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ARTICLE INFO ABSTRACT
Keywords: The aims of this work are to characterize the palecenvironmental evolution and the sedimentary fluvial re-
Mediterranean estuaries sponses to climate and river flow changes of the upstream reaches of the Sado estuary since the Mid-Late Ho-

Sedimentation rates locene. By combining the previous information, we also intent to define the limit of the fluvial-estuarine

boundary and maximum limit of tidal influence of the estuarine area during the last 4500 years.

To accomplish these objectives a 10.5 m-long sediment core was collected at ca. 65 km upstream the Sado
estuary inlet and studied using multiproxy analyses and radiocarbon dating. In addition, multi-proxy data from
sediment cores and supeificial samples collected downstream, in the alluvial plain and intertidal areas near the
present-day fluvial-estuarine boundary, were combined and contributed to the interpretations. We concluded
that: i) the organic matter is mostly sourced in terrestrial/freshwater environments even during periods with
marine influence, as suggested by the occurrence of marine benthic diatoms between 4300 and 4200 cal BP; ii)
the fluvial-estuarine boundary retreat during the Middle to Late Holocene transition (4350-4000 cal BP) reaching
areas of the Sado river (Laxique), located ca. 15 km upstream of the present-day boundary; iii) modifications on
the location of the fluvial-estuarine boundary are mostly derived from drier climatic conditions and consequent
flow river discharges; iv) the aggradation and progradation of the alluvial plain started at ca. 4000 cal BP at
Laxique (and at ca. 3240 cal BP at Arapouco); and v) the abrupt change in the sedimentation rates and sedi-
mentation pattern before and after the beginning of the alluvial plain aggradation process (4000 cal BP at
Laxique and 3240 cal BP at Arapouco) reflects essentially changes in the fluvial activity and the loss of
accomodation space.

Sensitive-environmental proxies
High-resolution proxy analyses
Chronology

Sado river

1. Introduction conditions (e.g. Thornes et al., 2009). Rivers can experience extreme
floods during prevalent continental wet conditions or become inter-

Mediterranean rivers are characterized by irregular flows (e.g. mittent due to the occurrence of severe droughts (e.g. Thornes et al.,
Oueslati et al., 2015) that are mostly dependent on climate prevailing 2009; Cid et al., 2017). In the Mediterranean area, river flows are
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strongly influenced by seasonal precipitation variability, with maximum
discharges occurring during the autumn and winter, and minimum flows
occurring during the summer (e.g. Thornes et al., 2009; Benito et al.,
2015). South Iberia, following the climatic conditions of western Med-
iterranean areas, presents rainfall seasonality during autumn and winter
(Benito et al, 2015), and is nowadays characterized by large
inter-annual variability of precipitation and consequently river flows
vary by large disparities between wet and dry years (e.g. Trigo et al.,
2004).

At present, the hydrological pattern of rivers is measured by instru-
mental data, being the natural flow regime of several rivers significantly
altered by the construction of dams over the last decades. Notwith-
standing, in the past, river flow regimes and sedimentary and
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environmental changes can only be achieved from the information
retained in the sedimentary record, preserved both in their organic and
inorganic components. The sedimentary infilling of coastal incised val-
leys is, then, a key that allows to reconstruct the evolution of an area, the
occurrence of extreme events, the role of local environmental factors in
the sedimentation patterns, particularly after the deceleration of the sea
level rise (that for the Portuguese coast was estimated to occur ca. 7000
cal BP; Vis et al., 2008; Leorri et al., 2012; Garcia-Artola et al., 2018),
and the anthropic influence in more recent times (e.g. Cartelle and
Garcia-Gil, 2019).

The environmental evolution and sedimentary pattern of rivers
through the Middle to Late Holocene have been widely studied over the
Mediterranean area. For instance, in the Mediterranean and Black Sea,
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Fig. 1. Location of the study area. A - Location of the final ribbon of the Sado river and the Sado estuary in Portugal; B - Location of the present-day Sado estuary (C)
and the studied area (D); C - Sado estuary with the morphosedimentary characterization of the marginal occupied areas (adapted from Andrade et al., 2006); D -
Location of the sediment cores presented in this work.
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where oceanographic conditions were favourable for the development
and preservation of deltas, after the deceleration of sea level rise (at ca.
7500 cal BP followed by a further deceleration ca. 4000 cal BP; Vacchi
etal., 2016) deltaic systems formed and evolved, showing changes in the
progradation rates mostly depending on climatic forcing and anthropic
pressure (e.g. Maselli and Trincardi, 2013; Anthony et al., 2014; Pleuger
et al.,, 2019; Degeai et al.,, 2020). In South and Southwest Iberia, the
combined scenario of low sea level rise rates (e.g. Vis et al., 2008; Leorri
et al., 2012; Costas et al., 2016; Garcia-Artola et al., 2018) and long-term
drier climatic conditions (Fletcher et al., 2007, 2013; Carrion et al.,
2010; Chabaud et al., 2014) prevailing during the Late Holocene, led to
the retreat of marine influence, to the fill-in of the estuarine basins and
to the expanse of tidal flats in estuarine areas (e.g. Dabrio et al., 2000;
Camacho et al., 2016). At the Tagus, a bay-head delta developed
following the decceleration of the sea level rise at ca. 7000 cal BP. Since
that date onwards the progradation of the bay-head delta to further
downstream areas took place, such as the fluvial environments (Vis
et al., 2008).

Despite the available information on the environmental evolution
and fluvial activity along the Mediterranean area, the record concerning
Iberian rivers facing the Atlantic is still incomplete. Published dara
concerning the Holocene infilling of the Sado valley are scarce and
essentially focused on the development of recent saltmarshes (e.g.
Moreira, 1992; Psuty and Moreira, 2000). The aim of this work is to
characterize the sedimentary pattern of the Sado river and its paleo-
environmental evolution over the Late Middle to Late Holocene (last
4500 cal BP), applying a multidisciplinary approach and the analysis of
several environmental proxies determined in sediment samples
collected from the present-day alluvial plain/saltmarsh areas, together
with well-established chronological models. To accomplish this objec-
tive a highresolution multi-proxy study (including texture, organic
chemistry, nutrient content and diatoms) and chronological data was
implemented in a sediment core collected in Laxique, ca. 65 km up-
stream the river outlet, in an area that is, nowadays, in fluvial domain.
Data was complemented with paleoenvironmental and chronological
information from sediment cores collected further downstream: Ara-
pouco (Costa et al., 2019) and ALC-S (Moreira, 2016) (Fig. 1). Arapouico
locates today near the fluvial-estuarine transition, considering the
maximum salt-water intrusion until ca. 50 km from the river outlet (e.g.
Bettencourt and Ramos, 2003) and considering information collected in
2017 on the present-day channel margin organic sediments (Costa et al.,
2019). ALC-S was collected in the saltmarsh that develops in the left
margin of the Sado estuary near Alcdcer do Sal, in intertidal estuarine
conditions (Moreira, 2016). The characterization of past environments
relies on available data and environmental characteristics of present-day
intertidal environments (present-day analogues).

The information retrieved from this study will contribute to improve
the knowledge on the palecenvironmental evolution of coastal lowlands
from South Iberia during the Late Holocene, located in the westernmost
areas affected by Mediterranean climatic conditions and facing the
Atlantic Ocean. Knowing the behaviour of the fluvial-estuarine bound-
ary and the fluvial sedimentary responses to past mean sea level (MSL)
changes will, ultimately, contribute to estimate fluvial and estuarine
responses to present and future MSL rise.

2. Study area

The Sado river is located in southwest Portugal (Fig. 1A). It is one of
the greatest Portuguese rivers, with a maximum length of ca. 175 km
and draining a wide watershed area with ca. 7700 km? (IN E, 2007). It
runs northward until the confluence with Odivelas stream (Fig. 1B) and
further downstream it bends to northwest to its mouth, near the city of
Setiibal (Fig. 1B). The river has a Mediterranean flow regime with
instantaneous discharge of ca. 1 m® s™! during the dry season and 50-80
m?3 s7! during the rainy season that occasionally reaches 470 m?® s~!

(Bettencourt and Ramos, 2003 and references therein), allowing for the
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flooding of alluvial plains margining the main channel. In natural con-
ditions the mean annual flow was estimated to be 40 m® s~ %, burt at
present the river presents mean annual flows of ca. 7 m® s~ under
irregular hydrological regime conditions (Bettencourt and Ramos,
2003). It is characterized as a perennial river considering its flow
intermittency and variability, being characterized by low inter-annual
variability with very occasional zero-flow days (Oueslati et al., 2015).
For comparison purposes, the average discharge of the Tagus river, the
largest Iberian river located north of the Sado, is ca. 400 m® s™! (e.g.
Neves, 2010) presenting extreme seasonal and annual variability with
flood peak discharges that sum-up to more than 30 times the mean flow,
being influenced by Atlantic fronts that cross the Iberian Peninsula
mostly during the winter (Benito et al., 2003).

The Sado presents a deep incised paleovalley, most probably
resulting from multiple incisions during pre-Last Glacial Maximum
(LGM) and, finally, during the LGM low-stands, that reaches ca. 40 m
depth at Alcdcer do Sal (GRID - Consultas Estudos e Projectos de
Engenharia, 1989; ENGIVIA, n.d.) and ca. 38 m at Sdo Bento (Fig. 1D)
according to changes in depth of electric resistivity (Costa et al., 2020).

The terminal ribbon corresponds to a bar-built estuary occupying an
area of about ca. 140-150 km? (Bettencourt and Ramos, 2003; Brito,
2009) with a mean depth of ca. 8 m, reaching 44 m near the inlet (Brito,
2009). The estuary is protected by the Tréia sandy spit (Fig. 1B and C), a
sandy barrier that started to growth northwards ca. 6500 cal BP (Costas
et al., 2015) progressively decreasing exchanges between the estuary
and the sea. It reaches the Atlantic Ocean through a narrow inlet (ca. 2
km) between the north of the sandy barrier and Settibal (Fig. 1B). Ac-
cording to Bettencourt and Ramos (2003) the estuary extends for a
length of 50 km considering the maximum salt-water intrusion (herein
considered as the fluvial-estuarine boundary) reaching the downstream
limit of the studied area near Arapouco, or 57 km if the upper limit of
dynamic tide is considered (Fig. 1B). Sado is a well-mixed mesotidal
estuary (e.g. Martins et al., 2000; Biguino et al., 2021), with estuarine
semi-diurnal tides, the tidal range varying between 1.5 m and 3.9 m
during neap and spring tides, respectively (Bettencourt and Ramos,
2003). Wave weights in the estuary are usually lower than 1 m (Moreira,
1992).

The sediments deposited in the estuarine central basin correspond
essentially to sand and muddy-sand, coarsening at the estuary mouth
and in the main channels (e.g. Rodrigues, 1992). Finer sediments occur
particularly in the marginal intertidal areas, where saltmarshes and tidal
flats develop (e.g. Andrade et al., 2006, Fig. 1C). Rice plant crops,
fish-farming and salt evaporation ponds occupy, nowadays, extensive
marginal areas of the estuary (e.g. Andrade et al., 2006, Fig. 1C).

Considering the geological framework, the Sado river basin drains
diverse formations, from rocks of the Precambrian and Palaeozoic Ages
of the South Portuguese (SPZ - greenish and reddish colours) and Ossa
Morena (OMZ - pinkish colours) Zones to Caenozoic deposits of Sado
Basin (SB - yellowish colours; Fig. 2). In addition, Mesozoic sandstones,
conglomerates, limestones and marls, outcropping at the Arrabida
Mountain, occur north of the Sado estuary inlet (Geological Map of
Portugal 1:500,000, synthetized by Brito, 2009, Fig. 2A).

In its initial course the Sado river crosses essentially shales and
greywakes (Pimentel, 2002) and at a lesser extend limestones, quartz-
ites, amphibolites and conglomerates (Geological Map of Portugal
1:500,000, from Servicos Geolgicos de Portugal, 1992 and synthetized
by Brito (2009)) from the SPZ, and also metavolcanic rocks from the
Iberian Pyrite Belt bearing massive sulphide pollymetalic deposits rich
in magnetic particles (Pimentel et al., 2001; Matos and Oliveira, 2003).
To northeast, crossed essentially by the right margin Sado tributaries,
quartzite, quartzodiorites, shales and greywackes constitute the main
lithologies outcropping from the OMZ, but dolerites, gabbros, meta-
volcanic and carbonated rocks are also present (Geological Map of
Portugal 1:500,000, synthetized by Brito (2009), Fig. 2A).

On a closer scale, in the study area (Fig. 2B), the Sado channel is
embedded essentially in sediments of the Paleogene Vale do Guizo
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studied area adapted from Geological Map of Portugal 1:50,000 39-C, Alcdcer do Sal (Antunes and Pais, 1991), and Geological Map of Portugal 1:50,000 39-D, Torrao

(Antunes et al., 1991).

formation, constituted by alluvial pinkish sandy conglomerates and
marly clays (Pimentel, 2002) and, between Arapouco and Alcacer do
Sal, cuts sediments of the Miocene Alcédcer do Sal formation composed
by coastal yellowish biocalcarenites and marly sandstones (Antunes,
1983; Antunes and Pais, 1991; Antunes et al., 1991; Goncalves and
Antunes, 1992). Slaty pelitic rocks and greywackes of the Mértola for-
mation (SPZ) outcrop in the right Sado margin near Arapouco (Fig. 2B;
Antunes et al., 1991; Gongalves and Antunes, 1992). Claystones and
sandstones from the Pulo do Lobo formation (SPZ) and granites, diorites
and gabbros (OMZ) are crossed by the Rio Xarrama tributary, at the
proximity of its mouth in the Sado river (Antunes et al., 1991; Goncalves
and Antunes, 1992, Fig. 2B). The surroundings of the Sado valley and its
tributaries, are covered by fluvial orange sands and clays of the Pliocene
Marateca formation and by Pleistocene-Holocene aeolian quartz-rich
sands remobilized from the Pliocene sediments, while Quaternary
sandy terraces are present in both margins (Antunes et al., 1991; Gon-
calves and Antunes, 1992, Fig. 2B).

3. Materials and methods
3.1. Sediment cores: collection and sampling

Laxique isa 10.5 m sediment core collected in the Sado alluvial plain,
ca. 65 km upstream the Sado estuary inlet (Fig. 1; Table 1) at a height of
610 cm above MSL (from now onwards all depths are represented in
height relative to present-day MSL) using a rotary core drilling with
continuous sampling (CASABRANCA M3D equipment). The sediment
core was collected in 7 sections with 150 cm each encapsulated in PVC
tubes with 10 cm of diameter. Due to the coarser nature of the sediment
below —200 em MSL (810 em depth) it was not possible to collect
samples, despite the total depth of 1050 cm of the borehole. Topo-
graphic data (coordinates and altimetry) was obtained using Global
Navigation Satellite Systems (GNSS) roving receiver units (Leica Geo-
systems models GPS 900 and NetRover) that operated in real-time,
connected to Portuguese internet-based correction services.

Back in the laboratory, the core was opened, described and sub-
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Table 1
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Location and altimetry of the cores mentioned in this work. Coordinates are provided in ERTS89 TMO06 Portugal coordinate system. Elevations are given relatively to

mean sea level (MSL).

Core Easting Northing Elevation of ground surface at core Start collection point End collection point Collected core First published

reference location (m msl) (m msl) (m msl) length (cm) in

ALC-S —33471.69 —143995.7 1.5 1.5 -1.2 270 Moreira, 2016

Arapouco2 —31026.1743 —149671.94 2.2 2.2 —-0.48 268 Costa et al.
(2019)

Arapouco3 —31030.6767 —149673.241 2.2 0.2 —4.70 490 Costa et al.
(2019)

Laxiquel —21174.326 —157053.121 6.1 6.10 —2.00 810 This work

sampled in 2 by 2 em samples. Sediment sub-samples were subsequently
freeze-dried, split and homogenized representative quantities were
disaggregated and grinded using an agate mortar for chemical and
compositional analysis (see below).

To characterize the Sado valley Late Holocene sedimentary infilling
and its evolution, data from other sediment cores recovered river
downstream (Fig. 1D) have been collected (Table 1). Arapouco isaca. 7
m-long sediment core collected in the alluvial plain of the Sado river,
located at the present-day fluvial-estuarine boundary (Fig. 1D). The
sediment is mainly constituted by grey mud to slightly sandy mud (units
2 to 5; max. sand content of 15%; detailed description in Costa et al.,
2019), deposited above a coarse sediment (unit 1) constituted by het-
erometric sand, mainly composed by angular to sub-angular hyaline and
milky quartz and mica grains. Briefly, units 2, slightly coarser, and 3,
present low magnetic susceptibility (MS) values, high contents of
organic material (8%), mean 8'3C values of —24%, and mean C/N values
of 12 pointing to the predominance of organic material sourced in ma-
rine components. In addition, whole shells of Scrobicularia plana were
found among the sediment. The diatom record is mainly composed by
marine to marine/brackish planktonic taxa (such as Paralia sulcata
and/or Actinoptychus senarius) in unit 2, while in unit 3 it is almost
exclusively composed by marine planktonic diatoms (as Thalassiosira
species). In unit 4, the MS increases at regular spaces, total organic
matter has mean values of 8.4%, 513C varies between —24.5 and —26%o
decreasing upwards and C/N values present an increasing tendency
from values of 12 at the base to values of 14 at the top. The diatom
record shows an upward transition characterized by marine, marine/-
brackish and brackish/freshwater diatoms (Cocconeis spp. and Nitzschia
spp. as dominant species). Unit 5, deposited above MSL, is characterized
by MS peaks, increase in the sand content upwards, decrease in the total
organic matter content, low organic carbon values and 8'°C values
varying between —25 and —27%,. In this unit, the diatom record is
composed only by fragments. According to the previous interpretations
(Costa et al., 2019), the sedimentary pattern reflects deposition under
intertidal conditions until ca. 3240 cal BP (units 2 to 4) and consequent
aggradation of the alluvial plain (unit 5).

ALC-S is a 2.2 m-long sediment core, collected in the left intertidal
margin of the Sado estuary near Alcacer do Sal (Fig. 1D). Sediments are
mainly constituted by grey mud to slightly sandy mud, with brownish
colours at the top 70 cm (Moreira, 2016). The base of the core represents
accumulation in a tidal flat environment that evolved at the top to a
saltmarsh that continues to grow at present in the area (Moreira, 2016).

3.2. Radiocarbon dating and age-model

Four bulk organic sediment samples at different depths were selected
for AMS radiocarbon dating and processed at Beta Analytic (USA) lab-
oratories. Radiocarbon ages were calibrated using Oxcal 4.4 (© Bronk
Ramsey, 2020) and the IntCal20 (Reimer et al., 2020) calibration curve.
Post-bomb dates were calibrated using the NH zone 2 curve (Hua et al.,
2013). Sedimentation rates were determined using the CLAM 2.3.2
(Blaauw, 2010). Best-fit ages determined based on sedimentation rate
curves were used as chronological indicators.

3.3. Magnetic susceptibility and texture

Volume magnetic susceptibility (MS) was measured in SI units
directly over the core at every 2 cm using a Bartington® MS2 instrument
equipped with a MS2E sensor at Instituto Hidrografico.

A representative portion of the total sediment samples was washed
through a 63 pm-mesh sieve and the fraction >63 pm was weighted to
determine the percentage of coarse (CF) and fine (FF) fractions. Sedi-
ment was classified according to Flemming (2000). The coarse sample
collected between 805 and 810 cm was sieved in a normalized series of
ASTM sieves between 4 ¢ and —4 ¢ with an interval of 0.5 ¢. Samples
were characterized following Folk (1954) using the software GRADI-
STAT (Blott, 2000). Composition and morphoscopic characteristics were
described using a Leica MZ12 binocular stereomicroscope.

Micro Fourier-transformed infrared spectroscopy (p-FTIR)
comprised of a Bruker Hyperion 3000 IR microscope with a mercury-
cadmium-telluride detector (MCT) for MIR measurements, controlled
by OPUS 7.2 software (2012) © Bruker Optik GmbH, was carried out at
HERCULES Laboratory on a plastic fragment found at ca. 25 cm core
depth in order to identify the material. Transmission measurements
were performed using a 15 x magnification objective and a micro-
compression diamond cell EX'Press 1.6 mm, STJ-0169. Spectra were
recorded with 4 cm ™! resolution using 64 co-added scans.

3.4. Organic matter and organic material sources

Total organic matter content (OM) was determined following Kris-
tensen (1990) adapted method Loss on ignition (LOI): milled sub-samples
were heated in a muffle furnace at 520 “C for 12 h and OM determined
by weight difference.

Total organic carbon (% Corg), total nitrogen (% N), Slsc\rpDB and
§1°Nam were determined in ground sub-samples after removal of inor-
ganic carbon using HCl 10% at Servizos de Apoio a Investigacion, Uni-
versity of A Coruna (UDC), Spain. Samples were homogenized and
weighed in tin capsules. Capsulated samples were analysed with a Fla-
shEA1112 combustion elemental analyser (ThermoFinnigan) coupled
on—line with a Delta Plus Finnigan MAT Isotope Ratio Mass Spectrom-
eter. All carbon and nitrogen isotope ratios are expressed in conven-
tional & notation: 83C vpop and &Nar calculations are given as
[(Rsample - Rstandard)/Rstandard] *1000, where Rsample and Rgiandarg are the
13¢/12¢ or °N/MN isotope ratios of the sample and standard, respec-
tively. The 8'°C isotope ratio of samples was determined by comparison
with a CO; reference gas standard (99.996%, il vpps = —6.317) and
values are reported relative to Vienna Pee Dee Belemnite (VPDB) stan-
dard. §'°N values are referred to air.

To differentiate the proportion of particulate organic materials
derived from marine and freshwater algae and from terrestrial vascular
plants the formula described by Alonso-Hernandez et al. (2007) was
applied. To distinguish between organic carbon from freshwater and
marine sources the equation described in Schuliz and Calder (1976) was
used.
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3.5. Nutrients

Nutrient contents in shallow coastal areas rely on allochthonous
fluvial loads and on autochthonous nutrient cycling (e.g. Slomp, 2011;
Scanes et al., 2017). Nutrient cyeling is highly dependent on diverse
physical forcing factors such as temperature, salinity, light, tidal cur-
rents, biological activity, among others (e.g. Henriksen and Kemp, 1988;
Herbert, 1999; Scanes et al., 2017) and thus its influence on the palae-
oecological record is difficult to access and should be taken with care (e.
g. Scanes et al., 2017). Estuarine water nutrients, particularly nitrogen
(N) and phosphorus (P), are limiting factors for biological productivity.
[ts contents are mostly dependent on inputs from the catchment area and
its availability sustained by internal nutrient recycling where nutrient
remineralisation in the sediment-water interface plays a major role (e.g.
Henriksen and Kemp, 1988; Scanes et al., 2017). Nutrients and nutrient
cycling are also affected by anthropic landscape manipulation (e.g.
Slomp, 2011), so nutrient variations with depth can improve our
knowledge on the anthropogenic influence in riverine/estuarine systems
(e.g. Scanes et al., 2017).

In the present work, sulphate is used as a proxy for the influence of
marine water since it is a conservative element in sea and estuarine
water and its concentration varies depending on salinity (e.g. Marino
and Howarth, 2009).

Nitrate, phosphate, total phosphorus and total sulphate were deter-
mined at the AmbiTerra laboratory from the University of Evora. Nitrate
(NO5; mg/kg) content was carried out with a nitrate selective electrode
(model ISE 31 B) in a Consort multi-parameter analyser (model C863).
The extracting solution was ISA solution (NH4)5S04 2 M) with a ration 2
g sample: 10 mL ISA.

Total phosphates (PO4°~) were determined on ignited samples (2 h at
550 °C), followed by acid extraction through shaking samples with 1 N
H5S04 for 16 h (Pansu and Gautheyrou, 2006). Phosphate contents were
determinate by UV visible spectrophotometry (Thermo Scientific, Evo-
lution 201), following the ascorbic acid —ammonium molybdate method
(Murphy and Riley, 1962). The accuracy and analytical precision of all
the analysis have been checked using analyses of duplicate samples in
each analytical set.

Total content of Phosphorus (P) was determined in samples melted
with an alkaline flux of Spectroflux 100 B (tetraborate and lithium
metaborate) in pure graphite crucibles in a muffle furnance at 1000 °C
followed by dissolution in a nitric solution. Phosphorus was analysed by
optical emission spectroscopy with inductive plasma source (ICP-OES,
PerkinElmer OPTIMA 8300), operated under the following conditions:
plasma gas flow - 10 L/min; auxiliary gas flow - 0.2 L/min; nebulizer gas
flow - 0.70 L/min; sample flow - 1.50 mL/min; RF Power - 1450 W;
viewing modes - radial and axial; reading time - 2-5 min; read delay - 80
s; normal resolution; internal standard — yttrium. For quality control,
this analytical procedure was tested with analytical replicates, two
blanks prepared using the same analytical methods and Certified
Reference Materials (CRMs) with an accuracy of R<5%: NIM-L (MIN-
TEK, South Africa), JR-3 and JA-2 (GSJ, Japan), GSR-1 and GSR-5 (IGGE
IRMA, China). Multi-element Quality Control (QC) solution accounted
for less than 2% and CRMs were run every 10 samples.

Determination of sulphate ion (504_2) followed the method
described by Singh et al. (2011): sulphate was extracted by an acidified
ammonium acetate solution and converted to a BaSO4 suspension under
controlled conditions. The resulting turbidity was measured by molec-
ular absorption spectrophotometry at a wavelength of 420 nm on a
Thermo Scientific (Evolution 201) spectrophotometer, using a K;S04
solution as standard.

3.6. Diatoms
For diatom identification, samples (0.01 g dry weight) were pro-

cessed according to standard techniques (Renberg, 1990). Cleaned
subsamples were dried onto coverslips and mounted onto microscope
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slides with Naphrax (RI = 1.74). Identification was undertaken with a
magnification of 1000x using a Nikon Eclipse 600 microscope with
Nomarski differential interference contrast optics. A minimum of 300
valves were counted per sample. [nterpretation was based on the diatom
species (with relative abundances equal to or higher than 5% in at least
one sample), environmental preferences (salt, brackish or fresh water),
habitat and lifeform (benthic, thycoplanktonic or planktonic), following
Vos and de Wolf (1993).

4. Results
4.1. Chronology and age-models

Table 2 shows results obtained from radiocarbon dating for different
cores collected in the Sado channel, Laxique, Arapouco and ALC-S. All
radiocarbon dates fall within the Middle-Late Holocene transition and
Late Holocene, reflecting the sedimentary pattern and changes occurred
in the last 4500 years (Table 2).

Fig. 3 presents the age-models draw for Laxique, Arapouco (Costa
et al., 2019) and ALC-S, based on the radiocarbon dates.

The Arapouco age-model was published and discussed in Costa et al.
(2019). Briefly, mean SR of 2.2 cm yr ! were determined for the interval
between ca. 3600 cal BP (—425 cm MSL) and 3232 cal BP (at a depth
corresponding to the present-day MSL) and mean SR of 0.06 em yr—!
were calculated for the last 3230 years (above MSL until the top of the
core located at 220 em MSL; Fig. 3).

The age-model draw for ALC-S was based on only two radiocarbon
dates (Table 2) and should be looked cautiously; however a similar
sedimentation pattern was found with high SR of 2.4 cm yr—! between
680 and 600 cal BP (the base of the core at ca. —120 cm1 MSL and 80 cm
MSL), and a SR of 0.12 cm yr ! for the last 600 years (Fig. 3; age-nodel
adapted and updated from the one published in Moreira, 2016). Like-
wise, in Laxique, despite lower than the ones determined for Arapouco
and ALC-S, higher sedimentation rates of 0.75 cm yr~* were determined
for the interval between 4400 cal BP (at the core base) and 4000 cal BP
(90 em MSL) and lower sedimentation rates of ca. 0.07 cm yr’l were
calculated for the sedimentary column between 4000 and 970 cal BP
(290 ecm MSL; Fig. 3) from where SR increases to values of 0.17 cm yr_1
until ca. 1950 AD (460 cm MSL). In the last 150 c¢m, very high SR of 2.5
em yr~! were determined, but this value can somehow be affected by
agriculture procedures. According to the model settings, the goodness of
fit was 4.3 despite the short number of available dates (4) and the model
was accepted. Ages and uncertainty ranges for each date were calculated
for each em and best-fit dates were used for the presentation of the re-
sults and interpretations.

4.2. Texture and composition: multi-proxy analyses from the Laxique
sedimentary succession

Laxique is a sediment core mostly constituted by grey to brown sandy
mud (CF between 20% and 40%), slightly sandy mud and mud (CF lower
than 20%; Fig. 4A) excepting the basal sample (—195 to —200 cm MSL),
characterized as sandy gravel (63% gravel, 37% sand and negligible
amounts of mud; following Folk, 1954, Fig. 4D). The coarse fraction is
essentially constituted by quartz, with very rare to slightly abundant
heavy minerals and micas (biotite and muscovite). Changes in the coarse
fraction composition are described below. Very rare to rare macroplant
remains (e.g. wood fragments, seed, fibres, spores) are present in all
samples.

The gravel and sand components of the basal sample are constituted
by angular centimetric clasts containing essentially quartz and quartzite
and, at a lesser extent, by shale, granite, greywacke and sandstone,
among other less representative rock materials. Despite only the top 5
cm sediment of this coarse unit were sampled and no other analyses
were performed, a basal Unit 0 was established, at least between —440 m
and —195 m MSL, until where the corer sample drilled. The ERT profile
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Table 2
Radiocarbon determinations in organic sediment for the cores used in this work. The dates have been calibrated with the IntCal20 curve (Reimer et al., 2020) using the
Oxcal v.4.4 (© Bronk Ramsey, 2020) and the NH zone 2 curve (Hua et al., 2013)*.

Sample reference Lab code Material Core depth Height (cm 8'%¢ Conventional'*C age Calibrated age BP Reference
(cm) MSL) (%0) BP (95%)
Laxiquel 150-152% Beta- Bulk organic 151 459 —24.9 101 =+ 0.38pMC* —6to -7 This work
510626 sediment
Laxique 320-322 Beta- Bulk organic 321 289 -25.8 1060 + 30 1056-1024 (16.8%) This work
482231 sediment 1007-926 (78.6%)
Laxiquel 521-523 Beta- Bulk organic 522 88 -26.0 3670 + 30 4090-3900 (95.4%) This work
51062 sediment
Laxique 801-803 Beta- Bulk organic 802 -191 -25.9 3940 + 30 4515-4480 (10.2%) This work
476962 sediment 4445-4289 (82.8%)
4270-4254 (2.5%)
Arapouco2#9 152- Beta- Bulk organic 153 67 —25.4 2620 + 30 2776-2721 (95.4%) Costa et al.
154 436176 sediment (2019)
Arapouco2#10 200- Beta- Bulk organic 201 19 —25.4 3170 + 30 3454-3346 (95.4%) Costa et al.
202 408535 sediment (2019)
Arapouco3#2 354- Beta- Bulk organic 355 -135 —-22.7 3100 + 30 3383-3227 (95.4%) Costa et al.
356 393523 sediment (2019)
Arapouco3#4 552- Beta- Bulk organic 553 —333 -23.5 3400 + 30 3815-3801 (2.0%) Costa et al.
554 408534 sediment 3718-3564 (93.4%) (2019)
Arapouco3#5 624- Beta- Bulk organic 625.5 —405,5 —-23.4 3210 + 30 3468-3371 (95.4%) Costa et al.
627 431370 sediment (2019)
Arapouco3#5 635- Beta- Bulk organic 636 —416 -23.5 3330 + 30 3636-3466 (95.4%) Costa et al.
637 431371 sediment (2019)
ALC-S S1 0.78-0.79 Beta- Bulk organic 78.5 72 —23.2 610 + 30 651-546 (95.4%) Moreira, 2016
417791 sediment
ALG-S S1 2.68-2.69 Beta- Bulk organic 268.5 —118 —25.6 740 £+ 30 725-652 (95.4%) Moreira, 2016
417792 sediment
H
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Fig. 3. Sedimentation rates (SR) determined for the sediment cores Laxique, Arapouco (Costa ef al., 2019) and ALC-S (age-model updated from the one published in
Moreira, 2016). For description of the units, represented by the different colours for Laxique, see the section below. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

performed near Laxique is consistent with the existence of coarse ma- Above —195 cm, changes in depth in all the analysed proxies were
terial in depth (Mota, 2017). However, deep boreholes crossing the identified and based on these changes Laxique was divided in 6 main
infilling are needed to confirm this hypothesis. sedimentary units, which were subdivided in smaller subunits when
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Fig. 4. Representation of the different sedimentological units identified in Laxique. A - LOG and representation of texture (sand vs. mud) and magnetic susceptibility
(MS) against depth below surface and height, with identification of the depth where the plastic fragment was collected (25 cm core depth). B - Plastic fragment photo
and p-FTIR analyses graph reflecting its components (polyethylene); C - Down-core distribution (between —50 and —120 cm MSL; 660 and 730 cm core depth) of
diatom assemblages. D - Photo of the sample collected between —200 and —195 em MSL separated by ¢ and ternary-plot gravel-sand-mud with representation and
classification of the sample collected at the core base, following Folk (1954). Photos © José Vicente | Agéncia Calipo.

necessary, due to profile changes in one or more proxies (Figs. 4-6).
Sedimentary statistic parameters are presented in Table 3.

Unit 1 (between —195 ¢cm and —160 cm MSL) is constituted by
brown slightly sandy mud coarsening upwards to a sandy mud associ-
ated with a peak in the MS between —187 and —161 em MSL reaching
values of 86 x 107> SI (Fig. 4A; Table 3). The sand content may, in part,
be associated with bioturbation (described while sampling). Most quartz
grains present clean surface, but some show orange colours related to Fe
coating. The OM content is low which is consistent with the low contents
of Corg and N and the C/N ratio presents constant values around 10
(Figs. 5 and 6). The 5'3C and the 8N reflect a freshwater/terrestrial
source for the organic material (Figs. 5 and 6; Lamb et al., 2006; Khan
et al., 2015).

Unit 2 with only 30 cm height (between —160 and -130 cm MSL) is
marked by abrupt changes in several analysed proxies. This unit is
characterized as a slightly sandy mud with low contents of coarse ma-
terials. In the coarse fraction, very rare to rare fibrous gypsum grains
occur. Magnetic susceptibility is low (Fig. 4A) with the maximum MS

values recorded at the top of the unit, reaching 27 x 107> SIat —130 cm
MSL. Total OM, Cqr and N increase in relation to Unit 1, as well as the C/
N ratio (Figs. 5 and 6; Table 3). Notwithstanding, 513, 8'°N and nu-
trients have similar values to Unit 1, with the NO3~ presenting the
highest values of the sedimentary succession, above 90 mg kg ' (Fig. 6).

Unit 3 (between —130 and —50 cm MSL) was primarily identified
due to the presence of diatoms (Fig. 4C) and higher contribution of
marine compounds to the particulate organic carbon (Fig. 5). It presents
low MS response (Fig. 4A), low 81°C and 8!°N values and C/N ratio ca.
12. 6'3C, C/N and OM decrease progressively upwards, whereas 8'°N
content is almost constant (Figs. 5 and 6). However, the results of the
subsequent analyses made possible to distinguish two different sub-
units. Sub-unit 3A (between —130 and —90 cm MSL) is constituted by
sandy mud at the base and mud to the top (the content of the CF
increasing to ca. 15% in the top sample) with low content in particles
susceptible to magnetize (Fig. 4A). Rare quartz grain surfaces present
iron oxide coating (FeO) and iron oxide minerals were identified in the
base samples as well as gypsum crystals and fibrous and nacreous
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Fig. 5. Representation of the sedimentological and organic analysed proxies against depth below surface and height: total organic matter (OM), organic carbon
(Corg)y C/N, 513C and particulate organic carbon (POC) with terrestrial, freshwater and marine origin (Alonso-Hernandez et al., 2007).
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Fig. 6. Representation of the nutrients against depth below surface and height: Total nitrogen (N), nitrates (NOz ), 51N, sulphates (SO4 %, phosphates (PO4 %) and
phosphorus (P).



A.M. Costa et al.

Quaternary International xxx (xxxx) xxx

Table 3
Sedimentological and chemical statistic parameters of the defined units (Costa et al., 2021).
CF MS oM N 815N G 8l3¢c C/N  NO; (mg PO, 3 (mg P (mg S04 2 (mg
(%) x107° (%) (%) (%0) (%) (%) kg kg™ kg™) kg )
SI
UNIT SuU- average 14.8 35.6 4.2 0.10 6.4 0.90 —25.6 9.3 19.5 1101.3 366.5 70.8
6 6C max. 21.8 60.5 6.7 0.18 75 1.89 —24.6 10.3 37:3 17316 480.4 106.6
min. 10.1 13.7 3.1 0.05 5.7 0.43 —26.3 8.0 1.2 624.3 279.6 32.4
Su- average 17.1 38.2 4.5 0.11 6.3 1.09 —25.4 9.8 29.2 1145.0 406.2 111.6
6B max. 19.2 61.3 5.6 0.14 6.7 1.46 ~25.0 10.8 357 1354.4 460.4 141.8
min. 132 28.2 31 0.07 5.9 0.59 —25.7 7.9 25.3 828.3 342.6 73.4
SU- average  11.1 62.0 3.7 0.06 73 0.55 P 8.9 23.9 1072.6 350.2 65.6
B6A max. 17.9 76.7 4.8 0.09 8.3 0.93 —24.8 9.8 38.7 1249.5 505.5 103.6
min. 3.6 30.6 2.9 0.05 6.4 0.45 —25.7 8.1 14.8 590.6 250.4 19.8
UNIT 5 average 5.0 229 4.7 0.07 6.0 0.78 —26.5 10.8 229 692.5 295.4 252.1
max. 12.5 32.7 5.8 0.09 7.4 1.08 —26.2 12.0 32.8 1261.9 428.1 535.8
min. 1.9 6.6 3.8 0.05 5.2 0.54 —26.8 9.9 13.6 46.3 173.1 59.6
UNIT 4 average  21.4 30.4 5.3 0.05 5.7 0.50 ~26.2 9.6 42.1 1472.2 304.4 218.4
max. 43.2 37.9 5.4 0.07 6.4 0.74 —25.8 11.0 63.2 2404.3 362.0 431.7
min. 5.9 17.5 3.4 0.04 4.6 0.32 ~26.5 7.8 77 181.4 225.2 28.6
UNIT Su- average 11.8 15.2 3.3 0.06 5.1 0.62 —26.1 9.9 49.0 1569.6 245.5 64.9
3 3B max. 34.0 211 6.3 0.07 5.7 0.84 —~26.0 IS 51.4 1798.8 379.3 66.5
min. 3.6 12.6 4.3 0.04 4.7 0.36 —26.2 8.1 46.6 1340.5 111.7 63.2
Su- average 13.6 13.2 6.0 0.10 5.0 1.16 —25.9 11.9 10.6 101.4 146.8 3885.7
3A max. 40.5 8.8 7.3 0.12 5.2 1.46 —25.6 12.8 31.4 193.3 311.2 22430.6
min. 1.9 28.2 4.8 0.07 4.9 0.80 ~26.2 11.3 0.8 69.0 107.2 215.8
UNIT 2 average  15.2 15.1 6.9 0.14 5.0 1.82 ~25.9 13.0 117.8 1332.2 257.5 403.9
max. 25.35 26.6 7.6 0.15 5.1 1.86 —25.9 13.2 117.8 1332.2 257.5 403.9
min. 7.2 77 5.6 0.14 4.9 1.79 —26.0 12.6 117.8 1332.2 257.5 403,90
UNIT 1 average 23.5 49.8 4.1 0.05 6.0 0.46 -26.1 9.8 108.6 1644.0 380.8 488.5
max. 31.2 85.8 4.9 0.05 6.4 0.55 —26.0 10.2 126.9 1685.6 404.3 541.2
min. 15.4 32.4 3.5 0.04 5.7 0.41 —26.2 9.5 90.3 1602.4 357.3 435.9

gypsum grains. Heavy minerals increase to the top. Charcoal fragments
only occur in the top samples. The Sub-unit is marked at the base by a
sharp peak in the concentration of S04~ that reaches values of 22,430
mg kg! at —128 cm MSL (Fig. 6), being the concentration of S0472
always high within this sub-unit despite decreasing progressively up-
wards (Fig. 6), similarly to other compounds. The high contents of S04 2
are probably related to the presence of gypsum crystals. Conversely, the
contents of NO5~, PO, > and P present the lower contents of all the
entire sedimentary succession, with the lower concentration of NO3
and PO, > coincident with the peak the sulphates (Fig. 6). Despite the
low contents of P, a peak occurs at —120 cm MSL with values of 310 mg
kg’l. Sub-unit 3B (between —90 and —50 cm MSL) is characterized as
slightly sandy mud, and sandy mud at the very top, according to its
contents in coarse sediments (Fig. 4A). In coarse fraction quartz grains
present clean surfaces. Iron oxide minerals occur at the top samples.
S04~ 2 decreases one order of magnitude to mean values of 66 mg kg™!
Phosphorus has low values at the base but increases to values of 330 mg
ke™! ar the top of the Sub-Unit (Fig. 6). The dominant diatoms at Sub-
unit 3A are polyhalobious diatoms mostly with a planktonic life form
such as Cymatosira belgica, Thalassionema nitzschioides, Thalassiosira
eccentrica which are later replaced in Sub-unit 3B by benthic species like
Tryblionella navicularis and Navicula incerta with lower salinity prefer-
ences (Fig. 7).

Unit 4 (between —50 and 88 cmm MSL) has variable contents in the CF

being characterized as mud until ca. 9 ecm MSL, and as slightly sandy
mud and sandy mud to the top where MS presents slightly higher values.
This Unit is characterized by the presence of very rare to rare calcite
grains in the coarse fraction at the base and abundant calcite grains at
the top near the transition to Unit 5. In addition, FeO minerals are
slightly abundant to abundant. Total OM has a decreasing trend to the
top and the maximum values of Cy¢ and N (0.7% and 0.07%, respec-
tively at 4 and 9 cm MSL) are coincident with the higher contents of OM
(Figs. 5 and 6). Similarly to the Units below, 813C has values of —26%o
while 8'°N varies between 6.4 and 4.6%o. C/N ratio ranges between 11
and 7.8 (Fig. 5). The concentration of NO3 P04~ and P are similar to
Sub-unit 3B, but decrease at the top of the Unit (Fig. 6). However, the
transition to Unit 5 is marked by an increase in the PO4~> and P contents
that reach concentrations of 2400 mg kg™! and 360 mg kg%, respec-
tively. Sulphates decrease to very low values of 28 mg kg at the top of
the Unit (Fig. 6).

Unit 5 (between 88 and 289 cm MSL) is composed by very fine
sediments (mud) with low contents of CF and low MS values despite the
slightly coarser sediments at the base between 88 and 148 cm MSL with
CF mean values of 10% (sandy mud) (Fig. 4A). In coarse fraction quartz
grains are coarser than in the units below. Some grains present orange
surface due to Fe coating. Iron oxides and orange sandstone fragments
were identified above 400 em (i.e. 210 em MSL) and slightly abundant
ore slag fragments were also identified in the samples above 362 cm (i.e.
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Fig. 7. Diatom taxa, life form and salinity in Sub-units 3A and 3B.
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250 em MSL). The OM content has mean values of 4.7%, Corg presents
mean contents of 0.8% with a maximum value of 1.1% at 230 cm MSL
and N shows mean values of 0.07%. The C/N ratio varies between 12
and 9.9, presenting slightly higher values than the Unit 4. 8*3C has the
lower values of all the sedimentary succession, always lower than —26%.
and 8'°N varies between 7.4 and 5.2%o, with the higher value measured
at 160 cm MSL. Sulphates vary between 150 mg kg ' at 180 em MSL and
536 mg kg1 at 200 cm MSL, decreasing to the top of the Unit to values
lower than 80 mg kg™!. The concentration of NO5™ is low, below 33 mg
kg~!. Phosphates concentration range between 150 and 46 mg kg !
from the base of the Unit until ca. 150 cm MSL, increasing to high values
of 1261 mg kg ! upwards. Phasphorus has a diminishing tendency until
200 em MSL, from where it starts to increase reaching values of 430 mg
kg™! at the top of the Unit. No signs of bioturbation were identified
while sampling.

Unit 6 corresponds to the top 3 m of the core deposited during the
last ca. 1000 years (between 289 and 610 cm MSL; Fig. 3). The Unit was
divided in three sub-units based on changes in several proxies, partic-
ularly MS, Cqyg, N and &3¢ (Figs. 5 and 6). In general, OM decreases in
relation to the Units below and nitrates are almost constant over the Unit
presenting low values resumed in Table 3.

Sulphates present values lower than 140 mg kg™. Sub-unit 6A
(between 289 and 410 cm MSL) is composed by a slightly sandy mud
with relative high values of MS ranging between 30-40 x 107° at the
base (ca. 289-310 cm MSL) and between 50-77 x 10~ between 310
and 410 cm MSL. The Cy and N contents decrease from maximum
values of 0.9 and 0.09% at the base and minimum values of 0.5 and
0.05% at the top, respectively (Figs. 4A and 5) with C/N ranging be-
tween 9.8 and 8.1. 8'°C reaches high values of —24.8% at ca. 390 cm
MSL, one of the higher 8'°C values of the entire sedimentary succession
(Fig. 5). Phosphates decrease upwards from 1250 to 1175 mg kg 1,
reaching a low concentration value of 590 mg kg™ at ca. 390 em MSL
and P decrease from ca. 500 mg kg~ to 250 mg kg~ at ca. 370 cm MSL,
slightly increasing upwards to ca. 350 mg kg ™! (Fig. 6; Table 3).

Sub-unit 6B (between 410 and 460 cm1 MSL) is only 50 em thick, but
it is characterized by increases in the OM (increasing from 3.1% to
5.6%), Corg (minimum values of 0.6% at the base, reaching 1.5% at 440
cm MSL), N (increasing from 0.07 at the base to 0.14 at the top), PO4_3
(inereasing upwards from ca. 830 to ca. 1350 mg kg 1) and P (also
increasing upwards from concentration of 340-460 mg kg™ 1) contents.
By opposition, MS values decrease to minimum values of ca. 30 x 107>,
813C is in general lower than in Sub-unit 6A (Figs. 4A, 5 and 6).

Sub-unit 6C corresponds to the top 150 cm of the core, deposited
during the last 50 years. It is composed by slightly sandy mud, with CF
contents always higher than 10%. Among the sediment, a plastic frag-
ment of polyethylene of recovered at ca. 580 cm MSL (Fig. 4B). It is
characterized by a new increase in the MS values with a maximum peak
of 61 x 107> at the base of the Sub-unit (Fig. 4A). The OM contents
decrease, Corg has lower values but with two peaks at 520-530 and
600-610 cm MSL exceeding the 1% (Fig. 5). Nitrogen increase from
0.05% at the base to 0.18% at the very top, but two values of 0.12% were
measured between 520 and 530 em MSL (Fig. 5). Phosphates and P have
similar behaviours varying between 624 and 1731 mg kg * and 280 and
480 mg kg2, respectively (Fig. 7) with the higher values at the very top
of the core.

5. Discussion

5.1. Source of materials in the upstream reaches of the Sado estuary
during the Mid-Late Holocene

The sandy gravel sediment from Unit 0 lacks in organic materials and
its source can only be achieved based on the characterization of clasts.
The presence of angular centimetric clasts containing essentially quartz
and quartzite with the presence of greywacke, granite, shale and sand-
stone point to the proximity of the source area and to the important
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influence that Rio Xarrama, that crosses rocks from the South Portu-
guese Zone (Pulo do Lobo formation) and from Ossa-Morena Zone
(granites, diorites and gabbros; Fig. 2B), has concerning the supply of
material to the Sado, at least before 4400 cal BP (Fig. 8A).

C/N, 8'3C and 8°N data are frequently used as proxies for the source
of the organic matter and for the reconstruction of paleo sea-level curves
(e.g. Meyers, 1994, 1997; Wilson et al., 2005a, 2005b; Lamb et al., 2006;
Castro et al., 2010; Khan et al., 2015) since, even after early degradation
processes, paleoenvironmental and source information remains pre-
served in the molecular and isotopic composition of the organic mate-
rials (e.g. Meyers, 1994). Particular attention should be given to 8°N
since its degradation could lead to either depletion or enrichment of 1°N
(e.g. Meyers, 1997) and it can result from the introduction of terrestrial
derived inorganic N. However, in Laxique, the correlation between OM
and Corg and N is positive and very significant, with R2 values of 0.96 and
0.95, respectively, reflecting mainly an organic source for the materials
in spite of dependent on sediment particle size (e.g. Rumolo et al., 2011;
Gao et al., 2012). Similarly, the correlation between Cgrg and N is pos-
itive and very significant for all the defined Units reflecting the same
source of both organic components within each Unit (Fig. 9A). 8'3C
values vary between —26.8 and —25.6%0, C/N between 7.9 and 10.8
(Fig. 5) and 5'°N between 4.6 and 7.4%o in Units 1 to 5 (Fig. 6; Table 3)
pointing to materials originating mainly in terrestrial and freshwater
environments (e.g. Lamb et al., 2006; Castro et al., 2010, Fig. 9B and C).

Comparing the Laxique isotopic values and C/N ratio with the data
obtained from Arapouco and ALC-S (Fig. 9), they are quite similar to the
values determined for the sediments accumulated in the alluvial plain
(Arapouco Unit 5) and differ from the values determined for the ancient
(Arapouco Unit 2 to 4) and current intertidal areas (Arapouco superficial
sample and ALC-S), confirming the strong influence of freshwater and
terrestrial organic materials reaching Laxique in the Late Middle and
early Late Holocene.

In Unit 5 8'3C values are lower than in Units 1 to 4 (Fig. 5) and seem
to reflect an increase in the contribution of organic matter from terres-
trial plants and freshwater phytoplankton (Fig. 9B and C). In Unit 6 the
isotopic values and C/N ratio deviate from the values determined for the
Units below (Units 1 to 5) showing higher 5'3C and 8'°N values and
lower C/N ratios that most probably are related to the anthropic
manipulation of the area, by the addition of manure and fertilizers in
agriculture and the discharge of wastewaters into rivers and coastal
areas (see discussion 5.6 below).

Despite relative homogeneity in C and N values, changes in the other
analysed proxies, including nutrients, suggest modifications in the
environmental conditions, particularly between Units 1 and 4. In Lax-
ique, the contents of nutrients are not related to texture R? < 0.2), OM
(R? < 0.05) or Corg (R? < 0.1). The chemistry of nutrients in aquatic
sediments is complex and thus, good correlations with other sediment
components are not always found. For instance, the lack of correlation
between the distribution of phosphorus and the organic matter content
could be related to the low Cy content, to the complex nature of the
organic matter itself, to the predominance of inorganic-P forms and to
the intricate relationship among the different sediment components
(coating formation, particle cementation, competition for adsorption
sites, among others), as observed by Pardo et al. (2003). In Laxique
sediments, P, in phosphate (PO4’3) and rotal forms (Py) may reflect the
importance of minerals inherited from the setting lithologies. The ge-
ology of the drainage area of the Sado river, characterized by a high
diversity of sedimentary rocks with carbonate nature (sandstones, con-
glomerates, limestones and marls) and a high diversity of igneous,
metamorphic and metavolcanic rocks, a few of them bearing massive
sulphide pollymetalic deposits, may represent a greater source of P, from
mineralogical forms as apatite (Ca-P), to phosphate anions fix-
ed/adsorbed in/on sheet silicates and Fe-, Al-oxi-hydroxides (e.g. Zhang
and Kovar, 2000; Slomp, 2011; Koziorowska et al., 2018), common
weathering products of the aforementioned lithologies (Fonseca et al.,
2011). Given this, in-depth changes in P and PO, > will point essentially
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to high/lower river flows and sediment load to the estuary. Other nu-
trients and also, at a lesser extent, P and PO, content changes in the
sedimentary column are most likely dependent on nutrient biogeo-
chemical processes.

5.2. Environmental characterization at the end of Middle Holocene at
Laxique

Unit 1, accumulated between ca. 4400 and 4350 cal BP, is coarser,
with Fe-oxides precipitations in some quartz grain surfaces and Fe-
minerals (Fig. 4A), P and PO, with low concentration, such as
organic materials (Figs. 5 and 6) pointing to higher fluvial influence and
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relative higher energetic conditions. Magnetic particles, sourced from
the Iberian Pyrite Belt (Fig. 2A), are also transported and accumulated in
the area (Fig. 4). The deposition of Unit 1 can result from high precip-
itation events, in a prevailing drier climate (e.g. Fletcher et al., 2007)
that increased river transport competence. Accordingly, the fluvial and
terrestrial particulate organic carbon combined adds up to more than
80%, according to the values determined by the equations used by
Alonso-Hernandez et al. (2007) (Fig. 5), with ca. 60% POC derived from
freshwater sources. High river discharges during high precipitation
events are typical of Mediterranean rivers and the occurrence of such
conditions during the deposition of Unit 1 allows to characterize the
Sado as a Mediterranean river, with a strong Mediterranean character, at
least, since the end of the Middle Holocene. Indeed, western Mediter-
ranean Late Holocene is characterized by prevailing drier climatic
conditions since ca. 5000-4000 cal BP (Fletcher et al., 2007, 2013;
Carrién et al., 2010; Chabaud et al.,, 2014; Gomes et al., 2020) with
peaks of high fluvial activity that promote regular to sporadic inunda-
tion of distal estuarine areas in South Iberia (Vis et al., 2010, Fig. 10).
The availability of sediment can also result from vegetation retreat due
to the establishment of drier climatic conditions (e.g. Fletcher et al.,
2007, 2013; Carrion et al., 2010; Chabaud et al., 2014; Gomes et al.,
2020).

In Unit 2, deposited between 4350 and 4300 cal BP, coarse materials
decrease to the top such as the magnetic materials (Fig. 4A) while
organic compounds increase, reaching to maximum values in OM, Corg
(Fig. 5) and N (Fig. 6), reflecting a low energy environment with limited
fluvial inputs. Organic matter sourced in freshwater organic materials
seem to have a higher abundance in the total organic matter content,
slightly decreasing the organic matter with terrestrial origin (Figs. 5 and
9). The presence of gypsum in Unit 2 is also indicative of dry conditions.

In both Units 1 and 2 diatoms are absent, but bioturbation and
macro-plant remains were identified. This upward fine succession
accumulated between —195 and —130 cm (Units 1 and 2, total 65 cm
thickness) may result from deposition in a tidal flat (sandflat to
mudflat)/C3 marsh environment (Fig. 9C; Khan er al., 2015), in the
transition zone between the fluvial-estuarine boundary and the limit of
tidal influence with very low to absent salinity contents, receiving
essentially organic material from terrestrial and freshwater sources,
similar to the conditions currently prevailing upstream Arapouco
(Figs. 1 and 8A).

Assuming a mean sea-level rise rate of 0.31 mm yr~ (Costas et al.,
2016), a MSL placed at —140 to —130 cm below the present-day MSL
during the interval between 4400 and 4300 cal BP and considering tidal
characteristics similar to the present, the development of tidal flat areas
are expected. Presently, the Sado intertidal platforms develop between
—1.8 and 2 m MSL (Moreira, 1992).

In addition both Units present the highest contents of NO3 ™ of the
sedimentary succession, and high contents of PO, and P (Fig. 7). The
high concentration of NO3~ can result from high rates of atmospheric N
fixation by aquatic organisms. In upper estuarine shallow environments,
turbidity conditions and light limitations limit the uptake of nitrate by
benthic nitrifying communities. In such conditions NO5~ can be buried
in sediments under the presence of oxidizing conditions (e.g. Scanes
et al., 2017). It can also result from high NO3~ and NH,™ fluvial inputs
into the system, followed by high nitrification rates in the estuarine
superficial sediments and rapid burial and storage due to high SR. In
coastal shallow waters nitrification is enhanced, for instance, by the
input of organic materials (e.g. Henriksen and Kemp, 1988).

As mentioned above, the high concentration of P and PO, % can
derive from higher fluvial activity (Fonseca et al., 2011).

5.3. Maximum extension of the estuarine (saline) area at the Middle to
Late Holocene transition

Unit 3A, accumulated between 4300 and 4250 cal BP, is character-
ized by high contents of S04~ 2, by the presence of gypsum at the base
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and by the presence of diatoms (Figs. 4B and 7), while NOs3 ™, PO, 3 and
P decrease to minimum values (Fig. 6) pointing to the flooding of marine
waters and low fluvial activity. The diatoms in this Sub-unit indicate
initial tidal conditions, moving in the uppermost part to a subtidal
environment characterized by the dominance of the marine semi
planktonic Cymatosira belgica which outnumbers benthic/epiphytic
diatoms.

Nowadays the fluvial-estuarine boundary is placed near Arapouco
(Figs. 1B and 8C; Bettencourt and Ramos, 2003), but only influences the
present-day Sado channel, a narrow channel incised in the alluvial
sediments that are essentially fed by the fluvial network during flooding
episodes (Costa et al., 2019). Estuarine conditions were present at
Arapouco until ca. 3240 cal BP, being the fluvial-estuarine boundary by
that time located at upstream reaches of the Sado still unknown (Costa
et al., 2019).

According to paleocological and paleoenvironmental data and taking
into consideration the depth of the Unit (-130 to —90 MSL) and
contemporary MSL (ca. —130 cm MSL assuming a MSL rise rate of 0.31
mm yr_l; Costas et al., 2016), at the time of deposition of Unit 3A the
fluvial-estuarine boundary was located near Laxique, allowing for the
occasional flooding of the area by marine waters (Fig. 8B). Even under
marine influence, organic source indicators (Corgs Ntots 613C, 51°N) point
to the prevalence of terrestrial and freshwater organic materials, being
the incorporation of marine organic matter recorded by a slightly in-
crease in the 813G values (Figs. 5 and 9), reflecting the proximity of the
freshwater and terrestrial organic sources to the study area and indi-
cating the very upstream limit of the estuarine area at the transition to
the Late Holocene.

Similarly to what was described for other portuguese (Azevédo et al.,
2010; Baptista et al., 2010) and worldwide estuaries (Liu et al., 2007;
Shaha and Cho, 2016; Robins et al., 2018; Ospino et al., 2018), low river
discharges enhance marine water intrusion, certainly promoting
changes in the environmental conditions. Similar to what was inter-
preted for Arapouco (Costa et al., 2019), the influence of marine waters
at upstream areas of the Sado could have resulted from low river dis-
charges due to low precipitation periods. At Laxique, low fluvial
discharge during the deposition of Unit 3A is attested by the low values
of MS and by the prevalence of muddy sediments. Sado has a Mediter-
ranean flow regime with high seasonal variable fluvial discharges and
occasional flow peaks. Variable flow river systems are less effective in
controlling estuarine stability (Azevédo et al., 2010), certainly allowing
for fluctuations on the fluvial-estuarine boundary. In addition, positive
of sea-level rise rate oscillations promoted by regional climatic factors
(e.g. Church er al.,, 2013) and enhanced storminess periods, can also
affect the position of the fluvial-estuarine boundary. Indeed, in the curve
draw by Costas et al. (2016) that modulates the MSL rise for the last
6500 years in the Sado estuary, small positive oscillations of MSL were
identified, particularly ca. 4000 years ago. These oscillations were not
further studied due to method resolution. However, most probably,
small MSL oscillations under a prevailing drier climate (e.g. Fletcher
et al., 2007; Chabaud et al., 2014; Gomes et al., 2020) and low fluvial
activity will contribute to enlargement of the estuarine area and to the
retreat of the fluvial-estuarine boundary. It is also worth noting that a
shoreline retreat was identified in the Troia spit at ca. 4000 years ago
(Costas et al., 2015). A similar pattern, with increased marine influence
and retreat of the fluvial-estuarine boundary seemed to have occurred at
Arapouco, despite later, between 3400 and 3300 cal BP (Costa et al.,
2019), derived from similar conditions, evidencing recurrent fluctua-
tions of the fluvial-estuarine boundary mostly due to climate factors and,
at a lesser extent, MSL oscillations. Fluctuations on the MSL rise rate
have not yet been identified in the curves draw for the Tagus estuary.
Notwithstanding, the record of changes in the MSL rise rate and the
influence of such oscillations in the environmental conditions of both
estuaries can also be dependent on these two river hydrological pa-
rameters that differ severely, at least considering their natural mean
annual flows.
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Unit 3B, accumulated between 4250 and 4200 cal BP, is character-
ized by new fluvial inputs reflected by the increase in the sand content
(Fig. 4A). Nitrate, PO, and P increase while S0472 decrease pointing
to the regression of the fluvial-estuarine boundary and to the estab-
lishment of more fluvial conditions. However, diatom assemblages
indicate to some extent still the influence of marine water (Figs. 4 and 7).
Diatom assemblages are made by common benthic and widespread
species in intertidal zones of estuaries and marine coasts worldwide.
Assemblage is dominated by large mobile epipelic species characteristic
of mudflats environments.

Unit 4, accumulated between 4200 and 4000 cal BP, marks the
transition to the upper intertidal environments. It is characterized by
episodes of fluvial sediment loads reflected by the increase of sandy
sediments (Fig. 5) and the slightly increase in MS values. At Arapouco
(Costa er al., 2019) magnetic particles/elements were associated with
the fine particles. However, the presence of FeO minerals and quartz
grains with Fe coating will likely be influencing the magnetic response of
the sediments at Laxique. Arapouco locates ca. 15 km downstream
Laxique. According to our results, under high stream discharges coarse
sediments accumulate at the upstream reaches of the estuarine area
while finer sediments with magnetic particles are transported and
accumulated more downstream. Nitrate, PO, ™, P and SO4 2 contents
are similar to Sub-unit 3B decreasing in the top of the Unit (Fig. 6),
probably in response to the increase of coarse particles. The sharp var-
iations of PO4 > at the transition to Unit 5 is most probably reflecting the
influence of biogeochemical changes (ancient redox boundaries) in the
sediment profile than environmental changes once PO, tend to be
retained in the sediment in the presence of oxidizing conditions (e.g.
Scanes et al., 2017). The presence of shallow and sharp redox potential
boundary in the sediment can point to high organic matter supply and to
low bioturbation, indicating eutrophic conditions at ca. 4000 cal BP.

Unit 4 is a threshold considering the marine influence at Laxique.
From 4000 cal BP onwards, sedimentation occurs essentially under
fluvial conditions with sedimentation contributing to the aggradation of
the alluvial plain. Since 4000 years ago the progradation rate of the
Troia sand spit increased and the barrier grew north (Costas et al., 2015)
certainly reducing the water exchange between the sea and the river and
allowing for the progradation of fluvial environments.

5.4. Environmental characterization at the Middle to Late Holocene
transition

Similarly to Units 1 and 2, Units 3 and 4 accumulate at mean high SR
of 0.75 em y ! (Fig. 3), higher than the mean sea-level rise rate deter-
mined for the Late Holocene (ca. 0.31 mm yr_l; Costas et al., 2016).
According to sediment depths (—130 to 88 cm MSL) and the projected
depth for the MSL at that time (—130 to —120 cm MSL) the environ-
mental conditions changed from a tidal flat to an upper intertidal area
offering conditions for the development of saltmarshes. However the
presence of a saltmarsh at the beginning of the Late Holocene at Laxique
is difficult to access. §'°C determined for Units 3 and 4 are quite similar
with the values measured for the Units 1 and 2 (below), reflecting
essentially organic materials sourced in terrestrial and freshwater en-
vironments. The Sado channel margins at Alcacer do Sal and Arapouco,
that represent the present-day fluvial-estuarine boundary and where low
salinity values of 0-0.5%. are present due mostly to tidal processes (e.g.
Ferreira et al., 2003), are essentially colonized by Phragmites australis
(C3 photosynthetis pathway) (Moreira, 2016), an autochthonous
cosmopolitan species that tolerates a high variety of environments.
Freshwater marshes are not described at present in the Sado freshwater
wetlands, but could have existed in the past as described between 6700
and 5800 cal yr BP in the Muge stream, a Tagus tributary (van der
Schriek et al., 2007). At present, Sado riverine margins are highly
anthropized, frequently used as agricultural fields, mostly rice crops
(Fig. 1C) and most possible inhibit the development of natural fresh-
water environments. Organic chemical data produced from superficial
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and deeper sediments collected in Arapouco (Costa et al., 2019) and
Alcécer do Sal (superficial sediments) present higher C/N, §'°C and 8'°N
values than the values determined for Units 1 to 4 (Figs. 5, 6 and 9). The
differences in these values can result from i) post-depositional processes
such as bioturbation, diagenesis or microbial degradation that are
known to affect sediment chemical signals through time, with most
expression at a scale of thousands of years, i.e. Early-Mid Holocene re-
cords (e.g. Khan et al., 2015); and ii) a higher contribution of local C3
(saltmarsh) plants and terrestrial/freshwater organic materials (lower
813C, 8'°N and N) in relation to marine organic matter (higher 613C,
51°N and N). Considering the present-day similar environmental char-
acteristics for intertidal areas of Alcdcer do Sal and Arapouco that were
taken as analogues for Laxique , the difference in the values do not
support the existence of a saltmarsh, and most probably result from an
intertidal area with strong fluvial influence, despite the influence of
marine waters, as pointed out by the similarity of values between Lax-
ique Units 3 and 4 and Arapouco alluvial sediments (Unit 5). By oppo-
sition, the difference in the values determined between the present-day
(ALC-S and Arapouco superficial sediment) and old (Arapouco Unit 2-4)
intertidal sediments (Fig. 8) point to changes due to post-depositional
processes indicating that such processes should be taking into consid-
eration also for the beginning of the Late Holocene, at least, for mid
latitude sites as SW Iberia.

5.5. Sedimentation rates, aggradation and progradation of the alluvial
environments

Sedimentation rates are highly dependent on river flows, sediment
availability and accommodation space (e.g. Brown, 1997). Sado has a
deep incised paleovalley reaching 40 m depth at Alcédcer do Sal and ca.
38 m depth at Sao Bento (Costa et al., 2020) offering accommadation
space for the deposition of sediments through the Late Quaternary. The
sedimentary pattern and the valley morphology evolution for the Sado
during the Early and Middle Holocene are still unknown. Nevertheless,
according the sedimentary record from Laxique, the valley still offered
conditions, i.e., accommodation space, for the deposition of sediments
influenced by marine waters during the Late Holocene, under prevailing
low sea-level rise rates (e.g. Costas et al., 2016; Garcia-Artola et al.,
2018). Hereupon, sedimentation is mostly dependent on river flows and
sediment availability.

Sedimentation rates determined for the three sediment cores
collected in the intertidal margin at Alcdcer do Sal (ALC-S) and at the
alluvial plain at Arapouco and Laxique (Fig. 3) deposited during the
Mid-Late Holocene transition and Late Holocene onwards indicate high
SR in depth, for sediments accumulating under low subtidal/intertidal
conditions until MSL, and lower SR for sediments deposited above MSL
corresponding to the aggradation of fluvial materials and building-up
the alluvial plain. Considering the higher SR, that exceeds the sea-
level rise rate, the available accommodation space silts-up rapidly
leading to the aggradation of the alluvial plain (low SR) and to the
progradation of the fluvial environments. The aggradation of the alluvial
plain initiates at 4000 cal BP at Laxique and took place at 3240 cal BP at
Arapouco (Costa et al., 2019, Fig. 8C). According to Moreira (1992)
saltmarshes started to develop since, at least, 2700 cal BP at the inter-
tidal margins of the present-day estuary. At Alcacer do Sal the subtidal
margins were silted-up between the 13th and 14th centuries, allowing
for the development of present-day saltmarshes (Moreira, 2016). At
present saltmarshes develop in intertidal environments of the estuary
occupying an area of ca. 7.2 km? (Moreira, 1992).

Unit 5 accumulated between 4000 and 960 cal BP, corresponds to the
aggradation of the alluvial plain at slow SR of 0.06 cm y~ . Sediments
represent a fine-up sequence constituted by sandy mud to mud with low
MS pointing to low fluvial activity (peak discharges). Similar conditions
of low fluvial activity (low peak fluvial discharges) under general wet
conditions were described for the Tagus between 3500 and 1000 cal BP
(Vis et al., 2010). A marked aridity event was defined for the Guadiana
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at 3100 cal BP (Fletcher et al., 2007) (Fig. 10). 53¢ values are low and
C/N ratio higher than 10 reflecting the terrestrial/fluvial source of the
OM (e.g. Lamb et al., 2006; Khan et al., 2015). Phosphate and P contents
increase in Unit 5 (Fig. 7). The transfer of phosphorus to estuaries can be
made through surface runoff that mobilizes particulate and dissolved P
forms from land. In addition, the erosion of soils in areas with forest
retreat greatly increased the contents of P that are transported to rivers
and estuaries once most soils highly contribute to retain P (e.g. Slomp,
2011). Palynological evidences from SW Iberia indicate a retreat in the
forest cover and progressive expansion of shrublands and heathlands
since ca. 5000 cal BP (e.g. Fletcher et al., 2007, 2013; Chabaud et al.,
2014; Gomes et al., 2020) that certainly allowed for soil erosion and the
transport of sediments by surface runoff to the river (Fig. 10). Evidence
of anthropic influence on the landscape was recognized in both the
Tagus (ca. 6000 cal BP) and the Guadiana (ca. 5000 cal BP) surrounding
areas since the Middle Holocene (Fletcher et al., 2007; Vis et al., 2010).

5.6. Anthropic influence

Unit 6 also corresponds to the aggradation of the alluvial plain
accumulated during the last 1000 years, with MSL similar to the present-
one. Similarly to the scenario described for the Tagus estuary (Vis et al.,
2010), SR increase (Fig. 3) in response to higher sediment availability
and higher fluvial (peak discharges) activity (Fig. 10) as reflected by the
slightly increase in the sand content and the high MS values (Fig. 4).
8'3C increase reaching values higher than —25%. particularly in
Sub-units 6A and 6B. In pristine estuarine environments higher §°C
values point to marine influence, with contribution of marine organic
materials to the bulk organic matter (Lamb et al., 2006; Khan et al.,
2015). However, Unit 6 correspond to the top 3 m of the sedimentary
succession, accumulated at depths between 290 and 610 cm above
present-say MSL, where the intrusion of marine water is not possible
considering present-day local tidal conditions. 5'°C and 8'°N values of
plant and soils are known to be affected by the application of manure
and mineral fertiliser in crop areas (e.g. Senbayram et al., 2008; Trea-
sure et al., 2016). According to several published works, soils with high
contribution of organic N (e.g. manure) present higher §!1°N values than
unfertilized soils or mineral-fertilised soils (e.g. Senbayram et al., 2008;
Fiorentino et al., 2015). 813C values are also affected by the input of
N-fertilisers, with soil !°C values decreasing with the application of
manure (e.g. Bol et al., 2005; Senbayram et al., 2008). Notwithstanding,
plant 813C values seem not to be affected by manuring increase with the
application of mineral N fertilisers (e.g. Bogaard et al., 2013), but are
strongly influenced by environmental conditions, particularly by water
availability (e.g. Jenkinson et al., 1995; Senbayram et al., 2008) making
isotopic studies relevant considering past environmental conditions (eg.
Bogaard et al., 2013; Fiorentino et al., 2015). In dry years (drought),
8'3C tend to be lower and in optimal environmental conditions (water
availability) 8'°C is higher (e.g. Senbayram et al., 2008; Bogaard et al.,
2013; Fiorentino et al., 2015). In Laxique, both 8'°C and §'°N present
high values (Figs. 5 and 6), pointing to the inclusion of fertilisers in the
study area since, at least, ca. 700 cal BP (Fig. 10). Additionally, MS and
the sand content increase, pointing to high fluvial activity, and possibly
to wetter conditions that contribute to higher §'°C values in the bulk
organic sediment, particularly between ca. 625 and 280 cal BP (Sub-unit
6A) and the last 50 years (Sub-unit 6C; Fig. 10). Records point to rice
production in the Sado since, at least, the 18th century, nevertheless, it
probably started before (Carmo et al., 2020). At present in the Sado area,
rice is produced in continuous flooding conditions, where the soil is
maintained waterlogged for several months and N-fertilisers added to
soils (e.g. Figueiredo et al., 2014). The continuous flooding of soils and
the addition of N can contribute to the high 8'3C values determined at
the top core meters. Recent anthropogenic influence (Sub-unit 6C,
accumulated during the last 50 years) is also attested by the presence of
polyethylene fragments within the sediment (Fig. 4), at ca. 25 em depth.
Polyethylene began to be produced in the late 1930’s and 40’s, its
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expansion and usage diversification started at ca. ‘50s and it’s still
produced nowadays (e.g. Zalasiewicz et al., 2016).

6. Conclusions

The multiproxy analysis of a 10.5 m sedimentary sequence recovered
from the upstream reaches of the Sado revealed to be a source of in-
formation concerning paleoenvironmental characterization and fluvial
responses to climate variability during the Middle to Late Holocene in a
Mediterranean river.

During the Mid-Late Holocene transition the Sado estuary has
experienced significant changes in the fluvial-estuarine boundary. The
occurrence of marine diatoms at Laxique between 4300 and 4200 cal BP
locates the fluvial-estuarine boundary ca. 65 km upstream the present-
day estuary inlet and ca. 15 km upstream the present-day boundary,
at Arapouco. Even during periods with higher marine influence, the
organic matters at the fluvial-estuarine boundary is transported by the
fluvial network and mostly sourced in freshwater and terrestrial envi-
ronments, similar to present-day conditions where low to very low
salinity contents are attested.

Prevalent Late Holocene dry climatic conditions in South Iberia, is
also attested in Laxique by the presence of gypsum precipitation in
depth. Consequent general retreat of vegetation, low river discharges
and, at a lesser extent, oscillations of MSL, are the main responsible for
the fluctuations of the fluvial-estuarine boundary location.

The aggradation and progradation of the alluvial plain occurred
since ca. 4000 cal BP at Laxique. As typical of Mediterranean rivers,
precipitation and consequent fluvial activity, vegetation retreat, sedi-
ment availability and loss of accumulation space led to the downstream
migration of the fluvial-estuarine boundary, the aggradation and the
progradation of the alluvial plain and the abrupt changes in the sedi-
mentation rates.

The fluvial activity and the anthropic influence increase during the
last 1000 years, as also attested for the Tagus estuary.
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