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Abstract:

Resumo:

1. INTRODUCTION

In this work we present preliminary results of the study of one sediment core (EDP1), collected near Cais do Sodré,
Lisbon downtown, close to the present day Tagus riverfront. The results allowed differentiation of 4 major sediment
units that present a signature of increasing anthropic influence over time. The lowermost unit (Unit 1) corresponds to a
subtidal flat accreting in low energy and brackish conditions. This sedimentation pattern is interrupted by high-energy
deposition of Unit 2, characterized by higher density and diversity of the foraminiferal content and high content of
other bioclasts remains (Sub-unit 2A) and by the incorporation of several anthropic elements, such as 17"-18" century
ceramics (Sub-unit 2B). Given the radiocarbon chronological framework and type and dates of the anthropic materials
included in both sub-units of Unit 2, they are tentatively related with either the 1724 extreme storm and/or the 1755
tsunami. The abrupt drop in coccolith densities in this unit is compatible with an increase in sedimentation rate. Later
sedimentation (Units 3 and 4) mirrors increasing energy in comparison with Unit 1, reflecting the shallowing of the
study area and shift towards upper subtidal conditions, the natural sedimentation having been interrupted in the middle
19" century by the placement of an artificial infill that reclaimed the estuarine margin.

The interpretation presented here was developed in the framework of the Lisbon Stories project, which addresses the
relationships between the Tagus, the city of Lisbon and its people throughout the last few centuries.
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Eventos extremos e evolucio secular da margem norte do Rio Tejo antes da construciio do Aterro da Boavista:
uma abordagem multidisciplinar ao registo sedimentar de origem natural e antrépica

Neste trabalho apresentamos os resultados preliminares do estudo de uma sondagem (EDPI) recolhida nas
proximidades do Cais do Sodré, na zona baixa de Lisboa, junto a actual margem ribeirinha do Tejo. Estes resultados
permitiram a diferenciagdo de 4 unidades sedimentares principais que mostram um aumento da assinatura antropica no
sedimento ao longo do tempo. A unidade da base (Unidade 1) corresponde a um sedimento depositado em condi¢des
estuarinas, num ambiente subtidal de baixa energia. Este padrao de sedimentagdo ¢ interrompido pela deposi¢ao da
Unidade 2, que reflecte mais alta energia. Esta unidade ¢ caracterizada por um aumento na densidade e diversidade de
espécies de foraminiferos e em bioclastos (Sub-Unidade 2A) e pela incorporagdo de varios elementos antropicos
(fragmentos de ceramica atribuidos aos séculos XVII e XVIII) (Sub-unidade 2B). A datagdo por radiocarbono de
fragmento de madeira e a data atribuivel aos fragmentos de ceramica, sugere que a deposi¢do da Unidade 2 pode ter
resultado de uma tempestade extrema que ocorreu a 19 de Novembro de 1724 e/ou ao tsunami de 1 de Novembro de
1755. O decréscimo abrupto na densidade de cocodlitos na Unidade 2 é compativel com um aumento na taxa de
sedimentagdo. A sedimentagdo posterior a este evento (Unidades 3 e 4) espelha um retorno as condigdes estuarinas
subtidais mas revela um aumento de energia em relagdo a Unidade 1, reflectindo uma menor profundidade da coluna
de agua com passagem para um ambiente subtidal superior. A sedimentagdo natural na area de estudo ¢ interrompida
durante a segunda metade do século XIX com a construgdo do Aterro da Boavista, um aterro artificial construido com
o intuito de reclamar terra ao rio.

Palavras-Chave: Margem estuarina, Lisboa, sedimentologia, foraminiferos, nanofosseis calcarios, influéncia antropica.
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maritime and fluvial traffic in connection with the

In the area of the municipality of Lisbon,
there are several archaeological evidences of Pa-
laeolithic hunter-gatherer communities. However,
the city centre started to grow continuously only
since the Iron Age (Fig. 1; e.g. BUGALHAO, 2015),
the first known archaeological records from both

Tagus estuary (e.g. BLOT 2003) dating from that
period.

From the Iron Age onwards the city was oc-
cupied continuously as testified by the pre-Roman
and Roman artefacts found in numerous Lisbon
locations (e.g. AMARO 1993; CARDOSO 1995;
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Fig. 1. Hypsometry of Portugal and Lisbon city, with archaeological sites in the municipality of Lisbon.
After Portal do Arqueoldgo, Dire¢do-Geral do Patrimoénio Cultural (DGPC). Black solid line — limit of

Lisbon Municipality.

Fig. 1. Hipsometria de Portugal e de Lisboa com a localiza¢do dos sitios arqueologicos no Concelho de Lisboa. Infor-
magdo do Portal do Arqueoldégo, Diregdo-Geral do Patrimoénio Cultural (DGPC). Linha soélida preta — limite do Con-

celho de Lisboa.

FABIAO 1998; BUGALHAO 2001, 2008; SOUSA
2014). These remnants form an overlapping ar-
chaeological record that Bugalhdo (2015) referred
to as the “overlapping city”. Several archaeological
findings dated from the Iron Age to the Roman
Period spread all over the old city and show evi-
dences of contact with foreign societies and of
strong connections with fluvial and maritime ac-
tivities (e.g. AMARO 1993; CARDOSO 1995), indi-
cating Lisbon as an important commercial seaport
(D10GO & TRINDADE 1999). 1t is also since Roman
ages that the riverfront area started to be manipu-
lated by man (e.g. AMARO 1993; BLOT 2003;
ALMEIDA et al. 2009). Several archaeological find-
ings from the Roman Period are known in the area
of Esteiro da Baixa (EB; e.g. AMARO 1995), the
downstream valley section collecting two impor-
tant fluvial tributaries of the Tagus River — Arroios
and Vale do Pereiro streams (Fig. 2). Studies per-
formed in a 43m-long core collected at EB (core
PC98, see point 9 in Fig. 2) show the natural sedi-
mentation pattern of this valley when it was
drowned by marine water in consequence of the
rise in sea level that followed the Last Glacial
Maximum (LGM, ca. 18000 cal BP). In the top
10m of this core, dated from Roman times on-
wards, the sediment shows strong anthropic influ-
ence (Roman artifacts and evidences of dredging or
excavation events performed during this period,
followed by circa 7.5m of artificial infillings)
(ALMEIDA et al. 2009).
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The expansion of Lisbon continued until
present and the link between the city, the Tagus
River and the Atlantic Ocean is obvious, as exten-
sively described by Blot (2003).

It is also known that the city of Lisbon have
often been struck by extreme events such as high
intensity storms (e.g. SARRAZOLA 2013) and tsuna-
mis following seismic activity (e.g. GUTSCHER et
al, 2006; MIRANDA et al. 2012). Sediment layers
related with extreme events on the northern Tagus
margin are scarce, but deposits associated with the
1531 and 1755 tsunamigenic events have been
described in the Lisbon area (e.g. ANDRADE et al.
2003; RAMOS-PEREIRA et al. 2013).

Lisbon Stories is an unfinanced project coor-
dinated by the Archaeosciences Laboratory
(LARC/DGPC and EnvArch/CIBIO/InBIO) and by
the Geology Department and IDL research center
of the Faculty of Sciences of University of Lisbon
(DG-FCUL/IDL). Its main goal is to characterize
the environmental evolution of the northern margin
of the Tagus estuary and the relationships between
the Lisbon People and the River through time. It
started in 2011 during the archaeological excava-
tion by ERA-Arqueologia of a 17" century tide
grid, that was exhumed in Praga D. Luis I (Cais do
Sodré; SARRAZOLA et al., 2013) during city works.
This structure was buried below several meters of
landfills and ruins of historical buildings (e.g. SAR-
RAZOLA et al., 2013) — a fragment of the overlap-
ping city - and rested above muddy sediments de-
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posited in a tide-dominated, low-energy estuarine
environment. The study of these sediments became
especially important to inform on questions emerg-
ing from the archaeological studies: how was the
local landscape during the period of construction
and usage of the tide grid, and before the 17" cen-
tury? How did the increasing anthropic activities in
the riverfront influenced the fluvial dynamics in
that area? By other hand, sediment cores and sam-
ples collected in the pre-artificial Tagus margin can
bring new insights regarding sediment layers de-
rived from extreme events embedded in the perma-
nent sedimentary column. Did sediments deposited
in the Tagus margin register extreme events of
coastal flooding?

Since 2011 several sediment cores and sam-
ples have been collected during salvage excava-
tions in archaeological sites found along the Lisbon
waterfront in order to reconstruct the evolution of
the northern riverine margin of the Tagus River,
pre- and post-dating the archaeological findings.
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Samples from 7 archaeological sites were already
collected (Fig. 2): Ribeira das Naus, Rua do Arse-
nal, Praga D. Luis I (Cais do Sodré), Nova Sede da
EDP (Cais do Sodré), Largo Conde Bardo, Bar/
Restaurante BBC/Piazza Di Mare and CAT -
Belém (EDP). It is worth mentioning that Lishon
Stories is part of a multidisciplinary project directed
by ERA-Arqueologia that includes researchers from
diverse research centers (CHAM, LARC/EnvArch,
DG-FCUL/IDL, ISA, ITN, IST and CINAV) and is
frequently named as Lisboa Ribeirinha.

In this work we present the first results pro-
duced in the framework of the project Lisbon Sto-
ries, a fragment of the story of Lisbon imprinted in
the sediments of EDP1 core (Fig. 2). Physical,
chemical, palaeoecological and chronological
analysis were performed on the recovered sedi-
ments to infer on the local hydrodynamic condi-
tions, organic matter source and geomorphological
settings of the study area.
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Fig. 2. Hypsometry of study area and location of all the sediment cores and samples collected within the
frame of the Project Lisbon Stories. Point 5 shows the location of core EDP1. Important morphological
structures (valleys) identified in the text were referred in this figure. EB — Esteiro da Baixa (correspond to an

old tributary humid lowland).

Fig. 2. Hipsometria da area de estudo e localizagdo de todas as sondagens e amostras de sedimento recolhidas no
ambito do projecto Lisbon Stories. O Ponto 5 indica a localizagdo da sondagem EDPI. Estruturas morfologicas
importantes (vales) identificadas no texto sdo referidas nesta imagem. EB — Esteiro da Baixa.

2. STUDY AREA

EDP1 sediment core was collected just north
of Cais do Sodré, at the construction work place of
Nova Sede da - EDP (Fig. 2). In this area several
archaeological evidences dating from the Roman
period to the 19" century were found and excavated
by the archaeological team together with researchers
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from CHAM (Centro de Histéria D’Aquém e
D’Além-Mar, FCSH), including deposits related to
anchorage and landing activities. They include sev-
eral anchors and scattered ceramics, glasses and
organic artifacts, besides two vessels — Boavista 1
and Boavista 2, attributed to the 17"/18™ century
(SARRAZOLA et al. 2013). Core EDP1 was col-
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lected below the Aterro da Boavista, a 19" century
landfill constructed to reclaim estuarine areas. The
construction period and extension of Aterro da
Boavista is documented in old cartographic docu-
ments (Fig. 3 and 4) and can be estimated by map
comparison.

In figure 3, EDP1’s location was plotted in a
georeferenced database constructed upon the 1844
plan of Lisbon (Planta de Lisboa, unknown author,

Augusto Vieira da Silva collection; georeferenced
map courtesy of Camara Municipal de Lisboa -
CML; e.g. OLIVEIRA 2012). In this map it is possi-
ble to see the post-1755 reconstructed Lisbon, in
particular the area corresponding to downtown, and
the linearized development of the northern estua-
rine margin indicating that it had been extensively
artificialized before 1844. In this map, EDP1 is
located under water, in the estuarine subtidal zone.
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Fig. 3. Map of Lisbon from 1844, unknown author. Collection of Augusto Vieira da Silva. Georeferenced map

courtesy of Camara Municipal de Lisboa. Position of EDP1 core is indicated in the map.
Fig. 3. Mapa de Lisboa de 1844, autor desconhecido. Colecg¢do de Augusto Vieira da Silva. Mapa georeferenciado
cortesia da Camara Municipal de Lisboa. A posi¢do da sondagem EDP1 esta localizada no mapa.

Fig. 4. Filipe Folque topographic map of Lisbon — Carta Topografica da Cidade de Lisboa, 1856-58. Collection
of Augusto Vieira da Silva. Georeferenced map courtesy of Camara Municipal de Lisboa. Position of EDP1 core
is indicated in the map.
Fig. 4. Mapa topografico de Lisboa, Filipe Folque — Carta Topografica da Cidade de Lisboa, 1856-58. Colecgdo de
Augusto Vieira da Silva. Mapa georeferenciado cortesia da Camara Municipal de Lisboa. A posi¢do da sondagem EDP1
esta localizada no mapa.
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In figure 4 EDP1 was plotted on the 1856-58
topographic map of Filipe Folque (Carta To-
pogrdfica da Cidade de Lisboa, Augusto Vieira da
Silva collection; georeferenced map courtesy of
CML; e.g. OLIVEIRA 2012). This map shows that
the Aterro da Boavista landfill has been extended
further south of the core location and study area.
The cartographic data above constrain the seaward
expansion of that landfill to the coring site to the
1844-1858 time window. Field observations show
that in this location, the landfill includes residues
of naphtha and tar associated to the operation of
the gas plant of Boavista that was built in 1846.

The Holocene/Pleistocene sediments sam-
pled in EDP1 rest upon an erosive surface truncat-
ing Miocene (Aquitanian/ Early Burdigalian)
overconsolidated clays and marls (PAIS et al
2006). At the coring site, the contact between the
Miocene basement and the Quaternary deposits
rests at around 10m below mean sea level (bmsl)
(MOTA-ENGIL 2012).

A topographic profile trending NNE-SSW
was produced using the software ArcGIS 10 ® and
a 25m-resolution Digital Terrain Model (DTM) to
investigate the relationship between the local topog-
raphy and EDP1 (Fig. 5). Coupling the information
made available in Mota-Engil (2012) geotechnical
report with the topographic data, it is possible to
reconstruct the morphology of the area surrounding
the coring location prior to the infilling works. The
estuarine margin consisted of a hill (accommodating
the Bairro Alto neighbourhood) directly confining
with the estuarine water. The southern hill slope
plunged into the river and it became near-horizontal
at the top of estuarine sediment accumulated in the
northern margin. At the EDP1 location the estuarine
sediment developed within the subtidal zone. The
construction of the Aterro da Boavista raised and
levelled the land surface adjacent to the hill slope to
about 3m above mean sea level (amsl) across ca.
250m. To the NNW a small rivulet tributary of the
Tagus River flows into the studied area.

NNE W
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|:| Miocene
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,:‘ Holocene
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Fig. 5. A — Schematic profile between Bairro Alto and the end of Aterro da Boavista; B — Expanded view of
the studied area; C — EDP1 core position in relation with the vessels Boavista 1 (BV1) and Boavista 2 (BV2).
Fig. 5. — A — Perfil esquematico entre o Bairro Alto e o fim do Aterro da Boavista; B — Vista ampliada da area de
estudo; C — Posi¢a@o da sondagem EDP1 em relagdo com os navios Boavista 1 (BV1) e Boavista 2 (BV2).

3. MATERIALS AND METHODS

EDPI1 core was collected using a Van der
Horst sampler and a gauge-auger, starting at 170
cm bmsl just beneath the base of the Aterro da
Boavista and extending down to 750 cm bmsl.
Core sections were properly sealed and preserved
at 4°C until analysis.

In the laboratory, EDP1 was opened, de-
scribed, photographed, sub-sampled each 2 centi-
metres and freeze-dried. Sixty-three sub-samples
were analysed for: 1) pH (LNEC, 1967; alkalinity
characterization followed COSTA 1991); 2) deter-
mination of sediment coarse (>63um) vs. fine frac-
tion (ff; <63um) by wet sieving using a standard
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63um sieve; 3) calcium carbonate (% CaCOs;) us-
ing an Eijkelkamp calcimeter that measures the
CO, produced by the reaction with [4mol/L] HCI
and; 4) organic matter contents (% OM) using an
incineration method adapted from Kristensen
(1990) and including determination of labile and
refractory fractions of OM burned at 280°C and
520°C for 6h. Rp Index is considered a semi-
quantitative measure and was used as an indicator
of the organic matter source:

% refractory OM
(D Rp =

% total OM
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The coarse fraction of sediment was observed
under a Leica NZ12 stereo microscope for the
(qualitative) composition of sand-sized particles.

Thirteen samples were analysed for fo-
raminifera (identification and count). Approxi-
mately 20g of each sample were dried, weighted
and washed through a 63um sieve with tepid tap
water to remove clay and silt following the stan-
dard methodology in foraminiferal studies (e.g.
MURRAY 2006). The sieve was immersed in a me-
thylene blue solution before each washing to pre-
vent contaminations. Foraminiferal identification
was made under a stereo microscope Olympus
SZX12, following Loeblich and Tappan (1988) to
generic classification and several publications for
specific classification (e.g. MURRAY 1971; DE-
BENAY 2012). The procedure is finished when the
sample is completely sorted or 300 specimens are
observed (FATELA & TABORDA 2002). The species
were considered dominant when they represent
>10% of the assemblage in the same unit, subsidi-
ary when they do not reach always >10%, minor
when they correspond to <10% (MURRAY 2007);
the rare species counting <5% were represented as
Others. Foraminiferal density (N/g; N = speci-
mens) was determined and the Shannon Index
(SHANNON 1948) was used to measure the species
diversity of each sample.

Fifty seven samples were selected along the
entire core, almost coincident with the ones ana-
lyzed for sedimentology, for determination of the
densitiy on calcareous nannofossils. Samples were
prepared according to Flores & Sierro (1997)
adapted for transitional environments (FERREIRA &
CACHAO 2003) with 0.5g of raw sample and 0.5ml
of suspension to be injected into the Petri dish for
random settling. A 30mm-long section of the slide
was screened for calcareous nannofossils using the
optical petrographic microscope Olympus BX and
identification followed the Nannotax3 systematic
scheme available at http://ina.tmsoc.org/Nannotax3.
Counts were converted into densities (coccoliths per
gram) and the data were grouped in three clusters:

1. small placoliths, which include coccoliths
of the placolithic type smaller than 3pm, namely
Emiliania huxleyi and small Gephyrocapsa (e.g.
Gephyrocapsa ericsonii);

2. large neritic forms, which include larger
that 3um coccoliths of taxonomic groups with af-

finity for the neritic coastal waters off Western
Iberia (GUERREIRO et al. 2015), namely Cocco-
lithus pelagicus, Helicosphaera carteri, Gephyro-
capsa oceanica, Syracosphaera spp.,
Coronosphaera spp.;

3. large oceanic forms, which include Gephy-
rocapsa muellerae, Calcidiscus leptoporus and
Umbilicosphaera spp.

A wood fragment found at 376 cm depth (i.e.
546 cm bmsl) was AMS '“C dated at Beta Analytic
Inc. The conventional date was calibrated with
Oxcal 4.2 (BRONK RAMSEY et al., 2013) software
using the IntCall3 atmospheric curve (REIMER et
al. 2013). Hydrocarbon contamination of sedi-
ments during coring prevented '“C dating of the
particulate organic fraction.

4. RESULTS

Based on macroscopic observations, texture,
organic and inorganic content, foraminifera and
nannoplankton identification, four major deposi-
tional units were defined: Unit 1 from the base of the
core at 750 cm (all core heights mentioned in this
section are bmsl) to 562 cm; Unit 2 between 562 cm
and 410 cm, Unit 3 between 410 cm and 255 cm,
and; Unit 4 from 255 cm until the top of the core at
170 cm. Unit 2 was further divided in 2 sub-units.
Ceramic elements were found in Units 2 and 4.

The result of the radiocarbon date (Table 1;
Fig. 6) points to three time intervals encompassing
the 16" to the 18™ centuries, and the intercept of
the mean of the radiocarbon date with the calibra-
tion curve yielded 1647 cal AD at a depth of 546
cm (rounded to1650 cal AD from hereafter). This
suggests that the sedimentary sequence cored by
EDP1 accumulated in the northern margin of Ta-
gus throughout, at least, 200 years. The presence of
17" to 18™ century ceramic artefacts at depths
above 562 cm (see below), together with the '*C
dating result at 546 cm, point to a high sedimenta-
tion rate in this area of the estuary since, at least,
the middle 17" century.

Figure 7 presents the depth variations for pH,
total OM (%), Rp Index, CaCO; (%) and texture
(%ff) measured in sediments of EDP1 core. Varia-
tions in foraminifera density and diversity along
the core are shown in figure 8. Sedimentary units
1,2, 3 and 4 are represented in both figures.

Table 1. “C conventional and calibrated dates. Calibration was done using the IntCall3 atmospheric curve (REIMER ef al.2013).
Tabela 1. Data de radiocarbono convencional e calibrada. Calibragio feita pela curva atmosférica IntCall3 (REIMER et al. 2013).

Conventional 13 Calibrated date A
Sample Lab. Reference Type of sample ¢ date 8°C (2 sigma 95%) Intercept point
EDP1#14 1525-1555 cal AD
375.377 Beta-426279 wood fragment 260+30 -27.4%o 1630-1665 cal AD 1647 cal AD
B 1780-1795 cal AD
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OxCal vi.2.4 y (2013); r5; i ( etal 2013)

Beta-426279 R_Date(260,30)
Median 1647 cal AD

Radiocarbon determination (BP)

Fig. 6. Calibrated date. Calibration was done by
Oxcal 4.2 (BRONK RAMSEY et al. 2013) software
using the IntCall3 atmospheric curve (REIMER et al.
2013).

Fig. 6. Data calibrada. Calibracao feita através do softwa-

1400 1500 1600 1700 1800 1900

Calibrated date (calAD)

Unit 1 (from 750 cm to 562 cm bmsl)

This unit is essentially composed of sub-
alkaline (pH between 7.5 and 8.1) laminated dark
grey mud (ff mean 94%; max: 97%; min: 90%; Fig.
7) the coarse fraction being constituted by fine sand-
sized particles - quartz, muscovite>biotite, rare bi-
valve shell fragments, foraminifera, ostracods and fish
bones. The CaCOs content is low and shows small
variations (max: 6.5%; min: 2.6%; mean: 3.6%; Fig.
7) corresponding to the presence of bioclasts (Fig. 8).
The total OM average is 6.7% (max: 7.8%; min:
5.4%) and the mean value of the Rp Index is 0.8.

The foraminifera content presents low density
and diversity. The assemblages are dominated by
Ammonia beccarii (Linnaeus, 1758) (mean: 42%) and
Haynesina germanica (Ehrenberg, 1840) (mean:
35%). Ammonia tepida (Cushman, 1926) reaches a
significant presence in the analysed samples, between
17% at the base of this unit and 7% at the top. Cibi-
cides lobatulus (Walker & Jacob, 1798) and FEI-

2000 re Oxcal 4.2 (BRONK RAMSEY et al. 2013) com utilizagdo
da curva atmosférica IntCall3 (REIMER et al. 2013).

phidium williamsoni Haynes, 1973, are also present
(with low significance, less than 5%), but are absent
at the top of this unit being replaced by Elphidium
crispum (Linnaeus, 1758) and Bolivina pseudopunc-
tata Hoeglund, 1947 as minor species, essentially
grouped as Others. It must also be mentioned the low
record of the planktonic foraminifera Globigerina sp.
that slightly increases in the top of the unit (Fig. 8).

Calcareous nannofossils disclose their maxi-
mum abundance and diversity. All three clusters,
small placoliths, neritic and oceanic forms show
their maximum densities in this lower unit, with
values oscillating but increasing until relative maxi-
mums are achieved just below 600 cm bms! (Fig. 9).
It is interesting to note that small placoliths and
these two groups do not peak exactly at the same
levels indicating a degree of paleoecological succes-
sion in time. The end of this unit is marked by a
sharp decrease in all three groups, more pronounced
for the small and oceanic large placoliths groups.
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calibrada (ver Tabela 1 e Figura 6) e 185146
corresponde ao periodo temporal em que tera
sido construido o Aterro da Boavista.
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Fig. 8. Varia¢do em profundidade da densidade (especimens/g) e diversidade (Shannon In-
dex) de foraminiferos. Depth corresponde a profundidade abaixo do Aterro da Boavista.
Height corresponde a profundidade abaixo do nivel médio do mar.

Unit 2 (from 562 cm to 410 cm bmsl)

Unit 2 differs from Unit 1 in texture, CaCO;
content and abundance of anthropic elements. It
was divided in 2 sub-units based in the calcium
carbonate content (Fig. 7).

Sub-unit 2A (from 562 cm to 509 cm)

This sub-unit presents a decrease in the order
of 20% in the average content of fine-grained parti-
cles (mean: 73%; max: 92%; min: 56%; Fig. 7) and
an increase in the bioclast’s content (mean: 18%;
max: 56%; min: 3%) relatively to Unit 1. The in-
crement in CaCO;s is likely related with the high
concentration of whole shells and shell fragments
of different bivalve species (e.g. clams, cockle,
oysters) and gastropods, rare spicules of echino-
derms, ostracods and also with the high density of
diverse species of foraminifera (Fig. 8), in particu-
lar at 524 cm where a peak in the calcium carbon-
ate content was measured (corresponding with the
maximum CaCQOj; content measured in this unit and
in the whole sedimentary column). This peak is
coincident with an increase in the coarse fraction,
probably reflecting the mentioned high content in
shell fragments; the coarse fraction also includes
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very fine sand-sized quartz particles, muscovite,
plant debris, charcoal and ceramics. The content in
OM is similar to Unit 1 (mean: 6%; max: 8%; min:
4%) and the Rp Index is just slightly lower (mean:
0.7). The sediment is sub-alkaline (mean: 7.9; max:
8.2; min: 7.6) with pH following the calcium car-
bonate trend (Fig. 7).

An increase in the foraminifera density to-
gether with a rise in diversity index was observed,
particularly at 522 cm. The dominant species are A.
beccarii and A. tepida but the latter decreases sub-
stantially at 522 cm (Fig. 8). Haynesina germanica
is also present at 524 cm and 518 cm (mean: 14%)
but is not represented at 522 cm. Elphidium cris-
pum, E. williamsoni and Elphidium articulatum (d'
Orbigny, 1839) (only at 522 cm) were also de-
scribed in this sub-unit. Despite their low occur-
rence (often only 1 specimen of a single species) it
is worth mentioning that the number of foraminif-
era species identified at 522 cm (29) markedly
increases when compared with the underlying core
sections, explaining the highest score of the diver-
sity index (Fig. 8). The high content of different
species in this sample makes the graphic represen-
tation difficult, so the less abundant species (lower
than 5%) were grouped in the class Others (with
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Fig. 9. Variagdo em profundidade das densidades dos trés principais grupos de nanofosseis
calcarios (ver a sec¢do Materiais ¢ Métodos para informagdes adicionais). A escala varia entre
os diferentes graficos. Depth corresponde a profundidade abaixo do Aterro da Boavista. Height

26% density at this depth) (Fig. 8). Among this
group it is important to refer the presence of Boli-
vina spathulata, (Williamson, 1858), Bolivina dif-
formis (Williamson, 1848), Bolivina pseudoplicata
Heron-Allen & Earland, 1930, Bulimmina elongata
d' Orbigny, 1826, Bulimina gibba Fornasini, 1902,
Cassidulina obtuse Williamson, 1858, Nonion com-
mune (d' Orbigny, 1846) that may occur under ma-
rine conditions associated to the river mouth chan-
nel and more often to the continental shelf. How-
ever, the base of this sub-unit presents a foraminif-
eral assemblage similar to the one of Unit 1.

During deposition of this sub-unit calcareous
nannofossils experienced a significant drop, with
values showing a slight peak (544 bmsl) only for
the neritic group.

Sub-unit 2B (from 509 cm to 410 cm bmisl)

This sub-unit is similar to Sub-unit 2A con-
cerning texture (ff mean: 76%; max: 93%; min.
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47%) The coarse fraction is mainly composed by
fine sand quartz particles, muscovite>biotite, whole
bivalve shells and shell fragments, foraminifera,
ostracods and plant debris, the latter peaking at 463
cm bmsl, which translates in the profile of OM con-
tent (9.3%; Fig. 7). This sample also presents sev-
eral centimetre-sized ceramic fragments. The cal-
cium carbonate content is lower than in the preced-
ing sub-unit, presenting a mean value of 10% (max:
15%; min: 4%), with lower values at the base and
increasing upwards. The total OM is almost con-
stant along the sub-unit with mean value around 7%
(max: 9.3%; min: 5.4%). The Rp Index remains
similar to Sub-unit 2A (mean 0.7) with a slightly
decrease to 0.6 at 463 cm, corresponding to an in-
crease in the OM labile fraction. pH increases up the
sub-unit, varying between 7.6 and 8.1 (mean 7.8;
sub-alkaline sediments), reflecting the same trend of
the carbonate content. Signs of bioturbation have
been recognized at the top of this sub-unit.
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The foraminiferal assemblage is dominated by
A. beccarii, H. germanica and A. tepida. Globig-
erina sp. occurs in the base sample (5%), decreasing
to the top of the sub-unit (included in Others
group); E. crispum is only present in the top sample
as a minor species, counted in Others group (Fig. 8).

In this sub-unit calcareous nannofossils re-
gain some importance and, once more, a cyclic
synchronous pattern was found for both the more
neritic and the more oceanic affine groups. The
small placoliths reveal a sharp increase at the base
of this sub-unit (Fig. 9).

Unit 3 (from 410 cm to 255 cm bmsl)

This unit is characterized by dark grey muds
(ff - mean: 90%; max: 98%; min: 75%). The coarse
fraction is composed by very fine quartz sand par-
ticles, bioclasts (whole shells and bivalve shell
fragments, foraminifera, ostracod valves), musco-
vite>biotite and plants debris. The OM content
shows a constant record with mean value of 7%
(max: 9%; min: 6%) and mean Rp Index of 0.7,
slightly decreasing upwards. The calcium carbon-
ate content is lower in this unit with a mean value
of 8% (max: 11%; min: 4%). Sediments are sub-
alkaline (mean: 8; max: 8.2; min: 7.8).

In what concerns foraminifera, the 381 cm
sample yielded low foraminifera density but high
diversity, whereas the 313 cm sample presented
higher density and lower diversity (Fig. 8). The
foraminiferal assemblage is clearly dominated by A.
beccarii followed by H. germanica, A. tepida and E.
gerthi in a lower proportion (only at the base). A
rare presence of Cancris auriculus (Fichtel & Moll,
1798), Valvulineria bradyana (Fornasini, 1900), E.
articulatum and other marine species, close to the
base of this unit (Others; Fig. 8) explains the rise of
diversity Shannon index. However these data must
be interpreted carefully, because the total counting
just reached 70 foraminifera and the proportion of
those species may be unrepresentative.

Calcareous nannofossils continue with more
modest densities and a small increment on all three
groups at the very end of the unit (Fig. 9) was found.

Unit 4 (from 255 cm to 170 cm bmsl)

The top unit is characterized by coarser sedi-
ments (ff mean: 73%; max: 95%; min: 38%), the
coarse fraction increasing upwards. Coarse material
is constituted by whole bivalve and gastropods
shells and shell fragments, fine sand quartz parti-
cles and rare muscovite, plant debris, wood frag-
ments, seeds and ceramic fragments. The OM con-
tent slightly increases upwards (mean: 8%; max:
11%; min: 5%) just as the Rp Index (mean: 0.7) and
CaCO; content (mean: 10%; max: 19%; min: 6%).
Sediments are sub-alkaline (pH mean value: 7.7,
max: 7.8; min: 7.5) (Fig. 7). In this unit Haynesina
germanica clearly became the dominant species of
the foraminiferal assemblage, followed by 4. tepida
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and the lowest presence of 4. beccarii (Fig. 8).

This unit is characterized by a marked de-
crease on the densities of all three groups of cal-
careous nannofossils although their presence still
persists until the top (Fig. 9).

Altogether, these results are consistent with
continuous decrease in depth and shift to an upper
subtidal-low-intertidal sedimentation zone, where
the activity of waves contributes to increase the
energy level.

5. DISCUSSION

The EDP1 core drilled sediments accumulated
in the northern margin of the Tagus estuary cover-
ing a timeline of, at least, 200 years. The uncertainty
associated with this date derives from both the dat-
ing method and dated material (wood fragment),
which can be older than the host sediment. How-
ever, ceramic fragments dated from the second half
of the 17™ century or from the 18" century occur
around 557 cm bmsl, below the wood fragment.
Given this, the sediment layer containing the dated
wood, was most probably deposited in the second
half of the 17" century or in the 18" century. The
palacoenvironmental interpretation suggests that
deposition of Unit 1 occurred under a tidal regime
and mean sea-level similar to the present day condi-
tions. Despite the time period of its accumulation
being at the moment unknown, this suggests that it
corresponds to no more than a few centuries and
changes in sediments throughout the core are related
with variations in local constrains (e.g. water depth)
rather than global forcing (e.g. sea-level changes).

EDP1 sediments were initially deposited
under a water column of around 7.5m (Unit 1) that
was gradually reduced with the sedimentation
process, and consequent siltation of the marginal
estuarine bottom.

The Rp value is higher than 0.5 (indicating
dominance of refractory organic matter over labile
organic matter) throughout the core, suggesting an
important proportion of phytoplankton (hardly
degradable material; KRISTENSEN 1990) contribu-
tion to the total OM. However, some levels of Sub-
unit 2B and Unit 3 yielded lower Rp Index values.
This is interpreted as signing temporary increases in
the labile fraction originated by time-discontinuous
increments of organic materials with terrestrial ori-
gin (more degradable material). This corroborates
the idea of a diminishing water column due to sedi-
mentation and increasing shallowness bringing the
study area closer to terrestrial sources of OM that
could have been transported by rivulets meeting
the estuarine margin or overland flow.

The presence of anthropic materials is evi-
dent in Unit 2 and Unit 4 also suggesting decreas-
ing depth and increase of the proximity to an occu-
pied estuarine margin, with time.

Unit 2 is distinctive by its contents in bio-
clasts and ceramics. Sub-unit 2A shows abundant
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whole shells and increase in the frequency of shell
fragments and foraminifera density (Fig. 7 and 8).
The foraminifera diversity also increases signifi-
cantly, reflecting the presence of several species
characteristics of shelf environment, that join the
dominant subtidal estuarine assemblage. In Sub-
unit 2B the abundance of both ceramics fragments
(> 1 cm) dated from the second half of the 17™
century — 18" century, and of plant remains, in-
crease. The low hydrodynamic conditions that
prevailed during the deposition of the laminated
estuarine muds of Unit 1 seem to have been dis-
turbed by one or several short-lived events that
contributed to increase the intensity of the marine
signal in sediments of Sub-unit 2A and deposited
larger proportions of land-sourced debris in sedi-
ments of Sub-unit 2B. The chronological framing
of Unit 2 allows considering the possibility of
these materials, at least in part, having been origi-
nated by two events: the 1724 November 19" storm
(SARRAZOLA 2013) or the well known extreme
tsunami resulting from the 1755 November 1
earthquake. The thickness of these sub-units is
high to be considered entirely determined by single
events, especially when compared with onshore
deposits of tsunamigenic/storm origin (e.g.
ANDRADE et al., 2003; RAMOS-PEREIRA et al.
2013). A higher resolution approach to these sedi-
ments, with emphasis in some proxies like the fo-
raminifera assemblages, will hopefully bring new
insights to this subject.

Foraminifera assemblages presented in Unit 1
are concomitant with a deeper water column and
higher marine influence in the estuarine core site
during this depositional phase. The foraminifera
dominant species of Units 3 and 4 reveal the return
to brackish conditions but with less marine influ-
ence, probably due to depth reduction, resulting
from the estuarine basin silt up. The natural se-
quence of deposition between Unit 1 and 3 was
interrupted by the deposition of Unit 2, enriched in
specimens derived mostly from shelf environ-
ments, as stated above. The enrichment in inner
shelf foraminifera species was also recorded in two
sediment layers described on a core collected in the
southern Tagus margin (Alfeite core; ANDRADE et
al. 2003) being those sediment layers associated
with both the 1531 and 1755 tsunamis.

The calcareous nannofossil record is com-
patible with significant silt up of this sector of the
Tagus northern river bank. The lowermost Unit 1
shows more frequent influence of marine waters
entering the estuary with high content in advected
coccoliths, from both the neritic and oceanic do-
mains. Some samples from this unit contain com-
plete coccospheres of gephyrocapsids (G. oceanica
and G. ericsonii) indicating conditions for these
species to proliferate inside the estuary when the
local water depth was at its maximum. The abrupt
drop to significantly lower coccolith densities on
all three groups during deposition of Unit 2 is com-
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patible with an increase in sedimentation rate lead-
ing to dilution of the fossil record (of around one
order of magnitude for the small placoliths). In
addition, the increase in energy may have contrib-
uted to inhibit deposition of these very small parti-
cles. The peak in small placoliths at the base of
Sub-unit 2B also evidences a distinction between
these two sub-units, corroborating the existence of
more than one singular event of disturbance. The
influence of marine waters is present towards the
top of the core, more significant during Unit 3 and
vestigial during Unit 4, compatible with shallowing
local conditions.

Samples above and below the vessels Boav-
ista 1 and Boavista 2 were not collected, preclud-
ing correlation between archaeological and geo-
logical stratigraphic units. However, the 1724
storm was described in coeval newspapers (Gazeta
de Lisboa, 1724 7™ December, in SARRAZOLA
2013) as being an extremely intense event with
strong waves breaking at Praia da Boavista and
during which several vessels afloat in the estuary
wrecked and have been lost. The eventual identifi-
cation of Boavista 1 and Boavista 2 as two of the
vessels shipwrecked by that storm could bring new
insights in the correlation with the high-energy
deposits recorded by EDP1 sediments. This line of
investigation is, at present, under development by
the nautical archaeological team.

6. CONCLUSION

Altogether, the results obtained from core
EDPI suggest that its base testifies sedimentation
under brackish to marginal-marine conditions and
low hydrodynamics predating 1650 cal AD (Unit
1). This sediment was deposited in a subtidal bot-
tom (most probably an accreting subtidal flat)
under a water column of a few meters.

In the second half of the 17" century - 18"
century higher energy conditions promoted rapid
sedimentation of Unit 2. Two possible events (or
both) can be identified as possible candidates to
explain these disturbances: the extreme storm that
hit the Lisbon region in November 1724, or the
1755 tsunami that extensively inundated the estua-
rine margins.

Brackish and low hydrodynamic conditions
resumed during sedimentation of Unit 3 but the
sediments are different from those of the basal unit
in OM (with increase of terrestrial source) and
bioclasts content. Unit 4, deposited in very shal-
low, higher energy, upper subtidal to low-
intertidal conditions, corresponds to the interface
between the natural sedimentation and human-
induced placement. In the middle 19" century the
Aterro da Boavista infill buried the subtidal — low
intertidal estuarine sediments in order to create
accommodation space for industrial and urban
uses.
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