
Available online at www.sciencedirect.com

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Sapientia
Estuarine, Coastal and Shelf Science 77 (2008) 230e244
www.elsevier.com/locate/ecss
Chronology of the sedimentary processes during the postglacial sea
level rise in two estuaries of the Algarve coast, Southern Portugal

T. Boski a,*, S. Camacho a, D. Moura a, W. Fletcher b, A. Wilamowski c,
C. Veiga-Pires a, V. Correia a, C. Loureiro a, P. Santana a
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Abstract
Four profiles of estuarine sediments obtained from boreholes drilled in the Algarve, Southern Portugal were studied in order to reconstruct the
process of sediment accumulation driven by the postglacial sea level rise. In addition to the sedimentological analysis, the Foraminifera Index of
Marine Influence (FIMI) permitted assessment of the nature and organization of sedimentary facies in the BelicheeGuadiana and Gil~aoe
Almargem estuaries. The BelicheeGuadiana CM5 and Almargem G2 profiles accumulated in a sheltered environment, with the former present-
ing an almost continuous record of the sea level rise since ca 13 000 cal yr BP. The G1 and G3 profiles from the Gil~aoeAlmargem area represent
a more discontinuous record of the last 8000 years, which accumulated in the more dynamic environment of an outer estuary. The integration of
all radiocarbon ages of dated levels, led to an estimate of sediment accumulation rates. Assuming a constant position of the sediment surface
with respect to the tidal range and a negligible compaction of sediment, the sea level rose at the rate of 7 mm yr�1 in the period from 13 000 to
7500 cal yr BP. This process slowed down to ca 0.9 mm yr�1 from 7500 cal yr BP until the present. The marked historical change in the rate of
sediment accumulation in these estuaries also occurred with the accumulation of organic matter and is, therefore, important data for global bio-
geochemical models of carbon. The main obstacle to obtain higher temporal resolution of the sedimentary processes was the intense anaerobic
respiration of organic matter via sulphate reduction, which did not allow any accumulation of peat and, furthermore, led to erasure of the palae-
ontological record by acid formed from the subsequent oxidation of sulphides.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Estuaries, in common with other geomorphological features
on the mobile oceanecontinent interface, are subject to rapid
changes imparted by either accretion or erosion of sediments.
These two concurrent processes are modulated by a series of
factors which may be mutually reinforcing or eliminating.
Over the period of the last 15 000 years, i.e. the last postglacial
period, the most important factors controlling the process of
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infilling of river paleovalleys in non-glaciated terrains are:
eustatic sea level rise, continental erosion, availability of sed-
iment on the shelf, and local hydrodynamics. A comprehen-
sive analysis of the regional sedimentation patterns observed
in the estuaries from the Spanish side of the Gulf of Cadiz,
has been recently put forward by Lario et al. (2002). Two con-
trasting physiographic situations may be identified on the Gulf
of Cadiz coast, allowing an investigation of the complemen-
tary aspects of coastal and estuarine development:

(1) provided that they are located on deeply incised bedrock,
sheltered, low-energy coastal embayments may provide
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a reliable record of local sea level rise occurring since the
Last Glacial Maximum. Such sedimentary environments
are protected from episodic high-energy erosion or accu-
mulation events, and thus may retain a continuous record
of global/regional climatic and environmental indicators
such as Relative Sea Level (RSL), vegetation cover, and
connectivity with the open ocean;

(2) in contrast with the above, sites which are more exposed to
high-energy processes may better preserve sedimentary in-
dicators of sporadic local events such as marine storms,
river floods or tidal currents (Darlymple et al., 1992). In
such situations, the coarser grain size of siliciclastic mate-
rial permits inferences to be drawn about the origin and
availability of these sediments.

Within the framework of a long term programme embrac-
ing the study of sea level and climatic changes along the South
Iberian coast, a series of cored boreholes have been drilled
through the sediment infills of the Algarve estuaries (Fig. 1),
with the ultimate objective of assessing the quantitative vol-
ume of accumulated sediments and their organic matter.
This approach should permit coupling the accumulation of
postglacial organic carbon in coastal zones with the oscilla-
tions of atmospheric carbon dioxide (CO2) documented during
the last 400 000 years. In the present paper, the results are
reported for benthic foraminifera, sedimentological and geo-
chemical investigation of two cores (coded CM5 from the
BelicheeGuadiana Estuary and G2 from Almargem Estuary)
which represent the sheltered situation (1), and two cores
(coded G1 and G3) from the Gil~aoeAlmargem Estuary which
represent the exposed situation (2). The organic markers of
CM5 core have been recently discussed by Gonzalez Vila
et al. (2003). The comparison of sediment accumulation which
took place during the terminal Pleistocene to Holocene in
these two contrasting physiographic contexts will provide in-
sight into the recent geological history of the Eastern Algarve
coastline, and will demonstrate the distinction between global
and local forcing factors in the sedimentation histories. A sim-
ilar approach has been taken recently by Bao et al. (1999) for
analysis of the Holocene evolution of the Albufeira Lagoon on
the Western Portuguese coast, south of Lisbon.

2. The study area

The Algarve coastline is located at the passive continental
margin of South West Iberian Peninsula. In geomorphological
terms, the Eastern coastal sector where both the estuarine sites
are located is dominated by the Ria Formosa Barrier Islands
System enclosing a lagoonal body along ca 50 km. The
wave regime is predominantly from south west, associated
mainly with swell from the Atlantic Ocean. The strong long-
shore current is west-to-east and the mean tidal range is
2 m, i.e. mesotidal. The Gil~aoeAlmargem Estuary represents
the terminal segment of two small river basins totalling ca
290 km2 and draining a predominantly Mesozoic carbonate
and Miocene siliciclastic substratum (Fig. 1). The average pre-
cipitation in this zone for the last 75 years is 530 mm yr�1 and
is concentrated between October and April. At present, the
estuarine zone is sheltered behind the Cabanas Island from
the Ria Formosa Barrier Island system that was initiated in
the early Holocene (Andrade et al., 2004).

At the second site, 20 km eastward, the Beliche River
drains a basin of about 125 km2, which is placed exclusively
on Carboniferous shales and greywackes. It is the last signifi-
cant tributary of the Guadiana, which is the fourth principal
river of Iberia in terms of catchment area (67 000 km2) and
length (810 km). The hydrologic regime of Guadiana is char-
acterized by irregular discharges, varying between virtually nil
during summer periods and up to a reported 11 000 m3 s�1 for
the winter peak of 1876 (Rocha and Correia, 1994), i.e. half
a century before the installation of river dams. The Belichee
Guadiana confluence lies within the reaches of the present es-
tuary of the Guadiana. The latter is in the terminal stage of
sediment infilling of the paleovalley which was incised down
to 80 m depth during the glacial lowstands. The extensive
salt marshes, which are developed on the accreted sediments
on both sides of the infilled estuary, are covered by halophytic
plants: Spartina densiflora, Spartina marı́tima, Atriplex spp.
and Salicornia patula. The fluvial sediments, which are ex-
ported from the estuary, mix in the proximity of the river
mouth with the sediments transported by the longshore current
to form the submerged delta (Gonzalez et al., 2004). Tidal cur-
rents carry this material back into the system of gullies and
channels, contributing to their progressive shoaling. In order
to preserve wetland habitats, water circulation is enhanced in
these channels through occasional dredging.

3. Methods

The four drilling sites were within the upper reaches of the
intertidal zone and were carried out with a WIRTH Bo drilling
rig using bentonite slurry and steel casing in order to avoid the
collapse of the borehole walls. In all four cases, the borehole
mouth was assumed to have elevation of 0 m above the
mean sea level. The core barrel was equipped with plastic
600 coreline� (Rocbore Ltd.) tube which optimized the recov-
ery of sediment to an average of 80% on a volume basis.

The cores were further sectioned in two halves, one for im-
mediate sampling and the other for archiving. The standard
description of the cores included granulometry and macro-
scopic sedimentary structures. The colour was described ac-
cording to the Munsell chart in a sequence: hue, value and
chroma. Mollusc shells and plant remains were selected man-
ually for dating, during the core analysis. Organic samples
were kept at �20 �C and freeze dried before being sent to
the commercial laboratories referred to in Table 1 for dating.
All the 14C age data are expressed as calibrated years Before
Present (cal yr BP).

The samples for organic matter analyses, reported by Gonza-
lez Vila et al. (2003), and samples for pollen studies, reported by
Fletcher et al. (2007) were taken always from the central part of
the cores in order to avoid contamination. Pollen and spores,
which represent an important source of refractory organic mat-
ter, originate from plants growing near the core site and in the
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Fig. 1. Indian Remote Sensing Satellite (IRS) panchromatic image showing the localization of the boreholes and geological context of the study area (inset). (1)

Boreholes *G1, *G2, *G3 on the Gil~aoeAlmargem Estuary; (2) boreholes *CM1, *CM2, *CM3, *CM4, *CM5, *CM6 on the BelicheeGuadiana Estuary.
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Table 1

Summary information on 14C datings. Laboratory codes: b e Beta Analytical, USA; IRPA e Institut Royal du Patrimoine Artistique, Belgium; WK e University

of Waikato, New Zealand. Method: Rad. e b radiometric counting; AMS e accelerator mass spectrometry

Borehole/sample depth

(m)

Lab. code 14C age

(yr)

d13C& PDB Cal BP

(yr)

Material Method

Beliche marsh

CM5

3.33a WK-16012 3375� 39 0.2 3220 Scrobicularia plana AMS

5.79b IRPA-15211 4295� 35 na 4408 Venerupis AMS

8.90a WK-16013 6764� 45 7600 Cerastoderma glaucum AMS

13.45 IRPA-15212 7585� 35 na 8017 Venerupis AMS

17.75b IRPA-15210 7725� 45 na 8169 Cardium AMS

20.95a WK-16014 8256� 55 25.3 9310 Wood AMS

42.70a WK-16015 10 273� 66 25.5 11 448 Wood AMS

47.67b b-137110 10 990� 40 �25.7 12 991 Wood AMS

Gil~aoeAlmargem Estuary

G1

2.03 b-137111 750� 40 �24.3 697 Org. matter AMS

5.79 b-137113 1060� 60 0 1035 Venus Rad.

7.45 b-137114 3500� 100 0 3890 Cardium Rad.

8.55 b-137117 7130� 40 �0.4 7998 Cardium AMS

G2

2.18 b-137115 2310� 40 �23.4 2342 Org. matter AMS

3.88 b-137116 2300� 40 �24.8 2330 Org. matter AMS

5.30 IRPA-13228 2705� 30 �0.14 2439 Venerupis AMS

7.42 IRPA-13227 3380� 25 �1.02 3238 Scrobicularia plana AMS

11.35 b-137118 7280� 40 �0.9 8113 Cardium AMS

G3

2.70 b-137119 280� 50 þ0.2 358 Cardium AMS

3.92 b-137120 1810� 90 0 1807 Cardium Rad.

5.92 b-137121 2910� 120 0 3150 Bivalves AMS

a Data from Fletcher et al. (2007).
b Data from Gonzalez Vila et al. (2003).
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surrounding region. Besides the contribution of terrestrial taxa
from forest, shrub and open ground habitats, almost the entire
profile contained abundant pollen and spores from estuarine
marsh vegetation.

Grain size analyses were carried out after carbonate elimi-
nation with 10% hydrochloric acid (HCl). The samples were
sieved through a 250 mm sieve and the fractions <250 mm
were analysed in a Malvern Mastersizer Microplus instrument
using demineralized water with 1 g of Calgon l�1, added to
avoid flocculation of clay minerals. The results of granulomet-
ric analyses are presented together with lithological profiles, in
the form of mean grain size plots.

The mineral composition of selected sandy samples was
identified by transmission light microscopy, electron micro-
probe and X-ray diffraction (XRD) of powder in capillary
tubes. Samples were separated into density fractions using
bromoform. The heavy fraction yields were close to 1 wt%.
Density fractions were used to prepare polished thin sections
of grains submerged in Araldite resin. Additional magnetic
separation of the heavy fraction was carried out to concentrate
siderite for better XRD powder patterns. Chemical identifica-
tion was carried out by the microprobe ‘‘JEOL 840A’’ equip-
ped with a ‘‘Noran’’ energy-dispersive detector using an
accelerating voltage of 15 kV. Clay mineralogy was deter-
mined, semi-quantitatively in orientated aggregates, by XRD
using a Philips PW 1390 apparatus, and Cu Ka radiation
(30 kV, 30 mA). Diffractometric analyses comprised three
treatments for the samples: (1) air dried; (2) solvated with eth-
ylene glycol vapours; and (3) heated to 500 �C. The nomencla-
ture of clay mineral species followed that proposed by Thorez
(1976).

The samples for benthic foraminiferan analyses were sieved
through 500 and 63 mm sieves after decanting away the or-
ganic debris. After sieving, samples with a high sand content
were dried and the sediment was sprinkled into carbon tetra-
chloride to float off the foraminifera. Samples with high total
numbers of foraminifera were divided with a modified plank-
ton splitter (Scott and Hermelin, 1993), which divided the
sample into eight equal parts in order to reduce the total num-
ber of individuals to an optimal 300e400, that were a statisti-
cally significant base for characterising each foraminiferan
assemblage. However, due to the frequent scarcity of identifi-
able foraminifera in the cores from the Algarve, 100 were con-
sidered to be an adequate number of individuals, supported by
the study of Fatela and Taborda (2002). The processed samples
were examined under a binocular microscope in a gridded cir-
cular counting tray.

From the abundance data, the following parameters were
calculated: Shannon diversity index (H0), species dominance
and constancy, and agglutinated/calcareous foraminiferan ratio.
Q mode cluster analysis was performed on the double root-
transformed data matrix, from which species were eliminated
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with constancy lower than 50% and abundance below 5%. The
double root-transformation technique was applied in order to
attenuate the relative importance of very abundant species
and increase the weight of rarer ones, before computing the
BrayeCurtis similarity coefficient (Field et al., 1982). Group-
ing of the samples by Q mode cluster analysis permitted the
introduction of a new five degree Foraminifera Index of Marine
Influence (FIMI) described by Camacho (2006).
4. Results and interpretation
4.1. Interpretation of core CM5 BelicheeGuadiana

4.1.1. Lithology and foraminifera fauna, CM5 borehole
The complete lithological section with radiocarbon ages is

presented in Fig. 2. The integrated characterization of forami-
nifera assemblages within the sedimentary sequence is sum-
marized in terms of Shannon diversity index H0 and of
Foraminifera Index of Marine Influence (FIMI) in Fig. 3.
The complete list of species, which have been identified and
included in the statistical grouping is shown in Table 2.

4.1.1.1. Unit I (50.3e48.6 m). The contact between the Car-
boniferous shale substratum and the directly overlying gravel
(Unit I) has been detected at a depth of 50.8 m. The gravel
layer is composed of shale, greywacke and quartz pebbles,
moderately to well rounded, from 10 to 80 mm in size.
Towards the top of the Unit I, there is a 1.7 m layer of medium
to coarse sand, of ochre tint (Munsell colour 2.5Y 4/3), con-
taining abundant mica and sparse shale and quartz pebbles.
Both layers are remnants of a fluvial regime prevailing during
the past lowstands.

4.1.1.2. Unit II (48.6e40.8 m). The initial 3 m layer is silty,
with several intercalations of fine hydromica, containing sand
of 200e300 mm thickness. The clay fraction comprises in
decreasing order: illite, interstratified 10e14c, interstratified
10e14v; and kaolinite, interstratified 10e14sm (Table 3).
Organic matter, besides the finely disseminated humic material
which was investigated by Gonzalez Vila et al. (2003), is present
also in the form of either charred debris or centimetric laminae,
enriched with remnants of macerated vegetation.

There are five sandy layers from 45.8 to 40.8 m depth,
which contain hydromuscovite, frequent flaser and bioturba-
tion structures. The regular interlaminations of compact silt in-
dicate an intertidal environment similar to the observations by
Choi and Park (2000) and Hori et al. (2001) from the Yellow
Sea off China.

The initial foraminifera, namely Trochammina inflata, Tro-
chammina sp., and the internal linings occur at 44.9 m, in the
horizon where the regular sand/silt intercalations are attributed
to tidal sedimentation. The confined brackish conditions of the
salt marsh remain rather constant to the depth of 35.3 m; these
conditions enable only the accumulation of a limited number of
species, where the acid conditions hamper the preservation of
foraminiferan tests in significant quantities. The FIMI of this
segment varies between (1) without foraminifera; and (2) in
which Trochammina genus dominates, accompanied by the
inner linings.

4.1.1.3. Diagenetic minerals in the heavy mineral fraction from
Unit II. According to Rey et al. (2005), magnetic susceptibil-
ity may reveal diagenetic remobilization/enrichment of sedi-
ments in redox sensitive metallic elements like iron (Fe) or
manganese (Mn). Therefore, the mineralogical composition
of two, fine sand samples taken at 47.30 and 40.9 m depth,
i.e. within the high susceptibility area (Fig. 2) has been exam-
ined in detail. The composition of both samples is quite ho-
mogenous with regard to the dominant quartz and feldspar
grains, accompanied by ca 10% shale lithoclasts of moderate
to poor roundness. The composition of the residual sediment,
after subtraction of the low density fraction, is more variable
both in the kind of minerals and in their relative abundance.
The main mineral components of the heavy fraction are
tourmalines, amphiboles, pyroxenes, garnets, staurolite, anda-
lusite, and Fe-oxides and carbonates. On both samples, sider-
ite-like carbonate grains are round in shape, often showing the
presence of cracks. In back-scatter electron images, the cracks
appear to be the effect of the deep relief in the grain’s surface,
with the voids usually filled by fine sediment particles. Elec-
tron microprobe analysis of these grains reveals a variable
and complex chemical composition. As a rule, the carbonate
grains have a thin outer rim which is more calcic (Ca) than
the inner parts which are richer in Fe and magnesium (Mg).
The scanning electron microscope (SEM) image exhibits
a clear zonation which corresponds also to the changes in pro-
portions between the Fe, Ca, Mg and Mn carbonate system
(Fig. 4).

The formation of these complex phases occurs as a result of
the oxidation of pyrite, distributed within the sediment and ex-
posed to circulating groundwater. A subsequent precipitation
of siderite is accompanied either by incorporation of other
metals into its crystal lattice or by the precipitation of discrete
carbonate phases. The carbonate ion in the interstitial solution
may originate from the dissolution of the calcium carbonate,
for instance, in the form of foraminiferan tests, or from the dis-
solution of carbon dioxide (CO2) produced by bacterial oxida-
tion of the organic matter (Choi et al., 2003), or from
methanotrophy postulated by Mata et al. (2005). Similar mac-
roscale zonations of minerals are common in the proximity of
acid mine tailings, and have been described by Ptacek and
Bowles (1994) and Hossner and Doolittle (2003). Pyrite has
not been observed in these samples; although it has been fre-
quently identified along the upper portion of the CM5 profile
during the micropaleontological work, in finely distributed
form, or as the infilling of foraminiferan chambers.

4.1.1.4. Unit III (40.8e24.5 m). From 40.75 to 37.75 m, the
sediment is composed of fine compact silt, dark grey in colour
(2.5Y 2.5/1) and containing centimetric layers enriched with
macerated plant remains. These accumulations of organic
matter (OM) indicate an intertidal environment of deposition
and are equivalent to the intercalations of peat in a wetter
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climate and to depositions at wider oceanecontinent inter-
faces such as the NW Europe coast. Hence, according to Allen
(2000), such layers can be considered as reliable indicators of
Relative Mean Sea Level (RMSL). Towards the top of the se-
quence, these OM layers become sparse, the last being observed
at 31.2 m depth. Most probably, the local environment changes
from the upper (salt marsh) to the lower (mud flat) intertidal
level, with little or no halophyte vegetation covering the sedi-
ment surface. The limit between these two lithofacies is placed
at 24.5 m depth, i.e. where the first appearance of macrofauna
has been observed. The shells, which are frequently corroded
by dissolution, belong mostly to the bivalve genera: Spisula,
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Scrobiculária, Acanthocardia, Cerastoderma; and gastropod
genera: Nassarius, Tomus.

In terms of foraminiferan content, the entire Unit IV con-
tinues with a predominance of inner linings and an occasional
Trochammina spp. The diversity values are low, oscillating
around 0.1H0, with an invariable FIMI value of 2. The stable
conditions of the middle to upper salt marsh prevail for a period
of ca 3000 years (Fig. 6). At 20.95 m depth, the FIMI rises to



Table 2

List of foraminifera species determined in borehole samples from two estuaries

Agglutinated species Calcareous hyaline species Other groups

Ammobaculites sp. Ammonia beccarii (Linné, 1758) Linings e inner linings

Trochammina inflata (Montagu, 1808) Brizalina sp. CTD e carbonated tests in dissolution

Trochammina macrescens (Brady, 1870) Elphidium advenum (Cushman) var. margaritaceum (Cushman, 1930) Planktonic forms e all planktonic forms

Trochammina sp. Elphidium spp. Miliolids e all porcellaneous species

Elphidium advenum (Cushman, 1922) Indeterminate e very small and damage tests

Elphidium advenum (Cushman) var. margaritaceum (Cushman, 1930)

Elphidium complanatum (d’Orbigny, 1839)

Elphidium crispum (Linné, 1758)

Elphidium excavatum (Terquem, 1876)

Elphidium gunteri (Cole, 1931)

Elphidium gunteri (Cole) var. galvestonensis (Kornfeld, 1931)

Elphidium macellum (Fichtel & Moll, 1798) var. aculeatum

(Silvestri, 1900)

Elphidium poeyanum (d’Orbigny, 1839)

Elphidium sp.

Elphidium williamsoni (Haynes, 1973)

Asterigerinata mamilla (Williamson, 1858)

Haynesina germanica (Ehrenberg, 1840)
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the value of 3 showing a dominance of the agglutinated forms
Trochammina inflata, Trochammina macrescens and Ammoba-
culites spp., accompanied by the unidentified corroded carbon-
ate tests. FIMI 3 suggests a mid-tidal environment where
exposure to subaerial conditions is sufficiently long to promote
the dissolution of calcareous tests.

4.1.1.5. Unit IV (24.5e4.2 m). Above 24.5 m, sediment mean
grain size is restricted to a narrow range between 15 and
30 mm, and has a regular dark colour (2.5Y 2.5/1); however,
the two levels 16.9e15.80 m and 13.4e13.2 m are exceptional
with a much lighter and patchy appearance and kaolinite
content over 20% (Table 2). The increase in the quantity of
Table 3

Semi-quantitative estimation of principal clay mineral species in the silty sam-

ples from borehole CM5. 10e14c, 10e14v and 10e14sm are interstratified clay

species: illiteechlorite, illiteevermiculite and illiteesmectite, respectively

Depth Illite 10e14c 10e14v Kaolinite 10e14sm

333 63 15.7 9.8 8.7 2.8

533 56 18 9.2 13.6 3.2

890 56.5 12.4 8 11.3 11.8

997 62.7 8.1 11 12.9 5.2

1317 49.7 15.4 8.4 20.9 5.6

1675 57.1 12.4 6.9 20.7 2.9

2090 54.5 22.4 12.1 7.9 3.1

2318 55 17.7 5.3 16 6

2425 53.6 19.8 7.9 14.3 4.4

2845 64 5.2 9.8 13.1 4.9

3060 56 17.4 7.7 14 5

3260 57 17.6 6.8 15.2 3.4

3467 64.9 9.5 11.4 11.5 2.7

3710 57.4 13.3 13.5 10.8 5

3965 61.6 13.9 7.9 13.9 2.8

4120 72 9.2 10.8 7 1

4490 54.4 17 10.3 16 2.4

4833 54.7 17.2 15.6 9.4 3.1
kaolinite is attributed to the acidification of sediment through
the diagenetic oxidation and dissolution of pyrite, similar to
the observations on Cretaceous mudstones by Pe-Piper et al.
(2005). The rise of magnetic susceptibility in the interval
23e21 m is once more attributed to diagenetic Fe minerals.
In the uppermost part of the profile, millimetric idiomorphic
crystals of gypsum have been observed under the microscope
in the samples from 6.10, 6.05 and 4.25 m.

Up to the depth of 5.53 m, the foraminiferan assemblage in
Unit IV is highly variable. The most common FIMI value in
this depth interval is 4, characterized by the co-dominance
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of Ammonia beccarii and Haynesina germanica, associated
with Elphidium spp. The abundance of the two former species
is never lower than 60% which, according to Edwards and
Horton (2000), is typical for estuarine conditions where only
occasional subaerial exposure is experienced. The frequent
Brizalina spp. is considered to be an exotic species, brought
into the estuary from the continental shelf by hydrodynamic
processes (Mendes et al., 2003).

4.1.1.6. Unit V (4.2e0 m). From 4.2 m to the surface, the
traces of halophyte rootlets and other vegetal remains reappear
in the sediment. The top 2.4 m of the sediment column, with
colour (10YR 5/1), displays a patchy appearance due to expo-
sure to oxidizing conditions, possibly related to the agricul-
tural activity which is known in this area since the fifth
century BC (Berrocal-Rangel, 2001). This upper interval pre-
serves the foraminifera fauna of a strongly confined environ-
ment with associated FIMI value 2, where the inner lining
group of Trochammina macrescens and Trochammina inflata
is dominant. Ammobaculites sp. and Trochammina sp. occur
as secondary species.
4.1.2. Reconstruction of environmental changes during the
process of infilling in Beliche area of Guadiana Estuary

There is no datable organic matter nor skeletal remains
within the 2.2 m thick, gravel/coarse sand of Unit I (Fig. 2),
lying directly on the Palaeozoic substratum; although the
equivalent layer in the Spanish estuaries of the Gulf of Cadiz
has been ascribed by Dabrio et al. (2000) to the Marine Isoto-
pic Stage (MIS) 3. The chronologically resolved sedimentary
record in borehole CM5 begins with a silty layer in Unit II,
containing wood fragments dated 12 991 cal yr BP, at 47.67 m
depth; no foraminifera have been observed at this level. How-
ever, intertidal foraminifera do occur in Unit II above the
47.67 m level before the second dated level, at 42.70 m,
with an age of 11 448 cal yr BP. Therefore Unit II, which in
stratigraphical terms corresponds to the Younger Dryas (YD)
stadial (Gulliksen et al., 1998), may be attributed to a transi-
tional fluvial/marine origin. Given the lack of any observable
discontinuity in lithology, it may be assumed that this transi-
tion occurs within the Guadiana Estuary without any major in-
terruption in sedimentation. Indeed, at a similar depth of 45 m
in the Ria de Vigo, Galicia, Spain, seismic reflection profiles
also show a clear discontinuity which can be attributed to
the YD stadial (Garcı́a-Garcı́a et al., 2005). Moreover, in the
borehole CM5 on the Guadiana Estuary, the deptheage rela-
tion for the period between 12 991 and 7600 cal yr BP, com-
prising six dated points (Table 1), fits a linear regression
trend of 0.73 m per century with a squared correlation coeffi-
cient R2¼ 0.971. This correlation points to a remarkably con-
stant sediment accretion rate and, consequently, there is no
evidence supporting the regional sea level drop during the
YD, postulated by Rodrı́gues et al. (1991). Due to the good
hydraulic conductivity, the sand/silt interlaminations within
the Unit II enhance the ground water circulation, which pro-
vides the oxidizing conditions for the dissolution of pyrite,
that may explain the presence of secondary FeeMgeMne
Ca carbonates described in Section 4.1.1.

Unit III, which extends to the depth of 24.5 m, provides no
datable organic or shell material. Marsh vegetation which is
dominant in the pollen record of this interval (Fletcher et al.,
2007) may exclude bivalve shells that are more characteristic
of channel margins and unvegetated flats (Borrego et al.,
1995). In addition, the intensity of anaerobic respiration related
to sulphate reduction may prevent the in situ preservation of sig-
nificant organic material and, indirectly through pyrite forma-
tion, allow acidification of sediment which would dissolve
skeletal carbonates of shells. Nevertheless, the conspicuous con-
tinuity of FIMI value of 2 throughout most of the interval indi-
cates that Unit III has been an intertidal salt marsh environment.

The local change of the sedimentary facies from the upper
(salt marsh) to the lower (mud flat) intertidal level, with little
or no halophyte vegetation covering the sediment surface, is
marked by the first appearance of macrofauna. The limit be-
tween these two lithofacies (Units III and IV) is placed there-
fore at 24.5 m depth, i.e. the first appearance of bivalve
Scrobicularia plana. From this level upwards, the continuous
presence of macro and microfossils, combined with scarcity
or absence of plant root traces and other vegetal remains, in-
dicates that the sedimentary Unit IV (24.5e4.2 m) had been
deposited as a non-vegetated or scarcely vegetated mud flats
bordering the Beliche channel.

The appearance of gypsum in the topmost segment of Unit
IV is a clear signal for the terminal stage of sediment infilling
within the estuary. At this stage, conditions are favourable for
the formation of small water ponds, which could be replen-
ished during the spring tides and subsequently subject to des-
iccation. The lack of any discrete layer containing evaporitic
minerals suggests that their precipitation occurs in the desicca-
tion cracks rather than directly from solution, as reported by
Morhange et al. (2000).

The uppermost Unit V has much less macrofauna preserved
than the underlying Unit IV. Microfauna indicates a confined en-
vironment in the final stage of infilling of the estuary, with the
halophyte salt marsh vegetation covering the sediment surface.
4.2. Interpretation of G cores, Gil~aoeAlmargem Estuary
The lithological profiles of three boreholes with 14C dating
information and granulometry are presented in Fig. 5. Thirty-
three samples from three boreholes have been analysed for
their benthic foraminiferan content, of which only 23 give
quantitatively significant results. For this reason the Q mode
grouping has not been done, and instead the criteria for the at-
tribution of FIMI have been applied through analogy with
borehole CM5. FIMI values are plotted together with the lith-
ological profiles (Fig. 5), except for borehole G3 in which only
one sample contains microfauna.

4.2.1. Lithology and foraminiferan fauna: G1 borehole
(Gil~ao area)

The total length of this core is 17.7 m with a total of 15 sam-
ples analysed for their microfauna content. The sedimentary
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segment between 17.7 and 15.8 m depth is a light yellow,
porous calcarenite belonging to the Tortonian Cacela Forma-
tion (Studencka et al., 2003).

4.2.1.1. Unit I (15.8e10.1 m). The Miocene bedrock is over-
lain by 1.9 m of yellowish-brown (10YR 5/6), clayey silt
with a 30 cm layer of well rounded discoidal, 50e100 mm
greywacke gravel. The clayey fraction of silt is composed of
73% illite, 19% kaolinite, and a residual content of chlorite
and interstratified species. A sharp discontinuity separates
the silts from the overlying 0.8 m bed of gravel which is
composed of poorly rounded, 20e80 mm, Carboniferous
greywacke pebbles transported by the River Gil~ao from the
Palaeozoic outcrops ca 8 km northwards. The gravel/silt inter-
layerings belong stratigraphically to fluvial Pleistocene forma-
tions of Algarve described by Moura and Boski (1999). On top
of this coarse sediment, and up to 9.2 m depth, lies an upwards
fining sequence, whose lower part (12.1e10.1 m) is a light
grey (10YR 7/2) to ochre yellow, partially indurated by
carbonate cement and medium to silty sand. Similar textural
features of Late Quaternary and Holocene alluvial deposits
have been recently described by Nanson et al. (2005). No
foraminifera occur in this Unit.

4.2.1.2. Unit II (10.1e1.9 m). Despite the lack of lithological
contrast with the former unit, the grey to ochre carbonate,
containing hardened silt which yields no macrofauna, has
been ascribed to Unit II due to the presence of benthic
foraminifera. At 9.2 m, there is a marked discontinuity in
the silt with an overlying layer of grey, medium to coarse
sand containing abundant bioclasts of molluscan macro-
fauna. Quartz grains are well rounded, with a heavy mineral
content below 1 wt% in three of the analysed samples, con-
taining ilmenite, zircon, rutile and tourmaline. This disconti-
nuity marks the occurrence of highly dynamic conditions
prevailing in an estuarine channel open to marine circula-
tion. The sedimentary sequence continues up to 2.9 m depth
with alternating sand and sandy silt layers and an abundant
bioclastic fraction, which reflects an environment of varying
hydrodynamism within an estuarine lagoon. Molluscan shells
in various states of preservation are represented by three
species: Tapes decussatus, Cardium sp. and Ostrea edulis.
The top 2 m is disturbed by human activity and is not
interpreted.

At 10 m depth, the analysed sample contains exclusively
calcareous taxa, and according to the grouping procedure
has been classified as a FIMI value of 3. At 9.2 m depth, in
the coarse sandy layer, only a few foraminifera have been pre-
served, as is also the case for the sample at 5.8 m depth. How-
ever, both samples belong to the same sedimentary unit as
the samples at 7.7, 6.3 and 6.1 m depth, where the foraminif-
eran assemblage is almost entirely calcareous. The unequal
fossil fauna content is due to taphonomic processes and, there-
fore, all five samples are considered as belonging to the FIMI
4 group. In the calcareous assemblage of the three later sam-
ples, the species Ammonia beccarii and Haynesina germanica
dominate, with cumulative abundances (varying between 33.3
and 59%); these species are associated with Elphidium spp.
group and the more marine groups: Asterigerinata mamilla,
Cibicides lobatulus, and miliolids. According to Donnici and
Serandrei-Barbero (2002), Discorbidae and Cibicidae taxa
are typically found on substrates with abundant sand and veg-
etation and in nutrient-poor environments. The presence of
miliolids is indicative, according to Redois and Debenay
(1996), of slightly hypersaline, restricted environments which
may prevail in a more enclosed part of a lagoon. In the upper-
most 4 m, Ammonia and Haynesina still dominate, although
the agglutinated species increase up to 18% of the total, re-
flecting more confined brackish conditions (Haslett et al.,
2001).
4.2.2. Lithology and foraminiferan fauna: G2 borehole
(Almargem area)

4.2.2.1. Unit I (13.2e11.7 m). This 13.2 m deep sedimentary
sequence starts with a 1.5 m layer of reddish-brown (2.5YR
2.5/3) clay, containing sporadic pebbles of limestone and
carbonate concretions. No fauna have been observed in this
layer.

4.2.2.2. Unit II (11.7e5.1 m). At the depth of 11.7 m, the
sediment changes colour to dark grey (10YR 3/1), reflecting
a typical low-energy estuarine environment. The carbonate
concretions disappear and the silt contains dispersed remains
of decomposed plant material and of corroded bivalve shells,
which probably reflect a mud flat environment. In the 7e8 m
interval, the sampled material produces a strong sulphur odour
and soon after exposure is covered with yellow straw-coloured
(2.5YR 8/6) efflorescence of jarosite which is the end product
of reaction between the diagenetic sulphuric acid and the sed-
iment (Fitzpatrick et al., 1993). From the total of 11 samples
analysed in the borehole G2, the first one containing forami-
niferan tests occurs at 10.5 m depth. With the exception of
one sample taken from this regular sequence, the foraminif-
eran assemblage is dominated by Ammonia beccarii and
Haynesina germanica association, with cumulative abun-
dances varying between 13.8 and 79% linked to the group of
Elphidium spp. The secondary taxa are Asterigerinata mamilla
and the group of indeterminate forms. The upwards continuity
of this assemblage classified as FIMI value 4 is interrupted by
the acid horizon (7e8 m). The sample at 5.3 m, where only
remnants of agglutinated Trochammina tests occur, indicates
a vegetated marsh environment and has been attributed to
FIMI 2.

4.2.2.3. Unit III (4.8e0 m). The base of this unit is marked by
coarse lithoclastic and quartz grains with macerated vegetal
detritus. Between 3.8 and 3.4 m depth, the sediment is sandy
with abundant shells of venerids and oysters and contains
abundant vegetal detritus, reflecting most probably the deposi-
tion within a small gully. The FIMI of this interval has a value
of 4. The top 3.6 m of the core consists of dark brown (10YR
3/3), silty sediment rich in vegetal remains with root traces at
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1.6 m depth. This top section reflects terminal infilling and the
growth of halophyte vegetation.

4.2.3. Lithology and foraminifera fauna: G3 core
(Almargem area)

4.2.3.1. Unit I (11.2e8.6 m). From 10 to 8.6 m depth, the sed-
iment is a yellowish-brown (10YR 5/4), hard silty sand, rich in
carbonate, containing charcoal lenticules and the occasional,
poorly rounded pebbles of limestone.

From 8.6 to 7.5 m, the sediment is gravel composed of well
rounded, mostly quartz and quartzite pebbles ranging in size
from 20 to 70 mm. This Unit does not contain any remnants
of fauna and seems to be of fluvial origin, analogous to the
gravel/silt interlayers described for borehole G1.

4.2.3.2. Unit II (7.5e2.9 m). The section overlying Unit I is
from 7.5 to 2.9 m depth, starting with a 200 mm thick layer
of dark grey (2.5Y 3/1) silt, containing remnants of shells
and plants. The rest of Unit II is mainly a grey (10YR 7/1),
medium sand with up to 7% of a silt/clayey fraction composed
by 64e65% of illite and 20e28% of kaolinite; the residual
percentage is chlorite with interstratified species. The sedi-
ment is rich in vegetal remains with the bioclastic fraction
poorly represented or totally absent. From the seven samples
initially collected for microfauna analysis, only one at 7.4 m,
provides a statistically valid quantity of foraminifera. Carbon-
ate dissolution within the sandy sediment is responsible for the
relative rarity of foraminifera. The statistically valid sample
has a FIMI value of 4 based on the composition: the Ammonia
beccarii and Haynesina germanica association with a cumula-
tive abundance of 33.7%, Asterigerinata mamilla with 22.6%,
and Elphidium spp. with 12.4%; the indeterminate groups
account for 11.1% of the total.

This sequence could represent either a delta fan environ-
ment or a submersed estuarine sand bar that has accumulated
fine suspended particles of fluvial origin.

4.2.3.3. Unit III (2.9e0 m). This Unit is composed of a 0.5 m
layer of a dark grey medium sand, overlain by 2.4 m of coarse,
brownish sand mixed with brownish silt (7.5YR 5/2) and con-
taining abundant humified plant detritus. It is also character-
ized by a high proportion (12%) of lithoclasts, occasional
pebbles and some bioclasts on top. At 2.2 m depth, heavy min-
erals account for 7 wt% of the sample with diagenetic siderite
and goethite making up 82% of the total. Magnetite, ilmenite,
pyroxene and rutile are the most common minerals in descend-
ing order of abundance.

4.2.4. Reconstruction of environmental changes during the
process of infilling in the Gil~aoeAlmargem Estuary

In two of the three study sites (G2 and G3), the Holocene
estuarine sediments are deposited on top of Pleistocene fluvial
sequences lying in shallow paleovalley settings eroded into
Upper Miocene bedrock (which was detected only in borehole
G1, directly under the Holocene). The first dated signals of
marine transgression within this small estuarine system are
recorded around 8 k yr BP. In the most inland location (G2),
the marine Cardium shell from 11.4 m depth dates to 8113 cal
yr BP. Due to the sheltered position, the subsequent sedimenta-
tion corresponds to a tidal flat setting, interrupted by channel
action that has deposited 400 mm of sandy material (Fig. 5).
This discontinuity probably explains the recent age of the
dated point, which at 2342 cal yr BP (Fig. 6), is clearly above
the linear trend of sediment accumulation.

The first appearance of rich and diverse microfauna, within
the sandy silt layer of borehole G1, is at 10 m depth within the
Unit II. Light hues with reddish patches indicate that this tidal
flat sediment has been temporarily exposed to air before being
covered by an estuarine bar sand. In this coarse sand horizon,
rich in clasts of macrofauna with only a few foraminifera pre-
served, shells of Cardium from 8.5 m depth yield an age of
7998 cal yr BP. According to the works of Pilkey et al.
(1989) and Bettencourt (1994), this age roughly corresponds
to the beginning of the formation of Ria Formosa barrier is-
land system. Indeed, the process of barrier accretion could
only be initiated after the sea level approached the present
one, i.e. when the local continental sources of sand such as
the sandy cliffs of the Western Algarve (Granja et al., 1984)
could supply the eastward longshore current with clastic mate-
rial. The present annual volume of sand transported eastwards
along the Algarve coast and accumulated at the Guadiana
Estuary is estimated to be 1.7 � 105 m3 (Boski et al., 2002).
As may be deduced from the sequence of three dated points
(at 2, 5.8 and 7.5 m), the bar sediments have been accumulated
in several pulses of accretion with sandy material transported
through the tidal inlet of the lagoon. FIMI values in these sam-
ples range from 4 to 3. The silty intercalations between the
sand layers correspond to fine grain drapes described recently
by Carling et al. (2006) for the Severn Estuary, UK. Conse-
quently, the entire Unit II may be interpreted as reflecting
a landeocean interface dominated by fluviotidal dynamics
that have shaped the outer reaches of the estuary.

The sediment profile of the borehole G3 is limited to only
4.9 m (7.7e2.9 m) of the Holocene deposition which, from
the faunal content and lithology, can be classified as estuarine.
An exposed position (Fig. 1) and the elevation of the pre-
Holocene substratum are responsible for this reduced record
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which embraces a period of little more than 3000 yr. The clastic
material, that forms the topmost horizon of Unit II, has an in-
land origin. Since the borehole site is placed within the inter-
tidal zone of a marine lagoon, this material could have been
deposited by a flood event that would have transported the
weathering products of the Lower Lias volcano-sedimentary
formation to the coastal zone (Manupella et al., 1987). How-
ever, an alternative explanation for this terrestrial material is
the tsunami produced by the 1755 Lisbon earthquake (Andrade,
1992), as this clastic sediment overlies material that has been
dated at 358 cal yr BP, which is earlier than the date for the
tsunami.

5. Discussion: impacts and chronology of infilling of
estuarine paleovalleys during postglacial sea level rise

The sedimentary stratigraphic record may be regarded as
a stack of sediment increments separated by hiatus surfaces,
which occur at all levels of resolution. In other words, accord-
ing to Sadler (1999), the rate of accumulation is a property of
both the depositional system and the time-scale. Translated to
the conditions of the progressively drowned paleovalley,
a time continuous sedimentary record may be accommodated
in a period of spatially constant separation of the water surface
and sediment boundary. The projection of depths within the
sedimentary column which are inferred to be the sedimenta-
tion surfaces against the age of dated items (Table 1) pertain-
ing to those surfaces was plotted for the studied boreholes in
Fig. 6. This graph complements a similar plot based also on
borehole data, which was first proposed for the Guadiana
Estuary by Boski et al. (2002). According to that work, the pe-
riod of fast sediment accumulation which was covered by 14C
datings lasted ca 3700 years, i.e. from 10 700 to 7000 cal yr BP
and corresponded to 8.5 mm yr�1 of vertical sediment accre-
tion. This figure is in a fairly good agreement with the
7.6 mm yr�1 value proposed in the present work (Fig. 6) for
a more extended period of time, starting at 13 000 cal yr BP
and lasting until 7500 cal yr BP. The integration of the data
from both studies gives the value of 0.66 mm yr�1 with
the squared correlation coefficient R2¼ 0.55. In a recent
study carried out in the Mira River Estuary on the Western
Portuguese coast, Alday et al. (2006) proposed a date of
6000 cal yr BP for the beginning of deceleration in the rate
of sea level rise. However, the latter figure is based on only
five dated samples of sediment organic matter, of which
only one is more recent than 7000 cal yr BP and, therefore,
the estimate may be to low.

Considering the limited compressibility of the studied sedi-
mentary column (Santos and Boski, 2000) due to the lack of
peat layers and generally low content of organic carbon averag-
ing 1.4% (Gonzalez Vila et al., 2003), the figure of 7 mm yr�1

may be proposed as the rate of sea level rise in the western part
of the Gulf of Cadiz. This rate is almost one order of magnitude
higher than in the following period described below. Such an
accelerated pace of sediment accumulation, which may be
extrapolated to the global scale, implies also a proportional in-
crease in burial of the organic matter exported from continent
to the ocean. As a consequence, during the period of rapid
sea level rise, the coastal ocean receives proportionally fewer
nutrients, leading to a decrease in marine primary productivity,
a lower output of the marine ‘‘biological pump’’, and an
increase in CO2 atmospheric levels (Boski et al., 2006).

The remaining 9.5 m of sediments were accumulated in
both estuaries in the period between 7500 cal yr BP and the
present. The latter figure is obtained from the interception
between the regression lines plotted for lower and upper
segments of four sedimentary profiles as shown in Fig. 6.
The plot of the upper segment indicates an average sediment
accretion rate of 0.9 mm yr�1, a value which is close to the
1.12 mm yr�1 reported by Perez-Arlucea et al. (2005) in the
Ria de Vigo for the period 2001 to 484 yr BP, but much lower
than the 1.5 mm yr�1 which is the present rate of sea level rise
proposed by Dias and Taborda (1992). However, the depthe
age relation for this period varies considerably from place to
place reflecting the discontinuity of local sedimentary records,
provoked by non-deposition and/or erosion, particularly evi-
dent within estuarine sand bars. The decrease of the intertidal
area within the estuaries of Algarve occurred during the termi-
nal phases of alluviation during the Late Holocene. Chester
and James (1991) and Allen (2003) attribute this process to
anthropogenic causes, i.e. forest cutting and agriculture which
are documented throughout seven millennia of prehistoric,
Roman, Moorish and Portuguese occupation.

6. Conclusions

The sediment profiles obtained from the drilling of four
boreholes into the Quaternary infill of BelicheeGuadiana and
Gil~aoeAlmargem estuaries permit assessment of the processes
of sedimentation during the postglacial sea level rise since ca
13 000 cal yr BP. The more sheltered sites (boreholes CM5
and G2) offer an almost continuous record of sediment accu-
mulation in an environment of tidal flat or salt marsh as indi-
cated by the Foraminiferal Index of Marine Influence (FIMI).
Nevertheless, this paleo-ecological proxy requires further
refinements through studies of the modern environment and
must be interpreted in the context of complex diagenetic pro-
cesses driven by the anaerobic respiration of organic matter
and by underground water circulation. The sediment profiles
from boreholes G1 and G3 in the Gil~aoeAlmargem estuarine
area provide information about the more discontinuous process
of sedimentation in estuarine bars, controlled by the influx of
sandy sediments transported by the longshore current since
ca 8000 cal yr BP. All the data combined provide the curve of
sediment accumulation from ca 13 000 cal yr BP to the present.

Between 13 000 and 7000 cal yr BP the level of the sedi-
ment surface rose at a rate of 7.6 mm yr�1. Since then the pro-
cess slowed down to ca 0.9 mm yr�1 and was characterized by
local discontinuities. The extrapolation of these trends ob-
served in estuarine areas on a global scale should be integrated
into the global carbon cycle over the Quaternary glaciale
interglacial cycles. This exercise could potentially provide
an explanation for the varying atmospheric CO2 levels
observed during the Late Quaternary.
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Rey, D., Mohamed, K.J., Bernabeu, A., Rubio, B., Vilas, F., 2005. Early diagen-

esis of magnetic minerals in marine transitional environments: geochemical

signatures of hydrodynamic forcing. Marine Geology 215, 215e236.

Rocha, J.S., Correia, F.N., 1994. Defence from floods and floodplain manage-

ment in middle size catchments. In: Gardiner, J., Starosolszky, O.,

Yevjevich, V. (Eds.), Defence from Floods and Floodplain Management.

NATO ASI Series, Series E: Applied Sciences, vol. 299. Kluwer Academic

Publishers, Dordrecht, The Netherlands, pp. 395e417.

Rodrı́gues, A., Magalhaes, F., Alveirinho Dias, J., 1991. Evolution of the

North Portuguese Coast in the last 18 000 years. Quaternary International

9, 67e74.

Sadler, P.M., 1999. The influence of hiatuses on sediment accumulation rates.

GeoResearch Forum, 15e40.

Santos, A., Boski, T., 2000. The comparison of Holocene sedimentary infill in

the two areas of contrasted sedimentary dynamic of Guadiana Estuary. In:

Carvalho, S.G., Gomes, V.M. (Eds.), Os Estuários de Portugal e os Planos
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