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i Chemistry Department, School of Sciences and Technology, University of Évora, Rua Romão Ramalho, 59, 7000-671 Évora, Portugal 
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A B S T R A C T   

In this paper we present the results of a multidisciplinary study performed in the Carrasqueira valley, a tributary 
of the River Sado (SW Portugal), aimed at characterising the Holocene environmental conditions during the late 
Mesolithic occupation of this valley. Our findings are based on a 13.5 m long sediment core (Arez3) collected on 
the alluvial plain close to a late Mesolithic shell midden, the Arapouco site. The results of the multiproxy analyses 
(texture, magnetic susceptibility, organic composition and chemistry, n-alkanes and palynology) point to a 
greater marine influence between ca. 8850 cal yrs. B.P. (at the core base) and ca. 7450 cal yrs. B.P. (at 750 cm 
below mean sea level (MSL)) and the existence of an environment similar to the present-day central estuarine 
basin. At this point in time, sedimentation rates were lower than the rate of sea-level rise, resulting in the for-
mation of a drowned area with intertidal environments developing on the less incised margins. After 7040 cal 
yrs. B.P. the contribution of organic matter from terrestrial plants and freshwater phytoplankton to the sediment 
increased, reflecting a change in the sedimentary pattern, with the estuarine environments progressively giving 
way to freshwater environments. After the Middle Holocene (ca. 6530 cal yrs. B.P.), negative shifts of δ15N to 
values ~0‰ point to hyper-eutrophication and cyanobacteria bloom episodes under backswamp conditions. 
According to these results, the estuarine environment prevailed in the area until 7040 cal yrs. B.P. (5090 cal yrs. 
B.C.; 390 cm below MSL), i.e., during the Mesolithic occupation of the valley, allowing for the occurrence and for 
the exploitation of marine shellfish and fish by these hunter-gatherer communities at the proximity of the 
downstream occupation areas.   
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1. Introduction 

During post-glacial sea level rise deeply incised coastal valleys and 
lowlands in Atlantic Europe (and elsewhere) were flooded by marine 
water forming extensive estuarine areas and open bays (Freitas et al., 
2002, 2003; Boski et al., 2008; Vis et al., 2008; Hijma et al., 2009; 
Chaumillon et al., 2010; Laermanns et al., 2021). New interfaces be-
tween the land and the sea were created offering space, shelter, and rich 
natural resources - such as typical of those coastal areas - for human 
populations. Between ca. 8400 and 7000 cal yrs. B.P. (ca. 6400 to 5000 
cal yrs. B.C.; Peyroteo-Stjerna, 2020), extensive estuarine areas devel-
oped along the lowermost sections of the Tagus and Sado rivers (Por-
tuguese SW Atlantic façade), which were occupied by late Mesolithic 
hunter-gatherer communities (e.g. Arnaud, 1989; Diniz and Arias, 
2012; Bicho et al., 2013; Arias et al., 2015, 2017). This strategic location 
allowed these communities to explore brackish and freshwater envi-
ronments as well as terrestrial areas for hunting (e.g. Zilhão, 2004), and 
some authors relate the proximity to the palaeoestuary as an important 
survival strategy (Arnaud, 2000; Carvalho, 2009). 

The late Mesolithic groups are known to have exploited particularly 
high quantities of marine resources, mainly shellfish (molluscs), leading 
to the formation of sites known in archaeology as shell middens. In the 
case of the Sado valley, the formation of these sites resulted from suc-
cessive accumulation of shells, mostly Scrobicularia plana and Cera-
stoderma edule (Gutiérrez-Zugasti et al., 2011), consumed during the 
Mesolithic stays, as well as other remains related to the exploitation of 
the aquatic environment, particularly fish bones from coastal waters 
such as those from Chelon labrosus, Galeorhinus galeus, Sparus aurata, 
Argyrosomus regius and Dicentrarchus labrax (Arapouco and Poças de São 
Bento shell middens, Sado estuary; Gabriel et al., 2012; Gabriel unpub. 
data). Palaeodiet studies (δ13C and δ15N) performed on Mesolithic in-
dividuals buried in some of these shell midden sites confirm that marine 
resources were an important food-component of their diet, despite the 
differences found between the Tagus and Sado groups (Umbelino and 
Cunha, 2012; Fontanals-Coll et al., 2014; Peyroteo-Stjerna, 2020). Given 
the relation of late Mesolithic people with the sea and its resources, the 
reconstruction of the local environment is a key-element to the 
comprehension of these communities. 

The Late Glacial and Holocene palaeoenvironmental conditions of 
the Tagus estuary have been extensively studied (Vis et al., 2008). 
Maximum marine flooding occurred ca. 7000 cal yrs. B.P. (Vis et al., 
2008), forming a large estuarine area of nearly 1300 km2 (more than 4 
times larger than the present-day estuary) extending for more than 100 
km upstream of the present-day estuary inlet (Taborda et al., 2009). Late 
Mesolithic Tagus shell middens border three tributaries of this river’s 
left margin, namely the Muge, Magos, and Vale da Fonte da Moça riv-
ulets (Arnaud, 1987; Bicho et al., 2013), located up to more than 65 km 
from the present-day estuary inlet. The lowermost section of these 
streams was flooded during the Holocene transgression and was part of 
the extensive estuarine area of the Tagus. The sedimentary record 
retrieved from the Muge tributary attests the existence of brackish 
conditions in the area since ca. 8050 cal yrs. B.P., with maximum marine 
influence between ca. 7750 and ca. 7450 cal yrs. B.P. (van der Schriek 
et al., 2007, 2008). These conditions gradually transitioned to those of 
freshwater wetlands, as sea-level rise slowed down, but this only 
occurred after the abandonment of the sites by late Mesolithic com-
munities, by ca. 6650–5750 cal yrs. B.P. (van der Schriek et al., 2007). 
Similar to what happened in the Tagus valley, brackish conditions were 
previously inferred for the section of the Sado valley occupied by these 
groups (Arnaud, 2000; Diniz and Arias, 2012; Araújo, 2015). The 
environmental conditions of the Sado valley during the Mesolithic 
occupation, however, are still poorly known. The present study aimed at 
characterising the environmental context of the Sado late Mesolithic 
shell middens in detail. To achieve this we employed a multiproxy 
approach including sedimentology (grain-size, magnetic susceptibility 
and coarse fraction composition), organic chemistry (organic 

quantification, isotopic composition and lipid fraction characterization), 
palaeoecology (foraminifera and diatoms) and radiocarbon dating, to 
reconstruct the succession of sedimentary environments recorded in a 
13.5 m long sediment core (Arez3) collected in a tributary of the Sado 
valley, the Carrasqueira stream, located near the most downstream shell 
midden, Arapouco. In addition, palynological analyses were performed, 
particularly in the sediments comprising the late Mesolithic occupation, 
to draw a schematic reconstruction of the environment and landscapes 
occupied by these groups. 

2. Study area 

The River Sado is located in southwest Portugal (Fig. 1). It has a 
maximum length of 175 km and drains a wide watershed area with 7700 
km2 (INE, 2007). It runs northward until the confluence with the Odi-
velas stream and it bends to northwest further downstream to its mouth, 
near the city of Setúbal (Fig. 1). 

The river has a Mediterranean flow regime with an instantaneous 
discharge of 1 m3 s− 1 during the dry season and 50 to 80 m3 s− 1 during 
the rainy season, occasionally reaching 470 m3 s− 1 (Bettencourt and 
Ramos, 2003 and references therein). The lowermost section of the river 
corresponds to a bar-built estuary occupying an area of 140–150 km2 

(Bettencourt and Ramos, 2003; Brito, 2009) with a mean depth of 8 m, 
reaching 44 m near the inlet (Brito, 2009). The estuary is protected by 
the Tróia sand spit (Fig. 1), a barrier that started to grow northwards at 
ca. 6500 cal yrs. B.P. (Costas et al., 2015), causing a decreasing exchange 
of water and sediments between the estuary and the sea. Sado reaches 
the Atlantic Ocean through a narrow inlet (2 km) between Setúbal and 
the north of the Tróia spit (Fig. 1). The estuary extends for a length of 50 
km considering the maximum salt-water intrusion, or 57 km if the upper 
limit of the dynamic tide is considered (Bettencourt and Ramos, 2003). 

In the studied area, the Sado valley is embedded in pre-Quaternary 
sediments, mostly belonging to the Palaeocene formation of Vale do 
Guizo (Fig. 2). The Vale do Guizo Formation is essentially composed of 
alluvial pinkish sandy conglomerates and marly clays (Antunes et al., 
1983; Gonçalves and Antunes, 1992; Pimentel, 2002), limestones 
cropping out at the top. Near the Xarrama river - one of the tributaries 
that drains into the study area - the Vale do Guizo Formation comprises a 
heterogeneous and heterometric conglomerate with carbonate cement 
(Gonçalves and Antunes, 1992). 

The Carrasqueira stream is a tributary of the left margin of the Sado 
(Fig. 1) and is embedded ca. 15 m in the Palaeocene and Pliocene 
sedimentary formations of Vale do Guizo and Marateca, respectively 
(Figs. 2 and 3; Costa et al., 2020). The Marateca Formation mostly 
comprises orange sands and clays of fluvial origin (Antunes et al., 1991; 
Gonçalves and Antunes, 1992). Aeolian quartz-rich sands dated from the 
Pleistocene/Holocene remobilising old sediments also extend over the 
study area (Gonçalves and Antunes, 1992; Fig. 2). 

Several scenarios have been proposed for the Late Glacial sea-level 
rise in the Portuguese margin (e.g., Dias et al., 2000) and during the 
Holocene (Teixeira et al., 2005; Vis et al., 2008; Leorri et al., 2012; 
Costas et al., 2016; García-Artola et al., 2018). In the present work, the 
model by García-Artola et al. (2018), which is based on 17 index points 
and 4 marine limiting dates, was used. According to this model, the 
mean sea level (MSL) rose ca. 34 m (± 1.2 to 1.7 m) between 11,500 and 
7500 cal yrs. B.P. (9550 and 5550 cal yrs. B.C.) at a rate of 0.81 ± 0.07 
cm yr− 1; ca. 0.8 m (±1.7 to 1.2 m) between 7500 and 6900 cal yrs. B.P. 
(5550 and 4950 cal yrs. B.C.) at a rate of 0.34 ± 0.01 cm yr− 1; and, 
finally the index points indicate a MSL rise from − 160 ± 160 cm at ca. 
4100 cal yrs. B.P. (2150 cal yrs. B.C.) to − 150 ± 150 cm at ca. 1500 cal 
yrs. B.P. (450 cal yrs. A.D.) at a rate of 0.0 ± 0.05 cm yr− 1. 

The Carrasqueira rivulet comprises a low energy vertical accreting 
environment allowing for the characterization of local to regional 
(mostly based on inferred vegetation changes) environmental conditions 
and changes due to sea-level rise during the Mesolithic occupation and 
through the Holocene. Additionally, the Carrasqueira rivulet is close to 
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Fig. 1. Studied area with location of the Arez3, Arapouco and Laxique cores, and Late Mesolithic shell middens. ARA - Arapouco; PSB - Poças de S. Bento. Altimetry 
for Portugal © ESRI Portugal. Location of sediment cores obtained using Leica Geosystems models GPS 900 and NetRover. Location of the shell middens retrieved 
from Diniz and Arias, 2012. 

Fig. 2. Geological map of the studied area based on the Geological Map of Portugal 1:50000 39-C, Alcácer do Sal (Antunes et al., 1983), and Geological Map of 
Portugal 1:50000 39-D, Torrão (Antunes et al., 1991). Adapted from Costa et al., 2020. 
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the most downstream shell midden, at Arapouco (Fig. 1), therefore 
constituting an excellent site to investigate (using a multiproxy analyses 
of the valley-filling sedimentary sequence) the environmental condi-
tions of the area during the occupation of the shell middens sites by the 
last hunter-gatherers of SW Iberia. 

Twelve archaeological sites were identified in the lower reaches of 
the River Sado. Most are located at the top of the steep slopes margining 
the Sado main river channel and those of its tributaries. and occur 
scattered through an area of 15 km between Arapouco (50 km upstream 
the present-day estuary inlet) and Quinta de D. Rodrigo (65 km up-
stream the present-day estuary inlet) (Araújo, 1997; Arnaud, 2000; 
Diniz and Arias, 2012; Arias et al., 2015; Fig. 1). As mentioned above, 
these sites are essentially composed of S. plana and C. edule shells 
(Gutiérrez-Zugasti et al., 2011), also displaying remains related to 
fishery, as attested by the presence of diverse species of fish (e.g. 
C. labrosus, G. galeus, S. aurata, A. regius and D. labrax; Gabriel et al., 
2012; Gabriel, unpub. data), particularly in Arapouco and Poças de São 
Bento, as well as testimonies of several other activities. 

3. Materials and methods 

3.1. Fieldwork 

Three sediment cores were collected in the Sado alluvial plain and 
the Carrasqueira tributary (Table 1). The sedimentary successions of 
Arapouco (Costa et al., 2019) and Laxique (Costa et al., 2021), collected 
in the Sado main channel, cover the Middle-Late Holocene transition 
and the Late Holocene. Arez3, retrieved from the alluvial plain of the 
Carrasqueira stream in 2018, is the longest (1350 cm) and more com-
plete sedimentary sequence in the area, and for this reason was chosen 
for the palaeoenvironmental analyses presented here. The sediment core 
top is located at 290 cm above MSL and reaches a depth of 1090 cm 
below MSL (coordinates and altimetry obtained using GNSS roving 
receiver units from Leica Geosystems models GPS 900 and NetRover, 
operating in real-time, connected to Portuguese internet-based correc-
tion services; from now onwards all depths are represented in elevation 
relative to present-day MSL). The Carrasqueira stream is a tributary of 
the left margin of the Sado, located 50 km upstream of the river inlet 
(Fig. 1). The sediment core was collected using a coring device Cobra TT 

of Atlas Copco and a hydraulic lifting unit using closed PVC tubes. 
In addition to Arez3, the basal samples (between − 775 and − 798 cm 

MSL) of a prospecting core (Arez1) collected a few meters downstream 
from Arez3, were analysed for organic chemistry, diatom assemblages, 
and chronology and are here presented (detailed results in Costa et al., 
2020). 

3.2. Sediment sampling 

In the laboratory, Arez3 core was opened, described and sub- 
sampled every 2 cm. Sediment sub-samples were subsequently freeze- 
dried, split, and a representative quantity was grinded using an agate 
mill. 

3.3. Radiocarbon dating 

Eight organic samples from Arez3 and one organic sample from 
Arez1 (Table 2) were selected for AMS radiocarbon dating and processed 
at Beta Analytic (USA) and A.E. Lalonde AMS (Canada) laboratories 
following the analytical procedures specific of each laboratory (which 
can be accessed at https://www.radiocarbon.com/beta-lab.htm and 
Crann et al. (2017), respectively). In the case of A.E Lalonde lab, the 
errors on 14C ages (1σ) are based on counting statistics and 14C/12C and 
13C/12C variation between data blocks. As 12,13,14C isotopes are 
measured online and corrections done during the procedure, δ13C 
measurements are not reported. Radiocarbon ages determined for the 
organic samples were calibrated using the IntCal20 calibration curve 
(Reimer et al., 2020). Sedimentation rates were extrapolated using the 
linear interpolation of CLAM 2.3.2 software (Blaauw, 2010). 

3.4. Magnetic susceptibility 

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 surface scanner. Measured values were corrected 
for drift using the Bartington’s equipment drift correction. 

Fig. 3. Carrasqueira palaeomorphology 
based on the ERT profile and its interpreta-
tion and location of Arez3 sediment core. 
Less resistive sediments (represented in 
blue) correspond to the Holocene infilling. 
High resistivity sediments (light blue to red) 
correspond to Pre-Quaternary sediments of 
the Lower Sado basin. Black line indicates 
the maximum incision of the palaeovalley 
during the Last Maximum Glacial. Detailed 
information can be found in Costa et al., 
2020. (For interpretation of the references to 
colour in this figure legend, the reader is 
referred to the web version of this article.)   

Table 1 
Location and altimetry of the sediment cores. Coordinate are referenced to PT-TM06/ERTS89 coordinate system. Elevations given in relation to mean sea level (MSL).  

Location Core 
reference 

Easting Northing Elevation of ground surface at core 
location 

Collected core length Collection date 

Sado channel 
Arapouco 2/3 − 31,030,6767 − 149,673.241 2.2 738 cm 

November 
2013 

Laxique1 − 21,174.326 − 157,053.121 6.1 810 cm November 
2015 

Carrasqueira 
stream 

Arez3 − 30,473.2 − 15,279 2.9 1350 cm March 2018 

Arez1 − 30,449.923 − 152,111.168 2.7 Only the basal 23 cm were 
collected 

July 2012  
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3.5. Grain-size and morphoscopic analyses 

The relative percentages of coarse (CF; >63 μm) and fine fractions 
(FF; <63 μm) were analysed by wet sieving using a standard 63 μm 
mesh. Samples were characterised following the methodology estab-
lished by Flemming (2000). The coarse fraction is low (<2% in all Units, 
except for Unit 3; see Results section), and so it was qualitatively 
described in terms of composition and morphoscopic characteristics, 
using a Leica MZ12 binocular stereomicroscope. 

3.6. Foraminiferal assemblages 

Seven sub-samples from Unit 1 (collected at − 977, − 887, − 827, 
− 797 and − 777 cm MSL) and Sub-unit 2A (− 657 and − 617 cm MSL) 
were analysed for foraminiferal assemblages. Sediment samples were 
washed with tepid tap water through a 63 μm sieve to remove clay and 
silt material. The sieve was immersed in a methylene blue solution 
before each washing to prevent contaminations. The washing residues 
(CF) were dried in an oven under T < 50 ◦C, to ensure the preservation of 
tests. After drying, the samples were split to obtain the aliquot statisti-
cally representative of each sample, where the presence of at least 100 
individuals is estimated, given that this counting is adequate to char-
acterise the low diversity assemblages (Fatela and Taborda, 2002). 
Foraminiferal collection and identification were performed under a 
stereo microscope Olympus SZX16, following Loeblich Jr. and Tappan 
(1988) for the generic classification and other dedicated publications for 
specific classification (e.g. Murray, 2006; Debenay, 2012). The picked 
specimens of each sample were archived in the respective micro-
palaeontological Plummer cell slide. Foraminiferal density (Nf/g; Nf =

specimens) was estimated and the assemblage diversity of each sample 
was measured using the Shannon Index (Shannon, 1948). The species 
were considered dominant when they represent >10% of the assemblage 
along the same unit, subsidiary when they do not reach >10%, minor 
when they correspond to <10% (Murray, 2007). 

3.7. Calcium carbonate contents 

Calcium carbonate contents (% CaCO3) were determined using an 
Eijkelkamp calcimeter that measures the CO2 produced by the reaction 
of sample calcium carbonate with HCl 4 mol in a known sample mass. 

3.8. Organic geochemistry analysis 

3.8.1. Quantification and isotopic characterization of organic matter 
Total organic matter (OM) content was determined following the 

adapted method Loss on ignition (LOI) by Kristensen (1990): samples 
were heated in a muffle furnace at 520 ◦C for 6 h and OMT was deter-
mined by weight difference. 

Total organic carbon (% Corg), total nitrogen (% N), δ13CVPDB and 
δ15NAIR were determined in grinded sub-samples after removal of inor-
ganic carbon using HCl 10%. Samples were processed at Servizos de 
Apoio a Investigación, University of A Coruña (UDC) - Spain, and at the 
Stable Isotopes and Instrumental Analysis Facility from Ciências, ULis-
boa (FCUL). Samples were homogenised and weighed into tin capsules. 
Capsulated samples were analysed with a FlashEA1112 combustion 
elemental analyser (ThermoFinnigan) coupled on− line with a Delta Plus 
Finnigan MAT Isotope Ratio Mass Spectrometer (UDC) and a Sercon 
Hydra 20–22 (Sercon, UK) stable isotope ratio mass spectrometer, 

Table 2 
Radiocarbon determinations on bulk organic sediment from 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). Best-fit age was determined based on the age-model draw using CLAM 2.3.2 software (Blaauw, 2010). Grey shaded 
line refers to the radiocarbon dating from other core, Arez 1, collected few meters downstream Arez3, at an elevation of − 842.5 cm MSL (date and location in-
formation previously published in Costa et al., 2020 and Table 1). 

Sample 
reference Lab code Core depth

(cm)
Elevation
(cm MSL)

δ13C
(‰)

Conventional 
14C age BP

Calibrated age 
cal yrr B.P.

Calibrated age AD / BC 
(95%)

Best-fit 
age

cal yrs 
B.P.

Arez3#3

176-178
UOC -13332 177.5 112.5 - 1239±33

1271-1204 (38.4%)

1191-1070 (57.1%)

680-746 (38.4%) AD

759-880 (57.3%) AD
1216

Arez3#4

300-302
Beta - 582891 301 -11 -23.3 6080±30

7153-7130 (5.2%)

7010-6848 (88.1%)

6815-6800 (2.1%)

5204-5181 (5.2%) BC

5061-4899 (88.1%) BC

4866-4851 (2.1%) BC

6942

Arez3#5

360-362
UOC - 13333 361 -71 - 5965±33

6893-6726 (90.6%)

6707-6676 (4.9%)

4944-4777 (90.6%) BC

4758-4727 (4.9%) BC
6799

Arez3#8

746-748
UOC -10286 746.5 -456.5 - 6231±69 7281-6947 (95.4%) 5332-4998 (95.4%) BC 7120

Arez3#8

786-788*
UOC - 13334 787 -497 - 6011±30

6944-6781 (92.1%)

6765-6749 (3.3%)

4995-4832 (92.1%) BC

4816-4800 (3.3%) BC
-

Arez3#11

966-968
Beta - 582890 967 -676 -25.7 6550±30

7561-7541 (6.8%)

7511-7422 (88.7%)

5612-5592 (6.6%) BC

5562-5473 (88.7%) BC
7464

Arez3#13

1216-1218
UOC - 13335 1217 -927 - 7787±33

8636-8614 (5.3%)

8608-8512 (77.3%)

8503-8455 (12.8%)

6687-6665 (5.3%) BC

6659-6563 (77.3%) BC

6554-6506 (12.8%) BC

8558

Arez3

1348-1349
Beta - 510624 1348.5 -1058.5 -25.2 7970±30

8992-8716 (89.8%)

8709-8699 (1.5%)

8671-8650 (4.1%)

7043-6767 (89.8%) BC

6760-6750 (1.5%) BC

6722-6701 (4.1%) BC

8846

Arez1

1062-1063
Beta - 343145 1062.5 -842.5 -25.9 7810±40

8716-8710 (0.4%)

8699-8670 (3.2%)

8650-8510 (84.5%)

8505-8454 (7.3%)

6767-6761 (0.4%) BC

6750-6721 (3.2%) BC

6701-6561 (84.5%) BC

6556-6505 (7.3%) BC

-

* sample not used in the age-model. 

A.M. Costa et al.                                                                                                                                                                                                                                



Palaeogeography, Palaeoclimatology, Palaeoecology 598 (2022) 111015

6

coupled to a EuroEA (EuroVector, Italy) elemental analyser for online 
sample preparation by Dumas-combustion (UL). All carbon and nitrogen 
isotope ratios are expressed in conventional δ notation: δ13C VPDB and 
δ15NAIR calculations are given as [(Rsample - Rstandard)/Rstandard]*1000, 
where Rsample and Rstandard are the 13C/12C or 15N/14N isotope ratios of 
the sample and standard, respectively. The δ13C isotope ratio of samples 
was determined by comparison with a CO2 reference gas standard 
(99.996%, δ13C VPDB = − 6.317) and values are reported relative to the 
Vienna Pee Dee Belemnite (VPDB) standard. δ15N values are referred to 
air. 

Quality assurance in UDC is made by the measure of duplicate 
samples while at UL the reference materials USGS-25, USGS-35, BCR- 
657 and IAEA-CH7 (Coleman and Meier-Augenstein, 2014) were used. 
The used laboratory standard was Protein Standard OAS/Isotope 
(Elemental Microanalysis, UK). Uncertainty of the isotope ratio analysis, 
calculated using values from 6 to 9 replicates of laboratory standard, 
interspersed among samples in every batch of analysis, was ≤0.1‰. The 
major mass signals of N and C were used to calculate total N and C 
abundances, using Protein Standard OAS (Elemental Microanalysis, UK, 
with 13.32% N, 46.5% C) as elemental composition reference material. 

3.8.2. Molecular characterization of lipid fraction 
The alkane composition of the sediment organic matter was analysed 

using the analytical pyrolysis technique (Py-GC/MS) applied directly to 
bulk sediment samples grinded to fine powder (< 0.01 mm). The sam-
ples (15–20 mg) were pyrolysed using single shot at 500 ◦C for 1 min. In 

the case of interface, a temperature of 280 ◦C was used. The analytical 
instrument consisted of a micro-furnace type double-shot pyrolyser 
(Frontier Lab PY-3030D) coupled to a gas chromatograph (Shimadzu 
GC2010) fitted with a low polar-fused silica capillary column (Phe-
nomenex Zebron-ZB-5HT Inferno, 30 m length, 0.25 mm internal 
diameter, 0.50 μm film thickness). The splitless injector operated at a 
temperature of 250 ◦C. The GC oven temperature was set at 50 ◦C for 1 
min, then increased to 100 ◦C at a rate of 30 ◦C min− 1, from 100 to 300 
◦C at a rate of 10 ◦C min− 1, and finally isothermal at 300 ◦C for 10 min. 
The total analysis time corresponded to 32 min. Helium was used as 
carrier gas at a flow rate of 1 cm3 min− 1. 

The mass spectra were acquired using a quadrupole mass spec-
trometer (Shimadzu GCMS-QP2010) working at negative electronic 
ionisation mode. In the mass spectrometer, the acquisition of data 
ranged between 45 and 700 m/z. The ion 85 trace was used to identify 
and quantify the homologous series of alkanes by comparison with the 
Libraries NIST and Wiley. The peak areas (total ion 85 area counts) in 
the chromatogram were integrated and expressed as percentage (%) of 
total abundances. Analytical pyrolysis analyses were done in samples 
from the transitions between the defined sedimentary units within the 
core to help better identify the transition. 

Different sources of natural organic matter are frequently distin-
guished by changes in specific n-alkane ratios (e.g. Li et al., 2020). In the 
present study the Carbon preference index (CPI), Paq, Terrigenous/ 
aquatic ratio (TAR), Terrestrial-marine discriminate index (TMD), Pr/ 
Ph, Pr/C17 and Ph/C18 ratios were applied (Table 3). 

Table 3 
n-Alkane ratios used in this work as proxies to distinguish the different sources of natural organic matter.  

Name n-alkane ratios description diagnostic values references 

Carbon preference 
index (CPI) CPI* =

∑

odd
Cn

∑

even
Cn 

estimates the relative abundance of odd to even C chain 
numbers and allows discerning different sources of organic 
matter 

<1: bacterial, algal and 
degraded OM input to the 
soil/sediments 
~1: petrogenic or marine 
5–10: terrestrial 

Bray and Evans, 
1961 

Paq Paq =
(C23 + C25)

(C23 + C25 + C29 + C31)

distinguishes terrestrial and aquatic plants with mid-length n- 
alkane chains in terrestrial lacustrine environments or coastal 
environments with freshwater inputs 

0.01–0.25: terrestrial plants 
0.4–0.6: emergent aquatic 
plants (including mangroves) 
>0.6: submerged aquatic 
plants (including marine 
macrophytes) 

Ficken et al., 
2000 

Sikes et al., 2009 

Terrigenous/aquatic 
ratio (TAR) TAR =

(C27 + C29 + C31)

(C15 + C17 + C19)

distinguishes the relative contributions between land plants 
(represented by C27, C29 and C31 n-alkanes) and algal inputs 
(represented by C15, C17 and C19 n-alkanes) 

>4: terrigenous 
<1: aquatic 

Silliman et al., 
1996; 

Meyers, 2003 

Terrestrial-marine 
discriminate index 
(TMD) 

TMD =
(
C25 + C27 + C29 + C31 + C*

33
)

(C15 + C17 + C19 + C21 + C23)

distinguishes organic matter from terrestrial (represented by 
C25, C27, C29, C31 and C33 n-alkanes) and marine (represented 
by C15, C17, C19, C21 and C23) sources  

* not measured in the analysed samples 

>1: dominant terrestrial 
input 
1: equal inputs from 
terrestrial and marine sources 
0.5: dominant marine 
contribution 
0.5–1: mixed contribution 
between marine and 
terrestrial sources 

Elfadly et al., 
2017 

Pristane/Phitane (Pr/ 
Ph) 

Pr/Ph estimates the origin of the organic matter and its maturity 

<1: anoxic environments 
1: alternated oxic and anoxic 
conditions 
>1: oxic conditions  

0.8–2.5: most organic-rich 
marine sediments 
<1–3: marine oils and 
sediments 
>3: input from terrestrial 
organic matter 
5–10: higher plants 

Hughes et al., 
1995  

Powell, 1988 
Mita and 
Shimoyama, 
1999 

Pristane/n-alkane C17 

and Phitane/n-alkane 
C18 

Pr/C17; 
Ph/C18 

often used to indicate the extent of biodegradation of n- 
alkanes; significant depletion of n-alkanes leads to an increase 
in these two ratios 

higher values point to higher 
organic matter degradation 

e.g. Wang et al., 
2008  

* ∑

odd
Cn and 

∑

even
Cn correspond to the total carbon numbers of odd-carbon-chain and even-carbon-chain alkanes in the sediment samples, respectively.  
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A discriminant analysis was carried out to check how the distribution 
of the n-alkanes could be reflecting information about the different 
sedimentary units. For the analysis, the abundance of the alkanes 
detected by analytical pyrolysis was normalised by equalling the sum of 
the peak of areas of the alkanes to 100 in Microsoft Excel. In this 
treatment, the relative abundances of the different alkanes were used as 
descriptors (independent variables). On the other hand, the dependent 
variables (sedimentary units) consisted of the different layers selected 
according to the previous textural and chemical analysis. The software 
Statgraphics Centurion XVI.II was used for this analysis. 

3.9. Palynological analyses 

Eight sub-samples concentrated at the base of the sedimentary 
sequence (collected at − 1027, − 957, − 927, − 837 and − 817 cm MSL 
from Unit 1, − 597 and − 417 cm MSL from Sub-unit 2A and − 135.5 cm 
MSL from Sub-unit 2B) were analysed for its palynological content to 
characterise vegetation and landscape during the late Mesolithic. Sedi-
ment at − 135.5 cm MSL were also analysed with the purpose of iden-
tifying greater changes in the landscape; our analysis for this period, 
however, cannot be considered exhaustive as it is only based on one 
sample. All samples were chemically treated with HCl (10%) to remove 
carbonates, KOH (10%) to remove humic acids, and Sodium Poly-
tungstate (SPT: 3Na2WO4⋅9WO3⋅H2O) at 2.0–2.1 cm3 g− 1 for densi-
metric separation. The final residue obtained after the treatment was 
mounted on slides with the use of glycerol mixed with phenol. Paly-
nomorphs were counted using an optical microscope at 400× and 

1000× to a minimum pollen sum of 300 terrestrial pollen grains. Fossil 
pollen grains, spores, and non-pollen palynomorphs were identified 
using published keys (van Geel, 1978, 1986, 1992; van Geel et al., 1981, 
1989, 2003, 2011; van Geel, 2006; Pals et al., 1980; Jarzen and Elsik, 
1986; Moore et al., 1991; Reille, 1992, 1995; Scott, 1992; López-Sáez 
et al., 2000; Miola, 2012). Microcharcoal particles ≥120 μm and <120 
μm were counted alongside the identification of pollen grains and 
interpreted as indicators of local and regional fires, respectively (Whit-
lock and Larsen, 2001). Pollen and microcharcoal concentrations (grains 
gr− 1 and particles gr− 1 of dry sediment, respectively) were estimated by 
adding two Lycopodium clavatum tablets for each sample (Stockmarr, 
1971). Palynological diagrams were plotted against age using TiliaIT 
software (version 2.1.1, Illinois State Museum, Research and Collection 
Center, Springfield USA). Pollen percentages for terrestrial taxa were 
calculated against the main sum of terrestrial grains, while percentages 
for aquatics and spores were calculated against the total sum of all 
pollen and spores. 

4. Results 

4.1. Chronology and age-model 

Table 2 shows the results of radiocarbon dating for Arez3 and Fig. 4 
displays the age-model for the sediment core. Older samples yielded 
dates of ca. 8800 cal yrs. B.P. covering a 13 m long Holocene sedi-
mentary succession. Almost all dates are consecutive revealing a 
coherent age-model (Fig. 4). The dates obtained for samples 

Fig. 4. Age-model and sedimentation rates (SR) determined for Arez3. Sample Arez3 786–788 (in red) was not used for the age-model. Radiocarbon dating of the 
base of the core Arez 1 core (at − 796 cm MSL), collected few meters downstream Arez3 is presented in yellow. Age-model draw using linear interpolation and CLAM 
2.3.2 (Blaauw, 2010). Dashed blue lines correspond to the mean sea level at 7500, 6900 and 1500 cal yrs. B.P. according to García-Artola et al., 2018 and assuming a 
MSL rise rate as determined by the same author (represented in the vertical blue line). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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Arez3#4300–302 and Arez3#8786–788 imply small inversions in 
relation to the samples collected just below. However, the error asso-
ciated with the dates is within the limits of the age-model. Even so, the 
dating of the sample Arez3#8786–788 was considered an outlier and 
was not used for the age-model (red mark in Fig. 4). According to the 
model settings, the goodness of fit was 8.6 considering all dates used (7) 
and the model was accepted. Ages and uncertainty ranges for each date 
were calculated for each cm and best-fit dates were used for the pre-
sentation of the results and interpretations. 

Variable and high sedimentation rates (SR) were determined for 
Arez3 between the base of the core, at − 1060 cm MSL and the present- 
day MSL, following the SR pattern achieved in other cores retrieved in 
the Sado valley (Costa et al., 2019; Costa et al., 2021). The highest SR of 
1.2 cm yr− 1 was determined for the section between − 456.5 and − 10 
cm MSL corresponding to the interval between 7120 and 6800 cal yrs. B. 
P. (i.e. 5170 and 4850 cal yrs. B.C.). The lowest SR of 0.02 cm yr− 1 was 
determined above present-day MSL and 177 cm above MSL, corre-
sponding to the interval between 6800 and 1170 cal yrs. B.P. (i.e. 4850 
cal yrs. B.C. and 780 cal yrs. A.D.). SR increases in the top 180 cm to 
values of 0.14 cm yr− 1, i.e. for the last ca. 780 years, probably affected 
by agriculture procedures (discussed below). 

4.2. Sedimentary and geochemical characterization 

Based on noticeable changes in the analysed proxies, three sedi-
mentary units were identified in the Arez3 core (Figs. 5 and 6). The 
interval of deposition for each unit was determined considering the 
proposed age-model and presented in cal yrs. B.P. and cal yrs. B.C./A.D. 
to better relate data with both environmental and archaeological in-
formation. Organic geochemistry results are resumed in Table 4 (. Cal-
cium carbonate results indicate null or negligible amounts (< 1.5% on 
the analysed samples). 

Unit 1 (− 1060 to − 677 cm MSL; 8850 to 7450 cal yrs. B.P.; 6900 to 
5500 cal yrs. B.C.) is constituted by mud and slightly sandy mud with 
high contents of OM (>5%), organic carbon (> 1.2% with exception of 2 
values lower than 1%) and nitrogen (> 0.1%; Fig. 6). The CF is low 
(mostly <10%). The coarse material essentially comprises heterometric, 
fine to medium, quartz grains, shell (gastropods) and shell fragments (e. 
g. S. plana?, Cerastoderma sp.?, gastropods) and macro plant remains 
(Fig. 7A). Usually, quartz grains predominate when the sediment is 
coarser, and plant remains are dominant when the CF has lower %. 
Frequent foraminifera and rare ostracod valves were identified between 
− 977 and − 777 cm MSL (Fig. 7E). Foraminiferal assemblages exhibit a 
Nf/g from 12 to 269 and a H(s) of 1.10 and 1.39. Haynesina germanica 
(40 to 57%), Ammonia tepida (6 to 27%) and Elphidium gunteri/oceanensis 
(21 to 16%) are the dominant species, followed by the minor 

Fig. 5. Arez 3 LOG and representation of coarse fraction principal constituents. Letters in the profile correspond to the CF photos presented in Fig. 7.  
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Anomalinoides cf. globosus (0 to 13%) and Ammonia aoteana (0 to 5%). 
Additionally, juvenile specimens of planktonic and marine benthic 
foraminifera (e.g. Bolivina spp., Fissurina spp.) are also present. Above 
− 746 cm MSL, pyrite is frequent together with quartz and pyritized 
macro plant remains (Fig. 7F). Magnetic susceptibility is low, but several 

peaks with higher MS values were measured, including a peak ca. -940 
cm MSL that reaches values of 570 × 10− 5 SI, the highest value of all the 
sedimentary column (Fig. 6). δ13C is quite variable in this unit, varying 
constantly between maximum values of − 23‰ and minimum values of 
− 26‰. 

Fig. 6. Representation of sedimentological and organic proxies against elevation cm MSL and depth cm: magnetic susceptibility (MS), texture (CF vs. FF), total 
organic matter (OM), organic carbon (Corg), total nitrogen (N), δ13C and δ15N. The red line in the δ13C profile represents the − 25‰ value, the limit that usually is 
used to distinguish between terrestrial/freshwater and marine organic materials (e.g. Lamb et al., 2006; Khan et al., 2015). Letters in texture in-depth profile 
correspond to the CF photos presented in Fig. 7. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Table 4 
Statistic parameters (mean values) considering the organic geochemistry results: organic carbon (Corg), total nitrogen (N), C/N, δ13C and δ15N; and diagnostic n-alkane 
ratios: Carbon Preference Index (CPI), Terrigenous/aquatic ratio (TAR), Terrestrial-marine discriminate index (TMD), Pristane (Pr) over Phytane (Ph) ratio (Pr/Ph), 
Pristane to n-alkane C17 (Pr/C17) and Phytane to n-alkane C18 (Ph/C18).    

UNIT 1 SUB-UNIT 2A SUB-UNIT 2B SUB-UNIT 2C UNIT 3 

Quantification and isotopic characterization of organic matter Corg 

(%) 
1.90 1.32 1.25 1.01 1.37 

N 
(%) 

0.14 0.12 0.12 0.10 0.12 

C/N 13.83 10.84 10.38 10.38 11.30 
δ13C 
(‰) 

− 24.95 − 25.35 − 25.74 − 26.01 − 25.92 

δ15N 
(‰) 

4.37 4.15 4.11 3.90 5.36 

Diagnostic n-alkanes ratios 

CPI 1.08 1.13 0.99 1.05 0.97 
Paq 0.78 0.80 0.75 0.72 0.72 
TAR 0.11 0.09 0.04 0.13 0.33 
TMD 1.31 1.39 1.37 1.26 1.17 
Pr/Ph 0.44 0.55 0.52 1.04 0.87 
Ph/C18 0.47 0.57 0.81 0.21 0.32 
Pr/C17 0.29 0.42 0.48 0.29 0.15  
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Fig. 7. Total coarse fraction content from: Unit 1, sample Arez3#121146–1148, located at − 857 cm MSL (A); Unit 1, transition Unit 1/2, sample Arez3#11966–968, 
located at − 677 cm MSL (B); Unit 3, samples Arez3#2121–123, located at 168 cm MSL (C) and Arez3#1 14–16, located at 275 cm MSL (D). Coarse material detail 
showing several foraminifera shells, from Unit 1, sample Arez3#121066–1068, located at − 777 cm MSL (E); Coarse material detail showing pyritized plant remains, 
from Sub-Unit 2B, sample Arez3#7566–568, located at − 277 cm MSL (F). Photos © José Vicente | Agência Calipo | 2020–2021. 
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Unit 2 (− 677 to 33 cm MSL; 7450 to 4910 cal yrs. B.P.; 5500 to 2960 
cal yrs. B.C.) is constituted by mud with the CF always <1%. Total 
organic matter, Corg and N are slightly lower than Unit 1 and vary be-
tween 9.8 and 6.2%, 2.1 and 0.3% and 0.17 and 0.06%, respectively, 
with an upward decreasing tendency (Fig. 6). Taking into consideration 
in-depth changes in MS, δ13C and δ15N, three Sub-Units were defined. 
Sub-Unit 2A (− 677 and − 390 cm MSL; 7450 to 7040 cal yrs. B.P.; 5500 
to 5090 cal yrs. B.C.) has a low MS response, δ13C is quite constant with 
mean values of − 25‰ and δ15N has mean values of 4.1% (Fig. 6). The CF 
is essentially composed by quartz, with the top samples (above − 440 cm 
MSL) mostly composed by pyritized macro plant remains. Pyrite was 
identified in this Sub-unit, more frequent at the base. In the base of this 
Sub-unit, foraminiferal assemblage density yielded a Nf/g from 44 to 51 
and a H(s) of 1.22 and 1.24. Similarly to Unit 1, it is dominated by 
Haynesina germanica (48 to 49%), Ammonia tepida (16 to 19%) and 
E. gunteri/oceanensis (17 to 22%) and followed by the minor Anom-
alinoides cf. globosus (6 to 7%). Juvenile specimens of planktonic and 
marine benthic foraminifera (e.g. Bolivina spp., Fissurina spp.) are also 
present. Sub-Unit 2B (− 390 to − 107 cm MSL; 7040 to 6530 cal yrs. B.P.; 
5090 to 4580 cal yrs. B.C.) is characterised by a higher frequency in the 
MS peaks, the δ13C decreases upwards to lower values of − 26‰, while 
δ15N has mean values of 4.2% like the Sub-Unit below (Fig. 6). The Sub- 
Unit’s CF is similar to the top samples of Sub-Unit 2A, essentially 
comprising pyritized macro plant remains with occasional pyrite ag-
glomerates (Fig. 7F). Sub-Unit 2C (− 107 to 33 cm MSL; 6530 to 4910 
cal yrs. B.P.; 4580 to 2960 cal yrs. B.C.) is characterised essentially by 
changes in the δ13C and δ15N values. δ13C reaches the highest value of 
− 22‰ of the entire sedimentary column at − 47 cm MSL. δ15N has 
several negative peaks with values <1‰ (Fig. 6). The transition between 
Unit 2 and Unit 3 is marked by peaks in the organic materials (OM, Corg 
and N) that reach maximum values of 11, 4.2 and 0.3%, respectively at 
53 cm MSL (Fig. 6). The CF is composed by Fe concretions (more 

abundant in the base of the Sub-unit) and quartz grains with Fe coating 
(more abundant at the top). 

Unit 3 (33 to 290 cm MSL; 4910 cal yrs. B.P. to present; 2960 cal yrs. 
B.C. to present) is essentially characterised as slightly sandy mud and 
sandy mud, with muddy sand intercalations at 167 cm and between 245 
and 250 cm MSL where the CF yielded >60% (Fig. 6). The coarse ma-
terial is mostly composed by quartz grains, some exhibiting Fe coating 
and Fe concretions (Fig. 7C and D). The sample collected at 275 cm MSL 
differs from the other samples, given that is essentially composed of very 
heterometric quartz grains. Between the base of the Unit (33 cm MSL) 
and 53 cm MSL, δ13C values have minimum values of − 27‰, the lowest 
of the sequence (Fig. 6), increasing after to mean values of − 26‰. The 
top 50 cm exhibit high mean δ13C values of 23‰, decreasing in the very 
top to values of − 26‰. In Unit 3, very low δ15N values were also 
measured at the base and at 168 cm MSL, but between 83 and 163 cm 
MSL values are high with mean values of 6.5‰. In the top 115 cm, δ15N 
values exhibit an increasing tendency, growing from values of 4.7 to 
values of 6.4‰ (Fig. 6). 

4.3. Biomarkers 

In total, 30 samples were analysed for n-alkane content (C12 to C32), 
all with enough material for n-alkane analysis. The concentration of n- 
alkanes ranged between 0.06 and 28.1% of total abundance (with 
exception of C30 that was not identified in sample Arez3#4266–268). In 
general, short-chain n-alkanes are more abundant in samples from all 
the Units (Fig. 8). Despite scarcer, long-chain n-alkanes yielded higher 
concentrations in samples from Unit 3 (Fig. 8). The n-alkane C15 is the 
most abundant in all samples with mean values of 16.3% of total 
abundance (max = 25.0% of total abundance, Arez3#4356–358, Unit 
2C; min = 5.4% of total abundance, Arez3#3236–238, Unit 1), with 
exception in samples Arez3#3204–206 (most abundant n-alkane C25; 

Fig. 8. n-alkane % of abundance in Arez3 and organic carbon source information derived from n-alkanes retrieved from Li et al. (2020) and references there-in. 
Colours correspond to the defined Units. 
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7.8% of total abundance), Arez3#3236–238 (most abundant n-alkane 
C23; 8.1% of total abundance; both from Unit 3) and 
Arez3#111006–1008 (Unit 1; most abundant n-alkane C14; 28.1% of 
total abundance) (Fig. 8). 

The discriminant analysis performed to check the distribution of all 
n-alkanes by the different sedimentary units resulted in an outstanding 
prediction potential with 100% of the cases grouped in five different 
clusters corresponding to the Units and Sub-units previously defined 
(Fig. 9). The result indicates that Units/Sub-units were well separated 
considering the n-alkane concentration and that the source of organic 
materials differs between each Unit/Sub-unit. 

Pristane (Pr) and Phytane (Ph) acyclic isoprenoids were also iden-
tified in all samples. Pristane maximum values (4.2% of total abun-
dance) occur at − 117 and − 577 cm MSL (Sub-unit 2B and 2A) and the 
minimum value (0.5% of total abundance) was measured at − 697 cm 
MSL (Unit 1). Phytane presents maximum values of 8.8% of total 
abundance at − 667 cm MSL (Sub-unit 2C) and minimum values of 0.3% 
of total abundance at 85 cm MSL (Unit 3). 

In-depth variations of n-alkanes proxy ratios are presented in Fig. 10, 
reflecting differences in the depositional environment and organic 
matter source (see discussion 5.1). CPI values vary between 1.4 and 0.6, 
with maximum values at the base of Unit 1 and minimum values at the 
top of Unit 1. Paq ratio is always higher than 0.6, except on the sample at 
− 667 cm MSL (Sub-unit 2C). TAR is always below 1 with two small 
peaks in the top of Unit 1 (at − 697 and − 667 cm MSL; Fig. 10) and two 
peaks at the base of Unit 3 (at 53 and 85 cm MSL; Fig. 10). TMD varies 
between 0.9 at 85 cm MSL and 1.5 at − 587 cm MSL and Ph/Pr ratio has 
values lower or equal to 0.8 with some values higher than 0.9 in Sub-unit 
2C and Unit 3 (Fig. 10). Ph/C17 and Pr/C18 present always low values, 
with maximum mean values of 0.81 and 0.48 represented in Sub-unit 2B 
(Table 3) pointing to low degradation of n-alkanes (e.g. Wang et al., 
2008). 

4.4. Vegetation 

Most of the samples display high values of non-arboreal pollen 
grains, with exception of the samples collected at − 1027 (Unit 1) and −
417 cm MSL (Sub-unit 2A; Fig. 11). However, it must be stressed that the 
main herb represented in this set of samples is Asteraceae Cichorioideae, 
a taxa with ambiguous significance that may act as indicator of open- 
ground environments, anthropogenic activities, or marsh flora 
(Fletcher et al., 2007). Its local character could imply an over-
representation of the taxa depending on the scenario, so their values 
should be taken into careful consideration. 

The vegetation in Unit 1 is mainly composed of mixed forests of 

evergreen and deciduous Quercus accompanied by Mediterranean pines 
(Pinus halepensis-pinea type and Pinus pinaster) (Fig. 11). Riparian com-
munities are primarily composed by Alnus (alder) and they experience a 
progressive rise from the bottom to the top of the sequence. Unit 1 
displays high values of Asteraceae Cichorioideae and the highest per-
centages of Chenopodiaceae, typical from salt marshes, also appear in 
this section of the core. The presence of Isoetes (freshwater marsh), 
although permanent and abundant throughout the sequence, seems to 
be slightly lower in this Unit. It is noteworthy to highlight a slight but 
progressive increase of heaths since − 717 cm MSL (Fig. 12). 

Foraminiferal linings (sample − 1027 cm MSL), dinoflagellates 
(sample − 817 cm MSL), and some specific types of diatoms, such as 
Paralia sulcata, Triceratium and Diploneis were punctually identified 
(Fig. 12). 

Sub-Unit 2A shares similar characteristics with Unit 1, with a slight 
decrease of Asteraceae Cichorioideae and the presence of mixed forest, 
now with a slight rise of Mediterranean trees in their components. Isoetes 
slightly increases, while Chenopodiaceae decreases. Notwithstanding 
this change, diatoms were also identified in this unit reflecting marine 
influence. 

Sub-Unit 2B is dominated by the presence of Asteraceae Cichor-
ioideae and an abrupt decline of forest and shrublands. Isoetes reaches 
maximum values in this sample (Fig. 12). Some Poaceae bigger than 40 
μm were identified in samples from Sub-Unit 2A and 2B (Fig. 11). 

In the whole sequence (between − 1027 and − 135.5 cm MSL), 
coprophilous fungi, indicative of anthropogenic activities, and paly-
nomorphs related to erosive processes displayed low values (Figs. 11 and 
12). 

Concerning the microcharcoal percentages, particles larger than 120 
μm and related to local fires, appear in low values, especially in the 
bottom of the core (Fig. 11). Those particles smaller than 120 μm were 
present in high values throughout the sequence, with peaks in samples 
collected at − 1027, − 817 and − 597 cm MSL, indicating the possible 
existence of regional fires (Fig. 11). 

5. Discussion 

5.1. Sources of organic matter 

Estuaries are transitional areas between fluvial and marine envi-
ronments and constitute sediment sinks for material brought down-
stream by the fluvial network, for material transported landward from 
the sea (allochthonous material), and for organic material produced in 
the estuarine basin (authochthonous material) (Schubel, 1982; Meyers, 
1994; Khan et al., 2015; Scanes et al., 2019). Organic proxies, such as 

Fig. 9. Discriminant analysis using the n-alkanes series (C12 to C32 alkanes) as variables and the sedimentary units (Units 3, 2C, 2B, 2A, 1) as classification factor.  
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Fig. 10. In-depth variation of n-alkane and acyclic isoprenoid ratios against elevation cm MSL and depth cm: CPI, Paq, TAR, TMD and Ph/Pr. Diagnostic values and 
references described in Table 3. Green vertical line in Ph/Pr indicates anoxic (<1) / oxic (>1) environments (e.g. Powell, 1988; Hughes et al., 1995). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 11. Percentage pollen diagram for trees, shrubs, and herbs. Black dots represent percentages below 3%. Microcharcoal particles (MCh) are expressed in particles 
/gr of dry sediment (concentrations). 
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δ13C, δ15N and C/N are widely used to distinguish between the organic 
matter sources, helping to characterise past environments (Wilson et al., 
2005; Lamb et al., 2006; Khan et al., 2015). In addition, lipid biomarkers 
and indices are pertinent indicators of palaeoenvironmental conditions 
and organic matter source (Meyers, 2003; Ouyang et al., 2015; Li et al., 
2020). 

In Arez, while δ15N only exhibits significant changes in the top unit 
(Sub-unit 2C and Unit 3), δ13C seems to reflect different organic sources 
as a function of depth (Fig. 6). Fig. 13 shows data from Arez3 and 
Arapouco (sediment core collected in the main Sado channel, near 
Arez3; Fig. 1; first published in Costa et al., 2019) plotted in a chart draw 
by Lamb et al. (2006) and updated by Khan et al. (2015). Both 

publications compile information from several studies that investigated 
the source of organic matter in intertidal wetland areas using δ13C and 
C/N values measured in sediments. According to this chart, Unit 1, 
characterised by strong variations in the δ13C values, seems to reflect 
constant changes in the source of organic materials from marine (higher 
values; − 23‰; Marine Dissolved Organic Carbon (DOC)) and fresh-
water/terrestrial environments (lower values; − 26‰; Freshwater DOC 
and Macroalgae/C3 Terrestrial plants; Figs. 6 and 12) (Lamb et al., 2006 
and references there-in). Values are quite similar to the ones determined 
for Units 2 to 4 from Arapouco (Fig. 13). In addition, n-alkanes total 
abundance exhibits higher values in short chain n-alkanes C12 to C19, 
pointing to the existence of an aquatic environment, with a gradual 

Fig. 12. Percentage pollen diagram for aquatic herbs, ferns and mosses, diatoms, and Non-Pollen Palynomorphs (NPPs). Black dots represent percentages below 3%.  

Fig. 13. C/N vs. δ13C results from Arez 3 and Arapouco (Costa et al., 2019) plotted in the adapted graph from Lamb et al.’s (2006), updated by Khan et al. (2015).  
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decreasing tendency to the top if mid- and long-chain n-alkanes are 
considered (Fig. 8). Maximum values in C15 are usually related to 
phytoplankton (Fig. 8; e.g. Li et al., 2020). Carbon preference index 
(CPI; values near 1 and slightly higher) and TMD (values lower than 0.5) 
ratios seem to reflect a dominance of marine OM in Unit 1 with occa-
sional terrestrial inputs (Fig. 10). Ph/Pr ratios values in Unit 1 also fall 
within the marine organic-rich sediments values deposited in an anoxic 
environment (Powell, 1988; Hughes et al., 1995; Meyers, 2003), i.e., 
presenting less favorable environmental conditions for the degradation 
of organic matter (Meyers, 2003). Anoxic conditions are also attested by 
the presence of pyrite agglomerates and the precipitation of pyrite on 
the macro-plant remains. Higher abundance of mid-chain n-alkane (C21 
to C25), which are usually attributed to submerged and floating aquatic 
plants including marine macrophytes (Sikes et al., 2009), than long- 
chain n-alkanes (Fig. 8) and a Paq value ca. 0.9 in the base of Unit 1 
and Sub-unit 2A (Fig. 10; Mean values of 0.8; Table 3; Ficken et al., 
2000; Sikes et al., 2009) point to the importance of aquatic plants 
contributing to the OM content during this period. 

In Units 2 and 3, the δ13C exhibits an upward decreasing tendency 
(from − 25‰ to − 27‰; Fig. 6), reflecting an increase in the contribution 
of OM from terrestrial plants and freshwater phytoplankton (Freshwater 
DOC, Particulate Organic Carbon (POC) and algae) to the sediment 
through time (Fig. 13). Again, values are within the range of the δ13C 
determined for Unit 5 in Arapouco (Fig. 13), corresponding to the 
aggradation of the alluvial plain (Costa et al., 2019). 

The relative total abundance of long-chain n-alkanes, particularly in 
Unit 3, also points to higher inputs of terrestrial organic materials 
(Fig. 8). 

In Sub-unit 2C and Unit 3, δ13C exhibits sharp peaks with values ≥
− 24‰ (Fig. 6). These values can result from higher marine influence, 
with contributions from marine algae and marine POC, from the pres-
ence of bacteria, at least considering the lower values from Sub-Unit 2C 
(Fig. 13) or from runoff inputs enriched in N-fertilisers (Bogaard et al., 
2013). 

δ15N also exhibits several negative peaks in Sub-unit 2C and Unit 3, 
reaching values of 0‰ (Fig. 6). Changes in δ15N values are related with 
nitrogen cycle processes and/or with N source (Yamamuro et al., 2003; 
Torres et al., 2012; Golubkov et al., 2020). At present, high δ15N isotopic 
values in aquatic environments are usually related to polluted areas due 
to e.g. sewage inputs and fertilisers runoff and are frequently used as a 
tracer for human activities (Meyers, 2003; Yamamuro et al., 2003; 
Lepoint et al., 2004; Laussaque et al., 2010; Connolly et al., 2013). 
Recent studies showed that depletion in 15N (0‰ or lower δ15N values) 
could also be related to ammonium peaks in highly polluted aquatic 
systems (e.g. Kopprio et al., 2018). In pristine aquatic systems, δ15N 
isotopic values are usually lower than in systems with anthropic influ-
ence, and most are related to the source of organic matter (Meyers, 
2003), and the microbial processes of nitrification, denitrification, and 
N-fixation (Scanes et al., 2019). In general, δ15N isotopic ratio increases 
from oligotrophic to eutrophic systems, but decreases in hyper- 
euthrophic and anoxic conditions due to the presence of cyanobacteria 
(Meyers, 2003; Gu, 2009; Golubkov et al., 2020). In diverse aquatic 
systems δ15N values ~0‰ were related to N-fixation processes and the 
dominance of N-fixing cyanobacteria in the phytoplankton community 
(Yamamuro et al., 2003; Torres et al., 2012; Bardhan et al., 2017). 

Sub-Unit 2C deposited between ca. 6530 to 4910 cal yrs. B.P. (i.e. 
5500 to 2960 cal yrs. B.C.), so the incorporation of 15N enriched OM 
from sewage or N-enriched fertilisers can be ruled out, with the negative 
shift of δ15N to values ~0‰ most probably explained by hyper- 
eutrophication and by cyanobacteria bloom episodes. Similarly, in 
Unit 3, deposited in the last ca. 5000 years, the negative shifts in δ15N 
values that occurred at ca. 4650 cal BP (ca. 2700 cal yrs. B.C.) and ca. 
3525 cal yrs. B.P. (ca. 1575 cal yrs. B.C.) appear to be more related to 
bacterial activity. Frequent CPI values lower than 1 in Sub-unit 2C and 
Unit 3 are also indicative of microorganisms, bacterial communities, and 
degraded OM (Fig. 10; e.g. Bray and Evans, 1961), and Ph/Pr changes 

between values > and <1 (Table 3 and Fig. 10) point to the alternation 
between oxic and anoxic environments suitable for the degradation of 
organic matter and eutrophication events. 

Only the more recent δ15N negative peak (ca. 790 cal yrs. B.P.; 1160 
cal yrs. A.D.; Fig. 6) can be associated with anthropic activities. Indeed, 
between the top-most negative δ15N shifts, δ15N values increase to 
values higher than 6‰ (Fig. 6) that can be related with organic matter 
derived from algae (+8.5‰; Meyers, 2003), but also from heavy nitrate 
fertilisers and human sewage (Teranes and Bernasconi, 2000). Unit 3 
deposited above present-day MSL, and despite the possibility of being 
flooded during high tides, the presence of marine algae influencing δ15N 
is not plausible, given that in-depth δ15N are lower even during higher 
marine influence episodes (Unit 1; Fig. 6). The alluvial plain of Carra-
squeira stream, where Arez3 was collected, is nowadays used for agri-
culture practices, particularly rice production, as it happens in the Sado 
channel alluvial area (Costa et al., 2019; 2021). The δ13C higher values 
measured in the top of Unit 3 can also be related to the input of N-fer-
tilisers given that changes in the δ13C values are known to occur by the 
input of mineral N-fertilisers (e.g. Bogaard et al., 2013). Finally, the 
increase of δ13C values in the top sediments from the Sado alluvial plain 
are related to anthropic activities, as recently described by Costa et al. 
(2021). 

5.2. Holocene environmental evolution 

During the Early Holocene and the beginning of the Middle Holo-
cene, the MSL was rising at a rate of 0.81 ± 0.07 cm yr− 1 in the SW 
Atlantic Portuguese margin (García-Artola et al., 2018), which is higher 
than the sedimentation rate obtained in Arez3 (between 0.22 and 0.64 
cm yr− 1; Fig. 4). This circumstance allowed for the flooding of the 
incised Carrasqueira valley, and certainly other similar tributaries of the 
Sado; the rise in the MSL is therefore the main factor responsible for the 
extensive flooding of the area. Similarly, the sedimentation rate only 
surpassed the MSL rise rate between 7120 and 6800 cal yrs. B.P. (i.e. 
5170 and 4850 cal yrs. B.C.; Fig. 4), after the deceleration of the sea- 
level rise (García-Artola et al., 2018), achieving high values of 1.2 cm 
yr− 1 (Fig. 4) and promoting the vertical accretion of the valley bottom 
and estuarine basin from that date onwards. The Carrasqueira is a high- 
gradient stream with torrential hydraulic regime, and thus an important 
contributor of sediments to the lower section of the valley that has 
certainly played a role in the high sedimentation rate estimated for the 
area during the beginning of the Middle Holocene. 

According to the age-model, the sedimentary infilling of the Sado 
estuary seems to follow the same depositional pattern of other SW Ibe-
rian estuaries (Dabrio et al., 2000; Boski et al., 2002, 2008; Lario et al., 
2002; Vis et al., 2008; Camacho et al., 2016) despite the higher mean 
sedimentation rates determined in all the cores collected in the Sado 
valley (this work and Costa et al., 2021), thus reflecting the strong 
Mediterranean character of the Sado basin. 

The multiproxy analyses performed in the Arez3 sedimentary 
sequence allowed to identify marine influence between ca. 8850 and 
7040 cal BP (ca. 6900 and 5050 cal BP). The results revealed an estu-
arine environment similar to the present-day Sado estuarine basin, 
suitable for the development of shellfish banks. This fact is evidenced by 
the presence of foraminifera in Unit 1 and Sub-unit 2A that usually are 
not preserved in Sado sediments due to under saturated CaCO3 condi-
tions. The under saturated CaCO3 environment is also corroborated by 
the punctual appearance of foraminifera linings as identified in other 
Atlantic estuaries (Moreno et al., 2007; Valente et al., 2009). However, 
foraminiferal assemblages dominated by the species Haynesina german-
ica, Ammonia tepida and E. gunteri/oceanensis are also recorded, with a 
low value of foraminiferal density and diversity index that indicates a 
brackish environment. Such conditions and the presence of juveniles 
from planktonic and marine benthic foraminifera (e.g. Bolivina spp., 
Fissurina spp.) clearly indicate that a marine influence was present by 
that time. Such assemblage is today found in the Sado estuary in subtidal 
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and tidal flat environments (Fatela et al., 2009). Additionally, the 
absence of agglutinated species such as Jadammina macrescens and 
Trochamina inflata, dominant on marsh zones, and the presence of exotic 
juvenile marine specimens, dragged upstream by tidal currents, re-
inforces the notion that this palaeoenvironment was a low riverbank, 
under permanent submersion. The presence of Chenopodiaceae together 
with the occasional occurrence of dinoflagellates, and some specific 
types of diatoms (e.g. P. sulcata, Triceratium, and Diploneis) identified 
during pollen analyses also point to the existence of a brackish envi-
ronment. In addition, marine and brackish diatoms assemblages char-
acterised by epipsammic diatoms, with Opephora mutabilis being the 
most frequent taxon, and sponge spicules were also found at the base of 
Arez1 (between − 775 and − 798 cm MSL; dated to ca. 8500 cal yrs. B.P.; 
Costa et al., 2020). 

The freshwater environments slightly increase in relation to salt 
marsh communities between 7450 and 7040 cal yrs. B.P. (5500 to 5090 
cal yrs. B.C.) as evidenced by a decrease in Chenopodiaceae and a 
slightly decline in Asteraceae Cichorioideae, while Isoetes slightly in-
creases (Figs. 13). In addition, C/N and δ13C of Sub-unit 2A point, to 
some extent, to the presence of freshwater POC and freshwater algae, 
confirming the increased influence of freshwater environments 
(Fig. 13). 

Towards the top of the sequence (Sub-Units 2B and 2C; 7040 to 4910 
cal yrs. B.P.; 5090 to 2960 cal yrs. B.C.), the increase in the contribution 
of OM from terrestrial plants and freshwater phytoplankton (Fig. 13) 
suggest higher influence of the river(s) in the area and the expansion of 
freshwater wetlands in detriment of brackish environments. This is also 
corroborated by the decrease of Chenopodiaceae and the high values of 
Isoestes. This is compatible with a scenario in which the rate of MSL rise 
decreases (García-Artola et al., 2018) whilst sedimentation rates in-
crease (Fig. 4), promoting the fast silting-up of the valley. 

In terms of vegetation, an abrupt decline of the forest and shrublands 
was identified in Sub-unit 2B (Fig. 11), suggesting an open ground 
environment, maybe related to the increase of human pressure. These 
results seem to relate to the generalised forest decline identified in 
diverse sequences of SW Iberia from 7000 cal yrs. B.P. onwards (Cam-
bourieu-Nebout et al., 2009; Chabaud et al., 2015; Fletcher et al., 2007; 
Fletcher and Sánchez Goñi, 2008; Gomes et al., 2020; Vis et al., 2010). 

The presence of some Poaceae grains ≥40 μm in Sub-unit 2B can be 
associated to the domestication of wild grasses resulting from arable 
activity, but large pollen grains of Poaceae may also be related to 
wetland wild grasses (Tweddle et al., 2005). 

Unit 3, deposited above present-day MSL under a low sedimentation 
rate (excepting the top 180 cm; Fig. 4) and receiving material mostly 
sourced in freshwater environments (see discussion 5.1), corresponds to 
the aggradation of the alluvial plain, with the sedimentation rate being 
dependent on the (low) accumulation space and river dynamics (floods). 

Eutrophication events with the development of bacterial commu-
nities seem to have occurred sporadically since ca. 6530 cal yrs. B.P. 
(Sub-unit 2C and Unit 3; see discussion 5.1) pointing to the development 
of backswamp environments in the Carrasqueira valley, since the Middle 
Holocene. Also, ca. 6500 cal yrs. B.P. the formation of the Tróia sand spit 
starts, followed by its progradation northwards (Costas et al., 2015), 
creating the present-day bar-built estuarine area and limiting the ex-
changes between the estuary and the open sea. By then, and mostly on 
account of the deceleration of sea-level rise, the nearby coastal de-
pressions of e.g. Santo André and Melides became isolated from the sea 
by the formation of sandy barriers, forming stable coastal lagoons that 
remained as such until the end of the 3rd millennium BP (Freitas et al., 
2003; Cabral et al., 2006; Laermanns et al., 2021). 

Recently, the effects of anthropic activities also led to changes in the 
sediment organic chemistry. 

Despite the fast silting-up and the development of freshwater envi-
ronments at the Carrasqueira valley since ca. 7040 cal yrs. B.P. (Sub-Unit 
2B), brackish environments and marine influence were present in Ara-
pouco (Sado channel; Fig. 1) at least until 3240 cal yrs. B.P., after which 

the aggradation of the alluvial plain took place (Costa et al., 2019). 

5.3. Sado late Mesolithic environments 

Late Mesolithic occupation in the Sado surrounding areas took place 
between 8400 and 7000 cal yrs. B.P. (Arias et al., 2017; Peyroteo- 
Stjerna, 2020) and is contemporaneous of the deposition of Unit 1 and 
Sub-unit 2A (8850 to 7040 cal yrs. B.P.; Fig. 4; Table 2). During this time 
span, MSL was rising at a high rate in the SW Atlantic margin (e.g. 
García-Artola et al., 2018), allowing for the flooding of the incised Sado 
and Carrasqueira valleys, and presumably other tributaries of the Sado. 
By then, the estuary was still an open bay and late Mesolithic sites were 
located between ca. 25 km (Arapouco, at the proximity of the Carra-
squeira stream) and 45 km (Laxique) from the open sea. 

At ca. 8400 cal yrs. B.P. the MSL was ca. -970 cm MSL and rose to 
− 240 cm MSL at ca. 7500 cal yrs. B.P. (Fig. 4) while sediments corre-
sponding to this time interval can be found approximately between 
− 1060 and − 390 cm MSL (Unit 1 and Sub-unit 2A), revealing an 
extensive drowned area during the late Mesolithic occupation. This fact 
is consistent with the existence of an aquatic environment as revealed by 
the contribution of aquatic plants to the OM source (see discussion 5.1). 
The MSL rose to − 160 cm MSL at ca. 6900 cal yrs. B.P., but contem-
porary sediments occur at − 10 cm MSL thus reflecting a change in the 
environmental conditions with intertidal areas occupying previous 
drowned areas. 

During the late Mesolithic occupation, the high intertidal areas of the 
Carrasqueira stream (developing in the shallow margins; Fig. 3) and 
other similar valleys (see discussion 5.3) were certainly colonised by 
marsh communities, as reflected by the organic chemistry results 
(Fig. 13) and the palynological content of Arez3, with high percentages 
of Chenopodiaceae (salt marsh) and the presence of Isoetes (freshwater 
marsh; Figs. 13). A higher marine influence was detected until ca. 7500 
cal yrs. B.P. (5550 cal yrs. B.C.), when freshwater environments started 
to increase. 

In the emerged landscape, mesophilous trees (mainly deciduous 
Quercus) were more abundant than other arboreal taxa, suggesting 
mostly the existence of a moist climate during the late Mesolithic 
occupation. High-mountain pines (Pinus sylvestris-nigra type), usually 
related to continental climate, also occurred but with low representa-
tion. Mediterranean pines, such as P. halepensis-pinea type and 
P. pinaster, were also represented (Fig. 11), probably distributed across 
the interdune depressions. In Sub-unit 2A, a slight rise of Mediterranean 
trees occurred, indicating the presence of temperate elements within the 
forests. 

5.4. Suitable areas for the collection of shellfish during the Mesolithic in 
the Sado valley 

The Alcácer do Sal (palaeo)intertidal area was pointed out as the 
local used by Mesolithic groups for the collection of shellfish, based on 
the presence of foraminifera shells and calcareous pebbles among the 
shell midden content of Poças de São Bento shell midden (Duarte et al., 
2019; PSB; Fig. 1). 

Presently, despite not being the most abundant species, S. plana and 
Cerastoderma still occur in the Sado estuary. S. plana is essentially 
identified in the Alcácer do Sal channel in mud to fine sand sediments 
with lower salinity contents. Likewise, Cerastoderma spp. is identified in 
the Alcácer do Sal channel, but also in the central estuarine basin, with 
salinity (values between 17 and 30‰), grain-size (fine sediments), OM 
content, and water depth (shallower areas) being the most important 
factors contributing to its distribution (Santos, 2019). Our observations 
suggest that suitable conditions (i.e. salinity, organic fine sediments and 
shallow margins) for the occurrence of S. plana and C. edule were present 
at the Carrasqueira valley (and presumably in other similar valleys) 
during the late Mesolithic occupation, allowing its exploitation by the 
Mesolithic groups over a much wider area than previously thought. 
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S. plana shell fragments were described in Arez3 sediments, particularly 
between the base of the core and − 360 cm MSL (Unit 1, Sub-unit 2A and 
partially Sub-unit 2B), confirming the presence of this species in this 
area of the Sado valley during the Early-Middle Holocene. 

In the wider array of fish identified in Arapouco and Poças de S. 
Bento, marine/estuarine taxa prevail. The identified taxa (e.g. Chellon 
labrosus, S. aurata, A. regius and Dicentrarchus sp.) still occur in the es-
tuary (Sobral, 1993; Cabral, 1997; Cunha et al., 2014), feeding on 
various kinds of bottoms. The young form, school and feed chiefly on 
invertebrates, molluscs, and also on other fishes. Assuming fish behavior 
has not changed since Mesolithic times, and considering individual size 
estimates from archaeological bones, one can assume that Mesolithic 
communities exploited the surrounding environments targeting large 
schools of young fish (e.g., A. regius and Dicentrarchus sp.; Gabriel et al., 
2012; Gabriel, unpub. data). 

Based on a morphological analysis (length and width of the alluvial 
plain), and on data previously produced for the Sado valley concerning 
the palaeovalleys depth and morphology (Costa et al., 2020), and also 
data presented in this work, other tributaries of the Sado upstream 
Alcácer do Sal - such as the Santa Catarina and Alfebre streams (Fig. 1) - 
could have had the same suitable environmental conditions for the 
development of molluscs and thus conditions for the exploitation of 
these resources by Mesolithic people. A study performed at Vale dos 
Açudes located ca. 6.5 km upstream Carrasqueira (Fig. 1; Costa et al., 
2020), revealed a very shallow palaeovalley without marine influence. 
Similarly, brackish conditions in shallow tributaries of the Sado located 
upstream Vale dos Açudes should be absent. The Algalé (or Alcaçovas) 
stream is longer and has a larger alluvial plain pointing to a deeper 
palaeovalley, but the scarcity of data in this section of the Sado valley 
hamper a full characterization of its environmental conditions. 

The morphology of the Sado channel as characterised by ERT data 
(Costa et al., 2020) seem to exhibit deep steep margins, presenting less 
suitable conditions for the development of extensive marshes and/or 
tidal flats. However, less incised upstream areas of the Sado river would 
certainly have offered conditions for the development of intertidal en-
vironments. Notwithstanding this condition, the maximum limit of 
marine inundation during the Early and Middle Holocene in the Sado 
channel is still unknown. Recent work published by Costa et al. (2021) 
attest the occurrence of estuarine conditions during the Mid-Late Ho-
locene transition (between 4350 and 4000 cal yrs. B.P.) in a sediment 
core, at Laxique, collected ca. 65 km upstream the present-day estuary 
inlet. At this location, the sedimentation is mostly influenced by low 
river discharges associated with a dry climate pattern rather than MSL 
oscillations. Nevertheless, studies of deep sediment cores covering the 
Holocene sedimentary succession are necessary to fully evaluate the 
marine inundation prior to 4350 cal yrs. B.P. at the upstream limits of 
the Sado estuary. 

6. Conclusions 

The multiproxy analysis of the 13.5 m Arez3 sedimentary sequence 
recovered from the Carrasqueira stream, a tributary of the Sado valley 
located at ca. 52 km upstream the present-day estuarine inlet, revealed 
to be a critical source of information concerning environmental condi-
tions of the Sado valley during the late Mesolithic occupation. Estuarine 
conditions, similar to the present-day central estuarine basin, existed at 
the Carrasqueira valley at least between ca. 8850 and 7450 cal yrs. B.P. 
(6900 and 5500 cal yrs. B.C.) and prevailed, despite the higher fresh-
water influence, until ca. 7040 cal yrs. B.P. (5090 cal yrs. B.C.), i.e. 
during the occupation of the valley by the late Mesolithic communities. 
Such conditions allowed for the development of mollusc banks, such as 
S. plana and C. edule, which were exploited by these hunter-gather 
communities in the intertidal areas (salt marshes and tidal flats) of the 
valley. 

Since ca. 7040 cal BP the sedimentation rates surpassed the sea-level 
rise rates, leading to the silting-up of the valley and allowing for the 

progressive progradation of freshwater environments downstream. 
Other valleys with extension and valley morphology similar to the 
Carrasqueira valley, should have exhibited similar estuarine conditions 
during the late Mesolithic. 
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