
Author's personal copy

Chronology and tectono-sedimentary evolution of the Upper Pliocene to Quaternary
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This paper presents new litho, chrono andmagnetostratigraphic data from cores of 23 exploratory boreholes drilled
in the Abalario andmarshlands areas of the lower Guadalquivir basin (the western sector of the Guadalquivir fore-
land basin, SW of Spain). The lithologic logs of these boreholes identify fourmain sedimentary formations, namely:
Almonte Sand and Gravel, Lebrija Clay and Gravel, Marismas Clay and Abalario Sand, respectively interpreted as
proximal–alluvial, distal–alluvial, alluvial-estuarine and aeolian. From radiocarbon and magnetostratigraphic
data, these formations were dated as Upper Pliocene to Holocene. In the marshlands area, three main sedimentary
sequences are present: anUpper Pliocene to Lower Pleistocene sequence of the Almonte and Lebrija (lower unit)
formations, a Pleistocene sequence of the Lebrija (upper unit) and the lower Marismas formations, and a latest
Pleistocene to present-day sequence of the upper Marismas Formation. The three sequences began as a rapid al-
luvial progradation on a previously eroded surface, and a subsequent alluvial retrogradation. In the third se-
quence, estuarine and marsh sediments accumulated on top of the alluvial sediments. The aeolian sands of the
Abalario topographic high developed coeval to alluvial and estuarine sedimentation after thefirst alluvial progra-
dation, and continuously until the present. Correlation with the surrounding areas show that the sequences are
the result of the forebulge uplift of the northern margin of the basin (Sierra Morena) and the adjacent Neogene
oldest sediments of their northern fringe, both form themain source area of the study formations. This uplift oc-
curred simultaneous to the flexural subsidence (SSE tilting) of the southern part of the basin, where sedimentary
aggradation dominated.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The lower Guadalquivir basin constitutes the sector of the
Guadalquivir foreland basin located southwest of Sevilla (Fig. 1).
Upper Pliocene to Quaternary sediments in this sector of the basin
mainly accumulated in two areas, namely the Guadalquivir marshlands
and the Abalario high. The Guadalquivir marshlands form a wide flat
area, of about 1800 km2, located a few metres above the sea level in
the western and lowest part of the Guadalquivir basin. In this area,
the most recent part of the sedimentary filling consists of a sequence
of flat-lying Plio-Quaternary deposits, up to 400 m thick, that accumu-
lated from alluvial, estuarine and marsh sedimentary environments.
The shallowest sediments of this sequence, which are mainly Holocene
in age, have been extensively studied by Menanteau (1979), Zazo et al.
(1994, 1999a), Rodríguez-Ramírez (1998), Rodríguez-Ramírez et al.

(1996a, 1996b, 2001), Lario et al. (2001, 2002), Carretero et al. (2002),
Ruiz et al. (2004, 2005), and Pozo et al. (2008, 2010). These authors
made a detailed reconstruction of the sedimentary environments, dis-
cussed their evolution with regards to climate and sea-level changes,
and provided a robust chronological framework based on radiocarbon
dating. To thewest of the Guadalquivir marshlands, the Abalario consti-
tutes a coastal topographic high of about 450 km2, made up by Upper
Pleistocene to Holocene aeolian sands. These sands crop out along the
up to 100 m high and 30 km long Asperillo coastal cliff. The stratigraph-
ic, sedimentologic and petrologic features of this cliff have been the
focus of the studies by Caratini and Viguier (1973), Leyva and Pastor
(1976), Flor (1990), Borja and Díaz del Olmo (1992), Dabrio et al.
(1996), and Zazo et al. (1999b, 2005, 2008). The Abalario sands extend
over the southernmost part of the Guadalquivir marshlands, constitut-
ing the currently active Doñana spitbar (Rodríguez-Ramírez et al.,
1996b).

Below these more recent sediments, which constitute the
Guadalquivir marshlands and the Abalario high, there is a less known
sequence of Pliocene and early Quaternary sediments drilled during
several hydrogeology campaigns (FAO, 1970; IRYDA, 1976; IGME,
1983). Knowledge on these sediments is, however, restricted to their
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basic lithostratigraphic characteristics (Salvany and Custodio, 1995) for
the following reasons: 1) the destructive method used to drill the bore-
holes, which enabled just a rough description of the sediments recov-
ered; 2) the unequal distribution of boreholes, which are concentrated
in the northwestern part of the marshlands (irrigated land) but are al-
most absent along the eastern margin of the Guadalquivir River (area
of brackish groundwater) and the linking zone with the Abalario high
(restricted area of the Doñana National Park), thus preventing a de-
tailed correlation between different areas. Such correlation became
evenmore difficult because of the frequent and complex lateral changes
in sedimentary facies; and 3) the lack of biostratigraphic markers,
which prevent development of an independent chronostratigraphic
framework.

During the last decade, the IGME (Geological andMining Institute of
Spain) has drilled several exploratory boreholes in different points of
the Guadalquivir marshlands and the Abalario high (Fig. 1) in an effort
to gain insights on the lithostratigraphy, sedimentology and chronology
of the Plio-Quaternary sediments. Most of these boreholes, which reach
down to 300 m, were drilled with continuous core sampling to recover
unaltered material suitable for detailed sedimentary studies. In this
paper we present the first detailed description of the sediments in
these boreholes, define lithostratigraphic units, and bring new chrono-
logic data based on radiocarbon and magnetostratigraphic dating. This
information, combined with a complete revision of the older hydrogeo-
logical boreholes, is used to propose a new lithostratigraphic and chro-
nologic framework for the whole Plio-Quaternary sedimentary

Fig. 1. Geological map of the lower Guadalquivir basin, and location of study boreholes and cross-sections in Figs. 2, 3, 4 and 5 (map adapted from IGME's 1:50.000 geological maps).
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sequence and to establish the paleogeographic evolution of thewestern
part of the Guadalquivir basin in its geodynamic context as the foreland
of the Betic Cordillera.

2. Geological setting

TheGuadalquivir basin in southern Spain is an ENE–WSWelongated
foreland basin developed during the Neogene and Quaternary between
the external zones of the Betic Cordillera to the south and SierraMorena
(IberianMassif) to the north (Sanz de Galdeano and Vera, 1992), which
respectively form its active and passive margins (Fig. 1). The basin
started to develop during the Middle Miocene in response to flexural
subsidence of the Iberian Massif. This flexural subsidence was caused
by the stacking of allochthonous units of the Betic Cordillera during
the oblique, NW-directed convergence between the Iberian and African
plates (Sierro et al., 1996; Fernández et al., 1998; García-Castellanos et
al., 2002; Civis et al., 2004). The external zones of the Betic Cordillera
aremade up ofMesozoic and Cenozoic sediments that include thick cal-
careous and evaporitic formations, as well as siliciclastic units. The Sierra
Morena comprises Paleozoic igneous and metamorphic rocks. These
rocks constitute the basement of theGuadalquivir basin, which gradually
increases its depth toward the SSE so that it is found 5000 m below the
Betic thrust front (Fernández et al., 1998; García-Castellanos et al., 2002).

In the lower Guadalquivir basin, the lowermost unit of the sedi-
mentary filling of the basin is the Niebla Calcarenite Formation
(Civis et al., 1987; Baceta and Pendón, 1999). This formation is
made up of up to 30 m of gravel, fossil-bearing sand and limestone ac-
cumulated in alluvial and coastal environments. It covers an old ero-
sive surface on the Paleozoic basement. The Niebla Calcarenite
Formation is overlain by the Gibraleón Clay Formation (Civis et al.,
1987), also known in the literature as Blue Marl, which forms a mo-
notonous marly sequence accumulated in a deep marine through
formed at the foothill of the Betic Cordillera. This formation increases
its thickness from the northern margin of the basin, where it reaches
a few tens of metres, to its southern margin, where it reaches more
than 1000 m and includes subordinate arenite beds (Perconig and
Martínez-Díaz, 1977; Martínez del Olmo et al., 2005). This thicker
part hosts the so-called allochthonous units (traditionally called “olis-
tostromic units”), which consist of Triassic evaporites and are related
to thrusting along the Betic Cordillera deformation front (Berastegui
et al., 1998). The Gibraleón Clay Formation is overlain by the Huelva
Sand Formation (Civis et al., 1987), made up by up to a few tens of
metres of fossil-rich marls, sands and sandstones accumulated in a
shallow marine environment. The Huelva Sand Formation is overlain
by the Bonares Sand Formation (Mayoral and Pendón, 1986–87),
made up by up to a few tens of metres of sands and subordinate levels
of gravels accumulated in a coastal environment. The abundantmicrofau-
nal content of the upper part of the Niebla (Civis et al., 1987), Gibraleón
(Magne and Viguier, 1974; Sierro, 1985), and Huelva (Ruiz-Muñoz et
al., 1997) formations has yielded Tortonian, Upper Tortonian to Upper
Messinian, and Upper Messinian to Lower Pliocene ages for these forma-
tions, respectively. No biostratigraphic data are available for the Bonares
Formation, tentatively dated asMiddle-Upper Pliocene to earlyQuaterna-
ry on the basis of its stratigraphic position above the Huelva Formation
(Mayoral and Pendón, 1986–87).

The overlying sediments, of uncertain Plio-Quaternary age, have a
more varied geographical distribution and sedimentological signifi-
cance. In the northern part of the basin, they form a homogeneous
red coarse alluvial deposit that caps the top of many hills and has a
maximum thickness of about 20 m. This deposit was named High Al-
luvial Level by Pendón and Rodríguez-Vidal (1986–87) and Red For-
mation by Torres-Perezhidalgo et al. (1977a, 1977b), which are
respectively located in the western part and the north-central part
of the basin (Fig. 1). They also constitute the old alluvial terraces
linked to the evolution of the current drainage network (Salvany,
2004). In the southern part of the basin, three main Plio-Quaternary

units were early identified by Salvany and Custodio (1995) from
borehole data: an older Alluvial Unit, made up of gravel, sand and
clay, about 200 m thick, and two younger coeval units: the Marismas
Unit, which is a clayey unit of estuarine origin of up to 60 m thick, and
the Aeolian Unit, a sandy unit that reaches a thickness of 150 m. The
development of these two younger units leads to the formation of
the marshlands area and the Abalario high, respectively.

The structure of the Plio-Quaternary deposits of the lower
Guadalquivir basin remains a controversial subject. Some authors iden-
tify two sets of normal faults linked to an assumed Pliocene extensional
phase, namely a main group of N–S oriented faults that includes the
lower Guadalquivir, Guadiamar and Odiel faults, and a subordinate sys-
tem of E–W oriented faults that mainly developed in the westernmost
part of the basin (Armijo et al., 1977; Viguier, 1977). Later studies by
Goy et al. (1994, 1996) and Zazo et al. (1999a, 2005), describe similar
faults that controlled the more recent sedimentation in coastal areas
during the Quaternary. On the other hand, studies by Flores-Hurtado
and Rodríguez-Vidal (1994) and Salvany (2004) describe a regional tilt-
ing of the basin toward the SSE as the dominant structural feature con-
trolling the sedimentation, and do not identify the fault pattern
envisaged by other authors.

3. Data and methods

3.1. Studied boreholes

We have studied the sedimentary sequence recovered from the 22
exploratory boreholes drilled by the IGME in the Guadalquivir marsh-
lands and the Abalario high between 1999 and 2008 (Table 1, Fig. 1).
The study is further completed with the VPL borehole (250 m deep)
drilled in 2008 by a private company in the Veta La Palma property.
These boreholesweremainly drilled by a direct circulation rotarymeth-
od with continuous core sampling (Cruse, 1979). This method supplies
unaltered material, enabling detailed lithologic logging, and is suitable
for analytical determinations, such as radiocarbon and magnetostrati-
graphic dating. The occurrence of intervals made up by loose sand and
gravel made this type of drilling unfeasible, so they were drilled using
a roller bit with a direct circulation of fluids. In this case, cuttings
come up through the annular space between the borehole and the ro-
tating drill pipes, providing a mixture of sediments that might include
material dragged from the borehole walls thus a rough identification
of the lithology. Boreholes HT, CL and VPLwere totally drilled by a roller
bit of large diameter with a reverse circulation of fluids, where the cut-
tings come up inside the drill pipes lessening mixtures. This method
generates cuttings large enough for a reasonably good description of
the lithology but not for analytic determinations. The 23 studied bore-
holes have a cumulative length of 5253.85 m. Except for HT, CL and
VPL, 70.4% of the total borehole length corresponds to pristine sedi-
ments drilled with continuous core sampling, and the rest corresponds
to cuttings drilled using other methods. This ratio varies between 100%
in eight boreholes and 29.3% in borehole F1.

Additionally, the lithologic-logs of a total of 580 old hydrogeologic
boreholeswere reviewed. These boreholeswere all drilled using a roller
bit, sometimes with direct circulation and others with reverse circula-
tion of fluids. They provide lithologic-logs of variable quality. In general,
boreholes drilled with reverse circulation of fluids supplied lithological
information of reasonable good quality for the purpose of our study.

The location of all lithostratigraphic and analytical data within the
studied boreholes is marked by their position with respect to the sur-
face and is referred to as metres below the surface (mbs).

3.2. Radiocarbon data

To date the uppermost sediments of the marshlands, a total of 17
samples of organic matter were analysed using the 14C method
(Table 2). Samples were taken from different boreholes, where the
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organic remains appear as black layers of peat or scattered fragments
of wood or charred material. In all cases, samples correspond to
organic-rich material in sufficient amounts to ensure reliable data.
This is especially the case in peat layers, where the organic matter is
an abundant material easy to separate in the laboratory from its sili-
ciclastic host sediment. The fragments of wood and charred material
have common sizes up to few centimetres. Once separated from
their host sediment, these isolated fragments become very pure or-
ganic remains of good quality for radiocarbon analysis.

Most of these samples were analysed following the AMS method in
theBetaAnalytic Laboratory in Florida (USA) and thePoznanRadiocarbon
Laboratory in Poland. To support the paleomagnetic data described
below, and in view of the important development of peat layers in its up-
permost part, the LE borehole was sampled in more detail.

3.3. Paleomagnetic data

In order to provide a chronological constraint for the studied for-
mations, we have performed a magnetostratigraphic study of the LE
borehole. This borehole was chosen because it covers the most com-
plete sequence of fine-grained Pliocene and Quaternary sediments
suitable for paleomagnetic analyses, and includes the thickest se-
quence of recent marshlands deposits suitable for radiocarbon dating.
A total of 98 paleomagnetic samples were drilled perpendicular to the
borehole sections using a standard petrol-powered drill. Paleomag-
netic sampling focused on fine-grained lithologies such as clays and
fine-grained sands, and avoided coarser-grained lithologies, less use-
ful for paleomagnetic analyses. The sampled section includes the
whole uppermost 270 m of the LE borehole, with the exception of a

Table 1
Study boreholes drilled by IGME in the Abalario high and Guadalquivir marshlands of the lower Guadalquivir basin.

Borehole name and year of drilling Label Length
(m)

X
(UTMa)

Y
(UTMa)

Z
(m)

Intervals of continuous core sampling
(CCS) (mbsb)

Average of CCS
(%)

Drilling methodc

Feder-1 (Casa Nieves), 1999 F1 153 747,853 4,119,188 4 0–33.25, 46–57.6 29.3 DCRM
Feder-4 (Hato Ratón), 1999 F4 229.7 742,222 4,112,907 3 0–229.7 100 DCRM
Cuartel de Malhandar, 1999 CM 142.35 736,012 4,076,023 2 0–142.35 100 DCRM
Corral de La Marta, 2000 MA 289.5 732,572 4,083,562 11 0–289.5 100 DCRM
Palacio de Las Nuevas, 2000 PN 225.5 737,503 4,092,111 3 0–144.5 64.1 DCRM
Sanlúcar, 2000 SL 292.5 738,989 4,086,966 6 0–160.6, 214–235, 248.5–256.5 64.8 DCRM
Torre Carbonero, 2001 TC 229 724,502 4,091,592 4 0–97, 129–141.2 47.7 DCRM
Laguna de Santa Olalla, 2001 SO 319 724,184 4,096,029 6 0–131 41 DCRM
Veta La Palma-1, 2002 VP1 156.5 747,956 4,099,016 2 0–102, 111–129.7, 150–156.6 81.3 DCRM
Veta La Palma-2, 2002 VP2 273 747,956 4,099,016 2 145–273 46.9 DCRM
Cortijo de La Marmoleja, 2002 MJ 217.9 753,589 4,122,284 4 0–40.3, 73.2–149.5, 177–217.9 72.3 DCRM
Poblado Escobar-1, 2003 PE1 264.5 757,464 4,112,668 3 0–264.5 100 DCRM
Poblado Escobar-2, 2004 PE2 373.5 757,464 4,112,668 3 279–319, 345–373.5 18.3 DCRM
El Sequero, 2004 SE 159.3 763,750 4,130,161 6 0–115.7, 153–159.3 76.6 DCRM
Lebrija, 2005 LE 336 755,553 4,096,658 2 0–86, 96–232.3 66.2 DCRM
Laguna del Jaral, 2006 LJ 309 711,300 4,103,650 35 0–93.9, 120–309 91.5 DCRM
Huerta Tejada, 2006 HT 117 741,830 4,106,482 1 Without CCS 0 RCRM
La Matilla, 2006 LM 276 702,052 4,116,679 47 0–276 100 DCRM
Rocina Sur, 2007 RS 144.4 722,168 4,111,287 9 0–144.4 100 DCRM
Tarajales, 2007 TJ 150 725,220 4,113,567 6 0–150 100 DCRM
Pequeña Holanda, 2007 PH 136.2 719,463 4,108,137 27 0–136.2 100 DCRM
Laboratorio Veta La Palma, 2007 VPL 250 746,452 4,094,395 3 Without CCS 0 RCRM
Casa del Lobo, 2008 CL 210 724,328 4,106,357 12 Without CCS 0 RCRM

a UTM coordinates Zone 29N.
b mbs = metres below the surface.
c DCRM = Direct circulation rotary method; RCRM = Reverse circulation rotary method by large roller bit.

Table 2
Radiocarbon ages of samples from the studied boreholes in the Guadalquivir marshlands.

Borehole Depth Material Analysis Conventional 14C age 13C/12C ‰ 14C calibrated age Laboratorya

LE −24.25 Peat AMS 8190+/−50 BP 7340–7060 BC P.R.
LE −24.60 Peat AMS 8360+/−50 BP 7550–7300 BC P.R.
LE −25.40 Peat AMS 8640+/−50 BP 7760–7570 BC P.R.
LE −34.45 Peat AMS 9520+/−50 BP 9140–8700 BC P.R.
LE −35.50 Peat AMS 9830+/−40 BP 9370–9240 BC P.R.
LE −37.30 Peat AMS 9520+/−50 BP 9140–8700 BC P.R.
LE −37.60 Peat AMS 9600+/−50 BP 9220–8800 BC P.R.
LE −63.00 Peat AMS N49,000 BP P.R.
VP −51.50 Peat AMS 45,460+/−1900 BP −27.2 B.A.
PE −28.90 Charred AMS 8320+/−60 BP −25.1 7530–7180 BC B.A.
SE −8.00 Charred Radiom. Ext. 890+/−60 BP −21.9 1020–1270 AD B.A.
PN −17.50 Wood AMS 7590+/−50 BP −23.5 6480–6390 BC B.A.
PN −35.50 Peat AMS N46,000 BP −27.5 B.A.
CM −12.50 Peat AMS 3660+/−40 BP −27.7 2140–1920 BC B.A.
TC −58.30 Charred AMS 29,880+/−280 BP −25.7 B.A.
TC −131.00 Peat AMS N46,000 BP −14.9 B.A.
TC −142.45 Peat AMS N44,320 BP −28.0 B.A.

a P.R. = Poznan Radiocarbon Laboratory, Poland; B.A. = Beta Analytic Inc., USA.
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23 m interval of unconsolidated sands and gravels between 76 and
99 mbs. This has resulted in a homogeneous sampling with a mean
resolution of about 2.1 m. Sediments below 270 mbs could not be
drilled due to the unconsolidated nature of the mostly coarse bioclas-
tic sands.

Paleomagnetic analyses were carried out using a 2 G superconduct-
ing rockmagnetometer at the Paleomagnetic Laboratory (SCT-UB/CSIC)
of the Institute of Earth Sciences Jaume Almera in Barcelona (Spain).
The noise level of the magnetometer is less than 7×10−6 A/m, much
lower than the magnetization of the measured samples. Thermal treat-
ment, which was conducted using a MMTD–80 furnace, involved be-
tween 8 and 12 steps at intervals of 100°, 50°, 30° and 20 °C to a
maximum temperature of 680 °C. Demagnetization of a set of pilot sam-
ples representative of all the lithologies studied allowed optimising the
demagnetization steps and thus the accurate calculation of the magne-
tization directions that minimise the heating and formation of new
magnetic phases in the oven. Stable Characteristic Remanent Magneti-
zation (ChRM) directions were identified through visual inspection of
orthogonal demagnetization plots (Zijderveld, 1967), and were calcu-
lated by means of Principal Component Analysis (Kirschvink, 1980).

4. Results

4.1. Lithostratigraphy

The lithologic logs of the studied boreholes has enabled identifica-
tion of a lower marine sequence, made up of fossil-bearing marly and
sandy sediments of characteristic grey colour, and an upper continental
to restrictedmarine sequence consisting in gravels, sands and clays that
display a variety of colours and have a low marine fossil content. The
first sequence includes the Neogene sediments of the Gibraleón and
Huelva formations. The lithostratigraphy, sedimentology and chronolo-
gy of these formations are described in detail in studies cited above, so
they are not further discussed. The second sequence includes the over-
lying, newly defined Almonte, Lebrija, Abalario and Marismas forma-
tions, whose main lithological characteristics are described next.

4.1.1. Almonte Sand and Gravel Formation
This formation constitutes a coarse clastic unit made up by gravels,

sands and occasional clayey and marly intervals, and is orange, yellow
and, less frequently, grey (Figs. 2, 3 and 4). In the marshlands area,
this unit has a thickness that increases southward from 10 to 110 m.
In this same southward direction, the grain size of gravels tends to de-
crease, and the sediments grade from sandy gravels to dominant
sands with minor gravel beds. Both gravels and sands are loose, lack a
clayey matrix, and have grain shapes that range from well rounded to
subangular. Gravel grains reach more than 10 cm in size, with more
common grain sizes, between 1 and 5 cm. They are of metamorphic
and igneous composition, dominantly quartzose in nature, although
fragments of schists, hornfels and porphyries are also present. Sand
grains are mainly of quartz composition, with variable amounts of pla-
gioclase, alkali feldspars, and rock fragments. This composition indi-
cates that the source area was located north of the basin, in the Sierra
Morena, because no metamorphic and igneous rocks are found in the
Betic margin. The lower boundary of this formation is represented by
a gradual transit from the underlying Huelva Formation in the south-
eastern part of the marshlands (boreholes MA, PN, SL and LE). Toward
the northern and western part of the marshlands, this boundary is an
erosive surface developed on the Huelva Formation.

In the Abalario area, the Almonte Formation is a thin homogeneous
layer that reaches 26 m thick in the LJ borehole (Fig. 2). It constitutes a
fining-upward sequence with an erosive basal surface that cuts the un-
derlying Huelva Formation. The fact that the alluvial sediments were
not drilled in most of the boreholes, in the transition between the Aba-
lario and the marshlands, suggests the existence of a gentle paleorelief

originated during the down cutting phase previous to their sedimenta-
tion (Fig. 5, cross-section 5).

The Almonte Formation records the development of a wide, alluvial
system that drained the Sierra Morena and extended beyond the cur-
rent coastline. It represents the onset of continental deposition in the
Guadalquivir basin, which followed the long episode of marine sedi-
mentation persistent in the basin since the Tortonian (Late Miocene).

4.1.2. Lebrija Clay and Gravel Formation
This formation is made up of clays with subordinate sand and gravel

beds that have a variable vertical distribution at different locations
(Figs. 2, 3 and 4). The formation can be divided into two units. The low-
ermost one is made up by brown and greenish clays that have either a
visually massive or a laminated structure. Massive clays contain com-
mon root marks and white carbonate nodules. Laminated clays are
made up of an alternation of thin fine-grained sandy and clayey layers.
Occasional marine shells of gastropods and bivalves are also found.
Sands have a clayey matrix, range from fine to coarse grain size, and in-
clude subordinate gravel layers andmany scatteredmud-clasts. Gravels
contain well-rounded clasts of up to 10 cm in size, and include variable
fractions of a clayey and sandy matrix. Gravels form layers of several
metres in thickness with a fining-upward structure, and have a rare lat-
eral continuity between adjacent boreholes (paleochannels). Clasts and
sand grains are dominantly quartzose and metamorphic in composi-
tion, similar to that described above for the Almonte Formation. This
lower unit extends throughout the southern part of the studied area,
and increases its thickness towards the southeast, reaching amaximum
thickness of 120 m at the LE borehole (Fig. 3). In this borehole, the unit
is directly overlying the Huelva Formation. However, towards the north
and west, it gradually expands over the sediments of the Almonte For-
mation (Fig. 5).

Sediments of this lower unit can be interpreted as distal alluvial
sediments accumulated on a muddy alluvial plain crossed by gravel-
bearing fluvial channels sourced from the Sierra Morena. The root
traces and carbonate nodules suggest wide spread development of
vegetation on the muddy plain. Although the main sediments indi-
cate an alluvial environment, occasional marine bivalve shells might
indicate some sporadic marine influence in the southern part of the
basin. This lower unit of the Lebrija Formation can be considered as
the distal sediments of the Almonte alluvial system (Fig. 5).

The upper unit of the formation is a fining-upwards sequence of
coarse gravels at the base, gravels and coarse-grained sands in themid-
dle part, and coarse- to fine-grained sands towards the top. It forms a
continuous bed throughoutmost of thenorthern half of themarshlands.
In the northernmost boreholes (SE, MJ, F1 and F4), this unit cuts the
Almonte Formation, while in the other boreholes it grades over the
lower unit of the Lebrija Formation. In the northern part of the marsh-
lands the upper unit has a rather constant thickness of 10 to 15 m that
reaches 22 m at the LE borehole (Fig. 3). However, toward the south it
becomes thinner (PN, VPL, MA boreholes) and it is even locally absent
(VP) (Fig. 5). Again, the dominant quartzose and metamorphic compo-
sition of pebbles and sands indicate a northerly provenance in the Sierra
Morena. Due to its loose and coarse-grained nature, sediments of this
upper unit were drilled using the roller bit. Therefore, only a basic lith-
ologic description based on cuttings is available.

Sediments of this upper unit can be interpreted as proximal alluvi-
al sediments that throughout the northern part of the study area rap-
idly prograded over the Almonte Formation and the lower unit of the
Lebrija Formation (Fig. 5).

4.1.3. Abalario Sand Formation
This formation (formerly the Aeolian Unit of Salvany and Custodio,

1995) is a thick package of homogenous medium- to fine-grained
sands that lack of a clayey matrix and are white, yellow and orange
(Figs. 2 and 4). The sands are mainly quartz, but include feldspars
and heavy minerals that form thin, black laminae (Caratini and
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Viguier, 1973; Leyva and Pastor, 1976). The lack of fossils is another
significant feature of their composition. The sands are occasionally
cemented by iron oxides in nodules and hard crusts up to several cen-
timetres thick, which have a homogeneous reddish colour. The for-
mation shows a maximum thickness of 150 m in the southeastern
part of the Abalario high, and thins progressively to the north and
west.

The sediments of the Abalario Formation originated from an aeolian
system that prograded NW to SE following the shoreline. According to
Caratini and Viguier (1973), the sands were supplied by reworking of
the Upper Pliocene sediments under denudation in the northernmargin
of the basin. The aeolian origin of these sedimentswasmainly documen-
ted in theAsperillo coastal cliff. Along this cliff, typical aeolian cross-beds
are exposed together with thin iron-oxide crusts, paleosoils and carbon-
rich layers (Flor, 1990; Borja and Díaz del Olmo, 1992; Dabrio et al.,
1996; Zazo et al., 2005). The cliff cuts ancient dunes originally developed
several hundred ofmetres inland. Related beaches of this aeolian system
were completely eroded by the seawaves and reworked into the spitbar
of Doñana (Rodríguez-Ramírez, 1998). Bellow the cliff, the lower sands

of the Abalario Formation display the same lithofacies. This suggest
that the aeolian system developed continuously from the beginning of
the formation, first covering the alluvial sediments of the Almonte For-
mation and then onlapping over the lateral equivalents of the Lebrija
andMarismas formations (Fig. 5, cross-section 5). Such lateral gradation
is supported by the sediments drilled between the Abalario and the
marshlands at boreholes TC, SO, and CL, where aeolian sands intercalate
frequent grey or greenish clay beds, often with carbonate nodules, root
marks and vegetal remains that are wedges of the adjacent Lebrija and
Marismas clayey formations. Today, aeolian dunes are only active at
the Doñana spitbar. Elsewhere the aeolian areas are inactive and are
being eroded (Flor, 1990; Dabrio et al., 1996).

4.1.4. Marismas Clay Formation
This formation is made up of a homogeneous dark grey or brown

clay that includes minor clayey sandy layers of fine to medium grain
size (Figs. 2, 3 and 4). The clays and sands commonly are laminated
and contain organic matter. Shells of bivalves, gastropods, echino-
derms, and other marine fauna are commonly found scattered or

Fig. 3. Lithologic logs and correlation of study boreholes in cross-sections 3 and 4. See Fig. 1 for locations and Fig. 2 for legend.
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concentrated in coquina layers several centimetres thick. Closed bi-
valve shells are often found along with unbroken shells of other ma-
rine fauna, indicating a very low energy environment. Organic matter
appears either diffuse within the sediments or concentrated in peat
layers of few centimetres thick. Black vegetal roots and wood frag-
ments are also frequently scattered within these sediments. Occa-
sional paleochannels of gravel and coarse-grained sand interbedded
within the clays are present in the LE and HT boreholes.

The thickness of the Marismas formation gradually increases from
north to south, from less than 20 m in boreholes MJ and SE to 79 m in
LE borehole (Figs. 2 and 3). The sand content increases significantly in
the same direction, even to the point of exceeding the clay fraction. The
lower boundary of this formation in the central part of the Guadalquivir
marshlands is a gradual contact over the underlying upper unit of the
Lebrija Formation. As a local feature, theMarismas clays reach a large de-
velopment in the south-eastern edge of the marshlands (borehole CM,

Figs. 4 and 5). In this case, it is considered that a substantial part of this
sequence could represent a lateral gradation of themore distal sediments
of the Lebrija Formation. The upper boundary of theMarismas Formation
corresponds to the surface of the marshlands, where sedimentation
continues.

The Marismas Formation represents a marine transgression that ex-
panded over the previously deposited alluvial sediments of the Lebrija
Formation. It is a shallow marine deposit that filled an estuary devel-
oped in the present-day marshland area. Clay intervals can be inter-
preted as muddy lagoon sediments, while sands would represent
sandbars, beaches or sandflats developed around the lagoon. In the
north-western part of the marshlands (boreholes MJ, F1, F4 and HT),
the Marismas Formation forms a homogenous clayey sequence that
suggests the development of a relatively stable lagoon. In the eastern
part of themarshlands (boreholes VPL, VP, LE, PE and SE), theMarismas
Formation constitutes a transgressive sequence made up with a lower

Fig. 4. Lithologic logs and correlation of study boreholes in cross-section 5. See Fig. 1 for locations and Fig. 2 for legend.
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sand layer, without fossil remains; an intermediate interval, where ma-
rine shell-bearing clay and sand layers alternate, and an upper clayey
layer that contains common marine shell. The lower sands of this se-
quence can be interpreted as distal alluvial sediments coming from
the northern part of the basin (the mouth of the early Guadalquivir
River). Upward, marine sediments gradually developed, first as sandflat
and beach sediments and later as lagoon sediments. In the southern
part of themarshlands, theMarismas Formation constitutes a sandy se-
quence with minor clayey layers (boreholes PN and MA). Toward the
south-east, sand layers become less frequent (borehole SL), even non-
existent (borehole CM). This area can be interpreted as a coastal
sandy barrier that prograded toward the SE. The barrier sands were
supplied by reworking the aeolian sands of the Abalario area. This
source agrees with the similar quartzose composition of both the

Abalario and Marismas sands. Development of this barrier leads to the
formation of the spitbar of Doñana, which closed the estuary and
formed the present-day marshlands.

4.2. Radiocarbon data

All samples located at less than 40 mbs in every borehole sampled
have radiocarbon ages younger than 9600±50 years BP (Table 2).
Two additional samples located between 50 and 60 mbs in the VP
and TC boreholes have ages ranging from 29,880±280 to 45,460±
1900 years BP. At levels deeper than 60 mbs, all available ages are be-
yond the range of radiocarbon dating. The exception to this pattern is
the PN borehole, where ages beyond the range of the radiocarbon
method are found at a depth of 35.5 mbs (Table 2).

Fig. 5. Lithostratigraphic cross-sections of the Plio-Quaternary formations through the Abalario and the Guadalquivir marshlands as derived from the study boreholes described in
Figs. 2, 3 and 4. See Fig. 1 for locations.
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4.3. Magnetostratigraphy

In most samples, two stable components are present. A low-
temperature component is unblocked below 225–300 °C. This com-
ponent shows either steep directions of around 50–60° (Fig. 6A, C),
interpreted as present-day field overprints, or shallow directions
broadly perpendicular to the borehole sections (Fig. 6D, I), inter-
preted as acquired during drilling. Above 225–300 °C, a ChRM can
be identified in about 95% of the samples. The behaviour of the
ChRM depends on lithology. The ChRM in grey clays and fine-
grained sands from the Marismas and Huelva formations shows max-
imum unblocking temperatures of up to 500 °C (Fig. 6A, B, G, I), which
points to magnetite as the main magnetic carrier. In clays and fine-
grained sands from the Lebrija Formation, the maximum unblocking
temperature of the ChRM ranges between 420º and 650 °C, indicating
that hematite is also a common magnetic carrier.

Based on demagnetization pattern, ChRM directions were divided
into three groups. Type 1 ChRMs are those that describe well-defined
linear trends that enable the accurate calculation of their directions
and optimum polarity determinations (Fig. 6A, C, E, G). Type 2
ChRMs are those that either display less-developed linear trends or
incomplete demagnetizations due to the growing of new magnetic
minerals in the oven. Nevertheless, they provide reliable polarity de-
terminations by fitting selected or clustered directions to the origin of
demagnetization plots (Fig. 6D, F, H). Type 3 ChRMs are those that
display clustered directions that might provide ambiguous polarity
determinations (Fig. 6I). About 43, 42 and 15% of ChRM directions be-
long to Quality Types 1, 2, and 3, respectively.

ChRM shows both positive and negative inclinations regardless of
lithology. The mean of the negative ChRM directions is
−38.9°±21.2°, a few degrees shallower than the mean of the
ChRM normal directions (+45.9°±20.2°) and likely results from a
stronger overlap of negative ChRM directions with the present-day
field overprint. The means of both positive and negative ChRM direc-
tions are slightly shallower than the expected inclination for the stud-
ied site (around ±50°), which is consistent with a detrital origin for
ChRM. In any case, both positive and negative ChRM mean directions
are statistically consistent with the expected inclination, which sug-
gests, together with the lack of a lihological control on ChRM direc-
tions, that ChRM provides a reliable record of the polarity reversals
of the geomagnetic field.

Because the azimuth of the borehole is unknown, plus the need for
quality, the identification of polarity zones was solely based on the in-
clination of Type 1 and 2 ChRM directions (Fig. 7). Nevertheless, most
Type 3 ChRM directions appear to be consistent with those of Types 1
and 2. The established succession of polarity reversals includes 5 nor-
mal magnetozones, here labelled N1 to N5 from top to bottom, and 5
reverse magnetozones, here labelled R1 to R5 (Fig. 8). Each magneto-
zones was determined by at least two consecutive samples, averaging
a total of 7.8 samples per magnetozone. Short intervals of only one
sample, which might correspond to chryptochrons, were not consid-
ered. The most conspicuous patterns of the Lebrija borehole polarity
sequence are a long normal polarity interval in the upper part of the
section (N1), two reverse magnetozones (R1, R2) separated by a
short normal interval (N2) in the centre of the section, and a cluster
of three short normal magnetozones (N3 to N5) separated by two
short reverse intervals (R3, R4) in its lower part (Fig. 7).

5. Discusion

5.1. Chronology of the Plio-Quaternary sedimentary sequence

Radiocarbon data enable identification of Holocene ages (i. e.,
b11.5 ka BP) to a depth of 17.5, 28.9 and 37.6 mbs in PN, PE and
LE boreholes, respectively (Table 2). On the other hand, ages of
29,880±280 and 45,460±1900 years BP are found at depths

between 50 and 60 mbs in TC and VP boreholes. Bellow 60 mbs, all
ages are beyond the range of radiocarbon dating. In an earlier study,
Zazo et al. (1999a) provided three radiocarbon ages from shells
from the Mari López borehole, drilled in the Guadalquivir marshlands
6 km southwest of HT borehole. Two samples taken at 7.3 and
10.8 mbs gave Holocene ages younger than 6000 years BP, whereas
a third sample collected at 27.5 mbs gave a Late Pleistocene age of
47,400±3100 years BP. The study by Pozo et al. (2010) provided
five radiocarbon ages from shells from the PLN (Palacio de Las Nue-
vas) borehole, close to the PN borehole of our study. Four samples,
taken above 25 mbs gave Holocene ages younger than 7000 years
BP. The fifth sample collected at 55.3 mbs gave a Late Pleistocene
age of 43,370±960 years BP. Additional radiocarbon ages from shells
of less than 5000 years BP taken from the shallowest sediments of the
southwest area of the marshlands were provided by Ruiz et al. (2004
and 2005).

Overall, these results place the Pleistocene–Holocene boundary
within the Marismas Formation deeping eastward from around
11 mbs in the Mari López borehole (Zazo et al., 1999a) to 40 mbs in
the Lebrija borehole (LE). They also indicate that ages beyond the
range of radiocarbon dating, and hence older than approximately
50,000 years BP, are present at variable depths between about
30 mbs in the Mari López and PN boreholes and 60 m in LE, VP, and
TC boreholes.

The correlation of the polarity sequence established for LE bore-
hole with the revised astronomically-tuned Neogene timescale
(ATNTS2004 of Lourens et al., 2004 and Gradstein et al., 2004) is
straightforward based on the characteristic pattern of magnetozones,
on available radiocarbon ages for the Marismas Formation, and on
biostratigraphic constraints for the Huelva Formation. Radiocarbon
ages ofb11.5 ka BP in the uppermost part of the long N1 interval con-
straint it to correlate with the Brunhes (C1n) chron (Fig. 7). This im-
plies that the underlying, predominantly reverse interval (R1 to R2)
must correlate with the Matuyama period (chrons C1r to C2r), so
that the characteristic cluster conformed by intervals N3 to N5 corre-
sponds to the predominantly normal Gauss (C2.An) chron and the
underlying R5 interval correlates to the top of the Gilbert (C2Ar) pe-
riod. This correlation is supported by biostratigraphic data indicating
an Early Pliocene age for the Huelva Formation (Sierro et al., 1996).
The short N2 interval can be correlated either to the Jaramillo
(C1r.1n) or to the Olduvai (C2n) events of the Matuyama period
(Fig. 7). Since no evidence of a sedimentary hiatus was observed in
the upper part of the upper unit of the Lebrija Formation, the best
match is provided by the correlation of N2 to the Olduvai chron
(Fig. 7). This interpretation implies that most of chron C1r (including
the Jaramillo event) is either missing below, or represented within
the 22 m-thick package of unconsolidated gravels and coarse-
grained sands that made up the upper unit of the Lebrija Formation.

The radiocarbon and magnetostratigraphic results enable deter-
minating the ages and mean accumulation rates for the formations,
and estimating on the age and duration of the sedimentary gap
around the upper unit of the Lebrija Formation (Fig. 7). Mean accu-
mulation rates of about 350 cm/kyr for the Holocene part of the Mar-
ismas Formation in LE borehole can be estimated keeping in mind the
position of the Pleistocene–Holocene boundary at about 40 mbs. To-
ward the west, this accumulation rate decreases down to about
95 cm/kyr as the depth of the Pleistocene–Holocene boundary
reaches shallower positions of around 11 mbs (i. e., Mari López bore-
hole). For the lower part of the Marismas Formation, a mean accumu-
lation rate of about 50 cm/kyr can be established for all boreholes on
the basis of location, at variable depths between 30 (in the Mari López
and PN boreholes) and 60 mbs (in LE, VP, and TC boreholes), of ages
beyond the range of radiocarbon dating. The linear extrapolation of
this accumulation rate downwards from the position of the Pleisto-
cene–Holocene boundary results in an estimated Late Pleistocene
age between 85 and 110 ka for the base of the Marismas Formation.
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Fig. 6. Demagnetization plots representative of the different formations studied. Grey lines represent the linear fit to calculated ChRM directions. Demagnetization plots are in geo-
graphic coordinates with arbitrary cardinal points, and temperature steps are in °C. The quality of ChRM directions is indicated. Dark lines indicate the fit to the ChRM directions.
Solid (open) circles represent projections in the horizontal (vertical) plane.
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Concerning the Lebrija Formation, the age of its base can be con-
strained at ~3.7 Ma. A mean accumulation rate of around 6 cm/kyr
can be established for this formation between the lower boundary
of chron C2An and the top of the Olduvai chron (C2n) in LE borehole.
However, these are just mean accumulation rates that might have
larger and smaller values. This situation is clearly illustrated in the
lower part of the formation, where the presence of several polarity re-
versals within chron C2An demonstrates that accumulation rates os-
cillate from b1 to N10 cm/kyr. Something similar is found between
99 and 110 mbs, where the presence of the Olduvai chron enables es-
timating accumulation rates as low as 1.2 cm/kyr. Such highly vari-
able accumulation rates over short time intervals are attributed to
the nature of the coarse-grained intervals within the Lebrija Forma-
tion, which are characterised by channel-like geometries involving
periods of either erosion or no deposition. The extrapolation of the
linear accumulation rates upwards from the top of the Olduvai
event in LE borehole yields an estimated age of about 1.6 Ma for the
top of the lower unit of the formation (Fig. 7). In view of the

transitional contact between the top of the upper unit of the Lebrija
Formation and the base of the Marismas Formation, which is dated
at about 100 ka, a period of up to ca. 1.6 Myr must be represented ei-
ther within or at the base of its upper unit. It is unknown whether this
time interval was accommodated by a period of deposition followed
by erosion or by a period with very low but continuous agraddation.
Given the sharp lower boundary of the upper unit of the Lebrija For-
mation, and keeping in mind that it represents a widespread expan-
sion of alluvial sedimentation over different underlying formations,
the first option seems more likely. In that case, an age of ca. 300 ka
can be estimated for the base of this upper unit, considering mean ac-
cumulation rates of 10 cm/kyr that characterise alluvial sedimenta-
tion for the rest of the Lebrija Formation. In this case, the temporal
gap between the two units of the Lebrija Formation must represent
around 1.3 Myr (Fig. 7). With regards to the Almonte Formation,
and keeping in mind that this is a lateral equivalent of the Lebrija For-
mation, variable mean accumulation rates between about 1 and 6 cm/
kyr can be established for this formation.

Fig. 7. Sequence of polarity changes established for Lebrija borehole and its correlation to the ATNTS2004 (Gradstein et al., 2004; Lourens et al., 2004). The age of the Pliocene–Pleistocene
boundary is updated according to Gibbard et al. (2009). Mean accumulation rates betweenmain reversals (black dots) are given in cm/kyr. The undulated line indicates the position of a
sedimentary gap or hiatus. The upper arrow indicates the position of the oldest samplewith an age that iswithin the range of radiocarbon dating, and the lower one indicates the position
of a samplewith an age that is beyond that range. The estimated ages for the base of the Lebrija Formation (3.7 Ma), the longhiatus (1.6–0.3 Ma), the base of theMarismas Formation (85–
110 ka), and the position of the Pleistocene–Holocene boundary (11.5 ka) have been indicated using bold labels.
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Concerning the Huelva Formation, no magnetostratigraphic data
are available in the LE borehole. Thus, the age of neither its different
stratigraphic intervals, nor its base, can be magnetostratigraphically
constrained. Nevertheless, the base of the Huelva Formation broadly
coincides with the Miocene/Pliocene boundary (Sierro et al., 1996;
González-Delgado et al., 2004) dated at 5.33 Ma (Gradstein et al.,
2004; Lourens et al., 2004). The top of the Huelva Formation lies in
the uppermost part of chron C2Ar, and therefore is ~3.7 Ma near the
end of the Early Pliocene (Fig. 8). Taking into consideration that the
base of the Huelva Formation was not reached in LE borehole at
−336 m, a minimum mean accumulation rate of 7 cm/kyr can be es-
timated for this formation at LE borehole.

5.2. Correlation with the surrounding northern areas

Based on the results shown above, we provide new insight on the
correlation of the Upper Pliocene to Holocene sediments between the
Guadalquivir marshlands and those deposited in the northern areas
of the lower Guadalquivir basin. To the south and east, the lack of sub-
soil data prevents the establishment of a reliable correlation.

5.2.1. Correlation with the Aljarafe high and the Almonte plain
The Aljarafe is a topographic high area located north of the marsh-

lands, between the Guadiamar and Guadalquivir rivers (Figs. 1 and
8 cross-section A). It constitutes a monocline gently dipping to the
south, made up of an up to 30 m-thick sequence of yellowish sands
and sandstones. Toward the south, the Aljarafe sands grade laterally
to the Huelva Formation, which is buried within the marshlands, be-
neath the Almonte, Lebrija and Marismas formations. In the southern
part of the high, the Aljarafe sands are overlain by an up to 20 m-thick
sequence of red coarse-grained clastic sediments of alluvial origin
(the Red Formation of Torres-Perezhidalgo et al., 1977b). These sedi-
ments are well exposed in several old quarries along the southern
edge of the Aljarafe high. In these quarries well rounded alluvial
gravels with coarse pebbles of up to 25 cm in size are shown, in layers
that have common paleochannel and cross-bedding structures. Clasts
display the same metamorphic and igneous composition as in the
Almonte Formation. The sedimentological features of these sedi-
ments, coupled with borehole data, indicate that the Red Formation
is a lateral equivalent of the Almonte Formation, bellow the Marismas
and the upper unit of the Lebrija Formation.

The gentle southward-dipping monocline of the Aljarafe extends
further west into the Almonte plain (Figs. 1 and 8 cross-section B).
In that area, a 20 m-thick sequence of variegated sands and gravels
(the Bonares Formation of Mayoral and Pendón, 1986–87) crops out
overlying the Huelva Formation. On the basis of the stratigraphic po-
sition of the Bonares Formation, equivalent to Aljarafe sands, this for-
mation is interpreted to constitute a lateral equivalent of the
uppermost part of the Huelva Formation. Based on our results, an
Early Pliocene age can be inferred for the Aljarafe and the Bonares for-
mations. In the Almonte plain, the lateral equivalent of the Almonte
Formation is the High Alluvial Level of Pendón and Rodríguez-Vidal
(1986–87). It is mainly represented in the outcrops of the western-
most part of the basin (Fig. 1), where it cuts the Huelva and Bonares
formations. The boundary is indeed an erosive surface.

The Red Formation and the High Alluvial Level constitute the
proximal sediments of the alluvial system that originates the Almonte
Formation. Rodríguez-Vidal (1989) interprets such proximal sedi-
ments as the ones originated by braided rivers coming from the Sierra
Morena, which is consistent with the inferred interpretation for the
Almonte Formation.

5.2.2. Correlation with the alluvial terraces of the Guadiamar River
The Guadiamar River is a N–S flowing river that drains the Sierra

Morena and the northern part of the lower Guadalquivir basin,
where respectively it cuts Paleozoic rocks and Neogene sediments

of the Gibraleón and Aljarafe formations before flowing into the
Guadalquivir marshlands (Fig. 1). Apart from the present-day alluvial
plain (labelled T0), this river developed a system of three terraces la-
belled T1 to T3 (Salvany, 2004) (Fig. 9). According to radiocarbon dat-
ing, T1 and the uppermost part of T2 are Holocene in age. In the lower
part of T2, the age is beyond the range of radiocarbon dating (Salvany
et al., 2004). Radiocarbon data suggest that T2 correlateswith the prom-
inent package of gravels and sands intercalated within the middle part
of the Marismas Formation at LE borehole, between 48 and 56 mbs,
which also ranges between Late Pleistocene and Holocene in age
(Fig. 9). In the upper part of the Guadiamar valley T3 is located about
25 m above T1 and T2. This height gradually decreases toward the val-
ley mouth where T3 descends below the younger terraces. In the
marshlands area, borehole and chronologic data suggest that T3 is a lat-
eral equivalent of the upper unit of the Lebrija Formation, which is con-
sistent with an inferred Middle Pleistocene age for both units (Fig. 9).

5.3. Tectono-sedimentary evolution

As a whole, the continental Plio-Quaternary sediments of the
lower Guadalquivir basin form a wedge-shaped deposit that thickens
towards the Betic thrust front of the basin (Fig. 8). The deposit has a
basal unconformity overlain by coarse gravels that pass upwards to
gravel-bearing clays and then to clays and sands in the upper part.
This deposit forms a fining and thinning-upward sequence that can
be considered a second-order sequence in the context of the whole
infill of the basin. In turn, this sequence consists of three sequences
of minor (third) order, each one showing a stratigraphic trend similar
to main one (Fig. 10).

Sequence 1 is the lowest and thickest one. It is composed of prox-
imal–alluvial sediments of the Almonte Formation and of distal–allu-
vial sediments of the lower unit of the Lebrija Formation. Sequence 2
has an intermediate thickness, comprising the proximal–alluvial sed-
iments of the upper unit of the Lebrija Formation and the distal–allu-
vial sediments of the lower part of the Marismas Formation. Sequence
3, the uppermost and thinnest one, is composed of distal–alluvial, es-
tuarine and marsh sediments of the upper part of the Marismas For-
mation. The chronostratigraphic data allow dating these sequences
respectively as Upper Pliocene to Lower Pleistocene (3.7–1.6 Ma),
Pleistocene (1.6–~0.05 Ma), and latest Pleistocene to present-day
(~50–0 ka).

Sequence 1 represents the onset of continental sedimentation in
the lower Guadalquivir basin (Figs. 10–1). Its basal erosive surface in-
dicates that an important downcutting period preceded the accumu-
lation of continental sediments. At that time, braided rivers sourced in
the Sierra Morena transported coarse clastics throughout the basin,
including well beyond the present coastline of the Gulf of Cádiz. Sub-
sequent subsidence of the basin concurred with a retrogradation of
the alluvial system, so that the braided rivers that initially spread
throughout most of the basin gradually retreated towards the source
area.

This sedimentary evolution can be explained in light of the tecton-
ic scenario envisaged for the Guadalquivir basin by García-Castellanos
et al. (2002) on the basis of geophysical data and modelling. Accord-
ing to these authors, a substantial part of the present relief of Sierra
Morena is related to its uplift as a forebulge of the Betic Cordillera.
During the syn-orogenic period (Serravallian to Tortonian) the Betic
thrust wedge loading caused a flexural forebulge in the craton margin
of the basin that was onlaped and buried by contemporary marine
sediments. Once thrusting ended (post-orogenic period), the viscous
relaxation of the lithosphere developed an emergent forebulge mi-
grating southward, narrowing the basin and uplifting its distal sedi-
ments. The basal unconformity of the Almonte Formation over
previous marine sediments in the northern part of the basin and the
northerly provenence of their clastic alluvial sediments, provide the
first clear evidence of post-orogenic forebulge uplift at about 3.7 Ma
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in the Pliocene. Continued northward retrogradation of the alluvial
system between 3.7 and 1.6 Ma likely reflected the progressive denu-
dation of forebulge of the Sierra Morena during a subsequent quies-
cent phase.

The development of flexural forebulges is a common feature of fore-
land basin systems (De Celles and Giles, 1996; Catuneanu, 2004). The
influence of forebulge dynamics in basin infilling are documented in
many studies (Tankard, 1986; Heller et al., 1988; Fleming and Jordan,
1990; Sinclair et al., 1991; Plint et al., 1993; Crampton and Allen,
1995; Catuneanu and Sweet, 1999). These studies support our interpre-
tation that each phase of forebulge uplift leads an unconformity on its
flanks and a shift of sedimentary facies toward the thrust front (Fig. 10).

Sequence 2 is preceded by a new period of downcutting between
1.6 and 0.3 Ma, which affected the whole basin and likely resulted in
the by-pass of sediments towards the present-day offshore of the Gulf
of Cádiz. This erosive event is linked to a new phase of forebulge re-
bound of the Sierra Morena, developed together with a significant mi-
gration of the forebulge into the basin (Figs. 10–2). Hereby, the hinge
line that delimits forebulge and foredeep shifted toward the SSE at
least 40 km. Since then, this line became a tilt axis from which the
marshlands area sank as the northern part of the basin uplifted.
According to Beaumont et al. (1988), this contraction of the basin to-
ward the thrust front would reflect a viscous relaxation of the plate-
bending stress related to a relative stabilisation of the thrust load.

The uplift of the northern part of the basin triggered the rework-
ing of continental sediments accumulated in the previous sequence
(i. e., High Alluvial Level/Red Formation), which then started to devel-
op as a denudation plain gently dipping towards the SSE. The under-
lying Neogene deposits of the northern part of the basin were
exhumed and also reworked into the basin. The erosion of these
early deposits caused a sudden spread of alluvial sediments through-
out the northern part of the marshlands area. The alluvial sediments
of the upper unit of the Lebrija Formation were supplied by the
early Guadiamar River, which, at the same time, developed terrace
T3, as well as by its contemporary Guadalquivir River. The distal
part of the alluvial system gave way to the lowermost sediments of
the Marismas Formation, which gradually expanded northward over
the proximal alluvial sediments. This system was bounded to the
east by the Abalario sands, which prograded south-eastward starting
early in the first sequence.

The third sequence is characterised by the development of terrace
T2 in the Guadiamar valley. The development of this terrace was pre-
ceded by a third period of dawn-cutting, which left remains of terrace
T3 on the surrounding hills. Beyond the Guadiamar valley, the erosion
was restricted to the easternmost part of the marshlands, where some
alluvial channels were excavated through the uppermost sediments
of the preceding sequence (Figs. 10–3). This sequence would repre-
sent a last smaller pulse of the Sierra Morena.

Fig. 9. Correlation between the Guadiamar alluvial terraces and the LE borehole of the Guadalquivir marshlands. Upper part: longitudinal cross-section from the Guadiamar valley to
the LE borehole, adapted from Salvany (2004). Lower part: schematic cross-section (without scale) of the Guadiamar alluvial terraces representative of the northern half of the
valley, and radiocarbon ages from Salvany (2004) and Salvany et al. (2004).
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Fig. 10. Schematic cross-sections without scale) and paleogeographic maps illustrating the sedimentary evolution of the lower Guadalquivir basin during the Late Pliocene and
Quaternary.
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Since 6 ka, this uppermost sequence witnessed a marked transgres-
sion so that marine restricted facies (i. e., the upper part of the Marismas
Formation) accumulated in an estuary that was bounded by tidal flats
and minor distal alluvial plains near the mouth of the Guadiamar River,
which then developed terrace T1, and the Gualdalquivir River
(Figs. 10–4). In historical times, the SSE progradation of the Doñana
spitbar in the south-easternmost tip of the Abalario led to the closure
of the estuary to the open sea, givingway to the present-daymarshland
environment (Rodríguez-Ramírez, 1998). The last 300 years have wit-
nessed a last incision of the fluvial network, resulting in the formation
of terrace T0 along the Guadiamar valley (Salvany, 2004) and in the de-
velopment of small deltas built by the main streams flowing into the
marshlands (Bayán and Dolz, 1995).

Denudation of the emerged forebulges normally supplies the basin
with clastic sediment with the main sedimentary infill coming from
denudation of the thrust area (Heller et al., 1988; Fleming and Jordan,
1990; Plint et al., 1993). In the study case, the lithology of the pebbles
and sand of the three sequences shows that they dominantly were
supplied from the craton margin of the basin. The apparent lack of
sediments coming from the thrust area is difficult to understand,
and is not resolved in our study. Probably, the present-day marsh-
lands represent only a small part of the Plio-Quaternary foredeep,
whose proximal part remains partially hidden below more recent
thrust-sheets where subsoil data are unavailable.

The explained tectono-sedimentary evolution of the lower
Guadalquivir basin suggests a Late Pliocene to Quaternary decreasing
uplift of the Sierra Morena forebulge, related to a coeval decrease of
the contractional deformation of the Betic orogen. This contractional
deformation would be generated by a NNW–SSE compression that per-
sisted along this period, which is consistent with the regional tectonic
studies that dealwith the Betic Cordillera and relatedGuadalquivir fore-
land basin (Galindo-Zaldívar et al., 1993; Morales et al., 1999).

6. Conclusions

This study dates the onset of continental sedimentation in the
lower Guadalquivir basin near the Early Pliocene–Late Pliocene
boundary at 3.7 Ma in the LE borehole. Since then, the basin has
mainly been filled by alluvial sediments of the Almonte and Lebrija
formations and the lower part of the Marismas Formation, as well as
by aeolian and shallow marine sediments of respectively the Abalario
Formation and the upper part of the Marismas Formation. These forma-
tions form three fining-upward depositional sequences that attest to
the uplift of the craton side of the basin (i. e., the SierraMorena) as a fore-
bulge of the Betic Cordillera and to the simultaneous greatest subsidence
of the basin along to the Betic deformation front. From radiocarbon and
magnetostraigraphic data, these sequences are dated Upper Pliocene to
Lower Pleistocene (3.7–1.6 Ma), Pleistocene (1.6–~0.05 Ma), and latest
Pleistocene to present-day (~50–0 ka).

Each sequence is characterised by: first, an initial period of down-
cutting that produced a regional unconformity; second, a rapid alluvi-
al progradation supplied by the craton margin of the basin along the
thrust front; and third, a slow alluvial retrogradation cratonward. In
the third sequence, retrogradation occurred together with a shallow
marine transgression that flooded the southern part of the basin.
The rapid alluvial progradation of the first and second sequences at-
tests to two main phases of increased forebulge uplift at 3.7 Ma and
1.6–0.3 Ma. A phase of minor uplift at the Pleistocene–Holocene
boundary is represented by the basal erosion of the third sequence.
The subsequent episodes of slower alluvial retrogradation reflect de-
creased forebulge uplift and its denudation.

In most foreland basins, the facies architecture and sediment supply
are largely controlled by the adjacent orogenic belt some distance from
the craton. In contrast, the late evolution of the lower Guadalquivir
basin at least since Late Pliocene was mainly controlled by tectonic uplift
and sediment supply from the craton side (Sierra Morena).
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