travel Time milliseconds (ms).
3.2. Meteorological and oceanographical data

3.2.1. Wind data

SeaWinds from the NASA QuikScat satellite
were retrieved from the Jet Propulsion Laboratory
(http://podaac.jpl.nasa.gov/quikscat/
qscat data.html). More than 1000 daily passes
(from June 1999 to March 2002) of the 0.25� �
0.25� grid for the box 13–6�W and 35–41�N
were included.
The data were assembled into a 2D complex

input data matrix, with the u wind component as

http://podaac.jpl.nasa.gov/quikscat/qscat_data.html
http://podaac.jpl.nasa.gov/quikscat/qscat_data.html
http://podaac.jpl.nasa.gov/quikscat/qscat_data.html
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the real part and the v as the imaginary
part. Standard eigentechniques (in S-mode) were
applied (e.g., Emery and Thomson, 1997) to
obtain the Complex Empirical Orthogonal
Functions (CEOFs) (cf. M .unchow, 2000). CEOF
analysis decomposes the input data matrix in
the spatial patterns (CEOFs) and the correspond-
ing time varying amplitudes (PCs). The PCs
show how the patterns vary in intensity and
direction over time. In the present analysis we
only retained the leading CEOF, which explains
50% of the overall variance. This was statistically
significant as assessed with the Monte-Carlo
(Preisendorfer’s rule N) and North’s rule of
Thumb tests.

3.2.2. Sea surface temperature (SST) data

Weekly composites derived from the National
Oceanographic and Atmospheric Administration
(NOAA) AVHRR data for 1999–2001 were
included. This data set was obtained from the
Deutsches Zentrum f .ur Luft- und Raumfahrt
(DLR) through the public access gateway (http://
isis.dlr.de/).
Fig. 3. Contour map (in milliseconds below the sea surface) of the lo

Two contrasting sectors (western and eastern) are differentiated on t

expression of a morpho-structural high, the Tavira–Guadiana High.
3.2.3. Current data

They were obtained using two RDI 150 kHz
ADCP moored on a SUBS-A2 buoy at 30m water
depth off the Guadiana River mouth (site 1) and
off the sand spits at the east flank of Cape Santa
Maria (site 2) (Fig. 1). The instruments measured
the velocity profile on 1m bins averaging pings at
300’ intervals for 12 days (from 25 November to 6
December). A Cosine-Lanczos low-pass filter with
half power point at 33.3 h (B0.7 cpd) spanning
85 h was applied to this series to extract the
subinertial signal and get rid of tidal and other
inertial noise. The resulting series was resampled
into 3 daily values.
4. The Holocene HST on the Guadiana Shelf (from

the Portuguese Shelf to the Guadalquivir Shelf)

4.1. Morphology of the maximum flooding surface

(MFS)

The lower boundary of the Holocene HST has
been mapped throughout the study area (Fig. 3),
wer boundary of the Holocene highstand systems tract (HST).

he basis of physiographic characteristics, as well as the surface

TWTT (ms): two-way travel time in milliseconds.

http://isis.dlr.de/
http://isis.dlr.de/
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representing �20 to �200ms contours. The
�160ms contour marks a significant increase of
the MFS gradients, because it represents the
present-day shelfbreak. Two main sectors can be
differentiated based on the MFS gradients (Fig. 3).

4.1.1. Western sector

It is located to the west of Tavira. This sector is
characterised by an average MFS gradient of
0.95�, although it decreases in front of Quarteira
to less than 0.6�. The steepest MFS occurs
between Cape Santa Maria and Tavira, where it
is several kilometres wide (Fig. 3).

4.1.2. Eastern sector

It is located to the east of Tavira. Three domains
can be differentiated according to the gradients
and contour lines pattern. An inner domain down
to the �80ms contour line shows low gradients
averaging 0.12�. This domain is wider to the east
of the Piedras River. Between Tavira and the
Piedras River, gradients of this inner domain
decrease progressively eastwards. The Tavira–
Fig. 4. Isopach map (in milliseconds) of the Holocene HST, with ind

mid to outer shelf of the aggradational deposit are designated by lett
Guadiana High, a shallow platform which is the
surface expression of a morpho-structural high, is
evidenced in front of the Guadiana River (Lobo
et al., 2002). The middle domain is located
between �80 and �120ms contour lines. It
displays an average gradient higher than 0.4�,
although it decreases towards the Guadalquivir
River mouth. Small-scale promontories occur off
the Guadiana River. The outer domain is located
between �120 and �160ms contour lines, and is
characterised by an average slope of 0.2�. The
�160ms contour line gives way to the upper slope,
characterised by gradients higher than 1�.

4.2. Holocene HST: morpho-sedimentary units

The regional distribution of the Holocene HST
is displayed in Fig. 4. Based on the seismic
characters and distribution patterns, the Holocene
HST is divided into four morpho-sedimentary
units: (a) the Faro–Tavira wedge; (b) inner wedges;
(c) shelf aggradational deposits, and (d) the
Guadalquivir prodelta. Their distribution
ication of main morpho-sedimentary units. Depocenters on the

ers (A to F). TWTT (ms): two-way travel time in milliseconds.
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Fig. 5. Surface distribution of morpho-sedimentary units. Legend: (A) Faro–Tavira wedge; (B) inner wedges; (C) shelf aggradational

deposits (C1: undifferentiated shelf aggradational deposits, C2: shelf muddy belts, or shelf aggradational deposits that show elongated

patterns; C3: main depocenters of shelf muddy belts); (D) Guadalquivir wedge. Other surficial features such as transitional or

undifferentiated facies between the Faro–Tavira wedge and the Guadiana inner wedge and the areas with no or minor highstand

sediment accumulation are also represented.

F.J. Lobo et al. / Continental Shelf Research 24 (2004) 461–482468
patterns, main depocenters of shelf aggradational
deposits and zones of nondeposition are repre-
sented in Fig. 5.

4.2.1. Faro–Tavira wedge

It is a prograding and seaward thickening
seismic unit that shows a gently sloping upper
surface (sea floor) up to 25–30m water depth,
with inclinations lower than 0.3�. An abrupt
slope of about 5� characterises the seaward
pinching out of the wedge at about 60m water
depth (Figs. 6A and B).
The internal structure shows progradational

configuration and moderate to high reflectivity.
The configuration evolves upwards from sigmoidal
to oblique–tangential (Figs. 6A and B). The
seaward progradation is only apparent and the
true progradational trend seems to be oblique,
southwestward to the west of Tavira, and towards
the southeast to the west and in front of Faro. The
Faro–Tavira wedge is anchored at coastal litho-
somes identified to the east of Tavira that seem to
have acted as barriers (Fig. 6A).
The distribution of this sedimentary wedge

around Cape Santa Maria is partially imaged by
the seismic grid (Fig. 4). The Faro–Tavira wedge
shows an elongated pattern with two main
depocenters. The first one occurs in front of Faro,
where it is NNW–SSE oriented, more than 5 km
long and showing maximum thickness higher than
30ms. The second depocenter is located westward
of Tavira and displays a NE–SW orientation. It is
about 5 km long and the maximum thickness
reaches up to 14ms.

4.2.2. Inner wedges

These morpho-sedimentary units usually show
sub-horizontal to smoothly sloping upper bound-
aries (sea floor) up to 20–25 water depth. The
upper boundary evolves seaward to a sloping
surface with a gradient up to 0.3�, and whose
distal termination is located up to 40m water
depth.
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Fig. 6. High-resolution seismic sections (Geopulse) of the Faro–Tavira progradational wedge: (A) Shelf-parallel and southwestward

prograding deposit in front of Tavira, detached from the Guadiana inner wedge; (B) Cross-shelf section of the Faro–Tavira

progradational wedge, showing a sigmoid to tangential oblique configuration. See position of each profile in Fig. 1. HST: highstand

systems tract; TST: transgressive systems tract; MFS: maximum flooding surface; TWTT (ms): two-way travel time in milliseconds.

Fig. 7. High-resolution seismic sections (Geopulse) located off the Guadiana River, showing distal inner wedge facies located in front

of the Guadiana River mouth. See position of the section in Fig. 1. HST: highstand systems tract; TST: transgressive systems tract;

MFS: maximum flooding surface; TWTT (ms): two-way travel time in milliseconds.
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The acoustic reflectivity is moderate to high.
Low-angle progradational reflectors are dominant
(Fig. 7). They show seaward progradations,
although a slight westward prograding pattern in
relation to the coast is observed to the west of the
Guadiana River mouth.
In general, these inner wedges show lobate

patterns in plan view, and their main axis show
E–W orientations. Thicknesses are moderate, with
maximum depocenters of about 8ms. The Guadi-
ana wedge is distributed more than 10 km offshore
from the river mouth (Fig. 4).

4.2.3. Shelf aggradational deposits

The inner wedges are substituted seaward by
aggradational, sheet-like deposits (Fig. 8), which
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Fig. 8. High-resolution seismic sections (Geopulse) showing shelf aggradational deposits: (A) Westward the Guadiana River mouth;

(B) Offshore Guadalquivir Basin. See position of each section in Fig. 1. HST: highstand systems tract; TST: transgressive systems tract;

MFS: maximum flooding surface; TWTT (ms): two-way travel time in milliseconds.

F.J. Lobo et al. / Continental Shelf Research 24 (2004) 461–482470
are characterised by smoothly sloping upper and
lower boundaries, although in places they may
form lobate bodies.
These deposits show low reflectivity acoustic

responses. Their internal structure is dominated by
sub-horizontal, sub-parallel reflectors, with mod-
erate to high amplitude and high lateral continuity
in proximal settings evolving seaward to semitran-
sparent configurations (Fig. 8).
These deposits occur preferentially on the

middle to outer shelf detached from the inner
wedges, and locally on the inner shelf where inner
wedges do not occur. They tend to show elon-
gated, parallel to shelf-break distributions on the
mid to outer shelf. The most extensive deposit
occurs eastward the Guadiana River, showing
NW–SE orientations and lateral continuity of
more than 30 km. Three main depocenters (A, B
and C) are identified in this sector (Fig. 4), with
thickness up to 20ms in TWTT. Depocenter C
shows even thickness higher than 30ms, because in
this zone the aggradational deposit buries an older
incised valley. Less significant aggradational de-
posits, in extent and thickness, occur on the
Portuguese shelf (Fig. 4). Three main depocenters
(D, E and F) are identified from east to west.
Depocenter D occurs westwards and in front of
the Guadiana River. It displays a NNW–SSE
orientation and maximum thickness higher than
10ms. Depocenter E is NE–SW oriented and
shows an elongated pattern. It occurs for more
than 10 km eastward of Faro, showing thickness
higher than 4ms and locally about 10ms. Depo-
center F occurs on the Portuguese shelf in front of
Quarteira and shows an E–W orientation and a
maximum thickness of about 10ms.

4.2.4. Guadalquivir wedge

The Guadalquivir-connected recent deposit is a
wedge-shaped unit, which covers the entire shelf in
cross-margin sections showing smooth upper and
lower boundaries (Fig. 9).
A sigmoid configuration characterises the lower

part of the sedimentary wedge, grading up- and
seaward to a sub-parallel configuration. In proxi-
mal zones, a highly reflective acoustic response
generally occurs. Seaward, internal reflectors lose
amplitude and continuity, generating quasi-trans-
parent acoustic responses on the middle to outer
shelf. In front the Guadalquivir River mouth, an
acoustic masking level is located 5ms below the
present sea-floor in the middle shelf (Fig. 9).
The thickness distribution map shows a main

NNW-SSE oriented depocenter, extending both to
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Fig. 9. High-resolution seismic profile (Geopulse) of the Guadalquivir wedge, showing its widespread distribution over the shelf. See

position of the profile in Fig. 1. HST: highstand systems tract; TST: transgressive systems tract; MFS: maximum flooding surface;

TWTT (ms): two-way travel time in milliseconds.

F.J. Lobo et al. / Continental Shelf Research 24 (2004) 461–482 471
the north and to the south of the Guadalquivir
River mouth. The depocenter thickness is more
than 12ms, with local maxima of about 30ms. It
seems to be more than 10 km wide in front of the
Guadalquivir River mouth, but it becomes less
than 5 km wide to the north. Both Guadalquivir
and Guadiana-derived deposits seem to join on the
middle to outer shelf, in front of the Guadalquivir
River mouth (Fig. 4).
5. Shelf circulation

5.1. Wind regime

The PC time series was smoothed by a 7 day
running mean to highlight trends (Fig. 10A). The
PC rose plot shows that amplitude directions of
this wind mode significantly altered their polarity
during the studied period, showing two preferen-
tial orientations (Fig. 10A, inset), corresponding
to NE and to SW wind regimes, respectively
(Figs. 10C and D). Hence, the principal winds
were spatially coherent over the Southern Iberian
Peninsula and approximately oriented along the
NE–SW axis. For the considered period the largest
number of occurrences occurred for E–NE winds.
The orientation of the SW Iberian Peninsula sets

interesting features concerning wind-driven ocean
circulation. For the NE situation northerly wind
blows leaving to its right the southern Portuguese
coast (Fig. 10C). This wind regime sets onshore
transport (downwelling-favourable) on the south-
ern Portuguese coast, and the ocean response is a
poleward flow to balance the onshore pressure
gradient. This situation is reversed under a SW
wind regime (Fig. 10D), which is upwelling-
favourable on the southern Portuguese coast,
forcing positive vertical velocities at the base of
the Ekman layer.

5.2. Sea surface temperature (SST) pattern

In order to study the upper ocean response to
the principal wind component during summer
2000, the leading CEOF (Fig. 10B) plus a series
of six SST weekly composites (Figs. 11A through
F) were considered. As a sub-sample of the full
time series, the wind pattern showed alternating
phases between westerlies and easterlies in the
summer 2000 (Fig. 10B). The SST structure shows
a quasi-permanent, quasi-circular, clockwise rotat-
ing warm eddy with a diameter of about 100 km
anchored at the inner Gulf of Cadiz. Besides, a
coastal band along the southern Portuguese coast
showed differential patterns west and east of Cape
St. Maria. While west of the Cape the coastal
upwelling appeared with a pulsating nature, east of
this cape locally upwelled waters were rarely
observed (Fig. 11). Rather, a plume of cold water
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Fig. 10. Characterisation of wind regime in the study area: (A) Stick plot of daily amplitude time series (PC) of the leading mode

(CEOF #1) of the SeaWinds data (in normalised units) from June 1999 to March 2002 (B50% of the variance). A downward pointing

arrow marks the North for visual aid. Shadowed bars correspond to the period referred to in Figs. 8B and 9. A rose plot of CEOF #1

amplitude directions is shown in an inset for visual aid. Two main directions, corresponding to NE (+300�) and SW (+135�) are

preferred. (B) Idem for the period June to September 2000. Weeks (A) through (F) referred to in Fig. 9 are labelled. (C) Reconstructed

wind pattern for CEOF mode #1 directed along the preferred direction +300�. (D) Reconstructed wind pattern for CEOF mode #1

directed along the preferred direction +135�.
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was drawn eastward over the mid to outer shelf
along the northern border of the anticyclonic
eddy. Oppositely a tongue of warm water with
source in the mouth of the Guadalquivir River
moved westward through the inner shelf (Fig. 11).
The surface circulation patterns are tightly

linked to the wind regime during the consi-
dered period. Upwelling along the southern
Portuguese shelf and retreat of the warm water
tongue towards the mouth of the Guadal-
quivir River occurred in response to westerly
winds (Fig. 10B). In contrast, coastal separation
of the upwelled water and westward development
of the warm coastal plume inshore the upwelled
fringe occurred with fully developed easterlies
(Fig. 10B).

5.3. Direct current measurements

Over the recording period, both current meters
showed that the sub-inertial flows paralleled the
bathymetry. Besides, mean velocities underwent a
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Fig. 11. Characterisation of sea surface temperatures in the study area during summer months: (A) through (F): 6 weekly Sea Surface

Temperature (SST) composites for July and June 2000.
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change from eastward- to westward-directed,
because of the rotation of the CEOF winds from
NE to E (Fig. 12A and B). Accordingly, the
vertical velocity structure was modified.
From 26 November to 1 December 2001, the

current pattern showed a strongly vertically sheared
flow separated into an upper and a lower layer
(Figs. 12C and D). Associated to the buoyant
Guadiana and Guadalquivir River plumes, the upper
layer velocities (B1–15m depth) were about 0.2m/s
westward, gently deflected to the right of the pre-
vailing NE wind. In the lower layer (B15–30m),
velocities were significantly eastward, with maximum
values ranging between 0.15 and 0.2m/s. Satellite
imagery showed shoreward retreat of the Guadiana
and Guadalquivir River plumes and gentle invasion
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Fig. 12. Summary of direct current measurements: (A) Stick plot of depth-averaged ADCP velocity (cm/s) for the site Vila Real de

Santo Antonio (in front of the Guadiana river mouth) from 26/11/01 to 06/12/01. Two arrows indicate the average wind direction for

each period. (B) Idem for site Tavira. (C) Evolution of depth-averaged ADCP velocities for the upper layer (surface to 15m depth),

corresponding to the buoyant river plume. Observe that the vertical axis represent time (date 2001). (D) Idem for the bottom (15–30m

depth) layer. Maximum vector is 30 cm/s for (C) and (D). (E) Weekly SST composite for the period 25 November–1 December 2001.

(F) Idem for 2–8 December 2001. Observe the westward progression of the cold fringe east of Cape St. Maria between (E) and (F).
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of warmer oceanic water in the inner shelf to the
east of Cape Santa Maria (Fig. 12E).
Between 1 and 2 December, ADCP velocities

showed a strong westward reversal in the bottom
layer (Figs. 12A and B), where maximum velocities
were on the order of 0.16m/s at both measurement
sites. In the upper layer, the velocity profile
showed stronger westward flow of about 0.3m/s.
Satellite imagery showed that the Guadiana and
Guadalquivir River plumes were advected along
the Portuguese coast (Fig. 12F).
6. Interpretation of morpho-sedimentary units

6.1. Faro–Tavira wedge

The Faro–Tavira wedge was interpreted as an
infralittoral prograding wedge (IPW) (Hern!andez-
Molina et al., 2000a) (Figs. 5 and 13A), and
was considered to be linked to the erosive action
of storm waves in the shoreface, and cross-
shore sediment flux led by downwelling cu-
rrents (Hern!andez-Molina et al., 2000a). The
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accumulation of those storm layers takes place
below wave base-level (Siringan and Anderson,
1994; Novak and Pedersen, 2000; Thieler et al.,
2001). Several facts support this interpretation: (a)
the Faro–Tavira wedge is located in the infra-
littoral domain, below wave base level, estimated
in this area at about 30–35m water depth
(Morales, 1997; Hern!andez-Molina et al., 1998,
2000a); (b) morphological features such as the
break of slope and the high lateral continuity,
paralleling the coastline, are characteristic of IPWs
(Pomar and Tropeano, 2001); (c) the thickness
(several tenths of metres) is comparable to similar
storm-related deposits (Chiocci and Orlando,
1996).

6.2. Inner wedges

Sediment wedges similar to these inner wedges
have been recognised elsewhere in relation with
Fig. 13. Depositional profiles of contrasting shelf environments iden

infralittoral prograding wedge; (B) Guadiana shelf, which shows a pa

shelf, covered by a single prodeltaic structure.
direct sources of terrigenous fluvial input (Ergin
et al., 1992; Harris et al., 1996; Park et al., 1999;
Algan et al., 2002), where they are interpreted as
the result of sediment settling near river mouths,
building modern subaqueous deltas (Park et al.,
1990, 1999; Yoo et al., 2002). Therefore, these
inner wedges are interpreted as the modern
submarine portions of wave-dominated deltas
(Fig. 5 and 13B).

6.3. Shelf aggradational deposits

The distribution patterns and acoustic facies of
mid to outer shelf elongated deposits are char-
acteristic of recent distal mud belts (Ergin et al.,
1992; Jin and Chough, 1998; Chough et al., 2002;
Yoo et al., 2002) (Fig. 5 and 13B). The transparent
acoustic response indicates a predominance of fine
sediments (Park et al., 1995, 1996; Yoo et al.,
2002). Subsurface cores support this interpretation
tified in the study area: (A) Portuguese shelf, dominated by the

rtition between proximal and distal deposits; (C) Guadalquivir
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(Nelson et al., 1999), as the middle shelf is covered
by a mud layer that becomes thinner to the inner
margin and shows a southeastern gradation to
finer grain size. These characteristics suggest an
origin linked to the suspended sediment transport
and deposition of fine-grained, fluvial sediments
(cf. Park et al., 1995, 1996, 1999; Lesueur et al.,
2001; Chough et al., 2002), especially during
episodic flood events (Dias et al., 2002).

6.4. Guadalquivir wedge

This depositional body has already been de-
scribed in its southwards prolongation, where a
mud blanket extends into the Guadalquivir River
mouth (Nelson et al., 1999). Therefore, this single
stratified structure is interpreted as the Guadal-
quivir prodelta (Lobo, 1995; Nelson et al., 1999;
Rodero et al., 1999) (Figs. 5 and 13C).
7. Discussion

7.1. Differentiation of shelf sedimentary

environments: controlling factors

In the study area, it is possible to identify
contrasting patterns of shelf sedimentation in the
Holocene HST (Figs. 5 and 13). Three basic systems
characterise the Portuguese (west of the Guadiana
River), the Guadiana and the Guadalquivir shelves.
The distinction between shelf environments results
from different fluvial supplies, hydrodynamic condi-
tions and physiographic constraints.

7.1.1. Portuguese shelf

This area is considered as a moderate to high-
energy shelf environment with a reduced sediment
supply (Figs. 5 and 13A), where two main
morpho-sedimentary units located in proximal
(Faro–Tavira wedge) and distal (shelf aggrada-
tional deposit) positions are distinguished.
(a)
 Proximal unit: The formation of wave-built
depositional bodies similar to the Faro–
Tavira wedge (IPW) is related with steep
sea-floor slopes and lack of fluvial supply
(Chiocci and Orlando, 1996). These two
conditions occur in this area. Besides, the
normal orientation of the coastlines (NW–SE
and NE–SW to the west and east of Faro,
respectively) in relation with the dominant
storm approaches (SW and SE) would have
also favoured a higher activity of storm events
in the shoreface.
(b)
 Distal unit: Shelf aggradational deposits occur
distally, although with poor development.
Their occurrence in this area is related to a
reduced local fluvial supply and to lateral
advection of suspended sediments from source
points located far from this area. The sedi-
ment dispersal would be controlled by along-
shelf currents (Milliman et al., 1982; Chough
et al., 2002; Yoo et al., 2002).
7.1.2. Guadiana shelf

As well as in the Portuguese shelf, two different
morpho-sedimentary units (proximal and distal)
compose the Guadiana depositional system.
The proximal unit is represented by the Guadi-

ana inner prodeltaic wedge (Fig. 13B), whose
moderate development and even the local occur-
rence of bedrocks (Nelson et al., 1999) could be
related to: (a) moderate to low fluvial sedi-
ment supply, being only significant during flooding
events (Lobo et al., in press); (b) intense hydro-
logic regime dominated by waves, storm acti-
vity and long-shore currents, which causes
high reworking and does not favour significant
deposition (Vanney and Mougenot, 1981; Nelson
et al., 1999); and (c) influence of the Tavira–
Guadiana High, as the lack of accommo-
dation space over topographic highs prevents
from significant recent sedimentation, as evi-
denced in other shelf settings (cf. Chin et al.,
1997).
The formation of the distal unit, represented by

shelf aggradational deposits attributed to muddy
belts (Fig. 13B), has been controlled by: (a) the
mixture of sediments from several rivers draining
onto this shelf, especially from the Guadiana
and to minor extent from the Tinto-Odiel and
Piedras Rivers (Fig. 5); (b) the efficient activity of
wave and storm events over the inner domain,
particularly over the Tavira–Guadiana High,
which would cause resuspension of fine-grained
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sediments (Nelson et al., 1999) and seaward export
of the finer sediments, as evidenced in other
shelves (Lesueur et al., 2001). The influence of
the Tavira–Guadiana High is highlighted, because
this morphological high behaved as a by-pass
zone; and (c) lateral redistribution by prevailing
shelf currents.

7.1.3. Guadalquivir shelf

The southeastern part of the study area is
dominated by a single prodeltaic body (Fig.
13C), in contrast to the Guadiana shelf. Several
factors would explain the wide distribution and
high thickness of this prodelta: (a) high fluvial
supply, as the Guadalquivir River is the main
fluvial source draining into the Gulf of Cadiz
margin (Maldonado and Nelson, 1999; Rodero
et al., 1999) and (b) gentle shelf profile, which
probably favoured energy dissipation and a
reduced reworking activity of oceanographic
agents.

7.2. Relationship between shelf circulation patterns

and sediment dispersal

The integration of geological and oceanogra-
phical data permitted to evaluate the influence of
shelf current patterns on sediment dispersal during
the Holocene highstand in the study area. Sedi-
ment transport patterns were inferred from the
analysis of: (a) progradational trends observed in
proximal wedges, particularly evident in the Faro–
Tavira wedge. There is substantial evidence that
storm-generated deposits can be laterally redis-
tributed by along-shelf currents below wave base
level (Bradshaw et al., 1994; Siringan and Ander-
son, 1994; Thieler et al., 2001). Similarly oblique
progradational trends identified in the study area
are thought to indicate the imprint of long-term
along-shelf currents and (b) distribution patterns
of the distal muddy deposits, as transport of fine-
grained deposits are highly influenced by current
patterns (Park et al., 1996; Yoo et al., 2002).
On the basis of oceanographic data, an alter-

nating current pattern on the Gulf of Cadiz shelf is
evidenced, linked to the intermittent formation of
a counter-current on the inner shelf of the Gulf of
Cadiz. This current opposes the eastward flow of
Atlantic Surface Water over the mid to outer shelf.
The establishment of the bi-directional current
pattern seems to be related with the wind field,
which shows a bimodal pattern (westerlies and
easterlies) and undergo changes of direction in
short (3–4 days) time scales. Analysis of ADCP
velocities at two locations east of Cape Santa
Maria in winter 2001 also confirmed the alternat-
ing circulation pattern in agreement with reversal
of the wind regime.
Estimates of sediment transport trends show a

reasonable correlation with the observed shelf flow
patterns, supporting the existence of a counter
current system on the Gulf of Cadiz shelf. These
flow conditions have possibly controlled the
Holocene highstand dispersal system, which is
characterised by a bi-directional pattern (Fig. 14).

7.2.1. Eastward dispersal

Most of the elongated HST depocenters found
on the mid to outer shelf can be linked to
significant southeastward transport of fine-grained
sediments supplied by the main rivers, especially
by the Guadiana, although the same interpretation
could be applied to elongated depocenters located
west of Cape Santa Maria, where shelf deposits
would be possibly laterally advected from fluvial
sources located to the west, such as the Arade
River. The high lateral continuity of these
depocenters suggests the persistence of the east
and southeastward-directed flows (Fig. 14). The
dominant east to southeastward sediment disper-
sal has been linked east of the Guadiana River to
the influence of the Atlantic Inflow current system
(Nelson et al., 1999), and is attributed to the large-
scale anticyclonic circulation pattern off the Gulf
of Cadiz shelf. This pattern features eastward
advection of the upwelled, cold water plume into
the Gulf of Cadiz following the mid to outer shelf
bathymetry. This dominant circulation pattern is
enhanced under the influence of southern Portu-
guese coast upwelling-favourable (westerly) winds.

7.2.2. Westward dispersal

According to previous works (Nelson et al.,
1999), inner shelf facies would have been affected
by a lower energy Atlantic Inflow current, in
contrast to the more intense distal flow. However,
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Fig. 14. Main trends of Holocene highstand sediment transport, inferred from progradational trends of proximal bodies and from

distribution patterns of distal shelf deposits. The intensity of sedimentary transport is expressed by the size of the arrows. These trends

feature two zones of current shear, known as the Huelva Front and the Strafford Shear. Legend: (A) long-term sedimentary transport

trends of fine-grained sediments; (B) long-term sedimentary transport trends of proximal sediments (coarser); (C) zones influenced by

the dominant eastward and southeastward transport and (D) present-day shelf break.
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several evidences support that the action of an
inshore westward counter-current has also been
imprinted in Holocene highstand sedimentary
deposits (Fig. 14). For example, the distribution
of the Guadalquivir prodelta suggests that part of
the Guadalquivir-derived sediments are also redis-
tributed to the northwest, especially in the inner–
middle shelf, where the main depocenter would
join with the Guadiana-related depocenter. Be-
sides, the identification of depocenters of the
muddy aggradational deposit on the inner to
middle shelf westward of the Guadiana River
and the lack of fluvial supply to the west would
indicate that a certain amount of fine-grained
sediments were transported westward. Addition-
ally, the observed southwest progradation of the
Faro–Tavira wedge also indicates the possible
influence of a westward-directed current in this
area, which would be less influenced by the
dominant anticyclonic circulation, due to the
margin orientation (NE–SW) and to the narrow-
ness of the shelf. The observed westward-directed
sediment dispersal in the inshore zones would be
linked to the westward flow of the inshore warm
water tongue over the Spanish shelf (Fig. 14). This
situation is enhanced under the influence of
southern Portuguese coast downwelling-favour-
able (easterly) winds. The existence of south-
westward-directed current flows and the control
of wind patterns was confirmed by ADCP
measurements in the inner shelf westward of the
Guadiana River.

7.2.3. Identification of oceanic boundaries

The resultant bi-directional dispersal system
seems to reflect two main zones of current shear
which were described in the study area (Stevenson,
1977). The Huelva Front is recognised in the
Spanish shelf, where inner deposits are redistrib-
uted northwestwards, whereas outer deposits are



ARTICLE IN PRESS

F.J. Lobo et al. / Continental Shelf Research 24 (2004) 461–482 479
redistributed southeastwards. Westward of the
Guadiana River mouth, the Strafford Shear,
which is a strong current shear associated with a
cold-warm boundary, is also evidenced. Hence,
most of the deposits tend to be southwest-directed,
but east of Tavira, where the shelf widens
significantly, outer deposits seem to have been
redistributed eastward (Fig. 14).
8. Conclusions

Contrasting pattern of depositional styles dur-
ing the Holocene highstand in a sector of the
northern Gulf of Cadiz shelf provides a model for
transitional shelves in which starved shelves are
substituted laterally by fluvially and current-
dominated shelves. The Portuguese shelf is con-
sidered as a moderate to high-energy environment,
where deposition was primarily controlled by high-
energy events, leading to the construction of
significant infralittoral prograding wedges, and
secondarily by lateral redistribution of fine-grained
sediments. This depositional regime is governed by
a lack of fluvial supply and by the interplay
between margin physiography and wave regime.
Thus, the existence of a narrow, steep shelf and the
normal orientation of the margin in relation with
prevailing wave trends favoured erosive activity in
the shoreface. Eastward, the Guadiana shelf
receives more sediment than the Portuguese shelf
from multiple river sources and shows a distinction
between proximal and distal submarine fluvially-
derived wedges. The differentiation of depositional
bodies is the result of a moderate fluvial supply
and a significant reworking activity of waves and
currents over morpho-structural highs. Eastward,
the Guadalquivir system presents a different
depositional scheme characterised by a single
prodeltaic structure. This shelf sector is fluvially
dominated, as a consequence of high fluvial supply
and moderate to low reworking activity of waves
and currents, probably conditioned by smooth
shelf gradients.
The integration of geological and oceanogra-

phical data enabled us to characterise the Holo-
cene highstand sediment dispersal, which differs
from previous work in the area. A counter current
system has been detected. Eastward sediment
dispersal mainly occurs west of Cape Santa
Maria and east of Tavira, where the shelf
widens significantly. These zones are governed
by the dominant large-scale anticyclonic circula-
tion pattern, which is enhanced under the influ-
ence of upwelling-favourable (westerly) winds
on the Portuguese coast. A westward-directed
sediment dispersal in the inshore zones is repo-
rted here for the first time. The partial north-
westward redistribution of the Guadalquivir
prodelta and the identification of southwestward-
directed progradational patterns on the inner
Portuguese shelf have been related to the inter-
mitent westward entrance of warm water tongues
on the shelf under the action of easterly winds.
As a result of this complex shelf circu-
lation pattern, the sediment dispersal system shows
a cyclonic circulation between Cape Santa
Maria and the Guadalquivir River mouth, which
can be considered as a dispersal system expression
of two zones of current shear, known as the
Huelva Front and the Strafford Shear. Besides,
the identification of shallow-water wedges migrat-
ing in opposite directions implies that along-shelf
flows tend to converge around the Ria Formosa
system.
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