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O Engeitado
(J. Slauerhoff)

Ik voel mij van binnen bederven,
Nu weet ik waaraan ik zal sterven:
Aan de oevers van de Taag.

Aan de gele, afhellende oevers,
Er is niets schooners en droevers,

En‘t bestaan verheven en traag.

Ik bewandel ‘s middags de prado’s
En’s avonds hoor ik de fado’s
Aanklagen tot diep in den nacht:
“A vida é immenso tristura” -

Ik voel mij al samensnoeren

Met de kwaal die zijn tijd afwacht.

De vrouwen die visch verkoopen
En de wezens die niets meer hopen
Dan een douro meer, voor een keer,

Zij zingen ze even verlaten,
Door de galmgaten der straten,

In een stilte zonder verweer.

Een van hen hoorde ik zingen

En mijn kilte tot droefenis dwingen:
“lk heb niets tot troost dan mijn klacht.
Het leven kent geen genade,

Niets heb ik dan mijn fado

Om te vullen mijn leege nacht”

Ik voel mij van binnen bederven,

Hier heeft het zin om te sterven,
Waar alles wulpsch zwelgt in smart:
Lisboa, eens stad der steden,

Die 't verleden voortsleept in‘t heden,

En ruines met roem verwart.

Ik word door dien waan betooverd;
Ook ik heb ontdekt en veroverd,

Die later alles verloor,

Om hier aan den tragen stroom

Bij het graf van den grootsten droom

Te sterven:“tudo é dor”

O Enjeitado
(J. Slauerhoff)

No fundo, sinto-me apodrecer.
Agora sei onde e de qué irei morrer:
A beira do Tejo, de suas margens
macilentas e inclinadas.

Nada é mais belo e triste

E a existéncia sublime e lenta.

De tarde vagueio pelos prados

E a noite ouco o queixume dos fados
Até romper a madrugada.

-“A vida é imensa tristura” -

E logo sinto as amarras desse mal

Que no tempo aguarda fatal.

Séo as varinas quem canta o fado
E os entes que ja nada esperam.
-“Mais um copo pra esquecer”-
Deixam-no desamparado,
Ecoando por becos e vielas,

Num siléncio que consente.

Um deles ouvi cantar

E minha frieza tornou-se em pesar:
“Nada me consola além da dor.

A vida ndo conhece o perdao,
Mais ndo tenho que este meu fado

P’ra me encher a noite, sem amor.”

No fundo, sinto-me apodrecer;

Aqui, de nada serve morrer,

Onde tudo se perde na volupia da dor:
Lisboa, outrora cidade das cidades,
Arrasta o passado no presente,

E vé nas ruinas uma gldria que mente.

Por essa miragem me encantei;
Também eu descobri e conquistei,
Para afinal, de tudo ser perdedor
Morrendo na lentiddo da corrente,
Junto a campa do mais nobre

Dos sonhos: “tudo é dor”.
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1.1 BACKGROUND

Imagine being a grain of sand on a slope, just released from a rock by rain,
wind, and temperature swings. Unaware of the journey ahead, you're hit by
drops of rain. You're splashed downhill and quickly enter a little stream flow-
ing towards a river. In the river you meet many more grains of sand. Still in

the mountains, flow is rapid and while bouncing against other grains at the
bottom of the river you move downstream. After some time, the river flow
relaxes. So do you, and together with your grainy friends you take a rest at the
bottom. You fall asleep. Suddenly you're awoken by something hitting you.
The river flow increased and you move further again. This repeats a couple of
times. Later, you enter turbid waters that keep moving back and forth. “It’s

the tide” the other grains tell you. You're not in the river anymore, but in the
estuary. Those who are lucky find a place to rest. Others drop in a deep channel
and are flushed into the sea. You are one of them. As you move down the water
column, the sunlight becomes fainter and fainter. You reach the seafloor, where
you think you can finally relax. It’s not the end of your journey. When you al-
most fall asleep, something very noisy and energetic passes by and picks you up
again. Bouncing violently, you move down a steep slope. It’s your last journey
to the dark depths of the deep ocean. There, you settle to relax for eternity.

In a nut shell, the story above represents the depositional system
crossing on continental margins. Continental margins are at the confluence
of terrestrial and marine processes. This creates a complex mixture of strati-
graphic signals in the accumulated sediments (Nittrouer ez 4/., 2007). Globally
~85-95 % of sediment received by oceans is delivered by rivers (Milliman and
Meade, 1983; Syvitski ez al., 2003). Large fluvial sediment delivery causes high
accumulation rates on continental margins, which host the thickest accumula-
tions of sediment in the world (Kennett, 1982). In these accumulations, signals
from diverse processes are recorded at high resolution, making deposits on
continental margins good archives for sedimentological and environmental
studies. The energetic, reworking environment with waves, tides and currents,
imposes great challenges on reading these archives. A fundamental under-
standing of the development of a continental margin is required to translate
raw stratigraphic characteristics into a record of sedimentary and environmen-
tal processes.

The relevance and importance of studying continental margins be-
comes clear when considering that a large part of the global population lives
along coasts, often on top of continental margin successions. Many people
depend on marine resources and important petroleum reservoirs are found in
fluvial and marine deposits. However, short-term environmental hazards like

landslides, river floods, storm surges and tsunamis and long-term hazards like
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Figure 1.1 | Schematic representation of the main morphological features on a passive
continental margin. The lower part of the figure visualizes which chapter covers which
part of the passive continental margin.

sea-level rise or fall, tectonic uplift or subsidence and sediment accumulation
or erosion threaten people living in these regions.

Two types of continental margins are formed as a result of plate tecton-
ics. Active margins are found along plate boundaries and are shaken by plate
movements (Kennett, 1982). They form along convergent plate boundaries
where continental lithosphere overrides or subducts oceanic lithosphere and
along transform plate boundaries where continental and oceanic lithosphere
slide past each other (Pratson ¢ al., 2007). Passive margins ride ‘passively’ on a
lithospheric plate (Kennett, 1982) and result from past/distant spreading (rift-
ing) of continental plate and crust. This results in stretched, strongly attenu-
ated and usually faulted continental crust. Seaward prograding shallow-marine
sediment prisms overly, load and suppress continental crust of a passive margin
(Allen and Allen, 2005). The presence of sediment prisms and the absence of
volcanoes and large earthquakes make passive margins well suited to improve
the fundamental understanding of sedimentary processes on continental mar-
gins.

Morphologically a passive margin has a typical profile with a subaerial
(fluvial, coastal) part and a subaquatic (marine) part (Fig. 1.1). In the sub-
aerial part where rivers reach the ocean, deltas are formed by single-channel or
multiple-channel rivers. At the transition from delta to ocean, beaches, barrier

islands and estuaries are often present. The subaquatic part consists of the

19



20

continental shelf, slope and rise, with an abyssal plain at the foot of the slope.
The steep continental slope is often cut by submarine canyons, which usually
extend to the abyssal plain (Pratson ez /., 2007) and are the source area for
turbidity currents. These are currents of rapidly moving sediment-laden water
that transport sediment to the abyssal plain.

A plethora of controls and processes operates on passive continental
margins. Sedimentary processes are generally forced by a combination of
allogenic (climatic, tectonic, eustatic (i.c. sea level) and anthropogenic) and
autogenic (intrinsic behaviour and complex response) controls. These controls
determine the distribution of depocentres within a depositional system, as well
as the larger scale stacking patterns of depositional systems within a sedimen-
tary basin. A strict distinction between allogenic and autogenic controls can
not simply be made because complicated interactions among these controls
exist (Ethridge ez al., 1998; Bridge, 2003; Holbrook ez 4/., 2003; Stouthamer
and Berendsen, 2007). Allogenic controls have the largest effect on the bal-
ance between sediment supply and energy flux in a depositional environment.
This balance leads to processes of sediment accumulation when energy flux
decreases, or erosion when energy flux increases (Catuneanu, 2006). Eustacy
and tectonics control accumulation directly, while climate controls accumula-
tion indirectly through eustatic change and sediment supply. Climate also
affects fluvial discharge, wind, wave and current regimes and sediment supply

(weathering, erosion, vegetation, sediment transport) (Catuneanu, 2006).

1.2 AIMS AND OBJECTIVES

The overview given above, illustrates the complexity of a passive continental
margin. Sedimentation and stratigraphy on continental margins is a much-
studied subject in late Quaternary depositional systems (e.g. Schumm, 1993;
Allen and Posamentier, 1993; Christie-Blick and Driscoll, 1995; Blum and
Térnqvist, 2000; Blum and Aslan, 2006). However, most studies either focus
on the subaerial part or on the subaquatic part of the system. To improve the
understanding of sedimentary processes on a passive continental margin and
to unravel the controls on terrestrial and marine sedimentation, a synoptic
palacoenvironmental reconstruction of a passive continental margin linking
the delta, coastal zone, continental shelf and slope, and the abyssal plain is
needed. Special emphasis should be given to the significant influence of trans-
port and sedimentation processes under varying climates in the hinterland
and the ocean. For this purpose the collaborative research project SEDPORT
was initiated within the European Science Foundation (ESF) EUROCORES
EUROMARGINS framework.



The general aims of this project are:

1. To better determine the influence of subaerial and submarine sediment
transport mechanisms on the composition and physical properties
of the last glacial to Holocene margin sediment cover with respect to
modern environmental conditions in general;

2. To investigate how sedimentation processes have changed under vary-
ing climate conditions affecting ocean circulation, sea level, continental
weathering, vegetation and precipitation since the last glacial into the

Holocene.

In order to fulfil these aims, the extensively studied Iberian passive continen-
tal margin near the Lower Tagus Valley was chosen as study area (Fig. 1.2)
(e.g. Jouanneau ez al., 1998; Weaver ez al., 2000; Alves ez al., 2003; Arzola
et al.,2008). During the last ~20,000 years, the Iberian margin experienced
pronounced climatic oscillation and although it was glacially influenced as
indicated by layers of ice-rafted debris off Portugal, grounding glaciers were
absent (Baas et al., 1997; Abrantes et al., 1998; Weaver et al., 2000). Further-
more, large submarine slides and debris flows are less evident and volcanic and
tectonic activity are less than along the similarly shaped northwest African
margin. The dominant supplier of fluvial sediment to the Portuguese margin
is the Tagus River (~4.5 - 10° t/y, Rocha ez a/., 2005). Due to the narrow exit
of the Lower Tagus Valley west of Lisbon (Fig. 1.2), the Tagus River acts as
a point source of sediment which, in combination with the absence of large
rivers to the north and south of the study area, makes this region well suited
for the study of sediment fluxes. Most of the sediments supplied by the Tagus
River are deposited in the Lower Tagus Valley or on the narrow shelf off
Lisbon and a small part is transported towards the abyssal plain through the
Cascais and Lisbon Canyons (Jouanneau ez 4/., 1998). Boundary conditions
are well constrained. The narrow and deep bedrock-confined Lower Tagus Val-
ley is an efficient trap for fluvial, tidal and marine deposits and enables robust
sediment pathway and volumetric reconstructions. During low relative sea
level the narrow continental shelf caused efficient sediment bypassing to the
Tagus Abyssal Plain while during relative sea-level highstand sediments were
efficiently trapped in the Lower Tagus Valley and on the narrow shelf (Jouan-
neau et al., 1998).

Local studies of the late Quaternary sedimentary valley fill of the Low-
er Tagus Valley have been published recently (Azevédo, 2001; Ramos et 4l.,
2002; Ramos Pereira et al., 2002; Azevédo et al., 2004; Azevédo et al., 2007;
Van der Schriek ez al., 20072a). However, a valley-wide 3D reconstruction
of the complete Lower Tagus Valley fill was still missing. Additionally, time

control of the valley-fill development was poor and a sequence stratigraphic
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framework has not been established. A palacogeographic reconstruction and
relative sea-level curve of the Lower Tagus Valley since the last glacial period
are also missing. Since the above mentioned subjects have not yet been studied
in detail, a study of depocenter migration in the late Quaternary Tagus fluvial
and marine depositional system is also lacking. An integrated approach with a
sediment budget based on land-sea correlation would provide detailed insight
in sea level, tectonic and climatic control on passive margin deposition (Blum
and Térnqvist, 2000; Sommerfield and Lee, 2004).

On a smaller spatial and temporal scale, sedimentation on the Iberian
passive margin was likely also controlled by human impact. Many studies of
depositional systems on the Iberian Peninsula reveal indications of human
impact on sedimentation during the last two millennia (Chester and James,
1991; Allen ez 4l., 1996; Bao et al., 1999; Dabrio ez al., 1999; Dias et al., 2000;
Dinis ez al., 2006; Thorndycraft and Benito, 2006a; Fletcher ez 4., 2007; Van
der Schriek et al., 2007a; Van der Schriek ez /., 2007b).

Periods of increased fluvial activity have been recognised in the middle
Spanish reach of the Tagus River using slackwater deposits and palaco-stage
indicators (Benito et a/., 2003b; Benito et a/., 2003c). However, a hiatus is
present in the flood record due to erosion, as testified by a lack of data between
7000 and 1000 cal BP (Benito ez 4/., 2003b). In addition, the middle-reach
sites represent floods triggered in the upstream portion of the catchment only
and data including large downstream tributaries are missing. On the Tagus
continental shelf, marine records have been studied regarding climatic changes
and Tagus palaco discharge, especially for the last 2000 years (Abrantes et al.,
2005; Bartels-Jénsdéttir ez al., 2006; Gil ez al., 2006, 2007; Lebreiro et al.,
2006). Nonetheless, the Holocene Tagus flood record is still fragmentary.
Continuous records from the aggrading Holocene floodplain in the Lower
Tagus Valley have not been studied in terms of flooding history. A single study
on past Tagus fluvial activity only covers the period 1855-1998 AD (Azevédo
et al., 2004).

With respect to the general aims of the SEDPORT project, the specific
objectives related with the sedimentary development of the Iberian passive
continental margin are:

1. To determine the influence of sediment transport mechanisms on the

composition and physical properties of fluvial-marine sediments in the

Figure 1.2 | Location of the study areas on the Iberian passive continental margin near
the Lower Tagus Valley. The main map (A) shows the Tagus catchment and study areas
on the Iberian Peninsula and the location of marine core MD03-2698. Digital Eleva-
tion Data from Jarvis ez a/. (2006), bathymetry from IOC, IHO and BODC (2003).
Inset map (B) shows the location of terrestrial cores. Inset map (C) shows the location
of marine cores on the shelf and the location of the mudbelt, detailed bathymetry from

INETI/DGM.
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Lower Tagus Valley and on the adjacent shelf and abyssal plain since
the Last Glacial Maximum (~20,000 cal BP) and to investigate how
fluvial and marine sedimentation processes have varied due to changed
external control by climate, tectonics, sea level, vegetation and human
impact;

2. To study the facies and their distribution, sedimentary architecture
and timing of the sedimentary fill of the Lower Tagus Valley since
the Last lacial Maximum, and based on that, to construct a sequence-
stratigraphic framework and discuss the controls on the nature and
architecture of the incised-valley succession;

3. To reconstruct the palacogeographic evolution of the Lower Tagus
Valley since the Last Glacial Maximum and to evaluate the relative
importance of external controls on the infill of the palaco-valley and on
the spatial and temporal changes of the sedimentary environments;

4. To demonstrate the sedimentary response of the Tagus fluvial-marine
depositional system to human impact in the Tagus catchment;

5. To decipher depocenter migration of the Tagus fluvial-marine sedi-
ment dispersal system since the Last Glacial Maximum and to identify
the relative importance of eustatic, climatic and anthropogenic con-
trols;

6. To present a sediment budget based on quantitative sediment volume
reconstructions and to relate changed sediment fluxes to changes in

climate and erosion intensity.

To achieve these objectives, a large dataset was created for the Lower Tagus
Valley. It consists of 144 hand cores from the Lower Tagus Valley floodplain
(maximum depth 23 m). Four mechanical deep cores (maximum depth 52
m) were recovered with a rotary drilling rig. Additionally, lithological and
sedimentological information from 284 cone penetration tests, and continu-
ous and discontinuous geological cores used for geotechnical studies for the
construction of bridges, dikes, and buildings, were used (De Mendonga, 1933;
LUSOPONTE, 1995; BRISA, 2005; INETT, 2007; ). The terrestrial sedi-
ments were dated using radiocarbon dates from 54 sites. In the marine realm,
three piston cores were used; two from the continental shelf (D13882 and
GeoB-8903-1) and one from the Tagus Abyssal Plain (MD03-2698). From
these cores 34 radiocarbon dates were obtained. Samples were analyzed from
these terrestrial and marine cores for grainsize, heavy mineral, organic matter,
carbonate, floral and faunal content. Finally, volumes of deposited sediment
were quantified using spatial models generated in Petrel 2008 software (Sch-

lumberger Led.).



1.3 OUTLINE

This thesis contains five journal papers (Chapters 2 to 6), a Synthesis (Chapter
7), and summaries in English, Portuguese and Dutch. The journal papers are
presented in their original form, except for some lay-out changes. Consequent-
ly, some repetition in the text with respect to regional setting, methods and
references is inevitable.

Chapters 2 and 3 deal with sedimentological and palacogeographical
aspects of the last 20,000 years of the Lower Tagus Valley fill history. They
concentrate primarily on the definition of facies units, their 3D arrangement,
the temporal and spatial development of environments, the reconstruction of
relative sea-level rise, the establishment of a sequence-stratigraphic framework,
the identification of controls and the comparison of the Tagus valley-fill with
other systems.

Chapter 4 presents a correlation of terrestrial and marine deposits for
the last ~2500 years based on sediment cores from the Lower Tagus Val-
ley floodplain and the mudbelt on the Tagus continental shelf. This chapter
mainly focuses on synchronous depositional events in the terrestrial and
marine sediments. Chapter 5 presents the flooding history of the Tagus River
for the last ~6500 years. It uses two sediment cores from distal low-energy
backswamps at opposite sides of the Tagus river floodplain. Their synchronous
development and changes in sedimentation rates and local vegetation are at-
tributed to allogenic forcing factors.

In Chapter 6 the data gathered in the previous chapters are used to
present depocenter migration and to quantify volumes of sediment deposited
in the Lower Tagus Valley and on the Tagus continental shelf for the periods
12,000-7000 cal BP and 7000-0 cal BP. Changes in sediment flux are con-
fronted with past large-scale regional climate changes and future implications
of global warming and enhanced erosion in the Tagus catchment are discussed.
Chapter 7 provides a synthesis of the results presented in Chapters 2 to 6 with
respect to the aims of the SEDPORT project and offers directions for future

research.
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CHAPTER

The Lower Tagus Valley in Portugal contains a well-developed valley-fill succession covering the
complete Late Pleistocene and Holocene periods. As large-scale stratigraphic and chronologic
frameworks of the Lower Tagus Valley are not yet available, this paper describes facies, facies distribu-
tion, and sedimentary architecture of the late Quaternary valley fill. Twenty four radiocarbon ages
provide a detailed chronological framework. Local factors affected the nature and architecture of the
incised valley-fill succession. The valley is confined by pre-Holocene deposits and is connected with

a narrow continental shelf. This configuration facilitated deep incision, which prevented large-scale
marine flooding and erosion. Consequently a thick lowstand systems tract has been preserved. The
unusually thick lowstand systems tract was probably formed in a previously (30,000-20,000 cal BP)
incised narrow valley, when relative sea-level fall was maximal. The lowstand deposits were preserved
due to subsequent rapid early Holocene relative sea-level rise and transgression, when tidal and
marine environments migrated inland (transgressive systems tract). A constant sea level in the middle
to late Holocene, and continuous fluvial sediment supply, caused rapid bayhead delta progradation
(highstand systems tract). This study shows that the late Quaternary evolution of the Lower Tagus
Valley is determined by a narrow continental shelf and deep glacial incision, rapid post-glacial relative
sea-level rise, a wave-protected setting, and large fluvial sediment supply.

Based on: Vis, G.-J. and Kasse, C,, Late Quaternary valley-fill succession of the Lower Tagus Valley,

Portugal. Sedimentary Geology (2009), doi:10.1016/j.sedge0.2009.07.010
(http://www.sciencedirect.com/science/journal/02773791)

Late Quaternary valley-fill succession of the Lower
Tagus Valley, Portugal

Photo: the Tagus River seen from Portas do Sol (Santarém).
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2.1 INTRODUCTION

Numerous studies have focused on facies and sequence stratigraphy of incised-
valley fills over the past 15 years (e.g. Allen and Posamentier, 1993; Dalrymple
et al., 1994; Emery and Myers, 1996; Talling, 1998; Amorosi e al., 1999;
Dabrio e al., 1999; Blum and Aslan, 2006; Boyd ez 4/., 2006; Dalrymple,
2006; Sakai et al., 2006; Mattheus ez 4/., 2007). The filling of incised valleys

10°00'W 5°00W 000"
! | 1 A
ATLANTIC|OCEAN 490000 510000 530000 550000
z [ aeolian dune -.\_Al_'_repiaq_g L g
T Morro da Serra B = R
1
Z
5
z 2B
g 2
5
¥ ~ sca
0501.016| (. s
\ *® g
2
W 2
-l
_goantarem, aeolian dune
z o Cabego da
I ! 5 longitudinal cross section Bruxa
10°00W 5°00W 000" 3
: 7
8 4 8
g . 8
g L ki g
g % 4 3
P ; {
! 3
N
ATLANTIC OCEAN {’ ~
v ]
2 L Vila Fra g N
g g
g / g
|r|
y
a'fl
) i
0 = el 4 an{ral beach ridges -
Ao L i asin Freire (1985) p
8 B R PVdG s
g g 5 — < g
3% NN 4
7 B
2 |
4 .
/))a\ R
AN LEGEND
Quaternary terraces
s s
g I:l Holocene floodplain LLs
IS g
g LQ il [ Tagus channel (FU-8) g
Ll " .
! Cities & villages
S \em o
" M e Cross section
o —
% Nl N Bathymetry (INETI/DGM)
% ‘\.‘l?{;,:-\ @  Mechanical deep core
=3 iy ¥ o
8 Mg ®  Manual core =
8 0 10 ‘..'A European Datum 1950/UTM Zone 29N &
SUBol ey CAS \ : ¢
T T
430000 450000 470000 490000 510000 530000 550000

Figure 2.1 | Location map of the Lower Tagus Valley. The inset map (A) shows the
Tagus catchment and study area on the Iberian Peninsula, Digital Elevation Data from
Jarvis et al. (2006). 1: Mesozoic Spanish Cordillera; 2: Spanish Tertiary Sedimentary
Tagus Basin; 3: Palacozoic Hesperian Massif; 4: Lower Tagus Basin (LTB). The main
map (B) shows the location of the Golega and Benfica do Ribatejo cross sections, the
longitudinal cross section and the deep cores. Deep cores from north to south: GOL,
0501.016, VAL, 0501.044 and VFX. A10: A10 bridge, geotechnical data (BRISA,
2005), PVAG: Ponte Vasco da Gama bridge, geotechnical data (LUSOPONTE, 1995),
B-M: Beato-Montijo bridge, geotechnical data (De Mendonga, 1933). Quaternary ter-
races after Zbyszewski (1969).



is largely controlled by the balance between accommodation space, which is
often governed by the rate of relative sea-level (RSL) rise, the input of fluvially
and marine derived sediment, and the slope of the incised valley bottom (Dal-
rymple, 2006). Further, the facies distribution in the valley fill results from
the interplay between waves, tides and rivers. Well developed and preserved
lowstand systems tracts (LST) are rare in the incised-valley literature, with
most examples showing absent or considerably condensed sections (Nichol ez
al., 1996; Heap and Nichol, 1997; Nichol ez 4/, 1997).

Many rivers flowing from the Iberian Peninsula into the Atlantic
Ocean have Holocene valley fills with coastal successions up to 40 m thick:
Odiel-Tinto Rivers (Borrego ez al., 1999; Dabrio et al., 1999; Dabrio ez 4l.,
2000; Lario et 4., 2002), Guadiana River (Boski ez /., 2002; Lobo et 4l.,
2003), Mira River (Alday ez 4/., 2006), and Douro River (Naughton ez 4/.,
2007a). However, since these rivers are relatively small, fluvial progradation
is limited, although some systems show coastal progradation (e.g. Goy ez 4L,
1996). The Lower Tagus Valley (LTV) is located on the Iberian west coast,
where submarine canyons reach the narrow (~30 km) continental shelf break
(Lastras et al., 2008) (Fig. 2.1). The narrow shelf and submarine canyons, com-
bined with a large catchment, provide ideal circumstances for deep incision
during low RSL and thus possible formation of a well developed late Quater-
nary lowstand systems tract (LST). Local studies of the late Quaternary valley
fill of the LTV have been published recently (Azevédo, 2001; Ramos et 4.,
2002; Ramos Pereira et al., 2002; Azevédo et al., 2004; Azevédo et al., 2007;
Van der Schrick 7 a/., 2007a). However, a valley-wide 3D reconstruction of
the complete LTV fill is still missing. Additionally, the chronological control
of the valley-fill development is poor.

This chapter aims to study the facies and their distribution, sedimen-
tary architecture, and chronology of the sedimentary fill of the LTV covering
roughly the period since the Last Glacial Maximum (LGM). Subsequently,

a sequence-stratigraphic framework is constructed, and the effects of local

factors affecting the nature and architecture of the incised-valley succession

are discussed. To achieve this, three valley cross sections are constructed, using

122 manually and 3 mechanically derived cores to a maximum depth of 52 m,

oriented in both longitudinal and transverse directions relative to the valley

axis. Facies units are defined using grainsize and floral and faunal content.

Twenty-four radiocarbon ages provide the absolute chronology for the valley- 29
fill history of the LTV since the LGM.



Figure 2.2 | Northward oblique aerial photo of the Tagus channel near Benfica do
Ribatejo (location on Fig. 2.1). Channel width ~350 m.




2.2 REGIONAL SETTING

The Tagus River originates at an elevation of about 1600 m in eastern Spain
(Fig. 2.1) and has a length of ~1000 km with a catchment area of 80,630 km?
(Bettencourt and Ramos, 2003; Le Pera and Arribas, 2004). It enters the At-
lantic Ocean near Lisbon in a passive continental margin setting with a narrow
continental shelf (<30 km). The average discharge near its mouth is 400 m*/s,
but the river is characterised by extreme seasonal and annual variability with
peak discharges more than 30 times the average discharge (Benito e 4/., 2003;
Bettencourt and Ramos, 2003). The present-day Lower Tagus Valley flood-
plain (Figs. 2.1 and 2.2) is 5-10 km wide and ~85 km long, has an elevation
of ~22 m near Golega in the north and ~2 m near Vila Franca de Xira in the
south, and an average gradient of ~24 cm/km.

The central basin south of Vila Franca de Xira (Fig. 2.1) is character-
ised by an ebb-dominated semi-diurnal mesotidal regime with a mean tidal
amplitude of 1.5 m at neap tide and 4 m at spring tide (Portela and Neves,
1994; Bettencourt and Ramos, 2003). The effect of the tides is noticed up-
stream to Muge (about 50 km north of Lisbon), in a nearly freshwater environ-
ment. The deep (<40 m) and narrow bedrock-constrained tidal inlet provides
a morphologically unique situation, where the LTV is sheltered against the
high-energy wave regime on the Atlantic Ocean where winter wave heights up
to 10 m occur (Instituto Hidrogréfico Portugal, 2008). Therefore, waves play a
very minor role within the central basin (Fortunato e 4/, 1999) and tides and
fluvial discharge are the dominant energy suppliers.

The shallow central basin is dominated by mud and muddy sand at
the bottom (Fig. 2.3A); sand is only present in the narrow channels near Vila
Franca de Xira and offshore Lisbon (Portela and Neves, 1994; Jouanneau e#
al., 1998). The turbidity maximum is located in the central basin between Vila
Franca de Xira and Lisbon, and inland migration of offshore sands occurs only
occasionally (Vale and Sundby, 1987; Barros, 1996), as corroborated by the
sediment distribution on the central basin floor (Fig. 2.3A). Only a small frac-
tion of the tidal energy reaches the fluvial part of the basin (Fig. 2.3B) (Fortu-
nato ez al., 1999). Generally, since the LGM, RSL in south and west Iberia rose
rapidly to approximately the present-day level by around 7000 cal BP and has
remained more or less constant since then (Boski e 4/., 2002; Waelbroeck e#
al., 2002; Ferndndez-Salas et 4l., 2003). 31

The LTV forms part of the Lusitanian Basin, which is an inverted
Mesozoic trough, resulting from aborted Triassic rifting (Masson and Miles,
1984; Rasmussen et al., 1998; Carvalho ez 4l., 2005). Inversion tectonics
during the Tertiary resulted in the formation of a compressional foredeep—

the Lower Tagus Basin—in which up to 2000 m of sediment accumulated
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Figure 2.3 | (A) Generalised sediment distribution in the Lower Tagus Valley central
basin and offshore area. Note the absence of sand in the central basin. (B) Schematic
relative energy levels and sources in the bayhead delta, central basin, inlet channel and
shelf regions.

(Barbosa, 1995; Rasmussen ez /., 1998). Several studies have focussed on
the location and activity of faults in the LTV (e.g. Cabral and Ribeiro, 1989;
Barbosa, 1995; Rasmussen ez al., 1998; Curtis, 1999; Vilanova and Fonseca,
2004). However, the presence and activity of faults along and underneath the
Holocene valley-fill sediments remains the subject of debate (e.g. Fonseca er
al., 2000; Cabral, 2001; Fonseca and Vilanova, 2001). The region is known to
be tectonically active, as illustrated by large historic earthquakes in 1531, 1755
and 1909 AD (Chester, 2001).

Since the Pliocene-Early Pleistocene the area was lifted up to 200 m

above present sea level and at present continues to be uplifted at 0.05-0.10



mm/y (Cabral, 1995). The uplift resulted in a staircase of Pleistocene fluvial
terraces, mainly located east of the river up to ~100 m above the Holocene
floodplain (Fig. 2.1). For an overview of the published work on the Pleistocene
terraces, the reader is referred to Van der Schriek ez 4/. (2007a).

2.3 METHODS

To understand the distribution of LTV facies units, two cross sections perpen-
dicular to the valley axis and one longitudinal cross section covering the entire
present-day floodplain (as mapped on the Carta Geolégica de Portugal (IGM/
INETT, 2008) were designed (Fig. 2.1). Cores were taken with an average
spacing of 300 m and their location was measured using a Garmin GPS-12
receiver (horizontal resolution ~5 m). The elevation of core sites relative to
mean sea level (m.s.l.) was measured using Trimble DGPS equipment (vertical
resolution ~5 mm). The hand cores were recovered using Edelman augers for
sediment above the groundwater table, and the gauge and the Van der Staay
suction-corer for sediment below the groundwater table (Van de Meene ez af.,
1979). Sediments were described in the field at 10 cm intervals following the
method explained in Berendsen & Stouthamer (2001). For the present paper,
lithological classifications were converted to USDA terminology.

Three mechanical deep cores (maximum depth 52 m) were recovered
with a rotary drilling rig, with protection against borehole collapse by steel cas-
ing. The cores have diameters of 121 mm and 105 mm; recovery was poorest in
sand (20 %) and best in clay sediments (100 %). Additionally, lithological and
sedimentological information from 284 cone penetration tests, and continu-
ous and discontinuous geological cores used for geotechnical studies for the
construction of bridges, dikes, and buildings, were used (De Mendonga, 1933;
LUSOPONTE, 1995; BRISA, 2005; INETT, 2007).

Grainsize samples (451) from 1 em thick sediment slices in lithologi-
cally uniform intervals were spaced ~50 cm apart. Measurements were done
using a Fritsch A22 Laser Particle Sizer following the methods described by
Konert and Vandenberghe (1997). About 1-2 g of bulk sediment was pre-
treated with H O, and HCI to remove organic matter and carbonates respec-
tively. Median grainsize (D50) and standard deviation were calculated using
GRADISTAT software (Blott and Pye, 2001).

Botanical macrofossil samples (from generally 1 cm thick sediment
slices) were boiled with sodium pyrophosphate and sieved. Macrofossils were
picked from the residue and determined at VU University Amsterdam. Pollen
samples (34) were prepared following the description by Faegri and Iversen

(1975); the material was sieved through a 7-8 mm nylon mesh and clastic ma-
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terial was removed using a sodium polytungstate heavy liquid separation. The
samples were embedded in glycerine jelly and sealed with paraffin wax. Shells,
foraminifera, ostracods, and diatoms were sieved from the sediment using a 63
wm sieve.

A set of twenty four radiocarbon ages was used to construct the chron-
ological framework. The material for radiocarbon dating consisted as far as
possible of terrestrial botanical macrofossils that were manually selected from
generally 1 cm thick sediment slices, and otherwise bulk samples were used.
Most botanical macro remains were most likely not in-situ, but their good
quality suggests they were probably not transported very far. The radiocarbon
ages were calibrated using the program OxCal v3.10 (Bronk Ramsey, 1995,
2001, 2005), using the atmospheric data from Reimer ¢z 4/. (2004). Radiocar-
bon ages are expressed as calibrated calendar ages (cal BP) with age spans at the

20 range.

2.4 RESULTS

The detailed environmental reconstruction is based on all of the available data
combined into the facies description and interpretation following Doyle and
Bennet (1998, p. 397). This resulted in the identification of nine Pleistocene
and Holocene facies units (FU) within the LTV. They are described from base
to top, using two transverse cross sections (Figs. 2.4 and 2.5 and Addendum 1)
and one longitudinal cross section, relative to the valley axis (Fig. 2.6). Facies
units are described in detail in Tables 2.1 and 2.2 with characteristic grainsize

distributions per facies unit given in Fig. 2.7 and photographs in Fig. 2.8.

Facies Unit 1A (fluvial terrace deposits)

The poorly sorted, mainly coarse-grained, sand and gravel of FU-1A (Table
2.1, Fig. 2.7) indicate deposition in a high-energy environment with sufficient
stream power to transport coarse gravel. The absence of a fining-upwards
succession in the top of FU-1A and the flat morphology are attributed to
sand and gravel bars being deposited in channels of a fluvial braided system,
analogous to the Pleistocene Tagus terraces.

No absolute time control is available for this unit, but based on its
stratigraphic position and previous studies, deposition within the Pleistocene
is assumed (Ribeiro ez L., 1977; Rosina, 2004; Cunha ez /., 2005; Cunha ez
al., 2008).

Facies Unit 1B (high-gradient fluvial channels)

This unit consists of poorly sorted, coarse-grained gravely sand, in a short



fining-upward succession (Table 2.1, Figs. 2.7 and 2.8A), indicating a high-
energy fluvial environment with sufficient stream power to transport coarse
gravel. In combination with the steep slope (60 m/100 km = ~60 cm/km),
this unit represents channel bars of a coarse-grained braided river.

Radiocarbon dating suggests formation of this unit before the Late
Glacial period (14,700-11,500 cal BP), as indicated by a radiocarbon age of
14,260-13,780 cal BP (UtC-14908) (Table 2.3) in the top of this unit in core
VEX (Fig. 2.6).

Facies Unit 2 (aggrading fluvial overbank)
This unit consists of fine sandy and clayey silts, in a generally fining-upward
succession (Table 2.1). The presence of many large (< 3 cm) carbonate concre-
tions in the basal 6 m in core VEX (Fig. 2.6) suggests that evaporation exceed-
ed precipitation (i.e. seasonally dry climates). The large thickness of this basal
interval, with many carbonate concretions, implies a long period of deposition
in the order of 10° years. In the upper 6 m of FU-2 in core VEX, the interca-
lated fine sand layers, the decreasing amount and size of carbonate concretions,
and the increase of humic levels, all suggest an increased sedimentation rate
and a wetter and more dynamic sedimentary environment. FU-2 was most
likely intermittently deposited under subaerial conditions in a low-energy
environment. Sedimentation started in a proximal floodbasin which gradu-
ally transformed into a levee, all belonging to a single-channel fluvial system.
This is supported by the grainsize characteristics of poorly sorted mixtures of
fine sand, silt, and clay that resemble those of the Holocene levee and crevasse
deposits of FU-7 (Fig. 2.7).

Radiocarbon ages of 14,260-13,780 cal BP (UtC-14908) for the base
of this unit, and of 11,800-11,200 cal BP (UtC-14907) in the top of this unit
in core VFX (Fig. 2.6) imply deposition within the Late Glacial (Table 2.3).

Facies Unit 3A (brackish water marshes and tidal flats)

This mainly mud (clay + silt)-dominated locally bioturbated unit with indica-
tions for both brackish (shells, agglutinated foraminifera, pyrite, Chenopo-
diaceae pollen) and freshwater (seeds) conditions (Tables 2.1 and 2.2, Figs.
2.7 and 2.8B) is interpreted as a (low) brackish water marsh or tidal flat
environment with occasional freshwater input from the river. Freitas ez al.
(1999), Ruiz et al. (2005) and Van der Schriek ez 4. (2007b) found the same
foraminifera in similar settings in Portugal. Except for the top, this unit has a
soft consistency, indicating little exposure during deposition. The substantial
thickness of the low marsh and tidal flat deposits suggests vertical aggradation
rather than progradation due to the rapid RSL rise before ~7000 cal BP (Boski
et al., 2002; Waelbroeck ez al., 2002; Fernindez-Salas et 4., 2003). Since
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. Lithology and distribution of facies units are based

2 cross section

2.4| Goleg
on manual corings and mechanical corings GOL and SA2 and ST3 (INETT, 2007).

Coring GOL was projected from its original location east of Golega (Fig. 2.1). A full-

colour version of this cross section can be found in Addendum 1.
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Figure 2.5 | Benfica do Ribatejo cross section. Lithology and distribution of facies

units are based on manual corings and mechanical coring VAL. A full-colour version of

this cross section can be found in Addendum 1.
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Figure 2.6 | Longitudinal NE
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Lithology and distribution of facies units are based on manual corings 0501.016 and

, VAL and VEX. Distance between corings is

044 and mechanical corings GOL

0501

Note that only coring GOL penetrates Tagus channel belt deposits (FU-8),

the other corings are located some distance away from the channel belt (Fig. 2.1). Li-

not to scale

medium

fine sand, M

gravel. A full-colour version of this cross section can be

thology: C/P = clay or peat, S = silt, VF = very fine sand, F

sand, C = coarse sand and G

found in Addendum 1.



~7000 cal BP, RSL rise has been negligible and therefore vertical aggradation
was strongly limited, resulting in pedogenesis in the upper 1.5-2 m due to
subaerial exposure and soil ripening. This level is generally situated ~2 m above
present-day sea level and reflects a high marsh, developed between mean high
water (MHW) and highest astronomical tide (HAT). The upper part of FU-
3A is completely decalcified, whereas in the basal part, formed during rapid
RSL rise, some carbonate containing intervals as well as (partly dissolved) shell
remains are still present. The lack of carbonate foraminifera, shells, and sedi-
mentary carbonate in the upper part of FU-3A probably results from decalci-
fication by organic acids originating from decomposing plant remains during
and after deposition. South of Benfica do Ribatejo, decalcification of the upper
part is limited because of more recent deposition.

Within this unit, Freire (1985) found beach ridge and dune deposits
created by longshore currents (Fig. 2.1). They are located south of Porto Alto,
on the eastern side of the valley, and consist of elongated sand ridges up to 8 m
high, containing well-sorted, medium-grained sand (350-500 pm).

Radiocarbon dating and stratigraphic position reveal continuous depo-
sition of this unit since its first occurrence in core VFX (11,800-11,200 cal BP
(UtC-14907), Table 2.3, Fig. 2.6). Basal deposition of FU-3A occurred pro-
gressively later northwards due to early Holocene RSL rise and transgression.
In core VAL, sedimentation of FU-3A started around 10,190-9740 cal BP
(UtC-14911), and in core 0501.016 at 9030-8750 cal BP (GrA-32584) (Fig.
2.6). In contrast, the upper part of FU-3A and its associated soil formation is
progressively younger southwards. In core 0501.016 the top is dated at about
7020-6800 cal BP (Beta-184660) (Fig. 2.6). In the Benfica do Ribatejo cross
section (Fig. 2.5), two radiocarbon ages indicate an age between 4420-4100
cal BP (UtC-14745) in core 0601.002, and 2720-2360 cal BP (GrA-32647)
in core 0501.042. South of Benfica do Ribatejo, FU-3A is present just below
the surface, and at the fringes of the present day central basin it is still being

formed.

Facies Unit 3B (intertidal and subtidal flats)
This laminated unit with shells and foraminifera consists predominantly of
clay with well-defined sand laminae (Table 2.1, Figs. 2.7 and 2.8C-E), and is
interpreted to be a tidal deposit. The thickness and lateral extent of the laminae
is highly variable, so it is difficult to determine whether lenticular bedding or
thinly interlayered sand/mud bedding was found. Using the study of Reineck
and Wunderlich (1968) it is concluded that deposition took place in intertidal
and subtidal zones.

Radiocarbon ages indicate deposition shortly after 8360-8180 cal BP
(GrA-32654) in core 0501.025 (Table 2.3, Fig. 2.5). In core GOL (Fig. 2.4),
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Table 2.1 | Description of facies units from the Lower Tagus Valley. !: Geotechnical
studies for the Ponte Vasco da Gama (LUSOPONTE, 1995), A10 bridge (BRISA,

2005) and data from INETT archives (INETT, 2007).
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sedimentation continued at least until 7270-7020 cal BP (GrA-32655), and
until 7170-6950 cal BP (GrA-32651) in core 0501.025 (Fig. 2.5). Deposition
of this unit continues to the present-day in the central basin, south of Vila

Franca de Xira.

Facies Unit 4 (shallow-marine prodelta)
The lower part of this unit shows a fining-upward tendency. FU-4 consists of
sand, (silty) clay loam, and silty clay (Table 2.1, Figs. 2.7 and 2.8F), and con-
tains a variety of marine fauna (‘Table 2.2) and a lack of sedimentary structures
due to strong bioturbation; it is therefore interpreted as a fully marine prodel-
ta-type deposit. The erosive base with coarse shell-rich sand is interpreted as
the transgressive invasion of an open marine environment. This was followed
by rapid drowning of the site, creating a quiet, deep water environment below
the wave base, where fine sediment was deposited from suspension. The strong
bioturbation corroborates with the interpretation of a quiet environment.
This unit was deposited after 10,200-9780 cal BP (UtC-14906) (Table
2.3), as indicated by a radiocarbon age just below the erosive basal bounding
surface in core VFX (Fig. 2.6). Around -20 m m.s.l. the fining-upward trend
ends and the unit has a uniform clayey appearance. This change took place
around 7270-7010 cal BP (UtC-14905) and probably indicates deep water
deposition as RSL had nearly reached its present-day value at that time (Boski
et al., 2002; Ferndndez-Salas ez 4/., 2003). The quiet depositional environment
resulted from a palaco-water depth of ~20 m, which is below wave base in this
sheltered environment. Deposition of this unit in core VFX gradually ended

around 4090-3850 cal BP (UtC-14904).

Facies Unit 5A (distributary mouth tidal bars with shells)
This is a coarsening-upward unit consisting of medium to coarse-grained
sand with clay laminae (Table 2.1, Figs. 2.7 and 2.8G); it is interpreted as
coalesced distributary mouth tidal bars (Dalrymple and Choi, 2007). Flow
expansion in the standing water of the brackish to saltwater central basin, and
a rapid decrease in shear stress, resulted in shallowing at the river mouth and
coarsening-upward distributary mouth tidal bars. The gradual transition at the
base of FU-5A in core VFX (Fig. 2.6) is explained as the progressive deposi-
tion of sand onto the prodelta deposits of FU-4. Locally FU-5A has an erosive
base (e.g. core VAL), implying that the progradational mouth bar succession
gradually turned into a system of mixed fluvial and tidal channels with erosive
bases (Meckel, 1975; Dalrymple ez 2/., 1990; Dalrymple ez 4l., 1992). The shell
content indicates that brackish water conditions prevailed (Table 2.2).

From Benfica do Ribatejo southwards this unit becomes progressively
younger. In core VAL, the base of the unit was dated at 7800-7590 cal BP



(UtC-14910); the final deposition in core VAL occurred shortly after 4830-
4530 cal BP (UtC-14909), a date just below the sharp basal boundary of the
overlying FU-5B (Fig. 2.6). In core VFX, deposition starts later, around 4090-
3850 cal BP (UtC-14904) (Table 2.3, Fig. 2.6).

Facies Unit 5B (fluvially influenced tidal channels

without shells)

This widespread unit is generally fining-upwards, and sand-dominated with
occasional clay drapes and an absence of shells, which may be explained by
strong salinity variations or freshwater conditions (Table 2.1, Fig. 2.7). The
unit is interpreted as pointbar-type sedimentation in a fluvially influenced
tidal channel (Reading, 1998; Dalrymple and Choi, 2007).

From Golega southwards, this unit is younger (Fig. 2.6). In core GOL,
the unit was already deposited before 7270-7020 cal BP (GrA-32655) (Table
2.3). In core 0501.044 the base was dated at 2760-2500 cal BP (GrA-32645),
and in core VAL a Late-Roman mortar fragment indicates deposition after
~1600 cal BP.

Facies Unit 6A (condensed fluvial floodbasins)

This is a unit consisting of (peaty) clay and loam which is deposited in a fluvial
floodbasin setting (Table 2.1, Figs. 2.7 and 2.8H). The firm consistency, dark
colour, small carbonate concretions, root traces, bioturbation, and the admix-
ture of coarse sand grains at the base of FU-6A, imply slow sedimentation and
simultaneous soil formation. In the Golega cross section (Fig. 2.4), a lateral
grainsize-fining away from the Tagus channel implies that both natural levee-
type deposition and floodbasin deposition took place in this unit.

In the Golega cross section (Fig. 2.4), radiocarbon ages within the up-
per part of this unit indicate that deposition started before 4860-4610 cal BP
(GrA-29216) and 4520-4240 cal BP (GrA-29218) (Table 2.3). In the top of
FU-6A a hiatus is present, indicated by radiocarbon ages of 1520-1310 cal BP
(GrA-29447) and 1360-1265 cal BP (GrA-29205) for the base of the overly-
ing FU-6B.

Facies Unit 6B (fluvial floodbasins)
This fine-grained and locally organic unit, containing several soil A-horizons,
is deposited in a fluvial floodbasin setting (Table 2.1, Figs. 2.7 and 2.81). In
comparison to FU-6A, FU-6B contains less organic material and less soil for-
mation. These deposits result from the prograding fluvial Tagus system, which
forms a southward thinning wedge over the undetlying deposits.

The oldest deposits of FU-6B were found in core 0501.016 (Fig. 2.6),

where this unit reaches its maximum thickness. Here, the underlying top of
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Table 2.2 | Shell and foraminiferal content of 6 facies units from the Lower Tagus
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Table 2.3 | Radiocarbon ages from Lower Tagus Valley sediments. Radiocarbon “Lab.
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Figure 2.7 | Characteristic grainsize distributions per facies unit for the Lower Tagus

Valley. From the total number of samples per facies unit, the most characteristic distri-
bution is shown. Note that due to the grainsize measurement technique (see Methods)
the upper limit of the clay fraction is at 8 um. The dark grey distribution in FU-3B rep-

resents samples taken from sand laminae; the light grey distribution represents samples
from clay laminae.



FU-3A is dated at 7020-6800 cal BP (Beta-184660), and the overlying flood-
basin deposits of FU-6B at 3640-3460 cal BP (Beta-184659) at ~2 m from the
base. The transition from FU-3A to FU-6B occurred between these dates and,
taking the slower accumulation rate and soil formation in the upper part of
FU-3A into account, is estimated at 4500 cal BP. Deposition of the floodba-
sin deposits of FU-6B started somewhat later in the north, due to the high
position of the terraces of FU-1A (Fig. 2.4). In the Benfica do Ribatejo cross
section in the south, deposition started after 4420-4100 cal BP (UtC-14745)
at the eastern side, and after 2720-2360 cal BP (GrA-32647) at the western
side (Table 2.3, Fig. 2.5).

Facies Unit 7 (natural levees and crevasses)
The deposits in this laminated unit, consisting of loam, silt, and well-sorted
fine sand are interpreted as fluvial levee deposits (Table 2.1, Figs. 2.7 and
2.8K). Within this unit, the coarse-grained small channels and splays are
interpreted as crevasse-splay deposits (not visible in the presented data). Since
the finer grainsize limits of crevasse deposits are very similar to levee deposits,
these two facies are grouped. It is striking that the levee tops were found up to
5 m above the floodbasin (Fig. 2.5), indicating that floodbasin sedimentation
rates were much lower than levee sedimentation rates. The lateral extent of the
younger levees is much larger than before and they overlie floodbasin deposits
of FU-6B (Fig. 2.4), implying rather recent (<1000 y) accelerated sedimenta-
tion of the levees.

The age of this unit is similar to the floodbasin deposits of FU-6B due

to their genetic relationship.

Facies Unit 8 (fluvial channels)
The gravel-rich medium to coarse-grained sand in a fining-upward succes-
sion (Table 2.1, Figs 7 and 8], L, M) indicates deposition in a high-energy
environment with sufficient stream power to transport coarse sand and gravel.
Analogous to the present-day channel bed situation (Fig. 2.2), deposition in
the past probably took place in alternate bars, unit bars, braid bars, and point
bars. In core GOL (Fig. 2.6) several fining-upwards successions were observed
and the channel belt has the largest thickness (~14.5 m), implying stacked
channel deposits. No change was found in gravel petrography in this stacked
series (Table 2.1), implying limited geological time in this succession. The only
indication of downstream fining in the channel belt is a lack of large pebbles
and cobbles south of Golega.

The channel belt is progressively younger downstream. The oldest
occurrence of this unit is in core GOL (Fig. 2.4), where the channel belt pro-
graded over the tidal deposits of FU-3B, after 7270-7020 cal BP (GrA-32655)
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(Table 2.3). Higher in the channel belt, young dates were obtained: 650-510
cal BP (GrA-29220) in core 0401.013 (Fig. 2.4) and 660-540 cal BP (GrA-
32650) in core 0501.030 (Fig. 2.5). Furthermore, Roman pottery (Fig. 2.8M),
brick fragments, and charcoal indicate deposition during and after the Roman
Era (lasting until ~1650 cal BP). The absence of older dates is interpreted as

the result of channel reworking through time.

Facies Unit 9 (aeolian dunes)

The deposits of this unit consist of well-sorted medium-grained sand with low-
angle cross-bedding (Table 2.1, Figs. 2.7 and 2.8N), which is interpreted as
being deposited in an aeolian environment. The morphology, which consists of
local hills rising up to 11 m above the surrounding plain, indicates deposition
as dunes. The Morro da Serra dune is most likely the result of the man-made
deviation of the Tagus channel during the 16th century and the associated
rapid westward shift of the channel as described by Azevédo (2001). The rapid
lateral migration of the Tagus channel provided the source material for the
dunes that were formed by northwesterly winds.

Radiocarbon dated charcoal in the Morro da Serra dune gives an age of
480-300 cal BP (GrA-30860), implying deposition during medieval times. The
Cabeco da Bruxa dune was not radiocarbon dated, but because these deposits
are located directly on top of FU-1A sandy terrace deposits with no floodbasin
fines of FU-6B in between, an age older than FU-6B is assumed.

2.5 DISCUSSION

Valley-fill history

Late Pleistocene fluvial phase (Fig. 2.9A)

The progressive, stepwise lowering of RSL during the Late Pleistocene, reach-
ing the lowest level of -120 m m.s.l. at around 20,000 cal BP (Waelbroeck ez
al.,2002), caused deep incision in Tertiary and Pleistocene LTV deposits. The
incised LTV passes to the Atlantic Ocean through a narrow (<2 km) and deep
(~70 m) valley south of Lisbon (Fig. 2.1). The narrowness of the valley results
from bedrock control (basalt at -70 m m.s.1.), ~200 m of Quaternary uplift

Figure 2.8 | Photographs of typical sediments for facies units in the Lower Tagus
Valley. Ruler scale is in centimetres. A = high-gradient fluvial channel, B = brackish
water marshes and tidal flats, C, D & E = intertidal and subtidal flats, F = shallow-
marine prodelta, G = distributary mouth tidal bars with shells, H = condensed fluvial
floodbasins, I = fluvial floodbasins, ] = brackish water marshes and tidal flats eroded by
Tagus fluvial channel, K = levee, L = Tagus fluvial channel in core GOL, M = Tagus
fluvial channel in core 0501.012 with Roman amphora fragment, N = Morro da Serra
aeolian dune.
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(Carta Geoldgica do Concelho de Lisboa, 1985; Cabral, 1995), and repeated
fluvial incision during Pleistocene low RSL periods. The narrow valley and the
Vale de Estoril and Cascais Canyon (Fig. 2.1) connected the LTV via a more or
less undisturbed longitudinal river gradient across the 30 km narrow shelf to
the continental slope and deep marine environment (Vanney and Mougenot,
1981). This connection led to a—in the Quaternary fluvial record—rarely ob-
served efficient offshore sediment bypass (Blum and Térnqvist, 2000), causing
optimal sediment discharge.

Incision and lateral erosion created a ~9 km wide valley near Azambuja
where amalgamated braided channel belt deposits accumulated. The braided
river was probably a sediment conveyor belt fluvial system, rather than an
aggrading system, as testified by the relatively small thickness (10-15 m) and
large width of FU-1B (BRISA, 2005).

After ~14,000 cal BP the braided river transformed into a single-
channel river with fine-grained overbank sedimentation in the deepest incised
axis of the lowstand valley (Figs. 2.6 and 2.9B, core VEX; FU-2). This change
is interpreted as resulting from increased temperatures and precipitation after
~14,000 cal BP, causing a dramatic spread of woodland (Roucoux ef 4/., 2005),
which led to less extreme discharge peaks and higher production of finer sedi-
ment. Around 12,000 cal BP, RSL had risen to about -60 m m.s.l. (Waelbroeck
et al., 2002) causing upstream migration of fluvial onlap coupled with a rise of
the channel base elevation and floodplain surface (Blum and T6rnqvist, 2000;
Cohen, 2005). This resulted in the upstream migration of the long-profile
crossover (cf. Blum and Tornqvist, 2000), causing fluvial sedimentation down-
stream of this point and incision upstream of the onlap point.

The large thickness (~12 m) of FU-2 is remarkable and unparalleled
in Quaternary incised valleys. It may be related to the fast RSL fall from -90
to -120 m m.s.l. during the period 30,000-20,000 cal BP (Waelbroeck ez al.,
2002) (Fig. 2.9A). Because the LTV was directly connected with the offshore
region, the Tagus River responded immediately by strong incision along the
valley axis, creating a narrow incised valley within the broad Late Pleistocene
braided river floodplain (Fig. 2.9A, FU-1B). Rapid deglacial RSL rise subse-

quently drowned the incised valley, causing accumulation and preservation

Figure 2.9 | Schematic block diagrams illustrating the valley-fill history since the Late
Pleistocene and a graph showing eustatic sea-level since 120,000 cal BP (Waelbroeck

et al., 2002). GOL/VEX = approximate locations of Golega and Vila Franca de Xira
respectively. (A) From 30,000-20,000 cal BP rapidly falling RSL caused local incision
within the high-gradient Tagus braided river floodplain. (B) Around 7000 cal BP
maximum transgression occurred and RSL had reached approximately the present-day
level. Fluvial environments were pushed far inland and replaced by tidal and marine
(prodelta) environments. (C) Around 4000 cal BP a fluvial wedge and bayhead delta
prograded downstream across fluvial terraces and tidal deposits, progressively filling the
central basin.
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of fine-grained lowstand deposits (FU-2). The higher elevated parts of the
braided river floodplain were flooded later (see below), and brackish water
marsh and tidal flat deposits (FU-3A) directly overly fluvial gravel (FU-1B), as
illustrated by core 0501.016 (Figs. 2.6 and 2.9B).

Early to middle Holocene transgression (Fig. 2.9B)

Rapid RSL rise and fast upstream migration of the coastal onlap point pushed
the fluvial system inland. The accommodation space could not be filled with
freshwater deposits, and consequently LTV back-filling was dominated by
mainly fine-grained brackish water marshes and tidal flats (FU-3A) (Figs. 2.6
and 2.9B). Back-filling started around 11,500 cal BP near Vila Franca de Xira,
and had reached Santarém about 2500 years later (Figs. 2.1 and 2.6).

The deposits of the low brackish water marshes and tidal flats (FU-3A)
are soft and rich in organics and pyrite (FeS,), indicating formation around
or below mean sea level, which limited pedogenesis. Similar deposits have
been described on the Dutch coastal plain (Pons and Van Qosten, 1974; Van
Staalduinen, 1979). Their large extent and sedimentary characteristics are most
likely the result of rapid RSL rise, prohibiting silting-up of the low brackish
water marshes and tidal flats to higher levels.

The tidal environments continuously migrated inland and reached the
narrow valley near Golega well before 7000 cal BP (Figs. 2.4 and 2.9B). The
funnel shape of the valley probably promoted amplification of the tides and
currents, similar to the Scheldt estuary in the Netherlands and Belgium (Van
der Spek, 1997), resulting in intertidal and subtidal flats and tidal channels up
to ~100 km inland (FU-3B and SB).

Since 10,000 cal BP the environment represented by FU-3A was
replaced by a transgressive open-marine environment near Vila Franca de Xira
(Fig. 2.6; core VEX: -26 m m.s.l.; FU-4). When RSL rise had ended around
7000 cal BP (Boski et al., 2002; Fernandez-Salas ez 4l., 2003), a wide and
deep marine basin was created (Fig. 2.9B). Simultancously, north of Santarém
pedogenesis started in the brackish water marshes (Fig. 2.6, core 0501.016;
FU-3A), and near Benfica do Ribatejo the first distributary mouth tidal bars
were formed (Fig. 2.6, core VAL; FU-5A), indicating the start of bayhead delta
progradation into the central basin (Fig. 2.9B).

Middle to late Holocene regression and delta progradation (Fig. 2.9C)

The end of RSL rise around 7000 cal BP, and continued fluvial sediment input,
resulted in the change from a transgressive to a regressive system with down-
stream migration of the distributary mouth tidal bars (Fig. 2.5; FU-5A) and
bayhead delta (FU-6/7/8). The prograding bayhead delta migrated southward

over brackish water marshes, tidal channels, and flats into the shallowing cen-



tral basin (Fig. 2.9C). The regression resulted in considerable silting-up of the
brackish water marshes (FU-3A) above mean high water (MHW ) and dimin-
ishing tidal influence, which facilitated pedogenesis (Fig. 2.6; ripened soil).

The narrow tidal inlet south of Lisbon and the wide central basin
efficiently dissipated the tidal energy by friction. This hampered inland
transport of marine-sourced sediment and resulted in a muddy central basin
(Fig. 2.3) into which the bayhead delta prograded. This means that regression
was mainly upstream-controlled by sediment input from the hinterland. The
upstream sediment source, the position of the tidal sand bars landward of the
muddy central basin, and the relatively straight channels, imply a tide-domi-
nated nature for the bayhead delta, comparable to the Gironde estuary (Allen,
1991; Dalrymple ez 4/., 1992). Simultancously with downstream progradation,
the Holocene onlap point migrated upstream into the small basins east of
Arrepiado which currently have flat valley-fill topographies, a mechanism also
discussed by Blum and Térnqvist (2000) and Cohen (2005).

Sequence-stratigraphic interpretation

The LTV comprises a classic example of a valley-fill succession with an incised
lowstand fluvial system at its base, filled with a transgressive-regressive sedi-
ment wedge (type 1 depositional sequence (cf. Van Wagoner ez 4/., 1988;
Emery and Myers, 1996)). The basal sequence boundary (SB) is expressed as
an erosive contact at the base of the lowstand fluvial deposits overlying Terti-
ary deposits (Fig. 2.10). The facies units described above can be attributed

to a fourth-order depositional sequence (0.01-0.5 Ma) deposited as a result
of Late Pleistocene to Holocene eustatic sea-level changes. Due to a lacking
upper bounding unconformity the sequence is not yet complete. The LTV
sequence stratigraphy, consisting of a lowstand systems tract (LST), transgres-
sive systems tract (TST), and highstand systems tract (HST), is illustrated in
Fig. 2.10.

The LGM and Late Glacial fluvial units FU-1B and FU-2 (Fig. 2.6)
correspond with the LST (cf. Posamentier and Allen, 1999) (Fig. 2.10). The
large thickness of FU-2, and the LST in general, is remarkable since LST’s are
commonly condensed (e.g. Van Wagoner et /., 1988; Allen and Posamentier,
1993). The narrow incised valley, related to the 30,000-20,000 cal BP RSL
drop, within the broad lowstand braided river floodplain (FU-1B) and the
rapid deglacial drowning of the incised valley, facilitated accumulation and
preservation of fine-grained lowstand deposits. The limited extent of the deep-
est incision may explain the rarity of thick LST sequences observed in other
late Quaternary incised valleys (e.g. Amorosi ez al., 1999; Dabrio ez al., 1999).

The top of FU-1B and FU-2 corresponds with the transgressive surface
(TS) (Figs. 2.9B and 2.10), since it is overlain by tidal and marine deposits
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Almeirim Benfica do Ribatejo Azambuja Vila Franca de Xira

~7000/ BP

Miocene bedrock
Lowstand river (FU-1B & 2)
Tidal flat and marsh (FU-3)
Marine prodelta (FU-4)

Distributary mouth tidal bars & channels (FU-5)
Fluvial channel, levee & floodbasin (FU-6,7 & 8)

Figure 2.10 | Schematic representation of Lower Tagus Valley sequence stratigraphy.
Note that the fine-grained upper part of the LST is present locally and thins north-

ward, whereas the coarse-grained lower part is widely distributed.

of FU-3 and basal parts of FU-4 and 5. These deposits form a large landward
thinning sediment wedge, belonging to the TST (Fig. 2.10). This systems
tract indicates drowning of the system, since the rate of accommodation space
creation by RSL rise outpaced sediment supply. In the south, a diachronous
ravinement surface (RS) lies at the top of the TST (Figs. 2.9C and 2.10), and
becomes younger in age moving landwards. It is marked by the abrupt shift of
tidal flat and marsh environments (FU-3) to fully marine conditions (FU-4).
Landward of the maximum marine transgression, tidally influenced channels
and bars (FU-5), and extensive tidal flat and marsh environments (FU-3), per-
sisted during the entire TST sequence (Fig. 2.10). More scaward of the maxi-
mum transgression, these tidal flat and marsh deposits were partly removed by
incision of the RS. No fluvial environments were encountered in the TST. This
results from the deeply incised, high-gradient Late Pleistocene valley and rapid
RSL rise which pushed the fluvial system far inland.

'The maximum flooding surface (MFS) represents the top of the TST
(Fig. 2.10) and reflects the point when the rate of accommodation-space crea-
tion decreased and just matched sediment supply. In the study area, the MFS

represents a line of subaerial and subaqueous “palaco topography” around



7000 cal BP (the time of maximum marine transgression) making it difficult
to locate solely based on sedimentary characteristics. Therefore, its location

is mainly based on radiocarbon chronology (Fig. 2.10). Around 7000 cal BP,
tidal environments (FU-3 and FU-5B) had reached the upstream valley near
Golega, distributary mouth tidal bars and channels (FU-5) formed near Ben-
fica do Ribatejo, and the infilling of the marine basin with prodelta sediments
(FU-4) started near Vila Franca de Xira (Fig. 2.6).

The landward part of the MFS is represented by strong pedogenesis
around +2 m m.s.l. in the top of the tidal flat and marsh deposits (Fig. 2.10).
The pedogenesis results from silting to a high level during relatively constant
RSL when the prograding fluvial wedge had not yet formed, thus representing
the turnover from transgressive to regressive conditions.

The final phase of the sequence is the HST (Fig. 2.10), formed since
~7000 cal BP by an aggrading and prograding bayhead delta (FU-6/7/8) and
distributary mouth tidal bars, channels, and prodelta deposits (FU-4 and 5)
which were pushed basinward. The absence of marine sand in the HST (FU-4)
can be attributed to the specific morphology of the LTV. The valley has always
been sheltered against the high-energy wave regime on the Atlantic Ocean
by the narrow inlet south of Lisbon (Fig. 2.1). Thus, waves have played a very
minor role in the LTV infill history. Marine sand entering the LTV did not
migrate far upstream because the wide muddy central basin east of Lisbon ef-

ficiently dissipated tidal energy by friction (Fig. 2.3).

2.6 CONCLUSIONS

The Lower Tagus Valley sedimentary record covers the period since ~20,000
cal BP and consists of up to ~50 m of fluvial, tidal, and marine deposits. The
valley-fill history was strongly dominated by RSL control and sediment supply.
The sedimentary succession provides a classic sequence-stratigraphic example
with a remarkably well developed and preserved lowstand systems tract (LST).
The thick LST probably resulted from local deep incision within the broad
fluvial plain during the period 30,000-20,000 cal BP, when RSL dropped to
-120 m. Lowstand deposits were preserved due to subsequent rapid RSL rise
and transgression, preventing marine erosion. The top of the lowstand fluvial
system is marked by the transgressive surface covered by tidal marsh and mud-
flat deposits.

The transgressive systems tract (TST) is represented by deposits from
the early to middle Holocene transgression. Extensive marshes and a large
estuarine-marine central basin were formed in the drowned Lower Tagus

Valley. The abrupt shift of tidal flat and marsh environments to fully marine
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conditions marks the diachronous ravinement surface. The maximum flooding
surface was formed around 7000 cal BP.

The middle to late Holocene regression formed the highstand sys-
tems tract (HST). Rapid progradation of the bayhead delta occurred and
the muddy central basin was filled since ~7000 cal BP. A constant RSL and
continuous fluvial sediment supply caused formation of a fluvial sediment
wedge. The regression was mainly upstream-controlled, while the tidal energy
was dissipated quickly in the narrow tidal inlet and wide central basin.

This study shows that the late Quaternary evolution of the Lower
Tagus Valley is determined by a narrow continental shelf and deep glacial
incision, rapid post-glacial RSL rise, a wave-protected setting, and large fluvial
sediment supply. This makes the Lower Tagus Valley a unique sedimentary ar-
chive which provides detailed understanding of the development and preserva-
tion of lowstand systems tracts. Furthermore, it can act as a key for recognising

lowstand systems tracts in the geological record.









CHAPTER

Because of the deep glacial incision, the Lower Tagus Valley hosts a sedimentary record since ~20,000
cal BP, making this a unique site along the European Atlantic margin with respect to palaeogeograph-
ic and sea-level changes. Based on nine cross sections and 55 radiocarbon dates together with a
newly created relative sea-level curve, we constructed five palaeogeographic maps of the infill of the
Lower Tagus Valley since ~20,000 cal BP. We illustrate that relative sea-level rise and fluvial sediment
supply were the prime forcing factors determining the depositional history and palaeogeographic
changes. Around 20,000 cal BP a deeply incised braided river existed, which was directly connected
to the ocean across the narrow continental shelf. After that (~12,000 cal BP) the gradually moister and
warmer climate caused a change to a single-channel river. During the following period (12,000-7000
cal BP) relative sea-level rise resulted in a transgression in the Lower Tagus Valley and the establish-
ment of extensive tidal environments. After relative sea-level rise had ended (~7000 cal BP) the valley
was progressively filled by a fluvial wedge and tidally influenced bayhead delta. Since ~1000 cal BP
the valley-fill history was dominated by increased sediment input due to human-induced degrada-
tion of catchment slopes. Generally, climate was of subordinate importance during the entire studied

period, merely causing a single-channel river resulting from the change from the cold Heinrich event

Late Pleistocene and Holocene palaeogeography of the
Lower Tagus Valley (Portugal): effects of relative sea
level, valley morphology and sediment supply

1 to the temperate Bolling-Allerad interstadial. Despite the tectonic activity in the region, neotectonic
uplift or subsidence were limited, as supported by the horizontal relative sea-level curve since ~7000
cal BP. Neotectonics played a minor role due to the large distance from the Fennoscandian ice sheet

and the narrow continental shelf, which prohibited strong glacio- and hydro-isostatic movements.

Based on: Vis, G.-J., Kasse, C. and Vandenberghe, J., Late Pleistocene and Holocene palaeogeography
of the Lower Tagus Valley (Portugal): effects of relative sea level, valley morphology and sediment
supply. Quaternary Science Reviews (2008), doi: 10.1016/j.quascirev.2008.07.003
(http://www.sciencedirect.com/science/journal/00370738)

Photo: coring of Tagus sediments by Sebastian Wilhelm and Thomas Wiatr (Benfica do Ribatejo).



3.1 INTRODUCTION

Incised-valley fills in various settings around the globe and with different com-
plexities have been studied intensively (e.g. Allen, 1990; Allen and Posamen-
tier, 1993; Dalrymple er al., 1994; Dalrymple and Zaitlin, 1994; Zaitlin ez 4l.,
1994; Lesueur et al., 2003). Moreover, long-term Quaternary fluvial records of
major European river systems have been studied in detail (e.g. Van den Berg,
1996; Antoine, 1997; Bridgland ez 4/., 2001; Amorosi ez 4l., 2004). However,

detailed postglacial palacogeographic reconstructions of fluvial systems in an
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Figure 3.1 | Location map of the Lower Tagus Valley. The inset map (A) shows the
Tagus catchment and study area on the Iberian Peninsula, Digital Elevation Data from
Jarvis et al. (2006). 1: Mesozoic Spanish Cordillera; 2: Spanish Tertiary Sedimentary
Tagus Basin; 3: Palacozoic Hesperian Massif; 4: Lower Tagus Basin (LTB). The main
map (B) shows the location of the cross sections and cores. A10: A10 bridge, geotech-
nical data (BRISA, 2005); PVdG: Ponte Vasco da Gama bridge, geotechnical data
(LUSOPONTE, 1995); B-M: Beato-Montijo bridge, geotechnical data (De Men-
donga, 1933).



incised setting are scarce. An example of a detailed palacogeographic recon-
struction is provided by the Rhine-Meuse delta in The Netherlands (Weerts
and Berendsen, 1995; Berendsen and Stouthamer, 2000; Busschers ez 4.,
2007). The extensive continental shelf buffered sea-level fall-induced incision
during the Late Pleistocene period, resulting in a relatively low-gradient glacial
lowstand surface (~24 cm/km) underneath the Holocene Rhine-Meuse delta
(Berendsen and Stouthamer, 2001). Consequently, marine inundation as a
result of late Quaternary sea-level rise only started after ~9000 cal BP and the
sediment sequences of the previous phases are possibly preserved in present-
day offshore regions.

To better understand the palacogeographic evolution of incised-valley
fills during the Late Glacial (14,700-11,500 cal BP) and Holocene periods, lo-
cations with a large terrestrial accommodation space are needed. Narrow conti-
nental shelves facilitated rapid headward erosion and incised valley formation
during sea-level fall and lowstand. Such conditions occurred along the Atlantic
west coast of Europe, south of Bordeaux. However, most rivers along this coast
have relatively small catchments and low sediment discharges resulting—in
combination with narrow valleys—in the development of estuaries (Borrego ez
al., 1995; Rodriguez-Ramirez ez al., 1996; Borrego ¢t al., 1999; Dabrio et al.,
2000; Psuty and Moreira, 2000; Boski ez 4., 2002; Bao ¢t al., 2007; Naughton
etal.,2007a).

On the Iberian Peninsula, the palacogeographic evolution has been
studied for the Odiel, Tinto and Guadalete rivers in south Spain (Borrego
etal., 1999; Dabrio et al., 2000) and the Muge and Douro rivers in middle
and north Portugal (Naughton ez a/., 2007a; Van der Schrick ez 4/, 2007b).

In the Guadalete valley the Late Pleistocene lowstand surface was found at a

maximum depth of 30-35 m (Dabrio e 4/., 2000). As a result, the Guadalete

sedimentary sequence starts around 10,500 cal BP with muddy tidal deposits

on top of fluvial sand and gravel. In the Douro valley, the sedimentary se-

quence starts at about 10,720 cal BP at -13.9 m m.s.l. (Naughton ez 4l., 2007a),

which is too shallow regarding the concurrent sea level of -30 m (Toscano and

Macintyre, 2003), and a sediment hiatus is assumed. 61

The Lower Tagus Valley in Portugal, has an exceptionally long sedi-
mentary record since ~14,000 cal BP (Chapter 2). The steep gradient of the
lowstand fluvial system (~60 cm/km) at the base of the valley-fill favoured
carly transgression and good preservation of early Holocene sediments. The
facies distribution demonstrates that fluvial aggradation started shortly after
14,000 cal BP, followed by brackish water marsh and tidal flat sedimentation
since ~11,500 cal BP. During the middle and late Holocene, drowning of the
incised valley ended due to the deceleration of relative sea-level rise and a sys-

tem with a bayhead delta, deep central basin and narrow tidal inlet originated.
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The well-established chronology for the Lower Tagus Valley is based on 55 ra-
diocarbon dates. Such a continuous sedimentary record since the Late Glacial
period is unprecedented in Europe. Furthermore, the Tagus catchment is the
tenth largest river system in Europe. Because of the large sediment discharge
and the minor effect of waves, the 100 km long and 10 km wide Lower Tagus
Valley has been filled with fluvial and tidal deposits. During the last millennia
of the Holocene, sediment input was at least partly influenced by human ac-
tivities like deforestation in the catchment (e.g. Van Leeuwaarden and Janssen,
1985; Van der Knaap and Van Leecuwen, 1995; Benito ez 4/., 2003c).

This chapter aims to reconstruct the palacogeography of the Lower
Tagus Valley covering the period since ~20,000 cal BP. Nine valley cross sec-
tions and a sea-level curve for the study area were constructed. The palacoge-
ography of the Lower Tagus Valley will be presented in five palacogeographic
maps. The Lower Tagus Valley sedimentary record hosts a unique archive of
the effect of sea-level rise, fluvial dynamics and human impact. The importance
of the forcing factors on the infill of the palaco-valley and on the spatial and

temporal changes of the sedimentary environments will be evaluated.

Regional setting

The Tagus River has a length of ~1000 km and a catchment area of 80,630
km? (Bettencourt and Ramos, 2003; Le Pera and Arribas, 2004). It enters the
Atlantic Ocean near Lisbon in a passive continental margin setting with a
narrow continental shelf (<30 km) (Fig. 3.1). The average discharge near its
mouth is 400 m?/s, but the river is characterised by extreme seasonal and an-
nual variability with peak discharges more than 30 times the average discharge
(Benito ez al., 2003b; Bettencourt and Ramos, 2003). The present-day Lower
Tagus floodplain (Fig. 3.1) is 5-10 km wide and ~85 km long, has an clevation
of ~22 m near Golega in the north and ~2 m near Vila Franca de Xira in the
south, with an average gradient of ~24 cm/km.

The central basin south of Vila Franca de Xira (Fig. 3.1) is character-
ised by an ebb-dominated semi-diurnal mesotidal regime with a mean tidal
amplitude of 1.5 m at neap tide and 4 m at spring tide (Portela and Neves,
1994; Bettencourt and Ramos, 2003). Changes in tidal amplitude and energy
during the Holocene are unknown. However, the narrow bedrock-constrained
tidal inlet provides a morphologically unique situation, where the Lower
Tagus Valley is sheltered against the high-energy wave regime on the Atlantic
Ocean where winter wave heights up to 10 m can occur (Instituto Hidro-
gréfico, Portugal). Therefore waves play a very minor role within the central
basin (Fortunato ez al., 1999) and tides and fluvial discharge are the dominant
energy suppliers.



Geology, tectonics and geomorphology

The Tagus originates at an elevation of about 1600 m in eastern Spain (Fig.
3.1) and flows westwards to the NNE-SSW oriented Lower Tagus Basin
(LTB). This basin forms part of the Lusitanian Basin, which is an inverted
Mesozoic trough, resulting from aborted Triassic rifting (Masson and Miles,
1984; Rasmussen et al., 1998; Carvalho ez al., 2005). Inversion tectonics
during the Tertiary resulted in the formation of a compressional foredeep—
the Lower Tagus Basin—in which up to 2000 m of sediment accumulated
(Barbosa, 1995; Rasmussen et al., 1998). Despite the work on the location
and activity of faults in the Lower Tagus Valley (e.g. Cabral and Ribeiro, 1989;
Barbosa, 1995; Rasmussen ez 4l., 1998; Curtis, 1999; Vilanova and Fonseca,
2004), their presence and activity remain subject of debate, especially the ones
along and underneath the Holocene valley-fill sediments (e.g. Fonseca e 4/.,
2000; Cabral, 2001; Fonseca and Vilanova, 2001). However, the region is
tectonically active, as illustrated by a large earthquake in 1531, the well-known
1755 earthquake and tsunami and the 1909 Lisbon region earthquake (Ches-
ter, 2001 )

Since the Pliocene-Early Pleistocene the Tertiary deposits were uplifted
to the present maximum elevation of ~200 m above sea level and presently
continue to be uplifted at 0.05-0.10 mm/y (Cabral, 1995). The uplift resulted
in a staircase of Pleistocene fluvial terraces which are mainly located east of
the river up to ~100 m above the Holocene floodplain. For an overview of the
published work on the Pleistocene terraces, the reader is referred to Van der

Schriek et al. (2007a).

3.2 METHODS

Core data

To understand the distribution of facies units in the Lower Tagus Valley, six
cross sections perpendicular to the valley axis were designed. The cross sections
cover the entire present-day floodplain (Fig. 3.1) like it has been mapped on
the Carta Geoldgica de Portugal (1:50.000). Corings were spaced on average
300 m (Figs. 3.2, 3.3, 3.4 and 3.5), 500 m (Fig. 3.6) and 1000 m apart (Fig.
3.7) and their location was measured using a Garmin GPS-12 receiver (hori-
zontal resolution ~5 m). The elevation of the corings relative to sea level was
measured using Trimble DGPS equipment (vertical resolution ~5 mm). A set
of 122 hand-corings (maximum depth 23 m) were used for this study, together
with 4 mechanical deep corings. The hand corings were done using Edelman
augers for sediment above the groundwater table and the gauge and the Van

der Staay suction-corer for sediment below the groundwater table (Van de
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Meene et al., 1979). The sediments were described in the field following the
method explained in Berendsen and Stouthamer (2001). For this paper, litho-
logical classifications were converted to USDA terminology.

Four mechanical deep corings provide undisturbed cores to a maxi-
mum depth of 52 m. They were carried out with a rotary drilling rig and
protected by steel casing. Recovery ranged from 20 % to 100 % with poorest
recovery in sand and best recovery in clay sediments. In addition, lithological
and sedimentological information resulting from cone penetration tests and
continuous and discontinuous geological cores used for geotechnical studies
for the construction of bridges, dikes and buildings were used to construct
three cross sections in the south (Figs. 3.1 and 3.8) (De Mendonga, 1933;
LUSOPONTE, 1995; BRISA, 2005; INETT, 2007).

Sample treatment

Grainsize was measured using a Fritsch A22 Laser Particle Sizer which resulted
in grainsize distributions in the range of 0.15-2000 um. Prior to grainsize
measurement, the samples were prepared following the methods described

by Konert and Vandenberghe (1997). About 1-2 g of bulk sediment was
pre-treated with H O, and HCI to remove organic matter and carbonates,

respectively.

Radiocarbon and archaeological dating

A set of 55 radiocarbon dates were used to construct the chronological frame-
work. The material for radiocarbon dating consisted as much as possible of
terrestrial botanical macrofossils that were manually selected from generally

1 cm thick sediment slices, otherwise bulk samples were used. Most botani-
cal macro remains were most likely not in-situ, but because they were of good
quality they were probably not transported very far. The radiocarbon ages were
calibrated using the program OxCal v3.10 (Bronk Ramsey, 1995, 2001, 2005)
using the atmospheric data from Reimer ez a/. (2004). The 14C age of frag-
ments of a Scrobicularia plana shell from Van der Schriek ez al. (2007b) was
calibrated using the program CALIB v5.0 (Stuiver and Reimer, 1993; Stuiver
et al., 2005) and the Marine04 age calibration data from Hughen ez a/. (2004).
For the marine samples, a Delta R of 262 years with a standard deviation of
164 years was used. All mentioned radiocarbon dates are expressed as calibrat-

ed calendar ages (cal BP) with age spans at the 20 range (Table 3.1).

Palaeogeographic reconstruction
The palacogeographic reconstruction of the Lower Tagus Valley since the Late
Pleistocene sea-level lowstand is based on the spatial and temporal changes

of various sedimentary environments in nine cross sections. The sedimentary



environments were defined using facies units (FU) which were identified using
lithological and sedimentological data, combined with floral (pollen, terrestri-
al botanical macro remains, diatoms) and faunal (shells, foraminifera, dinoflag-
ellates) indicators (Table 3.2) (Chapter 2). The three-dimensional distribution
and configuration of facies units was established using a fence diagram (Fig.
3.8). The chronology of environmental change is based on 55 radiocarbon
dates and archacological artefacts presented in this study (Tables 3.1 and 3.3)
and radiocarbon dates published by Van Leeuwaarden and Janssen (1985),
Ramos ez al. (2002), Ramos Pereira et al. (2002), Azevédo et al. (2006a) and
Van der Schrick ez /. (2007b). Furthermore, published archacological and his-
torical data were used (Kalb and Héck, 1979; Delgado, 1981; Kalb and Héck,
1984; Freire, 1985; Carvalho and Almeida, 1996; Azevédo, 2001; Van der
Schriek ez al., 2007b). The sea-level reconstructions by Hanebuth ez 4/. (2000)
for the period before ~11,500 cal BP and the one presented in this study (Fig.
3.9B) for the period after ~11,500 cal BP, were used to reconstruct palaco-
water depths and coastlines. Based on the data described above and general
concepts on the behaviour of deltas, estuaries and coasts (e.g. Reading, 1998;
Bridge, 2003), the palacogeography per time interval was reconstructed. The
time intervals were chosen according to data availability and major changes in
valley-fill history. The palacogeographic maps were drawn using ArcGIS 9.2

software.

3.3 RESULTS

Geometry and chronology of the facies units
For the description of the facies units (FU) see Table 3.2 and Fig. 3.8 for the
general geometry. Addendum I contains full-colour versions of the cross sec-

tions.

FU-1A

The poorly sorted, mainly coarse-grained sand and gravel of FU-1A, indicate
deposition in a high-energy environment. Due to the absence of a fining-up-
ward sequence in the top of FU-1A and the flat surface morphology, these ter-
race sediments are interpreted as deposited as sand and gravel bars in channels
of a fluvial braided system. The terraces were mainly found along the eastern

margin of the valley; north of Alpiarca they are present at the western side.

FU-1B
At the base of most cross sections, poorly sorted, coarse-grained gravely sand

was found in short fining-upward sequences (FU-1B) overlying Miocene

65



oy [ora [10s OuEBio  RY Sfloys INoyyM SjpuLERYD «——— wog ——>
1epy peouenyul ANy :gg-nd  [Lii] a-
Bupoo jopus T~ 108 pouedu | Ao
uopequniog  § siouvewo ey g4 [ lepnans pue fepaiul ‘gend el
sulewsel jue(d [gluozoy AL Siey [epy pue pi-
y SOSSEABIO PUE S99 [BINJEU 1/-N4 M SeysJew Jejem yspioelq ve-N4 m
spoor Y o am_mccm;o
‘g0 jeiAny uaipesB-ybiy g |- -
siseo pue soqged S suiseqpooy [eny :g9-n4  [F] leianyy usipesB-ybiy :gi-n4 2L
Buippeqssol0  ~\  SUISEAPOO [EIANY PaSUSPUOD -4 sysodap eoews) [eIAny v L-N4
spun seroey oL-
[N EDER] .

w‘
.
==———- [o1ep g -,] -
(81262-V19) ddl €9 ,0v2-025Y :88
(91.262-V19) ddl €9 .0197-098Y :V8
— .G . Z . (51262-19) d [e2 .02.E-060% 9L 3
Ao il i i (¥1262-V19) dd 89 ,0GL1-0Lyp VL — = = = = = = = rsw
. o (LYY6Z-VID) ddl €9 .01€1L-0251 ‘89
(50262-v29) d8 [e9 ,59Z1-09€ | Y9 Sm
($001E-VJO) df 1B 0£99-0989 'S v 2
(5992€-v29) dfl 180 0202-042L ‘1L (5190€-V1D) didl €0 08+9-0899 '
(02262-v29) ddl €0 016-059 ‘0L (87.¥1-0MN) dg [BO 02GY-0€8Y '€
(0£562-V19) e 180 092-0£6 6 (L¥Zi7L-0IN) 8 189 0LZE-06EE T I
(d 20 0991-062¢) uBLIOY :Z Aishod wrl Gz} < uonoely J0 Sj1001 ,MQESQS de 69 096-08LL ‘gL
(d8 189 0551-061) QY AInusd wig-is| | Kieliod wrl 6z| > Uonoe.y 91UEbIO €10} ‘(6¥LYL-0IN) df [B9 06L-0901 VL <
9+
g+
oL+
(4%
M. i+
e
5
x
< ﬁ 9L+
2
>0 2
g1+ 288 32 g1+
N B 88 £ 3
sgs 12 . c%s Z 8
oz+ 788 W ebeyuizy-e69j09 ‘Gog peos 843 3§ 0z+
2%g -8 83 3
She S 233 8
g3~ 3 Sad o
223 «5 28 g2 2 223
£ &2 L
S3 > >
v+ S8 28 3 v+
358 fEE8R & B £ £ £ g 88 2 fEE £ £ g g £ E3-
2a= 2% 2 282 2 2 2 2 2 2232 2 2282 2 2 2 2 2 a 2
92+ ownf o o oo o o o o 9 ogo 9 o oo ° o o ° o 0o ° 9z+
9M8 2 =23 B R ] 15 IS 282 IS 3 88 3 3 3 3 N >0 = i
=34 s s 82 R 8 X X 5 283 5 888 & R 8 < IS g8 o B
3s MN

SIBquinu sjoyI0q  UOOBS SS010 EBBIOD

66

C

ion can be found in

5

its are based

1€s un

medium sand

M

5

f Golega (Fig. 3.1). Lithol-

bution of fac

1S Cross sect

istri
fine sand

10n ¢ast O

F

5

ion of th

inal locat

“I's'w 0} aAne|as (W) uoneas|s
. Lithology and d

its orig
very fine sand
colour vers

; VF

silt
. A full

S

5

2 cross section
gravel

C/P: clay or peat
coarse sand and G

ing GOL was projected from
Addendum 1.

on manual corings and mechanical corings GOL and SA2 and ST3 (INETI, 2007).

Figure 3.2 | Goleg

Cor
ogy



67

9k T \ ok
Buuodojopus T surewssjueld [ejuozuoy / . — \
i : - w5, ——> g
v ap VW s)sep pue sa|qqad / \ sipuueyd fewny :g-nd [T | yi-
UOo[}212U09 djeuoqled * |aA9] J10s oluebio \\ | SOSSBASIO pUE S99 [Bdnjeu :L-Nd M
- L zu-
e uoneqimolq § los pauadu y; ! suiseqpooy [einy :g9-nd f==-]
suIseqpooj}
o1-4 Jelnnyy pasuapuod :ve-nd [ |- o1-
sje|j [epians
(1960€-V19) dg 189 0L1L-02¥L 6 (66562-V49) d B9 0£6-0L0) °§ pue [epolul ge-nd B
o (S001€-V4D) g €9 00€2-01G/ ‘8 (5€562-V19) dE [e0 09€2-0€LT ‘¥ slej} [epl} pue says.iew 8-
(9190€-V19) dg 189 026+-00€S :Z (€¥862-V49) dd B9 0-0.C ‘€ 1o1em uspoeq ve-nd B
(962.2-V19) dg 19 0281-0S02 ‘9 (8€562-V19) dg B9 00€-06¥ ‘T sysodep
(12262-10) dg €9 0-04€ 1 ooee} [eiAny v L-Nd g | o-
uojsioul puejsmoj Swan ssioed
Jo uoneool sjqewnsaid adN3ao3a r v

- sitsodap sutreys Jopio . B

RN ERREENI Y RS

e e T
~ syisodep-jaulieyo

T
R0 5
Q ;
Pl P &
& =
@ 3 Y
= @ ¥ ~ 2
[ =3 W,@\ [}
a & -
g8 :
3¢ g
w3 z z s z
S m B > &
N ! 4 o 2 =
W = = R = soe.LI8) EBRYUIZY
Q K o8 53 83 )
o oS o o o o o o Omo o088 o 59 o o o oo o =3 E3 0zZ+
= E5E K £ = £ £ £33 538 & 2E = E £ B 5 5 38
S W 2 2 2 I 2 Qax 2al 2 22 2 2 21°2° 2 = 0
=3 oSo o o 9 =3 o o028 5o 28 So o =3 o oo o o 4%
N =
= RO E & N @X @X o ®0O~N @ O o o = = @ o WO (=3 @ 25 2+
@ NO O © © @ S a AN @ =N g o o ~ a N o® S ~ >
N P L L 1 1 PR T S S i h 1 halran L A L
as MN|3SS MNN|S N

SJaquINU 8J0YaI0g  UOIJOSS SSOIO BOSNWEYD

-27236, is
colour version

ACl and AC2 (IN-
VF: very fine sand; F: fine sand; M
. A full

>

5

‘I's'W 0} aAne|al (W) uonesse

Coring 0401.204 with date GrA

silt

N

5

302 but was not plotted here

C/P: clay or peat;

Figure 3.3 | Chamusca cross section. Lithology and distribution of facies units are
based on manual corings and mechanical corings VDC, ST8A

ETI, 2007). Lithology
of this cross section can be found in Addendum 1.

medium sand; C: coarse sand and G: gravel

located approximately at site 0401



2
+18
F+16
F+14
F+12
F+10
8

L +6
4

2
-+ msl

2

4

6

8
F-10
F-12
L-14
F-16

SE

[ 100°L0S0

[ 2001050

- €00°10S0

- 001050

FU-3A: brackish water marshes and tidal flats

FU-3B: intertidal and subtidal flats
FU-7: natural levees and crevasses

FU-1B: high-gradientfluvial channels
[E=] Fu-8:fluvial channels

FU-1A: fluvial terrace deposits
FU-6B: fluvial floodbasins
horizontal plant remains
carbonate concretion

end of coring

organic soil level
terrestrial snails

Y FU-9: aeolian dunes
| ripened soil
-

L roots

N

O pyrite (FeSz)

$

L

A

dike

LEGEND
Facies Units

B
o]
=
=
E=
=

|- 500°L0S0

Cabego da Bruxa (aeolian dune)
Tocated 200 m north of transect

- 9001050

edieidy ap elep

[ £00°L0S0

- 8001050

[ 110°L0S0

- 210°L0S0 L
[ 0,0°L0S0 |euueyo enpy

I 600°1050 @m o _| .

[ 8L0°L0S0

ofdef: -

)
)
)

1oAY snbe|

youhger'éhaninels'deposits- ™.

[ 01L0°L0S0

[ 0201050

Roman (2250-1650 cal BP)

1: 816 cal BP (Azevédo et al. 2006)

I €10°L0S0

2: 3086 cal BP (Azevédo et al. 2006)
3: 3550 cal BP (Azevédo et al. 2006
4: 6960 cal BP (Azevédo et al. 2006
5: 8097 cal BP (Azevédo et al. 2006,
6: 9030-8750 cal BP (GrA-32584)
7:2710-2350 cal BP (GrA-32586)

Pottery 1
Pottery 2:

I ¥10°1L0S0

[ G10°1L0S0

[ 910°10S0

S A
: : <
% AR <
L 1101050 O <2
R 2
BN T I

I 610'1050
(900¢) ‘e 10 opanszy
| A3 buuoo = 101050 i

J1enbsiAly ap eleA

——— 900 m ———>

Almeirim cross section borehole numbers

NW

S o o v o 4
T O® ¢ T ¥ 2

‘I'S'W 0} 9ANe[al (W) uoneAsle

o~
by

+20
+18
+16
+14
16 4

Figure 3.4 | Almeirim cross section. Lithology and distribution of facies units are
based on manual corings and mechanical coring SEV (Azevédo et 4l., 2006a). Lithol-
ogy: C/P: clay or peat; S: silt; VF: very fine sand; F: fine sand; M: medium sand; C:
coarse sand and G: gravel. On acolian dune “Cabeco da Bruxa” traces of Late Bronze
age (~2700 cal BP) graves were found (Kalb and Héck, 1979). A full-colour version of
this cross section can be found in Addendum 1.



Ty oe R EEREEEEEEEEEEEE.
w 3 -
0'1050 g o
- s 503 3 B8E B G oo g
2 $ 85o E 22 2 £ E8E 8
8 3 S=E& 5. g 8 2 3 S 23E ¢
8 & 358 2 3 o £ 2 5 285838
& o cdg & S 3 s 2 £ £EL€€20v ¢
220'1050 2 3 s £358 3 s = 5 5 3 2888653
Zz £ 78 gpl EfEsT v ¢
© <Sefessgs Seegse §85
» @, fBeidizig slgsg [i; M=Owodd
ceoogo o R 2R = 2 23RERER: 2 E52 Y
20071090 P ]
BHEOODEDODO .:: .
201050 = 2% 5 = 8
E,%
€588 203
5201050 = 5 00
= DT
9201050
; ST T T T e e - - - T- T T - - =
8 | |
| I
650°1050 | )
1201050 ‘ |
I
5 | |
: ki 1 |
820°1050 28 __38 ! |
€3 2355 | w
g8gddes
2rogL33 ‘ |
0801050 : £8%0%: o | |
’ £QCg o 0@ | [
3 PEhmmo8 ! !
260°1050 B $E5S505 | |
™ Jesgsrzy | |
- CAFORSSS h |
- 22ARBHoYx I !
£60°1050 < %%8’:%;?.‘3 ! |
A LANGH =i : :
- | |
q
! )
¥€0°10S0 | |
I |
| |
| I
€0°L050 ! |
(MAM NN N AR AN AN B
, AL ;
950’1050 R =t s
= ¢
VA Bunoo = N | | [ E2 (s
L0€1090 Ll 1
1861050 = 5
! <
WAMIANON <2 Ittt
MBI L =2
€ |feeo10s0 A KKK N A AR A AR R J
2 | |
o ~
2 | = s 1
£ lesotoso i 8 3 ! !
2 @ S ! !
2y 8 © 1
§ ' 5 it oo g s ! !
S Lov0'L0s0 4 S QDD DDy | !
3 s , g5ggsEs | !
2 3 - 2996599F £
5 e gesaggs -
o : : Yo 8INS | ! 8
””””W“”w . gcgfgds
5 , . NOHEIR = | |
E elnquezy ep ejep . : ; : e ovee : :
g evoroso  feng MO = e N S
é% : BUB0IN
Er ? % © © ¥ o i o < © © =4 N 3 © e < Q N &
£

‘I'S'W 0} SANE|al (W) uoneAs|s

Figure 3.5 | Benfica do Ribatejo cross section. Lithology and distribution of facies
units are based on manual corings and mechanical coring VAL. Lithology: C/P: clay or
peat; S: silt; VF: very fine sand; F: fine sand; M: medium sand; C: coarse sand and G:

gravel. A full-colour version of this cross section can be found in Addendum 1.

69



70

K o «
£ Y @ *® s A\
&
I ¥S0°1L0S(
[ 650°L0S0
3
£
]
I 950'1050 -
F L50°L0S0
['4
<
>
&
F 2,0°10S0
F €70°L0S0
f ¥¥0°L0S0
5
[ S¥0°10S0 g
ST~ N
LinI<I<e
2554652
S5-0s82
" 325188 335353
2 I =T=¥]
< 8T SRBa
2 § ERoRagE
g2 §8os8es
S & o BoTONNE
§ 'g Ex_ 5 E O-NOFOE
F L¥0°L0S0 : g E 8
28553
g535%2 2
(7
0
[ 8¥0°L0S0
2
_ 4
o » o
29 %,
 6v0'1050 §§§ ] g
3 3 2
-
gip 2
wee ¥ 9
I 150'1050 252 2 o 4
D[”m”:l einquiezy op ejen
" 2
g
I 250'1050 s 8 23
2 % 5 ® T
] 28 82
E £5 83 T
5
: 3f:t I
$ 5§z 358 <o
8 |} esotoso g 28% %.,. |||I|‘g|||||||\"
§ S 55c S M=
YRS LR OO
2 2 T 952 9¢ o
2 =22 282 2% : AR
£ Losowso @2 U
s B b
H S . At
3z
2 z
-

TS 0} anefal (w) uonensle

Figure 3.6 | Azambuja cross section. Lithology and distribution of facies units are
based on manual corings. Lithology: C/P: clay or peat; S: silt; VF: very fine sand; F:
fine sand; M: medium sand; C: coarse sand and G: gravel. A full-colour version of this
cross section can be found in Addendum 1.



Vila Franca de Xira cross section  borehole numbers
NNW
3

0501.069
0501.067
0501.068
0501.066 -

+4
3
>
— 4
G 42 @
€ >
° &
2 msl
K
[
E -2
c
L
T 4
2
]
-6
8
-10
-12
1: 1820-1570 cal BP (GrA-32656)
2: 4090-3850 cal BP (UtC-14904)
124 3: 7270-7010 cal BP (UtC-14905)
4: 10200-9780 cal BP (UtC-14906)
5: 11800-11200 cal BP (UtC-14907)
164 6: 14260-13780 cal BP (UtC-14908)
-18
-20
22
24
26
28
30
.32
844 | ___________
% LEGEND
h Facies Units
FU-1A: fluvial terrace deposits
-38
FU-1B: high-gradient fluvial channels
-40 4 |I|I| FU-2: aggrading fluvial overbank
E FU-3A: brackish water marshes
42 and tidal flats
ES] FU-3B: intertidal and subtidal flats
s ] FU-4: shallow-marine prodelta
FU-5A: distributary mouth tidal
bars with shells
-46 4 FU-5B: fluvially influenced tidal
channels without shells
-48 4
50

0501.071 4

0501.065 -
0501.302

coring VFX
0501.064 4
0501.063

I

192 = oo

CIPSVFF M C G

0501.062
0501.061
0501.060 -

ripples

3

|||||||| ripened soil

pyrite (FeSz)

carbonate concretion -
end of coring

dike

W organic soil level
J
.o. pebbles and clasts
A roots
~ horizontal plant remains
S bioturbation
¥ shels
T burrow
£
A

Figure 3.7 | Vila Franca de Xira cross section. Lithology and distribution of facies
units are based on manual corings and mechanical coring VEX. Lithology: C/P: clay or
peat; S: silt; VF: very fine sand; F: fine sand; M: medium sand; C: coarse sand and G:
gravel. A full-colour version of this cross section can be found in Addendum 1.

+4

+2

-50

71



wrl €9 3¢ panatg SNV “pas areas S[ISSOJOITTW [EITULIO [PLIISILID $T0°T0S0 0£T1-09TT T L+/TTHEeeH-8€097S 0818-09¢8 0% F 0¥HL 13 $S9TEVID
wrl €9 3¢ pardlg SV 'pos ystewt surewa1 Jued spuesio paziprxo $T0'T0S0 08L-0LL L+ TTH EeeH-8€09TS 0S69-0L1L SEF S919 193 1$92¢-V1D
wrrl ¢7T 3¢ pasdrg SV sne ], 2an0¢ Pnq i S 0€0°T0S0 00£-069 09°L+/%08°€EeH66LFTS 0%5-099 STF009 133 0597¢-VID
wrl G738 pardrg SV uonewiofyios $2531d poos papunoi-uou 01050 0$T-0%¢ Y6 E+/8FY SEChH607TCS 09€T-0TLT 0€ F 08%C e LYITEVID
wil €9 3¢ pardlg SNV pas ysrewr SISSOJOITTUI [EFTUEIO] [ELIISIIINY 501050 048-098 €+/TERETETHLYTIS 0$95-006S SEF 0105 9¢ 9F9TEVID
wi 71 38 pardlg SV Ieq yanout S[ISSOJOITU [EITUTLIOQ [ELIISILIN 501050 0SHI-0971 /09T 1TEH-0%6H1S 0057094 0€ F 665T 9¢ SHITEVID
wr €9 3¢ pasdrg SV “pas ysrew S[ISSOFOITTW [EITULIO] [PLIISILIN 150°'T0S0 0L£-09¢ €+/9eHeTeHHTRTIS 0L%-0%S 0¢ ¥ 0S¥ 9¢€ ¥r9Te-viD
w g7 3¢ pardlg SV pas IS A113q/paas 0S0°T0S0 088-098 PH+/H10TTEF0ETHIS 0TLT-$8LT 0€ F$79T 9¢ L8STEVID
wrrl ¢71 3¢ pasdrg SNV pas ysrewr SISSOFOITTU [EXTULIO] [ELIISIIINY €10°T0S0 0€8-078 LOTT+H/FT6'SHEF-9TLTES 0S€T-0TLT 0¢ ¥ 0%¥C i43 985TEVID
wrl €9 3¢ pasdrg SV Surumorp paas snioavpnasd s 910'10S0 0%7T-0€Tt 8ETI+/€959%EH-880°T€S 05£8-0£06 0% ¥ 0€08 143 $8STEVID
wi ¢71 3¢ pasdLg SNV [Puueydaande SOJOIIPW [EDIUTIO] [PLIISIIID 01070 SGYTI-16¥1 CLTI+/L990SEHCH6'THS 00€L-01$L 0S F00$9 (33 S00TE-VID
w0 3¢ pardlg SV pos pud S[ISSOJOITTW [EITUTIOQ [ELIISILIN 620'10S0 0S0T-9%01 TI+/6%865€H-L0Y 0% 0£99-0989 ¥ F 0065 133 $00TE-VID
w G7T 3¢ paadlg SNV [Puurydsanoe S[ISSOFOIDTW [EITULIO] [ELIISIIIN 20€°T0%0 06ST-88ST €LTI+/L99°0SEH-€H6'THS 0LIL-0THL ¥ F09¢9 (33 1960€-V1D
wi 71 38 pardlg SV 11y £oypea doa S[ISSOJOITEW [EdIUTIOq [ELIISILIN 20¢ 1050 9167€T6 C€LTI+/L990SEH-€H6'THS 0L6%-00€S SEF S8YY e 9190¢-VID
w0 3¢ paadlg SNV ‘pas areas SISSOFOITTW [EXTULIO] [ELIISIIINY 620°T0S0 6201-%201T TI+/6%8°6S€- L0V 0FS 08%9-0899 0% ¥ 06LS Te ST90€-VID
wrl )G 3¢ pasdtg SNV snfe ] aande S[ISSOJOITEW [EdTUTIOQ [ELIISIIIN ST0°'T0%0 055-0%S TTETH/BITTSEFH0S THS 0-0LT 0%+ 9 € £¥86CT-VID
wrl G729 0ST 3¢ PardLsy SNV uoneuiiofyios S[ISSOJOITTW [ETULIOQ [PLIISILIN 90T°10%0 0T€-00¢ SOIT+/H80°TSEH YRS THS 0€6-0L0T SEF S601 e 6£S6TVID
wrl )G 3¢ pasdrg SNV ‘Pas pud S[ISSOJOITTW [ETUTIOQ [ELIISAIIN Y0I'T0%0 079-019 89°CT+/6L9TSEH-6¥9°0%S 00€-06% SEFSeC e 8€S6TVID
wrl G729 0ST I8 PardLsy SV snde 24108 S[ISSOJOITTW [EIIULIOQ [PLIISILIN S10°T0%0 0$8-0%8 TTET+/8TITTSEFH0S THS 09€T-0€LT 0% F 06¥C (33 SES6TVID
wrl G729 0$T I8 pasdLg SV uoneuwiofyios STISSOJOIFEW [EITULIO] [ELIISIIIN °00°10%0 0£2-09¢ €TIT+H/SE6'09¢7-668'THS 09£-0€6 SEF0€6 43 0€S6TVID
onpIsat SV ‘pos aeas e oruny 120°10%0 0L£-99¢ CYI+/H65T9¢H-105THS 01€1-0TST 0% F01ST e LYH6TVID
[eoarey> SV sne ], 2an5e Jeod1eyd> 0T 10%0 08¢-0LE 89°CT+/6L9TSEH-6¥9'0%S 0-0T¢ SEF00T €e 1TT6TYD
[eodreyd SV snde ] aa10e Jeodeyd €10°T0%0 08€-0LE €99T+/SHLBSEH-CESHYS 015059 SEFSHS [43 0TT6TVID
onpisar SV ‘Pas pud Aep oemy 120°'10%0 PIS%4%Y CHI+/H65TIH 108 THS 0¥TH-0TSy 0% F Sh6¢ Te 8126CT-VID
DeIIX dhasned SV paspus Lep orumy 120°10%0 PISS29Y CYI+/H65T9eH- 105 THS 019%-098% 0y FSITy [43 91T6TVID
onpisat SNV ‘pas pu2 Aep orwmy 120°'10%0 805-906 CHI+/H65T9eH-10S'THS 07LE-060% 09 ¥019¢ Te SIT6TVID
DRIIX dhsned SV pas pua e oruny 120°'10%0 805790 CYI+/H65T9eH-105THS 0STH-01%% 0% F058¢ e I26TVID
IDTIIXI SSNES SNV ‘pasareas Aep opuny 120°'10%0 0££-99¢ CHI+/H65TIH 108 THS S9TI-09¢T SEF06¢€T Te S0T6TVID
- SNV [puueys sl Spreq/aead 0T 10%0 01€-00¢ 6+/STROSEHTITEYS 0481-050T SE€FS00T €e 9ETLTVID
- SNV Mg PREAD aead €0T10%0 THL-0%L 8+/STOTHEF-TIRTES 0129-01%9 % F0€SS ore FETLTVID

o1 49
syreway  adka DR aoueoyrudig [ellEly  “Iu dJoyaroqg (wr>) adap sdureg (wr) (z/4-x) sazeurpioo) 07 g Te2 38y s1ha8e D1 2y IN "qeT

N
N

Table 3.1 | Radiocarbon dates from the Lower Tagus Valley fill. Coordinates in Euro-

pean Datum 1950/UTM Zone 29N.



73

(89007) e 32 0ppaszy  umouyun pas 2AndT poom/read AdS 0€Tt STTT+/TET LYEH-685°0€S L608 usouyun ¥e AdS
(29007) e 32 0padzy  umouyun 'pas 2andE pooas/read AdS SLOT-¥LOT STTI+/TCT LYEY-6850€S 0969 umouwyun 143 AdS
(¥9007) T¢ 32 0p2AdZY  UmOUUN ‘pas aandE poom/read AdS 0$9-6%9 STTTH/TET LFET-685°0€S 0Ss¢ umouyun ¥e AdS
(29007) e 32 0paaszy  umouun ‘Pas 2andE poom/read AdS ISS@254 STTIH/TET LYEY-6850€S 980¢ umowyun 143 AdS
(29007) T¢ 32 0p2AdzY  UmOUUN 'pas 2andE poous/1ead AdS H01-€01 STTT+/TET LET-6850€S 918 umowyun 143 ATS
(2007) e 32 varardg Y uMouyun ‘Pas a1 umouwyyun TRy 2uog o%L 0% L+/0TTHEEH-086'TTS 08%¢-0€8¢ 0% ¥ 00%¢ 53 TSEOST-ERg
paysiqndun g ysrewnyes pus ead 111 edreidpy 09LT9L SLH/0TLTHEY-0T9'9¢S 0%£9-010L 0S ¥ 0%09 6¢ €861-01N
wrl €9 3¢ pasdtg SNV ‘pasarels S[ISSOJOIITW [EdTUTI0] [EL1ISIIN 10€°1090 €SLT8YLT L+/009FEEH1TCCTS 0%L6-061 0T 09 ¥ 0888 133 T16%1-01N
wrl €9 1e pasdty SV pos eas S[ISSOJOISBUI [ES[UEI0] [E111S131 10€°1090 8681 L+/009FEEH1TEETS 06SL-008L 0S ¥ 0989 53 016%1-0°N
wrl €9 3¢ pasdrg SV ‘pas 2andE S[IsS0JOISEU TESTUEIO] [E11S1Ia1 10€°1090 0TOT-%00T L+/009FEEHTTEETS 0€SH-0€8% WF Sy 153 606%1-07N
wrl €9 3¢ pasarg SV ureidpooyy areas 2091 Y1[-youeaq [rews + 1003 20€' 1090 ST6H-616¥ THYTEOIEH6EH'S0S  08L €1-09TH1 06 F 09121 Le 806%1-03N
wrl €9 3¢ pasdrg SV “pos ystewr S[issOjoIdEUI [EJ1UEIO] [E1ISII] 20€°1090 9TLE-OTLE TH/HTE0IEH6€H'S0S 00 TT-008 TT 0L F 0666 L¢ LO6¥1-DN
wrl €9 3¢ pardrg SNV pasysIEW  S1001 + S[ISSOJOIOTUW 30q [PLISATIN 20€' 1090 8%8T-TH8T THYTEOTEY 6750 08L6-00T 0T 0S ¥ 0068 Le 906%1-01N
wr €9 3¢ pardtg SV ‘pasarels S[ISSOJOITTW [ETULIOQ [ELIISILINY 20€'1090 9617-261¢ TH/YTE01EH-6€H'S0S 010£-0L2L 9 F LYT9 L€e S06%1-02N
wrl €9 3¢ pasatg SV ‘pasarels S[ISSOJOIIEW [Ed1UTI0q [E1ISIIN 20€°1090 18¢C1 THFTE0TET6€F'S0S 0$8€-060% 1% F Ly9¢ Le ¥06%1-01N
wrl ¢z 1 3¢ pasrarg SNV ‘posareas wrl G71 < uonaely Jo 1001 620°10S0 j433133 TI+/6¥8°65CHL0Y 0% 0960811 8€ FICTT (43 0SL¥1-0°N
wrl ¢7 3e pasdrg SV ‘posareas wrl g1 > uondey sruedio [eaoy 620°T0S0 yee-1ee TI+/6¥8°6SCH L0V 0% 06470901 LEF TT0T (43 6YLYT-DN
ur G771 38 pasdrg SNV pas 2AndE S[ISSOJOIDTW [ESTULIO] [E11ISIII 620°T0S0 TILTTIL TI+/6¥8°65E7-L0Y 07 0TSH0€8% WF6T¥ e 8¥LF1-D1N
wi ¢71 3¢ padIg SNV Pas 2ARdY S[ISSOJOITTU [EIIUTIOY [ELISILIDY 620'T0S0 L09%09 TI+/6Y8°65€H7L0Y 07S 017€-06¢€ 8¢ F 680¢ (43 LYL[F1-0N
- SV  uonewiogros Lep ynq 200°T090 067-08¢ SH/LOT'EECH0THITS 00T%-0THy Ly F 678¢ 133 SHLYT-0N
- SV uonewoj[ios Lep ymq T00°1090 0ST-0%1 S+/L6T°ECEH 0Ty 9TS 0T¥I-0191T SEF0L91 e YrLY1-0IN
wrl €9 3¢ pasdrg SV ‘pas ysrewr SUTEWDT Jea] SnonpIaop 1%0°'10S0 0LTT-09TT 0EH+/€SESEEHCLETTS 00€9-0159 ¥ F 0795 133 LEIECVID
wrl €9 3¢ pasarg SNV pas ysiew S[ISSOJOIDEW [EDTULIO] [ELISILID TSO'T0S0 0T9T-06ST CH/TEYCTEY VLY TIS 0 %Y0FI16T0T 9¢ 9€9¢€-VID
wri €9 3¢ pardlg SV pos ysrewr S[ISSOJOIIBUN [ETUEI0] TE1IISIII] 1L0°'T0SO 08%-0%% TH/SESOIEHTI8HOS 0LST-0T8T 0€ F S9LT L¢ 9S9TEVID
wrl €9 3¢ pasdrg SV 1akey ke surewo Jueld parepuaiapIpun $0<' 1070 YL6T-L96T 0% LT+/SLEGSEH-0SLYS 020£-0LTL SEF S99 (43 SS9TEVID
21 F a4
sy adfa Oy asuesgrusiy [eHaely  Ju 3[OyRIOg (w2) yadop sydureg wr) (z/4-x) sarewiproo) o7 g 0 38y sikafe Dp1 2y “IN qeT

Table 3.1 (continued)
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Table 3.2 | Summary of Facies Units (FU) characteristics in the Lower Tagus Valley.
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Table 3.3 | Archacological finds from the Lower Tagus Valley. The “Age cal BP” col-

umn shows calibrated radiocarbon-equivalent ages. Coordinates in European Datum

1950/UTM Zone 29N.



P

Jaiem

sysodep [lypue|

sysodap aua20IN

s)isodap 210Zosa|y

(6-n4) sysodap aunp uejjose

(8-n) susodap |ouueyo [elanyy

(28 9-nN4) susodap jueqiano eianyy
(g-n) susodep jauueyo pue Jeq [ep
(#-n4) susodep ejjepoid suLewW-MO|[eYs
(€-n4) susodap ysiew pue jey) fepy
(z 8 g1-n4) sysodep pueismo [elanyy
(V1-n4) sysodap adeuia) [eianyy

75w oy enperes (W) yep
o o
& =4 ~;

o
hd

[« ELER]

EREOC0OENEER0-

NSO R L) Rt

3.7) and

three cross sections based on geotechnical studies for bridge construction: A10 bridge
(BRISA, 2005), Ponte Vasco da Gama bridge (LUSOPONTE, 1995), Beato-Montijo

bridge (never built) (De Mendonga, 1933). Horizontal distance not to scale.

Figure 3.8 | 3D compilation of six manually cored cross sections (Figs. 3.2



deposits. The coarse gravel indicates a high-energy environment. Combined
with the steep seaward gradient (~60 cm/km), this unit is interpreted as fluvial
sediment deposited as channel bars of a coarse-grained braided bedload river.
This unit was deposited before or at the start of the Late Glacial period, based
on a radiocarbon date of ~14,000 cal BP in the top of this unit in coring VFX
(Fig. 3.7), indicating the start of floodbasin formation.

FU-2

FU-2 is an inland thinning unit overlying FU-1B. It consists of fine sand and
clayey silt in a generally fining-upward sequence (Figs. 3.5, 3.7 and 3.8). The
great thickness of this unit (~12 m in coring VFX, Fig. 3.7) and the many car-
bonate concretions, imply long-term deposition during the entire Late Glacial
period. This unit was deposited in a floodbasin which locally (coring VFX)
changed into a levee. The basal ~6 m of FU-2 in coring VEX (Fig. 3.7) was
deposited by a single-channel river that developed as a result of less extreme
discharge peaks and higher production of finer sediment due to increased tem-
peratures, precipitation and vegetation cover after ~14,000 cal BP. Deposition
of the upper ~6 m (Fig. 3.7, coring VFX), resulted from upstream migration
of fluvial onlap (Chapter 2).

FU-3A

FU-3A is a widespread unit consisting mainly of soft clay. Foraminiferal

and biological evidence (e.g. Jadammina macrescens, Trochammina inflata,
Chenopodiaceae sp. pollen) indicate brackish conditions and a brackish water
marsh or tidal flat environment. The substantial thickness of the marsh and
tidal flat deposits suggests vertical aggradation rather than progradation during
rapid sea-level rise before 7000 cal BP. Only in the upper 1.5-2 m pedogen-
esis has taken place due to subaerial exposure and soil ripening. This unit was
found in all cross sections, except the most landward cross section (Fig. 3.2)
and occurs between -35 m and +2 m m.s.l. (Figs. 3.3-3.7 and 3.8). This tidal
unit was formed from ~11,500 cal BP up to the present day (Fig. 3.7).

FU-3B

Closely associated with FU-3A, a laminated unit (FU-3B) was found, consist-
ing predominantly of clay with sand laminae. Based on the distinct lamination,
burrows and the shell and foraminiferal content (e.g. Hydrobia ulvae, Scrobicu-
laria plana, Ammonia becarii and Elphidium sp), this unit is interpreted to be
deposited by intertidal and subtidal flats. FU-3B is locally present in the north
(Figs. 3.2-3.4) and nearly valley-wide in the south (Figs. 3.5-3.7). Deposition
started around 8000 cal BP and presently still continues in the central basin
south of Vila Franca de Xira (Fig. 3.8).
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FU-4

FU-4 mainly consists of strongly bioturbated (silty) clay loam and silty clay
(Table 3.2), contains a variety of marine fauna (e.g. Chlamys sp., Nucula sp.
and brittle star fragments) and was deposited in a shallow-marine prodelta
environment. This unit was formed in the deepest parts of the drowned Lower
Tagus Valley and was found in the southern cross sections (Figs. 3.7 and 3.8).
The shallow-marine prodelta deposits probably grade laterally into tidal depos-
its (FU-3 and 5) near Azambuja, since they were not found near Benfica do
Ribatejo (Fig. 3.5). According to the radiocarbon dates in coring VFX (UtC-
14906 and UtC-14904), deposition of FU-4 started slightly before 10,000 cal
BP and ended around 4000 cal BP.

FU-5A

Deposits of FU-5A consist of medium to coarse-grained sand with disturbed
clay laminae in a coarsening-upward sequence, which is formed by coalesced
distributary mouth tidal bars which are part of the prograding tidally influ-
enced bayhead delta (Chapter 2). Although partly reworked, the shell content
(e.g. Scrobicularia plana, Hydrobia ulvae and Crassostrea angulata) indicates
that brackish water prevailed. This unit stratigraphically overlies shallow-
marine prodelta deposits (FU-4) in the south (Figs. 3.7 and 3.8, A10) and tidal
deposits (FU-3 and 5) in the north (Figs. 3.5 and 3.6). Progradational deposi-
tion of FU-5SA moved from Benfica do Ribatejo (Fig. 3.5) southward as soon
as sea level had reached its maximum (~7000 cal BP, Fig. 3.9).

FU-5B

FU-5A is overlain by deposits poor in shells (FU-5B). This extensive, generally
fining-upward, sand-dominated unit with occasional clay drapes, is interpreted
as pointbar-type deposit formed in fluvially influenced tidal channels. Strong
salinity variations may explain the absence of fauna. This unit is narrow and
thin in the north (~2m, Fig. 3.2) and wide and thick further south in the
valley (~7 m, Fig. 3.6). The great width possibly resulted from meandering
and lateral migration. FU-5B is closely related to FU-5A, because the tidal-
fluvial channels prograded over their distributary mouth tidal bars. Deposition
started before ~7000 cal BP near Golega (Fig. 3.2) based on radiocarbon date
GrA-32655 and subsequently moved southwards.

FU-6A
FU-6A is a clay-dominated unit with evidence of soil formation (e.g. firm
consistency, carbonate concretions, root traces) and locally peaty intervals.

Sedimentation rate was low, as testified by the pedogenesis in these relatively



consolidated fluvial floodbasin deposits. FU-6A was only found in the north
of the study area and with a wide extension (Figs. 3.2 and 3.3). Deposition
started shortly after 7000 cal BP (GrA-30615 and GrA-31004, Fig. 3.2) near
Golega and shortly before 5000 cal BP near Chamusca (GrA-30616, Fig. 3.3),
indicating downstream fluvial progradation. On top of the higher areas (+8 to
+10 m m.s.l.) of the terraces, sedimentation started shortly after 5000 cal BP
(GrA-29216 and GrA-29218, Fig. 3.2; GrA-30616, Fig. 3.3).

FU-6B

FU-6B is a silt and clay-dominated, locally organic unit, containing several soil
A-horizons (Figs. 3.2-3.5). This unit forms a southward thinning wedge of flu-
vial floodbasin deposits (Chapter 2). In the Almeirim cross section (Fig. 3.4),
the top of FU-3A is dated at 6960 cal BP and the overlying floodbasin deposits
of FU-6B at 3550 cal BP at ~2 m from the base. The transition from FU-3A
to FU-6B and thus the start of deposition of this unit occurred between these
dates and—taking the slower accumulation rate and soil formation in the
upper part of FU-3A in account—is estimated at 4,500 cal BP. Further north
(Figs. 3.2 and 3.3), sedimentation started 3000-2500 years later due to the
incised position of the Tagus channel, which initially prevented sedimenta-
tion outside the incised valley. From Almeirim southward the valley was wider,
thereby facilitating floodbasin sedimentation as soon as the fluvial system

prograded over the tidal deposits which filled the valley.

FU-7

FU-7 consists of laminated loam, silt loam and well-sorted, fine sand which
are interpreted as fluvial levee deposits. This unit was found northward from
Azambuja, with a maximum thickness near Almeirim (Fig. 3.4). Within this
unit, medium to coarse-grained sand in erosive small channels and splays is
interpreted as crevasse-splays (Figs. 3.3 and 3.4). According to the genetic
relationship with FU-6B, this unit was also deposited since ~4500 cal BP.
The levee tops were found up to 5 m above the floodbasin. The levee deposits
extend far into the Tagus floodplain where they overlie floodbasin deposits
(FU-6B) and palacosol levels, implying rather recent (<1000 y), stronger sedi-

mentation on the levees (Figs. 3.2-3.5).

FU-8

FU-8 is gravel-rich, medium to coarse-grained sand in a fining-upwards
sequence. It is interpreted as deposited in fluvial channel bars similar to

the present-day channel bed situation. The fluvial channel originated after
~7000 cal BP near Golega (GrA-32655, Fig. 3.2) and is progressively younger
downstream (Figs. 3.2-3.5). Generally, both width and thickness decrease from
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Golega southward (Fig. 3.8), resulting from the younger age and limited time
available for vertical aggradation and lateral migration. The channel deposits
contain many archacological remains (e.g. pottery, bricks, charcoal), indicat-
ing deposition and/or reworking from Roman times onwards, as supported by
several young (< 600 years) radiocarbon ages (Table 3.3, Figs. 3.2, 3.4 and 3.5).

FU-9

The deposits of FU-9 comprise well-sorted, medium-grained sand with
low-angle cross-bedding (Table 3.2) formed by acolian deposition during the
Holocene (Chapter 2). Morphologically this unit appears as local dunes rising

above the surrounding plain.

Relative sea-level reconstruction

The relative sea-level curve was constructed using 20 radiocarbon dates from
the Lower Tagus Valley (Fig. 3.9A and B). Due to the great depth of the
incised lowstand valley, the first sedimentary registration of relative sea-level
rise started already around 11,500 cal BP, making this reconstruction unique
for Europe. We used seven basal samples (Table 3.4), at the base of the fine-
grained sedimentary sequence (FU-3A), directly overlying lowstand sandy
fluvial deposits which therefore are compaction-free points. Further, we used
13 samples from non-basal, not compaction-free levels (Table 3.5) higher

in the Holocene valley-fill stratigraphy (mostly FU-3). However, we assume
compaction of these samples was limited, since the samples were taken from
points underlain by relatively thin clay beds. Although just seven data points
with a wide error envelope are present after 7000 cal BP, the horizontal part
of the curve seems to indicate no effects of compaction or tectonic subsidence
after 7000 cal BP.

Most radiocarbon dates for relative sea-level reconstruction are based
on freshwater terrestrial botanical macro remains because terrestrial plant
material is not affected by hard-water or reservoir effects (‘Tables 3.4 and 3.5).
The abundance of freshwater terrestrial plant material in marsh sediments of
FU-3 is explained by three mechanisms: 1) Higher marshes at the margins of
the central basin were only occasionally flooded and a transition zone between
freshwater and brackish water environments existed; 2) Freshwater plant mate-
rial was flushed into tidal environments during Tagus river floods; 3) High
tidal marshes changed progressively into floodbasins with freshwater vegeta-
tion as a result of the southward prograding fluvial system. Although the dated
organic material may have been reworked, the internal stratigraphic consist-
ency of the dates indicates their reliability.

The time-depth data were plotted as points representing sampling

depth. The horizontal error bars indicate the uncertainty range in time at the
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Table 3.4 | Basal samples used for sea-level reconstruction in the Lower Tagus Valley.

«

In the “Significance” column the environmental meaning of the samples is given. The

Tidal reference” column gives the reference of a sample with respect to sea level. HAT:

Highest Astronomical Tide

«

MHW: Mean High Water; MHWST: Mean High Water

5

Spring Tide; MHWNT: Mean High Water Neap Tide; MTL: Mean Tide Level.
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Table 3.5 | Non-basal samples used for sea-level reconstruction in the Lower Tagus

«

Valley. In the “Significance” column the environmental meaning of the samples is given.
The “Tidal reference” column gives the reference of a sample with respect to sea-level.

Highest Astronomical Tide; MHW: Mean High Water; MHWST: Mean High

Water Spring Tide; MHWNT: Mean High Water Neap Tide; MTL: Mean Tide

Level.

HAT:
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20-confidence interval. The vertical error bars represent the uncertainty in
depth determination, which consists of four components: 1) low-resolution
clevation data of the Carta Militar de Portugal 1:25.000 topographic map (+
50 cm); 2) altitude determination of the sampling site (+ 30 cm); 3) sampling
method (+ 10 cm); 4) determination of indicative meaning relative to mean
tidal level (MTL) (+ 60/140/160 cm), which was estimated using pollen and
faunal content and the overview given by Van der Schriek ez 4/. (2007b). Most
samples were taken from marsh sediments, which according to Bettencourt
and Ramos (2003) are formed in a 60 cm vertical range between Mean High
Water Neap Tide (MHWNT) and Highest Astronomical Tide (HAT). Two
samples with a faunal content that did not allow a precise environmental
determination relative to MTL have vertical error bars of 140 cm (MTL-MH-
WNT; Scrobicularia) and 160 cm (MTL-MHW, agglutinated and calcareous
foraminifera).

The basal dates (Table 3.4) represent the start of brackish-water influ-
ence and therefore yield the upper tidal limit. The non-basal dates (‘Table
3.5) from high marsh deposits (FU-3A) also yield the upper tidal limit. The
present-day interval between MTL and highest astronomical tide (HAT')
corresponds to 0 and +2 m relative to m.s.l. (Portela and Neves, 1994; Bet-
tencourt and Ramos, 2003). All sea-level index points except one were found
below +2 m m.s.]. which corresponds with the top of tidal marsh unit FU-3A.
In many locations the +2 m level was dated at ~7000 cal BP, which implies
that silting of the Tagus valley occurred simultaneously over large areas due to
the abrupt decrease or even cessation of the rate of relative sea-level rise.

Generally, the envelope of the relative sea-level curve reflects the in-
terval between MHW and HAT and therefore the curve represents the upper
limit of sea level, although with an error envelope of ~5 m. The curve present-
ed here is the first for SW Europe that covers the Late Glacial and Holocene

periods.

3.4 PALAEOGEOGRAPHY

Full-colour versions of the palacogeographic maps can be found in

Addendum 1.

Last Glacial Maximum; ~20,000 cal BP (Fig. 3.10)

During the Late Pleistocene period, sea level lowered progressively until the
Last Glacial Maximum (LGM; ~20,000 cal BP) to reach the lowest level
of the last glacial (Hanebuth ez 4., 2000). Consequently, the coastline was
located around the present 120 m depth contour (Fig. 3.10). The dropping



base level caused a progressive incision of the Tagus into Miocene and Pliocene

fluvial, estuarine and marine deposits and into the Pleistocene Tagus fluvial

deposits resulting in terrace formation (Cunha ez 4/., 2005). The lowstand

Tagus was a braided river with a steep gradient (~60 cm/km) and coarse sand
and gravel deposits (FU-1B) (Fig. 3.8). A radiocarbon date of 14,260-13,780

cal BP (UtC-14908) (Table 3.1) in the top of lowstand unit FU-1B in coring
VEX (Fig. 3.7), suggests that the lowstand Tagus was active around 20,000 cal
BP.
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of Arrepiado (Fig. 3.1) where a granite outcrop marks the northern limit of the
Lower Tagus Valley. The Tagus incised a narrow and deep bedrock channel in
the granite, currently being ~15 m deep with the base of the channel at +4 m
m.s.l. (Rocha ez al., 2005). About 9 km downstream, near Golega (Fig. 3.10),
the top of the lowstand system (FU-1B) was found at about -10 m m.s.l. (Fig.
3.2). Assuming a constant gradient for the lowstand surface of 60 cm/km, the
depth of that surface downstream of the granite outcrop is estimated at -5 m
m.s.l. In that case a jump in the gradient of 9 m was present around 20,000 cal
BP, implying the presence of a waterfall near Arrepiado where the Tagus leaves
the Palacozoic Hesperian Massif (Fig. 3.10).

Based on the Golegi, Chamusca and Almeirim cross sections (Figs.
3.2-3.4) and data from INETT reports 1977 and 4946 (INETT, 2007), it is
concluded that the narrow and deep lowstand valley widens about 5 km up-
stream of Alpiarga (Fig. 3.10). Downstream of Alpiarca, the width increases to
about 10 km (Figs. 3.4, 3.5 and 3.8). The greater width of the lowstand system
in the downstream area of the Lower Tagus Valley is interpreted as resulting
from lateral shifting of the main channel course across the floodplain.

Within the incised valley—now covered by Holocene deposits—
terraces are found, which represent floodplain levels created during the Late
Pleistocene incision. Between Arrepiado and Alpiarga in the north (Figs. 3.2
and 3.3), these terraces are the largest. Further downstream, smaller terrace
remnants were found along the eastern and western valley margin just north
of Santarém (Fig. 3.4 and coring 0401.203 in Fig. 3.10) and along the eastern
margin near Benfica do Ribatejo (Fig. 3.5). The terrace surfaces in the north
have similar elevations of about +8 to +5 m m.s.l. The other terrace surfaces
have elevations between 0 (coring 0401.203) and -6 m m.s.l. (Fig. 3.5) and
were probably formed during different periods. The three geotechnical cross
sections in the south (Fig. 3.8) show an undulating gravel surface, suggesting
the presence of terraces in the lowstand unit (FU-1B).

The lowstand system of the Lower Tagus Valley flowed through a nar-
row bedrock-confined channel near Lisbon (Fig. 3.10). West of Lisbon, the
Tagus continued its main course through the Vale de Estoril and the partly
exposed Cascais Canyon as suggested by Vanney and Mougenot (1981).
Possibly a subordinate Tagus channel entered the Atlantic Ocean through
the Lisbon Canyon, because its upstream end is located close to the Vale de
Estoril (Fig. 3.10). According to Vanney and Mougenot (1981), the Vale de
Estoril was used for (fluvial) transport of Tagus sediment. This implies a direct
Tagus-to-deep sea connection causing rapid discharge of Tagus sediment into
the (deeper) ocean. The narrow shelf, and therefore direct land-ocean connec-
tion was also responsible for the strong effect of sea-level lowering on upstream

valley incision.



20,000-12,000 cal BP (Fig. 3.11)

After the LGM, sea-level rise started and around 14,000 cal BP had reached
-80 m m.s.l. (Hanebuth et 4/., 2000). Shortly after ~14,000 cal BP, the low-
stand braided Tagus (FU-1B) changed into a single-channel river as suggested
by the onset of floodbasin/levee sedimentation (FU-2) near Vila Franca

de Xira (Fig. 3.7, coring VFX). The basal 6 m of FU-2 contains many large
carbonate concretions due to soil formation indicating rather slow accumula-
tion. The change to a single-channel fluvial system cannot be explained by
sea-level rise, since sea level was still 33 m below the Vila Franca de Xira site.
More likely, the fluvial-style change was caused by climate change and related
rapid expansion of Pinus and deciduous and evergreen Quercus and other
Mediterranean vegetation since the LGM (Roucoux ¢t 4., 2005; Naughton ez
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al., 2007b). The generally colder and drier Heinrich event 1 was followed by
the temperate Bolling-Allerad period (Naughton ez /., 2007b). An increased
vegetation cover and more evapotranspiration, less extreme discharge peaks
and the production of more fine-grained sediment, resulted in a single-channel
river. The slow accumulation is interpreted as due to limited sediment supply
and limited accommodation space due to low sea level.

Around 12,000 cal BP, relative sea level reached about -40 m m.s.l.
(Fig. 3.9B). The overbank environment in coring VFX (Fig. 3.7, FU-2) became
wetter and more dynamic at that time, as testified by the intercalated fine
sand layers, the decreased amount and size of carbonate concretions and the
increase of humic levels (Fig. 3.7). The change to wetter circumstances in FU-2
is the possible effect of a rising groundwater table due to the sea-level rise. It
controlled the inland migration of fluvial onlap (Cohen, 2005; Vis and Kasse,
submitted). The coupled rise of channel base elevation and floodplain surface
resulted in upstream migration of the long profile crossover, creating more ac-
commodation space (Blum and Térnqvist, 2000; Cohen, 2005). The rising sea
level pushed the single-channel fluvial system upstream. Based on cores for the
A10 bridge construction (BRISA, 2005), the single-channel system was also
present between Azambuja and Vila Franca de Xira. Therefore, the palacogeo-
graphic map of ~12,000 cal BP (Fig. 3.11) shows a wide plain with a straight
to meandering Tagus channel belt and levees and floodbasins in that area.

Shortly after ~11,500 cal BP the first tidal environments developed
near Vila Franca de Xira (Fig. 3.7, coring VFX at -35 m). Therefore, they
most likely were present further southward around 12,000 cal BP, as indi-
cated on the palacogeographic map (Fig. 3.11). In the study area, brackish
water marshes and tidal flats (FU-3A) were often found directly on top of the
lowstand fluvial sediments, indicating rapid drowning (Chapter 2). The tidal
deposits document a change from a freshwater floodbasin to a brackish water

tidal marsh as the tides started flooding the lower floodplain reaches.

12,000-7000 cal BP (Fig. 3.12)

This period is characterized by the final stage of sea-level rise from -40 m m.s.l
around 12,000 cal BP to the present level at 7000 cal BP (Fig. 3.9B). Asa
result, the lowstand valley was transgressed by tidal and marine environments
and around 7000 cal BP the Lower Tagus Valley was completely drowned
(Fig. 3.12). Due to the rising sea level, a transgressive tidal environment was
formed. The oldest tidal deposits were dated near Vila Franca de Xira shortly
after 11,800-11,200 cal BP (-35.13 m, UtC-14907) (Fig. 3.7, coring VFX),
near Benfica do Ribatejo at 10,190-9740 cal BP (-20.50 m, UtC-14911) (Fig.
3.5, coring VAL) and north of Santarém at 9030-8750 cal BP (-10.97 m, GrA-
32584) (Fig. 3.4, coring 0501.016). The transgression and associated tidal and



marsh deposition (FU-3) near Vila Franca de Xira was followed in less than

~1500 years by the onset of shallow-marine conditions (Fig. 3.7, FU-4).

In the north, the incised lowstand valley between Arrepiado and

Alpiarga was situated below sea level, offering accommodation space for the

development of tidal environments as far upstream as Arrepiado (Fig. 3.12). In

the narrow valley, little space existed for tidal marshes and flats; instead a tidal

flat to tidal channel environment dominated here until around 7270-7020 cal
BP (GrA-32655) (Fig. 3.2, FU-3B & 5B). Further downstream near Almeirim
(Fig. 3.4), the data suggest a narrow zone with intertidal channels and flats
(FU-3B) flanked by extensive brackish water marshes and tidal flats (FU-3A).
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The transition from the narrow zone with tidal channels and flats north of Al-
piarca to the distributary mouth tidal bars (FU-5A) near Benfica do Ribatejo
occurred near Almeirim (Fig. 3.12). Around 7800-7590 cal BP (UtC-14910)
the distributary mouth tidal bars were formed near Benfica do Ribatejo on
top of brackish water marsh and tidal flat deposits (Fig. 3.5). The distributary
mouth tidal bars were the transition between the tidal environments up-
stream and the central basin with prodelta environment (FU-4) downstream
of Benfica do Ribatejo. This basin resulted from the rapid sea-level rise in
combination with insufficient sediment input from upstream. The small and
sheltered inland basin was up to 30 m deep (Fig. 3.12). Since 10,200-9780 cal
BP (UtC-14906) the shallow-marine prodelta was established as recorded in
coring VFX (Fig. 3.7).

Similar to the Tagus valley, all tributary valleys were drowned and expe-
rienced tidal conditions at least in their lower reaches. Both the Rio Almonda
(Fig. 3.2, coring 0501.029) and the Ribeira de Ulme tributaries (Fig. 3.3,
coring VD C)—which were incised into Pleistocene Tagus terraces (FU-1A)—
contained brackish water marshes and tidal and intertidal flats (FU-3A&B).
Further downstream in the deeper incised southern tributaries, tidal environ-
ments reached up to 15 kilometres upstream (e.g. Daveau and Gongalves,
1985; Van der Schriek ez 4l., 2007b).

7000-4000 cal BP (Fig. 3.13)

A prograding tidally influenced bayhead delta existed in the Lower Tagus Val-
ley since ~7000 cal BP, resulting from the end of sea-level rise and the contin-
ued input of sediment from the large Tagus catchment (Fig. 3.13). The Tagus
channel belt (FU-8) originated in the narrow valley near Golega (Fig. 3.2) after
7270-7020 cal BP (GrA-32655). This corroborates with deposition of organic-
rich fluvial clay (FU-6A) since 6860-6630 cal BP (GrA-31004) on top of tidal
marsh clay (FU-3A) in the Rio Almonda depression (Figs. 3.2 and 3.13, coring
0501.029). The channel belt south of Chamusca originated before 5300-4970
cal BP (GrA-30616), because floodbasin sedimentation (FU-6A) occurred at
that time in the Ribeira de Ulme depression (Fig. 3.3, coring VDC).

North of Santarém, the first floodbasin sedimentation (FU-6B)
covered a brackish water marsh (FU-3A) around 4500 cal BP (Fig. 3.4). This
resulted from downstream fluvial progradation, leading to the formation of
a fluvial wedge in the north. Around 4500 cal BP, fluvial aggradation could
overtop the higher elevated terraces (FU-1A) along the narrow valley north
of Alpiarca (Figs. 3.2, 3.3 and 3.13). This resulted in an up to one meter thick
firm, organic-rich clay layer with traces of soil formation (FU-6A) (Figs. 3.2
and 3.3).

Contemporaneously with the fluvial deposition in the northern Tagus



valley, the tributary valleys were filled with organic-rich clay and peat. In the
Vale dos Tejeiros and the Vale de Atela just south of Alpiarca (Fig. 3.13), peat
growth and deposition of organic-rich clay started around 6000 cal BP (Van
Leeuwaarden and Janssen, 1985). At the same time, fluvial overbank deposi-
tion started in the Muge valley (Van der Schriek ez 4/, 2007b). The main factor
determining the formation of organic-rich clay and peat in the tributary valleys
is the downstream prograding fluvial wedge of the Tagus, blocking the tribu-
taries progressively in time. The thickening of the Tagus fluvial wedge to the

north, on top of estuarine deposits at +2 m (FU-3A) is expressed by thicker
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deposits of organic-rich clay and freshwater peat in the tributaries.

The prograding Tagus fluvial wedge pushed the tidal environments
downstream (Fig. 3.13). Near Benfica do Ribatcjo (Fig. 3.5) this caused a shift
from distributary mouth tidal bars (FU-5A) to fluvially influenced tidal chan-
nels (FU-5B) and intertidal and subtidal flats (FU-3B) around 4830-4530 cal
BP (UtC-14909). Between 4420-4100 cal BP (UtC-14745) and 2720-2360
cal BP (GrA-32647) the tidal deposition ended here and fluvial overbank
sedimentation (FU-7) started (Fig. 3.13).

From ~7000 cal BP onwards, the central basin south of Azambuja
was filled with shallow-marine prodelta deposits (FU-4) as indicated by the
strongly bioturbated marine deposits which formed near Vila Franca de Xira
at 7270-7010 cal BP (UtC-14906) (Figs. 3.7 and 3.13). Since ~4090-3850 cal
BP (UtC-14904), distributary mouth tidal bars (FU-5A) migrated over the
prodelta deposits near Vila Franca de Xira (Fig. 3.7, coring VFX). Therefore,
before ~4000 cal BP these bars were present further upstream (Azambuja and
A10 cross sections; Figs. 3.6 and 3.8), as indicated on the palacogeographic
map (Fig. 3.13). Initial distributary mouth tidal bar deposition near Vila
Franca de Xira started at a water depth of about 10 m, since sea level at that
time was similar to the present day (Fig. 3.9B).

As the Tagus central basin was progressively filled, more sediment was
transferred from the Tagus valley onto the shelf. The exported sediments were
not transferred through the Vale de Estoril and Cascais Canyon to the Tagus
abyssal plain since sea level was at its present-day level. Instead, they were
deposited in a marine prodelta on the continental shelf southwest of Lisbon
(Vanney and Mougenot, 1981) (Fig. 3.13).

4000-1000 cal BP (Fig. 3.14)
During this period, the environmental changes in the Lower Tagus Valley were
dominated by Tagus River sediment delivery, since sea-level rise had ended
(Fig. 3.9B). Consequently, further downstream progradation of the bayhead
delta characterizes this period (Fig. 3.14). The vertically aggrading Tagus
channel belt—previously confined to the incised lowstand valley—stepped
out of the incised valley (Figs. 3.2 and 3.3) and the adjacent terraces were
flooded more regularly. Near Chamusca (Fig. 3.3) the Tagus migrated laterally,
as deduced from the wide channel belt (FU-8) and the levee deposits (FU-7)
extending close to the valley margin. The two wedges of levee deposits also in-
dicate lateral movement of the Tagus (Fig. 3.3, coring 0401.105). Possibly the
gravely terrace deposits underneath the channel belt facilitated lateral erosion.
Since ~4000 cal BP, the Tagus channel belt prograded further
downstream until the area between Muge and Azambuja was reached around

1500-1000 cal BP (Fig. 3.14). Floodbasins and levees (FU-6B and 7) were



formed over the tidal deposits (FU-3) (Fig. 3.6). From Azambuja the distribu-
tary mouth tidal bars (FU-5A) gradually prograded downstream, shallowing

the central basin (Fig. 3.14). They were replaced by fluvially influenced tidal

channels without shells (FU-5B). The strong daily and seasonal fluctuations in

salinity may explain the scarcity of brackish fauna in these deposits.

Besides southward progradation, the Tagus floodplain also extended

upstream up to Abrantes (20 km east of Arrepiado) (Fig. 3.14). The present

gradient of the Tagus floodplain shows a knickpoint with a gradient change

from ~85 cm/km upstream to ~30 cm/km downstream of Abrantes. This

knickpoint illustrates the landward position of the Holocene fluvial onlap

related to Holocene sea-level rise and floodplain aggradation.
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1000 cal BP-present (Figs. 3.1 and 3.14)

This period is dominated by increased fluvial activity, which is expressed in the
rapid lateral reworking of the Tagus channel belt (FU-8) as indicated by many
young (< ~1000 years) radiocarbon dates (Figs. 3.2-3.4) and the presence

of charcoal, brick and pottery in channel lag deposits (Table 3.3). Increased
floodbasin and levee sedimentation (FU-6B and 7) started at circa 1000 cal
BP, covering a black floodplain soil in the area between Golega and Benfica do
Ribatejo (Figs. 3.2-3.5). Similarly, deposition of organic clay and peat forma-
tion in tributary valleys abruptly ended around 1000 cal BP (coring 0501.029,
Golega cross section) (Van Leeuwaarden and Janssen, 1985; Van der Schriek
et al.,2007b). In less than 1000 years the area south of Azambuja accumulated
up to ~2 m above m.s.l. (compare Figs. 3.14 and 3.1). Most of the central basin
silted up and is presently less than 5 m deep, with the exception of some deeper
tidal channels which reach 10 m depth. Consequently, the sediment transfer
through the central basin has increased and the offshore prodelta southwest of

the narrow tidal inlet near Lisbon is receiving more sediment (Fig. 3.1).

3.5 DISCUSSION

The palacogeography of the Lower Tagus Valley reflects the interplay of
various forcing factors. Their relative contribution to the valley development
changed since ~20,000 cal BP.

Climate & vegetation change

Climate and vegetation changes determine river discharge and sediment sup-
ply and hence changes in river style and aggradation versus incision (Blum
and Térnqvist, 2000). Over the past 20,000 years climate has been extremely
variable over the Iberian Peninsula. The gradually moister and warmer climate
since ~20,000 cal BP caused the rapid expansion of Pinus, deciduous and ev-
ergreen Quercus and other Mediterranean vegetation over Portugal (Roucoux
et al., 2005; Naughton ez 4/., 2007b). This led to more evapotranspiration, less
extreme discharge peaks and the production of more fine-grained sediment,
resulting in the Late Pleistocene change from a braiding to a single-channel
Tagus river at 14,000 cal BP (Figs. 3.10 and 3.11). Simultaneously, other
European river systems changed from braiding to meandering: for instance the
Maas and Rhine in The Netherlands and Germany (Pons and Schelling, 1951;
Kasse ez al., 1995; Makaske and Nap, 1995; Van Huissteden and Kasse, 2001;
Kasse et al., 2005), rivers in southern and central Poland (Van Huissteden
and Kasse, 2001; Starkel ez 2/, 2007) and rivers in northern France (Antoine,
1997; Antoine et al., 2003). The Tagus slowly aggraded ~6 m of fine-grained



fluvial overbank deposits between ~14,000 cal BP and ~12,000 cal BP, possi-
bly due to its downstream position close to the long profile crossover point and
the coast, while more upstream the river was still incising (Fig. 3.11).

The Late Pleistocene Younger Dryas dry and cold event (~13,000-
11,700 cal BP), was marked by a temporal small decrease of deciduous Quercus
along with the increase of pioneer species (Betula) and the expansion of
semi-desert and herbaceous plants (Roucoux ez 4/., 2005; Fletcher ez 4/., 2007;
Naughton et al., 2007b). It did not lead to detectable changes in the Tagus
fluvial system and fine-grained overbank deposition steadily continued during
the Younger Dryas period (Fig. 3.7, FU-2). This is comparable to some rivers
in northwest Europe (e.g. Vandenberghe ez 4/., 1994; Mol et al., 2000; Antoine
et al., 2003; Kasse e al., 2005), although other rivers did temporarily change to
braiding (Pons and Schelling, 1951; Berendsen e al., 1995; Kasse et al., 1995;
Starkel ez al., 2007). The Tagus River probably did not respond by a channel-
pattern change because the effect of the Younger Dryas climate was too small
to cause important changes in vegetation cover, discharge and sediment supply
(Vandenberghe and Woo, 2002).

According to Dias ez 4/. (2000) the extensive coarse-grained sedi-
ment bodies on the north Portuguese continental shelf can be attributed to
fluvial erosion of estuarine valley fills in response to a Younger Dryas sea-level
lowering. However, our study does not support an erosional phase during the
Younger Dryas. Furthermore, valley fills of estuaries due to sea-level rise are
generally fine-grained, so renewed erosion would not lead to coarse-grained
deposition on the shelf. Moreover, recent sea-level studies do not show a drop
in sea level during the Younger Dryas (Hanebuth e /., 2000; Waelbroeck ez
al., 2002; Peltier and Fairbanks, 2006).

Around 5000 cal BP a major climate change occurred from a humid
to a drier climate (e.g. Fletcher e al., 2007; Naughton ez al., 2007b). This
major change, recorded widely in the Mediterranean and Northern Africa (e.g.
DeMenocal ez 4., 2000; Renssen ¢t al., 2006), is not registered clearly in the
Lower Tagus Valley sedimentary basin. Although the increased aridity and
vegetation change may have led to increased sediment supply to the Lower 95
Tagus Valley, this effect cannot be separated from the impact of sea-level rise

decline that also occurred around that same period (Fig. 3.9B).

Sea-level change

Sea-level change is the most important forcing factor for the palacogeography
of the Lower Tagus Valley. The Late Pleistocene sea-level lowstand forced

a very strong incision of the valley as far upstream as Abrantes, 20 km east

of Arrepiado (Martins, 1999; INETT, 2007) (Fig. 3.1). South of Lisbon the

valley was incised to at least -70 m m.s.l. (Fig. 3.10) and was directly con-
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nected to the ocean via the Vale de Estoril and Cascais Canyon, bypassing the
exposed continental shelf (< -100 m m.s.l.). The rising sea level since ~20,000
cal BP rapidly drowned the lowstand valley, creating a transgressive system
until ~7000 cal BP (Fig. 3.12). The complete drowning of the valley created
an inland sheltered sea in the downstream part and tidal environments as far
upstream as Arrepiado. Since ~7000 cal BP sea-level rise ended (Fig. 3.9B) and
the palacogeography of the valley was dominated by fluvial sediment input
from the hinterland (Fig. 3.13). High sea level and sediment supply caused
inland migration of the point of fluvial onlap, resulting in upstream migration
of the long profile crossover east of Arrepiado and vertical aggradation of the
highstand floodplain (Blum and Térnqvist, 2000; Cohen, 2005).

Van der Schrick ez al. (2007a) suggested that sea-level change was only
of importance to the river system during interglacials and by erosion of coastal
highstand prisms at the beginning of interglacial periods. Fluvial incision only
occurred during warming phases of climate transitions. However, our study
clearly shows that strong fluvial incision occurred during the glacial sea-level
lowstand. The drowning of the valley during sea-level rise resulted in the
formation of a highstand prism in the valley. The downstream Lower Tagus
Valley has had a different evolution than more upstream reaches, since they are

affected by distinctly different forcing factors.

Pleistocene topography

Inherited morphology of the Pleistocene surface partly determines the
palacogeographic development during the Holocene. The morphology of the
Lower Tagus Valley with its narrow exit near Lisbon created a sheltered inland
basin upstream of Lisbon as soon as the sea flooded the valley. The narrow exit
strongly reduced the effect of storms and storm surges in the drowned valley,
creating a relatively quiet environment on a wave-dominated Atlantic Coast.
This quiet environment together with the depth of the incision facilitated
deposition of fine-grained prodelta deposits and prohibited the import of
coastal sand.

The width and depth of the Late Pleistocene incised Lower Tagus Val-
ley (Fig. 3.10) are governed by a combination of a large catchment (upstream
control), a low sea level and narrow (~30 km) continental shelf (downstream
controls). According to Mattheus e 4/. (2007) incised-valley dimensions
equilibrate with catcchment size; the larger the catchment, the larger the width
and cross-sectional area of the incised valley. In their study the shelf is at least
100 km wide, resulting in relatively shallow incised valleys. Our study shows
that besides catchment size as upstream control and sea level as downstream
control, the width of the shelf is another downstream control, determining the

incision depth through the fluvial gradient and the landward extent of regres-



sive erosion of the lowstand valley. A narrow shelf combined with a lowstand
shoreline seawards of the shelf break promotes cross-shelf valley formation
(Térnqvist ez al., 2006). The Lower Tagus Valley was directly linked with the
submarine canyons southwest of Lisbon (Vale de Estoril and Cascais Can-
yon), which resulted in deep Late Pleistocene incision due to glacial sea-level
lowering and a steep valley gradient of 60 cm/km (Fig. 3.10). The Pleistocene
sea-level fluctuations combined with tectonic uplift, resulted in partial removal
of older Pleistocene deposits in the lowstand valley and therefore the lowstand
fluvial deposits in the Lower Tagus Valley are relatively thin (Fig. 3.8). A
similar situation was found at the base of the Odiel-Tinto and Guadalete valley
fills in south Portugal (Dabrio et al., 2000). Because of the deep erosion and
high-gradient of the lowstand valley, the succeeding up to 50 m thick sedimen-
tary sequence contains a unique record of Late Glacial and Holocene fluvial
and marine environmental change (Figs. 3.7 and 3.8).

The transgression over a high-gradient Pleistocene surface (like the
Lower Tagus Valley) in comparison to a broad and gently sloping surface will
result in different facies distributions and coastal plain architecture. In contrast
to the Rhine-Meuse delta and other European coastal plains (Jelgersma, 1961;
Van de Plassche, 1981; Van der Woude, 1981; Denys and Baeteman, 1995;
Weerts and Berendsen, 1995; Tornqvist et al., 1998; Behre, 2004; Cohen,
2005), basal peat was not found at the base of the Late Glacial and Holocene
sedimentary sequence. The steep gradient of the sandy and gravely fluvial
lowstand surface and the rapid sea-level rise since ~20 000 cal BP, excluded
groundwater-rise driven basal peat formation. Moreover, the combination
of dry Mediterranean summers and a dense vegetation cover during the early
Holocene period (Roucoux ez a/., 2005; Naughton ez 4/., 2007b) prevented
permanent high groundwater tables in the lowstand surface.

In the Holocene valley-fill only one channel belt was found and,
except for some lateral migration (Fig. 3.3), no avulsions occurred during
the Holocene period, in contrast to previous suggestions by Azevédo ez al.
(2006b). The absence of avulsions is partly explained by the fact that the
first stages of Holocene fluvial aggradation occurred within a narrow incised
lowstand valley (Fig. 3.2). Despite the fact that the present-day Tagus levees
reach up to 5 m above the floodbasins (superelevation), the normalized
superelevation (ratio between superelevation and bankfull channel depth)
ranges between 0.3-0.6, whereas normalized superelevation values of 0.6-1.1
are required for channels to avulse (Bryant ez al., 1995; Heller and Paola,
1996; Mobhrig ef 4l., 2000). This implies that at least in the present situation,
the large bankfull channel depth reduces the chances for avulsion, despite the
high levees (Mohrig ez al., 2000). Another approach to estimate the possibili-

ties for avulsion is the “gradient-advantage concept”, which is based on the
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ratio between cross-valley slope and down-valley slope (slope ratio) (Mackey
and Bridge, 1995; Slingerland and Smith, 1998; Térnqvist and Bridge, 2002;
Slingerland and Smith, 2004). This value is ~7 for the present day Tagus River,
which is smaller than the slope ratio of more than 8 suggested by Slinger-
land and Smith (1998) but larger than the slope ratio of 3-5 as proposed by
Térnqvist and Bridge (2002) as threshold values for the initiation of avulsion.
Avulsion chances in the Lower Tagus Valley were probably even smaller in the
past, when the levees were not as high as in the present situation. Finally, the
narrow confined nature of the valley bordered by Tertiary deposits in the west
and Quaternary terraces in the east was a limiting factor for full avulsions,
since the Tagus River was forced to leave the valley through the narrow exit

south of Lisbon (Fig. 3.1).

Neotectonic and isostatic movement

The end of sea-level rise at 7000 cal BP (Fig. 3.9B) occurred earlier in the study
area than in most sea-level studies (e.g. Toscano and Macintyre, 2003; Camoin
et al., 2004; Peltier and Fairbanks, 2006). However, other studies—some from
southern Spain—found a similar timing for the end of sea-level rise (Zazo

et al., 1994; Goy et al., 1996; Rodriguez-Ramirez et al., 1996; Dabrio et al.,
1999; Fernandez-Salas e al., 2003). The main factors influencing relative sea
level are glacio- and hydro-isostacy and neotectonics. Since Portugal is located
more than 2000 km south of the Fennoscandian ice sheet, glacio-isostatic ef-
fects are assumed to be negligible (Peltier and Fairbanks, 2006). The hydro-iso-
static effect due to unloading and loading of the continental shelf is unknown
but taken into account that the shelf along the Portuguese coast is narrow,
hydro-isostatic movements must have been gentle. Despite the historic strong
tectonic activity in the area, long-term tectonic uplift is estimated to be less
than 0.1 mm/y, based on uplift of Early Pleistocene deposits to about 200 m in
2.5 Ma (Cabral, 1995). Along the northern Portuguese coast, coastal deposits
were uplifted up to 16 m during the last 6000 years (~2.7 mm/y) (Granja and
De Groot, 1996; Granja, 1998). However, the horizontal sea-level curve since
7000 cal BP (Fig. 3.9B) suggests that no detectable uplift or subsidence oc-
curred, since otherwise the tidal marsh data points younger than ~7000 years
would be located either above (in case of uplift since deposition) or below the

+ 2 m mas.l. line (in case of subsidence since deposition).

Human influence

Between 6000 and 5000 cal BP (the Neolithic) the first agricultural activi-
ties started in the Iberian landscape (Savory, 1968; Mugica ef 4l., 1998; Jorge,
1999). From about 2000 cal BP onwards, the extent of montane forest in the

central Spanish Tagus catchment decreased gradually and in central Spain,



signs of landscape degradation were detected from ~2000 cal BP onwards
(Andrade ez al., 1990; Andrade et al., 1996; Franco ez al., 1997; Mugica ez al.,
1998). From the Middle Ages and mainly from ~1000 cal BP onwards, natural
vegetation virtually disappeared and grazing, burning, agriculture and defor-
estation increased dramatically, leading to the disappearance of forests and
strong erosion of soils (Klein, 1920; Slicher van Bath, 1960; Van den Brink
and Janssen, 1985; Janssen, 1994; Van der Knaap and Van Leeuwen, 1995; Al-
len et 4l., 1996; Carrion, 2002).

The loss of vegetation cover and the resulting erosion of catchment
slopes have had a pronounced effect on the Tagus floodplain. This is testified
by up to three times faster vertical aggradation of natural levees and floodba-
sins and the increased lateral extent of levees over the floodbasin (Figs. 3.2-
3.5). Increased overbank sedimentation rates since ~1000 cal BP, and rapid
lateral migration and aggradation of the fluvial channel belt are attributed to
the increased human impact. Simultaneously, organic clay deposition and peat
formation in tributary valleys abruptly ended by increased clastic deposition.
The tidal flat area south of Azambuja extended rapidly to the south and silted
up to ~2 m above m.s.l. (Freire, 1985) (Fig. 3.14).

3.6 CONCLUSIONS

The infilling of the Lower Tagus Valley was dominated by relative sea-level rise

and fluvial sediment supply. Relative sea level rose rapidly since the Last Gla-

cial Maximum and reached the present-day level around 7000 cal BP, thereby

drowning the Lower Tagus Valley. Relative sea-level stability since 7000 cal BP

resulted in the increased relative importance of fluvial sediment supply. The

palacogeographic evolution of the Lower Tagus incised valley-fill reveals five

major phases:

L. Around 20,000 cal BP (Last Glacial Maximum): the Late Pleistocene
sea-level lowstand and narrow continental shelf forced a strong inci-
sion of the valley up to ~100 km upstream from the present coastline. 99
Around ~20,000 cal BP a direct connection existed between the
Lower Tagus Valley and the ocean, causing efficient sediment bypass-
ing across the shelf. A braided high-gradient river was present in the
incised valley;

2. 20,000-12,000 cal BP: the gradually moister and warmer climate since
~20,000 cal BP led to the change from a braiding to a single-channel
Tagus river at 14,000 cal BP. The Younger Dryas event did not lead to
detectable changes in the Tagus palacogeography and deposition stead-

ily continued;
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12,000-7000 cal BP: rapid sea-level rise caused transgression and
drowning of the incised Lower Tagus Valley. Shallow-marine and
tidal environments established up to ~80 km upstream of the present
coastline around ~7000 cal BP. The deeply incised, lowstand-valley
facilitated accommodation for an up to 50 m thick Late Glacial and
Holocene sedimentary record;

7000-1000 cal BP: since ~7000 cal BP relative sea-level rise ended and
the valley-fill evolution was dominated by fluvial sediment input from
the Tagus catchment. The bayhead delta prograded southward and
the fluvial wedge covered tidal and shallow-marine deposits. Channel
belt avulsions did not occur. The Tagus valley was progressively filled
and an offshore marine prodelta was formed. The horizontal relative
sea-level curve since ~7000 cal BP proves that neotectonic uplift or
subsidence were limited;

1000 cal BP-present: floodbasin sedimentation increased up to three-
fold from the Middle Ages onwards, levees silted up ~5 m above the
floodbasins and extended far into the floodplain and the channel belt
was completely reworked. Peat formation in tributary valleys stopped
due to large clastic input. Widespread silting up of tidal flats occurred.
The increased sediment supply is attributed to deforestation, agricul-

ture and soil erosion.



