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A B S T R A C T   

The geomorphological, sedimentological, topographical and chronological analysis of a large area located on the 
left bank of the Guadalquivir estuary (SW Iberian Peninsula), has enabled an extensive Late Pleistocene coastal 
plain to be defined, featuring a series of littoral strands. These rest uncomfortably on a rocky basal unit (BU) from 
the Lower Pleistocene, with an age of 1.1 Ma BP, showing shore platform morphology. The Late Pleistocene 
coastal plain presents a facies system where three stratigraphic units have been defined (CPU 1, 2 and 3). All 
units indicate the progradation of a littoral barrier system towards the sea and correspond to highstand MIS 5e2. 
Above these is located a red sands unit (RSU), interpreted as alluvial deposits, and indicative of a gradual drop in 
sea level and a progressive continentalization of the area. This unit was affected by karst processes. According to 
the topographic elevation of these littoral strands, the relative tectonic stability of the area and the regional 
correlation, the elevation of the deposits, about 7–8 m above the current mean sea level, could be considered as a 
reasonable representation of the eustatic level during MIS 5e2. This data could be useful for comparison with 
other regional determinations of MIS 5 sea level in Western Europe, and for future predictions of relative sea 
level rise in the area.   

1. Introduction 

Coastal landforms and deposits are excellent geoarchives of geo
dynamic conditions in the past, since they usually provide magnificent 
information on climate, marine dynamics and tectonic processes during 
the Quaternary (Zazo et al., 2005; Stocchi et al., 2018). Preserved on a 
regional to global scale, coastal geomorphology often reflects regional 
patterns (Inman and Nordstrom, 1971). From Late Pleistocene to the 
present (the last 129,000 yrs., from the Marine Isotope Stage 5 onwards, 
NEEM, 2013), moderately rapidly oscillating sea levels favored the 
development of well-identified strandlines (Pedoja et al., 2014). How
ever, a problem inherent with those deposits is that the intense dynamics 
associated with coastal environments often tend to erase or substantially 
erode them, especially when they are ancient. Moreover, in recent times 
the Holocene marine transgression could have buried or eroded previous 
geomorphological and stratigraphical evidence of many previous coastal 

environments (Fairbanks et al., 2005). In many cases the only remains 
lie below sea level, like the Pleistocene formations of the Dover Strait 
(García-Moreno et al., 2019). 

This relative scarcity of outcrops of Pleistocene coastal deposits re
duces the information needed for understanding in detail their original 
extension, and the palaeoenvironmental conditions responsible for their 
generation and development, including the relative sea level changes 
with which they were associated (Chappell et al., 1996; Siddall et al., 
2008). There are various studies of the coastal environments prevailing 
in Western Europe during the Pleistocene highstands, particularly of 
those of a more recent origin, although the evidence is scarce, and the 
correlation between the preserved sites remains problematic (Whit
tington and Hall, 2002; Zazo et al., 2003; Benedetti et al., 2009; Rovere 
et al., 2016). This is a topic of particular significance today, as it could 
help to predict the development of current sea levels and the associated 
morphological consequences that could be expected to occur on the 
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coast. 
Coastal records in the Gulf of Cádiz (SW Iberian Peninsula) have 

received considerable attention, especially those formed during the 
Holocene, because they are abundant and in general present a good state 
of preservation (Zazo et al., 1994, 2008; Lario et al., 1995; Goy et al., 
1996; Rodríguez-Ramírez et al., 1996, 2015; Rodríguez-Ramírez and 
Yáñez, 2008; Morales, 1997; Gutiérrez-Mas et al., 1996; Borrego et al., 
1999; Caporizzo et al., 2021). They are mainly concentrated on estua
rine environments, associated with the mouths of the most important 
rivers draining the Southern and SW portion of the Iberian Peninsula 
(Borrego et al., 1999; Boski et al., 2008; Sampath et al., 2015, among 
others). The technique commonly used for their study consists of the 
sedimentological interpretation and dating of boreholes (Dabrio et al., 
2000; Delgado et al., 2012; Lario et al., 2015). Of all the extensive es
tuaries in the Gulf of Cádiz, of the Guadalquivir River is the most 
important for its dimensions, variety of environments and records 
associated with its historical evolution, and its high ecological value 
(García-Novo and Marín Cabrera, 2006; Rodríguez-Ramírez et al., 
2019). 

By contrast, outcrops dating from the Pleistocene in the same area 
are scarce and less extensive (Zazo, 1980; Zazo et al., 2003; Aguirre, 
1995; Hernández-Molina et al., 2002; Bardají et al., 2009; Gutiérrez-Mas 
and Mas, 2013; González-Acebrón et al., 2016), and have always been 
studied from a stratigraphic and sedimentological perspective. These 
outcrops correspond to levels of coarse-grained beaches with the 
morphology of marine terraces that appear on coastal cliffs and rock 
platforms in the intertidal zone, and which were often defined as 
erosional palaeoshorelines (Pedoja et al., 2014). The few existing out
crops and the inability to follow them inland have made impossible to 
draw any kind of conclusion with regard to their geomorphological and 
palaeodynamic configuration or their spatial extension. 

These limitations can be overcome with high-resolution altimetry 
techniques, such as LiDAR (Light Detection and Ranging), which can 
identify subtle morphologies invisible to traditional methods (Cracknell, 
1999). One of the most valuable features of LiDAR is the ability to 
quickly inspect large areas of land, since it allows multiple physio
graphic variables to be interrelated (Boak and Turner, 2005). This 
method has revealed the extraordinary extension of certain Pleistocene 
highstands in the Gulf of Cádiz, something that had not been possible to 
determine until now. The application of LiDAR enabled the visualization 
of the detailed topography of an extensive Quaternary coastal plain in a 
sector of the Gulf of Cádiz located on the left bank of the Guadalquivir 
estuarine channel. The geographical analysis and its relationship to 
other similar deposits in the region have allowed the outcrop to be 
contextualized in a very similar way to those found in other sedimentary 
coastal areas (Villwock, 1984; Otvos, 2005; Bateman et al., 2004; Zazo 
et al., 2013, among others). 

The main objective of this work is to analyze the geomorphological 
and sedimentological features of the Quaternary coastal formations 
recognized within the study area of the Atlantic coast of SW Spain, and 
to establish them within a chronological framework. These features will 
allow the morphostratigraphy of the geological formations of this 
coastal sector of the SW Iberian Peninsula to be established, along with 
the implications for the local and regional geodynamic framework. All 
these units are compared to other outcrops of a similar nature and age 
located in the immediate environment so as to establish the sea level 
during this highstand period. Apart from the heritage value inherent to 
such geomorphological records, the information obtained from the 
study also allows the geomorphological consequences of the present sea 
level rise to be predicted along the coast of the Gulf of Cádiz, taking the 
previous interglacial period as a model. 

2. Study area 

The area of study is located in the Gulf of Cádiz, on the Atlantic coast 
of SW Spain, between coordinates 36◦40′N-6◦20′W and 36◦47′N-6◦28′W. 

The studied Pleistocene formations are located on the SW margin of the 
Guadalquivir Foreland Basin and to the west of the Betic Mountain 
Range (Fig. 1). These formations outcrop along the coast of the towns of 
Sanlúcar-de-Barrameda, Chipiona and Rota, where a rock platform and 
a coastal cliff 3–5 m in height leads to the exposure of a Quaternary 
stratigraphic sequence. Inland, these formations extend for about 4–5 
km along an intensely agriculturally transformed coastal plain with 
gentle orography, which rises approximately 4 to 8 m above sea level. To 
the east, this coastal plain ends in some reliefs of gentle hills that rise to a 
height of 70 m, made up of Pliocene and Miocene formations of marls, 
clays and sands. These Neogene outcrops are part of the formations on 
the SE orogenic margin of the Guadalquivir Foreland Basin. 

The study area is considered a tectonically active region (González- 
Castillo et al., 2015), located in the convergence zone of the European 
and African plates. There is a fault system that affects both the Mio- 
Pliocene formations and the Pleistocene units (Viguier, 1977; Roldán 
et al., 1988; Sanz de Galdeano and López Garrido, 1991) and determines 
the rectilinear stretches of the coast and most of this coastal region as far 
as the Strait of Gibraltar (Fig. 1). Dating of Pleistocene perched deposits 
in Gibraltar Rock provided maximum uplift rates of 0.33 ± 0.05 mm/yr 
for the 240–200 ka BP period, and a later decrease to 0.005 ± 0.01 mm/ 
yr for the Late Pleistocene-Present period (Rodríguez-Vidal et al., 2004). 
North of Gibraltar, in the Bay of Cádiz, accumulated horizontal dis
placements recorded during the Quaternary can exceed 2 km, while 
vertical motion hardly reaches some tens of meters, indicating a prev
alent transcurrent tectonic regime (Gracia et al., 2008). In the Gua
dalquivir estuary differential subsidence and sedimentary infilling was 
controlled by the Pleistocene activity associated with the fault system 
represented in Fig. 1 (Rodríguez-Ramírez et al., 2014). The fault families 
in the area are arranged in SW-NE and NW-SE directions, and have a 
main strike-slip component. They are related to the regional NW-SE to 
N-S compressive regime, with associated EW extension (Zazo et al., 
1999; Silva et al., 2006; Gracia et al., 2008; Grützner et al., 2012; 
Martínez-Loriente et al., 2013; González-Castillo et al., 2015). No 
numeric data exists about the recent to present rate of vertical move
ments related to tectonic activity in the area. The strong subsidence 
recorded in the center of the Guadalquivir estuary for the 4000 to 2000 
cal. yr BP period, and a later subsidence decrease which favored coastal 
progradation and relative sea-level stability, were processes interpreted 
by Rodríguez-Ramírez et al. (2014) as indirect consequences of the 
recent tectonic activity in the region. 

Regarding the geodynamic conditions, the Guadalquivir River estu
ary borders the northern limit of the study area. This river is the most 
important fluvial network in SW Iberian Peninsula, with a mean 
discharge of 164 m3/s, although during winter floods can occasionally 
exceed 5000 m3/s and exceptionally 10,000 m3/s (Vanney, 1970). 
Concerning marine dynamics, the mean tidal range in the area is 2 m 
with extreme spring tidal ranges of 3.86 m (Spanish Ministry of 
Fomento, 2005). Prevailing winds come from the SW and are especially 
significant during Atlantic storms, which occur during autumn-winter, 
generating a maximum significant wave heights of 4 m (Benavente 
et al., 2000). These storm waves intensely erode the coast, usually 
affecting coastal infrastructures. The littoral drift current depends on the 
orientation of the coast with respect to these wave trains: along the 
Chipiona-Sanlúcar de Barrameda stretch it is directed towards the NE, 
whereas along the Chipiona-Rota stretch it flows to the SSE. 

3. Methodology 

3.1. Geomorphology 

Detailed field studies of the Pleistocene formations were carried out, 
complemented by a general geomorphological analysis from aerial im
ages taken in 1956 (U.S. Army photogrammetric flight), allowing the 
natural configuration of the territory to be obtained before agricultural 
and urban uses transformed the lands in the subsequent decades. The 
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detailed topographic data was analyzed from a digital elevation model 
(LiDAR surveying) from 2020, of the Second Coverage of the Spanish 
National Orthophoto Program (PNOA), and processed by means of the 
software Global Mapper v. 23. The topographic analysis was performed 
on a DTM (Digital Terrain Model) generated from the raw.laz files (3D 
point cloud). The 3D point cloud was filtered (bounce, height above 
ground, color) in order to keep only ground points, with which the DTM 
was finally created at 2 m spatial resolution. The referenced topographic 
altitude and mean sea level were adjusted to the mean sea level for the 
Gulf of Cádiz, located about 30 cm above the national topographic zero 
(Spanish Ministry of Public Works, 2005). 

3.2. Lithology and morphostratigraphy 

Along the existing coastal cliff in the study area, a series of strati
graphic sections were logged to establish a detailed sedimentological 
configuration and describe the facies of the Pleistocene formations. The 
lithostratigraphic study aims to characterize the sedimentary facies, the 
geometry of sedimentary bodies and surficial morphology, as well as the 
relationships between them. Grain-size analyses were performed using 
conventional sieving for fractions >2 mm and a Malvern Mastersizes 
2000 laser diffraction particle analyzer for smaller particle sizes (be
tween 2 mm and 2 μm). Shepard’s sediment classification (Shepard, 
1954) was applied to grain-size results in order to describe sediment 
texture, including gravel, sand, silt and clay fractions. 

3.3. Dating 

To determine the age of the sedimentary formations, 3 samples were 

taken and dated by 87Sr/86Sr, and another 3 by OSL (Optically Stimu
lated Luminescence). The altitude of the samples locations was taken 
with a Garmin GPSMAP 65. Table 1 includes data related to the dating of 
the 6 samples. To establish the 87Sr/86Sr isotopic ratios, samples were 
taken from well-preserved shells, located in specific positions of the 
stratigraphic sections. Sr isotopic ratios were analyzed on a TIMS- 
Phoenix Mass Spectrometer from the UCM Laboratory of Isotopic 
Geochronology and Geochemistry (Universidad Complutense de 
Madrid). These isotopic ratios were corrected for possible interference 
from 87Rb and normalized to the value of 87Sr/86Sr = 0.1194, to correct 
the possible isotopic fractionation effect during the measurement. 
Samples analyzed by 87Sr/86Sr method were referred to NBS-987 stan
dard (0.710247). Geological ages were determined based on the look-up 
table of Farrell et al. (1995). 

The sedimentary units selected for dating using OSL were collected 
using opaque tubes 60 mm in diameter with a wall of 3 mm, avoiding the 
exposure of the inner sediment to daylight. Measurements were carried 
out using standard procedures on quartz grains 180–250 μm in size, 
extracted from each sample under controlled light conditions (Wintle, 
1997). The measurements were performed using automated Risø TL/ 
OSL DA-20 luminescence readers, equipped with 90Sr/90Y beta sources 
providing doses rates of ~0.10 Gy/s at the sample position. Quartz 
multi-grain aliquots were measured following the Single-Aliquot 
Regenerative-Dose (SAR) protocol (Murray and Wintle, 2000, 2003) to 
obtain representative dose distributions. The derived dose populations 
were reduced by removing the outliers, identified as those out of 1.5 
times the interquartile range. The equivalent dose (De) was estimated 
applying the Central Age Model (CAM, Galbraith et al., 1999) on the 
reduced population. Environmental dose rates, DR, were calculated as a 

Fig. 1. A.- Regional geological setting, B.- Location of the study area in the SW of Spain, C.- Geological setting of the study area. Dashed lines indicate the main 
morphostructural lineations in the zone. 

Table 1 
Chronology of the dated samples. Altitude above mean sea level in the Gulf of Cádiz.  

Sample Altitude Method. Lab. code NBS-987 +Std Err*10− 06 Type of sample Age(Ka) 

D1 3.6 m 87Sr/86Sr Cádiz M_1 0.709160 2 Shell (Chlamys) ≈150 
D2 − 0.1 m 87Sr/86Sr Cádiz M_2 0.709113 2 Shell (Pecten) ≈1100 
D3 − 0.2 m 87Sr/86Sr Cádiz P3 0.709116 2 Shell (Oyster) ≈1100   

Sample Altitude Method. Lab. code Dose rate 
(Gy/Ka) 

Equivalent dose (Gy) Type of sample Age (Ka) 

D4 6 m OSL LM20139-04 1.54 ± 0.07 152.8 ± 4.5 sand 99.1 ± 5.3 
D5 4.3 m OSL LM20139-02 1.03 ± 0.05 107.46 ± 4.45 sand 104.9 ± 6.8 
D6 4.5 m OSL LM20139-01 1.25 ± 0.06 173.9 ± 6.5 sand 139.3 ± 8.8  

A. Rodríguez-Ramírez et al.                                                                                                                                                                                                                  



Geomorphology 452 (2024) 109096

4

contribution of beta, gamma and cosmic radiations. They were derived 
from radionuclide activity concentration determined by high-resolution 
gamma spectrometry (HPGe), measured at the Radioisotopes Unit (RDI) 
at the University of Seville. 

The doses received by the samples due to the radionuclide concen
tration in the sample matrix were calculated using appropriate conver
sion factors (Guerin et al., 2011). A linear accumulation of deposits was 
assumed in order to calculate the contribution of cosmic radiation ac
cording to the burial depth, latitude, altitude and average over-burden 
density (Prescott and Hutton, 1994). The total dose rates were cor
rected according to attenuation caused by moisture and grain size. A 5 % 
error was added to the estimated water content used for the correction. 

Environmental dose rates to an infinite matrix value were calculated 
using the Dose Rate & Age Calculator (DRAC, Durcan et al., 2015). 

4. Results 

4.1. Geomorphology 

From a geomorphological point of view, an extensive coastal plain 
spreads across the study area at an altitude between 5 and 9 m above the 
mean sea level (Figs. 2 and 3). This plain extends about 3–5 km inland, 
to border a relief of gentle hills constituted by marls, clays and sand 
formations of Mio-Pliocene age. The boundary between the coastal plain 

Fig. 2. A and B.- 3D LiDAR model. C.- Geomorphological scheme. The color legend corresponds to the elevation intervals above mean sea level in meters.  

A. Rodríguez-Ramírez et al.                                                                                                                                                                                                                  



Geomorphology 452 (2024) 109096

5

and these hills is marked by a conspicuous escarpment interpreted as a 
palaeocliff. This escarpment can be divided in two stretches; the one 
between Chipiona and Sanlúcar de Barrameda, with a broad direction 
N20◦-30◦E, and the one between Chipiona and Rota, with a marked 
rectilinear outline following the direction N155◦-160◦E. These escarp
ments are conditioned by two fault families acting in these directions 
(Fig. 1). Their continuity is interrupted by the incision of the fluvial 
network and a series of alluvial fans partially covering the coastal plain. 

On the coastal plain, a series of very subtle parallel longitudinal low 
reliefs can be distinguished, detected only by the altimetric precision 
supplied by the LiDAR flight. These are aligned in an approximate N-S 
direction and slightly curved towards the west (Fig. 2). The most visible 
ones are arranged alternately in up to 5 ridges and swales as littoral 
strands. The most prominent ridge is located in the central area and 
presents an elevation of about 8 m (number 2 in section A-B of Fig. 3). 
Laterally, the rest of the ridges present a decreasing height until reaching 
about 6 m (nos. 1 and 3 in section A-B of Fig. 3). The unevenness be
tween ridges and swales is decimetric, between 0.5 and 1 m. These 
coastal ridges and swales all seem to converge to the south, and finally 
attach to the escarpment that limits the coastal plain to the east (Figs. 2 
and 3). 

The western limit of the coastal plain with the sea is a continuous low 
cliff (2–5 m), where Holocene coastal formations (dunes, beaches, la
goons) develop in some sectors. From here, a conspicuous rock platform 

extends into the intertidal zone. These formations act as a substratum 
upon which the above-cited formations are arranged on the coastal 
plain. The rock platform is affected by a system of joints with a direction 
N 145◦-150◦ E, similar to the escarpment main strike and parallel to the 
current rectilinear coastline between Chipiona and Rota. (Fig. 1). 

4.2. Sedimentary facies of the Pleistocene coastal plain 

Two sets of facies have been distinguished according to where they 
were observed. The first set, named as “Basal unit”, was observed on the 
shore platform, whereas the second was identified in vertical outcrops in 
the cliffs (Coastal Plain units) (Fig. 4). 

4.2.1. Facies observed on the shore platform (Basal units(BU)) 
These are located in the intertidal zone with a shore platform 

morphology (Figs. 5 and 6). They present several facies, all of them 
strongly cemented by carbonates. 

4.2.1.1. Fine sandstones (Sh). These consist of tabular decimetric sandy 
layers mainly composed of fine and medium-grained sandstones. The 
grains are constituted mainly by well-rounded quartz, with a variable 
percentage of bioclastic shell fragments. The thickness varies between 
10 and 25 cm. The stratification surfaces are commonly planar and 
depositional, and the internal ordering varies between be parallel 

Fig. 3. Topographic profiles in the study area.  
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lamination or planar cross-bedding. 

4.2.1.2. Very coarse sandstones (Sp). Some decimetric levels of very 
coarse bioclastic sandstones with abundant pebbles alternate with the 
facies described above. The base of these levels may be depositional or 
slightly erosive, and the typical internal ordering is planar or curved- 
base cross-bedding. The coarsest clasts (1–3 cm) are composed of 
quartz and quartzite and present a well-rounded surface. The thickness 
of these levels oscillates between a few decimeters and one meter. 

4.2.1.3. Conglomerates (Gp). Metric conglomerate levels have also been 
observed. The base of each stratum presents an erosive surface, whereas 

the internal ordering presents landward-inclined planar crossbedding. 
The most abundant clast types include spheroidal quartz and quartzite 
pebbles (average diameter 2–3 cm). There are also present bioclastic 
clasts, mainly composed of fragments or entire valves of Crassostrea, 
Glycimeris and Pecten. Its thickness is usually several decimeters and only 
occasionally reaches about one meter. These conglomerate strata give 
rise to the more prominent reliefs on the shore platform (about 1–1.5 m 
high). 

4.2.2. Facies observed in the cliff outcrops (Coastal plain units) 
The main facies distinguished in the cliff outcrops are represented in 

Fig. 7. 

Fig. 4. NE-SW section of the coastal platform showing the profiles (P1 to P7) and arrangement of the units studied. Stratigraphic units: BU.- Basal units, CPU-1.- 
Coastal plain units 1, CPU-2.- Coastal plain units 2, CPU-3.- Coastal plain units 3, RSU. - Red sands unit. 

Fig. 5. Left: A close view of the shore platform south of Chipiona city. Right: Extension of the shore platform in the study zone.  
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4.2.2.1. Bioturbated silty sand facies (SFb). These are highly bioturbated 
grey-yellowish silty sands in which bioturbation has erased any previous 
sedimentary structure (Figs. 7, 8, 9 and 10). Most of the bioturbation 
observed corresponds to the activity of roots, although there are also 
vertical structures cemented by calcite, which correspond to burrowing, 
probably by crustaceans (Ophiomorpha ichnosp. indet.). These bio
turbations form carbonate-cemented concretions. 

4.2.2.2. Laminated silty sand facies (SFl). These are also constituted by 
grey-yellowish silty sand, although displaying a lower degree of bio
turbation (Figs. 7, 8, 9 and 10). In this case, the lower intensity reveals 
an internal structure consisting of parallel horizontal or low-angle 
lamination. Both the top and the and bottom of these facies are typi
cally erosive in nature. The lateral extension is metric, appearing as 
lenses into the bioturbated facies. The coarsest levels appear to be 
cemented by carbonates, in many cases highlighting the lamination. 

4.2.2.3. Crossbedded sand facies (St). These are medium-to-coarse 
sands composed of mixed quartzitic and carbonated grains of bio
clastic origin. In addition to isolated quartzite and carbonate clasts with 
a length of >2 mm, they also present loose or fragmented shells of 
ostreids and pectinids. The most notable feature is the appearance of sets 
of planar and curved base crossbedding, mostly with a north-northeast 
inclination (Figs. 7, 8, 9 and 10), sometimes separated by sets of par
allel sheets slightly inclined towards the south. The contact with the 
overlying facies is irregular, but of a depositional nature. 

4.2.2.4. Conglomerate facies (G). These are mostly cemented gravels 
made up of quartz, quartzite and carbonate pebbles, quartzite sandstone 
fragments, and loose shells of molluscs (Figs. 7, 8, 9 and 10). The clasts 
are always very well-rounded, with a diameter ranging between 20 and 
50 mm. The thickness of the conglomerate levels ranges between 20 and 
50 cm. The lower contact of these levels is always erosive and irregular, 
with positive grain-size classification. Some levels, especially those 
interspersed in the facies St, present large flattened pebbles of a car
bonate nature (8–15 cm), which, to the NE, are usually imbricated. 

4.2.2.5. Clay facies (Fb). These are greenish grey clays with horizontal 
lamination and numerous bioturbations from roots and crab cavities. 
The sandy interbedded laminations are not thick (1–5 cm), and the 
presence of molluscs (mainly ostreids and pectinids) can be observed, 
with obvious signs of transport (Fig. 7 and 8). 

4.2.2.6. Red silty sand facies (SFm). These are red silty sands with 
scattered highly rounded clasts of quartzite. Intercalated clayey levels 
appear. No internal structure is evident, highlighting its massive nature, 
although some horizontal levels and lenses with a greater abundance of 
clasts can be observed (Figs. 7, 8, 9 and 10). 

4.3. Stratigraphy and chronology 

The base of the stratigraphic succession is constituted by the units 
described in the shore platform. The facies appear in cyclic sequences 
with rhythmic intervals of alternating fine sandstones (Sh) and very 
coarse sandstones (Sp). Conglomerate facies with an erosive base (Gp) 
occasionally appear intercalated between the rhythms (Fig. 6). The total 
sequence is separated from the upper unit, observed in the outcrops of 
the cliffs, by a scarcely visible unconformity. 

Seven stratigraphic sections were studied in the outcrops of the 
coastal plain to establish the sedimentary sequences of the facies 
described above (Figs. 8 to 10). The facies in these sections are super
imposed as fining-upwards sequences. Each begins with conglomerate 
facies (G) and ends with parallel laminated silty sands (SFl), or root- 
bioturbated silty sands (SFb) (Figs. 8 and 9). In some of the sequences, 
cross-bedded sands (St) occasionally appear in the conglomerate facies 
(Fig. 9, profile 4). 

In the first three stratigraphic sections (P1 to P3) (Figs. 8 and 9), the 
facies SFb and SFl dominate the sequences, whereas in the sections P4 to 
P7 (Figs. 9 and 10), the facies St and G are more evident. Top terms of the 
succession were erosively dismantled. The correlation of sections P1, P2 
and P3 allows us to infer how the facies developed vertically and 
laterally along the sedimentary bodies. 

At the top of all sections, there is a body of red silty sand facies (SFm), 
separated from the sequences described above by an erosive unconfor
mity, extensively altered by the karstification processes that affect the 
sedimentary sequence of the coastal plain. These sequences of red silty 
sand facies (SFm) are slightly inclined to the southeast on the horizontal 
strata of the shore platform. 

Six samples were taken and chronologically dated (Table 1). Two of 
these samples were obtained from the sequences on the shore platform 
(D2 and D3), and four from the sequences in the cliff (D1 and D4 to D6). 

A division in stratigraphic units was applied according to lithological 
and chronological criteria (Figs. 4, 6, 8, 9 and 10). The resulting units 
are as follows: 

Fig. 6. Sequence of facies observed on the shore platform. Altitude above mean sea level in the Gulf of Cádiz.  
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4.3.1. Basal unit (BU) 
This corresponds to the facies and sequences described in the shore 

platform, constituting the substrate or basement of the coastal plain 
units. The rock bodies are arranged horizontally or subhorizontally. In 
some sectors, they present a network of subparallel joints in the direc
tion N135-155E. The dated samples give ages of about 1.1 Ma BP 
(Table 1). 

4.3.2. Coastal plain units (CPU) 
The main part of these units is constituted by the facies described 

above (SFb, SFl, St and G). These fining-upwards sequences overlap each 
other stratigraphically throughout the sedimentary succession, between 
successive erosive interruptions. Different superimposed sequences are 
slightly inclined towards the SW, offlapping above the basal unit. From a 
chronological point of view, two units can be distinguished. The lower 
unit (CPU-1) consists of three superimposed fining-upwards sequences 
separated by conglomerate levels with erosive bases (St). The upper unit 

Fig. 7. Main facies distinguished in the cliff outcrops. SFb.- Bioturbated silty sand facies, SFl.- Laminated silty sand facies, St.- Crossbedded sand facies, G.- 
Conglomerate facies, Fb.- Clay facies, SFm.- Red silty sand facies. 
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(CPU-2) sits erosively on the lower unit in an offlap arrangement. This 
unit is constituted by two new sequences separated by conglomeratic 
levels. On the surface, these sequences constitute the littoral strands that 
extend over the whole coastal plain (Fig. 2). 

The age of CPU-1 is in the range 139–150 ky BP (samples D1 and D6), 
corresponding to the end of MIS 6 and the beginning of MIS 5e2. CPU-2 
is ca. 104 ky BP (sample D5), corresponding to the highstand of MIS 5c. 

A third unit (CPU-3) outcrops to the northeast of the two first units of 
the coastal plain, at the foot of a cliff, and heavily eroded by marine 
dynamics. This unit is constituted only by dense greenish-grey clay 
facies (Fb). To the southwest, this unit interdigitates with the sandy 
facies of CPU-1. Consequently, a similar chronology can be deduced for 
both units. 

4.3.3. Red sands unit (RSU) 
All the units described above are affected by a palaeokarst in the 

upper part of the outcrop, giving rise to an unconformity with the 
overlying unit. The karstification surface is associated with a discon
tinuous, centimetres (1–3 cm) thick level of laminar type calcrete. The 
unit consists solely of red silty sand facies (SFm), which cover many of 
the different units constituting the coastal plain. The thickness reaches 
about 4–5 m in the leeward sector of the littoral strands. A sample of this 
unit was dated (D4), giving an age of 99.1 ky BP (MIS 5b). 

5. Discussion 

5.1. Facies and morphostratigraphic interpretations of the Pleistocene 
coastal deposits 

Each facies can be interpreted in terms of its sedimentary environ
ment. Thus, the rounded clasts of the Gp facies are characteristic of a 
constant reworking of the sedimentary material. Based on the lithology 
of the clasts, this type of facies is usually associated with fluvial se
quences (Schumm, 1985; Miall, 1996). However, the presence of marine 
shell bioclasts between the siliciclastic clasts suggests a genesis in a 
coastal/marine environment. Since these facies appear interspersed 
with sandy facies, many of these levels could be interpreted as seasonal 
tempestites on a mixed sand and gravel beach similar to those described 
by Mason and Coates (2001), Horn and Walton (2007), and Roberts et al. 
(2013). Landward-dipped crossbedding in some of the gravel levels 
could also be interpreted as a product of pebble bars adjoining a high- 
slope reflective beach (Kirk, 1980). 

The source of pebbles in all these facies seems to be related to pre
vious fluvial deposits from the Guadalquivir River. Several remnants of 
ancient fluvial terraces located around the present sea level were iden
tified and interpreted by Gracia et al. (2010) as linked to past courses of 
the Guadalquivir River during lowstand episodes in the Pleistocene. The 
prevailing littoral drift at that time, supposedly similar to the present 
and directed to the SE, would have produced the bending of the river to 
its left, protected from the sea by a confining sand barrier, as occurred 
during the Holocene and at present in all rivers emptying into the Gulf of 
Cádiz. The fluvial deposits consist of rounded pebbles whose composi
tion indicates an origin from the Guadalquivir River basin (Palaeozoic 

Fig. 8. Stratigraphic sections 1 and 2. Altitude above mean sea level in the Gulf of Cádiz.  
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quartzites, exclusively outcropping in the middle-high sections of the 
Guadalquivir basin). The track of such fluvial quartzite deposits can be 
followed along the coast to the SE as far as the nearby Bay of Cádiz, some 
20 km away from the present mouth of the Guadalquivir (Gracia et al., 
2010). These deposits would have supplied pebbles to the various 
coastal units, from the Basal Unit (BU) to the newer ones (CPU-1 and 2), 
including other Late Pleistocene deposits along this coast (Zazo et al., 
1985; González-Acebrón et al., 2016; Achab et al., 2017). 

A similar interpretation can be made with respect to the St facies 
(sands with scattered pebbles) of the Chipiona deposits: the super
position of landward-dipped crossbedding sets can also be assimilated 
with the attachment of bars in a beach, although in this case with a 

somewhat thinner grain-size, and transported by waves with lesser en
ergy. Similar facies have been described in several places (e.g. Davidson- 
Arnott and Greenwood, 1974; Clifton, 1976, 2006; Tamura, 2012). The 
finer facies (SFl and SFb) correspond to less energetic environments. The 
laminated facies (SFl) could correspond to dissipative beach environ
ments (Clifton, 1969), like many present beaches along this coast 
(Domínguez et al., 2005). The dominance of roots in SFb facies suggests 
their development in supratidal/aeolian backshore environments 
(Dashtgard and Gingras, 2005). 

Each complete sequence is representative of a regression process, 
from a pebble beach foreshore (facies G), to a foreshore with bar 
attachment (facies St), followed by a plane dissipative beach (facies SFl), 

Fig. 9. Stratigraphic sections 3 and 4. Altitude above mean sea level in the Gulf of Cádiz.  
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Fig. 10. Stratigraphic sections 5, 6 and 7. Altitude above mean sea level in the Gulf of Cádiz.  
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and finally ending with a backshore (Facies SFb). The disposition of the 
sequences – grouped into two units (CPU-1 and CPU-2) in the form of an 
offlap model – is indicative of the progradation of the system and the 
migration of the coastline towards the sea. This progradation can be 
followed on the surface by delineating the ridge-and-swale system of the 
terrain, marked by the positive relief of the ridges. This progradation 
occurred on an erosive unconformity that cuts on the basal unit (BU). 

A body of bioturbated grey clay facies (Fb) (CPU-3) was detected in 
the most continental zone, beyond the ridges formed by the units 
described above, but before the ancient palaeocliff. These facies can 
clearly be interpreted as intertidal flat facies developed in a salt marsh 
environment, under the protection from the waves by sandy bodies. 
Similar deposits have been observed in Holocene tidal flats in the sur
rounding estuaries (Granja et al., 1984; Pendón et al., 1998; Dabrio 
et al., 2000; Morales-Mateo et al., 2020; Caporizzo et al., 2021). This 
sedimentary body has been defined as CPU-3, and also appears above 
the basal unit (BU) interdigitated with CPU-1. 

5.2. Geodynamic and geomorphological evolution from MIS 5 to the 
present 

The morphologies of the littoral strands on the coastal plain between 
Chipiona and Sanlúcar de Barrameda are very similar to other Holocene 
age sandy barriers in the Gulf of Cádiz (Zazo et al., 1994; Dabrio et al., 
2000; Rodríguez-Polo et al., 2009; Rodríguez-Ramírez et al., 2016). 
They usually consist of narrow, elongated accumulative forms arranged 
subparallel to the coastline, with a clear alternation between ridges and 
swales (Rovere et al., 2016). In the same way, similar formations of 
Pleistocene age have been described in the lower coastal plain of 
Georgia (USA) (Hoyt and Hails, 1967), and the south coast of South 
Africa (Cawthra et al., 2020), among others. In all cases, these 
geomorphological structures constitute the record of the past marine 
dynamics that built a depositional coast associated with a given sea level 
(Kelsey, 2015). These different depositional units lie on a rocky sub
stratum from the Lower Pleistocene constituted by the basal unit (BU: 
1.1 Ma) composed of a nearshore-beach sequence found in the present 
intertidal zone as a shore platform. These same units, of relatively 

similar age, appear further to the southeast along the Gulf of Cádiz, both 
in the intertidal zone and along low cliffs parallel to the present coast 
(Aguirre, 1995; González-Acebrón et al., 2016). 

The unconformity between the basal unit (BU) and the Late Pleis
tocene beach ridges encompasses an important hiatus of approximately 
1 Ma, during which erosion erased all vestiges of possible intermediate 
sediments. This phenomenon occurred in large sectors of the Gulf of 
Cádiz, where the Quaternary neotectonic movements conditioned the 
distribution of emerged and submerged areas during Pleistocene 
eustatic highstands (González-Acebrón et al., 2016). In this particular 
case, it may be hypothesised, during the Lower Pleistocene, coeval with 
a prolonged lowstand period (Calabrian Stage), the Guadalquivir River 
flowed around the Chipiona headland to the west and then to the SE, 
forming an extensive flood plain. This situation could have occurred 
during MIS 30 or 34. The lateral migration of the river channel around 
this point would have eroded possible coastal deposits formed in the 
subsequent eustatic cycles, or would have prevented their development. 
In any case, the lack of available data precludes greater precision. 

During the Middle Pleistocene, a broad coastal plain developed in 
front of the Chipiona headland (Fig. 11A). In a much later period, at the 
end of MIS 6, a rapid sea level rise took place in parallel with the 
beginning of the Eemian interglacial period, sub-stage MIS 5e (Shack
leton et al., 2003), which saw significant coastal erosion and cliff 
development (Fig. 11B). Once the sea level stabilized, the resulting 
coastal morphology and the orientation of the new shoreline condi
tioned the onset of a local littoral drift contrary to the regional one, that 
is, a locally prevailing coastal current directed to the North (Fig. 11C). 

The entire set of ridges and swales exhibits the morphology of a 
littoral sandy barrier system that, probably due to the local drift flowing 
to the north (Fig. 11C), started growing from the southern side of the 
river mouth. From that moment onwards, the successive ridges pro
graded as the result of an offlap mechanism, whereby the littoral strands 
slightly lost elevation (Fig. 11C). To the north, the palaeo-Guadalquivir 
developed a system of sandy barriers and dunes on its right bank. 

To the east, between the littoral strands and the Mio-Pliocene relief, 
CPU-3 would correspond to the tidal flats associated with a small estuary 
or lagoon located in the leeward, sheltered area of the littoral barrier 

Fig. 11. Palaeogeographical reconstruction of the initial stages of development of the Pleistocene deposits around the mouth of the Guadalquivir River. A: Coastal 
plain during Middle Pleistocene lowstand. B.- Palaeocliff during the highstand MIS 5e and shore platform genesis (Basal unit: BU). C.- Sea level stabilization during 
MIS 5e and 5c and coastal progradation (Coastal plain units: CPU-1, 2 and 3). 
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(shaded grey in Fig. 11C). The sandy interdigitations between CPU-3 
and the remains of highly transported malacofauna would correspond 
to washover fans produced during storms that would have affected the 
old barrier of CPU-1. This is a facies model very similar to those present 
today in some Holocene littoral spits on the Gulf of Cádiz (Morales et al., 
2006; Dabrio et al., 2000; Rodríguez-Ramírez et al., 2019; Gracia et al., 
2022). 

The numerous interspersed gravel levels, especially in CPU-2, could 
be related to an increased frequency of storms. According to Zazo et al. 
(2003), coarse textures during MIS 5e in the Balearic Islands suggest 
more humid climate conditions and increased frequency of storms in the 
Western Mediterranean Sea. 

The morphosedimentary sequences described in Mallorca suggest 
the existence of three highstands during MIS 5e (Fig. 12), from 135 to 
117 ka (Hillaire-Marcel et al., 1996; Zazo et al., 2013), although in the 
Canary Islands, only two of these three highstands are usually preserved 
(Zazo et al., 2003). The second (~130–120 kyr) is considered the most 
stable highstand worldwide (Bardají et al., 2009). Taking into account 
the range of dates obtained (150–104 ka) from the end of MIS 6 to MIS 
5c, it is very likely that the sequences represented by the prograding 
units CPU-1 and CPU-2 correspond to the highstand MIS 5e, as these are 
the most prominent forms of the coastal plain (Fig. 11C). The good 
geomorphological preservation of the littoral strands suggests that these 
are probably the sedimentary units associated with the highest sea levels 
recorded in the Gulf of Cádiz during the last interglacial: the second 
highstand 5e (~130–120 kyr). 

According to the topographic elevation of these units, this relative 
sea level would have been about 7–8 m above the current mean sea level 
in the Gulf of Cádiz. Kopp et al. (2009) and Dutton and Lambeck (2012) 
estimated a global sea level rise of about +6–9 m above the present level 
for the Eemian episode. Stratigraphic records from the Mediterranean 
Spanish coasts establish a eustatic episode reaching a maximum range of 
7–8 m in the MIS 5e (Zazo et al., 2013), or 2–10 m according to Stocchi 
et al. (2018), which would be in line with the values established in the 
study area. 

After the transgressive maximum of MIS 5e, a gradual drop in sea 
level and a progressive continentalization of the area took place. These 
formations were affected by karst processes and the later generation of a 
laminar calcrete. It would be at this point that the sedimentary RSU 
began to be deposited, in correspondence with MIS 5b. This could be 
interpreted as related to alluvial deposits from surface runoff that 
drained the surrounding reliefs towards the sea (Fig. 13A). This type of 
calcrete, associated with lowstands, is widespread, covering different 
Pleistocene coastal deposits in the region. In the nearby Bay of Cádiz, 
Gracia et al. (2008) described a similar edaphic carbonate layer covering 
a Pleistocene beach level dated to 31 ka BP (MIS 3). The calcrete was 

dated to 19.9–21.7 ka BP (the lowstand associated with the last glacial 
maximum). 

Currently, a large number of alluvial fans can be observed covering 
the eastern margin of the Pleistocene coastal plain (Fig. 13B). A drop in 
sea level after MIS 5e caused an incision of the fluvial network on the 
Pleistocene deposits and their partial erosion in this sector. The RSU 
represents the sedimentary filling in of the erosive incision up to the 
current interglacial, mainly covering the Pleistocene units. The rise in 
sea level during the Holocene shaped the current coastline and favored 
the gradual erosion of the Late Pleistocene formations. 

According to Pedoja et al. (2011) and Rovere et al. (2016), tectonic 
processes may have altered the evidence of past sea levels from fossil 
shoreline records worldwide. In this regard, the location of the study 
area in the proximity of the westernmost convergent limit between the 
European and African plates, an area with active tectonics (González- 
Castillo et al., 2015; Pérez-Peña et al., 2020) (Fig. 1), should be taken 
into account. Data from the western Betic Cordillera indicate a very 
consistent westward motion with respect to the relatively stable Iberian 
Massif foreland (Ruiz-Constán et al., 2012; González-Castillo et al., 
2015). The westernmost sector of the Cordillera is undergoing 
compression, concentrated on a deformation band affected mainly by 
folds and reverse fault systems, and active at least since the Late 
Miocene. 

The study zone is located to the west of this active band, and was 
traditionally considered an inactive thrust. However, according to 
González-Castillo et al. (2015), the mountain front that forms the 
palaeocliff in Chipiona is tectonically active, and the tectonic 
compression would be accommodated by active folds. Here, both the 
Pleistocene plain under study and the old Pleistocene cliff are condi
tioned by two families of faults running SW-NE and SSE-NNW (IGME, 
1998) (Fig. 1), with respect to the highest Mio-Pliocene outcrops beyond 
the palaeocliff. At a regional scale, the southern Portuguese coast (Fig
ueiredo et al., 2013), the active southern and SW margins of the Betic 
Orogene (Bardají et al., 2009) and the Strait of Gibraltar (Rodríguez 
Vidal and Cáceres, 2005; El-Abdellaoui et al., 2016) are characterized by 
tectonic uplift. The coastal sector of the Gulf of Cádiz (former Gua
dalquivir foreland basin) was mainly sinking during the Pleistocene 
(González-Castillo et al., 2015), but during the Late Pleistocene it 
experienced vertical movements with differentiated areas of down
thrown and raised blocks (Zazo et al., 2003; Silva et al., 2006; Pérez- 
Peña et al., 2020). 

However, there is an evident equivalence between the Basal Unit of 
Chipiona and the Pleistocene deposits in the Bay of Cádiz, as described 
and dated by González-Acebrón et al. (2016). At 20 km apart, both 
deposits lie at exactly the same height with respect to the present sea 
level. The rather low seismicity (Stich et al., 2020) and the scarcity of 
faults affecting Quaternary deposits in this zone and its proximal sur
roundings (Gracia et al., 2008) lead us to consider that neotectonic ac
tivity here is very low. So, despite the vertical tectonic movements 
recorded in the Strait of Gibraltar and western Betics during the Pliocene 
and Early Pleistocene (Rodríguez-Vidal et al., 2004), according to the 
data presented in this work, the study area can be considered relatively 
stable in the last stages of the Pleistocene. The level of the deposits could 
therefore be considered as a reasonable representation of the eustatic 
level during MIS 5e. The virtual repetition of heights attained by the last 
two eustatic maximum periods, MIS 5e and the present, is crucial for 
understanding the climatic components of the present and future evo
lution of sea level (Waelbroeck et al., 2002; Grant et al., 2012). 

Finally, due to their scarcity, Pleistocene coastal deposits like those 
described in the present work should be preserved and managed as 
valuable geological heritage, worth being made known publically and 
divulgated. Heritage protection measures are mainly required for ele
ments located on the coast, where erosion and wave action can 
episodically damage them (Fernández-Montblanc et al., 2022). In this 
respect, Spanish Law 42/2007 (Natural Heritage and Biodiversity) in
cludes the concepts of geodiversity and geological heritage, and 

Fig. 12. Eustatic curve of the last interglacial period in Mallorca, Western 
Mediterranean (Tuccimei et al., 2000) and dated samples from the coastal plain 
and red sands units at Chipiona. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.) 
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prescribes geoconservation and sustainable use of these resources under 
the auspices of regional administrations. These principles were applied 
by Costa-Casais and Caetano (2013) to several Pleistocene coastal de
posits in NW Spain. According to the Spanish Geological Survey (IGME, 
1998; García-Cortés et al., 2000), the SW coast of Spain constitutes a 
geomorphological framework of international interest for a variety of 
reasons, including the varied Quaternary geoarchives recognized along 
the shore (Gracia, 2008). The present contribution should be incorpo
rated into that framework and protected accordingly. 

6. Conclusions 

The analysis of geomorphological and sedimentological patterns, 
with the support of a high-resolution altimetric study (LiDAR), and the 
establishment of a chronological context by 87Sr/86Sr and OSL dating, 
has allowed to reconstruct the palaeogeographical, environmental and 
eustatic evolution of an extensive Quaternary coastal plain in the central 
area of the Gulf of Cádiz, on the left bank of the mouth of the Gua
dalquivir River. The Quaternary coastal plain was characterized by a 
series of ridges and swales, in the form of littoral strands on a littoral 
barrier, with a sheltered lagoon or salt marsh behind. In this case, the 
maximum elevation of the Pleistocene deposits reaches about 8 m above 
mean sea level, and are limited by a paleo-cliff to the east, where Mio- 
Pliocene formations extend. 

In the intertidal zone there is a shore platform associated with a 
stratigraphic unit (Basal unit, BU), which constitutes the substrate, or 
basement, of the coastal plain. The unit is a scarcely visible unconfor
mity, dated to ca. 1.1 Ma BP, and constituted by a sequence of facies 
composed of alternating fine sandstones (Sh), very coarse sandstone (Sp) 
and conglomerate facies (Gp), corresponding to a nearshore-beach 

sequence. Three stratigraphic units are defined on the coastal plain, 
with a sedimentary sequence of facies. The first two of these units are 
comprised of a lower unit (CPU-1) and an upper unit (CPU-2). This latter 
is constituted by a fining-upward sequence of conglomerate facies (G), 
from a pebble beach foreshore; crossbedded sands (St) typical of a 
foreshore environment with bar attachment; parallel laminated silty 
sands (SFl) characteristic of a dissipative beach; and ending with root- 
bioturbated silty sands (SFb), corresponding to supratidal/aeolian 
backshore environments. A third unit (CPU-3), constituted by dense 
greenish-grey clay facies (Fb), interdigitates with the sandy facies of 
CPU-1. This unit has been interpreted as a small salt marsh linked to an 
estuary or lagoon located in the leeward of the littoral barrier. The 
disposition of the sequence of the CPU is indicative of the progradation 
of a littoral barrier system and the migration of the coastline towards the 
sea. 

The deposition of CPU-1 and CPU-2 units dates from from the end of 
MIS 6 to MIS 5c, but if we consider that the MIS 5e2 (~130–120 kyr) is 
considered to be the most stable highstand worldwide, this sequence 
very likely corresponds to this highstand. At the top of all the sequences 
in the CPUs is an erosive unconformity of karstic origin, on which sit the 
red silty sand facies (SFm) of the red sands unit (RSU). These facies, 
covering most of the Pleistocene coastal units, could be interpreted as 
related to alluvial deposits. These would indicate a gradual drop in sea 
level to the current interglaciar height, and a progressive con
tinentalization of the area, affected by karst processes. Regionally, these 
karstic processes are associated with the last glacial maximum. 

According to the topographic elevation of these CPU units, and the 
regional correlation with similar formations in the Mediterranean 
Spanish coasts, the relative sea level would be about 7–8 m above the 
current mean sea level in the Gulf of Cádiz. From a tectonic point of 

Fig. 13. Palaeogeographical reconstruction of the morphological evolution of the coastal sedimentary plain to the south of the mouth of the Guadalquivir River 
during the Upper Pleistocene and Holocene. A.- Maximum lowstand reached by the end of the last glacial period and development of a divergent fluvial network. B.- 
Holocene eustatic transgression and flooding of the previous coastal plain until the present coastal outline was reached. 
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view, the study area can be considered as relatively stable in the latter 
stages of the Pleistocene, and the level of the deposits could thus be 
regarded as a reasonable representation of the eustatic level during MIS 
5e. Consequently, it could represent a valid estimation of the possible 
rise in sea level in the present interglacial. 

Coastal geoarchives like the ones described and analyzed in the 
present work should be preserved and managed as valuable geological 
heritage.These help researchers envisage a more realistic picture of the 
rates and trends of sea level change during the Late Quaternary, and the 
lateral extent of the effects exerted by tectonics linked to alpine orogens. 
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Project. Guadalquivir Hydrologic Basin Authority, Spanish Ministry of the 
Environment, Madrid.  
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Rodríguez-Vidal, J., Cáceres, L.M., Finlayson, J.C., Gracia, F.J., Martínez-Aguirre, A., 
2004. Neotectonics and shoreline history of the Rock of Gibraltar, southern Iberia. 
Quat. Sci. Rev. 23, 017–2029. Available at. https://doi.org/10.1016/j.quascirev.200 
4.02.008. 

Roldán, F.J., Divar, J., Borrero, J.D., Zazo, C., Goy, J.L., 1988. Memoria y mapa 
geológico de Sanlúcar de Barrameda E. 1:50.000, Hoja 1047. Instituto Geológico y 
Minero de España, Madrid (35 pp).  

Rovere, A., Raymo, M.E., Vacchi, M., Lorscheid, T., Stocchi, P., Gómez-Pujol, L., 
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González, A., 1999. Coastal uplift in continental collision plate boundaries: data 
from the Last Interglacial marine terraces of the Gibraltar Strait area (South Spain). 
Tectonophysics 301, 95–109. Available at. https://doi.org/10.1016/S0040-1951 
(98)00217-0. 

Zazo, C., Goy, J.L., Dabrio, C.J., Bardají, T., Hillaire-Marcel, C., Ghaleb, B., Gonzalez- 
Delgado, J.A., Soler, V., 2003. Pleistocene raised marine terraces of the Spanish 
Mediterranean and Atlantic coasts: records of coastal uplift, sea-level highstands and 
climate changes. Mar. Geol. 194, 103–133. Available at. https://doi. 
org/10.1016/S0025-3227(02)00701-6. 

Zazo, C., Mercier, N., Silva, P.G., Dabrio, C.J., Goy, J.L., Roquero, E., et al., 2005. 
Landscape evolution and geodynamic controls in the Gulf of Cadiz (Huelva Coast, 
SW Spain) during the Late Quaternary. Geomorphology 68 (3–4), 269–290. 
Available at. https://doi.org/10.1016/j.geomorph.2004.11.022. 

Zazo, C., Dabrio, C.J., Goy, J.L., Lario, J., Cabero, A., Silva, P.G., et al., 2008. The coastal 
archives of the last 15 ka in the Atlantic-Mediterranean Spanish linkage area: sea 
level and climate changes. Quat. Int. 181, 72–87. Available at. https://doi.org/10.10 
16/j.quaint.2007.05.021. 

Zazo, C., Goy, J.L., Dabrio, C.J., Lario, J., González-Delgado, J.A., Bardají, T., Hillaire- 
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