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Abstract

The interface between land and sea has varied over a long period of time, and it continues to the
present. Despite the marine incursion at about 3.7 Ma, which covered extensive areas of the Atlantic
coast of continental Portugal, glacial and interglacial periods occurred during the Pleistocene. As
sea-level changes, the base level of erosion also changes, affecting fluvial processes and
consequently, the shape of the coastline in detail. The marine and fluvial terraces located in the lower
river valleys are terrestrial archives that have been the subject of detailed study. They make it possible
to document the environmental changes during periods of high sea level and climate oscillations
during the Pleistocene (2.58 Ma - 11 ka).

The neotectonic activity, whose time span includes the final Pliocene to the present day, can be
known by studying stratigraphic and geomorphological references, particularly in the coastal zone
and river valleys. Thus, the culminating sedimentary unit (UBS13) of sedimentary basins and the
marine and fluvial terraces present in the study area are crucial elements for the characterisation of
active tectonics. For this purpose, due to the interval of application of the Electron Spin Resonance
(ESR) absolute dating method (300 ka - 3 Ma), the present study used this method to date the UBS13
unit, the terraces of the vestibular areas of the Mondego and Tejo rivers, as well as the accessible and
better preserved coastal terraces between the Mondego and Espichel Capes. The absolute dating
study was crucial given the lack of absolute ages on the central Portuguese coast, particularly in the
Lower and Middle Pleistocene marine terraces and the Lower Mondego River valley (LMV).
Moreover, this work had an enhanced challenge, to test the possibility of using the ESR method in
quartz samples with ages up to 3.7 Ma.

This thesis’s main objective was the detailed interdisciplinary study (geomorphology,
lithostratigraphy, sedimentology, tectonics and ESR dating) to characterise terraced staircases and
their correlation. The tectonic geomorphology of the LMV reach was studied. The differential
tectonics and active faults present in the studied sectors were interpreted. The long- and short-term
tectonic uplift rates of the area under study (distinguishing the most and least elevated sectors) were
calculated, and the results were compared between the several studied sectors (marine and fluvial).

The study of differential tectonics in the study area confirmed a continuous crustal uplift, with some
periods of greater acceleration along the Pleistocene related to intraplaque compression caused by

the convergence between African and Eurasian plates.

Keywords: culminant unit, marine and fluvial terraces, ESR dating, sea-level variations, active

tectonics.
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Resumo

A interface entre terra e mar tem sofrido variagdes ao longo do tempo até aos dias de hoje. Para
além da incursdo marinha ocorrida a cerca de 3.7 Ma que cobriu extensas areas da orla atlantica de
Portugal continental ocorreram durante o Plistocénico, periodos glaciarios e interglacidrios cujo
maximo nivel marinho foi superior ao actual. Os terracos costeiros e os terragos fluviais situados nos
trogos inferiores de rios, sdo arquivos terrestres que foram objecto de estudos detalhados, pois
permitem documentar as mudangas ambientais ocorridas durante periodos de alto nivel do mar e as
oscilagdes climaticas durante o Plistocénico (2.58 Ma - 11ka).

A actividade neotectdnica, cujo intervalo de tempo compreende o Pliocénico final até ao presente,
pode ser conhecida pelas referéncias estratigraficas e geomorfologicas nomeadamente na zona
costeira e nos vales fluviais. Assim, a unidade sedimentar (UBS13) das bacias sedimentares e os
terragos marinhos e fluviais presentes na area de estudo sdo elementos cruciais para a caracterizacao
da tectonica activa. Para isso, devido ao intervalo de aplicacdo do método Electron Spin Resonance
(ESR) (300 ka - 3 Ma), o presente estudo utilizou este método de datagdo absoluta para datar a
unidade UBS13, os terracos das areas vestibulares dos rios Mondego e Tejo, bem como os terragos
marinhos acessiveis e mais bem preservados entre o Cabo Mondego e o Cabo Espichel. O estudo de
datacdo absoluta foi crucial face & inexisténcia de idades absolutas ao longo da costa central
portuguesa, nomeadamente em terracos do Plistocénico Inferior e Médio e ainda no trogo vestibular
do Baixo Mondego. Teve a importancia acrescida de avaliar a possibilidade de utilizacdo deste
método em sedimentos com idades superiores aos 3 Ma.

O principal objectivo desta tese foi o estudo pormenorizado interdisciplinar (geomorfologia,
litostratigrafia, sedimentologia, tectonica e de datacdo por ESR) para a caracterizacdo das escadarias
de terracos, fluviais e marinhos, e sua correlagdo. Foi feito um estudo geomorfoldgico detalhado no
vale do Rio Mondego, entre Coimbra e a Figueira da Foz. Interpretou-se a tectonica diferencial e as
falhas activas presentes nos sectores estudados. As taxas de soerguimentos tecténico de longo e de
curto termo da area em estudo foram calculadas (distinguindo-se os sectores mais € menos
soerguidos) e os resultados foram comparados entre os varios sectores estudados (marinhos e
fluviais).

O estudo da tectonica diferencial ao longo da margem costeira Centro-Ibérica permitiu confirmar
um continuo soerguimento crustal existente, com aceleragdo de taxa de soerguimento ao longo do
Plistocénico relacionado com a compressdo intraplaca causada pela convergéncia entre a placas

Africana e Euroasiatica.

Palavras-chave: Unidade culminante, terracos marinhos ¢ fluviais, datacdo ESR, varia¢es do

nivel do mar, tectonica activa.
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CHAPTER |. GENERAL INTRODUCTION AND THESIS OUTLINE

|.1 Introduction

Sea level has fluctuated cyclically over geological time, with eustatic variations driven by
climatic oscillations with impact on the coastline position worldwide. Indeed, the Quaternary period
(comprising the Pleistocene and Holocene Epochs) was characterised by the occurrence of repeated,
intense glacial phases interposed by warm phases (interglacial) globally widespread. As a result, the
sea level had fluctuated almost continuously between interglacial levels, and during times with
maximum glaciation, when sea level was more than 100 m lower than today (e.g., Siddal et al., 2007).
The interaction between fluctuations of sea level during the Pleistocene and regional tectonic uplift
is evidenced at the Atlantic coast, as along the Western Iberia coastline and expressed by marine
terraces, caves and groundwater speleothems developed in coastal caves (e.g., Haws et al., 2011;
Figueiredo et al., 2015; Gelder et al., 2018; Normand et al., 2018; Pedoja et al., 2014, 2018;
Ressurreicao, 2019), and generally are represented as marine terrace sequences.

The study of the Pleistocene sedimentary deposits along the coast makes possible to
recognise the periods of erosion and deposition recorded on the marine platforms by sea-level
variations and the evolution of the coastline related to those variations and by the neotectonics.
Besides understanding the climatic cycles during the past (in the Pleistocene-Holocene Epochs), the
active tectonic behaviour, allows understanding the topographic development in the future, based on
the calculated uplift rate tendencies. Furthermore, stratigraphic records are precious records to
understand the behaviour of natural systems (e.g., Cattaneo and Steel, 2003; Mauz et al., 2013), in
particular non-stationary responses where the statistical mean change with time (e.g., seismic cycles,
climate trends, sea-level rise).

In the inland, the Plio-Pleistocene culminant unit and the fluvial terraces preserved in river
valleys, are also the most relevant geomorphic records about climate change and vertical crustal
movements (regional or differential), contributing to infer rates of the fluvial incision (e.g., Burbank
and Anderson, 2012) and providing important insights to understand the long-term landscape
evolution (e.g., Bridgland and Westaway, 2014). The external controls on fluvial terrace formation
(alternation of fluvial incision and aggradation) has been widely debated in the literature (e.g., Kukla,
1975, 1977, Bull, 1990; Antoine, 1990; Li, 1991; Bridgland, 1994, Tyracek, 1995; Matter et al.,
1995; Van den Berg, 1996, Saucier, 1996; Maddy, 1997; Bridgland, 2000; Bridgland and Westaway,
2008).
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Moreover, main changes of fluvial downcutting rates broadly match with relevant orbital-
forced climatic changes occurred during the Pleistocene and especially with the Middle-Pleistocene
transition (MPT;~ 0.781 Ma), coupling the substitution of the Early Pleistocene “41 ka world” by the
younger Middle-Late Pleistocene “100 ka world”(e.g., Siddal et al., 2007; Spratt and Lisiecki, 2016).

The marine terraces of mainland Portugal have been the subject of studies since the 40s,
(e.g., Martins, 1949; Teixeira, 1979; Almeida, 1997), but without taking into account the influence
of local and regional tectonics (e.g., Pereira, 1990; Aratjo, 1991). More recently, several
geomorphological markers have been used to characterise the Quaternary vertical movements. In
coastal regions, a regional Pliocene wave-cut platform dated as ca. 3.7-3.61 Ma (Diniz et al., 2016)
and some dated Pleistocene marine terraces (e.g. Soares, 2007; Bennedetti et al., 2009; Ramos et al.,
2012; Figueiredo et al., 2013; Carvalhido et al., 2014, Ressurreicao, 2018) has been used for this
purpose. Considering these issues associated with marine terrace research along the Iberian Atlantic
passive margin we describe, and date impressive marine terrace staircases developed onto the rocky
headlands of central Portugal: the Mondego Cape, Peniche Peninsula, Abano beach - Raso Cape and
Espichel Cape. The staircases span the Early, Middle and Late Pleistocene stages, thus providing key
reference sites of coastal landscape development, with differential uplift rate.

The UBS13 sedimentary unit is thought to record the re-establishment of Atlantic drainage
in the Lower Tejo and Mondego Cenozoic basins following a period of endorheism during the late
Tortonian—Zanclean (~9.6 to 3.7 Ma) (e.g. Cunha, 2019). In an attempt to address the dearth of
geochronological data at the beginning of the fluvial incision stage, the unit UBS13 in the Mondego
and Lower Tejo Cenozoic basins was dated by using the ESR method.

The terraces of the Lower Mondego Valley (LMV) and Mondego Cape were previously
studied, mainly by geomorphology and lithostratigraphy (Soares, 1993, 1999; Soares et al., 2007;
Ramos, 2000; Cunha, 2002; Santos, 2009; Ramos et al., 2012), but the present work focused on
detailed geomorphology and ESR dating.

In the Lower Tejo River (LTR), the fluvial terraces have already been characterised in
previous studies (e.g., Mozzi et al., 2000; Cunha et al., 2000; 2008; 2012; 2016; Martins et al., 2009;
2010b, Rosina et al., 2014), although still with rare absolute ages in the uppermost terrace levels.

The previous knowledge of the marine terrace staircases of Peniche, Raso Cape and Espichel
Cape was quite limited (e.g., Cunha et al., 2015).

The contribution of ESR methodology to date the sedimentary units and to calculate the
uplift rate in several sectors was crucial. Notwithstanding, the present study tested the ESR potential
to date quartz sediments up to 3.7 Ma.

This multidisciplinary investigation aims to increase the knowledge concerning the sea-level
and tectonic controls in the sedimentary and landscape evolution of central-western Portugal during

the Pleistocene.
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1.2 Objectives

Human society is at its most (?) interglacial period but very conditioned by a progressive “Global
Warming”, with associated climate changes and rising sea level in the last century. Besides the
marine incursion that 3.7 Ma ago had a sea-level ca. 25 m a.s.l. (Miller et al., 2005), and covered
extensive areas of the Atlantic coast of Portugal, reaching 13 km from the current coast, in the
predominantly cold interval of the Pleistocene several interglacials have occurred whose maximum
sea level was higher than the present (e.g., MIS 5, MIS 7 and MIS 11).

The purpose of this study is to characterise sea-level changes, climatic variations, sedimentary
environment evolution and active tectonics in a coastal area with a human occupation, in a time
interval (Pleistocene) comprising interglacial and glacial periods.

Therefore, the study of the geological record documenting the latest marine incursions (the marine
deposits associated with the culminating sedimentary unit and the coastal terraces) is crucial as
allows the characterisation of relative sea-level and environmental changes. Coastal terraces record
the maximum of each interglacial marine incursion, generally with overlapping lagoon, acolian and
colluvial levels; the fluvial terraces record longer intervals as the accommodation space of these
sectors is determined by the eustatic variations, tectonics and the climate-controlled river discharge
(water /sediment supply). In this research, the coastal area between Mondego and Espichel capes and
the Tejo and Mondego lower sectors were studied.

A new dating methodology of international relevance, Electro-spin resonance (ESR), has been
used to date the older Pleistocene units to achieve the proposed objectives. It allowed to obtain the
long-term (last ~1.8 Ma) and short-term incision/uplift rates for the study area sectors; it has enabled
the identification of active faults.

A regional survey focused on the study of sedimentary units in selected sections with marine and
fluvial deposits were conducted at western central Portugal at Mondego Cape, Abano — Raso Cape,
Espichel Cape, S. Vitoria, Peniche and Rio Maior, but also along the lower Mondego and the lower
Tejo valley. The research was supported by up-to-date methods, such as ESR dating and detailed
geomorphological cartography.
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I.3 Thesis structure

This thesis contains four main chapters (Fig. I.1) that were prepared to be submitted as scientific
papers. The research resulted in several scientific publications, from presentations at international
and national meetings to papers published in international peer-reviewed journals. The scientific
papers are presented in their original form, except for some layout changes. Consequently, some
repetitions in the text concerning methods and materials are inevitable.

Chapter II presents the methodologies used in the study, emphasising the absolute dating method
used in the present work.

In addition to the presentation of the thesis structure, several important subjects are described to
allow a better comprehension of the studied theme, such as the main objectives and the motivation

that led us to initiate this doctoral project.

Chapter III corresponds to a published paper and deals with the culminant sedimentary unit of the
sedimentary basins (UBS13). For the first time with ESR, this chapter aims to study the chronology
of this unit of the Mondego and Lower Tejo Cenozoic basins. This chapter was published in the

International Journal of Global and Planetary Change.

Chapter IV focuses on the geomorphological, tectonic and geochronologic study of the marine
terraces sequence, comprising sedimentary deposits from different interglacial high stands (MIS 21
to MIS 5) in the Peniche peninsula (to be submitted).

Chapter V refers to the identification and interpretation of active faults during the Quaternary and
estimation of incision/uplift rates by using geomorphic markers as dated references. It is based on a
detailed geomorphological mapping of the terrace staircases of LMV (between Coimbra and Figueira

da Foz) and at the Mondego Cape (paper to be submitted).

Chapter VI focuses on the geomorphological, sedimentary, and geochronological study of the
marine terraces of the Espichel Cape, Abano beach - Raso Cape and the upper fluvial terraces of the
Lower Tejo reach IV. The ESR allowed to correlate the terrace staircases and estimate uplift rates in
an area with a high population and significant historical seismic activity records. This chapter

corresponds to a paper for submission to a scientific journal.

Chapter VII comprises the final discussion and the main conclusions of this research. A
comparison between all the studied marine staircases of Mondego Cape, Peniche, Abano beach -
Raso Cape and Espichel Cape, but also fluvial sectors, is made. The uplifting trend during the
Quaternary using the results obtained with the crucial chronological data of each terrace staircase is

summarised and interpreted. Further considerations regarding future studies are presented.
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Figure I. 1 The geographical position of the study areas in each chapter (111, IV, V and VI), in western central
Portugal.
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CHAPTER Il. METHODOLOGIES

The methodologies used in this study aimed to analyse fundamental aspects for the geological
study of the coastal platform between Mondego and Espichel capes, including the terraces at the
lower river reaches. The scientific areas are geomorphology, lithostratigraphy, sedimentology,
tectonics and ESR dating.

The methodologies are grouped according to the type of work: office, field and laboratory.

The ESR dating method is firstly analysed in detail as it is yet a less used technique, namely in

Portugal and as it is one of the bases of this work.

II.1. Geochronological dating methods

Environment changes, climate and tectonism, have been investigating using ESR. An important
facet of the development of a geochronological technique is the potential of the age range.
Methodological developments in the last few years had allowed the successful application of ESR
dating method to date geological samples covering the whole period of Quaternary (e.g. Schwarcz et
al., 1994; Falgueres et al., 1999; Curnoe et al., 2001; Bahain et al., 2007; Rink et al., 2008). This is
one of the very few numerical dating methods that can cover the entire Pleistocene, even if the large
majority of the applications are between c. 20 ka and 800 ka (Duval et al., 2018).

There are other methods available to determine the ages of geological events with different time
range applicability (Fig.I.1). These techniques are based on the rate of growth of specific radioactive
isotopes (e.g., ““K/¥Ar, *°Ar/*Ar, 2°Th/?3*Ur, 2°Al/'°Be), the rate of decay of cosmogenic-produced
radionuclides (e.g., '“C) the rate of chemical alteration of organic and inorganic materials (e.g.,
Amino acid racemisation, cation-ratio), by global time markers (e.g. palacomagnetism, stable oxygen
isotopes) and by the rate of accumulation of radiation damage in crystals (e.g., thermoluminescence,
optically stimulated luminescence, ESR, fission tracks).

However, only a few can be utilised for the types of materials found in Quaternary deposits and
with different precision achieve (e.g., Preusser et al., 2009; Tarling, 2012).

Luminescence methods are mainly applied to quartz or feldspars. When stimulated by heat, the
resulting signal is called thermoluminescence (TL), and when stimulated by light (photons), the
resulting signal is called either optically stimulated luminescence (OSL) and or infrared stimulated

luminescence (IRSL) when is stimulated by infrared light.

ESR dating has a larger time range than any other Quaternary dating methods, extending from a
few thousand to more than 3 Ma (Fig. II.1), depending on the radiation dose rates that the materials

experience during their depositional history.

6
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The most important dating applications lie in the time range beyond the applicability of Carbon

dating of marine carbonates as by U-series and amino acid racemisation techniques, but younger than

the lower limit of 4OAr/”Ar dating for most volcanogenic samples (although some as young as 10 ka
have been successfully dated). The scarcity of volcanic samples and U-series datable calcium
carbonates in most depositional contexts render the ESR and luminescence methods even more
important chronometric tools in this time range. Alternatively, both TL and OSL methods use quartz
grains to estimate the age of sediment deposition. With ESR also it is possible to date both carbonates
and quartz grains. By this potential, the ESR can date Pleistocene marine and fluvial quartz sediments

and extend the applicability range up to Pliocene sediments.

The chronometric dating methods cannot be all used to date geological samples on a given site,
since it depends on the presence (or absence) of suitable materials for this purpose, which is closely

related to the geological context and the presumed age of the site.
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Figure II. 1. Examples of chronometric dating methods with an approximated time range application.

Time scale is logarithmic (modified from Voinchet, personal com).
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The ESR dating method ESR (Electron Spin Resonance), also called EPR (Electron Paramagnetic
Resonance) has been widely applied to dating in researches of the Quaternary. This method was first
developed by Zavoisky (1945) and then since the advances in microwave and solid-state electronics,
(Ikea, 1993). ESR is a non-destructive analytical method that has been applied in a wide range of
studies and application areas such as solid-state physics and molecular chemistry, and more recently
in radiation dosimetry, biochemistry, geological and archaeological sciences. The first
geochronological study using ESR were made on apatite crystal (Zeller et al., 1967). Some dating
attempts were also performed on quartz at the beginning of *70s (McMorris, 1971) but just in 1975,
with the dating of a stalactite from Akiyoshi cave in Japan, carried out by Ikeya that the ESR becomes
a dating method (Ikeya, 1975). Since then, this new dating method has increasingly been applied in
geology, geography and archaeology fields. It has been developed to apply it to different types of
materials such as hydroxyapatite (e.g., Schwarcz, 1985; Griin et al.,1988; Griin and McDermott 1994;
Falgueéres et al., 1997, 2010), fossil bones (e.g., lkeya, 1978, Yokoyama et al., 1981, 1982),
continental and marine carbonates (Ikeya, 1978; Bahain et al., 1994, 1989; Pirouelle et al., 2007),
corals, fossil teeth, quartz (e.g., Yokoyama et al., 1985; Griin et al., 1988, Voinchet et al., 2003, 2004,
2007), evaporites (e.g., Ikeda and Ikeya, 1992; Aydas et al., 2011), and sediments baked by lava flow
(e.g., Yokoyama et al., 1985a). Its application to quartz has been attempted to estimate the age of a
wide range of sedimentary contexts (intra-faults, fluvial incision, interbedded volcanic rocks) and
the age of formation of heated ceramics.

This methodology has often been used for the dating older fluvial terraces and archaeological
sites, covering a time range <1 Ma (Griin et al., 2006; Falguéres et al., 2006), namely in the Iberian
Peninsula (Table II. 1) in recent years (e.g., Rosina et al., 2014; Moreno et al., 2012, 2017; Mendez
Quintas, 2018). This study focuses on the ESR method in quartz-rich sediments, from marine and
fluvial Pleistocene sediments and to date the Pliocene sedimentary culminant unit (UBS13) deposited

before the beginning of the fluvial incision of the current rivers.
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Table II. 1. Some relevant published ERS works in the world undertaken in the last two decades.

References Methodology Country

Toyoda et al., 2000; ESR

Rink et al., 2001 ESR/ US Amud Cave, Israel

Falgueres et al., 2001; 2006; 2015 ESR; ESR/US Asia Indonesian

Voinchet 2002 ESR France (Loir, Creuse,)
Barbados,Ciprus;

Schellmann et al., 2004 ESRIUS/C14 Patagonian At.Coast

Voinchet et al., 2003; 10; 13; 15; 20 ESR/US France; China; Morocco

Cordier et al., 2006; 2012 OSL/ ESR France;Germany,Sarre V.

Duval et al., 2009;2012;2013; 2020 ESR France

Tissoux, 2007 ESR France

Bahain et al.,2007; 2020 ESR/US N France

Martinez et al., 2010 ESR/US Spain, Barcelona
France,Seine,Yonne,

Antoine, 2015 ESR-ESR-US Somme

Liu e al., 2015 ESR China

O’Connor et al., 2010 ESR/OSL/TL/c14 East Timor

Viveen et al., 2012 OSL/ESR NW Iberia, Minho River

Moreno et al., 2012;2015; 2017; 2019 ESR Spain

Jull, 2013 ESR South Africa; Barbados

Odriozola et al., 2014 ESR La Fuente, Spain

Rosina et al., 2014 ESR Portugal, Tejo river

Abakumov et al., 2015 ESR Siberian arctic islands
Spain, France, Algerian,

Duval and Guillarte, 2015 ESR Italy

ESR/OSL/radiocarbon,;

Sharma and Chand, 2016 Be TCN India (Himalaya; Nepal)

He et al., 2015 ESR, OSL China, Tibet

Bailiff et al., 2016 OSL/ ESR Canada

Sancho et al., 2016 ESR Ebro basin

Tsakalos et al., 2018 ESR /US Cyprus

Yurnald, 2018 ESR/US Indonesia

Delmas et al., 2018 ESR /Be Pyrenees

Mendez-Quintas et al., 2018 ESR/OSL Spain

Qiuetal., 2018 ESR SW China

Jiaetal., 2019 ESR China

Bartz, 2019 ESR /TT OSL NE Morocco

Del Val et al., 2019 ESR Bay Biscay, Spain

Demuro et al., 2020 ESR Galicia, Spain

Gutierrez et al., 2020 ESR NE, Spain

Gouveia et al., 2020 ESR Portugal
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There have been variations in the types of materials most used in Quaternary dating studies, using
ESR dating method over the last 40 years. In the last decade, the quartz and fossil tooth enamel and

bones were the most used (Fig. 11.2).
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Figure II. 2. Evolution with the time of the most popular ESR dating applications since 1980, expressed by n.°
of publications (adapted from Duval et al., 2020).

I1.2. Physical Principe of ESR

ESR dating is based on passage effects of radiations in the mineral lattice. The radiogenic isotopes
contained in the sample emit energy, which passes through and interacts with the point defects in the
crystalline lattice of the mineral.

An electron may be considered as a negatively charged particle that turns on itself. This movement
is called “spin” and induces, a magnetic field “pe” in the vicinity of the electron. Therefore, the
electron spin orientation will be reversed simultaneously. The radioactive nuclides (U, Th, and K)
present in nature emit a variety of rays. Natural radiations (a, B, v) ionises atoms or molecules and
break the paired electrons that will be trapped by some other atoms. At this instant, they stay with a
magnetic moment, e, due to the unpaired electron spins. Atoms, ions, and molecules whose opposite
spin electrons associated in pairs have zero overall magnetic moments and are “diamagnetic”.
However, if the element has unpaired electrons, their global magnetic moment is non-zero and it is
called “paramagnetic”.

When a mineral is formed or reset, all electrons are in the ground state.

Negatively charged electrons are knocked off atoms in the ground state (valence band) and

transferred to a higher energy state (conduction band); positively charged holes remain near the
10
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valence band. After a short time of diffusion, most electrons recombine with holes, thus returning
the mineral to its original state, forming again magnetically neutral electronic pairs. However, all-
natural minerals contain defect sites (e.g., lattice defects, interstitial atoms) at which electrons and
holes can be trapped. The trapped electrons and holes form paramagnetic centres which can be
detected with an ESR spectrometer, giving rise to a characteristic ESR signal (e.g., Griin, 1989).
The intensity of this signal is directly proportional to the number of electrons trapped in the crystal
structure. This number of electrons depends on the intensity of the radioactivity to which the sample
has been subjected, the number of traps available in the structure (radiosensitivity) and the duration

of radiation exposure (age) (e.g., Griin, 1997).

[1.3. Zeeman Effect

Because an electron has a magnetic moment, it acts like a compass or a bar magnet when it is
placed in a magnetic field, Bo. According to the direction of its magnetic moment, it will be orientated
in the same or opposite direction than the magnetic field, leading to the split of the unpaired electronic
populations in two different energy levels. The energy-yielding different spin states under the
external magnetic field are known as the Zeeman Effect. It will have a state of lowest energy when
the moment of the electron, y, is aligned with the magnetic field and a state of highest energy when
u is aligned against the magnetic field. The two states are labelled by the projection of the electron
spin, Ms, on the direction of the magnetic field (H). Because the electron is a spin 1/2 particle, the
parallel state is designated Ms = -1/2 and the antiparallel state is Ms = +1/2 (Weil et al., 1994).

These energy differences, AE, can be measured because of an important relationship between AE
and the absorption of electromagnetic radiation. According to Boltzmann law, electromagnetic
radiation will be absorbed if:

A E = hu(l)

where h is Planck’s constant (6.625x10 34 J) and v is the frequency of the radiation (Hz).

From quantum mechanics, the basic equations of ESR are obtained:
E=guBHMs=+guBH(2)

g-factor, (g) is a proportionality constant that determines the position of the peaks of the ESR
spectrum. In the case of a free electron, g = 2.0023, but the value of “g” also depends on the orbital
moment created by the motion of the unpaired electron around the nucleus and its interaction with
the magnetic spin moment.

Bohr magneton, (uB) is the natural unit of the electronic magnetic moment,

AE=E2-El=hv=guBH (3)
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Two facts are well-defined from Equation 2 and Equation 3 and shown in Figure II. 3: (1) the two
spin states have the same energy in the absence of a magnetic field; (2) the energies of the spin states
diverge linearly as the magnetic field increases.

Because we can change the energy differences between the two spin states by varying the
magnetic field strength, we have an alternative means to obtain spectra. We could apply a constant
magnetic field and scan the frequency of the electromagnetic radiation as in conventional
spectroscopy. Otherwise, we could keep the electromagnetic radiation frequency constant and scan
the magnetic field (Fig. I1.3). A peak in the absorption will occur when the magnetic field “tunes”
the two spin states so that their energy difference matches the energy of the radiation. This field is
called the “field for resonance” and is used in ESR spectrometers because it offers superior

performance (Weil et al., 1994).
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Figure II. 3. Variation of the spin state energies as a function of the applied magnetic field (Ikeya, 1993).
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The absorption of energy causes a transition from the lower energy state to the higher energy
state. In conventional spectroscopy, v is varied or swept and the frequencies at which absorption

occurs correspond to the energy differences of the states. Radiation in the gigahertz range is used for
ESR experiments.
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Figure II. 4. Diagrammatic representation of ESR and the application of g-values in geochronology. A -
A free electron in a negative ion vacancy is subjected to a strong magnetic field, and the spin axis of the electron
defines a precession encircling the direction of the applied magnetic field defined by vector H. The
contemporaneous application of a microwave at right angles to the magnetic field induces resonance behaviour
of the electron, resulting in a change in its direction of spin. B —The ESR spectrum and defined g-value are

derived from a comparison of the microwave absorption signal compared with magnetic field intensity (H),

applied in the form of an oscillating magnetic field (Hm).

11.4. Anisotropy of g factor

Another important mark for identifying a compound for resonance behind the field is the
frequency, as spectra can be acquired at several different frequencies. The g-factor, being
independent of the microwave frequency, is much better for that purpose. Notice that high values of
g occur at low magnetic fields and vice versa.

The g-value is dependent on the orientation of the crystal field concerning the external field. For
the powder samples (where the g-values are averaged) a cubic crystal shows one symmetric line,

axial two (gll and g1) and rhombic three (gx, gy and gz) (Griin, 1989) (Fig. 11.5)
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Cubic Axial Rhombic

Figure II. 5. Effect of anisotropy on the ESR line from a single centre (after Griin, 1989)

11.5. ESR Spectrometry

ESR spectrometry is used to detect the attenuation of the microwave resulting from the absorption
and thus to record the ESR signal of the studied sample corresponding to the first derivative of the
absorption signal (Fig. I1.4B). For its observation, it is necessary to obtain the resonance condition
either by varying the frequency of the microwave or by varying the intensity of the magnetic field.
As it is technically simpler to change the field, one operates with a fixed frequency and a variable
field. The value of the magnetic field used depends on the selected frequency band. In ESR
spectrometry, there are several possible frequency bands. In this work, we use the X band at a

frequency of 9.75 GHz and a mean magnetic field of 0.348 T.

11.5.1 ESR Spectrometer

An ESR spectrometer (Fig. I11.6) is composed of three main elements: A fixed frequency
microwave generator (klystron), an electromagnet that delivers a stabilised magnetic field and a
detection system capable of recording variations in the intensity of the microwave. Finally, a cooling
device of the cavity formed of a liquid nitrogen circuit contained in a dewar is used during low-

temperature measurements (Fig. II. 6D).
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An ESR spectrum is generally defined by six parameters (Assenheim, 1966) (Fig. 1. 5A, B):

1. The intensity of the signal;

2. g value of the resonance;

3. the line shape;

4. the stability of the paramagnetic centres observed;
5. the electronic splitting — fine structure;

6. the hyperfine structure.

Figure II. 6. MNHN’s ESR spectrometry area: A, B - ESR intensity measurement, C- EMX Bruker X-band
spectrometer connected to a digital temperature control system; D - resonance cavity detail where the liquid

nitrogen converted into gas go through.

During a measurement, the microwave emitted by the generator passes through the sample which
is placed in a resonance cavity between the two coils of the electromagnet. During resonance
phenomenon, part of the microwave energy passing through the cavity is absorbed by the sample and
recorded by the detector. To amplify this signal and to eliminate disturbances, a low intensity
oscillating magnetic field (Hm) generated by the Helmholtz coils is superimposed on the external
magnetic field (H). This field induces a modulation of the absorption signal, and it is this modulated

signal that is recorded as an ESR signal.
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1I.6. Paramagnetic centres

As mentioned above, the increase of paramagnetic defects in natural non-conducting minerals is
the basis of ESR dating. Constant exposure to ionising radiation will cause a number of trapped
electrons to increase linearly with time, provided that there is a sufficient number of defects to collect
electrons, (Henning and Griin, 1983).

Various centres can usually be observed by ESR spectroscopy in quartz for geochronological
purposes, (Fig. 11.7), as Titanium (Ti), Aluminum (Al), Germanium (Ge) (Falguéres et al., 1991,
Weil, 1984).

Oxygene

Silicium

Aluminium

Figure II. 7. Representation of Al (blue circle) and Ti (yellow circle) atoms replacing a silicon atom in the

crystalline lattice of quartz (modified from Voinchet, 2002).

However, two types of paramagnetic centres exhibit good stability over time in a crystal lattice:
those resulting from an atom vacancy and those resulting from atom replacement.

Each of them has specificities in terms of radiosensitivity, thermal stability or resetting kinetics,
which makes them more or less interesting depending on the geological context and the period
studied (Ikeya, 1993). For example, Germanium (Ge) centre can be measured at room temperature
but is hardly present in natural samples.

The Al and Ti centres are usually present in most of the Quaternary quartz grains, nevertheless,
may only be observed at low temperature (<110 K) (Yokoyama et al., 1985; Duttine et al., 2002;
Duval et al., 2015). The Al centre is the most studied paramagnetic centre (Voinchet el al., 2003;
16

Electron Spin Resonance dating of marine and fluvial terraces of central Portugal



Duval et al., 2012, 2015) and its behaviour is generally well known, like its radiation-sensitive (Lin
etal., 2006), it is bleaching kinetic (Voinchet et al., 2015), and its main specificity lies in the presence
of an unbleachable residual ESR intensity that has to be accurately considered in the evaluation of

the past radiation dose absorbed by the sample (e.g. Tissoux et al., 2007, 2012)

Moreover, the Al centre (Fig. 11.8,9) can be used for dating quartz grains deposited during the last
million years thanks to its thermostability (Laurent et al., 1998). In this work, the dating of the

samples was done from the use of the Al centre and Ti — Li centre (option D from Duval, 2015).

Al Centre
Ti centre

JM” N

Figure II. 8. Example of ESR signals obtained at low temperature from natural quartz, showing both Al and Ti

centres signal (modified from Tissoux et al., 2007).

11.6.1. Aluminium Centre

In natural quartz, an aluminium atom (AI**) replacing a silicon atom (Si*"), having an extra
electron, accompanies an alkali ion for charge compensation (M *) such as H ¥, Li * or Na * (Weil,
1984, Halliburton 1989). The defect thus formed is diamagnetic. If this diamagnetic defect undergoes

ionising radiation, an electron will be displaced, and the paramagnetic centre will be formed.
SiO *74 +A1°*+M *—AIOMSi +

Formation of a paramagnetic centre: AIO4(M)—AlO *4 M *e —
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ESR Signal of the Al centre

The Al centre has a complex ESR spectrum which is observed at low temperature (T <110 K).

This hyperfine structure is the result of numerous interactions (Voinchet, 2002) between the unpaired

electron and the nuclear spins of »7Al (I = 2) and 29Si (I =%). The interaction between the electron and

the nucleus of 7O (I —);) produces a hyperfine structure.
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Figure II. 9. Example of ESR signal in Al centre obtained at low temperature from natural quartz (adapted from
Toyoda and Falguéres, 2003).

The intensity of the Al centre (Fig. [1.9) is measured taking the height from the top of the peak (g
= 2.018) to the bottom of the peak at g =2.002 (Yokoyama et al., 1985).

To measure the Al centre, a microwave of 9.440 GHz frequency and 3.2 cm wavelength is used
under a field of 339 mT. The power of the microwave is 5 mW and amplitude modulation is 2 G.

The measurement is performed at a temperature (-180 °C) close to the liquid nitrogen temperature (-
196 °C), (Voinchet, 2002).
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11.6.2. Titanium Centre

A Ti atom replaces a silicon atom in the crystalline lattice of quartz without any charge

compensation, creating a defect usually written as [TiO4]0 (Weil, 1984) and precursor of the so-

called Ti centre. When irradiation at room temperature induces some electron movements in the
crystalline lattice of quartz, Tit" may trap an electron and an alkali ion for charge compensation
(usually called M+) to form a Ti centre. The paramagnetic centre is usually defined as [TiO4/M+]O,

where M is an alkali ion of Li+, Na' or H' with different g factors. There are three kinds of Ti
centres frequently observed, which may be called Titanium-Lithium (or Ti- Li), [TiO4/Li"] O,
Titanium-Sodium (or Ti-Na) [TiO4/Na*] O, and Titanium-Hydrogen [Ti O 4/ H *], (or Ti- H)

centres.

The fundamental species of diamagnetic centres related to the replacement of a silicon atom by a

L : ey A At 4 At
titanium atom (Fig. IL.9) of the TiO4* is: SiO 4 +Ti — TiO4 +Si

Li centre has four hyperfine lines due to "Li (I =3/2) induces a nuclear spin (Rinneberg and Weil,
1972). Similarly, the Ti-Na centre has a sodium ion with a nuclear spin (*Na I = 3/2) and is very
rarely observed in natural quartz (Toyoda, 2015). The Ti-H centre has a set of two hyperfine lines

due to 'H (I=%) (Rinneberg and Weil, 1972). The titanium centre disappears as soon as the

temperature exceeds 300°C and can regenerate by irradiation after annealing.

The practical application using Ti-Li and Ti-H centres for dating of sediment was first made by
Tissoux et al. (2007) and used for date river terraces in China with an age range of 60-400 ka (Liu et
al., 2011).

In this study, ESR measurement was done in both centres with the same microwave frequency,
wavelength, and field. The measurement was performed at a temperature (-180 °C) close to the
liquid nitrogen temperature (-196 °C). However they could be read at different measure conditions

(e.g., power of the micro-wave, amplitude modulation), (Voinchet, 2002).

It is possible to separately measure Ti-Li, Ti-Na and Ti-H centres (Fig. I1.10). These intensities

are estimated as follows.

Each centre has a specific ESR signal: the Ti-H center is defined by three main absorption lines
g1 =1.986,g2=1.931, g3 =1.915, where each one is split into a doublet due to the proton; Ti -Li is
defined by a g factor with three different components: gl=1.979, g2 =1.931, g3 = 1.913, as well as
Ti - Na, with gl=1.968, g2 = 1.954, g3 = 1.899 (Rinnenberg and Weil, 1972; Toyoda et al., 2000;

19
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Duval, 2015).

Ti centre may potentially offer two advantages in geochronology applications: its ESR intensity
may be fully reset to zero by optical bleaching (i.e., no residual ESR intensity), and its bleaching
kinetic is significantly much faster than that of Al centre (Toyoda et al., 2000), and therefore there is
less uncertainty about the complete bleaching of the signal prior to burial. The Ti—Li centre takes 72

or 168 h for complete zeroing while 24 h is sufficient for the Ti—H and Ti—Na centres.
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—

Ti-Li

Al center
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Figure II. 10. Example of ESR signal from natural quartz samples. A. ESR spectrum showing the signal in Ti
centre. B- Zoom on the ESR signal of the Ti centre, except the Ti-Na signal (Duval et al., 2015).

The Ti—H and Ti—Na centres are the most sensitive to Light (Toyoda et al., 2000). However, this
centre is rapidly saturated and can only be used for samples with weak palacodoses, i.e., recent site
samples and/or low annual dose (Miallier et al., 1994) and the way of measuring the ESR intensity
may vary from author to other (e.g. Tissoux et al. 2008; Liu et al. 2010; Rink et al., 2007). According
to Toyoda (2015), Ti centres are not always present in the quartz. Quartz in tephra and granite usually
shows both Al and Ti centres, but some sedimentary quartz does not show the signal of Ti centres
(e.g. loess of Chinese origin). It is usually proposed a new criterion for ESR optical dating: The D.

(in Al and Ti centres) most agree to insure accurate burial ages.

20
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Moreover, when Al signals age is lower than Ti signal age, the Al signal may be considered the
minimum burial age. According to Duval et al. (2015), from a methodological point of view, it is
very important to measure both Al and Ti centres for dating purpose, which is so far the best way to
have an idea about whether the Al centre has been fully bleached or not before sediment deposition.

Al and Ti —Li centres were observed in all the analysed samples and measured in this work.

21

Electron Spin Resonance dating of marine and fluvial terraces of central Portugal



II.7. Optically bleached quartz for ESR

Among the available materials, the potential of quartz is essential for dating, by the presence of
various paramagnetic ESR centres in its structure that allows dating different types of geological and
archaeological events (Yokoyama et al., 1985; Falguéres et al., 1988; Voinchet et al., 2004, 2010).
As quartz is one of the most abundant minerals on the earth, many dating applications are possible
in sedimentary context, (fluvial, lacustrine, marine, aeolian sediments) (Falguéres, 2003; Voinchet
et al., 2003, 2010; Duval, 2012). Quartz dating by ESR was proposed in the early 1970s (McMorris,
1971) but the first sedimentary quartz dating was done by (Yokoyama et al., 1985) on the sites of the
Caune de 1’Arago (Tautavel) and Terra Amata (Nice) in the south of France. Since then, several
studies (PhD) have been devoted partly or totally to quartz (Falguéres, 1986; Laurent, 1993;
Voinchet, 2002; Duval, 2008) within the geochronology laboratory of the Department of Prehistory
of MNHN.

The age of the sample is related to the dose of radiation that it has absorbed during its history
under the effect of natural activity (D;). ESR dating of optically bleached quartz grains is based on
the same principle as Optically Stimulated Luminescence (OSL) dating: resetting the signal under
sunlight exposure during the transport phase before the deposition. This reset is called optical
bleaching (Voinchet et al., 2007). If this is incomplete, a residual dose (D;) added to the accumulated
dose since the deposit, known as post-deposit dose or equivalent Dose (D.), will contribute to
overestimating the age value (Fig. I1.11). As younger is a deposit, higher will be the residual dose

impact on the age (overestimation) (Voinchet et al., 2015).
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Figure II. 11. Evolution of the Al-centre ESR intensity along with the geological history of quartz grain
(adapted from Bahain et al., 2007).
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11.8. Grain size dependence

According to Voinchet et al. (2015), the quartz's bleaching quality depends on the selection of the
grain size fractions. Very fine and coarser grains should be avoided because they are less exposed to
light during transport phases (Fig. I1.12). The identification of transportation modes is very important
to provide the best sediments bleaching, too. The sands carried out by water are usually better
bleached at the time of deposition than aeolian sands. Nevertheless, quartz grains' bleaching is
insufficient in opaque water, where the U.V. cannot pass deeply through. For each transportation

mode, different temporal zones were identified by Voinchet et al. (2015) (Fig. I1.13).
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Figure II. 12. Transport modes of different grain size sand by water (modified from Voinchet et al., 20015).
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Figure II. 13. Temporal zones defined by fluvial, aeolian and marine sediments in which ages should be more
accurate for ESR dating method. Legend: 1- Dr represents more than 25% of the total dose; 2- Dr ranging
between 10-25% of the total dose; 3-Dr represents between 5-10% of total dose; 4 - Dr represents between 1-
5% of total dose; 5- Dr represents less than 1% of the total dose (modified from Voinchet et al., 2015).
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I1.6. Principle of Palaeodosimetric method

11.9.1. Residual dose calculation (Dr)

The residual dose is evidenced in optically bleach quartz using Al-centres and is one contribution
to D. uncertainty. This dose is explained by the partial bleaching of a previously acquired burial dose
that was not fully reset before deposition (Voinchet et al., 2003; Smedley et al., 2019) resulting from
that only a part of trapped electrons is released, even after a long-time light-exposure. The ESR-
intensity decreases until a plateau-value corresponds to the electrons, which cannot be “extracted”
by light's energy. The “residual dose” hence obtained must be subtracted from the total dose to obtain
the sample's dose since its burial (paleodose), used for age determination. As a precaution, it is not
recommended to work on samples whose age would be younger than 75 ka by ESR. (Voinchet et al.,
2015).

The overestimation of the ages will greatly impact sediments having a recent burial age, (e.g.,

Late Pleistocene sediments).

11.9.2. Age calculation with ESR

For the calculation of an ESR age is used the equation:
T
TD = da(t). dt @)
0

where T.D. is the total dose of radiations received by the sample, d, is the annual dose rate of
natural radiations and T the age of the sample.

The total dose T.D. is proportional to the trapped electrons concentration in the sample and so to
the ESR signal intensity.

Both parameters must be determined independently; hence they will be discussed separately.

11.9.2. Annual dose assessment

Annual dose (D) is the irradiation dose absorbed by the sample in one year and can be expressed
as follows:
D = Dint + Dext + Deosmic (5)

Where Din, D ext and D cosmic are the internal, external and cosmic dose-rate components,

respectively.
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The rate of trapped electrons accumulated is proportional to the energy absorbed by a grain from
the flux of radiation to which it is exposed. The energy absorbed per kilogram is defined as dose, and
its unit of measurement is the grey (Gy). The natural dose-rate or annual dose is expressed as grey
per thousand years (Gy Ka ') or milli-grey per year (mGy a™).

By determining the concentration of radioelements in sediment, it is necessary to assess the dose-
rate from alpha, beta particles, gamma rays and cosmic radiation. Figure II. 14 illustrates the different

penetrating powers of these radiations.

cosmic rays from the space From the decay of U, Th and K in the sediment

beta particles

Oo5"5505%0
W?%Qﬁ-ﬁ%g"""*"

B

Figure II. 14. A- Schematic representation of dose rate, considering all the ionising radiations within a
sphere of ~30 cm-radius (the penetration range of gamma rays in the matter); B-schematic representation of
the various components involved in the natural irradiation. Radioactive interaction of a sample with its
surroundings (Griin, 2006) (alfa, beta particles, gamma and cosmic rays).

In ESR dating of quartz, the gamma-ray dose rate is often the main contributor to the external
dose rate and can be measured in the laboratory and on the field. The laboratory high-resolution low
background gamma spectrometer can provide a dose rate measurement with precision for
homogeneous deposition. Nevertheless, it is preferable to use in situ gamma spectrometer, where
the uniformity of radioactivity within the 30 cm sphere of the surroundings is more representative
(Fig. IL.14A).

The effect of alpha particles is highly localised to within the order of 25um (sediment) of the
emitting nucleus; the beta () particles have a maximum penetration depth in the matter of 2-4mm
and gamma (Y) rays reach a few tens of centimetres, respectively (Fig. I1.14B). It is because alpha
particles ionise heavily and hence lose their energy rapidly; this contrasts to the highly ionising nature

of the B, y and cosmic radiation (Aitken, 1998).

The external alpha contribution is considered negligible for the sand-sized grains by etching away

alpha—irradiated rind with hydrofluoric acid to avoid uncertainties resulting from partial penetration.
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Alpha contribution takes account of an etching of 10—20 pum of the grains. This difference of 10 pm
in the thickness removed by the acid attack induces an age variation of 1-2% depending on the

samples and on its radioactive environment (Voinchet et al., 2020).

Therefore, the dose received by the sample is mainly the result of exposure to the nuclear
radiations from potassium, thorium and uranium. There are also minor contributions from cosmic
rays, but it is dominant unless the overall radioisotope contribution is low, or the sample is from an
altitude exceeding 1 km. 4K emits beta particles and gamma rays, while uranium and thorium chains

emit alpha particles (Fig. I1.14B).

The annual dose rate can be written as:

Da =kDa +D +Dy+ Dcos (6)

According to equation 6, the annual dose rate results from the sum of the dose rate contributed by
alpha, beta and gamma rays. A correction factor (called alpha-efficiency or k-value) is applied to the
measured or calculated alpha dose rate, because of the higher recombination rates, the saturation of
traps close to alpha-tracks and the extensive structural damage in this area (Jonas, 1997). The k-value
can be determined by the ratio of an equivalent dose of alpha rays to that by gamma rays, which is
equal to the rate of defect production of the two types of radiations. For ESR dating of quartz, the k-
value applied was the same as in luminescence dating, but the effect of alpha rays can be eliminated

as described above.

Table II. 2. Dose rate contribution of U, Th and K (data from Guerin 2011).

alpha
Guerin et al., 2011 | (a=0.1) beta+IC gamma
U natural 0.2795 0.1457 0.1116
Th-232 0.07375 0.0277 0.0479
K 0 0.7982 0.2491

The internal alpha dose rate can be calculated from the content of 2*3U and 2*°Th.

Experimental and theoretical estimates for the attenuation within the sample and from the soil
indicate that removing the outer 2 mm is adequate to avoid the influence of beta-radiation from the
surrounding soil. The defect production efficiencies by the absorbed energy of beta and gamma rays
are nearly the same. The external beta-rays produce radiation damage at 1 mm surface, while a part

of internal beta-rays goes out of the sample 1 mm superficial.
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Therefore, the average dose rate of both the internal and external beta-dose rate must be used for

the surface 0.5 — Imm of the sample. If this part is removed, only the internal dose rate may be used.

However, for thin samples (less than 2 mm), the removed part should be considered in the beta dose

rate determination. The [ attenuation, according to the grain size and the part removed of the grains

used in this work is from Brennan et al., 2003.

Table II. 3.The f attenuation according to the grain size (data from Brennan et al., 2003).

P attenuation

Brennan et al, 100-200 315-500

2003 50-100 ym pm 200-315 pm pm
U(+HC) 0.91947 0.87855 0.832 0.8912
Th (+1C) 0.8783 0.8239 0.7713 0.8408
K 0.9734 0.9472 0.9123 0.9551
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11.9.3. Radioactive equilibrium and Radon loss

The contribution from naturally U and Th are provided by the radioactive chains (Fig. II.15). In
one close system, each daughter formation rate is the same and equal to that of the parent. If the
system is open, being an addition or removing one of the daughters by some process such as
geochemical leaching, the condition is one of radioactive disequilibrium, and some of the
relationships between dose-rate and concentration become incorrect. This fact is crucial and has to
be considered for the age calculation. The release of gaseous daughter radon is a typical process

during the radioactive equilibrium.
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Figure II. 15. The three main decay chains (or families) observed in nature (adapted from Bourdon et al., 2003).
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11.9.4. Cosmic rays

The cosmic radiation is originating outside the Solar System. Its dose contribution is attributed to
two components. The top half-metre of sediment absorbs the “soft” component, and the more
penetrating “hard” component is composed mostly of muons, and it is what we concerned. The hard
component is slightly affected by the magnetic fields of earth and Sun than the softly. The intensity
of cosmic rays has a weak dependence on the latitude at sea-level and rising from equator to 40°

latitude and remaining constant for higher latitudes.

The cosmic dose rate attenuation is calculated for average sediment densities of 2 g/crn3 and
burial depth of the sample with equation 7. The intensity will rise appreciably when the altitude is
above 1 km and a more strongly latitude dependent. In dose rate determination of ESR dating, the
contribution of cosmic rays was roughly calculated with the following equation (Prescott and Hutton,
1988, 1994):

(-0.07x(dxp) +0.0005x(dxp) 2) -

Dcosmic = 0.21xe

Where: D¢ggmic — cosmic dose; d — burial depth of the sample; p — the density of the sediments.

[1.10. The irradiation methods

In ESR and luminescence dating, two methods are used for paleodose determination: the additive
dose method and the regeneration method. The first one needs the measurement of natural ESR
signal, and several aliquots of the sample are submitted to various artificial gamma-ray doses
(multiple aliquots method) to obtain a dose-response curve, (Fig. I1.16). The sample's paleodose is
then extrapolated from the fitting growth curve back to zero, using a mathematical function with the

least-square method.

The regeneration method needs to bleach the natural aliquot to near zero and give laboratory
irradiation doses. The paleodose is obtained by comparing the natural ESR signal with the ESR signal
growth curve defined from laboratory irradiation (Fig. I1.16).

The additive dose method (Fig. II. 16 up) is the most used in geological and archaeological
contexts because, in some datable materials, such as tooth enamel, the signal cannot be zeroed by
annealing or optical bleaching methods without permanent alteration of its structure. The intensity

of the ESR signal is enhanced by laboratory y-irradiation of the natural sample.
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Figure II. 16. Two experimental methods for paleodose determination: additive dose method (up), regeneration
method (down) (Griin et al., 1999).

I1.11. Fitting functions and equivalent dose

When using the additive dose method, it is crucial to choose the most appropriate function to
accurately extrapolate the paleodose. The models should be based on the energy transfer's
fundamental physical mechanisms, charge transport, trapping and defect formation (Jonas, 1997). In
the low dose range, the dose-response curve supralinearity may occur due to the competition between
traps, but it is difficult to identify it because of the unknown model parameters (trap-concentration,
cross-section) and the large uncertainties in signal measurements in that dose range (Fattibene and
Callens, 2010). The Fig. I1.17 shows a hypothetical dose-response curve in the case of a competing
trap.

In the first’s geological studies of ESR dating, linear extrapolation was used widely for fitting

experimental dose points.
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It describes a linear relationship between the intensity of the ESR signal (I) and the dose (D), and

the linear fitting function is written as:

I — measured ESR intensity; I0 — ESR intensity of natural sample; D — artificial radiation dose;
De — equivalent dose (paleodose).

Previous studies concluded that the linear fitting would cause strict systematic errors when applied
to a dose-response curve following a single saturating function and should be abandoned entirely in
ESR and TL dating studies (Griin, 1996).

Another simplest and most common fitting function for paleodose determination in ESR dating
is a single saturation exponential (SSE). This function can be explained by a simple model, that there
are a given number of possible trap sites that can be filled, and the radiation sensitivity is proportional

to the number of remaining unfilled trap sites. The fitting function can be written as:

=1, . (1—e~(P+De) /) &)

Imax — saturation intensity; D — artificial radiation dose; De — equivalent dose; D0 — characteristic
saturation dose

In the case of more than one trapping or if recombination centre is involved, an exponential plus
linear fitting function (ESP+LIN) can be applied (Berger, 1990; Grun 1990) for paleodose
determination when the radiation-induced trap production in a material is assumed to be proportion
to the dose (Voinchet et al., 2007).

Exp+Line equation is done by:

I(D) = Isat(1 — e PoP*P)) + B(D + D,) (10)

ID — ESR intensity (arbitrary units); D — artificial radiation dose; De — equivalent dose; Isat —

saturation intensity; B — coefficient of sensitivity

The Exp+Line and SSE fitting model are suggested for dating quartz samples.
However, the fitting results of conventional SSE fitting functions decrease with reducing dose
points in high dose range. This may indicate that the SSE function does not reflect the dose-response

in a high dose range (e.g., more than 10000Gy in this study).
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The equivalent doses are determined by fitting of the experimental data, including the bleached,
natural and irradiated points, to zero (Fig. II.17), using an Exponential+linear (ESP+LIN) function
with a least-square method (Voinchet et al., 2013) and with a single saturating exponential function
(SSE), using the Microcal Origin Pro 8 software and weighted by the inverse of the squared ESR
intensities, 1/12 (Yokoyama et al., 1985). The ESR intensity for Ti - Li centre was measured according

to Duval and Guilarte (2015). For the Ti-centre, the SSE functions were used to obtain De values of

the younger deposits.
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Figure II. 17. Growth curve of the natural, bleached and irradiated aliquots at different ESR intensities. The
red line presents the De by subtracting Dr.(Voinchet et al., 2013)

11.12. Office Work

The office work consisted of the preliminary bibliographic analysis of previous work already done
on the subject, followed by the analysis and interpretation of geological maps 1/50 000 (n° 19-C, 22-
B, 22-D, 26-B, 26-C, 30-A, 30-C, 34-A, 34-C, 38-B), geomorphologic ( at different scales),
topographic (n° 238-A, 239, 248B, 249, 260, 272, 284, 296, 306B, 316, 326, 337, 349, 361, 374, 388,
401A, 415, 429, 430, 441B, 442, 453) and Digital Terrain Models (MDT), as well as Google Earth

images of the study area for regional geological and geomorphological characterization.
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[1.13. FieldWork

The fieldwork was done in a phased manner to recognise the extension of the study area, using
advanced field data collection and mapping methods as well as standard methods. The field
investigation of the terraces to be studied was first done in the coastal staircases of Mondego Cape
and the vestibular section of the Mondego River (Coimbra, Conchada, Ingote, Tentugal and Figueira
da Foz, Ervidinho) followed by surveys in the UBS 13 outcrops of Barracdo, Silveirinha, N.Sra.
Vitoria beach and Rio Maior during September of 2017 and May of 2018. Later, the identification
followed by collecting samples in Peniche, Abano beach, Espichel Cape and the vestibular part of
the Tejo River was made during October of 2017 and April of 2019 (Fig. 11.18;19). The sites were
all photographed and georeferenced using a GPS (global position system) and, in Peniche with
precision GPS, GPS-RTK (Fig. 11.20C), after the recognition of each study site and surroundings,
using geological (1/50 000) and topographic maps (1/25000).

As the efficiency of sediment analysis depends on the sampling method, the field data and
observation were all recorded relative to location, date and sample identifier (number and name), for

the careful control between field and laboratory process. Records of field measurement as textural

variation, stratification, thickness, colour observations and fossil record were done.

Figure II. 18. Field view of some of the studied areas. A - N. Sra.Victoria beach; B- Rio Maior; C-Ingote, D-

Barracdo; E- Peniche; F-vestibular section of the Mondego River.
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Figure II. 19. Material and methods used in the fieldwork. A, B- PVC or metal tubes, ziplock bag (C) metal

cap, hammer and hand trowel, measuring tape, portable GPS.

Figure II. 20. Material and methods used in the fieldwork. A-photo camera et A - aerial vehicle (UAV); B.;C-
GPS-RTK; D-portable spectrometers gamma-ray (Nal probe connected to an Inspector 1000 (Canberra) and
RS230).

To ESR sampling, conditions are very similar to those for another luminescence sampling,
although it should be mentioned that ESR signal is much less light-sensitive than the OSL signals
(see fig. 1 in Duval et al., 2017). Samples for D, analysis must be collected in a light-proof container
such as pre-sharpened (only sharpened on one end) PVC or metal tubes of about 30 cm in length by
6.5 cm in diameter (Fig. II.19A). After a previous cleaning of the ~5 cm section to make a freshly

exposed surface, the samples could be collected (Fig. I1.18; 19).
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Smaller tubes can be used, but one should keep in mind that the amount of pure quartz required
for ESR measurements is of ~3-4 g, i.e. somewhat higher than that for quartz-OSL dating (see an
example in section 6.5 from Duval et al., 2017). A metallic cap may be used so that the tube can be
quickly hammered horizontally into the outcrop (Fig. 11.19B).

Following the sample collection, both ends of the tube should be sealed with tape to prevent light
exposure and sediment loss. Clearly label the sample (using a permanent dark-coloured pen
preferably by indicating, for example, the acronym obtained from the name of the site, year of
collection and sample number (e.g., RMAIL; 2017).

Finally, the tube (sealed and labelled) should be introduced into an opaque ziplock bag labelled
with the same code). If the sediment is too hard or compact to insert a tube, other sampling techniques
can be used. As used in this study for Peniche marine staircase, a sediment block was carved and
securely wrapped with aluminium foil and tape. Then it was placed in opaque plastic bags and bigger
containers for transport to the laboratory where it was prepared under controlled light conditions. In
the case of coarse-grained alluvial deposits where sand lenses are too thin to sample with a tube or a
block, the sandy matrix within the gravel (or loose sediment) can also be collected in a light-proof
container under an opaque plastic cover. The sediment collection surrounding the deposit for Dr
calculation is equally important for accurate age determination (Fig. I1. 19B).

Stratigraphic columns were raised in the main outcrops, and their description was made (Fig.
II.19B). In the most representative stratigraphic sections, the different architectural elements
(lithofacies) were described and distinguished based on each section's sedimentological study.

The maximum pebble size (MPS) was determined, calculating the arithmetic mean of the major
axes of the ten largest clasts present in each conglomerate deposit and its composition. The
depositional facies and architectural elements identified were analyzed (Table 11.4).

Recent faults and other tectonic deformations of the sedimentary units as the Plio-Pleistocene
culminating unit and the terraces in the selected locations have been identified.

The main relief forms were interpreted from the contour lines' analysis from the analysis of the
geomorphological maps. Then, this acquired information was superimposed through MDT and
shaded relief models with oblique orientation. The data collected allowed the elaboration of detailed

maps at several scales (e.g., Peniche, Mondego river valley and Espichel Cape).
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Table II. 4.Lithofacies type (facies code based on Miall, 1985; Miall et al., 1996).

Facies code Textures Structures Interpretation Facies association

Pebble to boulder  well-cemented horizontal bedding debris flow d its: floodolai
ebris flow deposits; floodplain

Gm supported sandstone and stratification, deposits; sand bed braided fluvial;
conglomerates (clast san‘dy longitudinal bars
supported) grainstone imbrication
debris flow deposits gravel-bed
braided fluvial; Shallow, sand-bed
grading or Jower flow regime braided fluvial; Proximal Sheetfloods;
. massive (no . Intermediate Sheetfloods; Floodplain
Gms Matrix supported . subaqueous traction . . . .
internal d . deposits  (planicie aluvial); Tide
stratification) eposits Influenced Shallow, sand-bed braided
channels; Upper flow regime Sand
Flats
low angle dunes, lower flow
Very fine to coarse regime; migration pf . .
St grainre}:]d may be pebble cross longgitudinalgbars inrt)he debris flow deposits
stratification channels
Se Very fine to coarse Massive upper flow regime with Broad, shallow scours
grained with pebble high solid charge
Proximal Sheetfloods; Intermediate
. Sheetfloods; Floodplain deposits;
. Lower flow regime L . . .
Sr Fine grained sandstone nppl§ cr.oss subaqueous traction Tide-influenced braided fluvial Tlde
lamination . Influenced Shallow, sand-bed braided
deposits channels; Upper flow regime Sand
Flats; Shoreface
. Deposition from
Very fine-grained Massive, may suspension and Floodplain deposits with fast energy
Fm be mudcracks

sandstones to siltstone . . flocculation, subaerial declination
and rain prints
eXposure

1I.14.Sedimentological and textural analyses

Analysis of grain size in sediments is commonly used to identify sedimentary environments,
transport and facies in various depositional settings (e.g., Folk and Ward, 1957; Friedman, 1961).

The textural analysis was performed on the samples of fluvial terraces that have not yet been
studied and on the coastal staircase sediment samples of Peniche, Cascais - Abano platform and
Espichel Cape. The samples were labelled and placed in bags, for laboratory sedimentological
characterisation as described above.

In the DCT-UC Sedimentology Laboratory, the texture and compositional analyses were
performed with the following methodologies:

a) Drying of the samples in an oven for a minimum period of 48 h at < 40°C;

b) granulometric analysis, using the sieve column sieving of 122 @ of the fraction greater than 63
um (4 @), allowing to obtain the weight distributions and calculate the statistical variables — mean,
grain size, standard deviation (sorting) and skewness - by the arithmetic method of the moments
(Blott and Pye, 2001).
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Median grain-size and mode were measured from grain size distribution curves (Fig.11.22). Laser
diffraction for particle size distribution analysis of sediments was also done using a Beckman
Coulter. The laser diffraction provides a precise method for the analysis and comparison of
sediments. Running samples is a three-step process. The first background is measured, and then the
samples are added to the instrument. Third, the data output is grouped according to standard outputs,
including standard sieve size fractions for correlation statistic; percentage volume data are also used.

c¢) The cemented samples (e.g., Peniche; Espichel) after decarbonation with HCI (total sample),
were sieved although counting on the loss of the smaller fraction (clay and silt) due to the washing
of the sample after the acids attack.

d) The fractions resulting from the sieving were based on a binocular microscope observation
(50x%), using the methods described by Shepard and Moore (1954), establishing for each fraction, by
identification of 100 grains, the percentages of each of the following classes: quartz, mica, rock
aggregates /fragments and beach-rock and shells.

e) The silt and clay fractions were analysed, through the preparation of the suspension and later
analysis through the laser granulometry, model LS230 (dimensional analysis from 0.04 to 2000 pm),
by using a Beckman Coulter laser granulometer (1.4 D).

Before sieving, the sample was homogenised. Deionised water was used to wash the sediment.

For colour identification of dry sediments, the Munsel colour chart (SYR, 7YR, and 10 YR) was
used.

The meaning of the granulometric parameters took into account Folk and Ward (1957). The mean
represents the average size distribution of the entire sediments. The sand size is a direct indication of
the medium of transportation and deposition. Coarse sand has the phi values between -1 and +1,
medium sands vary from +1 to+2, and fine grains sand ranges from +2 and +4.

Standard deviation measures the degree of sorting that can be homogeneous or heterogeneous.
Homogeneous sorting occurs when there is a very minimal level of deviation from the mean. The
skewness is also related to sorting and shows the degree of asymmetry of the grains population or
entire sediments distribution, and finally, kurtosis shows the degree of reworking of sediments.

To prepare the clay sediment-oriented slides, it was necessary to prepare a fine material
suspension. For this purpose, ~ 100 g of sample was weighed, and the organic matter was removed
with the help of tweezers, to achieve complete dispersion of the clay (Fig. IL.21 A).

Then, the sample was placed (about 30g in each time) in Stirrer and added about 120 ml of
deionised water. It was then left to shake for ~1 minute (Fig. II. 21B).

The liquid fraction was passed through the 63 um mesh sieve, and the fine fraction shaken and
then separated in the centrifuge until the fraction smaller than 2 pum (Fig. II. 21 C, D) (material
consisting of clay only) was obtained for X-ray diffractometry.

The coarser fraction was dried in an oven and then stored for later dry sieving.

37

Electron Spin Resonance dating of marine and fluvial terraces of central Portugal



Figure II. 21. Methodologies used in sedimentological and textural analyses A. sample for granulometric
analysis in an analytical sieve; B- Stirrer equipment; C-63 um mesh sieve to separate the fine fraction from

coarser ones; D- centrifuge; E-Beckman Coulter laser granulometer.

To make the silt and clay separation all the pipes must have the same weight in the centrifuge
(Fig. I1.21D), then it is necessary to check which is the appropriate program (normally about 2.36
minutes, at 4000 rpm rotation). After removing the < 4um fraction, we should repeat the process with
10.000 rpm until we obtain the desired concentration for DRX and clay mineral fraction analyses.

The glass slides have to be clean with alcohol and left to dry. After, the material should be pipetted
from the centre of the slide not to create air bubbles. Finally, it should be placed to dry in a clean
space, and after that, with the help of a needle, the slide should be labelled (Fig.11.22C).

The mineralogical analysis was carried out through the diffractometer of RX PW3710 available
in the DCT-UC (Fig. I1.22A). The clay mineral fraction of each sample (< 2pum), namely kaolinite (
k), illite (i), smectite (s) and chlorite (¢) and vermiculite (v) was identified, and the semi-

quantification was made according to Reis (1983), with the following equation:

T=k+i+s+v+c+p+t(1l1)
where,

k — half area read from the peak position of 7 A (natural layer);

i = area read from the peak position of 10A (ethylene glycolate layer);

s = 1/3 of the area read from the peak position between 17-18A (ethylene glycolate layer);
v = total area read from the peak position of 14A (ethylene glycolate layer);

¢ = total area read from the peak position of 7A (warmed layer)

p= total area read from the peak position of 10.5A (natural layer);

t = total area read from the peak position between 12- 14A (ethylene glycolate layer).
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Figure II. 22. A- Analytical Aeris XRD diffractometer; B- sample preparation for measurement; C- clay slide

preparation; D- example of x-ray powder diffraction.

Analyses of sediment mineral composition were also done with an X-ray powder diffraction using
an Analytical Aeris XRD diffractometer manufactured by Panalytical, with a Cu tube in a 20 range,
at a scanning rate of 3° min-1, 40 kV and 15 nA (Fig. 11.22D), (Department of Earth Sciences of the
University of Coimbra). The mineralogical composition in non-oriented subsamples was obtained
using the analytical software Highscore plus, provided with the instrument. According to the
standardised Panalytical backloading system, the subsamples were prepared, which provides a nearly

random distribution of the particles.
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[1.15. Physic-chemic preparation of the mineral fractions
for absolute dating
11.15.1. Analytical Protocol

Total dose assessment Sample Annual dose estimation
Grain size selection Water content
by sieving measurement
1
H»0O», HCl and HF
attacks
1
Bromoform and
magnetic separation

| |

(‘}amr.na.ray U.V irradiation
irradiation
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ESR spectrometry ESR spectrometry
3 Gamma and alpha
for the total dose for the residual dose p
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Dose rate

sl

Age calculation

Figure II. 23. Organogram of the analytical protocol used for ESR dating method in quartz sediment samples.
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11.15.2. Samples Irradiation, bleaching and ESR signal
measurements

11.15.2.1. Samples Irradiation

After the sample preparation, the Multiple Aliquots Additive method (MAA) dose approach was
applied. Each sample was divided into 12 multiple grain aliquots (Fig.Il. 24; 25). Ten aliquots of
each sample were irradiated at CENIEH (Burgos, Spain) with a calibrated Gammacell-1000 Cs-137
gamma source) emitting a 1.25 MeV y-ray with a dose rate of 200 Gy/h, at different doses ranging
from 150 to 20.000 Gy. Each tube's weight must be the same and between 50 to 200 mg (Table I1.5;
Fig. 11.25).

SAMPLE

a)

N|*|[Bl|*|Di|D2|D;s|Ds|Ds | Ds |D7 |Ds | Do Dio | b)

I natural 1 bleached 10 doses

Figure II. 24. Schematic representation of sample preparation for MAA. a) sample is divided into 12 aliquots

with the same weight; b) irradiation of ten samples with different doses.

Figure II. 25. Example of quartz grain weights and separation in properly registered and packages for further

irradiation process.
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Table II. 5. Samples code and weight for tube irradiated in CENIEH by MAA (10 tubes/sample).

Ne Samples Weight Fractions N© Samples Weight Fractions
code (mg)/tube (nm) code (mg)/tube (um)
1 Granhol 50 250-180 17 Pen 1 130 250-180
2 Malhadios1 60 250-180 18 Pen 2 180 250-180
3 Ervi 4 200 180-90 19 Pen 3 130 250-180
4 PC9 70 250-180 20 Pen 4 116 250-180
5 Peso VG 110 180-90 21 Pen 5 200 250-180
6 Far8 150 250-180 22 Pen 8 197 250-180
7 VRV5 200 250-180 23 | Coimbral 130 250-180
8 Silvl 200 250-180 24 | Tentugal 5 171 180-90
9 Ervil 200 250-180 25 Abano 6 60 300-250
10 RMaior1l 200 250-180 26 | Espichel 7 200 250-180
11 RMaior2 200 250-180 27 | Espichel 8 200 250-180
12 Ingotel 200 250-180 28 | Conchada 2 166 250-180
13 Barl 200 250-180
14 Bar2 200 250-180
15| Ppvitl 200 250-180 |
16 PVit2 200 250-180 |

11.15.3. Bleaching

For each sample, one aliquot was preserved (natural) was optically bleached for 1000 h in a Dr
Honhle SOL2 solar simulator to determine the unbleachable part of the ESR-AI signal of quartz
(Voinchet et al., 2003). Three halogen lamps and one UV lamp imitating the solar spectrum were
used to illuminate the quartz grains. The light intensity then received by each aliquot range between
3.2 and 3.4 105 Lux. The maximal bleaching is attempted after exposure of around 1000 hours (Fig.
11.26).

The bleaching rate bl (%) is then determined by comparison of the ESR intensities of the natural

and bleached aliquots as,

§bl= ((Inat-Ibl)/Inat) x 100 (12)
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Figure II. 26. The Dr Honhle SOL2 solar simulator equipment, scheme of each sample location and sample

preparation.

[1.16.ESR intensities measurements

In the Lab of MNHN, the ESR measurements were performed at 107K with a Bruker EMX
spectrometer (Fig. I11.6) using the experimental conditions proposed by Voinchet et al. (2004) and
already described in the methodology used in each chapter. For each sample, Al and Ti centres were
corrected by the corresponding receiver gain value, number of scans and aliquot mass.

The experimental conditions employed for Al centre were: 5 mW microwave power, 100 kHz
modulation frequency, 1 G modulation amplitude, 40 ms time constant, and 1 scan. The angular
dependence of the ESR signal due to sample heterogeneity was taken into account, measuring each
aliquot three times after a 120° rotation in the cavity. This protocol was repeated 4 times over distinct
days to check the reproducibility of the Al signal. A mean ESR intensity was extracted for De
calculation. The ESR intensity of Al centre was extracted from peak to peak, according to Toyoda
and Falgueres (2003).

To obtain the De values was used the Microcal Origin 8 software, where were tested two fitting
functions for Al and Ti-Li centres; the single saturation exponential function (SSE) and the Exp-+lin.

The data were weighted by the inverse of the squared ESR intensity (1/1?).
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11.17. Dose rate evaluation

The Gamma spectrometry analysis has been used to calculate the dose rate and radon loss of the
samples in the present study. Utilising the method of pulse height analysis makes it possible for the
direct determination of individual radionuclides in a y-emitting sample. The gamma rays emitted by
nuclides of U, Th and their daughters are counted. Since gamma rays are more penetrating than alpha
particles, they can be measured as they are emitted from bulk samples, without any chemical
separation. This allows the use of non-destructive gamma-ray analyses for the dating of sediments.
However, some correction must be made for the effect of the shape of the object on the absorption
and counting of the weaker gamma rays. The precision of this method is about £10%.

In the Sedimentology Laboratory (University of Coimbra), the total sample was dried, ground to
a particle size of < 2 mm, homogenised, and then quartered to obtain a representative sample of the

material to be analysed.

At the "Département de Préhistoire du Muséum National d'Histoire Naturelle" in Paris, the
radiation was measured from the knowledge of the radioisotope activities of the U-238, U-235, Th-
232 and K-40 and determined by high-resolution low background gamma-ray spectrometry to derive
external alpha, beta dose rate components using the dose rate conversion factors from Guérin et al.
(2012). For that, ~100 g of raw sediment from all samples were analysed (Fig. I1.27) and values were
corrected for a and P attenuation of spherical grains (Brennan et al., 1991; Brennan, 2003). The

cosmic dose rate was determined according to Prescott and Hutton (1994).

—

(s ' 5
g ~—

==

Figure II. 27. A - Samples weighed and labelled for the gamma-ray spectrometry measurements; (B) - gamma

spectrometer.

Due to the size of the grains used for dating (the most with 180-250 pum) and the fact that quartz
contains very few radioactive impurities, the internal dose was considered negligible, and only the

external dose was considered.
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The same procedure with a high-resolution gamma-ray spectrometer Ortec equipped with a Ge
detector, protected by a lead castle with a NaL spectral analysis software GammaVision v8 was done
in the Natural Radioactivity Laboratory, to compare the data in some samples (namely from Rio
Maior, Peniche, Barracdo, Espichel). The samples after screening at a granulometry of less than 2
mm were placed in Marinelli type beakers with 1000 g, where they stayed approximately 21 days in
order to reach the balance in the decay series to obtain the spectrum.

Marinelli beakers are made of plastic and complying the requirements of the standard: low
absorption of gamma radiation; transparent, volume to achieve maximum efficiency, impermeable
to water and also to gases, wide opening and non-breakable (Fig. I1.28A). The top of the sample has
to be perfectly horizontal and closed hermetically to extract the air.

All the samples were packed to avoid variations in volume over time.

For each sample, a data acquisition time corresponding to 36 000 seconds (10 hours) was used.
The uncertainties are dependent on the concentrations of the radioisotopes being estimated sample

by sample.

Figure II. 28. A. - Marinelli type beakers filled with each sample. B - high-resolution gamma-ray spectrometer

of Radioactivity Laboratory (University of Coimbra).
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[1.10. Water content

The wetness degree in the sediment was measured, and the average wetness during the whole
burial history of the sample was estimated, to minimise the error on the age estimate. In this study,
the deposition's moisture was variable due to the environmental changes and the fluvial and filling
process. The effect of estimated water content to the sample age was considered. For this purpose,
the sample was dried by the natural environment, crushed and quartered to obtain the necessary
amount of sediment. The sample was weighed, and water was added until the entire interstitial space
be completed. After that, it was reweighed against the water, and the value was recorded. Water
contents (W%) were estimated by the difference in mass in the sample with water and after dried for
a week in an oven at 50 °C.

Water in the sediments absorbs part of the radiation that would reach the grains, so the dose rate
in the sediment containing water is less than that when it is dry, and if this effect is not take in
account, may cause inaccuracies in the age calculation. In the DATA program (an ESR age
calculation software), the calculation of water attenuation coefficients is according to the formula of
Griin (1994).
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CHAPTER Ill. ELECTRON SPIN RESONANCE DATING OF THE
CULMINANT ALLOSTRATIGRAPHIC UNIT OF THE
MONDEGO AND LOWER TEJO CENOZOIC BASINS (W
IBERIA), WHICH PREDATES FLUVIAL INCISION INTO
THE BASIN-FILL SEDIMENTS

Adapted from: Electron spin resonance dating of the culminant allostratigraphic unit of the Mondego and

Lower Tejo Cenozoic basins (W Iberia), which predates fluvial incision into the basin-fill sediments
Gouveia, M.P., Cunha, P.P., Falguéres, C., Voinchet, P., Martins, A.A., Bahain, J.J., Pereira, A. 2020.
Accepted: 14 November 2019

Abstract

The Cenozoic basins of western Iberia have a culminant allostratigraphic unit (referred as UBS13)
which records the beginning of Atlantic drainages and predates the stage of fluvial incision that led
to the development of the present drainage networks. However, the available numerical dating is
quite limited and restricted to the lower-level deposits. Therefore, this study uses for the first time
the electron spin resonance (ESR) method to date this culminant unit in the Mondego and Lower
Tejo Cenozoic basins of Portugal. The depositional age of this unit is supposed to lie between c. 3.8
Ma (basal deposits) and, probably, c. 1.8 Ma (top deposits). The Al centre provided reliable ESR
data. According to the results obtained and considering the existing independent dating of the Vale
Farpado site (3.8-3.6 Ma), the ESR ages obtained for the UBS13 basal deposits (3.0 to 2.3 Ma)
underestimate the probable burial age. The ESR ages (Al centre) obtained for the UBS13 top deposits
indicate a very probable age of ¢. 1.8 Ma, even if the ESR age of some of the studied samples may
underestimate their burial age. Thus, this result assumes an international relevance, as it constitutes
the first numerical age obtained for the uppermost levels of the Cenozoic basins of the western Iberia,

which predate the stage of fluvial incision in response to the Atlantic Ocean base level.

Keywords: ESR dating; transition infill/dissection; Pliocene; Lower Pleistocene; western Iberia.
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I11.1. Introduction

For the foreseeable future, the forecast of an increased intensity of global warming raises concern
about sea-level rise, as the primary outcome of the melting process of large fractions of Greenland
and Antarctica ice sheets. Despite its apparent novelty, there have been previous warming periods in
geological time, as in the interglacial periods, (Roucoux et al., 2006; Jiménez-Moreno et al., 2010;
2019) which offer guidance for understanding the magnitude of a possible sea-level rise in the future.
In this context, the Iberian Western Margin preserves a good record of glacial-interglacial climate
change (Pedoja et al., 2018). Furthermore, the Pliocene represents the final shift from warmer
paleoclimates, to the glacial-interglacial periods of the Quaternary (e.g. Dowsett et al., 2012; Loutre
and Berger, 2003) and the Western Iberian Margin is an excellent natural laboratory for exploring
coastal to fluvial Earth systems.

Climatically, the Pliocene can be divided into two periods, Early and Late, the first with the
warmest temperatures, centred at c. 3.7 Ma, and subsequent climatic cooling during the Late Pliocene,
resulting in a high-magnitude climate variability, pre-empting the Pleistocene glacial/interglacial
cycles (Haywood et al., 2011). In general, the Pliocene represents an accessible example of a world
that is similar in many respects to what models estimate that Earth could become in the future (Jansen
et al., 2007; Haywood et al., 2011; Raymo et al., 2011). Moreover, the Mid-Pliocene is sufficiently
recent for the continents and ocean basins to have nearly reached their present geographic
configuration.

A major research line of global-scale reconstruction has been focused on atmosphere—ocean
interaction (Lisiecki and Raymo, 2005; Roucoux et al., 2006; Rodrigues et al., 2011). However,
terrestrial records also offer a promising alternative proxy data, providing relevant insights to
understand the climatic and environmental changes that occurred during the Pliocene and Pleistocene
(e.g. Rodrigues et al., 2011; Salzman et al., 2013; Rohling et al., 2014; Haywood et al., 2016;Panitz
etal., 2016).

The location of the Cenozoic basins of western Iberia, near the East Atlantic margin (c. 40° N
9°W), has a significant geological importance, as it allows the use of detailed sedimentary and
biostratigraphic information, critical to the study of the major tectonic, climatic and eustatic events
affecting the North Atlantic margin (Martin et al., 2009; Cunha et al., 2016). Western Iberia, due its
geographic position, transitional between Northern Europe and Africa, and part of the Western
Mediterranean environment, is a strategic area for the analysis of the processes associated with
climate variability in different regional contexts.

In the Mondego and Lower Tejo Cenozoic basins, located in Portugal, (Fig.1) the
allostratigraphic unit UBS13 (Upper Pliocene - Lower Pleistocene; Cunha, 1992a, 1992b) is
culminant unit of the sedimentary infill and consists of marine and continental sediments (e.g., Cunha
et al., 1993; Pais et al., 2012; Cunha, 2019).
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Figure III. 1. Study area, comprising the sampled sites (red circles) of Barracdo (Pombal) and Sr.” Vitoria
(Marinha Grande), in the Mondego Cenozoic Basin (MCB), and of Rio Maior, in the NW margin of the Lower
Tejo Cenozoic Basin (LCTB and the respective table with the geographical coordinates of the sampled sites;

W.M.T — Western Mesozoic Terrains; P.C.R. — Portugal Central Range (modified from Silva et al., 2010).

The base of UBS13 is a sedimentary discordance recorded in the Iberian Cenozoic basins and
1993). The top of the

UBS13 unit, which records the reversal of the sedimentary basin infilling and the beginning of fluvial

resulting from a tectonic phase at ¢. 3.7Ma (e.g., Cunha, 1992b; Calvo et al.,

incision (Cunha 2 019). The later incision stage is mainly recorded by Pleistocene marine and fluvial
terraces that are inset into the culminant surface to lower levels than that of the UBS13 unit.

Notwithstanding this, the chronostratigraphic framework of the UBS13 unit needs to be
significantly improved. For the basal deposits of UBS13, the chronological data are supported by
biostratigraphy based on calcareous nannofossils and molluscan assemblages from the Vale do
Freixo site (near Carnide; Mondego Cenozoic Basin), which indicate for this basal level an age of c.
3.65 Ma (Cachao, 1989, 1990). However, some pectinid shells from the same level, analyzed for
87S1/86Sr isotopes, were dated to 3.79 £ 0.27 Ma (Silva, 2001) and 4.38 + 0.27 Ma (Silva, 2010.
Moreover, in the Mondego and Lower Tejo Cenozoic basins are persist other sites containing the
lowermost deposits providing mollusc shells ascribed to the Late Pliocene, such as Praia da Vitoria,
Aguas Santas (Choffat, 1889, 1903; Dollfus and Cotter, 1909; Cachao, 1989; Silva, 2001), Alfeite
(Dolfus and Cotter, 1909), Fonte da Telha; (Zbyszewsky, 1943), Carnide, Vale Cabra and Vale
Farpado (Teixeira and Zbyszewsky, 1951; Rocha and Ferreira, 1953).

49

Electron Spin Resonance dating of marine and fluvial terraces of central Portugal



In contrast, the age of the UBS13 uppermost deposits is supported only supported by (i) a
palacomagnetic study at Rio Maior (Lower Tejo Cenozoic Basin, which at observed a major
magnetostratigraphic reversal assimilated to the Gauss — Matuyama boundary (2.58 Ma) at a
stratigraphic level located c. 17 m below the top surface of the unit (Diniz and Mérmer, 1995), and
(i1) a probable age estimate of c. 1.8 Ma, obtained by extrapolation based on dated terrace staircases
of the Lower Tejo and Mondego Cenozoic basins (Cunha et al., 2016). Cosmogenic dating (burial
isochron) was used previously to date the UBS13 at the Alvalade Cenozoic Basin, namely at Vila
Nova de Mil Fontes (c. 4 Ma; Ressurreicdo, 2018) and Sagres promontory (c. 1.8 Ma; Figueiredo,
2014). Palynological studies also proposed the latest Zanclean to Gelasian age for the aggradation
interval of UBS13 (Diniz, 1984; Vieira, 2009, 2018).

The present work uses ESR dating of samples collected from the UBS13 unit, being the first
attempt using this palacodosimetric method for Late Pliocene to Gelasian deposits in Iberia. In
Portugal, a single previous study used ESR dating on terraces of the Lower Tejo River (Rosina et al.,
2014). The aims of this study are (i) to obtain ESR ages from the uppermost and basal sedimentary
deposits of the allostratigraphic unit UBS13 in selected outcrops of the Mondego and Lower Tejo
Cenozoic basins (in coastal and inland SW sectors), (ii) to verify if the age of the UBS13 is identical

both in the two basins and (iii) to provide an ESR age for the beginning of incision.

[11.2. Geological setting

During Lutetian times, in western Iberia, the Pyrenean orogeny started to generate the Mondego
Cenozoic Basin and the Lower Tejo Cenozoic Basin (e.g., Cunha, 1992a, 2019; Pais et al., 1992).
Until the middle Tortonian (c. 9.6 Ma), their evolution was marked by the slow and gradual erosion
of the Hesperian Massif, under continuous tectonic deformation and climatic conditions (semi-arid
to subtropical climate with long dry season) that favoured the planation of the basement and the
transport of feldspathic sands to the basins. In the Late Miocene, the climate was hot with strong
inter-seasonal amplitude, and the sedimentation was expressed by endorheic and alluvial fans at the
scarps foots of active faults (Cunha et al., 2019).

According to the records of fossil pollen content of the UBS13 sedimentary succession (Diniz,
1984, 2003; Vieira, 2009, 2018; Pais, 2010; Vieira et al., 2017), the hot and wet climate prevailed
during the latest Zanclean and the Piacenzian, with little seasonal contrast and precipitation that
should exceed 1000 mm per year in the less hot seasons. The pollen content in the upper part of the
succession records a transition to a less forested environment and cooler climate during the Gelasian.

A marine incursion took place on the Atlantic coast of Portugal during the latest Zanclean —
earliest Piacenzian, reaching inland areas located c¢. 28 km from the present coastline (e.g.
Zbyszewski, 1949; Teixeira and Zbyszewsky, 1951, 1954; Teixeira, 1979; Ferreira, 1981; Cunha,

1992, 2019; Cunha et al., 1993; Ramos, 2008).
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This incursion can be related with a high eustatic sea level of 40-60 m above the present sea level
(a.s.l.) (Dowsset et al., 1996) or 20-25 m (Miller, 2005, 2011). During the following high-stand sea-
level conditions, a large shallow sandy littoral zone developed, with fan-deltas environments sourced
by an abundant siliciclastic sediment supply. In the Mondego and Lower Tejo Cenozoic basins, the
main fluvial drainage axes became the ancestors of the modern rivers (Pais et al., 2012).

According to Cunha et al. (2012, 2016), the incision stage began by 1.8 Ma (Gelasian-Calabrian)
when the climate became colder, with the regional tectonic uplift due to Iberia-Africa convergence
(Cunha et al., 2012, 2016; De Vicente et al., 2011, 2018) and the custasy (sea level-lowering)
constituting primal determinants for the progressive evolution of the river systems draining to the
Atlantic Ocean, (strong incision, regressive erosion and stream piracy).

Onshore, the Mondego Cenozoic Basin is c. 180 km large and extends inland ca. 90 km (Fig.
III.1). In general, the UBS13 unit (Pliocene and Lower Pleistocene) is well represented (Fig.I11.2)
with, approximately, 20 m of thickness at south of the Mondego River, but syn —depositional tectonic
activity was responsible for local tilting, vertical fault displacements and the development of fault

bounded small sub-basins where this units can reach a thickness of 40 -70 m.
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Figure I11. 2. Geology of western Central Portugal with the location of the sampled sites (Geology adapted
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In the region, the UBS13 sequence unit is generally composed of shallow marine sediments,
nearshore sediments and continental sediments documenting a regressive succession that comprise
three lithostratigraphic units (Barbosa, 1983; Cachao, 1989; Cunha, 1992a; Cunha et al., 1993, 2009;
Ramos and Cunha, 2004; Ramos, 2008) (Fig. I111.3):

1 - Carnide Formation, consisting of a lumachella followed by fine to very fine yellowish silty
micaceous sand, of marine sublittoral environment; some levels of well-rounded pebbles are
interbedded with a low angle, planar stratification coarse sands, of beach face environment.

2 - Roussa Formation, composed by medium to fine whitish sands, with large scale planar or
trough cross-stratification, of deltaic environment.

3 — Barracdo Group, consisting of clays intercalated with sands (palustrine) to sands and gravels
deposits (upper fan-delta and fluvial environments) (Cunha et al., 1993; Ramos, 2008; Pais et al.,
2012; Dinis and Oliveira, 2016). The Barracdo Group has a tabular geometry, with its thickness
increasing gradually towards the west. Syn-depositional tectonics seems to have been responsible for

local variations in thickness (up to 40—70 m) and facies.
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Figure III. 3. Schematic geological cross-section through the uppermost part of the Mondego Cenozoic
Basin infill, showing the lithostratigraphic units that constitute UBS13. Legend: 1- alluvial silts and clays;
2 - marsh and swamp sediments (sands and silty clays); 3 - alluvial sandstones; 4 - marine sandstones;
5 - alluvial gravels and sands; 6 - Mesozoic and Cenozoic substratum; 7- metamorphic rocks; 8- Lousa

fault; 9 - discontinuity (adapted from Cunha et al., 1993).
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Figure III. 4. Schematic geological cross section of the upper part of the Lower Tejo Cenozoic Basin,
showing the lithostratigraphic units that comprise the UBS13 on this section. Legend: 1- alluvial silts and
clays; 2 - marsh and swamp sediments (sands and silty clays); 3- fluvial sands; 4 - marine sandstones; 5
- alluvial gravels and sands; 6 - Mesozoic and Cenozoic substratum; 7- granitic basement; 8-

metamorphic basement (adapted from Cunha et al., 1993).

[11.3. Material and methods
111.3.1. Field Work

Selected outcrops of the UBS13 unit were studied in detail to improve the characterisation of the
local stratigraphy and sedimentology. Fieldwork included stratigraphic logging and sedimentological
characterisation of the sediments in order to obtain data on the depositional facies, including sediment

colour, texture and clast lithological characterisation.
The Barracao site

At a claypit (39°49°N; 8°43°W) located near the village of Barracdo, the culminant basin-fill unit
UBSI13 is formed by a succession of continental deposits: overlying Miocene mudstones, an
alternation of 0.5 — 1 m thick beds of sand and silts (sometimes organic and containing fossil timber)

grade upwards to fluvial gravels (Fig. III. 5 A; Fig. IIL. 6 A, B).
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Figure III. 5. Stratigraphic logs of UBS13 at the studied sites (Barracdo claypit, Sr.* da Victoria beach
outcrop and Azenheira village sandpit - near Rio Maior). The locations of the samples collected for ESR dating
are indicated (black squares). Legend: 1 — Siltite; 2 — Sand; 3 — gravel; 4 — Clay; 5 - Substratum, faulted and
brechiated limestones; 6- Well sorted and laminated, fine to very fine yellow sands rich in quartz and mica
(marine to sublittoral) — Carnide Formation; 7 - Small channel filled gravelly coarse sand containing quartz
and quartzite clasts — fluvial; 8 - Late Pleistocene sand dunes — aeolian formation; 9 - Medium to fine whitish
sands, with large scale planar or trough cross stratification - delta front (Roussa Formation); 10 - Lumachella
levels - interbedded in fine and medium sands ; 11 - Holocene sand dunes — acolian; 12 - discontinuity. Layers

colours are according to Munsell Soil classification. (A and B adapted from Cachdo 1989, Ramos and Cunha

2004).
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Locally, the base of the unit comprises a sequence of very coarse sands, gravels and grey silts
with a thickness of ¢ 3 m. Immediately above, a thin layer of greyish silt passing upwards into
medium to fine yellow sands with c. 4 m thickness. This well-sorted sand is interspersed with a layer
of coarser sand. The sequence continues with an alternation of coarse-grained yellow sands with
concave cross structures (St) and thin dark grey silts. In the middle part, the sands have a larger clay
fraction and are better sorted. In the upper part, whitish sands and gravels include round and angular
quartz and quartzite clasts. Two samples were collected for ESR dating respectively, near

(approximately 6 m above) the base and close to the uppermost of the UBS13 succession.

The Sr.a da Vitoria beach

At Sr.a Victoria beach (39°42°N; 9°3°W), the UBS13 unit contacts directly with upper Triassic
to Hettangian evaporitic marls and silty clays, having been significantly folded and fractured
(Choffat, 1889; Cachao, 1989; Ribeiro, 1998; Ribeiro and Cabral, 1998; Ramos, 2008; Cabral et al.,
2018). The Carnide and Roussa formations are folded into a broad syncline. The syncline is truncated
in the upper part of the beach cliffs (at a height of ca. 25 m a.s.l.) by a Late Pleistocene (c. 40—30 ka)
unit of aeolian sands (Benedetti et al., 2009), followed by a cover unit of Holocene aeolian sands
(Fig. I1L. 6B).

Here unit UBS13 is c. 22 m thick. The presence of fine yellow sands, laminated and rich in
muscovite at the base, reflects a calm environment (Carnide Formation, c. 12 m thick), (Fig. IIL. 5
B); the uppermost part of the UBS13 unit consists of thin beds of coarse sands with some mica, while
above there are layers of whiter sands intercalated by thin beds of reddish silt and fine to coarse
yellow sands (Roussa Formation) (Fig. III. 6B, Fig. III. 6C, D). In this study, two sediment samples
were collected for ESR dating, from near the base and close to the top of UBS13.

The Azenheira (Rio Maior) site

At Rio Maior (39°19°N; 8° 55°W), the UBS13 unit is thick (up to 120 m), and comprises (from
the base to the top) kaolinitic fine white sands followed by yellow gravelly sands, passing into
medium sands and lignites intercalated with diatomite. Its uppermost part is composed of sandy-clay
deposits with some gravelly layers (Zbyszewski, 1943, 1967; Pais et al., 2010).

A large sandpit located near the village of Azenheira (Fig. III. 1) was sampled for ESR dating.
Sample RMAII was collected 18 m from the top of the UBS 13 unit and RMAI2 c.3 m from the top
of the outcrop (Fig. III. 6 E, F).
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Figure III. 6. Sections from which the six sediment samples for ESR dating were collected (symbols: circle
and arrow) at the Barracdo site (A, B), Sr.a Vitoria Beach (C, D) and near Azenheira (Rio Maior, E, F).
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[11.3.2. Electron spin resonance dating method

Electron spin resonance dating is a palacodosimetric method, i.e. the sample is used as a dosimeter
for dating, having recorded the total radiation dose received since the event of interest, namely the

time of deposition of quartz grains within the sediment (Griin, 1989; Ikea, 1993).

Since the end of 1960s, this method has been used to date materials such as tooth enamel
(Falgueres et al., 2015), fish scales, aragonite and calcite in corals, molluscs, travertine, marine and
continental carbonates (Bahain et al., 1995, 2007), as well as quartz from ash and fluvial deposits,
and some flints (Ikeya, 1994; Falguéres and Bahain, 2002). The dating of quartz by ESR was
proposed in the early 1970s (McMorris, 1971) based on the presence of diverse paramagnetic ESR
centres in its structure with the first sedimentary quartz dating undertaken by Yokoyama et al. (1985).
ESR dating of quartz is considered one of the best methods able to produce numerical ages for older

formations.

The age calculation implies the determination of two main parameters: the total dose (TD), also
referred to as the paleodose or equivalent dose (De), and the dose rate (Da), which is an estimation
of the mean dose annually absorbed by the sample. The radiation causes a charge to be trapped at

defects in the crystal lattice.
T
TD = da(t).dt (13)
0

where TD is the equivalent dose of radiation received by the sample over time, da is the annual
dose rate of natural radiations and t the age of the sample.

Th

e total dose TD is proportional to the concentration of trapped electrons in the sample and so to the

ESR signal intensity.
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Three paramagnetic centres are frequently used as potential dosimeters of ionising radiation: the
Germanium centre (Ge), the Aluminium centre (Al) and the Titanium centre (Ti). Each centre has
different characteristics (e.g. differences in optical bleaching kinetics and/or radiation sensitivity), so
it is useful to combine studies of more than one centre (e.g. Al-Ti centres are usually present in most
of the quartz grains) in the same investigation to evaluate the reliability of the De obtained (Toyoda
et al., 2000; Rink et al., 2007; Tissoux et al., 2007; Duval and Guilarte., 2015).

Exposure of the quartz grains to sunlight leads to a release of trapped electrons and the zeroing of
the corresponding ESR signal (known as optical bleaching). Concerning the Al-center in the quartz
structure, this is not fully bleached during exposure to sunlight and thus corresponds to a ‘residual’
ESR signal at the time of deposition of the quartz grains after their transportation. It is, therefore,
necessary to determine this residual dose and to subtract it from the total dose, in order to determine
the dose accumulated after the deposition of the unit under consideration. According to Voinchet et
al. (2015) the bleaching quality of quartz is dependent on the selection of grain size fractions and the

identification of transportation modes, especially about the Al centre (Al).

ESR is a dating method that has a considerable time-range potential, c. 30 ka to 2—5 Ma (Voinchet
et al., 2010). The ESR signal correlated with the Al centre usually has a high radiation-saturation
level and thermal stability (e.g. Toyoda and Ikeya, 1991; Duval, 2015) so that it could be used to date
Lower Pleistocene (e.g. Rink et al., 2007; Duval et al., 2015), or even older materials (Laurent et al.,
1998). In this context, ESR dating of optically bleached quartz has the potential to yield reliable

numerical ages for the UBS13 sedimentary unit.

111.3.3. Sediment samples

Six sediment samples were collected for ESR dating during 2016 and 2017, at approximately the
base and top of the UBS13 unit, at the Barrac@o, N. Sr.a Vitdria beach and Azenheira (Rio Maior)
sites (Fig. III. 1).

After careful cleaning of each section, a sediment sample of around 1 kg was collected in an
opaque and watertight tube to prevent light exposure and loss of sediment. Systematic in situ gamma-
ray measurements were performed for each sediment sample, using a portable gamma spectrometer
(Canberra Inspector 1000 coupled with a 1.5*1.5 inch NaL(Tl) probe) to evaluate the y dose rate
(Mercier and Falguéres, 2007), calculated according to Guérin et al. (2011). For external dose rate
(D) analyses and evaluation of water content, around 1 kg of sediment was collected from the ESR
sampling point and bagged for High-Resolution Low background Gamma-ray Spectrometry in the
Laboratory of the Muséum National d’Histoire Naturelle (MNHN, Paris, France) and the Laboratory
of Natural Radioactivity of the University of Coimbra.
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111.3.4. Samples preparation

Quartz grains were extracted from sediment by chemical analyses. Quartz grains were sieved to
separate the 100-200 pum fraction (cf. Voinchet et al. 2003).

Sample preparation for ESR analyses was carried out in darkroom conditions, at the Department
of Earth Sciences of the University of Coimbra following the protocol proposed by Voinchet et al.
(2003). Material from both ends of the tubes was discarded (not used for paleodose measurements).
Samples were wet-sieved to separate the 180-250 pm grain-size fraction and rinsed using HCI (10%)
and H202 (10%) to remove carbonates and organic matter, respectively. Heavy minerals and the K-
feldspar fraction were removed using a heavy liquid solution of sodium polytungstate (r=2.72 g/cm3
and r =2.58 g/cm3, respectively). Then magnetic minerals were eliminated using a powerful magnet.
The quartz fraction was treated with 40 % HF for 40 min to remove the remaining feldspars and the
outer parts of quartz grains. After etching in this way, the fraction was treated with HCI (10 %) to

dissolve any remaining fluorides. Each quartz sample was divided into 12 aliquots.

I11.4. ESR measurements

The Multiple Aliquots Additive (MAA) dose approach for dating quartz grains was applied. Ten
of these aliquots were irradiated with a calibrated 137Cs Gammacell-1000 gamma source (dose rate=
200 Gy/h) at different doses ranging from 150 to 20.000 Gy, carried out at CENIEH (Burgos, Spain).
Each series of 12 aliquots was measured for ESR low—temperature cavity (107—109 K) using a
Bruker EMX spectrometer at MNHN. One aliquot was kept as a natural reference, and one aliquot
was illuminated for 1000 h in a Dr Honhle SOL2 solar simulator to determine the unbleachable part
of the ESR-ALI signal (cf. Voinchet et al., 2003).

The intensity of Al signal was evaluated from peak-to-peak amplitude measurements between the
top of the first peak (g=2.0185) to the bottom of the 16th peak (g=2.002) of its hyperfine structure
(Toyoda and Falgueres, 2003). Details of the experimental conditions employed for the Al and Ti
centres are provided in the supplementary material. The angular dependence of the ESR signal was
taken into account, measuring each aliquot three times after a 120° rotation in the cavity. This

protocol was repeated 2 to 4 times over distinct days to check the reproducibility of the Al signal.

The ESR intensity for Ti — Li centre was measured from peak to baseline amplitude around
g=1.913-1.915 (option D) according to Duval and Guilarte (2015), with an excellent dose-response
to irradiation. The Ti centre showed a complete resetting of the ESR signal after the artificial
bleaching.
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A mean ESR intensity value and a standard deviation were derived from all the measurements
and also used to evaluate the precision of the ESR data obtained from each centre (available in
supplementary material).

The equivalent dose (De) was then determined by subtraction of the residual intensity evaluated
through the maximum bleaching value from the total dose, which was obtained by an Exponential
fitting function and with a single saturating exponential function (SSE) (for details see Voinchet et
al., 2013), using the Microcal Origin Pro 8.1 software and weighted by the inverse of the squared
ESR intensities, 1/12 (cf. Yokoyama et al., 1985).
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Figure III. 7. Examples of D, curves obtained from the Al centre of BAR1, RMAII, PVIT2 and D. curves
obtained from the Ti-Li centre of BAR 2. Errors in every point correspond to the three measures standard

deviation (see Table I1ISM.2).

l11.5. Dose rate evaluation and age calculation

Radioelements contents (U, Th and daughters, and K) were determined by high-resolution low-
background gamma-ray spectrometry to derive external alpha and beta dose rate components using

the dose-rate conversion factors from Guérin et al., (2012).

6l

Electron Spin Resonance dating of marine and fluvial terraces of central Portugal



The dose rate D is expressed as D = D¢ + Doyt + Deosmic (14)

where D, Dipn¢, Doy and D.osmic are the total, internal, external and cosmic dose-rate components,
respectively (Duval et al., 2017).

The grain thickness removed after HF etching was assumed to be 20 pum so that the external alpha
contribution was considered to be negligible because these particles only penetrate about 25 um in
the mineral. Values were corrected for a and  attenuation of spherical grains (Brennan et al., 1991;
Brennan, 2003). Water content was determined by measuring the difference in mass between the
natural sample and the same sample dried for one week in an oven with the water attenuation
correction based on Griin (1994). The cosmic dose rate was determined according to Prescott and
Hutton (1994), based on the altitude, latitude and longitude of each section.

In the age calculation, the annual dose rate (Da) was calculated from the radionuclide activity in
the sediments, taking into account both in situ and laboratory gamma-ray spectrometry measurements
(see Table I1ISM.4).

I11.6. Laboratorial characterisation of texture and
mineral composition of the samples

111.6.1. Grain-size analysis

Grain-size analyses of sediment samples were carried out by integration of the following: (i) for
the fraction > 63 pm, sieving with a sieve tour with 2 @ increments, and (ii), for the fraction < 63
um, by using a Beckman Coulter LS230 laser granulometer (measurement range of 0.04 to 2 000
um). Visual inspection of grain-size distribution curves allowed the identification and interpretation

of unimodal or multimodal subpopulations.

111.6.2. Mineral composition

Analyses of sediment composition were based on binocular microscope observation and X-ray
powder diffraction (Department of Earth Sciences, University of Coimbra) using a Philips PW 3710
X-ray diffractometer with a Cu tube, at 40 kV and 20 nA. The mineralogical composition of the <2
um fraction was obtained in oriented samples before and after ethylene glycol treatment and heating
up to 550 °C. The percentages of the clay minerals in each sample were determined through the peak
areas of mineral presence, with the use of specific correction parameters.
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111.7. Results

111.7.1. Texture and mineral composition of the samples

From the Barracao site, the samples BAR1 and BAR2 have light grey (10 YR 8/1) and light
yellow (10YR 8/3) colours, respectively. The mean grain size of BARI1 is dominated by medium-
coarse sand, is 0.39 mm. The average grain-size fractions and parameters (Table 1) consist of 84%
sand, 5% silt and 1% clay, very fine skewed (1.36), leptokurtic (6.01) and poorly sorted (1.88). BAR2
is a medium to coarse sand, with average grain — size components of 72% sand, 13% silt and 6% of
clay. The mean grain size is c. 0.28 mm, very poorly sorted (3.04) and mesokurtic (3.66) with very
fine skewed (1.36) distribution. The clay-mineral composition of this sample (Table 2) is dominated
by kaolinite, followed by illite, although the sample collected at the base of the UBS13 (BARI1) has
a higher illite percentage (30%) than that BAR2 from the top (11%). The sand fraction is composed
of quartz, quartzite and feldspar detrital grains.

From the N. Sr.a Vitoria site, samples PVIT1 and PVIT2 have a light grey (10 YR 8/3) and light
yellow (10 YR 8/2) colour, respectively. PVIT1 is fine sand composed of quartz hyaline and
phyllosilicates (muscovite), with a mean grain size of ¢. 0.13 mm. The average grain-size fractions
are 82% sand, 15% silt and 1% clay (Table 1); it is moderately well sorted (1.46), very fine skewed
(1.88) and very leptokurtic (7.55). The clay fraction is composed of smectite (54%), illite (37%) and
kaolinite (8%). PVIT2 is medium sand, comprising quartz (50%), feldspar (30%), phyllosilicates
(15%) and oxides (5%), with average grain — size components of 93% sand, 5% silt and 2% of clay.
The mean grain size is ¢. 0.31 mm, poorly sorted (1.51) with very fine skewed (3.33) distribution
and very leptokurtic (15.04). Clay minerals present (Table 2) are kaolinite (70%) and illite (30%).

Regarding the samples collected from the Azenheira site (Rio Maior), the light grey (10YR 8/2)
colour samples RMAI1 and RMAI2 are fine and medium sands (mean grain size c. 0.17 and 0.28mm,
respectively), both being poorly sorted (1.44; 1.95), very leptokurtic (12.59) and leptokurtic (5.66),
very fine skewed (2.98) in the case of RMAII and fine skewed (1.11) for RMAI2 (Table 1). On
average, the sediment comprises 92% sand, 6% silt and 2% clay (RMAI1) and 74% sand, 14% silt
and 6% clay (RMAI2). The sand minerals present are quartz, feldspars, with phyllosilicates (e.g.,
muscovite) and iron oxides. The clay fractions (Table II1.2) in RMAI1 and RMAI2 (respectively),
comprise kaolinite (91/71%) followed by illite (9/19%).
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Table III. 1. Descriptive and statistical analyses of grain size parameters.

Sample Gravels (%) Sand (%) Silte (% Clay (% Fines (% Mean . . Median Mode S.Deviation . . Skewness . . Kurtosis . .
classification classification classification classification
code >2mm  2mm-63un 63-4pum <4pm <63um (mm) mm) (mm) value value value
BAR 1 9.81 83.59 507 1.15 6.6 0387 m.sand 0.355 0.25 1.99 poorly sorted 1.36  ver.fin. skew.  6.01 leptokurtic
BAR 2 5.37 72.37  13.16 6.04 19.2  0.275 m.sand 0.5 0.71 3.04 very poor.sort.  1.37  ver.fin. skew.  3.66 mesokurtic
PVIT 1 <l.d. 8224 1452 1.09 0,00 0.131 finesand 0.125 0.18 1.46 poorly sorted 1.88  wver.fin. skew.  7.55 ver. leptok.
PVIT 2 <l.d. 92.89  4.63 1.53 0,00 0.306 m.sand 0.355 0.355 1.51 poorly sorted  3.33  ver.fin. skew. 15.04  ver. leptok.
RMAI 1 <l.d. 92.044 574  1.88 7.95 0.166 fine sand 0.18 0.18 1.44 poorly sorted 298  ver.fin. skew. 12.59  ver. leptok.
RMAI2 <l.d. 74.15 13.81 576 19.57 0.284 m.sand 0.09 0.09 1.95 poorly sorted 1.11 fine skewed 5.66 leptokurtic

<l.d. - limit detetion; m.sand- medium sand;m.coar.sand- medium coarse sand

Table III. 2. Clay mineralogy and clay percentages of the samples collected at the Barracdo, N.S.a da Vitdria and Azenheira sites.

Laboratory code Ilite (%) Kaolinite (%) Smectite (%)
BAR 1 30 70 <Id

BAR 2 13 87 <ld

PVIT1 37 8 54

PVIT 2 30 70 <ld

RMAI 1 9 91 <ld

RMAI 2 19 71 <ld

<l.d. - limit detetion
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111.7.2. ESR dating of optically bleached quartz grains

The ESR analytical data are listed in Tables 3 and 4. The Ti—Li centre signal intensities of quartz

grains were determined only for top layers.

Table III. 3. Sample information, external B dose rate, dose rate in situ, cosmic dose and bleaching.

Cosmic
Laboratory External B
UBS 13 Dy in situ dose rate BI1 (%)
code dose rate (Gy/Ka) (Gy/Ka)
a a
(Gy/Ka) y y
Barracio - base BARI1 0.344 £ 12 0.339+20 0.021+0.001 54+1.5
Barracio - top BAR2 0.426 + 12 0.516 £ 26 0.155+0.008 60+2.7
Sr.? Vitoria beach -
PVIT1 2.565+21 1.137 £ 57 0.023+0.001 50+0.5
base
Sr.” Vitoria beach -
¢ PVIT2 0460+ 11 0.241 £ 12 0.068+0.003 62+2
op
Rio Maior - base RMAI1 0.576 + 14 0.332+17 0.0025+0.001 62+1.4
i jor- + + +
Rio Maior- top RMAI2 1.114+ 17 1.267 £ 63 0.10940.005 60+2

The final De values for each sample were calculated from the average ESR intensity values, with
the errors for each point corresponding to the nine measures. The relative bleaching component values
(Table II1.3) vary within a narrow range (around 60 = 5%), suggesting similar bleaching conditions for
all samples, which is a finding consistent with previous observations (Voinchet et al., 2007; del Val et
al., 2019). The quality of fit is good overall for these samples, with adjusted r2 values of > 0.98.

According to Duval (2012), the reliability of the fitting results obtained from the Al centre should
be questioned if the relative errors for the fitted parameters are >25%. All studied samples have relative
De errors of less than 14%.

For the Ti centre, the De obtained in this study had a high quality of the fit, with adjusted r2 values
> 0.99 and relative errors < 50%, as described by Duval and Guilarte (2015), except for PVIT2 (Table
4). In the studied samples, younger ages were obtained using the Ti centre than using the Al centre,
except for BAR2. The De obtained for samples from Rio Maior (RMAI2), and S* da Vitoria (PVIT2)
was similar (Table I11.4).

Radionuclide activity values, (with y dose measured in situ and in the laboratory) provide consistent
results at 1o (Table SM 111.4).
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The ESR - Al age obtained for the base of UBS13 at the Barracao site (BAR1) is 2188+73 ka. The
age estimates for the top of UBS13 at Barracdo (BAR2) are 417+35 ka and 517+19 ka, for the Al and
Ti—Li centres, respectively. As described above, the Ti—Li signal saturates with lower doses (see Fig.
[I1.7.1V) than the Al signal. For Bar 2, only eight aliquots could be well fitted with the ESR Al centre.

From the N.S. ® da Vitoria beach site, the ESR age of the lower sample (PVIT1) collected at the base
of the Carnide Formation provided an ESR—AI age of 6324241 ka, which greatly underestimates the
probable burial age. This is probably due to an anomalous annual dose rate value (Table 4) because the
De is much higher than in the sample collected at the top (PVIT2) and the fitted curve of the ESR signal
intensity showed the behaviour described by Voinchet et al., (2013) for old sediment samples. It will
need more investigation to understand the behaviour of the environmental radiation dose in this basal
part of the UBS13 unit at this site and the parameters that compose it (U, Th, K).

The ESR age of the PVIT2 sample, collected near the top of UBS13, is 1988 + 121 ka based on the
Al centre and 1599 + 60 ka based on Ti-Li centre (Table II1.3).

The lower sample collected at Rio Maior (RMAI1) gave an ESR age of 2894 + 314 ka, based on the
Al centre.

The sample (RMAI2), De of 1839 + 174 Gy from the Al centre had a well-fitted, and defined curve
(SSE fitting curve) and the total annual dose of 2515 £ 71 puGy/yr resulted in a final ESR age of 731+
69 ka. From the Ti—Li centre, the ERS age obtained was about 33% lower (Table 111.4) and also seems
to be underestimated. However, the De in Ti—Li centre is similar for the samples PVIT2 and RMAI2,
but in RMAI2, with a high dose rate, the ESR Ti age obtained is much younger than for PVIT2

notwithstanding the same geological context.
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Table III. 4. Sample information, dosimetry and ESR age from the Al and Ti centres. Depth from which sample

was taken is given in (m) below the outcrop top. Field water content was calculated as mass water/mass*100%.

UBS 13 Barracao Barracao Sr.” Vitoria Sr.? Vitoria Rio Rio Maior
Unit Base Top beach Base beach Top Maior Base Top
Laboratory
d BARI1 BAR2 PVIT1 PVIT2 RMAI1 RMAI2
code

Depht (m) 36 1.5 21 8 17 3.6
Elevation

160 190 4.5 21 73 87.5
(m)
Grain size

250-180 250-180 250-180 250-180 250-180 250-180
(nm)
Water
Content 12 21 25 18 22 22
(%)
38U (ppm) 2.10+0.07 1.95+0.07 1.54 £ 0.087 0.61 +£0.06 0.93 +£0.065 3.97 £ 0.096
232Th (ppm)  3.78 £ 0.09 8.13+0.11 6.66+0.14 1.14 £0.08 2.21+0.09 17.32+0.16
YK (%) 0.10+0.01 0.20 £ 0.006 4.82+0.02 0.87+0.02 0.84 £0.01 0.96 +0.02
Da (total)

. 713 £26 1110 +31 3734 £ 63 772 £18 938 +24 251571

(nGy.a™)
De Al

1561 +49 458 £ 35 2360 + 900 1534 £92 2713 +293 1839+174
center (Gy )
Adj. Square 0.99 0.99 0.94 0.98 0.98 0.98
Al center

2188+73 417£35 632 +241 1988 + 121 2894 + 314 731 + 69
Age (ka)
De Ticenter

- 574 +20 - 1232 +45 - 1233+60
(Gy)
Adj. Square - 0.99 - 0.988 - 0.998
Ti-Li center

- 517 +19 - 1599 + 60 - 490 £24

Age (ka)

111.8. Discussion

The ESR age estimates (Al centre) calculated for the UBS13 basal deposits are 2894 + 314 ka for
RMAII and 2188 + 73 ka for BARI. It was expected that the PVIT1 ESR age would be similar to the
biostratigraphic age of the Vale Farpado site (c. 3.6 Ma). For the BAR1 and RMAI1, which are located
significantly inland (c. 20 km, Fig. IIL. 1), their expected burial age is c. 3.0-2.5 Ma. This age coincides

with the MIS 103, a slightly warmer interval, the onset of the Matuyama Chron (interval of reversed

geomagnetic polarity). Thus, it seems that the ESR age obtained for RMAI1, was in the expected period

of time (assuming the error range) and stratigraphic position.
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For Barracio (BARI), the ESR age obtained may underestimate the probable burial age of the
respective stratigraphic level but can support the view that the beginning of UBS13 deposition was
between the Zanclean and Piacencian times, as in the Tejo Cenozoic Basin.

For the uppermost UBS13 deposits, the obtained ESR-AI age estimates are: 417 + 35ka (BAR2),
1988 + 121 ka (PVIT2) and 731 £ 69 ka (RMAI2).

According to our results, the agreement between ages determined from Al on these sediments
indicates estimated ESR ages that range between the Pliocene and the Lower-Middle Pleistocene
transition (Fig. III. 5).

The De values derived from Al (EXPLIN) and Ti option D (SSE and EXPLIN) are mostly 1o
consistent.

As in other studies, the ESR signal from the Al centre shows no saturation effects at high irradiation
doses (e.g. Duval and Guilarte, 2015). In PVIT2, Ti-Li signal could be used to determine whether the
sediment has been well bleached at the time of deposition. The “radiation bleaching” phenomenon is
observed in the ESR signal of Ti-Li centre at high irradiation doses (e.g. Fig. II1.7 IV) and the relative
error is > 50 % for the higher doses (> 8000 Gy) in almost irradiated aliquots (Table SM.3). The
differences between the values resulting from both centres suggest bleaching in Al-centre at the time of
deposition satisfy for all the samples, except for the sample BAR2 (Table 3). In this sample, the De
calculated from Al centre is lower than from the Ti-Li centre, but the chronologies provided by each
centre are scattered (Table 4). This may be due to different thermal stabilities of Al and Ti centres
(Toyoda and Ikea, 1994). The ESR ages obtained for BAR2 seem too young to be from the UBS13
buried sediment but can be explained if the sediment had two different times of deposition. Field data
(demonstrating a culminant position and the sedimentary facies) indicate that this sample was collected
from the UBS13 deposits (Fig. III. 5, A and Fig. II1.6, B). However, it is possible that more recent
sediment, embedded in the top of UBS13, may represent a reworking of the culminant unit (Fig. I1L.5,
Fig.6 B) and consequently, should not be considered to give the absolute age of the unit.

Unfortunately, there are still no other absolute ages in Portugal for the uppermost deposits of the
UBS13 sedimentary unit. Regarding the expected age for these deposits, c. 2.0-1.8 Ma, the ESR-Al age
obtained during the present work from the sample PVIT2 is as expected. The result is according to
another field data studies in oldest terrace levels, dated in Lower Tejo (Rosina et al., 2014) and in fluvial
culminant levels studied in the Iberian Peninsula, as in Ebro Basin, with a first terrace dated to 1.3 Ma
(Duval et al., 2015) and 1.14 Ma in the Duero Basin (Moreno et al., 2012).

The RMAI2 ESR data underestimated the probable burial age of the stratigraphic levels and gave
unreliable ages for the uppermost UBS13. The too-high annual dose present in this sediment (Table 4)
had a direct consequence on the age underestimation. The presence of clay can have an impact on
adsorbing mobile radioactive elements in the environment. If we assume that adsorption is more recent
than deposition, or even that it has been continuous throughout the history time of the sediment, this

may induce an overestimation of the Da and therefore an underestimation of the age.
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It is interesting to see large differences in values of the environment annual dose from the top and
the base at the same outcrops and can be explained by different sediment sources.

For PVIT1, a more rigorous approach is required to calculate ages. A study is needed to determine
whether dose rate study to know if this is or is not constant with time (e.g. Tsukamoto et al., 2014) and
whether signal losses are involved (see Liu et al., 2016 for thermal loss correction). This sample has a
value of external § dose much higher (table 3) than all the others. This can be justified for the values of
feldspar-K in and from the large amount of muscovite present in the sample with a homogeneous source
that increase the p dose values. Another hypothesis is the sample location. PVIT1 was collected near a
fault (there is evidence of post-depositional faulting and the limestones are strongly fractured) and is
possible that we are in the presence of different time-temperature history or of an apparent age of this
unit that corresponds to the probable age of the fault (caused by quartz in fault gouges being exposed
to shearing). PVIT 1 contains more muscovite than PVIT 2, as revealed in the clay composition, with
54% of smectite (Table II1.2), mainly through chemical weathering of parent aluminosilicate under
warm and humid conditions. Therefore, the experimental analysis will be necessary as part of future
work.

The present study confirms that the Ti-Li centre ESR signal intensities of quartz grains is consistent
and grew with the artificial doses for samples from the Middle Pleistocene (some beyond 8000 Gy), but
this seems to result in underestimated ESR ages for successions from the Pliocene and Lower
Pleistocene (Tissoux et al., 2007). It also demonstrates that ESR ages are yielded with large error ranges
for time older than 3-2.5 Ma if the De is not very high (up to 3000 Gy is required for increased age
reliability). The difficulties in obtaining reliable ESR age estimates for the Pliocene and Lower
Pleistocene deposits result from the low De values (< 2700 Gy) for the annual dose present in these

sediments, which has had a direct consequence on the age determination.

111.9. Conclusions

ESR dating has been used by the first time in this study to date the allostratigraphic unit UBS13
which represents the culminant the sedimentary infilling of the Lower Tejo and Mondego Cenozoic
basins, having a depositional age between c. 3.7 Ma (basal deposits) and, probably, c. 1.8 Ma (top
deposits).

For the first time, age estimates could be obtained for the basal deposits at the Rio Maior site,
approximating 3 Ma. This study shows that the ESR method using the Al signal, in optically bleached
quartz, is available for dating deposits as old as the Late Pliocene periods older than 2 Ma.

It has been confirmed that the Ti-Li centre provides unreliable ESR data for successions having

Pliocene and Lower Pleistocene burial ages.
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The ESR ages (Al centre) obtained for the UBS13 basal deposits indicate a Piacenzian to Gelasian
age, notably in the Lower Tejo Cenozoic basin. However, the obtained numerical age of 2.2 Ma
underestimates the probable burial age from the Barracdo site, taking into account the previously
independently dated Vale Farpado site (3.7 Ma).

The ESR ages (Al centre) obtained for the uppermost UBS13 deposits indicate as very probable age
of c. 1.8 Ma, even if the ESR age of some of the studied samples could underestimate their burial age,
and also shows that ESR dating can provide accurate and reliable absolute ages for the whole
Quaternary interval, demonstrating the applicability of this method for the dating of Upper Pleistocene
sediments. This result is internationally important because it represents the first numerical ages obtained
in western Iberia for the uppermost levels of the Cenozoic basins, which predate fluvial incision into
the basin-fill sediments.

This research should be developed in the immediate future, by using ESR dating (Al and Ti centres)
to date these uppermost stratigraphic levels, not only in other sites of the Lower Tejo and Mondego
Cenozoic basins but also in other Iberian Cenozoic basins. This dating is crucial to investigate the role
played by tectonic activity, climate and eustasy in the transition to the incision and to establish the

precise timing of this transition.
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Supplementary Material

Table SM III. 1. ESR mean data (9 measurements) collected from the measurements of Al centre in the samples
of the base (RMAI1, PVIT1, BAR1).

Dose (G) ESR (a.u.) ds. ESR (au) d.s. ESR (a.u.) d.s.
RMAI1 PVIT 1 BARI1
0 222.11 8. 71 199.455 48.34 219479  5.02
150 198.876 8.18 247.982 1.48 236.699 487
300  281.976 2406  298.933 273 248517  28.16
600  219.885 27.51 334.495 1.16 283.478  33.76
1200 300.534 23.33 393.906 0.50 349987  22.64
2400 398.948 43.02 555.435 10.7 495474  18.51
4000 498.668 36.74 598.758 49.8 606372  30.94
6000 498.631 28.65 730.863 7.07 755.751 18.39
8000 732.039 31.48 845.502 49.27 851.031  31.89
12500 844.676 3118 1087.347 35.18 083.168 2528
20000 1211.11 105.19  1207.478 54.41 1042.46  146.95

Table SM III. 2. ESR mean data collected from the 9 measurements of Al centre in the samples of the top (RMAI2,
PVIT2, BAR2).

Dose (G) ESR (a.u.) d.s. ESR (a.u.) d.s. ESR (a.u.) d.s.
RMAI2 PVIT 2 BAR2
0 137.706 3136 131.398 6.05 59.472 6.69
150 188.127 38.74 72.9221 2.73 96.446 11.55
300 214.087 10.29  178.904 11.01 105.699 22.29
600 243.361 38.06 199.835 5.726 148.821 14.54
1200 381.399 26.45 251.341 4.385 182.940 7.855
2400 373.983 19.49  345.847 2.485 259.984 12.110
4000 446.130 40.97 439.381 6.192 376.089 15.46
6000 715.216 98.59  533.064 50.533 481.633 18.36
8000 824.305 53.50 600.808 20.21 621.638 33.37
12500 911.070 86.38 852.098 46.12 720.455 15.84
20000 1091.667 192.19 1006.76 10.164 1162.382 75.85
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Table SM III. 3. ESR mean data collected from the measurements of Ti-Li centre in the samples of the top
(RMAI2, PVIT2, BAR2). The protocol was repeated 3and 4 times in each aliquot (9 measurements), only for Bar
2 was possible to use 6 measurements).

Dose ESR (a.u.) d.s. ESR (a.u.) d.s. ESR (a.u.) d.s.
(G) RMAI2 PVIT2 BAR2
0 151.341 19.69 215483 27.092 98.042 11.725
150 189.612 33.04 260.768 77.439 128.462 18.080
300 196.809 16.04 298.677 67.095 147.658 17.225
600 239,329 4540 369.072 27.548 201.837 15.01
1200 397,793 72.95 543.323 39.957 304.624 21.352
2400 450,769 123.88 446.681 20.52
4000 651,292 92.03 1011.76 134.380 656.553 45.20
6000 1021,408 148.13 1206.84 127.203 891.584 20.52
8000 1125,749 112.09 1700.54 87.600 1101.35 87.10
12500 1348,0595 144.38 983.445 237.75
20000 1202.26 107.45

Table SM I1I. 4. Total dose (DT) concentration obtained with gamma dose measured in situ (Nal detector) and
in Laboratory analyses (Ortec low background noise germanium spectrometer. The repeatability of the ESR
intensities was assessed through the variability of the mean ESR intensity obtained after each day of

measurements.
Samples ESR int. ESR int. D total D Total
Repeatability (% Repeatability (%) (o+p+y situ) (a+p+y Lab)
Ti center Al center
BAR 1 - 1.03 696 £21 702 +8
BAR 2 0.92 0.91 1099+28 107611
PVIT 1 - 0.54 3687+58 3685+14
PVIT 2 0.56 0.87 772+14 79047
RMAI 1 - 1.58 925+19 902+9
RMAI 2 0.65 0.96 2467+64 2218+16
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CHAPTER IV. COASTAL UPLIFT IN WESTERNMOST IBERIA
INDUCED BY COMPRESSIVE REACTIVATION OF THE
WESTERN IBERIAN MARGIN: DATA FROM
GEOMORPHOLOGY AND ESR DATING OF THE PENICHE
MARINE TERRACES (PORTUGAL)

This chapter mainly corresponds to a research paper in preparation. Pedro P. Cunha and Antonio A. Martins
were involved in the fieldwork. Anténio A. Martins done a new DEM. Margarida P. Gouveia performed the new
Geomorphological map of the Peniche Peninsula, all figures presented, ESR dating and sedimentological analyses.
All data interpretation was supervised by Pedro P. Cunha, Antonio A. Martins and Alberto Gomes. Christophe
Falguéres, Pierre Voinchet and Jean-Jacques Bahain supervised ESR dating. The U-serie analysis were done

samples in both Paris and Nanjing laboratories.

IV.1. Introduction

Marine terraces (or strandlines) are coastal landforms comprising an erosional bedrock surface
(shore platform) overlain by coastal sediments of the beach and/or shoreface origins and sometimes
buried by terrestrial deposits (aeolian, fluvial, slope) (Bradley and Griggs, 1976; Anderson et al., 1999).
Morphologically, marine terraces typically display a flat to gently dipping surface seawards unless
buried terrestrial sediments (e.g. Stokes and Garcia, 2009). Marine terraces reflect the interplay between
the temporally and spatially variable climatic and tectonic drivers of eustacy (e.g. Lajoie, 1986).
Conceptually, shore platforms are cut during rising sea level, with a notch or sea cliff formed during
the sea-level highstand, followed firstly by coastal and then terrestrial sediment deposition as the sea
level begins to fall (Bradley and Griggs, 1976). Uplifted coasts, by either active tectonic or isostatic
adjustments, can record multiple marine terrace levels in a staircase configuration (e.g. Bull, 1985).
Staircases are important as they can provide quantitative assessments of surface uplift rates, giving
insights into coastal landscape development over a range of spatial and temporal scales (e.g. Lajoie et
al., 1992). Uplift rate calculation requires knowledge of: 1) the elevation of the shoreline angle
(landward limit of sea-level highstand) for each marine terrace level; 2) a geochronological framework
of the marine terrace levels that comprise a staircase; and 3) the elevation and timing of a eustatic
highstand unaffected by tectonic activity (Lajoie, 1986). Whilst all have inherent complexities and
challenges (e.g. Pedoja et al., 2011), geochronology of a staircase is perhaps the most problematic.
Dating limitations of marine terraces are well known. Older approaches relied on relative techniques,
matching terrace levels to respective interglacial highstands (e.g. Zeuner, 1952).

Early adopters of absolute dating for marine terrace applications typically involved the U-Series

technique (e.g. Hillaire-Marcel et al., 1986; Mubhs et al., 1992). This approach provided chronology for

73

Electron Spin Resonance dating of marine and fluvial terraces of central Portugal



lower terrace levels, especially those associated with the Late Pleistocene Marine Isotope Stage (MIS)
Se, but with a low resolution for higher, older levels (Early - Middle Pleistocene, i.e. MIS 7 and older).

Although new and updated methods are now routinely applied (e.g. U-Series TIMS: Zazo et al.,
2003; OSL: Normand et al., 2019) and age range and accuracy limitations still exist. Literature database
modelling approaches have been used to overcome technical dating challenges, where better age
constrained lower and younger levels (e.g. MIS 5e) have been used to produce different scenarios of
uplift rate (Pedoja et al., 2011; 2014). These rates then inform on timings of higher-older levels via
uplift rate extrapolation and integration with eustatic highstand elevations/timings (Pedoja et al., 2011;
2014). Such approaches suggest an acceleration of Pleistocene global uplift rate (Pedoja et al., 2011) as
well as providing deeper time (Quaternary-Neogene) perspectives on high elevation marine terrace
levels and erosion surfaces (Pedoja et al., 2014).

The Pedoja et al. (2011, 2014, 2018) database approaches highlight 1) a need for improved marine
terrace age control spanning the entirety of a given staircase configuration to avoid problems inherent
with the assumptions of modelling approaches; and 2) a need to fill regional geographical gaps that lack
study of dated marine terrace staircases. These issues commonly occur with low-moderate uplift rate
coastlines which often preserve marine terrace records but lack the research attention when compared
to tectonically active high uplift rate coastline regions (e.g., SW USA, Mediterranean.) where seismic
hazard assessment requirements provide a more urgent need for marine terrace analysis (e.g. Hanson et
al., 1994).

Low-moderate uplift rate coasts are common along the passive margins of rifted oceanic basins
(Pedoja et al., 2011, 2014, 2018). Within the Atlantic Ocean, the west-facing Iberian passive margin
coastline of Portugal and Spain, some 700 km in length, is an example of where marine terrace staircases
are variably preserved along the entire coastline length. Early research was descriptive and followed
classical marine terrace-climate cycle matching approaches using various coastal sites along the Iberian
margin (e.g. Zbyszewski, 1949; Teixeira, 1979). This approach continues in recent years, for example,
along the SW Iberian margin, where Figueiredo et al. (2013) have used an assumed MIS5 marine terrace
that lacks direct age control to inform on spatial variations of surface uplift linked to active tectonics.
Only recently have studies routinely started to apply absolute dating methods (e.g. OSL, TL, U/Th,
14C) to marine terraces. Much of the work focuses on Late Pleistocene coastal sequences associated
with the MISS5 highstand (e.g. Carvalho et al., 2006; Alonso and Pages, 2007) to inform on
paleoenvironmental change associated with climatic-eustatic variability. In central Iberia, Late
Pleistocene marine terraces with MIS5 and MIS3 contexts yielded important insights into early human
(Neanderthal) coastal occupation and coastal resource exploitation (Benedetti et al., 2009; Haws et al.,
2009). In NW Iberia, Carvalhido et al. (2014) dated a marine terrace staircase comprising five levels,
using the results to on Late Pleistocene climatic-eustatic change and uplift rate variability. In SW Iberia,
the MIS 5¢ marine terrace was dated with pIRIR method, k-feldspar (Figueiredo, 2015).

Some common themes emerge from marine terrace studies along the Iberian Atlantic passive margin.
1) Despite a large body of ongoing research since the 20th Century, much of it is descriptive. 2) Dating

studies are few and where undertaken the temporal relationship to a given highstand is often the best
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estimate based on stratigraphic bracketing. For example, sediments dated to MIS4-2 suggest that the
underlying shore platform and any beach sediments are related to the MISS highstand.

3) Dating studies of marine terrace staircases, especially those that preserve levels older than MISS5,
are rare. Where dating has been attempted, issues with the quality of the sampled material and the
limitations of the dating technique often provide minimum ages or large age error bars that span multiple
climate parts of the climate-eustatic cycle(s).

Within this study, we describe and date an impressive marine terrace staircase developed onto the
rocky headland of the Peniche Peninsula (south-central Portugal). The staircase spans the Early, Middle
and Late Pleistocene stages, thus providing a unique and key reference site of passive margin coastal
landscape development. Firstly, we describe the staircase sequence through remote sensing and field-
based mapping, surveying, and characterisation of marine terrace morphological and sedimentary
components. We then apply ESR dating technique to the beach components of the component terrace
levels. Terrace elevation and geochronological data are then assessed alongside global Pleistocene
eustatic highstand positions and timings. The marine terrace sequence is then used to quantify temporal
variations in tectonic uplift. Results are then collectively considered in climatic—tectonic-eustatic
contexts with local-regional Iberian marine terrace research and more broadly to low-moderate uplift

passive margin coastal landscape development.

IV.2. Geographical, geological and geomorphologic setting

Mainland Portugal is located at westernmost Europe, in the Iberian Peninsula western sector, facing
the Northern Atlantic Ocean (Fig. III.1.A). The study area comprises the Peniche Peninsula, with ~5
km?, located in central Portugal, at about 75 km north of Lisboa (Fig. II1.1.B).

Regarding the geological setting, the study area is located on the Eurasian Plate, at the Western
Iberian Margin. The successive phases of compression between Iberia, Europe and Africa, dominantly
NW-SE oriented since ~9.7 Ma (late Tortonian), are recorded in the Cenozoic basins of Western Iberia,
in the form of tectonic structures and allostratigraphic units (Ribeiro et al., 1990; De Vicente et al.,
2008, 2011, 2018; Cunha et al., 2019). During the latest Zanclean (~3.7 Ma), a penetrative marine
incursion took place at mainland Portugal, evidenced by the marine deposits of the allostratigraphic
UBS13 unit (Cunha, 2019). This incursion is related to a high-eustatic sea level of +10-20 m (with error
up to = 15 m) above the present sea level (Miller et al., 2019).

The active compressive stresses during the last ~4 Ma still prevail and point to a WNW-ESE oriented
compression under a general crustal uplift, expressed by Pleistocene marine terraces, widespread
deformation of Pliocene to Quaternary strata and historical seismicity (Cabral, 1995, 2012; Araujo,
2014; Cabral et al., 2018, 2019; Cunha et al., 2008). Geodynamic models show the existence of an NW-
SE to WNW-ESE oblique convergence at a rate of about 4 m/ka, between the African and Eurasian
plates (e.g., Stich et al., 2006).

75

Electron Spin Resonance dating of marine and fluvial terraces of central Portugal



At the western coast of mainland Portugal, this research team already identified staircases of marine
terraces at several sites (e.g., Mondego Cape, Raso Cape and Espichel Cape; Cunha et al., 2015).
However, the novel characterisation of the Peniche terrace staircase documents a lower uplift rate data

and contributes to the evaluation of differential uplift and of the associated active faults.

Peniche

Atlantic Ocean

43X study area

1M 3 4 5N WeN N7 BEE BN (100 /fault probable fault

Figure IV. 1. A - Geographical setting of the study area (black star); B - simplified geological map, (1/500,000)
of central-western mainland Portugal, adapted from Geological map of Portugal, LNEG; C - geological map of
Peniche (modified from the Geological map (26C, 1/50,000). Legend: 1 — Holocene; 2 - Pleistocene; 3 - Pliocene;
4 — Miocene; 5 - Paleogene; 6 - Cretaceous; 7- Jurassic; 8 — Triassic; 9 — volcanic rocks; 10 —granite.
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The main tectonic structure located near the study area is the NNE-SSW trending Pombal-Leiria-
Caldas da Rainha fault (Fig. IV. 1B), an active fault (Cabral, 2012). Middle Pleistocene coastal deposits
were already reported at ~11 km towards NE of the study area, at Praia do Rei Cortigo (Fig. 1B) (Haws
et al., 2009). The Peniche Peninsula is one of the best geological heritage sites of Portugal, due its
excellent outcrops, palacontological record and scenic value (e.g., Duarte, 2004; Brilha et al., 2005;
Romao, 2009, Rilo et al., 2010). It has diverse Mesozoic lithologies composed by Lower Jurassic marine
carbonates, mainly calcarenite limestones (Franga et al., 1960; Duarte and Soares, 2002), and the Papda
Cretaceous volcanic breccia, in the NW sector. Documented by levels between 33-6m a.s.l., the
Cenozoic record comprises a culminant wave-cut platform and a Pleistocene terrace staircase of five
wave-cut platforms and associated sedimentary deposits (Cunha et al., 2017). Late Pleistocene and
Holocene aeolian sands, but also modern beach deposits, ranging from sands to boulders, are mainly
located between the NE sector of the Peninsula and the mainland (Henriques and Neto, 2002) (Figs.
1v.2).

The topography of Peninsula decreases from 33 m (a.s.l.), near the Carvoeiro Cape at WNW, to 5 m
in the isthmus at SE (Fig. IV. 2). The survey and cross-sections document several wave-cut platforms,
cut in Jurassic limestones; some have a veneer cover of marine sandstones and aecolian sands. A small
stream channel, consequent with the topographic gradient of the ancient island, cuts down the Jurassic
limestone, while others, of minor category, dissect mainly the south coastal cliff (Fig. IV.2). Small
faults in the Jurassic limestones coincide with the path of these little streams, which develop gorges and
associated blowholes. Because the Jurassic limestones are well-jointed and the waves undercut the base
of the cliffs, mass movements, especially rock falls, and toppling are frequently. A considerable amount
of debris (mainly boulders), especially in the western end of the Peninsula, cover the shore platform.
Near the Carvoeiro Cape, a sea-stack stands a ca. 15 m. Some caves are developed in the face of
plunging cliff in the south coast, with more than 20 m in height (e.g. Furninha Cave). Notches and
palaeoshore platforms can be seen in the south coastal cliff (Fig. IV.2). Sandy beaches only occur near
the small Papoa Peninsula and are probably related to the processes that led to the island's connection
to the mainland.

At the westernmost sector of the Peniche Peninsula, the Carvoeiro Cape shows active scarped cliffs.
Until the end of XVI century, this Peninsula was an island; currently, it is connected to the mainland
through a tombolo, due to the silting promoted by the S. Domingos River mouth (Dias and Bastos,
2017; Fleming et al., 2017).

On the isthmus, field dunes up to 8 m in height, are sourced from the nearby beaches. In the
summertime, a coastal low-level wind jet (CLWJ), a northerly wind, is especially frequent and intense.
The frequencies of wind occurrence on the western coast of the Iberian Peninsula can reach 40% in
summer and ~ 70% in the other days of the year. Its speed has a mean around 15 m/s, reaching maximum
speeds of 25 m/s (Soares et al., 2014). We place particular emphasis on the movement of sands in the

dry season (summer).
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Rock dissolution and salt weathering processes have developed lapies (marine karren) in the area
between the N. Sra. dos Remédios chapel and the Carvoeiro Cape. The lapies form small ridges and
pits with more than 1 m deep.

The cliffs have some marine caves of different sizes and, locally, adjacent pocket beaches (Figs.
IV.1C and 1V.2), mainly at the SW of the peninsula, as the Furninha Cave (Fig. IV. 2). In the late 19th
century, complete archaeological excavation of the sedimentary infill of this cave allowed the
identification of two main lithostratigraphic units (Delgado, 1884) (Fig. IV.3): (i) a 1-3 m thick
Holocene succession, of clayish-sandy layers; and (ii) a 9.3 m thick Pleistocene succession (levels I to
VII), comprising a basal layer (I) of a bioclastic marine conglomerate (with Patella and Littorina) at ~5-
8 m (a.s.l.) followed by aeolian yellowish fine sands containing limestone clasts, fossils of vertebrates
(e.g. carnivorous mammals, herbivores, flying mammals, amphibians, turtles, lizards and birds) and
Mousterian (Middle Palaeolithic) artefacts (Delgado, 1884; Harlé, 1910; Breuil and Zbyszewski, 1942;
Zilhdo, 1997; Bicho and Cardoso, 2010; Cardoso and Carvalho, 2011; Brugal et al., 2012; Figueiredo,
2010). A U-series date of 81+42/-31 ka was obtained from a bone collected in a lower level of the
Mousterian succession (Raposo, 1995) (Fig.IV.4). The fossil vertebrates of the older succession allow
an interpretation of paleoclimates (comprising wet-temperate, wet-cold, dry-temperate and dry-cold
conditions) and regional paleoenvironments (coastal areas, wetlands, rocky areas, freshwater lakes,

open field areas, woods, forest areas and relief areas) (Figueiredo et al., 2017).
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Figure IV. 2. Geomorphological map of the Peniche Peninsula (identification of the several wave-cut platforms —

Pm and Tm) and of the adjacent inland area (marine/ fluvial levels at higher altitudes — Pf and Tf).
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The 1940's, during the production of the geological map of Portugal in the 1/50,000 scale, hundreds
of lithic artefacts in the Peniche Peninsula and adjacent inland area (Fig. IV.2) were collected and
classified according to the intensity of patina and elevation (Breuil and Zbyszewski, 1945; Francga et al.,
1960; Zbyzewski, 1970).
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(m., as.l.) 4 Pm

291
281
27 Stratigraphic sequence
261 Holocene unit

257
244 . Upper Pleistocene unit

221 I travertine
i35 coarse sandstone
19 B8 conglomerate

Tm Furninha cave

Entrance Corridor Room

770 Jurassic limestones

Tm3

0o 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 (m)

Figure IV. 3. Schematic representation of the geometry and lithostratigraphy of the Furninha Cave (the location
of the cave is presented in figure 2). Pm (culminant wave-cut surface); Tm (1 to 6) are wave-cut platforms and
associated marine deposits; the Early Pleistocene unit comprised a lower marine conglomerate (I) and upper layers
of aeolian sands (II to VII); the Holocene unit consisted in clayish sands. In the late 19th century, the Early
Pleistocene and Holocene units were completely excavated (Delgado, 1884). The continuity between the TmS5
deposits at the cliff and the marine bioclastic conglomerate (I) is proposed (a paleo sea connection by a sea cave

and karstic gallery).

IV.3. Present climate and oceanography

The climate in mainland Portugal is the Mediterranean with Atlantic influence, Csa type according
to the Koppen-Geiger classification (Peel et al., 2007), with dry and hot summers and mild winters
(Mota and Pinto, 2014). Atlantic swells from the NW are dominant, and less energetic conditions
characterize the wave regime during the summer (~2 m high waves) and energetic conditions (~4.5 m

high waves) in the winter, with annual average periods of 9-11s (Mota and Pinto, 2014).
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There are some periods of extreme wave conditions (wave height >5m) promoted by storms,
associated with prevailing southerly winds and downwelling conditions (Vitorino et al., 2002; Bruneau
et al., 2011). The regime is mesotidal, with semidiurnal tides. The average neap tidal range is 1.0 m,

and the average spring tidal range is 2.8 m (Fernandez-Salas et al., 2015).

IV.4. Material and methods

The information presented in this study derives from geomorphological, stratigraphical,
sedimentological and chronological data using a standard approach (e.g., Stokes et al., 2012), combining

field and laboratory work.

IV.4.1. Mapping and surveying

The Peniche marine terraces were firstly investigated by remote sensing, and field-based mapping
and surveying. Geomorphological mapping was undertaken at 1/10,000 scale using topographic base
maps provided by the Peniche Municipality (1/10,000 scale) in conjunction with (2 m/pixel) LIDAR-
derived DEM data (DGT, 2011) to characterise the broad morphological configuration of the island. A
1/50,000 geological map (Franca et al., 1960) was used to establish relationships between the island
morphology and its underlying bedrock geology (lithology, stratigraphy, structure). Coastal cliff areas
with well-developed marine terrace levels (e.g. Furninha Cave site) were documented by drone aerial
photogrammetry and field-based differential GPS survey. The GPS surveying used real-time kinematics
with a GNSS Epoch 50 RTK system for centimetre location and elevation accuracy. Survey data from
less accessible vertical cliff sections were supplemented with handheld tape measure values. The
mapping and surveying results allowed a relative stratigraphic framework of marine terrace levels to be
established, providing a context for detailed analysis of the geomorphology, stratigraphy,
sedimentology, and geochronological sampling of the component levels.

Special attention was paid to the elevations of the innermost shore platform edges and shoreline
angles of each terrace level, since these components provide important data inputs into surface uplift

rate quantification (e.g., Lajoie, 1986).

IV.4.2. Marine terrace sediments
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Fieldwork included the study in detail of each marine terrace, which consisted in the stratigraphic
logging and sedimentological characterisation of the sedimentary deposits, as sediment colour, texture,

maximum particle size, clast lithology characterisation, fossil and archaeological content.

Figure IV. 4. Field sections at the Furninha Cave site, roughly parallel with the modern shoreline, were collected
from most marine sediment samples. A — Tm3 wave-cut platform; B — Tm2 wave-cut platform; C — Tm1 wave-
cut platform; D — Tm4 wave-cut platform; E — Tm5 wave-cut platform; F — Furninha cave entrance; G — in situ
dose rate measurement; H — travertine sample collected from the Tm3 top deposits; I — Tm5 conglomerate (the
sample Pen7 was collected just above); J — sample Penl being collected from Tm3 deposits; L — sampling Pen2,
from a sandstone lens included in the Tm3 lower conglomerate division; M — sample location (Pen3); N — Pen4

sample location; O — Tm1 inner-edge; P — shore angle of the Tm4 wave-cut platform.
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IV.5. Grain-size analysis and mineral composition of the

sediment samples

Sedimentary deposits were described and interpreted in terms of sedimentary and depositional
process based on the facies analysis approach, lithology, textures (shape, grain size; roundness; sorting)
and composition characterisation. The thickness of each deposit and lateral distribution were
represented in the marine staircase profile.

Grain-size analyses of sediment samples were carried out in the Sedimentology Laboratory of the
University of Coimbra, by sieving with a /2 ® increment for the fraction > 63 pum.

Analyses of sediment mineral composition were based on binocular microscope observation (50x)
and X-ray powder diffraction using an Analytical Aeris XRD diffractometer manufactured by
Panalytical, with a Cu tube in a 20 range, at a scanning rate of 3° min-1, 40 kV and 15 nA (Department
of Earth Sciences of the University of Coimbra). The mineralogical composition in non-oriented
subsamples was obtained using the analytical software Highscore plus, provided with the instrument.
According to the standardised Panalytical backloading system, the subsamples were prepared, which

provides a nearly random distribution of the particles.

IV.6. Numerical dating

IV.6.1. ESR dating of optically bleached quartz grains

In the present study, eight blocks of siliciclastic sandstone cemented by calcite (usually with ~50 x
50 cm), representing beach facies (Penl to Pen8, at least one for each marine terrace of Tm1 to TmS5),
were collected for ESR dating. The thickness and development of the Tm3 allowed the collection of
three samples for ESR dating. However, due to its younger age, sample Pen7 was not selected for ESR
dating and is currently being dated by pIRIR290. Pen6 is a boulder of beach sandstone, cemented on
the top of TmS5 and probably representing the erosion of Tm4, during Tm5 formation; this sample was
also not selected to be dated by ESR.

According to the standard conditions for sample preparation for ESR dating, the core of each block
of siliciclastic sandstone was extracted under red light (Yokoyama et al., 1985).

At the Department Earth Sciences-University of Coimbra laboratory facilities for the preparation of
mineral fractions for OSL and ESR dating, the 250-180 pm fractions of pure quartz grains were
extracted from sediment by sieving, chemical treatments, including fluohydric (HF) acid attack, dense
liquid separation and magnetic separation, following the standard procedure (e.g., Voinchet et al.,
2004).
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The multi-aliquot additive (MAA) dose procedure was employed for De determination. Ten of
twelve aliquots with quartz grains were irradiated with a calibrated 137Cs Gammacell-1000 gamma
source (dose rate= 200 Gy/h) at different doses ranging from 100 to 25.000 Gy, carried out at CENIEH
(Burgos, Spain). After irradiation, each series of 12 aliquots was measured by ESR at low-temperature
cavity (~107K) using a Bruker EMX spectrometer at MNHN, Paris. One aliquot was kept as a natural
reference, and one aliquot was illuminated for 1000 h in a Dr Honhle SOL2 solar simulator to determine
the non-bleachable part of the ESR-ALl signal (Voinchet et al., 2003).

Equivalent dose values were calculated considering the average ESR intensities obtained from the
three repeated measurements, carried out over three days in each aliquot. Fitting procedure and De
calculation were performed with Microcal OriginPro 8.5 software using a Levenberg-Marquardt
algorithm by chi-square minimisation (Hayes et al., 1988). Al ESR intensities were fitted with both the
exponential+linear (EXPLIN) and single saturation exponential (SSE) functions, according to Duval
(2012) and Voinchet et al. (2013). Data points were weighted by the inverse of the squared ESR
intensity (1/1 ) to reduce the leverage of high dose points. Ti ESR intensities were fitted with both
functions when SSE described the decreasing behaviour of the ESR intensity at high doses. The
goodness-of-fit is assessed through the adjusted r-square (r ) value, which accounts for the system's
degree of freedom. According to these factors, the fitting curve was chosen.

According to Duval (2012), the reliability of the fitting results obtained from the Al center may be
reasonably questioned when the adjusted r2 value is <0.99 and the relative errors on the fitted
parameters >25%.

Analytical uncertainties and ages are given with £ 16. When possible, weighted average ages were
calculated using isoplot 3.0 software (Ludwig, 2003).

Equivalent dose (De) was obtained by an exponential+linear fitting function (EXPLIN) and with a
single saturating exponential function (SSE) (for details, see Voinchet et al., 2013), using the Microcal
Origin Pro 8.1 software and a data point weighting by the inverse of the squared ESR intensities, 1/12
(Yokoyama et al., 1985).

To determine the annual dose rates (Da), roughly 1 kg of material corresponding to the dated
sediment was extracted. The radioelements contents (U, Th and daughters, and K) were determined by
a high-resolution low-background gamma-ray spectrometry measurement and external alpha, and beta
dose rate components were derived from the radioelement contents hence obtained using the dose-rate
conversion factors of Guérin et al. (2012). Therefore, the grain thickness removed after the HF etching
was assumed to be 20 pum and external alpha contribution was consequently considered negligible.
Values were corrected for f attenuation of spherical grains (Brennan et al., 1991; Brennan, 2003).

Water content value during burial was estimated, according to Griin (1994). According to Prescott
and Hutton (1994), the cosmic dose rate was determined based on altitude, latitude, and longitude of

each section.
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IV.6.2. 23°Th/U dating

The U-series decay chain methodology (Bateman, 1910) was first used in studies of sea-level
changes with the dating of corals from continental passive margins and tectonically uplifted reef
complexes (Chappell, 2002; Muhs, 2002). Speleothems generally behave as closed systems to uranium
uptake after calcite precipitation, so will achieve secular equilibrium, and the number of radioactive
decay events in the decay series will equal that of the long-lived uranium parent isotope, and the
measured age can be regarded as real (Normand et al., 2019). The travertine deposition usually
constrained the time of interglacial high sea-level stands (El Kadiri et al., 2010) linked to warm and wet
climatic conditions and sub-aerial cave formation.

At the Furninha Cave marine terrace staircase, one travertine sample was collected at the Tm3
topmost deposits (Fig. II1.5) and another one at the Tm4 top. a) Analysis using Q-ICP-MS (Musée de
I’Homme, Paris)

Chemistry: U-Th separation using anion exchange resins, performed at the U-series chemistry lab at
the Musée de 'Homme, Paris (protocol according to Bischoff et al., 1988, modified by Shao Q., Ghaleb
B. & Tombret O.).

Analysis: Thermo iCAP-RQ (ICP-Q-MS), measurement lab at Musée de 'Homme, Paris.

b) Analysis using MC-ICP-MS (Nanjing Normal University, Chine)

Chemistry: U-Th separation using anion exchange resins, performed at the U-series chemistry
cleanlab at Normal Nanjing University, Nanjing, Chine (protocol according Bischoff et al., 1988,
modified by Shao Q., Ghaleb B. and Tombret O.).

Analysis: Thermo NEPTUNE Plus (MC-ICP-MS), measurement lab at Normal Nanjing University,
Nanjing, Chine.

Figure IV. 5. Mechanical sampling.

The sample was extracted from the upper part of the travertine using a dentist diamond saw. The
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regions of interest were selected, and small pieces were sampled and then cleaned several times, using

Milli-Q water and ultrasonic bath for 30 minutes. Finally, less than 1g was selected.

IV.6.2.1. U-series chemical treatment

The sample was extracted from the upper part of the travertine using a dentist diamond saw. The
areas of interest were selected, and small pieces were sampled and then cleaned several times, using
Milli-Q water and ultrasonic bath for 30 minutes. Finally, less than 1g was selected.

A small quantity of spike (**Th-?**U-?3U with well-known ratios) was weighted and dried in a PFA
beaker. The sample was then weighted and added to the beaker and dissolved by HNO3 7M. H,0O, was
added to eliminate the organic matter. Iron hydroxides were precipitated to eliminate most of the
carbonate matrix and pre-concentrate uranium and thorium. The solution was then eluted on AG-1x8
and UTEVA resins for separation and purification, using appropriate acids. Uranium and Th fractions
were kept separately, dried and dissolved in HNO3 2% for adjusted dilutions and isotopic analysis in a
quadripole inductively coupled mass spectrometry, ICP-Q-MS. Uranium and thorium were measured
separately. The MNHN laboratory uses an ICP-Q-MS (quadripolar [CP-MS) Thermo iCAP-RQ coupled
to a CETAC Aridus III desolvator. The interface has been configured for a high-sensibility and the
signal was tuned for both 2**U and ?33U. The signal intensity of >>°Th, 23°Th, 232Th, 233U, 24U, 23U, U
are measured under the pulse counting mode. U and Th elements were measured separately.

In Nanjing laboratory, the sample underwent a similar chemical protocol. However, the uranium-
thorium separation and purification were performed using only one resin column UTEVA, according
to Douville et al. (2010).

The Paris laboratory uses an ICP-Q-MS (quadripolar ICP-MS) Thermo iCAP-RQ coupled to a
CETAC Aridus III desolvator. The interface has been configured for a high-sensibility and the signal
was tuned for both 23U and 233U. The signal intensity of 2?Th, 23°Th, 232Th, 233U, 23U, 23U, #*¢U are
measured under the pulse counting mode. U and Th elements were measured separately. The Nanjing
laboratory uses a MC-ICP-MS (multi-collector inductively coupled plasma mass spectrometer) Thermo
NEPTUNE coupled to a CETAC Aridus II desolvator. All the elements 2>Th, 2*°Th, 232Th, 233U, 234U,
234y, B0, 29U are measured on faraday cups and *°Th, **U on SEMs as well to increase the

measurement precision for low signal isotopes.
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IV.6.2.1. Mass spectrometry analysis (ICP-Q-MS and MC-ICP-
MS)

The laboratory in Paris uses an ICP-Q-MS (quadripolar ICP-MS) Thermo iCAP-RQ coupled to a
CETAC Aridus III desolvator. The interface has been configured for a high-sensibility and the signal
was tuned for both 238U and 235U. The signal intensity of 22°Th, 2*Th, 232Th, 233U, 234U, 233U, 2*¢U are

measured under the pulse counting mode. U and Th elements were measured separately.

The Nanjing laboratory uses a MC-ICP-MS (multi-collector inductively coupled plasma mass
spectrometer) Thermo NEPTUNE coupled to a CETAC Aridus II desolvator. All the elements 2>°Th,
230Th, 232Th, 233U, 234U, 23U, #6U are measured on faraday cups and 2°Th,?**U on SEMs as well to
increase the measurement precision for low signal isotopes.

Each session measurement includes an internal laboratory standard and a blank for both laboratories.

IV.7. Mean sea-level curves and uplift rates

Interpretation of geomorphological, sedimentary and isotopic data allowed to obtain “global” sea-
level curves for the Quaternary. Because of different uplift rates, even very low, in areas assumed as
tectonically passive and variations in seawater salinity, temperature and uncertainties regarding the
relationship between the 6180 record, ice volume and eustatic sea level, many different sea-level curves
that estimate global mean sea level (GMSL) have been published from multiple archives (e.g., Normand
et al., 2019). However, very well-dated sedimentary archives suitable for this analysis are very limited
(e.g., Suganuma et al., 2018). The last maximum sea-level highstands are the Marine Isotope Stage
(MIS) 5 (85-128 ka), with tree sub-stages (MIS5a, 8545 ka; MIS5c, 105+5 ka; MISS5e, 116-128 ka);
MIS7 (190-245 ka), with tree sub-stages (MIS7a, MIS7¢c and MIS7¢); MIS9 (306-334 ka); MIS11 (360-
420 ka), MIS13 (480-530 ka) (Thomson et al., 2003) and earlier interglacials, as MIS15 (560-620 ka),
MIS17 (650-720 ka) and MIS19 (775-785 ka) (Anderson et al., 2008; Murray-Wallace and Woodroffe,
2014). During MIS21 (final stage of the MPT), the 100 ka cyclicity dominance began with a significant
change in climatic variability (Kitaba et al., 2011).

As a marine terrace does not constitute a horizontal reference, the elevation of the shoreline angle
(inner edge) of a marine terrace provides a useful marker for the relative sea level and location of a
former shoreline (e.g., Lajoie, 1986) (Fig. IV.6).
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Figure IV. 6. Drawing that conceptually describes the component parts of a marine terrace staircase. Tm1 to Tm3
are the emergent marine terraces, which are located above the modern wave-cut (shore) platform and associated

beach deposits.

Based on the measured inner edge of each marine terrace precisely obtained at the SW sector of the
Peniche Peninsula (Furninha Cave staircase), it was possible to estimate the uplift rates. All
measurements were related to mean sea level. The assignation of terrace MIS ages allows for calculating
the uplift rate (U) with the formula of Lajoie (1986):

__ (E-e)
U ="=2(15)

where E is the present-day elevation of the terrace, A is the age of the correlated high stand and e is the
eustatic sea-level estimates, at the time of the terrace formation (eustasy correction).

This equation considers only the mean uplift rate from today until age A. In this study, the marine
deposits of each dated terrace were correlated to the eustatic sea-level high stands obtained from
available sea levels curves (e.g., Labeyrie et al., 1987; Waelbroeck et al., 2002; Siddall et al., 2003),
(15).The apparent uplift (Ua) rates were also calculated, without considering the eustatic correction
(e.g., Pedoja et al., 2018).
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IV.8. Results

IV.8.1 Geomorphological and sedimentological

characterisation of marine terrace staircase

As a consequence of carbonate rocks dissolution during the Cretaceous and Cenozoic, several areas
with limestones shows karst topography, with small dissolution sinkholes, small basin pools with walls,
fringes, lapias, sometimes better developed along fractures, and caves. These features are well observed
from the Carvoeiro Cape until Sra. dos Remédios, in some places covered by aeolian sands (Fig. [V.7).

Near the almost vertical slope cliffs of the Carvoeiro Cape, a sea stack with a caravel shape, named
Nau dos Corvos can be observed, with its top at 31 m (a.s.l.). The higher level of the Peniche Peninsula
is a wave-cut platform at 29-33 m (a.s.l.), preserved at the Carvoeiro Cape sector and the top of the
Furninha cave site (39°2121” N; 9°23°54.8” W) (Figs.IV. 2 and IV.7). This shore platform cut on
limestones is affected by karsification.

Along the SW cliffs of the Peniche Peninsula, there is clear evidence of an inset of six marine levels
supported by the existence of wave-cut platforms and associated marine siliciclastic deposits (Figs.
IV.7, IV.8 and IV.9). Minor normal faults are locally present but with vertical displacements < 0.2 m.

Based on the detailed fieldwork at the area of the Furninha Cave site, a sequence of six marine
terrace levels (called Tml to Tm6, from the higher to the lower) have been recognized bellow the
culminant wave-cut surface (Fig. IV.5, 7, 8 and 9), described in the following paragraphs. All the wave-

cut platforms are cut in hard limestones.
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Figure IV. 7. Geomorphological map of the Peniche Peninsula, showing the main wave-cut platforms (the wave-
cut platform of Tm6 is too small to be represented at this scale) and other geomorphological information. Site
location of the samples dated by ESR: S1 — Furninha Cave, samples Pen2 (Tm3), Pen3 (Tm3), Pen4 (Tm2) and
Pen5 (Tml); S2 — At ~500 m NE of N. Sra. dos Remédios, sample Penl (Tm3).

The Tm1 is at 26.9 m a.s.l. (inner-edge), documented by a wave-cut platform developed on a
siliciclastic (quartz-rich), with some marine shells, Jurassic limestone. The wave-cut platform is
affected by karsification features. For ESR dating, a sample of sandstone was collected (Pen5).

The Tm2 wave-cut platform is represented at 20.0-20.7 m a.s.l. This marine terrace comprises: (i) at
the base, a ~0.5 m thick layer of gravels with cobbles and some boulders, with a medium pebble size

(MPS) of ~1.0 cm; (ii) at the top, a ~1.0 m thick layer of very coarse to coarse sands, with well-rolled
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detrital grains. For ESR dating, a sample of sandstone (Pen4) was collected at ~0.5 m above the inner
edge (at ~20.7 m) (Fig. IV.4 N).

P - abeasion platform
n - notch
GL- geodetic landmark

e wavescut platform
s Inner-edge

Figure IV. 8. Three-dimensional model, with high-resolution (3D model with the texture of the photographs and
resolution of 4.6 cm/pix and a high precision Digital Surface Model (MDS) with a resolution of 9, 2 cm/pixel) of
the coastal terrace staircase at Furninha Cave site, located at ~850 m SE of the Carvoeiro Cape. The several marine

terraces (Tm1 to Tm6) and other geomorphological elements are indicated.

The Tm3 is represented by a wave-cut platform, laterally almost continuous from the Carvoeiro
Cape to the Furninha Cave site, showing a ~6 m preserved width, at elevations of 13.5 to 15.5 m (this
latter value, the inner-edge) (Fig. IV.8). The sedimentary infill, with a maximum thickness of 3.0 m,
comprises: (i) a basal well-cemented beach conglomerate, composed of rolled boulders with a matrix
of gravelly very coarse yellow sands, followed by ~1.5 m thick coarse to medium sands; (ii) a thin
travertine layer occurs at the top (dated by U-series). The Tm3 is associated with the Furninha Cave
marine entrance and small cavities formed by wave action (notches) (Fig. IV. 7). The thickness of the
outcrop showing the Tm3 terrace allowed collecting two samples, one near the top and another from
the sedimentary sequence base (respectively, Pen3 and Pen2). At a site located ~500 m NE of N. Sra.
dos Remédios (NW sector of the peninsula) another sample (Pen1) was collected at the base of the same
terrace level, for ground control.

Despite its short extension, the Tm4 wave-cut platform is well-represented at an elevation of 10—13
m a.s.l. This terrace has a sedimentary deposit well preserved in the NW part of the Furninha Cave site
cliff (39°21°23” N; 9°24°W). Here, the sedimentary sequence is 2.5 m thick and comprises thin gravels
at the base with MPS=1.5 cm, a layer of coarse sands (sample Pen8) and a topmost layer of travertine
with fossil bones. The shoreline angle is observed at 12.9 m a.s.l. Some recesses and holes located along
the SE part of the cliff are visible too, with very similar elevations (11.3+0.5 m a.s.L.).

The TmS5 marine terrace is observed at altitudes of 6.0 to 9.4 m, consisting of a: lower layer (1.4 m
thick) of well-rounded gravels of quartzite, quartz, and some granite pebbles (MPS=7 cm); followed by
a pebbly coarse sandstone, 0.6 m thick and from which sample Pen7 was collected; at the top, some
boulders of sandstone, fossil bone fragments and thin travertine were identified. The basal layer of

marine conglomerate can be correlated to the basal layer of bioclastic conglomerate (with Patella and
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Littorina), at ~7-8 m a.s.l., found at the Furninha Cave, which predates a dated level of 81(+42/-31) ka

(U-Series) inc

luded in the upper aeolian sands.

The lowermost emergent marine terrace (Tm6) is represented by a wave-cut platform at an altitude

of 4.0 m.

At the Furninha Cave staircase, fossil bone remains were found at several terrace deposits. At the

topmost part of the sedimentary deposits of Tm2, Tm3 and Tm4, bone remains of terrestrial mammals,

probably perissodactyl and artiodactyls, were identified. However, they do not provide some age control

because the artefacts were found only at the terrace surface.
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Figure IV. 9. A

1214 16 18 20 22 24 26 28 30 3234 36 384042 ™

- Profile of the marine terrace staircase at the Furninha Cave site, presenting the topography and

lithostratigraphy; B - Location of each marine terrace (wave-cut platform and sedimentary deposits) (Tml to

Tmo).

IV.8.2. Texture and mineral composition of the sediment

samples

Terrace Tml
The Tm1 ESR dated sample (Pen5) has a dull yellow-orange colour (10 YR 7/4), consisting of 57%

of the sand fraction (medium to very coarse sands) and 39% of gravel fraction. The mineral composition
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consists of hyaline and milky quartz, calcite, feldspars (microcline and albite) and minor phyllosilicates
(mainly muscovite) (Fig.IV.10). The mean grain size is 1.19 mm, poorly sorted (1.72), symmetrical
(0.60) and platykurtic (2.42).

Terrace Tm2

The Tm?2 sample (Pen4) has a light grey colour (10YR 8/1) and is composed by 78% of sand (53%
of the particle sizes are larger than 300 um) and 22% of gravels. The sand fraction comprises quartz,
feldspar (microcline), calcite, quartzite, granite, muscovite and traces of clay minerals. The mean grain
size is 1.34 mm, moderately sorted (0.84), fine skewed (0.96) and leptokurtic (6.15). The quartz grains

are usually sub-rounded.

Terrace Tm3

With 0.5 m of thickness, the well-cemented basal conglomerate of Tm3 has a light grey colour
(10YR 8/2) (sample Pen2); the sand matrix is composed by subangular grains of quartz, quartzite,
feldspar (orthoclase), calcite bioclasts, granite and accessory muscovite. At the terrace upper-division
(where sample Pen3 was collected), the sediment has a dull yellow-orange colour (10YR7/2) and is
composed by very coarse sand (Fig. IV.9) with the following mineralogy: quartz, K-feldspar
(microcline), plagioclase, calcite and accessory muscovite.

Shell fragments and bones are observed, overlaid by a travertine deposit ~17 cm thick. The sample
comprises very coarse sand (92%) and gravels (8%), symmetrical (-0.03), poorly sorted (1.31) and
platykurtic (2.31). With grey colour (7.5YR8/2), the sample Pen1 is well-sorted medium sand composed
by well-rolled quartz, quartzite, feldspars and clay (Fig. [V.4J).

Terrace Tm4

The Tm4 deposit has 2.3 m of thickness and dull yellow orange colour (10YR6/4). The PenS8
sediment was collected about 0.8 m above the wave-cut surface and is composed of medium sand (84%)
and gravels (16%) (Fig. IV. 4P). The sample is comprised by well-rounded gravel clasts of quartzite,
quartz, granite and schist, and the sand fraction mineralogy contains quartz, K-feldspar (orthoclase and
microcline), plagioclase (albite), ankerite/calcite and muscovite (Fig. IV. 9). At the upper part of the

sedimentary sequence, fossil bones and travertine were found.
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Figure IV. 10. Photomicrograph of some quartz grains (250-180 pm) and examples of the mineral composition of

sandstone samples collected from the studied marine terrace deposits.

Terrace Tm5S

The base of this deposit is composed by well-rounded clasts of quartz, quartzite, pink granite,
limestone, schist and some silex (Fig. [V.4I). The Tm5 deposit has 2.0 m of thickness and at the upper
part was found a fossil bone. The sand sample has light grey colour (10YRS8/2) and is dominated by

medium sand.

IV.9. Interpretation of the depositional environment and

sediment provenance

The sedimentary characteristics of the deposits associated with the terraces (rolled siliciclastic clasts,
good sorting and pebbly sands), indicate a paleo-depositional setting of very narrow beaches near the
related paleo-shore coastal angle. The high wave dynamics is expressed by a predominance of very
coarse sands and gravels. The Tm3 deposits (Fig. IV.4L, M, J) locally comprise a lower conglomerate

of limestone boulders. All samples have carbonate cement.
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The transport of the siliciclastics (sand grains and gravels) that constitute the studied paleo-beach
deposits is interpreted as made mainly by littoral drift, from northern river mouths discharges and
coastal cliff erosion. Some clasts (granite and schist) have local provenance from the near Berlengas

archipelago (at W), which is composed by Palaeozoic and Proterozoic rocks of the Iberian Massif.

IV.10. ESR dating of optically bleached quartz grains

The ESR analytical data are listed in Tables IV.1 and IV.2. Repeated measurements of Al and Ti—Li

centres over different days were carried out. Due to the younger age, the Tm5 sedimentary deposits
were not dated by ESR and later will be date using OSL dating (pIRIR protocol).
Repeated measurements of Al and Ti centres over different days, with De variability between 5.0 %
and 22.0 %, show the reliability of the fitting results (Duval, 2012). The De values derived from Al
(EXPLIN) and Ti option D (SSE and EXPLIN) are mostly 1o consistent (functions described in Chapter
10).

Table IV. 1. ESR means data (9 measurements) collected from the measures of Al centre in the samples of the
Marine terrace T1 (PenS), T2 (Pen4) and T 4 (Pen8).

Dose (G) ESR (a.u.) d.s. ESR (a.u.) d.s. ESR (a.u.) d.s.
Pen5 Pen4 Pen8

0 81.681 2.653 71.303 6.767 70.516 11.700

100 102.416 4.099 86.479 23.443 85.214 7.306
200 105.892 5.243 89.672 18.106 106.647 11.104

400 132.649 6.382 107.274 17.841 124.200 7.636
800 159.638 4226 135.493 19.407 167.833 12.342
1600 196.124 9.942 183.287 53.878 230.743 21.674
3200 252,942 3.819 249.289 35.927 321.235 16.634
6000 345.363 9.553 422.934 64.769 518.686 39.913
10000 359.378 35.553 501.182 80.849 639.263 16.272
15000 430.132 26.436 539.431 65.446 759.038 43.852
25000 617.573 57.442 920.092 97.772 748.894 54.459

94

Electron Spin Resonance dating of marine and fluvial terraces of central Portugal



The final D. values for each sample were calculated on the average of ESR intensity values. The
relative bleaching component values suggest similar bleaching conditions of all samples, except Penl
and consistent with previous observations (Voinchet et al., 2007; Duval, 2008; del Val et al., 2019). The
goodness of fit is overall good for these samples, with adjusted r? values of > 0.98. The D, values for

Al and Ti—Li centres are very similar for almost samples.

Table IV. 2. ESR mean data collected from the 9 measurements of Al centre in the samples of the T3 marine

terrace (Penl, Pen2, and Pen3).

Dose (G) ESR (a.u.) d.s. ESR (a.u.) d.s. ESR (a.u.) d.s.
Penl Pen 2 Pen 3

0 143.494 13.097 101.977 14.688 76.740 15.930
100 160.610 18.391 120.869 8.033 113.985 12.575
200 184.461 29.437 132.071 11.835 108.352 4.399
400 159.329 7.563 140.821 23.307
800 239.174 29.344 194.920 28.474 195.440 9.105
1600 299.795 44.171 278.051 14.374 250.565 16.423
3200 368.969 44.293 411.204 50.151 320.377 28.222
6000 452.887 94.848 523.921 45.153 342.344 16.191
10000 525.887 76.184 593.302 59.751 473.905 37.561
15000 722312 41.787 838.543 57.430

25000 887.619 33.310 1092.253 77.415 865.712 30.805

The weighted average age was obtained for all samples using both centres, using IsoPlot 3.0
(Ludwig, 2003) and given 95% of confidence. Repeated measurements of Al and Ti centres over
different days, with D. variability between 5.0 % and 22.0 %, show the reliability of the fitting results
(Duval, 2012). The D. values derived from Al (EXPLIN) and Ti option D (SSE and EXPLIN) are
mostly 1o consistent. Pen 1 result revealed higher D values in Ti—Li centre (927+£51) than in Al centre
(486+50). In that regard, the difference in Al and Ti ages for this sample is usually interpreted as
incomplete bleaching of the Al. In this case, the samples Pen 2 and Pen 3 presents Al ages consistent
with the Al age of this sample and not with the age value of Ti—Li, (more articulate with the age of

Tm?2) so, as they are all of the same levels, the Al value was used.
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Table I'V. 3. ESR mean data collected from the measurements of Ti-Li centre in the samples of the marine terraces

(T1, T2, T4). The protocol was repeated 3 and 4 times in each aliquot (9 measurements).

Dose (G) ESR (a.u.) d.s. ESR (a.u.) d.s. ESR (a.u.) d.s.
Pen 5 Pend Pen 8
0 146.565 12.549 136.191 23.176 113.219 9.051
100 179.050 27.787 156.755 15.895 150.650 5.443
200 199.264 20.081 172.425 21.400 167.024 8.880
400 251.250 19.451 224431 33.109 235.705 16.511
800 319.662 19.985 287.489 72.100 265.718 14.005
1600 395.326 24.140 430.700 79.817 358.873 19.073
3200 551412 43.858 640.596 89.884 538.358 25.763
6000 627.013 34.262 1067.496 197.600 795.086 46.587
10000 713.874 52.640 1164.825 135.110 984.790 44.152
15000 719.722 71.150 1120.218 105.117 792.441 69.352
25000 671.403 56.964 1000.741 132.661 798.713 65.345

Table IV. 4. U content (ppb), isotopic ratios and age of the Furninha Cave T3 travertine.

Sample 238 U 232Th 234U/238U 230Th/234U 230Th/238 230Th/232Th Age
(Ka)
(ppb) (ppb)
Furn A 114+1.5 29.9+0.39 1.054+0.01 1.024+0.032 1.078+0.032 13+£0.3 >438
(Paris)
Furn B 92+0.08 7.23+0.02 1.033+0.003 1.018+0.004 1.052+0.002 41+0.15 >620
(Nanjing)
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According to the intensity growth for ESR-AI signal curve responses (Fig. IV.11), the youngest
samples had a rapid growth of the first doses and a much slower for high doses, as described in another

study (Voinchet et al., 2013). For the older samples (e.g. Pen5) the growth is slower.

Table IV. 5. Sample information, external  and y dose rate, cosmic dose and bleaching. External o was considered
negligible. The water content (W.C.) for the burial time was estimated considering the field water content and the

saturation water content.

Estim External § External Cosmic

Marine Sample

ated dose ra dose rate dose rate Bl (%)

terrace code

W.C. (%) (Gy/Ka) (Gy/Ka) (Gy/Ka)
Tml Pen5 5+2 318+27 211+31 169.1+8.4 61.0+£1.3
Tm2 Pen4d 11£5 460+22 279425 177.7+8.8 46.0+8.8
Tm3 Pen3 11£5 352425 231429 163.1+8.2 44.0+£2.9
Tm3 Pen2 542 385426 249430 177.7+8.8 53.0+6.6
Tm3 Penl 1545 705+29 469+33 163.1+8.2 42,0+ 5.0
Tm4 Pen8 10£2 456+29 280+34 180.5£9.1 50.0+£2.3
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Table IV. 6. Dosimetry and ESR age in Al, Ti—Li centres of sedimentary samples collected from the marine

terraces. The depth from which sample was taken is given in (m) below each sedimentary sequence top.

Tm3 terrace

Tm3terrace
Tml terrace  Tm2 terrace Tm3 (base) Tm4 terrace
(top) (base)
Sample Penl
Pen5 Pen4d Pen3 Pen2 Pen8
code
Depth
0.8 0.5 0.2 0.1 0.2 2
(m)
Elevation
26.9 18.5 16.5 15.0 15.0 13.1
(m)
Grain size
250-180 250-180 250-180 250-180 250-180 200-100
(pm)
238y
0.55+0.07 0.76+0.06 0.59 £0.06 1.49+0.08 0.92+0.06 1.07+0.07
(ppm)
232Th
1.73+£0.45 2.12+0.40 1.89+£0.43 4.18+0.55 1.68+0.48 1.90+0.52
(ppm)
K (%) 0.31+0.02 0.53+0.01 0.35+0.01 0.79+0.02 0.39+0.02 0.45+0.20
D. (total)
i 706+42 987+36 756+38 1716+60 821442 941+45
(nGy.a
De Ti centre
585+30 687+77 384+76 899+66 431433 281+49
(Gy)
Adj.
0.99- 0.99 0.97 0.99 0.99
Square 0.98
De Al centre
582459 716+38 356+38 694+80 437+45 338+31
(Gy)
Adj.
0.98 0.98 0.98 0.99 0.99 0.98
Square
Ti—Li
centre 896+350 733£35 508+103 684443 525447 298+54
Age (ka)
Al centre
987+120 773+49 548487 545465 588+60 366+37
Age (ka)
Mean
Age
977+110 753+65 528495 - 537+74 332445
(Al and
Ti—Li)
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Figure IV. 11. Examples of the fitting curves of Peniche samples (Penl, 2, 4, 5, 8) in Al and Ti-Li centres.
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Figure IV. 12. Examples of the Fitting curves of Peniche samples (Penl, 3, 2) in Al and Ti-Li centres.
IV.11. U-series dating of travertine levels

A sample of the travertine level located at the topmost deposits of the Tm3 was collected at the
Furninha Cave entrance. U-series have analysed sub-samples in both Paris and Nanjing laboratories,
and the data agree. The uranium content ranges between 90 and 115 ppb according to the heterogeneity
of the analysed sample (Table IV.4). Isotopic ratios agree for both laboratories at 1-2 %. The 23™/232Th
ratio is higher than 41 at Nanjing laboratory showing that the sample is free of exogenous thorium. The

measurement performed in Nanjing with MC-ICP-MS is expected to be more accurate, and the obtained

age (>620 ka) can be used without any correction.

Another travertine sample was collected from the topmost deposits of the Tm4 at the Furninha Cave

terrace staircase, but it provided an age (19+0.5 ka; Table IV5) much younger than the Tm4 terrace

formation.
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Table IV. 7. U content (ppb), isotopic ratios and age without correction of the Furninha Cave Tm3 and Tm4

travertine samples.

Sample 238(J 232Th 234(J /238y  230Th/234U 230Th /2380 230Th/232Th Age
(ppb) (ppb) (ka)

Tm3travertine 114+1.50 29.9+0.39 1.05+0.01 1.02+0.02 1.08+0.03 13%0.30 >438

(Paris)

Tm3travertine 92+0.08 7.23+0.02 1.03+£0.00 1.02+0.00 1.05+0.00 41+0.15 >620

(Nanjing)

Tm4

travertine 465.0+9.6  28.10+0.57 1.143+0.024 0.160+0.004 0.182+0.004  9.00+0.10 19+0.5

(Paris)

IV.12. Correlation of the marine terraces with available

eustatic curves and Marine Isotope Stages

The ESR ages obtained presents the standard chronological pattern for the stepped terraces, the
oldest being the highest. The obtained ESR ages for each marine terrace (Lower and Middle
Pleistocene) were compared to the available global mean sea level curves and to the established MIS’s
(Labeyrie et al., 1987; Murray-Wallace, 2002; Waelbroeck et al., 2002; Siddall et al., 2003) (Fig. IV.13).

The ESR mean age obtained for Tm1 is 9774110 ka, suggesting that is terrace is probably correlated
with the high sea-level conditions spanning 950-820 ka (MIS25-19) (Early Pleistocene). When the uplift
rate is low, it is possible that a marine terrace records two or more marine isotope stages (e.g., Muhs et
al., 2002; Zomenia, 2012).

For the sample collected from the Tm2, the ESR dating values of Al and Ti centres are similar, with
a weighted mean age of 753+65 ka with 95% confidence, (20, MSWD=0.084, P=0.77). It is possible to
propose that the Tm2 could correlate to the MIS17 high stand sea level conditions (740-680 ka).

For the three ESR dated samples of the Tm3 terrace (Table IV. 6), similar results on Ti—Li and Al
centres were obtained for Pen3 (528495 ka) and Pen2 (537474 ka), but Penl has a similar age on the
Al centre (545+43ka). The Tm3 terrace age with all the weighted age values of the samples (without
Penl in Ti-Li) is 526+31, with 95% of confidence (20, MSWD=7.5 and P=0.001). The U-series age of
>620 ka (Nanjing laboratory) of the travertine at the Tm3 topmost level is higher than expected,
probably due to the proximity of the secular equilibrium with an age ratio in excess. In conclusion, this
terrace probably records aggradation during MIS15 and MIS13 (620-540 ka and 495-460 Kka,

respectively).
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For Tm4, the ESR values of both centres (Table [V.6) are within the error range (366+37/298+54
ka), and the weighted mean age was of 332+45 (26, MSWD=4.7 and P=0.001). Considering that there
are high stands comprised in the age error range, this marine terrace could represent the MIS11 and the
MIS 9 intervals (430-390 ka; 330-270 ka, respectively).

Regarding the lower emergent marine terraces, TmS5 probably correlates to the high stand conditions
during 240-180 ka (MIS7) and the Tm6 wave-cut platform to the 128-85 ka interval (MIS5).
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Figure IV. 13. A — Plot of the altitude versus the respective age of each terrace dated sample of the Peniche
staircase (elevations are not corrected for eustatic changes). B - Global mean sea level curves (modified from
Labeyrie et al., 1987), ESR mean and U-series ages obtained and the most probable age of the sedimentary
deposits of the terraces indicated in grey shading. Black circles indicate the Murray Wallace (2002) sea-level
estimates for MIS7, 9 and 11; the red and green curves show the ones proposed by Waelbroeck et al., (2002) and
Siddall et al. (2003), respectively. Terraces (Tm) are displayed with the respective altitudes of their inner edges.
The data indicate that under a low uplift rate, the sedimentary deposits of a marine terrace could record a
continuous aggradation interval comprising high stand sea-level conditions of successive MISs or that the same
level can be re-occupied by several high sea-level peaks (a complex terrace, with sedimentary discontinuities,

comprising several aggradation intervals).

102

Electron Spin Resonance dating of marine and fluvial terraces of central Portugal



IV.13. Uplift rates

The studied marine sequence is a precious tool for understanding coastal behaviour and identifying
the uplifting Quaternary trend in the studied area. Because the fossil sea cliff (shoreline angle/strandline)
of each terrace is a good approximation of sea level during the peak of a highstand (Lajoie, 1986), these
were measured in the field with a GPS RTK and the E + AE values were obtained (Figs. IV.8 and IV.9).

As defined by Bull (1985), the inferred corrected uplift rate involves subtracting the marine terrace
shoreline angle, relative to modern sea level from the shoreline angle altitude of global paleo sea level
at the considered age; the corrected height is then divided by the age of the marine terrace. For the study
area, using the elevation of the culminant wave-cut platform (34 m) as the geomorphic reference of the
Pliocene sea-level peak (+10-20 m; Miller et al., 2019), a long-term corrected uplift rate of 0.005+0.001
is obtained for the last 3.7 Ma. For the previous ~1 Ma, the apparent short-term uplift rates (eustatic
changes in sea level are not corrected) vary between 0.03 and 0.05 m/ka (means of 0.03 to 0.04 m/ka)
and the corrected short-term uplift rates between -0.05 and 0.05 m/ka (means of -0.02 to 0.05 m/ka)
(Tables IV.8 and IV.9). If for Tm6 (ascribed to MIS5) a eustatic correction of +2 m is used (Galve et
al., 2019), the obtained uplift rate is 0.02 m/ka, a more suitable value.
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Table IV. 8. Apparent uplift rate calculation using the altitude of the shoreline angle (inner edge) of the studied
several marine levels (relative sea-level (RSL) reconstructions); for those values of U,, eustatic changes in sea
level are not considered. For the terraces that could represent two or more marine isotope stages, it was used the
age of the younger MIS. WCN - wave-cut notch; IE- inner edge; *sediment thickness at the shoreline angle;

altitude at the shoreline angle (E£AE); assigned Age (A); apparent uplift rate (U, = E/A).

Marine Probable Type of Sedimen Altitude  Assigned age Apparent uplift rate
level Marine markera t of (ka) (m/ka)
Isotope thicknes shoreline Umax  Unmin Umean
Stage s* angle (m)
(m)
Wave-cut
P - platform 0 33 3700 01 0.01
m 0.01
875+130 (ESR) 0. 0.03
Tm1 MIS25-19 IE 0.8 27+0.5 1000-820 0.04 0.03 0.03
0.03 0.03
707+32 (ESR) 0 0.03
Tm2 MIS 19-17 IE 0.5 21+0.5 720-670 0.03 0.03 0.03
0
0.03 0.03
558+52(ESR) 0 0.04
Tm3 MIS15-13 WCN 0.8-2.5 15.5+0.01 620-450 0.04 0.04 0.03
0.03
0.03
327430 (ESR) 0.04 0.0 0.04
Tm4 MIS9 IE 2.5-3.0 13.5+0.01 370-275 0.05 4 0.04
0.0
3

not directly

Tm5 MIS7 IE 2.0 7%0.01 dated 0.04 0.03 0.04
(MIS7, 240-180)
not directly

Tmé6 MIS5 IE 0 4.0£0.5 dated 0 0.03 0.04
(MIS5,128-85)  0.05
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Table IV. 9.Relative uplift rate calculation, taking into account the altitude of the shoreline angle (inner edge) and
the respective paleo-sea level. WCN- wave-cut notch; IE- inner edge; *sediment thickness at the shoreline angle;
altitude at the shoreline angle (E£AE); assigned Age (A); relative uplift rate (U= E /A). The following sea-level
peaks were used: +10-20 m for Pliocene (Miller et al., 2019); -0.5 m for MIS7 (Muhs et al., 2012); +6+4 m for
MISS5 (Murray-Wallace and Woodroffe, 2014).

Marine Probable Type of Sedimen Relative Assigned age Apparent uplift
level eustatic marker t altitude of (ka) rate
paleo-sea- a thicknes shoreline angle (m/ka)
level s* (m) Umax  Umin Ume:
(m) (m)
Wave- (33 -(+10-20)
Pm +10-20 cut 0 23-13 3700 0.006 0.00 0.005
platfor 4
m

875+130 (ESR) 0.04 0.0 0.03

Tm1 0 IE 0.8 26.9 (950-820) 0.03 2 0.03
0.0
3
707+65 (ESR) 0.03 0.03 0.03
Tm2 0 IE 0.5 20.7 680 (MIS17) 0.03 0.03 0.03

503+96 (ESR) 0.04 0.04 0.04

Tm3 0 WCN 0.8-25 15.0 550-620 0.03 0.03 0.03
(MIS15) 0.04 0.03 0.04
450-500
(MIS13)
359+37 (ESR)  0.04 0.03 0.04
Tm4  -0.5 IE 2530 (12.9+0.5) 270-340 0.05 0.04 0.05
(MIS9)
Tm5  -0.5 IE 2.0 (6.4 +0.5) 190-240 0.04 002 0.03
(MIS7)
Tm6  +64 IE 0 (4.0) - (6+4) 128 (MIS5) 002 005 -0.02
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IV.14. Discussion

The culminant wave-cut platform should be the record of the important late Zanclean-Piacenzian
marine incursion, with a paleo-sea level of +10-20 m (a.s.l.) (Miller et al., 2019), well represented along
the Western Iberian Margin (e.g., Cunha, 2019; Gouveia et al., 2020) and in the Mediterranean area
(e.g., Miiller, 1993; Barnolas et al., 2019). The studied marine terrace staircase is a consequence of the
several Pleistocene eustatic sea-level highstands (Anderson et al., 1999; Lisiecki and Raymo, 2005;
Stephenson et al., 2013; Normand et al., 2019), on a set of low crustal uplift.

The ESR ages obtained in this study are consistent with the terrace stratigraphic order and with the
most relevant sea-level high stands during the Pleistocene that is older than the MIS7.

The ESR signal from Al centre is in accordance in all the samples of the Tm3 (Penl1, Pen2 and Pen3).
The chronology provided by Ti—Li centre is in accordance with the other values in Tm3, except for
Penl with higher value (684+43 ka). The D, of Pen 1 in Ti-Li can be explained by the intensity values
of the first points and the saturation signal at higher doses (15000 Gy).

As previously stated, when the uplift rate of a coastal area is low, an old marine terrace may represent
two or more marine isotope stages (e.g., Muhs et al., 2002; Zomenia, 2012). It seems to be the case for
Tml (MIS25-19), Tm3 (MIS15-13) and Tm4 (MIS11-9). However, the MIS13 could be not
represented, as in almost worldwide (Caputo, 2007; Bintanja and Van De Wal, 2008). Some terraces
within a sequence could be removed by marine erosion (e.g., MIS11), especially if the next highstand
lasted long enough (e.g., Saillard et al., 2009), providing the conditions to make it to collapse and/ or to
be eroded.

Below the Pm, the most extensive inland wave-cut platforms are those associated with the Tml
(implying a long duration of sea-level high stand conditions) and with the Tm3 (both with a probable
time of ~160 ka). The moderately inland-developed wave-cut platforms are those associated with the
Tm4, Tm2 and Tm5 (possible duration of ~100, 80 and 60 ka, respectively). The less-developed
emergent wave-cut platform is the one associated with the Tm6 (~50 ka but favoured by the higher
elevation above the present sea level during the MIS5and MIS 11).

The Pliocene recorded a period of global warmth and high sea level. Global surface temperatures
during the most recent period of Pliocene warmth at ~3 Ma were 2—3°C warmer than the 20th century
(Dowsett et al., 2013). During the Middle and Late Pleistocene, the sea surface temperature (SST) in
the Western Iberian Margin, fluctuated between 6°C and 21°C, with the warmest temperatures occurring
throughout interglacial MIS5e and MIS19c¢ (Rodrigues et al., 2017). The coolest interglacial (17°C) was
MIS23 (with least impact in sea-level fluctuation). Climatically, MIS 11 represents the warmest sea
surface temperatures of recent interglacials, followed by MIS9 with the highest sea levels (Spratt et al.,
2016).
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Summarizing the interpreted coastal evolution of the study area during the Pleistocene, by using the
less restrictive probable intervals of aggradation:

- During 1000 to 760 ka (MIS25 to MIS19), generally high sea-level stands generated the Tm1 wave-
cut platform; after, low sea levels lead to the retreat of the shoreline;

- During 710 to 680 ka (MIS17), generally high sea-level stands generated the Tm?2 terrace, followed
by a retreat of the shoreline during 680 to 620 ka;

- During 620 to 450 ka (MIS15-13), high sea-level stand generated the Tm3 terrace, followed by a
retreat of the shoreline;

- During 430 to 275 ka (MIS11-9), high sea-level stands generated the Tm4 terrace, later exposed;

- During 275 to 240ka (MIS8), low sea levels lead to the retreat of the shoreline;

- During 240 to 180 ka (MIS7), high sea-level stands generated the TmS5 terrace; followed by a retreat
of the shoreline;

- During 125 to 85 ka (MIS5), the relevant high stand generated the Tm6 terrace;

- During 85 to 18 ka (MIS4 to MIS2), sea level has fluctuated following an overall lowering trend
characterised by highstand positions at MIS5a (80 ka, -55 m) and MIS3 (60 ka, -24 m), and the low
stand of the Last Glacial Maximum (LGM)/MIS2 (18 ka, ~ -120 m). The sites where the 80—18 ka shore
platform and marine terraces would have developed are currently located in submerged areas offshore.
During the huge retreat of the shoreline, the paleoclimates comprised wet-temperate, wet-cold, dry-
temperate and dry-cold conditions and the cold climate conditions (Figueiredo et al., 2017); the latter
were characterized onshore by the predominance of energetic aeolian sand dynamics (with deposition
inside the Furninha Cave and as a cover unit at the Peniche Peninsula).

- The sea-level rise following the 18-ka low stand was rapid and associated with climatic
amelioration during the transition into the current interglacial. This evolution leads to the Holocene

sedimentation in gravelly/sand beaches and the associated field of aeolian dunes.

The long-term uplift rate obtained for the littoral areas of Portugal mainland, for the last ~3 Ma are
estimated as 0.1-0.2 m/ka (Cabral, 1995) or, considering as geomorphic reference the great wave-
cut platform dated as 3.7 Ma, as 0.019-0.071 m/ka for the more elevated setting of Cape Espichel
(Cunha et al., 2015), as 0.004—0.055 m/ka for the Figueira da Foz area (Ramos et al., 2012) and as
0.004-0.006 m/ka for the less elevated study area. These values evidence differential uplift along the
western Portuguese coast. For the last ~1 Ma, the apparent short-term uplift rates (eustatic changes
in sea level are not considered) vary between 0.03 and 0.04 m/ka and the corrected uplift rates
between 0.02 and 0.05 m/ka. So, low crustal uplift conditions were determined, that are in agreement
to a passive margin setting, but evidencing higher rates during the Pleistocene that should be
interpreted as resulting of an increase in intraplate compressive stress affecting the Western Iberian
Margin (e.g., Martins et al., 2010; Cabral, 2012; Vilanova et al., 2014; Cunha et al., 2016; Cabral et
al., 2018, 2019). As a comparison, along the SE Spanish peninsular and insular coasts, the MIS7
coastal unit is exposed with a maximum height of +10-12 m (a.s.l.) and a minimum of +1.5 m (a.s.1.),
also pointing to differential uplift (Zazo, 2013; Galve et al., 2019).
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IV.15. Conclusions

The low relief coast of the Peniche Peninsula records a culminant wave-cut platform above a
staircase of six marine terraces.

The ESR ages obtained in optically bleached quartz are consistent with the stratigraphic order of the
terrace staircase. So, considering the highstands comprised by the ESR ages error range: the Tm1 wave-
cut platform could correlate to 1000-785 ka (MIS25-19); the Tm2 marine terrace could correlate to 745-
680 ka (MIS17); the Tm3 terrace can be related to 620-460 ka (MIS15-13); the Tm4 terrace could record
the interval 365-275 ka (MIS11-9); the TmS5 terrace probably spans 240-180ka (MIS7); in the
lowermost emergent position, the wave-cut platform at 4 m (Tmo6), probably records the interval 128-
85 ka (MISS).

The paleogeographic evolution of the Peniche Peninsula since the early Pliocene can be explained
by the development of several marine shores during sea-level high stands, in a setting of low uplift. The
Quaternary coastal landscape development in the study area has been driven by an interplay between
tectonics, eustatic and climatic forcing mechanisms. In areas of low uplift rate and tectonics, sea level
and climatic changes dominate coastal landscape development.

The Western Iberian Margin is a region where active tectonics plays a significant role in the
geomorphic expression and distribution of Quaternary marine terraces, recording in many cases vertical
ground motions (uplift/subsidence) superimposed on global sea-level oscillations.

Shoreline angle altitudes associated with identified platforms were used to calculate uplift rate
estimates. Using the culminant wave-cut platform as a geomorphic reference, generated at ~3.7 Ma
under an estimated sea-level peak at ~+10-20 m, a long-term corrected uplift rate of 0.004-0.006 m/ka
is obtained. For the last 1 Ma, the marine terraces of the study area allow estimating a long-term
corrected uplift rate of ~0.03 m/ka (mean short-term uplift rates of -0.02 to 0.05 m/ka). These values
indicate a low uplift rate, but increasing, which agree with a passive margin under intraplate
compression. Comparison with the uplift rates obtained for other areas of the Western Iberian Margin

supports differential uplift in a setting of active faults.
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CHAPTER V. GEOMORPHIC MARKERS OF QUATERNARY
TECTONICS IN WESTERN IBERIA: INSIGHTS FROM THE
LOWER MONDEGO RIVER TERRACES, CENTRAL
PORTUGAL

V.1l.Introduction

In the western sector of the Iberian Peninsula, there are numerous geomorphic evidence of uplift,
such as high sea cliffs and raised marine terraces along the coast, plateaus and planation surfaces at
high altitudes deeply incised drainage networks inland and terrace staircases along the main river
systems.

Marine platforms and river terraces are relevant geomorphic records of vertical crustal movements
(either regional uplift or differential uplift) and climate change, contributing to infer apparent sea-level
change, rates of the fluvial incision (e.g., Burbank and Anderson, 2001) and providing important
insights to understand the long-term landscape evolution (e.g., Bridgland and Westaway, 2014). The
influence of tectonics and climate on terrace formation (i.e. alternation of fluvial incision and
aggradation) have been widely debated (Kukla, 1975, 1977; Bull, 1991; Li, 1991; Antoine, 1994;
Bridgland, 1994, Tyracek, 1995; VandenBerghe, 1995, Saucier, 1996; Maddy, 1997; Bridgland, 2000;
Bridgland and Westaway, 2008). It seems to be consensual that for a staircase of terraces, the river
flow areas should have experienced uplift, which driven the valley through an incision tendency. The
uplift is considered indispensable to create the vertical space in which the successive terraces are
disposed above the present valley floor (Maddy, 1997; Maddy et al., 2000; Westaway, 2002a, b, 2007;
Westaway et al., 2009). On the other hand, the intensity of climate change controls the terraces'
aggradational or degradational character (Demoulin et al., 2017) through its influence on discharge
and sediment supply.

In mainland Portugal, the terraces along the main rivers - Douro, Tejo, Guadiana and Mondego -
appear as stepped morphologies on the slopes of the valleys probably driven by cyclic glacio-eustatic
sea-level changes, superimposed on a long-term uplift trend (Cunha et al., 2008, 2017; Martins et al.,
2009; 2010; Ramos et al., 2012). This stepped arrangement of terraces results from the situation along
the western Atlantic border of the Iberian Peninsula, considered a passive margin, but experiencing
NW-SE convergence of 4-5 mm/y between Eurasia and Nubia plates (Cabral and Ribeiro, 1988;
Cabral, 1995; Ribeiro et al., 1996; Calais et al., 2003; Nocquet and Calais, 2004; Cloetingh et al., 2005;
Fernandes et al., 2003, 2007; Cabral, 2012), at least during the Quaternary.
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The glacio-eustatic control on the main Portuguese rivers' terrace formation is easily explained by
the Atlantic Ocean proximity and the fact that the rivers have lower reaches less than 200 km away
from the ocean. Relative sea-level lowstand (e.g., 120 m below the present-day sea level) caused deep
incision on the continental shelf, reaching up to 100 km inland, while in the sea-level high stands the
valleys were drowned and transgressed by tidal and marine environments near the coast (Vis 2009).

In mainland Portugal, several geomorphological markers have been used to characterise the
Quaternary vertical movements. In coastal regions, a regional Pliocene wave-cut platform dated as ca.
3.7-3.6 Ma (Diniz et al., 2016) and some dated Pleistocene coastal units (Benedetti et al., 2009; Ramos
et al., 2012; Carvalhido et al., 2014, Ressurrei¢do, 2018; Figueiredo et al., 2014; Cunha et al., 2015;
Gouveia et al., 2020b) has been used for this purpose. Inland the most used geomorphological
references are the surface of the culminant sedimentary unit, with probable age of ~2 Ma (Cabral,
2012; Cunha, 2019), and Pleistocene fluvial terraces along the major river valleys (Martins et al., 2009;
Cunha et al., 2005, 2008, 2012, 2016, 2017). The long-term uplift for the last 3-2 Ma, ranges from 0.1
and 0.2 mm/y with higher values inland relative to coastal areas (Cunha et al., 2005, 2008, 2010, 2016;
Cabral et al., 2012).

The LMYV is the study area, located between Coimbra and Figueira da Foz (river mouth in the
Atlantic Ocean) (~50 km), in the southwest sector of the Mondego Cenozoic Basin (Fig. V.1). This
basin records a marine incursion during the latest Zanclean-Piacenzian (Cunha et al., 2019). In the
LMYV, the Quaternary deposits were first studied by Ribeiro and Patricio (1943) and Soares (1966).
Soares et al. (1992, 1997, 1999) grouped the Quaternary deposits of the LMV into four sets according
to their marine-fluvial counterparts at Figueira da Foz and Coimbra areas. According to the heights
above the alluvial plain and the sedimentary characteristics, the Quaternary deposits were correlated
with tectonic pulses and climatic rhythms of the Quaternary, and their age ascribed as: Sicilian (Lower
Pleistocene), first group; Mindel/Riss stage (Middle Pleistocene), second group; Riss/Wiirm
interglacial, third group; and Holocene, fourth group.

Up to now, the study area lacks a detailed geomorphological mapping of the terrace staircases and
the long-term landscape evolution is not entirely understood. Detailed cartography is needed to
establish a longitudinal and transversal correlation of the river terraces along the valley and to assess
differential uplift in an area with evidence of active tectonics (http://info.igme.es/qafi/About.aspx;
Garcia-Mayordomo et al., 2012).

The goals of this study in the LMV, are: i) to identify the terrace levels, using a detailed
geomorphological mapping and cross-sections; ii) to present the sedimentary characteristics of the
terrace deposits, through observations of outcrops/exposures; iii) to date some terraces by using the
ESR method; iv) to understand and to quantify active tectonics, by using the terraces as geomorphic

references and assessing the differential uplift during the Quaternary.
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V.2.Geographical, geological and geomorphological setting

The Mondego river has a catchment area of 6671 km? and is the longest river entirely comprised in
Portuguese territory, flowing for 234 km in a south-westward direction in mainland Portugal, from the
Estrela Mountain until the Atlantic Ocean near the Figueira da Foz town (Fig. V.1, V.2).

In the LMV, the Mondego flows over Mesozoic (carbonates and siliciclastics) and Cenozoic
(siliciclastics) sedimentary rocks (Fig. V.1C). The LMV can be subdivided in four main reaches
limited by main faults (Fig. V.1D), from upstream to downstream: i) reach I, SE-NW, comprises the
Ceira River confluence with the Mondego until the Campo do Boldo; ii) reach II corresponds to the
NE-SW trend valley, located between Campo do Boldo and Montemor-o-Velho; iii) the reach III,
corresponds to the very narrow reach, located between Montemor-o-Velho and Lares gorge; IV) reach
IV corresponds to the large lower estuary, located between Lares village and the river mouth. Reach 1
is a steep valley, controlled by structural scarps cut on Jurassic limestones in its left bank and showing
a broad amphitheatre of an abandoned meander, on the right bank (Carvalho, 1951). Reach Il is a broad
valley filled with Holocene sediments forming an alluvial plain up to 4 km wide. The last includes in
the upstream part a remarkable widening of the valley, named Campo do Boldo, that is a subsiding
area with a 36 m thick Holocene accumulation (Soares et al., 1985; Tavares, 1999). Campo do Bolao
works as a sediment spill area, whose aggradation is visible on the remarkable drop in the alluvial
plain gradient (0.10%), between Campo do Boldo and S. Martinho da Arvore (Fig. V.12 A-C).
Downstream of S. Martinho da Arvore, the alluvial plain gradient is lower (0.015%). Reach III
corresponds to the superimposed Mondego River on the homoclinal ridge of Serra da Boa Viagem,
forming a gorge in the hard Cretaceous and Jurassic sandstones and limestones. Reach IV corresponds
to the estuary's lower sector, with its tidal flats, salt marshes, adjacent to the acolian dune field located
near the coast.

Several main faults cross the study area: the N-S to NNW-SSE strike-slip Porto — Tomar fault zone
(PTY), the SSW-NNE strike-slip Coimbra - Antanhol fault (CAf), the SSW-NNE strike-slip Montemor
-0 - Velho — Verride fault (MVf) and the WNW-ESE Quiaios - Maiorca thrust fault (QMf). These
faults seem to be active. The Coimbra - Antanhol fault contacts a Cenomanian unit with the Pliocene-
Lower Pleistocene culminant sedimentary unit (UBS13; Cunha, 2019) (Soares, 2017). The Quiaios -
Maiorca thrust fault promoted significant uplift of the Serra da Boa Viagem during the Quaternary
(Cabral and Ribeiro, 1988; Cabral, 1995; Ramos et al., 2012). NW-SE to NE-SW fault systems
(Rodrigues et al., 1995; Pereira et al., 2004) are responsible for the tectonic uplift of compartments
controlled by the Penacova-Verrim and Porto Tomar faults (e.g., R6xo hill, ~510 m a.s.l.; Logo de
Deus plateaux, ~133m a.s.I; Montes Claros — Conchada plateaux,140-90 m a.s.l., but also for the
subsidence of the Campo do Bolao depression, evidenced by the vestibular depression of the Fornos

stream (Soares et al., 1985).

Electron Spin Resonance dating of marine and fluvial terraces of central Portugal



Tectonics should have played an essential role in the river drainage development in the region, with

flexural tilting of the Cretaceous formations at the right valley side (Ribeiro et al., 1979; Soares et al.,

1990).
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Figure V. 1. Geological framework of the study area (modified from Geological map, 1/500,000, LNEG). A —
Geographical setting; B - Geological and structural map; C — Study area (Lower Mondego valley, from Coimbra

to Figueira da Foz). Roman numbering indicates the four main reaches of the Lower Mondego Valley.

The Pleistocene deposits are organised in a terrace staircase on both sides of the river. Fluvial
terrace deposits are preserved in the right valley margin (e.g., at S. Silvestre, Zouparria do Campo and
Tentugal, the “red sands of Zouparria deposit” and near Tentagal (“Tentigal deposit™) (Soares et al.,
1985). On the left-hand valley margin, the “Ameal and Gabrielos” terraces are represented at ~50 m
and 25 m a.a.p., respectively (Soares et al., 1985).

In the lower estuary area, five terrace levels (T1 is the highest one and TS the lowest one) have
revealed successive episodes of river incision followed by aggradation in transition environments
(fluvial to shallow marine). The terrace staircase is disposed at different elevations (a.a.p.) in both

sides of the river due to differential uplift (Ramos et al., 2012).
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The Holocene floodplain, up to 4 km wide, develops downstream Coimbra. The Holocene infilling
thickness is between 24 and 33 m at Coimbra, 36 m at Campo do Boldo and 42 m near the stream
mouth.

The lack of numerical age control and the influence of active tectonics made the correlation
between the Quaternary deposits and the establishment of the timing of landscape modifications
difficult. In the estuary area of the Mondego river, luminescence ages were obtained for the lower T5
terrace (120-110 ka), the minimum age for the T4 (>390 ka) and another minimum age (>138 ka) for
the T3 (Ramos et al., 2012). The ages for the older terraces (T3, T2 and T1) have been estimated by
extrapolation using an elevation-age function, by correlation with the ages of the Lower Tejo River
terraces and assuming that the beginning of the incision stage is ~1.8 Ma (Cunha et al., 2012). Recently,
the culminant sedimentary unit (which pre-dates the set of the fluvial incision) was dated at the Lower
Tejo Cenozoic Basin and in the Mondego Cenozoic Basin by using the Electron spin resonance (ESR)
method. At Praia da Victoria, in Mondego Cenozoic Basin (MCB), an age of ca. 1.8 Ma was obtained

for the top of the culminant unit (Gouveia et al., 2020).

Figure V. 2.The Mondego catchment (black line) and its drainage network (blue lines). MB — Mondego Basin;
PCR- Portugal Central Range; C.- Coimbra; F.F.- Figueira da Foz; M.C.- Mondego Cape; S.B.- S. Bento
Mountain; M.V. Montemor -o-Velho; Er. - Ervidinho; V.- Verride; P. — Pereira; A.- Ameal; T.- Tenttgal; S.J.C.

—S. Jodo do Campo; Tv.- Taveiro.
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Serra da Boa Viagem is an E-W to WNW-ESE elongated ridge, composed by Jurassic and
Cretaceous limestones and associated marls and sandstones, dipping towards SW and S. The flattened
hilltop, ranging 220 to 256 m a.s.l., derives from an uplifted Pliocene wave-cut platform (erosive base
of the UBS13 unit). Three lower wave-cut platforms, associated with beach deposits, were recognised
at the Cabo Mondego headland: Farol Novo (T1), ~100-90 m a.s.l. (Carvalho, 1964; Soares et al.,
2007), T2 at 20 m a.s.l. and T3 (Murtinheira) at 10 m a.s.l. (Soares et al., 1989, 1992; Cunha et al.,
2015). Aeolian dune fields are also present at the littoral (Almeida et al., 1997; André¢ et al., 2009).

V.3.Materials and methods

The information presented was obtained from the geomorphological, stratigraphical, and
sedimentological study of the terrace sequence using a standard approach (e.g., Stokes et al., 2012),
combining field and laboratory work. Additional methods, including sampling for ESR dating and
laboratory age determination, are given within relevant data sections for reference facility. In this work,
the ESR dating is used to date the T4 and T3 terraces, with sampling limited by finding suitable

material to be dated.

V.3.1. Geomorphology

Geomorphological mapping was undertaken with field mapping on geological (1/50,000; 1/25,000)
and topographical (1/25,000; 1/10,000 and 1/5,000) base maps, available for the study area. A high-
resolution digital elevation model (D.E.M.) based on elevation points of 1/10,000 municipal
topographic database, was generated with ArcGIS geoprocessing tools. It was analysed and
synthesised a range of geological information. After collecting and combining all geographic
information, the identified fluvial terraces in the area were vectorised by creating shp.files with
geographic attributes. The delimitation of the river basin, the development of thematic cartographies
with fluvial forms and several cross profiles of the river course were performed using geoprocessing
tools in ArcGIS and Adobe Illustrator.
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V.3.2. Stratigraphy and sedimentology

Fieldwork included the study of terrace deposits at outcrops/exposures, which consisted of the
stratigraphic and sedimentological characterisation of the sedimentary deposits, as sediment colour,
texture, maximum particle size and clast lithology characterisation. The different fluvial deposits
preserved in the sedimentary outcrops used nomenclature and standard methodologies (e.g., Miall,
1996; Moore and Reynolds, 1997). Sedimentary deposits are described and interpreted using
sedimentary logs and described based on sedimentary facies analysis approach that integrates
lithology, texture and composition characterisation. The thickness of each deposit and lateral
distribution were analysed.

At the Sedimentology Laboratory - University of Coimbra, grain-size analyses of sediment samples
were carried out by sieving with a %2 ® increment for the fraction > 63 um. Analyses of sediment
mineral composition were based on binocular microscope observation (50x) and X-ray powder
diffraction using an Analytical Aeris XRD diffractometer manufactured by Panalytical, with a Cu tube
in a 20 range, at a scanning rate of 3° min’!, 40 kV and 15 nA (Department of Earth Sciences — Univ.
Coimbra). The mineralogical composition in non-oriented subsamples was obtained using the
analytical software Highscore plus, provided with the instrument. According to the standardised
Panalytical backloading system, the subsamples were prepared, which provides a nearly random

distribution of the particles.

V.3.3. Numerical dating

V.3.3.1. ESR dating of optically bleached quartz grains

The basis of this absolute dating method is the accumulation of charges in crystal lattice defects of
quartz minerals, resulting from natural radiation during their burial history. The number of charges,
detected by ESR, is directly proportional to the duration of the burial age of the minerals. As there is
no ESR signal intensity saturation up to several kGy and quite good thermal stabilities, the method can
date the age range from several thousand years up to 3 Ma (Voinchet et al., 2004, 2010; Gouveia et
al., 2020).

The ESR age calculation implies the determination of two main parameters: the total dose (D 1)
also referred to as the paleodose or equivalent dose (D.), and the dose rate (d.) which is an estimation

of the mean dose annually absorbed by the sample, based on the equation:

Dr = [oTda(t).dt, (16)
where T is the age of the sample.
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The total dose D 1. is proportional to the trapped electrons concentration in the sample and so to the
ESR signal intensity. The paramagnetic centres commonly used as potential dosimeters of ionising
radiation in quartz grains are: Aluminium (Al), Titanium (Ti) and Germanium centres (Ge) though
hardly observed in natural samples (Falgueéres et al., 1991). Each centre has characteristic behaviour
in optical bleaching kinetics and radiation sensitivity, being useful combining multiple centres
approach in ESR dating since each one provides independent dose control (Toyoda et al., 2000; Rink
et al., 2007; Tissoux et al., 2007; Duval and Guilarte, 2015). The Al centre signal has a high radiation
saturation level and thermal stability, is usually used for ESR dating of Middle Pleistocene to Pliocene
deposits (e.g. del Val et al., 2019; Voinchet et al., 2019; Gouveia et al., 2020). Ti centre usually
decreases at high dose values, called “radiation bleaching” (Euler and Kahan, 1987), commonly being
used for dating more recent materials (e.g., Middle and Late Pleistocene deposits; Tissoux et al., 2007).

In the present study, five samples were taken during a fieldwork campaign along the LMV in March
and May of 2018. At Coimbra (reach I), samples were collected from the Ingote, José M. Dias Ferreira
street and Conchada sites (Ing1, Coim1 and Conchal). At Tenttigal (reach II), sample Tent5 was taken.
At Ervidinho (reach IV), samples Ervil and Ervi4 were collected, respectively, from levels near the
base and the top of this terrace.

At each site, for ESR dating, the sediment samples were collected by hammering opaque metal
tubes (30 cm long with a diameter of 6-7 cm) in freshly cleaned sections of sandy levels, in order to
minimise parasite bleaching. The tubes were directly sealed from sunlight with opaque tape and bags.
The surrounding material was also collected for water content estimation and laboratory gamma
spectrometer analysis.

In the laboratory (Earth Sciences Department-University of Coimbra), the sediments were extracted
afterwards under red light, according to the standard conditions of the sample preparation in ESR
dating process (Yokoyama et al., 1985). In the preparation of mineral fractions for ESR dating, the
250-180 and 180-90 pum fractions of pure quartz grains were extracted from sediment by sieving,
chemical treatments, including fluorhydric (HF) acid attack, dense liquid separation and magnetic
separation, following the standard procedure (e.g., Voinchet et al., 2004).

The multi-aliquot additive-dose (MAA) method was employed for D. determination. Ten of twelve
aliquots with quartz grains were irradiated with a calibrated '*’Cs Gammacell-1000 gamma source
(dose rate= 6.3216 Gy/min) at different doses ranging from 100 to 25.000 Gy, carried out at CENIEH
(in Burgos, Spain).

One aliquot was kept as a natural reference, and the other was illuminated for 1000 h in a Dr Honhle
SOL2 solar simulator to determine the non-bleachable part of the ESR-AI signal (Voinchet et al.,
2003).

After irradiation, each series of 12 aliquots was measured by ESR at low-temperature cavity (~107
K) using a Bruker EMX spectrometer at Muséum National d’Histoire Naturelle of Paris. The given
sample was placed in the centre of the cavity, measured three times after a 120° rotation in order to
account ESR signal angular dependence. The ESR measurements were carried out on three different

days and repeated 2 to 4 times to evaluate the data repeatability. Baseline correction was applied by
6
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WINEPR Processing software using a quadratic function.

The Al ESR intensity was evaluated from peak-to-peak amplitude measurements between the top
of the first peak (g=2.0185) to the bottom of the 16" peak (g=2.002) of its hyperfine structure (Toyoda
and Falgueres, 2003). ESR intensities of Ti centre were extracted from the peak to baseline amplitude
measurement around g=1.913-1.915 (option D, Duval and Guilarte, 2015). Al signal was
systematically measured together with Ti-Li one, in order to get a proper background correction (Duval
and Guilarte, 2015). The sample preparation and experimental conditions employed for Al and Ti
centres are provided in the Supplementary Materials (S.M.). Ti centre showed a complete resetting of
the ESR signal after the artificial bleaching and a good dose-response to irradiation (Table 1). The
equivalent dose (D.) was determined for Al centre considering the subtraction of the residual intensity
evaluated through the maximum bleaching value from the measured ESR intensities. Al ESR
intensities were fitted by an exponential+linear fitting function (EXP+LIN), (Fig. V.2), through the
mean ESR intensities (Duval et al., 2009; Voinchet et al., 2013) and Ti ESR were fitted using an SSE
and (EXP+LIN) functions, (Fig. V.2 and V.3), using the Microcal Origin Pro 8.1 software and a data
point weighting by the inverse of the squared ESR intensities, 1/I*> (Yokoyama et al., 1985). Ti-Li
signals of the last two fitted points presented a saturated trend and large error magnitude in most

samples. They were not used in the D, extrapolation.

V.3.3.2.Dose rate evaluation and age calculation

The radioelements contents (U, Th and daughters, and K) were determined by high-resolution low-
background gamma-ray spectrometry measurements. The external alpha and beta dose rate
components were derived from the radioelement contents obtained using the dose-rate conversion
factors of Guérin et al. (2012). The grain thickness removed after the HF etching was assumed to be
20 pum and, the external alpha contribution was therefore considered negligible. Values were corrected
for B attenuation of spherical grains (Brennan et al., 1991; Brennan, 2003). Water content value during
burial was estimated, according to Griin (1994). The water content for marine deposits has changed
considerably during the past.

To account for their history of littoral accumulation, the saturated water content of the sample was
measured, and the mean value of 7 £2 % was obtained, accounting for the drying as a consequence of
sea-level changes and tectonic uplift. The cosmic dose rate was determined according to Prescott and
Hutton (1994), based on altitude, latitude and longitude of each section.

The final D, values for each sample were calculated on the average of ESR intensity values obtained
from the nine repeated measurements carried out over three days.

In the age calculation, the annual dose (D.) was obtained from the radionuclide activity in the

sediments, taking into account both in sifu and laboratory gamma-ray spectrometry measurements.
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V.4. Results

V.4.1. Geomorphological characterisation

V.4.1.1. Geomorphological characterisation of reach | (Coimbra —

Campo do Bolao)

Along reach 1, six terrace levels were identified and mapped below the UBS13 unit (Fig. V.3, V.4).

In the left margin of the LMV, nearby Cruz de Morougos (210 m) and Antanhol (172 m, Fig. V.3)
small plateaus (mesas) were identified, remnants of the culminant sedimentary unit (UBS13). Below
these plateaus, an erosive surface (N1) cuts the Jurassic limestones and the UBS13 unit, which are
strongly faulted. These faults branch upwards to the UBS13 unit, suggesting the structural architecture
of a flower structure linked to an NNW-SSE strike-slip fault system, named in this study as an F1 fault
system (Fig.V.3). The first terrace level (T1), correlating with the N1 surface, appear slightly inset as
a strath. This situation is especially evident on the left margin of the LMV that was uplifted relatively
to the right margin (Fig. V.3, V.4A, SM V.2).

In a lower elevation, a gently sloping ramp (strath of the T1) is followed by a flat area where the
T2 terrace level is observed in both margins of the river (Fig. V.3D, E). Terraces 3, 4 and 5 are better
exposed in the right margin of the valley (Fig. V.4B, D, E).

The heights above the alluvial plain (a.a.p.) of the geomorphic references on the left valley margin
are higher compared with their equivalents on the opposite right margin, significantly smaller for all
references, namely at Pinhal de Marrocos, in the abandoned meander, and at Lordemao plateaux (Fig.
V.4A,B,C,D,E).
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Figure V. 3. Geomorphological map of the LMV reaches I. Sedimentary surfaces: UBS13 culminant sedimentary
surface of the Mondego Cenozoic basin; Erosive surfaces and straths: N1 erosive surface, near the base of UBS13
unit, St1 to St5 strath terraces. Sedimentary surfaces: UBS13 - the culminant surface of the Cenozoic basin; T1
to TS - fill terraces; F1, F2 and F3 - strike-slip faults referred in the text; S3 - studied site at the Jos¢ M. Dias

Ferreira street (sample Coim1).

The elevations of the staircase in the most uplifted left margin are: UBS13 at 210 m a.s.l. (+189 m
a.a.p.); Tl at 141 m (+120 m); T2 at 118 m (+97 m); T3 at 91 m (+70 m); T4 at 64 m (+46 m); TS at
36 (+16 m).

The ENE-WSW F2 fault system caused the left margin to be downthrown compartment at Santa
Clara and at the northern end, being the preserved terrace remains of T2, T3, T4 and T5 less elevated
than their counterparts on the opposite margin, namely at Conchada and Lordemao (Fig. V.4E).

The transition between reach I to reach II is done through a ~40 m height scarp, associated with an
NNE-SSW F3 fault system (V.3, V.5). Along this fault, the Pedrulha compartment, at the west,
corresponds to the downthrown block, concerning the uplifted compartment of Ingote, at east. The
sudden widening of the valley named the Campo do Boldo constitutes a subsiding area with a 36 m
thickness of Holocene alluvium (Tavares, 1999). UBS13 and fluvial terraces on each side of the F3
fault are positioned at different elevations above the alluvial plain. The elevations range from +122 m
(UBS13) and +8 m (T5), in the east side, while in the west side the same geomorphic references are at
+90 m and +6 m, respectively (Fig. V.3, V.4, SM V.2). On the left margin of the valley, a probable T6
terrace could be present near the surface of the alluvial plain (at ~18 m a.s.l.), at the Sta. Clara
Monastery (Fig. V.4C).
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Figure V.4. Transverse profiles to the Mondego River in the reach I. NP2 — Precambrian and Phanerozoic; T -
Triassic; J' - Lower Jurassic; J> - Middle Jurassic; J* - Upper Jurassic; K? - Cretaceous; E — Paleogene; P -

Pliocene; T1-T6 — fluvial terraces (Pleistocene); a — Holocene, (Fig. SM V.2 with profiles location).

120
Electron Spin Resonance dating of marine and fluvial terraces of central Portugal



V.4.1.2. Geomorphological characterisation of reach Il

(Campo do Boldao — Montemor)

Reach IT has a general ENE-WSW trend, from Campo do Bolao to Montemor-o-Velho, along which
five terrace levels have been identified below the UBS13 unit (Figs. V.5, V.6, V.7).

Figure V.5. Geomorphological map of the LMV reach II, upstream part. The NNE-SSW F3 Coimbra - Antanhol
fault forms a ~40 m height scarp, in the right margin of the Mondego river. The scarp separates the Ingote -
Lordemao upthrown compartment from the Pedrulha downthrown compartment. Sedimentary surfaces: UBS13
culminant sedimentary surface of the Mondego Cenozoic basin; T1 to T5 - fill terraces; cl - colluvium; a -
alluvium. Erosive Surfaces: N1 - erosive surface correlated with the T1 terrace; Stl to St5 — erosive surfaces and

straths. S2- sample site of Conchal; S1 — sample site of Ing1.
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location).

Reach II is limited in the upstream by the NNE-SSW F3 Coimbra - Antanhol fault (Fig. V.5) and
in the downstream end by the “push up” plateau of Montemor-o-Velho (97-112 m) on the right side
of Mondego and by the Verride antiform structure on the left side.
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Five transverse profiles, comprising the two sides of the Mondego valley, located between Campo
do Boldo and Montemor (Figs. V6 B, D, E, SMV.2), reveal that the terraces at the left margin were
more uplifted than the terraces on the right margin. This is well observed in the terraced staircase of
Ameal, S. Martinho (Fig. V.6C). At the western end of reach I, this difference no longer exists, as
observed in the downstream transverse profile at Montemor-o-Velho (Fig. V.6E), where the terrace
elevations are almost equal between the two sides of the valley.

The T1 and T2 are present at both sides of the valley, except near Montemor-o-Velho, where they
form erosional surfaces (straths).

On the right side, there are small remnants of the T3 and T4 terraces, (in S. Jodo do Campo and S.
Silvestre) (Fig. V.6B). The same terrace levels are also observed along the left side of the valley, from
S. Martinho to Alfarelos, although they are very anthropised. The T5 level is recognised along the road

that connects the villages.
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Figure V. 7. Geomorphological map of the LMV reach II, downstream part. Note the enlargement of the
Mondego valley and the “push up” plateau of Montemor-o-Velho at 97-110 m, whose surface corresponds to the
N1 erosive surface. Sedimentary surfaces; UBS 13 — the culminant sedimentary surface of the MCB; T1 to TS -
fill terraces; cl - colluvium; a - alluvium. Erosive Surfaces: N1 - erosive surface correlated with the T1 terrace;

St to St5 — erosive surfaces and straths. S2- sample site of Conchal; S1 — sample site of Ingl.
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In the selected transverse profiles (Fig. V.6 B, C, D), the average heights of the geomorphic
references are estimated. In the valley left side, the UBS13 surface is at ~154 m a.s.l. (+144 m a.a.p.),
Tlisat 118 m (+108 m), T2 is at 87 m (+77 m), T3 is at 56 m (+46 m), T4 is at 30 m (+20 m), and T5
is at 18 m (+8 m). In the right side, the UBS13 is at 107 m (+97 m), T1 is at 82 m (+ 72 m), T2 is at
58 m (+48 m), T3 is at 37 m (+27 m), T4 is at 26 m (+16 m) and T5 is at 13 m (+3 m). In some right
side locations, the TS5 is buried by the Holocene alluvium (Figs. V6D, E).

V.4.1.3. Geomorphological characterisation of reach Ill (Montemor-

o-Velho - Lares)

Reach III is ~6 km long, located between Ereira and Lares villages. From the Lares gorge, the
Mondego River crosses the Serra da Boa Viagem - Verride antiform structure. It is formed mainly by
Jurassic limestones, marls and sandstones dipping to SW (Fig. V.8 A, V.9). At the crossing by
superimposition (Soares et al., 1985; Almeida et al., 1990; Ramos et al., 2012) the SE edge of Serra
de Boa Viagem hill, the Mondego river forms a narrow valley where the lower terraces are not well
preserved (Figs. V.8B, V.9).

UBS13 unit is preserved at the south of the Reveles village, in the left margin of the valley (Fig.
V.8 C). T1 and the T2 have considerable extension in both sides of the LMV (Figs.V.8 A, B; SM V.3).
Moreover, the T1 terrace forms a flat landform underlain by alluvial deposits at Serra de S. Bento and
Serra de Castros (120 m a.s.l.; +117 m a.a.p). T2 is a strath terrace at 90—70 m a.s.1., at both sides of
the Lares gorge. T3, T4 and T5 form small erosional straths carved into the bedrock at 59 m, 32 m and

16 m a.s.1., respectively.
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Figure V. 8. Transverse profiles of the LMV reach III (A) and IV (A and B). J' - Lower Jurassic; J? - Middle
Jurassic; J*** - Upper Jurassic; K!2 - Lower Cretaceous; K — Cretaceous; E — Paleogene; UBS13 — Pliocene -
Lower Pleistocene; A.s. - aeolian sands; T1-T6 — Fluvial terraces (Pleistocene); a— alluvium (Holocene), see Fig.

SM V.3, profiles location).

The transverse profile at the Lares gorge (profile Abrunheira — Serra de Castros, Fig. V. 8A, SM
V.3) does not show significant differences in terrace elevations at both sides of the Mondego valley,
except for the UBS13 unit, which top is at 135 m a.s.l. in the left margin and will have reached 160 m
a.s.l. in the right margin. We estimate a ~10 m thickness for this unit, considering the left margin
thickness observed and its surroundings.

In the neighbouring area of the gorge, several NE-SW lineaments cross the Jurassic and Cretaceous
formations. One of these lineaments intersects the Quiaios - Maiorca thrust fault (F4) at the northeast

of the Maiorca village, in the valley right margin.
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Figure V. 9.Geomorphological map of the LMV reach III, and of the reach IV. In the reach III, the Mondego
crosses the homoclinal limb of Serra da Boa Viagem, forming a narrow valley named Lares gorge. Reach IV,
lower estuary area. Sedimentary surfaces: UBS13 — the culminant sedimentary unit of the Mondego Cenozoic
basin; LMT1 to LMTS — fill fluvial terraces. Erosive surfaces: UBS13 base — marine platform at the base of the

culminant sedimentary unit; LM N1 to LM N5 — erosive surfaces and straths correlated with the fill terraces.
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V.4.1.4. Geomorphological characterisation of reach IV (Figueira

da Foz)

The lower sector of the Mondego estuary has wide tidal flats and marches near the margins
downstream of the Lares gorge. This sector is limited on the north side by the Serra da Boa Viagem
hill (257 m a.s.l.) and by the littoral platform covered with aeolian dunes at the south (Fig. V.8). The
Serra da Boa Viagem forms an elongated E-W to WNW-ESE curved ridge, limited at the north by the
prominent scarp ~240 m of maximum height, related to the Quiaios thrust fault (Almeida, 1997; Ramos
etal., 2012).

The Jurassic and Cretaceous successions that form Serra da Boa Viagem are tilted to SW, giving
the character of a homoclinal ridges with cuestas and water gaps (Fig. V. 9.B, C). Several erosional
surfaces (straths) and sedimentary fluvial terraces are inset, on the south slope of the Serra da Boa
Viagem, where some sedimentary covers remain are preserved on the top of cuestas. They attest the
superposition of Mondego and their tributaries on the homoclinal ridges and the transverse character
of the drainage regarding the relief.

Above the alluvial plain (at 2 to 3 m a.s.l.) five terrace levels are exposed below a wave-cut platform
(at 150-257 m a.s.l.) cutting the Jurassic limestones on top of the Serra da Boa Viagem (Fig. V.9). It
corresponds to the discordance at the base of the UBS13 unit dated as ~3.7 Ma at Carnide (Cunha et
al., 1993; Pais et al., 2012). The cross profile from the Serra da Boa Viagem to the Mondego (Fig.
V.9C) shows the fluvial terrace levels: T1 at 101-115 m a.s.l. (ca. +98 m a.a.p.); T2 at 73 m (+70 m);
T3 at 55 m (+52 m); T4 at 20 m (+17 m); TS5 at 7 m (+3 m).

In Serra da Boa Viagem five marine platforms are exposed on both sides of the Mondego Cape, all
decreasing in altitude to the south (Figueira da Foz), given the basement be tilted to SW.

Tm1 is a wave-cut platform (at 164 -153 m a.s.l.) better preserved at NE of the Mondego Cape;
Tm2, held in small remnants at 112-97 m.; Tm3 at 93-86 m, is a terrace deposit with similar elevation
levels in the N part of Mondego Cape as near the lighthouse and lower elevation to the south; Tm4 is
a platform poorly preserved between 45 and 27 m a.s.l.; Tm5 is the best-preserved terrace deposit in
the area, mainly in a semi-protected area with less wave action near Buarcos and under the Lighthouse

(13m-8m a.s.l.), respectively.
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V.4.2. Characterisation of the studied sites and

sedimentary deposits

V.4.2.1. Sites at reach | (Coimbra — Campo do Bolao)

In reach I, the best outcrops of fluvial terrace deposits were selected for sampling and sedimentary
characterisation, especially from T2 and T3 levels (Figs V.10A, B, C, D and V.11).

7

Figure V. 10. Terrace deposits studied in the right valley margin of the LMR. Reach I: A - terrace T1 at
Lordemao; B - terrace T2 at Ingote (sample Ingl); C - terrace T3 at Conchada (sample Conchal); D - terrace T3
at the José M. Dias Ferreira street (sample Coim1); Reach II: E - terrace T3 at Tenttgal (sample Tent5); Reach
III: F - Terrace T4 at Ervidinho, with samples collected from the base (Ervi4) and top (Ervil). G - Examples of

MPS measures in Lordemao.
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Figure V. 11. Exposures studied in the left valley margin of the LMR. Reach I: A - UBS13 unit at Antanhol,
comprising white sandstones and conglomerates; B - terrace T1 at Vale das Hortas; C - terrace T1 at St. Clara;
D - terrace T2 at St. Clara; E - terrace T3 at St. Clara; Reach II: F - terrace T4 near S. Martinho do Bispo.

Near Lordemao, at 135 m a.s.l., there is a sedimentary deposit with well-identified channels,
composed by coarse to very coarse soft sandstones, containing rolled cobbles and pebbles, some
imbricated, with MPS=12.1cm (Fig. V.10A). According to the geomorphology, is considered as the
UBSI13 unit. The first terrace level (T1), appears slightly inset as a strath.

The T2 deposits present orange colour (7.5 YR 6/8) and are formed by conglomerates (MPS ~4.7
cm) at the base and very clayey sand. The pebbles are mainly of quartz and quartzite, with accessory
shales. The sample for dating and laboratory characterisation, named Ingl, was collected near the top
of T2 (40014'0"N; 8025'33"W), in a sandy-gravel layer ~ 3.5 m thick (Fig. V.10B). This level is well
preserved near the road at 98-110 m a.s.l. (+76 to 84 m a.r.b.). The grain size distribution of the Ingl
sample comprises 8% of gravel (>2mm), 64% of sand (2 mm — 63 pum), 23 % of silt (63 — 4 pm) and
3% of clay (< 4pum). The mean grain size is 0.22 mm (medium to fine sand), very poorly sorted (2.79),
mesokurtic (2.96) and fine skewed (0.87).

The mineral grain composition consists of hyaline and milky quartz, feldspars, and muscovite. The

clay association is Kiv (97% of kaolinite, 1.5% of illite and 1.5% vermiculite).

129

Electron Spin Resonance dating of marine and fluvial terraces of central Portugal



The terrace T3, ~10 m thick and red colour, can be observed near the Conchada cemetery
(40013°01” N; 8025°47” W) at 96-86 m a.s.l. (+70 m to +60 m a.r.b.). The Conchada site shows matrix-
supported gravels at the base, grading to pebbly very coarse to medium sands at the top, with some
through cross lamination (Fig.V10C). Conchal sample, collected ~2 m below the top, has a dull orange
colour (7.5YR 7/4) and comprises 10% of gravel, 60% of sand and 30% of fines. The sieving results
indicated a mean grain size of 0.135 mm, very poorly sorted (2.79), fine skewed (0.87) and mesokurtic
(2.96). The quartz grains are usually sub-angular. The sand fraction comprises hyaline and milk quartz,
quartzite, feldspars and phyllosilicates (muscovite). The clay minerals present are illite (54%) and
kaolinite (46%).

The base of the T3 fluvial sedimentary sequence is represented in an exposure at the José M. Dias
Ferreira street (40011°31°’N; 8024°15.9°’W) at ~70 m a.s.l. (+54 m a.r.b, Fig. V.3D) on the right
margin of the river. With a ~6.4 m thickness exposed and showing reddish-orange colour (7.5 YR 6/8).
It is very heterometric, with boulders and cobbles at the base, overlying the Triassic substratum.
Upwards consists of pebbly coarse to medium sands, with levels of imbricated cobles (MPS ~20.6
cm). The sample (Coimb1) was collected in the middle part of the outcrop (~ 2.30 m below the top) in
a sand layer (Fig. V.10D). The grain size distribution of the sample comprises 18% of gravel, 48% of
sand, 2% of silt and 1% of clay. The mean grain size is 0.91 mm (coarse sand), poorly sorted (1.58),
very leptokurtic (9.46) and very fine skewed (2.18). The mineral composition consists of hyaline and
milky quartz, feldspars and phyllosilicates (muscovite). The clay association is Kiv (97% of kaolinite,
1.5% of illite and 1.5% vermiculite).

In the left side of the valley, the T1 was observed at 183 m a.s.l. (Vale das Hortas), on the way to
Cruz de Morougos (Fig. V.11 B). Near Santa Clara, an artificial cut made for the opening a new road
exposed the T2 terrace (~4 m thickness) (Fig. V.11D). This deposit is composed of two sedimentary
units: a conglomerate at the base with large cobbles of quartzite and coarse to very coarse sands at the
top. The existing cobbles have different MPS values at the base and the top (24.8 and 12.4 cm,
respectively). Nevertheless, there is no certainty that the large pebbles and boulders from the base are
all local or removed from the surrounding areas when the road was constructed.

T2 is displaced by two NW 260° SE faults, not yet reported in the literature.

V.4.2.2. Sites at reach Il (Campo do Bolao — Montemor-o-Velho)

In reach II, the best outcrops of fluvial terrace deposits found for sedimentary characterisation and
sampling belong to the T3 level (Fig V10E). The terrace T3 can be observed in an exposure along the
road, at the west of Tentugal (Fig. V.3E). Near the base, overlying the Cretaceous substratum, a layer
of clast-supported conglomerate (~0.5 m thick), comprises well-rounded boulders and cobbles (MPS
~17 cm) of quartz and quartzite (Gm facies). This layer is followed by a layer (~0.9 m thick) of grading
coarse to finer sandstones (Sc and St facies); with yellow-orange colour (10YR/8.8). On the top of the
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fluvial sequence, is a ~1.4 m thick siltite layer, with Fm facies and grey colour. The Tent5 sample was
collected (+18m a.r.b.) at the sand layer and consist of 9.4% gravel, 86% sand and 4% fines. The mean
grain size is 0.16 mm (fine sand), is very poorly sorted (2.27), finely skewed (1.11) and mesokurtic
(3.53). The sands consist of well-rounded to angular grains of quartz, feldspars, quartzite and

muscovite. The clay fraction is composed of kaolinite (62%) and illite (38%).

V.4.2.3. Sites at reach IV (Figueira da Foz)

T4 is represented near Vila Verde (Ervidinho) by fluvial facies, between 29-24m a.s.l. in the right
— hand bank of the river (4008°2°* N; 8047°37°W), (Fig. V.10F). At the Ervidinho site, the T4 deposits
were sampled for ESR dating. At this site, this terrace was already dated, which enables an age control
for this section. The base of the sedimentary sequence (~4 m) is composed of moderately sorted and
well-rounded fluvial gravels of quartzite and quartz, with some granite, limestone, schist and silex; it
shows planar and trough cross-stratification (Sp facies). A middle layer, ~6 m thick, comprises fine
sands, moderately sorted, with horizontal lamination (Sh facies), followed by moderately to poorly
sorted medium to coarse yellow sands. The sample Ervil was collected at 1 m above the conglomerate
layer. This sand layer has some thin intercalations of gravels with planar cross-stratification (Sp
facies), some ripple marks and bimodal paleocurrents. The uppermost layer, ~4.5 m thick, consists of
medium sands and silt, with light grey colour (10YRS8/2). Sample Ervi4 was collected 2.5 m from the

top of the outcrop, in a white fine sand layer.

V.4.2.4. Mondego Cape — The marine terrace staircase

A marine terrace (Tm3) located at the northern quarry of the Mondego Cape, was sampled by Pedro
P. Cunha by 2005, at about 1 m below the surface of the sedimentary terrace unit (40°11'26" N; 8° 54'
11" W; ~95 m a.s.l.) from a 1 m thick of yellowish very coarse sands, which are below a layer of old
colluvium.

Near the lighthouse, the terrace deposits were studied by Soares et al. (2007) (Farol deposit). This

deposit comprises two outcrops at ~95 m a.s.l. and one at 51 m, a.s.l., described as:

outcrop at 92-100 m, with ~8 m thickness, composed by a succession of lenticular levels of immature
limestone conglomerates, interbedded with whitish to yellowish very coarse sandy levels with

rhizocretions and laminated structure. The sample of Far-8 was sampled in this outcrop, at 92m, a.s.l.
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2) near the lighthouse at 95m, the outcrop is composed by a brownish polymictic and fossiliferous
conglomerate at the base. Above the conglomeratic level, a sandy unit with rounded to sub-angular
grains of quartz, limestone, and quartzite presents a cross-stratification structure. The upper part is a
conglomerate clas-supported unit, with rounded clasts and some sandy fraction.

3) The third outcrop, at 53m, is a polymitic conglomerate with sandy matrix, that fills some paleokarsts
of Jurassic ages and consist of a basal gravel thin layer, covered by a whitish sandy conglomeratic unit,
with rounded to well-rounded clasts and coarse sandy matrix, with planar cross-stratification. At the
top, the succession is composed by interbedded layers of mature, medium to fine sands with rounded
to well-rounded quartz grains, attributed to beach facies, also.

The sample (code Far8), has a dull yellow-orange colour (10YR6/4), is dominated by medium sand
(55%) and gravels (29%). The total sample comprises well-rounded gravel clasts of quartzite, quartz,
granite and schist, and the sand fraction contains quartz, K-feldspar (orthoclase and microcline),
plagioclase (albite), ankerite/calcite and muscovite. The mean grain size is 1.25 mm (very coarse sand),
is poorly sorted (2.63), finely skewed (1.25) and mesokurtic (3.65). The clay fraction is composed by
kaolinite (73%) and illite (27%) (Table V.1).

Table V. 1. Clay mineralogy and clay percentages of the samples (<ld- limit detection).

lite Kaolinite Vermicolite
Sample code (%) (%) (%)
Ing 1 1.5 97 1.5
Conchal 54 46 <ld
Coimbl1 25 75 <ld
Tent 5 38 62 <ld
Far-8 27 73 <ld

Table V. 2. Descriptive statistical analyses of grain-size parameters. In Far 8 was just measured the grains< 2mm.

Gravels Sand Clay Fines
Silte (%) Mean  Median Mode S.Ds Skewness Kurtosis
Sample (%) (%) (%) (%)
code (2mm- (63-
(>2 mm) (<4pm)  (<63pm) (mm)
63pm) 4pm)
Ingl 7.98 64.06 21.62 3.52 25.14 0.20 0.25 0.50 2.79 0.87 2.96
Concha 1 10.00 54.81 30.33 4.27 34.60 0.13 0.12 0.50 2.62 0.60 2.64
Coimb 1 17.99 48.05 2.22 31.74 33.96 0.91 0.8 2.0 1.58 2.18 9.46
Tent 5 9.00 65.30 22.26 3.50 25.76 0.16 0.29 0.35 227 1.11 3.53
Far8 78.87 12.22 2.38 20.60 0.36 0.7 14 2.63 1.25 3.65
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Figure V. 12. Typical grain size curves of the fluvial sediment samples studied.

V.5.

ESR dating

The ESR intensities of bleached aliquots of the Al centre suggest similar bleaching conditions for

samples of the same stratigraphic level (e.g., Conchal and Tent5), with higher bleaching rates observed

in Ervidinho samples collected near the base (Ervil) of the fluvial terrace than that of the top (Ervi4),

with a bleaching average ranging between 48 and 65% and centred around 58% (Table V.3). These

data are comparable to those obtained in most of the fluvial contexts studied in Europe, (e.g., Voinchet
et al., 2007; Duval, 2008; Moreno et al., 2017; del Val et al., 2019).

Table V. 3. Bleaching rates (%) of the quartz samples taken in different terraces.

Terraces T2 T3 T4 Tml
Samples Ingl Conchal Tent5 Coiml1 Ervil Ervi4 Far8
Bleach 65

57 56 48 60 66 51
average %
error 1.2 0.1 4.7 33 1.2 1.9 0.7
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Repeated measurements of Al and Ti centres over different days show the reliability of the signal
intensities. The D values determined using Al and Ti—Li centres are mostly 1o consistent, except for
samples Ingl and Tent5. For ESR-ALl signal, a specific intensity growth curve response was observed
for the youngest samples (e.g., Ervi4) with rapid growth for the first doses and a much slower for high
doses (Fig. V.13), as described in other studies (Voinchet et al., 2013).

The ESR analytical data are listed in Tables 2 and 3. Analytical uncertainties and ages are consistent
with = 2¢ for most of the samples. When possible, weighted average ages were calculated using Isoplot
4.0 software (Ludwig, 2008).

The 238U, ?Th and 4°K concentrations range from 1.58 to 5.04 ppm, 2.20 to 9.75 ppm and 0.54 to
1.73 %, respectively. The results do not show differences in their sources areas, as catchment geology.
Overall, comparing the results of the ??°Ra, ??Rn and, the 2*®U measurements, seems to indicate a
disequilibrium in the samples Ingl, Conchal and Ervil. The spatial heterogeneity could explain the
disequilibrium present in the sediment environment of the samples (e.g., the past or active diagenetic
processes that lead to a variation of the composition of mobile elements (Guibert et al., 2009).
Numerous cobbles of quartzite characterise the sediments within these deposits, and the sand fraction
is very poorly sorted, with sandy and silty/clay matrix. The hypothetical past changes in U
concentrations were taken into account, and gamma dose rate was calculated using the Pre-radon dose
rate conversion factors from Guérin et al. (2012) and attenuated by the measured water content a given
sample.

Ing1 sample revealed higher D, for Al centre (1168+100 Gy) than D, for Ti—Li (723+32 Gy) while
in Tent5 the opposite is observed, with higher D, values in Ti—Li centre (882+36 Gy) than in Al centre
(566+120 Gy), (Table V.2, Fig. V.12, V.13).

The Al D, values in sample Tent5 are 22% lower than in Ti—Li centre (option D) can be tentatively
explained by the heterogeneity of the quartz that makes up the sample. The Tent5 and Ervil samples
fraction used (180-90 pum) are lower than that used for the other samples (250-180 pm), resulting in
more mass of quartz in each aliquot and it could explain a more considerable quartz heterogeneity.

Indeed, this could explain the poorly defined Al growth curve fitting for Tent5, (e.g., Fig.V.13)
linked to the fact that some grains of different burial time could be present in the different aliquots.
Nevertheless, this sample shows too high goodness-of-fit for the Ti-Li centre (Fig. V.14). The adjusted
2 is higher than 0.99 and errors ranging < 10%, and the age obtained is the consistent with-it
stratigraphic position. The Al signal age should be interpreted as the minimum burial age for this
deposit. The ESR Al - age is more consistent for Ervil, given that Ramos et al. (2012) obtained no
finite OSL age for a sample immediately bellow (>390 ka) and even because D. obtained from the Ti
centre seems to saturate earlier with the dose at ~8 kGy (Fig. V.14) which is in line with previous
studies (e.g., Duval and Guilarte, 2015; Gouveia et al., 2020). The ESR age estimate is based only in
Al centre, so this is considered the maximum possible age (Duval et al., 2015).

Coim1 could not be fitted or calculated by the wide variation present in ESR intensities, without a

linear growth match.
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Figure V. 13. Examples of the fitting curves with EXP+LIN of fluvial quartz samples in Al and Ti-Li centres.

The last graphic shows the growth-curves for Al-centre based on the average intensities of the sample Tent5 (9

total measures).
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Figure V. 14. Examples of the fitting curves with SSE and EXP+LIN of fluvial quartz samples in Ti-Li centre.

The Al ESR age result of Ingl sample (67040 ka) seems an age for T2. This sample also yields a

significantly young Ti-Li age of 410=10 ka, which is considered as clearly underestimated, given the

geomorphological context. The ESR ages obtained can be explained by the low radioactive activity

concentration (Table V.4) and the less stability of Ti-centre than Al-centre in this sample. According

to Voinchet et al. (2004), its use seems more reliable for samples of age until Middle -Late Pleistocene.

Table V. 4. Sample information, external B and y dose rate, cosmic dose and bleaching. External o was considered

negligible. The water content (W.C.) for the burial time was estimated, considering the field water content and

the saturation water content. *FT - fluvial terrace of LMV; MT - Marine terrace (~100 m a.s.l.) at Mondego

Cape.deposits.

External a External y Cosmic
Estimated External B dos
Terraces  Sample code dose rate dose rate dose rate
W.C. (%) rate (Gy/Ka)
(Gy/Ka) (Gy/Ka) (Gy/Ka)
FT Reach I Ingl 20+5 41.5+0.8 939.09 + 17 832.99+15 165.75+8.3
FT Reach I Conchal 2045 333+0.7 875.24+17 758.96+16 140.00+7.0
FT Reach II Tent5 5+£2 111.7+11.3 804.93+61 681.62+53 150.42+7.52
FT Reach IV Ervil 542 51.1+2.6 1509.02+25 692.30+18 45.99+2.3
FT Reach IV Ervi4 542 32.7+0.9 1352.48+22 872.34+18 58.38+2.9
MT Far8 1545 14.36+1.6 345.06+31 310.32+27 140+7
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The age results for T3 are consistent with the geomorphological position in each reach of the
Mondego valley: they provide a chronology of the fluvial terrace, between 480+£21 ka and 536+40 ka
(Conchal and Tent5, respectively). The ESR ages calculated for the Conchal are consistent in both
centres (Table V.5). The adjusted r*> are higher than 0.99 in both samples (0.995 and 0.991,
respectively).

Finally, the samples Ervil and Ervi4 (collected in the same T4 sedimentary sequence) are consistent
with the stratigraphic position for T4, with ESR ages between 430 ka to 396 ka, respectively. Ervil
and Ervi4 have an adjusted r? higher than 0.99 and an error < 25% for both centres. The D, in Ervi4
given by Al (862 £94 Gy) and Ti-Li centres (819 =37 Gy) are proximal and similar in both functions
for Ti-Li centre (795493 and 819+37) (EXP+LIN and SSE, respectively). Nevertheless, it has always
been chosen as the fitting function that gives the least error value. The ages obtained in T4 at Ervidinho
are according to the stratigraphy and with the previous chronological data.

The ESR dating of the Mondego Cape marine terrace Tm1 (~100 m a.s.l.) is consistent in both
centres, with high goodness of fit and the age average obtain (651481 ka) is following the stratigraphic
elevation. The ESR age seems to support the geomorphological correlation between the Tm1 and the
T2 fluvial terrace level of the LMV. Using these ESR ages and the OSL results of Ramos et al. (2012),
the ages for the top deposits of T3, T2 and T1 were estimated by extrapolation using the elevation-age
function plot on Fig. V.14 as: T5 — 100 ka; T4 — 300 ka; T3 — 450 ka; T2 — 670 ka; T1 — 900 ka (Fig.
V.15). The age for the LMV T1 top deposits obtained by extrapolation (~900 ka) is identical to the
ESR age in Rosina et al. (2014) for the Lower Tejo T1 top deposits.

elevation above aluvial plain (m)

0 500 1000 1500 2000
age (ka)

Figure V. 15. Ages of the top sedimentary deposits of the terraces and UBS13 plotted according to the Mondego
River alluvial plain height, using the staircase of the reach I right margin. The age of UBS13 (lozenge) of 1.8

Ma is, according to Gouveia et al. (2020), corresponding to the beginning of the incision stage.
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Table V. 5. Dosimetry and ESR ages in Al, Ti—Li centre of sedimentary samples collected from the fluvial and
marine terraces. The depth of each sample was taken is given in (m) below each sedimentary sequence top.

*Tm - marine terrace at ~100 m a.s.l. (Mondego Cape).

Stratigraphic .

» T2 T3 T3 T4 T4 Tm3
position
Sample code Ingl Conchal Tent5 Ervil Ervi4 Far8
Depth (m) 1 2 2 10 8 3
Elevation

114.0 83.5 27.0 12.0 18.0 92.0
(m)
Grain  size
250-180 250-180 200-100 200-100 250-180 250-180

(m)
28y (ppm) 5.045+0.09 3.467+0.01 1.581 £0.48  1.749+0.08 2.625+0.08 0.989+0.24
Rn (ppm) 4.230+£0.035  2.709+0.034 - 1.343+£0.028  2.096+0.07 -

22Th (ppm) 6.78+0.12 9.644+0.15  9.749+0.17  2.197+0.10 6.348+0.12 3.65+0.26

K (%) 0.543+0.01 0.822+0.01 0.715+0.01 1.732+0.02 1.334+0.01 0.258+0.01
Da(total)
i 1893+43 1824+56 1050+81 2213443 2118+44 499.5+41
(nGy.a)
D. Ti centre
723432 816+45 882+36 742420 819+37 599+150
(Gy)
Adj. Square 0.99 0.99 0.99 0.99 0.99 0.99
De Al centre
1168+100 804+61 566+120 844+97 862+94 648+96
(Gy)
Adj. Square 0.99 0.98 0.98 0.99 0.99 0.99
Ti—Li centre
410+10 480+30 536+40 339+20 389+20 656+50
Age (ka)
Al centre Age
(ka) 67040 480+40 340+£70 430+30 409+40 641+70
a
Mean Age (Al
- 480+21 - - 396+31 651+81
and Ti—Li)
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V.6. Incision rates and vertical displacements

The mean elevation values of the left and right margins are present in Table V.6. Using the
estimated ages for the top deposits of the terraces and UBS13 (T5 — 100 ka; T4 — 300 ka; T3 —
450 ka; T2 — 700 ka; T1 — 900 ka; UBS13 — 1.8 Ma), the vertical movement rates and the
differential uplift rates between the left and right margins of the valley can be estimated for the

four reaches.

Table V. 6. Vertical displacements (meters a.a.p.) of the UBS13 and the terrace levels in staircases of the

four reaches.

Reach I Fault F1

Stratg. Unit UBS13 LMT1 LMT2 LMT3 LMT4 LMTS

Right (R) 123 87 70 48 33 14
Left (L) 189 120 98 67 45 16
L-R 66 35 28 19 12 2

Rate (m/ka) 0.037 0.039 0.041 0.042 0.038 0.015

Reach II Fault F2
Right (R) 97 72 48 27 16 3
Left (L) 144 108 77 46 30 9
L-R 47 36 29 19 14 6

Rate (m/ka)  0.026 0.042 0.043 0.028 0.031 0.060

ReachIto II Fault F3
East side 122 100 76 63 46 16
West side 90 76 52 41 26 8
E-W 32 24 24 22 20 8

Rate (m/ka)  0.018 0.028 0.036 0.048 0.067 0.08

Reach IV Fault F4
Right (R) 195 128 109 47 22 11
Left (L) 85 76 72 35 21 9
R-L 110 52 37 12 1 2

Rate (m/ka)  0.061 0.061 0.055 0.027 0.002 0.020
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V.6.1. Reach | (Coimbra — Campo do Bolao)

Although not all terrace levels and surfaces are represented in a single profile, the differential
uplift between the left and right margins of the valley was estimated at a maximum of ~66 m for the
UBSI13 unit and a minimum of ~2 m for the T5 (Table V.6). For this reach, the differential vertical
movement rates is: 0.037 m/ka for UBS13 (66 m/1800 ka), 0.036 m/ka for T1 (35 m/900 ka); 0.040
m/Ka for T2 (28 m/670 ka); 0.042 m/ka for T3 (19 m/450 Ka); 0.038 m/ka for T4 (12m/300 ka) and
0.015 m/ka for TS5 (2 m/100 ka); average =0.034 m/ka. The N-S to NNW-SSW F1 fault system (Fig.
V.3) should be responsible for the main vertical movements.

The activity of the F1 fault system seems to increase with time, reaching the maximum at the end
of T4 ~300 Ka, but diminishing in the last 100 ka (after the formation of T5). We admit that the last
assumption maybe not entirely true, considering that the amount of differential uplift for T5 is only
2 m and by the possibility that TS aggradation could have extended a little more.

The incision rates follow a similar pattern of the differential uplift rates calculated regarding the
F1 system faults, i.e., also increasing to newer times (Fig. V.16), reaching the maximum value at the
T4 terrace (0.15 m/ka in the more uplifted left margin and 0.11 m/ka in the right margin). The incision
rates of the Mondego River are substantially higher than the vertical movement rates associated with
the F1 faults. The ratio uplift rate/incision rate is ca. 0.25 m/ka in the left margin and 0.34 m/ka in
the right margin (averaged of the six geomorphic levels ratios). This difference may be understood
because the differential uplift in the F1 strike-slip fault system is only a part of the entire crustal
vertical movement and does not include the regional uplift, the isostatic component related to surface
processes or other mechanisms. However, the similar behavioural pattern between the vertical
movement rates on the F1 fault system and the incision rates indicates that, in the long-term, the
formation of these terraces should be superimposed on the tectonic component of uplift, responsible
by the vertical spacing and staircase disposition.

The difference in the heights a.a.p. of the geomorphic references allows estimating the vertical
displacement rate in the F3 fault (Fig. V.17, Table V.6). For the UBS13 unit, ~0.018 m/ka (32 m/1800
ka); for the T1, 0.027 m/ka (24 m/900 ka); for the T2, 0.034 m/ka (24 m/670 ka); for the T3, 0.049
m/ka (22 m/450 ka); for T4, 0.067 m/ka (22 m/300 ka) and for the TS5, 0.08 m/ka (8 m/100 ka).
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Figure V. 16. Elevations of the UBS13 and terrace levels above the alluvial plain in reach I, at Cruz de
Morougos and Pinhal de Marrocos, displaced by the F1 system faults. The slope of the lines matches with the
incision rates values. Blue lines correspond to the downthrown compartments and the red lines with the

upthrown compartments.

The values indicate an increase in tectonic activity in the F3 fault system until the end of the T4

formation, decreasing after that period (Fig. V.17).
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Figure V. 17. Elevations of the UBS13 and terrace levels above the alluvial plain in reach I, right margin,
at Ingote and Pedrulha compartments, displaced by the F3 fault. The slope of the lines matches the incision
rates values. Blue lines correspond to the downthrown compartments and the red lines with the upthrown

compartments.
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Incision rates have similar behaviour as the differential uplift rates, increasing from the Lower to
Middle Pleistocene, reaching maximum values in the last 300 ka and probably becoming attenuated
after the T5 (during the Late Pleistocene).

In valley right side, in the abandoned meander area, the T3, T4 and TS terraces are well identified.
Using the age of ~100 ka for the TS5 top deposits, we can assume that the abandoned meander
formation should postdate the last interglacial, occurring the neck cut off probably during the last
glacial period, when the incision wave triggered by the sea-level drop, reached this area. The
wiirmian incision was filled with up to 33 m of Holocene alluvium, under the Pedro and Inés bridge
(Fig. SM.V.1.).

V.6.2. Reach Il (Campo do Boldo — Montemor-o-Velho)

The differential uplift calculated through the difference in the elevations a.a.p. of each
geomorphic reference between the two valley sides is ~47 m for the UBS13 to ~6 m for the T5 (Table
V.6), as an average of the four transverse profiles. We presume that this differential uplift may be
caused by an ENE-WSW to NE-SW F2 fault hidden by the Mondego alluvium. This probable F2
fault was not identified in outcrops. However, in the vicinity of Campo do Boldo, in the LMV right
side, ENE-WSW to NE-SW faults are mapped near the Antuzede village (Soares et al., 1965). These
faults extend outward of the reach Il, controlling the Fornos stream valley direction (Fig. V.5).

The vertical displacements associated to the ENE-WSW F2 fault is the following (Fig. V.18,
Table V.6): 0.026 m/ka for the UBS13 (47 m/1800 ka); 0.041 for the T1 (36 m/ 900 ka); 0.041 m/ka
for the T2 (29 m/670 ka); 0.040 m/ka for the T3 (19 m/450 ka); 0.047 m/ka for the T4 (14 m/300 ka)
and 0.060 m/ka for the T5 (6 m/100 ka). Averaged vertical displacement rate = 0.037 m/ka.

Uplift rates show a tendency to increase from the Lower Pleistocene to the Middle Pleistocene
(~300 ka, end of the T4 aggradation), up to 0.04 m/ka. The increasing trend of the uplift should have
continued in the Late Pleistocene, if the final aggradation of the T5 took place by ~75-80 ka (not as
~100 ka), as seems to have happened in the regional context of central Portugal (Martins et al.,
2010a,b; Cunha et al., 2012, 2016).

Incision rates are higher in the LMV left margin (Fig. V.18), and they are considerably higher
than the vertical displacement rates associated with the F2 fault. The ratio of the vertical displacement
rate/incision rate is ~0.44 for the left margin and ~0.73 for the right margin (averaged for ratios of
the six levels). It can be understood because the differential uplift produced by the vertical movement

of the strike-slip faults corresponds only to a fraction of the regional uplift.
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Figure V. 18. Elevations a.a.p. of the UBS13 and terraces in the left (red colour) and right (blue colour)
sides of the LMV, reach II. For each geomorphic reference, the average of the four cross-profiles was

calculated.

V.6.3. Reach Ill (Montemor-o-Velho - Lares)

In the Lares gorge, the Mondego River crosses the Serra da Boa Viagem - Verride structure
dipping to SW.

As said before, terrace staircase has higher elevations at the right margin (Fig. V.19), resulting
from the increase in Serra da Boa Viagem uplift toward NW, determined by the Quiaios thrust fault
(Ramos et al., 2012). The superimposition of Mondego on the homoclinal ridge of Serra da Boa
Viagem is easily understood, seeing that the UBS13 sedimentary remains still cover the planation
surface at 115-130 m a.s.l. in the valley left margin. In the neighbouring area of the gorge are several
NE-SW lineaments crossing the Jurassic and Cretaceous formations. One of these lineaments
intersects the Quiaios thrust fault (F4) at the northeast of the Maiorca village in the valley right
margin. The arching of the Quiaios trace fault, after the intersection by NE-SW lineaments, suggests

that these possibly work with a slight left slip component in a compressive regime.
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Figure V. 19. Elevations a.a.p. of the UBS13 and terraces in the reach IV upper sector (Lares, A) and at the

reach IV lower sector (Figueira da Foz, B). The slope of the blue lines documents the incision rates of the right

margin, while the slope of the red lines documents the left margin. In the B sector, the UBS13 at Serra da Boa

Viagem is uplifted more than 100 m in relation to the left margin position.

V.6.4. Reach IV (Lares - Figueira da Foz)

As Serra da Boa Viagem was uplifted during the Quaternary (Cabral and Ribeiro, 1988; Cabral,

1995; Ribeiro et al., 1996), the erosional surfaces and terraces became progressively higher in the

northwest part of the hill (Fig. V.20).

Due to the uplift promoted by the Quiaios - Maiorca fault, tilting the southern compartment toward

the south, the terrace levels at the right valley margin are at higher elevations than the levels at the

left margin (Fig. V.21). For the calculations of the incision rates using the Pliocene marine platform

(3.7-1.8 Ma) the position of sea level during the Middle Pliocene warm period was considered as

~30 m above the present sea level (+10 - 20 m above the present seal level according to Miller et al.,

2005; 2019). The right valley margin comprises the following elevations: for the UBS13 top, that we
estimated to have reached locally +195 m, ~0.11 m/ka (195 m/1800 ka); for the T1~0.15 m/ka (128
m/900 ka); for T2 ~0.16 m/ka (109 m/670 ka); T3 ~0.10 m/ka (47/450 ka); for T4 ~0.13m/ka
22/300ka); for T5 ~0,11 m/ka (11m/100 ka).
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Figure V. 20. Elevations a.a.p. of the UBS13 and terraces in reach IV. The slope of the blue lines documents
the incision rates of the right margin, while the slope of the red lines documents the left margin. The

UBS13 at the Serra da Boa Viagem is uplifted more than 100 m concerning the left margin position.

Regarding the left valley margin: for the UBS13 top, ~0.05 m/ka (85/1800 ka); for the T1~0.09m/ka
(78 m/900 ka); for T2 ~0.11 m/ka (72 m/900 ka); T3 ~0.08 m/ka (35/450 ka); for T4 ~0.10 m/ka
(21m/300ka); for TS5 ~0.11 m/ka (9 m/100 ka). However, at the NW edge of Serra da Boa Viagem,
the Pliocene wave-cut platform, considered of the same age as the base of UBS13, reaches 257 m
a.s.l. The incision rate obtained for the older reference is: 0.07 m/ka (257/3700 ka).

The differential uplift for the UBS13 top, that we estimated to have reached locally +195 m (185 m
plus 10 m of sedimentary thickness), ~0.05 m/ka (185-85 m/1800 ka); for the T1~0.058 m/ka (128-
76 m/900 ka); for T2 ~0.055 m/ka (109-72 m/670 ka); T3 ~0.027 m/ka (47-35/450 ka); for T4
~0.003m/ka 22-21/300ka); for TS5 ~0,02 m/ka (11-9 m/100 ka).
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Figure V. 21. At reach IV, the long-term evolution of incision rates in the right and left valley margins and the

long-term evolution of the uplift rate are mainly determined by the Quiaios fault.

VI.7. Discussion

The detailed geomorphological mapping, the realisation of transverse geological profiles and
some absolute age control, allowed the identification of terrace levels according to their elevation
a.a.p. in both margins and the different reaches of the LMV. The LMV terraces can be compared
with the Lower Tejo terrace levels, located in a near area under a similar climatic, eustatic and
tectonic control.

The oldest terrace level (T1) of the LMV has heights above the alluvial plain up to +63 m in the
less uplifted right margin of the reach II, the less uplifted of the four reaches and up to +100 m in the
more uplifted left margin (Figs. V6, V7C). The oldest terrace level (T1) of the Lower Tejo, at +76 to
+180 m a.r.b., is considered with a probable aggradation interval of ~1000-830 ka (Martins et al.,
2009; Cunha et al., 2012, 2017; Rosina et al., 2014).

The ESR age of terrace T2 was obtained from a sample collected in the Ingote plateau at the site
S1, with a height of +92 m a.a.p. (Fig. V.3), but the same terrace is only presented at +48 m in the
reach II right margin. The active fault systems (F2, F3), that uplifted the Ingote plateau explain the
height differences in the same geomorphic reference. As the ESR age of 670 + 40 ka is considered a
probable minimum estimate, we used 700 ka for the top of the T2 terrace in the LMV. At the Lower
Tejo, the aggrading top surface of T2, at +57 to +150 m, is considered with a probable age of ~600
ka (Cunha et al., 2016).
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The T3 is at +68 m in the right margin of reach I but is only at +27 m in the right margin of reach
II. In previous studies (Soares, 1966; Cunha et al., 1999) the T3 remain at Conchada has been
considered correlative of the terrace level at Ingote, but without absolute age control. Considering
reliable the ESR ages of Tent5 (486430 ka) and Conchal (480+40 ka), the probable aggrading
interval of the T3 at LMV could be in the range 580-450 ka. In the Lower Tejo, from the T3, two
ESR ages were obtained (~405 ka and ~461 ka) with a similar range (Rosina et al., 2014).

The T4 atreach IV, with a height of +30 m a.a.p. in the right margin and +16 m in the left margin,
provided minimum ages of >390 ka and >340 ka (Ramos et al., 2012) for middle and basal
stratigraphic levels. For ESR dating, this terrace was sampled just above the basal conglomerate level
(Ervil) and near the top (Ervi4), giving ages of 383 ka and 374 ka. The ESR age for the sample at
the top of this terrace (Ervi4) seems to overestimate the final aggradation time of T4. In the Lower
Tejo, the T4 terrace is considered with an aggrading interval of ~340-155 ka (Cunha et al., 2017),
but the beginning of sedimentation could have started by ~440 ka. In the incision rates calculations,
we used the age of 300 ka for the T4 top.

The TS terrace of the LMV, at +8 m a.a.p. in the reach IV, but +3 m in the left side of the reach
II, can be correlated to the T5 of the Tejo River, dated as 135-75 ka. Not having the age for the LMV

TS5 topmost deposits, we used 100 ka to calculate the incision rates.

As in other basins, in the LMV, there is a need for more absolute age control to constrain better
the periods of aggradation and for a more precise calculation of the incision rates.

In the study area, active faulting during the Quaternary is responsible by the differential uplift
expressed by the vertical displacement of the UBS13 unit and fluvial terraces. The area of reach I
was more uplifted than the reach II, given the geomorphic markers heights. In the more uplifted left
margin of reach, I, the elevations a.a.p. of the UBS13 unit and the fluvial terraces are even higher
than theirs equivalents at the Serra da Boa Viagem (reach IV, right margin), indicating that, in the
regional context, the Cruz de Morougos plateaus should have experienced the highest uplift of the
study area. In fact, the incision rates of the more uplifted left margin of the reach I, are slightly higher
than the incision rates of the more uplift right margin of the reach IV, including the east part of the

Serra da Boa Viagem. The western end of Serra da Boa Viagem is the exception.

Under the NW-SE compression that characterises the geodynamic framework of Iberia during
the Quaternary, the N-S to NW-SE F1 system faults and the NNE-SSW F3 system faults should act
as left strike-slip faults, the WNW-ESE to E-W Quiaios - Maiorca F4 fault should move as a reverse
fault with slight right lateral movement, and the WSW-ENE F2 system faults should move as right
strike-slip faults.
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Figure V. 22. Map of faults evidencing activity in the study area. F1-(N-S to NNW-SSE system fault; F2 -
(NE-SW - Mondego valley fault); F3- (NNE-SSW — Coimbra - Antanhol fault); F4- Quiaios-Maiorca fault,
(modified from Geologic Map of mainland Portugal, 1/1.000.000 scale).

The incision rates may be considered a reasonable proxy for regional uplift (e.g. Merritts et al.,
1994; Burbank and Anderson, 2001; Hancock and Anderson, 2002) and both should match if the
river incision has graded the longitudinal profile to the lowering base level that results from the
continental uplift. This fact only occurs when the incision rate balances the uplift rate of the continent,
but this equilibrium probably happens in time scale over millions of years for the great rivers
(Whipple and Tucker, 1999; Whipple, 2001; Pazzaglia, 2003; Garcia-Castellanos and Larrasoaiia,
2015).

The incision rates are relatively higher in the entire Lower Mondego valley than the vertical
displacement rates calculated in the several main faults. In the strike-slip faults, the vertical

displacement rates should be lower than the slip rates of the horizontal offset.
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The vertical displacement rates measured in different faults of the study area were estimated to
be (averaged from the six references): 0.038m/ka in the F1 fault (N-S to NNW-SSE fault; 0.031
m/ka in the main F2 (NE-SW - Mondego valley fault); 0.041 m/ka in main F3 fault (NNE-SSW —
Coimbra- Antanhol fault); 0.028 m/ka in the Quiaios-Maiorca fault (F4). These values are within the
values of slip rates measured in other active faults in Portugal, whose slip rates change between
0.005-0.5 m/ka (Cabral, 1995; Ressurreicao et al., 2011; Cabral et al., 2012).

In the long-term, the activity of the faults F1 is relatively stable and seems to decrease in the lower
terrace (T5), F2 and F3 seem to be increasing from the Early Pleistocene to the end of the Middle
Pleistocene, having slightly reduced during the Late Pleistocene. The exception is the Quiaios fault
(F4) whose activity seems to be decreasing since the Middle Pleistocene to the present (Table V.6,
Fig. V.21).
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VI1.8. Conclusions

In the LMV, five terrace levels were identified below the culminant sedimentary unit (UBS13).
In the reach I, a sixth terrace (T6) was placed buried by the modern alluvium.

The lithological and structural characteristics of the substratum, together with the active regional
faulting during the Quaternary, give different morphological peculiarities to each of the four reaches
of the LMV: a) the reach I is an incised valley carved in a generally hard substratum, whose steep
slopes are promoted by continuous uplift and active faulting; b) in reach II, the valley is wide, with
extensive flood plain and asymmetric slopes resulting from differential uplift in each side of the
valley; c¢) the reach III is a superimposed narrow gorge on the Serra da Boa Viagem structure; and d)
in the reach IV, the valley is much larger and comprises the lower sector of the Mondego estuarys; it
has a strong structural control in the right side. During the Quaternary, active tectonics is responsible
for the differences in the elevations a.a.p. that serve as references to the fluvial landforms along the
LMV.

In the reach 11, the fluvial terraces show the lowest elevations a.a.p. (mainly on its right bank): T1
+72m; T2 +48 m; T3 +27 m; T4 +16 m; T5 +3 m; these values should be considered as the minimum
elevations a.a.p.

Our interpretation suggests that the T1 terrace would have formed during the Early Pleistocene,
probably in the period between ~1000-900 ka. The T2 terrace is perhaps from the transition Early to
Middle Pleistocene, with an age of ~800-700 ka; the T3 (probably ~620-450 ka) and the T4 (probably
~440-300 ka) are Middle Pleistocene, the TS5 (probably ~135-100 ka) and the T6 (~60-30 ka ?) are
Late Pleistocene.

The chronological framework introduced above is similar to that reported for the Lower Tejo,
which may indicate common external controls. Since that all the LMV reaches are located less than
50 km from the Atlantic Ocean, we admit that the glacio-eustatic base-level changes will have been
the main forcing mechanism of terrace formation, with the aggradation phases occurring during the
sea level high-stand periods and incision phases during low-stand periods. However, the terrace
levels would encompass more than a single MIS, except the TS and, probably, the T6, which seem
to mainly correlate to the MIS 5 and the MIS 3, respectively.

The disposition in terrace staircases confirms the relevance of the ongoing regional uplift, whose
values were estimated indirectly through the incision rates, within the parameters inherent to a
passive margin under compressive reactivation. The differential uplift, mainly related to strike-slip
faults, created complexity in the terrace staircases' height.

The differential uplift is relatively low, ranging between 0.01-0.05 m/ka using the ~1.8 Ma
reference and is 0.09-0.15 using the terraces as references. The vertical displacements deduced at
several faults ranged from 0.035 m/ka to 0.044 m/ka, agreeing with the values of slip rates estimated
for the last 2.5 Ma in mainland Portugal, ranging from 0.005 and 0.5 m/ka.
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This study shows the importance of river terraces in determining the uplift in passive margins
with moderate to low tectonic activity during the Quaternary. However, more numerical dating of
the terrace sequence is still needed to the chronological framework, particularly for the older terrace
levels that encompass various MIS stages. More dating is required, especially at the base and top of
each terrace level to evaluate the aggradation interval. The better temporal constrain will allow

evaluating the role played by eustasy and climate under an ongoing uplift.
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Figure SM. V 1. Alluvial thickness correlation panel of the right-hand bank of Mondego River valley between
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Figure SM.V 2.Transverse profiles location in Reach I and I1.
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Figure SM.V 3. Transverse profile locations in Reach IIT and IV.

Table SM V. 1. ESR mean data (4 measurements) was collected from Al centre of the quartz grains of the

fluvial sediments Ingl and Ervi 1.

Dose (G) ESR (a.u.) d.s. ESR (a.u.) d.s.
Ingl Ervil

0 134.284 0.562 130.142 13.958

150 161.664 11.873 160.350 6.339
300 193.496 34.625 190.619 13.383
600 212.366 9.073 234.902 28.223
1200 247.201 15.443 281.679 14.009
2400 388.580 118.183 400.937 30.005
4000 449.577 9.591 532.890 88.871
6000 593.719 15.696 569.192 52.372
8000 650.920 14.735 692.584 26.376
12500 755.338 38.546 857.223 65.088
20000 954211 67.365 1139.860 103.134
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Table SM V. 2. ESR mean data collected from Al centre of the quartz grains of the fluvial sediments Conchal,
Tent5, Ervi4.

Dose (G) ESR (a.u.) d.s. ESR (a.u.) d.s. ESR (a.u.) d.s.
Conchal TentS Ervi 4
0 104.800 31.367 243.059 25.726 109.105 38.881
100 117.840 15.449 129.363 22.050
200 125.473 13.279 333.166 7.805 141.849 29.580
400 134.599 33.959 322.888 24.181 164.260 3.527
800 209.623 22.390 356.431 21.953 187.941 6.421
1600 262.894 26.534 503.079 26.745 247.709 27.094
3200 409.831 35.367 601.540 43.762 364.604 36.790
6000 504.806 105.879 925.426 23.470 486.285 90.251
10000 910.067 22.942 621.864 75.371
15000 679.098 109.712 1042.575 68.622 752.712 123.289
25000 773.712 101.075

Table SM V. 3. ESR mean data (3 measurements) was collected from Ti-Li centre of the quartz grains of the

fluvial sediments Ingl and Ervil.

Dose (G) ESR (a.u.) d.s. ESR (a.u.) d.s.
Ingl Ervil

0 296.698 13.391 272.956 22.037
150 328.890 5.473 325.126 30.159
300 331.629 55.666 393213 17.104
600 388.328 110.493 486.302 45.097
1200 676.206 75.512 620.960 22.895
2400 936.933 19.818 931.518 108.923
4000 1210.169 49.103 1223.516 260.284
6000 1485.381 122.028 1415.459 134.482
8000 1498.790 242421 1622.378 119.772
12500 1840.962 240.045 1631.699 104.909
20000 1595.617 170.084 1429.296 140.972
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Table SM V. 4. ESR mean data (3 measurements) was collected from Ti-Li centre of the quartz grains of the

fluvial sediments Conchal, Tent5 and Ervi4.

Dose (G) ESR (a.u.) d.s. ESR (a.u.) d.s. ESR (a.u.) d.s.
Conchal TentS Ervi 4

0 238.501 13.911 264.59 9.82 198.423 25.462
100 243.307 19.232 300.30 36.25 232.787 34.293
200 279.108 18.928 324.00 17.12 275.289 42.041
400 315.095 34.439 381.55 17.36 306.156 47.133
800 443.356 41.600 416.52 12.83 373.935 41.283
1600 579.855 41.276 635.52 54.72 514.470 75.565
3200 807.186 31.767 888.86 40.23 807.042 106.487
6000 1125.938 98.750 1231.15 72.10 1048.654 138.481
10000 1472.06 64.23 1289.046 102.950
15000 1264.039 150.590 1313.91 62.22 1190.286 322.505
25000 931912 75.900 1337.88 72.04 954.293 161.560
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CHAPTER VI. ESR DATING OF FLUVIAL TERRACES AT THE
TEJO RIVER LOWERMOST REACH AND OF MARINE
TERRACES AT THE ADJACENT COAST (RASO CAPE AND
ESPICHEL CAPE)

This chapter mainly corresponds to a research paper in preparation. Pedro P. Cunha and
Anténio A. Martins were involved in the fieldwork. Anténio A. Martins done a new DEM for
Espichel Cape. Margarida P. Gouveia performed the ESR dating and sedimentological analyses and
interpreted the data with Pedro P. Cunha, Anténio A. Martins and Alberto Gomes. Christophe

Falguéres, Pierre Voinchet and Jean-Jacques Bahain supervised ESR dating.

VI.1. Introduction

In Atlantic coastal areas undergoing crustal uplift, the fluctuations of sea level during the
Quaternary left a record of marine terraces (uplifted beaches), caves and groundwater speleothems
developed in coastal caves (e.g., Cabral, 2012; Pedoja et al., 2014, 2018; Gonzalez-Acebron et al.,
2016; De Gelder et al., 2018; Normand et al., 2018). In the western border of the Iberian Peninsula,
only a limited number of research have focused the Plio-Pleistocene record, mainly due to limitations
in outcrops/exposures and absolute dating. During the last decade, due to technology advances and
availability of new methods, there has been an intensification of studies across interdisciplinary
fields, such as geomorphology and paleoenvironmental reconstructions of the Pleistocene of W Iberia
(e.g., Pérez-Alberti et al., 2004; Desprat et al., 2006; Cunha et al., 2008, 2015; Martins et al., 2010,
2017).

Representative expression of geology and geomorphology of Portugal is the diversity of coastal
environments along its 943 km of coastline (Haws et al., 2011; Figueiredo et al., 2014; Moura et al.,
2017). A general framework of the Portuguese marine terraces was established by Teixeira (1979)
based on the elevation of the wave-cut platforms that were correlated with marine terraces of the
Mediterranean Sea, although located in different geodynamic contexts. Further studies of marine
terraces focused on localised sectors were associated with the eustatic control and also inferred
controlled by the regional and local tectonics (e.g., Pereira, 1990; Ramos et al., 2012; Figueiredo et
al., 2013; Ribeiro, 2019). Nevertheless, only a few studies yield reliable absolute ages. Marine
terraces are typically constituted by beach deposits (boulders to coarse sands) and in some cases,
with aeolian (medium to very fine sands with paleosols), lagoonal (grey muds) and colluvial facies
(heterometric angular clasts of local origin).

In the Iberian Peninsula, the Quaternary period (last 2.58 Ma) is characterised by the final

installation of the current river drainage network (e.g., Cunha et al., 2005, 2008; Santisteban and
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Schulte, 2006; Viveen et al., 2012a, 2014; Lopez and Heydt, 2014). The mapping of fluvial and
coastal terraces, the morphometric analyses of longitudinal river profiles, but also the stratigraphic
archive and chronological data have been used to constrain the evolution of fluvial and coastal
processes throughout Iberia (e.g., Anton et al., 2012; Lopez Recio et al., 2015; Martins et al., 2017).
However, absolute dating by Optically stimulated luminescence (OSL) has only been performed in
a limited number of locations and almost solely on the lower terraces (e.g., Pereira, 1990; Cunha et
al., 2005, 2012; Martins et al., 2009; Ramos et al., 2012; Figueiredo et al., 2013, 2020). Among other
methods, ESR dating could be used to date marine and fluvial sediments in the range 100 ka to 3 Ma
(e.g., Rosina et al., 2014; Gouveia et al., 2020; Voinchet et al., 2020).

The study area of present work is located in the western Atlantic coast and also includes the more
occidental (and lower) reach of the Lower Tejo River. It provides ESR ages of marine terraces near
the Tejo River mouth, in Abano beach (near Raso Cape) and Espichel Cape (Arrabida Chain), as
well as in the left flank of the Lower Tejo River, in a section of the reach IV, located ~70 km of the
river mouth. This dating will be integrated with previous ages of the studied terrace staircases, to
support the correlation between the fluvial and marine terraces of the same basin and evaluate the

control by eustasy, tectonics and climate.

VI.2. Geological and geomorphological setting

Portugal mainland is located in the Western Iberian Margin, at the westernmost sector of the
Euroasian Plate, close to the boundary with the Nubia plate. Iberian had a complex compressive
tectonic evolution during the Cenozoic (Ribeiro et al., 1979, 1990; De Vicente et al., 2011, 2018,
2019; Cunha et al., 2019). It developed the Pyrenees and the Betic orogenic chain (e.g., De Vicente
et al., 2011; Martin-Gonzalez and Heredia, 2011). Deformation progressively increased, rising the
main topographic elements that exist today inside Iberia and the formation of sedimentary basins
(Galve et al., 2019, 2020). In the Pleistocene, the convergence between Nubia and Eurasia changed
to a WNW-ESE direction (De Vicente and Vegas, 2009; Cabral et al., 2012).

During the Pliocene, the high sea level is supposed to have reached about 25-60 m above the
current level (Dowsett et al., 1996; Miller et al., 2011), being responsible for a marine transgression
that reached sites located 24 km from the current western coast of mainland Portugal and developed
a large wave-cut platform with marine deposits adjacent to deltaic deposits. The main drainage axes
of the deltaic systems were the ancestral of the present rivers systems (Cunha et al., 2008). The
uppermost allostratigraphic unit (UBS13) that documents the last episode of sedimentary infilling of
the Portuguese sedimentary basins has been considered of latest Zanclean to Gelasian age (~3.7 - 1.8
Ma; Cunha et al., 2012, 2016; Diniz, 2016; Gouveia et al., 2020).
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Figure VI.1. A - Geographical setting of the study area (orange rectangle); B — Geology of the Western Central
Portugal (adapted from the Geological map of Portugal 1/500,000, LNEG). Stars indicate the studied sites.
Table with geographic coordinates of the ESR samples. Legend: WMT - Western Mesozoic Terrains; LTCB —
Lower Tejo Cenozoic Basin. 1 - Holocene, 2 - Pleistocene, 3 - Pliocene, 4 - Miocene, 5 - Palacogene; 6 -

Cretaceous, 7 - Jurassic, 8 - Triassic, 9 - volcanic rocks, 10 - granite.

The next evolution stage was characterised by the predominance of the fluvial incision (e.g.,
Cunbha et al., 2005). Catchments and drainage rearrangements occurred controlled by the long trend
of the sea-level drop, lithological anisotropy of the substrate and active tectonics. The eustatic sea-
level changes superimposed on the long-term uplift trend of the coast generated coastal and river
terrace staircases.

The Lower Tejo Cenozoic Basin (LTCB) is located in the western border of the Iberian Massif,
and it is separated from the Mondego Cenozoic Basin by the Central Portuguese Cordillera (CPC).
LTCB (Fig.VI.1B) is developed over the Variscan basement (igneous and metamorphic units) and
Mesozoic formations. Nowadays, the main faults are the Arrife fault, the Lower Tejo Valley fault
and the Arrabida W-E thrust (e.g., Cabral and Ribeiro, 1988; Cabral, 2012).

Tejo River is the longest river of the Iberian Peninsula. It flows westwards from Spain along 1076
km to reach the Atlantic Ocean, in Lisboa.
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In the Spanish sector, a sequence of 23 terraces has been identified, stepped between 8 and 195
m a.r.b., where 13 of these belong directly to the Tejo (e.g., Bridgland et al., 2006; Perez-Gonzalez
et al., 2008). In the study area, the landscape is dominated by the flatness of the culminant
sedimentary unit (UBS13), with altitude decreasing at the east (~ 260 m) to the west (~ 60 m), near
the Atlantic coast.

The Lower Tejo River was subdivided into five valley reaches separated by major faults by Cunha
et al. (2005b), later characterised (e.g., Martins et al., 2009; Cunha et al., 2017). In reach IV
(Fig.VIIB), the Tejo is routed NNE-SSW controlled by the Lower Tejo Valley fault zone.
Pleistocene sediments are represented by one extensive staircase of six fluvial terraces (Table VI.1)
developed along its valley sides (Martins, 1999), an aeolian cover unit (Carregueira Formation) and
colluvium (e.g., Martins et al., 2009). The Holocene sedimentation forms a wide alluvial plain mainly
at the Tejo estuary area (Vis et al., 2010). The estuary connects to the Atlantic Ocean by a gorge-
oriented E -W.

Adjacent to the Tejo River mouth, two coastal areas can be distinguished: Raso Cape area, at the
north, with the UBS13 platform between 100-70 m a.s.l. and a sequence of four marine terraces; and
the Espichel Cape area, at the south, with the UBS13 platform at 220-140 m a.s.l. (e.g., Daveau,
1993; Duarte et al., 2004) and a sequence of eight marine terraces (Cunha et al., 2015) (Fig.VI.1B).

VI1.3. Previous studies

VI1.3.1. The reach IV of the Lower Tejo River

In the Lower Tejo reach IV (between Entroncamento and Vila Franca de Xira towns), previous
works focused on the terraces was firstly done by Breuil (1942) and Zbyszewski (1943, 1946) that
identified four fluvial terraces based on the altitude of the terrace surfaces. More recent studies have
identified up to six fluvial terraces, discontinuously represented along the Lower Tejo valley (T1 is
the uppermost and T6 the lowermost; Corral, 1998a, 1998b; Martins, 1998; 1999; Rosina, 2002;
Cunha et al., 2008, 2016; Martins, 2009, 2010a, 2010b, 2017). Essential contributions in
morphotectonics and OSL dating (quartz-OSL and pIRIR on K-feldspar) of the Tejo River terraces
have been achieved (e.g., Martins et al., 2009, 2010; Cunha et al., 2012, 2016, 2017). In the Lower
Tejo, the long-term uplift rates were estimated as ~ 0.1-0.2 mm/yr for the last 3 Ma (Cabral, 1995;
Cunha et al., 2005, 2008, 2016).
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Table VI. 1. Summary of the geomorphological and sedimentological characteristics of the sedimentary terrace

units present in reach IV of the Lower Tejo River (adapted from Cunha et al., 2017).

Terrace
Elevation Thickness of the Sedimentary
staircase (Reach
v) (a.s.l. and a.r.b.) associate deposits  characteristics
90 ma.s.l. reddish gravels
T1 Sm
(+86 m a.r.b.) (MPS-22 cm)
brown massive
82-72 ma.s.l. clast supported gravels
T2 6-7m .
(+74 mar.b.) (quartzite and quartz)
MPS-17 cm
Gravels with
60-50 m a.s.l. )
T3 10 m quartzite and quartz
(+52-46 m a.r.b.)
MPS- 22 cm
sub-rounded to sub-
38-20 m a.s.l. angular gravels
T4 23 m gu g
(+30-26 m a.r.b.) (quartzite and quartz)
MPS -20 cm
s 13-10 m a.s.l. ~9-10 m coarse to fine sands
(+3-6 ma.r.b.) (partially buried) and clays
silty  clays and
Té6 (-)4mas.l. 18 m

coarse to fine sands

a.s.l. — above sea level; a.r.b. — above riverbed; MPS- maximum clast size

On reach IV, IRSL and pIRIR (k-feldspar) and quartz-OSL ages were obtained for the T4 (~340-
155 ka), TS (136-75 ka) and T6 (62-32 ka) terrace deposits; their genesis was mainly linked with
eustatic sea-level changes superimposed on the regional uplift tendency of the continent. Climate
may have also influenced the discharge and the sediment characteristic of the terraces (Cunha et al.,
2012, 2016; Martins et al., 2010b, 2017). By using ESR dating, ages were obtained for T1 (~903 ka)
and T3 (~405-461 ka) (Rosina et al., 2014).

In the upstream part of the reach IV, at Chamusca area, the terrace levels at the east side of the
valley are at a higher elevation than the ones presented by the west side, which is explained by the

vertical displacement by the Lower Tejo Valley fault zone (Martins et al., 2009; Cunha et al., 2016).
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Table VI. 2. Summary of the ages provided by Martins et al. (2009, 2010b) and Rosina et al. (2014), and

elevations of each surface for the terrace sequences represented at reaches III and IVa.

Reaches III and IVa

Gaviao- Chamusca

Reach IVa

VI N. Barquinha and sector IV a

Dating
Elevation Dating Elevation
Terrace staircase Age Age metho
(m) method (m) d
UBS13 _ 142 -210 not dated
prob. 3.6-1.8 Ma prob. 3.6-1.8 Ma not
Almeirim Form. Pliocene ) +162
Pliocene dated
and Ulme Form.
84- 164 ESR not
T1 ~903 Ka Calabrian? Calabrian? +124
dated
. . . . not
T2 Middle Pleist.? 57-112 not dated Middle Pleist. ? +92
dated
~405 - 461 ka
T3 . ) 43-73 ESR >310 ka
Middle Pleist. +57 IRSL
(Pego Terrace) Middle Pleist.
~340 - 155 k
T4 2 ro.so RSLESR | >190-154ka 4 IRsL
Middle/ Late Pleist. -
(Atalaia Terrace) iddle/ Late Pleis Middle/ Late Pleist.
Ts 5-28  IRSL-ESR
~125-76 ka 125-90 ka
(Entroncamento . . +16 IRSL
Late Pleist. Late Pleist
Terrace)
T6 3-10
~51-39Ka 62-30 ka
(Azinhaga . IRSL ) +10 IRSL
Late Pleist. Late Pleist
Terrace)

VI.3.2. The Raso Cape - Abano beach sector

The coastal area adjacent to the Raso Cape has flat topography. There are some limitations in the

differentiation of marine terraces by the small thickness of the deposits, the short platform steps, the

preservation level, and the existence of an aeolian sands cover unit. Four marine terraces were

identified in the Abano beach by Duarte et al. (2014). That cartography was subsequently improved

by Cunha et al. (2015), which show morphological continuity from the Abano beach until the Raso

Cape area. Different altitudes were also ascribed to each terrace level (Fig. V1. 2).
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Figure VI. 2. A. Coastal area overview between Abano beach and Raso Cape (Source: Google Earth Pro,

October 15, 2020) B. Geomorphological map of the Abano beach and Raso Cape, with identification of several
wave-cut platforms (adapted from Cunha et al., 2015).

Immediately below a broader wave-cut platform (at 100 m to 70 m a.s.l.), four wave-cut platforms
are preserved, described as Tm1 (uppermost) to Tm4 (lowermost) between 40 m and 4 m a.s.l.,
respectively (Fig.VI. 2). The best-preserved terraces are the Tm2 and Tm3. The beach sediments of
the terrace Tm2 appear in more significant extension to the north of Abano beach, which allowed the
identification of this terrace at ~34 m a.s.l. (inner edge). At the south of Abano beach, the wave-cut
platform of this terrace is covered by beach siliciclastic pebbles and coarse sands. The Tm3 is mostly
a wave-cut platform, without sediments.

The Tm4 is preserved at 9-10 m elevation, from the Guincho beach until the Raso Cape area, but
was probably eroded at the north of Guincho beach and is devoid of marine deposits. To the south of
the Guincho beach, the Tm4 platform is very evident, cutting the limestone layers and forming a soft
slope toward the sea.

Some sectors are flatter, which do not allow a fair recognition of the marine terrace staircase,
overlaid by aeolianites and aeolian sands (Cunha et al., 2015). At the Oitavos site, the following
aeolianite succession was identified: a basal unit of medium aeolian sands at 32 m a.s.l., with

horizontal lamination and rich in muscovite, dated by quartz-OSL as 97 ka (Prudencio et al., 2007).
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The age obtained for the middle unit, 1 m thick, containing Helix shells and organic matter was
30 ka (C' in Monge Soares et al., 2006). The upper unit, c. 10 m thick, of cemented coarse sands
with steep dune foresets was dated by radiocarbon and quartz-OSL and gave ages of 15 to 12 ka
(Prudéncio et al., 2007).

VI.3.2. The Espichel Cape sector

The Espichel Cape has a sizeable wave-cut platform with elevations between 220 m to 140 m
along the coast (Fonseca et al., 2015), located at the western sector of the Arrabida Chain, reaching
the ocean by an almost vertical sea cliff. The Arrabida Chain contains an almost complete
sedimentary sequence from the Lower Jurassic to the Pliocene and is one of the best structural
examples of the Alpine orogeny in Portugal (Ribeiro et al., 1990; Fonseca et al., 2015; Kullberg and
Kullberg, 2017). Tectonic structures limit the chain: at east, the Setibal - Pinhal Novo Fault (SPNF)
(Moniz, 2010); at the south, by the Arrabida W-E thrust; and to the north, by the Lagoa de Albufeira
syncline (Fonseca et al., 2020).

During the Pliocene and early Pleistocene, the ancestral Tejo River reached the Atlantic Ocean
by the Setiibal Peninsula. In the Pleistocene, active tectonics affected the Cape Espichel wave-cut
platform (Daveau and Azevedo, 1981; Moniz, 2010).

- High: 254

0 0,4750,95 1,9
——— Km

a dos Navegantes

Figure VI. 3. Simplified geomorphologic map of the Espichel Cape - Sesimbra area (Cunha et al., 2015).
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During the Pliocene and Pleistocene, high sea-levels produced the Espichel Cape platform and
eight marine terraces (Cunha et al., 2015), at different altitudes above the present-day sea-level
(Fig.VL.3), expressing the sea-level fluctuations under a context of uplift. At southern and western
sectors of the promontory, the terrace staircases comprise levels that are mainly represented by
cemented beach sands. The altitude of the terrace levels is different for the two sectors of the
promontory, indicating differential uplift.

Further research was done in the surroundings, as in: Lagosteiros beach (with three marine
terraces identified); Sta. Margarida and Figueira Brava caves and in Forte da Baralha (Fig. V1.3).
Zbyszewsky and Breuil (1945) studied the fossils present in the caves and identified the marine
terraces at 12-15 m and 5-8 m a.s.l. At Forte da Baralha, wave-cut platforms with beach sands at 7-
8 m and 10-11 m a.s.l. were recognised by Pereira and Regnauld (1994). At the level of 10-11 m,
several shells were dated by C14 in a carbonate conglomeratic beach deposit, but without reliable
age results (Pereira et al., 2007). In the submerged area, two more levels were identified, one at -20
m and the other at -7 m evidenced by rocky levels, with local cliffs with notch and deposits (Pereira
et al., 2020).

VI.4. Materials and Methods

VI.4.1. Fieldwork

Local detailed investigations, as stratigraphic and sedimentological characterisation of the
deposits and sampling, were done in several field campaigns conducted between 2011 and 2019.
GPS measurements and data collection for the generation of a high-resolution digital elevation model
(DEM) were done during February 2019. ESR dating methodology was applied during 2018 /2019
on MNHN, in Paris.

Fieldwork included the characterisation of the sedimentary deposits studied, as sediment colour,
granulometry, texture, fossil content and clast lithology (Fig.VL.5). For ESR dating, after cleaning of
each field section, fluvial sediment samples of around 1 kg were sampled in an opaque tube to prevent
light exposure and loss of sediment. In the Abano beach section, the samples were collected in
stratigraphy from the same terrace (base at 34 m and top at 38 m a.s.l.) at ~1 m distance and identified
as Abano-5, 6, 7 and 8, respectively. The Abano-6 sample was selected to obtain numerical ages
applying ESR into optically bleached quartz grains (Fig.V1.7). On the western sector of the Espichel
Cape, the terrace staircase was surveyed (Tm1 to Tm 8, between 108 m and 10 m a.s.l., respectively).
TmS5 (inner edge at 53 m) and Tmo6 (inner edge at 30 m) were sampled for ESR dating, granulometry

and textural composition, with sample codes Espi-8 and Espi-7, respectively.
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The cemented marine deposits were removed using a sledgehammer. The Espichel samples
are 50-50 cm blocks, from which the core was extracted under red light, according to the standard

conditions for this absolute dating method.

VI.4.2. Geomorphological mapping

Geomorphological mapping was undertaken with field mapping on to topographical (1/25.000;
1/10.000) and geological (1/50.000) base maps, but also by the generation of a high-resolution digital
elevation model (DEM) based upon LIDAR surveys (with ~30 cm of mean vertical resolution) and
elevation points of 1/10.000 municipal topographic databases (Fig.VI1.3). Elevations of the marine
terraces were determined with real-time kinematics GNSS system for a very high accurate
measurement in a centimetre level. The absolute location of the base station was measured by GNSS
RTK rover.

VI.4.3. Grain-size measurements and mineral

composition

Grain-size analyses for the fraction > 63 um were carried out by sieving with a sieve tour with %2
® increments of sediment samples in Sedimentology Laboratory of the Department of Earth Sciences
- University of Coimbra. Analyses of sediment mineral composition were based on binocular
microscope observation (50x) and X-ray powder diffraction using an Analytical Aeris XRD
diffractometer manufactured by Panalytical, with a Cu tube in a 20 range, at a scanning rate of 30
min-1, 40 kV and 15 nA (Department of Earth Sciences of the University of Coimbra). The
mineralogical composition in non-oriented subsamples was obtained using the analytical software
Highscore plus, provided with the instrument. According to the standardised Panalytical backloading

system, the subsamples were prepared, which provides a nearly random distribution of the particles.
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VI.4.4. ESR dating of optically bleached quartz grains

This absolute dating method is based on the storage of electrical charges in crystal lattice defects
in minerals (e.g. quartz) as a natural radioactivity function. The number of electrical charges detected
by ESR is directly proportional to the length of time when the material was last exposed to sunlight.
As the ESR signals have dose-response to several kGy and quite good thermal stabilities, the method
has potential to date materials in the age range from several thousand years to more than 2.5 Ma
(Voinchet et al., 2004; Voinchet et al., 2010).

The age calculation implies the determination of two main parameters: the total dose (TD), also
referred to as the paleodose or equivalent dose (D), and the dose rate (D,) which is an estimation of

the mean dose annually absorbed by the sample, based on the equation:

TD = [0TdJ(t). dt (17)

where TD is the equivalent dose of radiations received by the sample over time, da is the

annual dose rate of natural radiations and t the age of the sample.

The total dose TD is proportional to the trapped electrons concentration in the sample and
so to the ESR signal intensity.

Some paramagnetic centres can usually be observed by ESR spectroscopy in quartz, but
Aluminium (Al) and Titanium centres (Ti) have the best potential to date Quaternary fluvial
sediments (Tissoux et al., 2007) being useful combining multiple centre approach since they provide
independent dose control (Toyoda et al., 2000; Rink et al., 2007; Tissoux et al., 2007; Duval and
Guilarte, 2015). The Al centre signal has a long-life expectancy due to thermal stability exceeding
six million years (Toyoda and lkea, 1991) being used for ESR dating of Lower Pleistocene materials
(Gouveia et al., 2020). Ti centre usually decreases at high dose values, called “radiation bleaching”
(Euler and Kahan, 1987) commonly being used for dating more recent sediments (e.g., Late and
Middle Pleistocene) (Tissoux et al., 2007).

VI.4.4.1. Preparation of sediment samples

Under darkroom conditions, the sediment samples were wet sieved to separate different grain
sizes (< 63 um, 63-180 um, 180-250 um, 250-300 um, and >300 mm), following Voinchet et al.
(2007). The 180-250 um fraction was selected. Quartz was then separated using a chemical and
physical protocol already detailed in the literature (Yokoyama et al., 1985; Laurent et al., 1994;
Voinchet, 2003).
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This protocol first consists in a series of acid attacks: HCI (10%) for 2 hours to remove carbonates,
HF during lhour to remove feldspars, HCI for 2 hours to remove fluorides and H202 (10%)
treatments to remove organic matter. After that, heavy minerals and K-feldspar fraction were
removed using a heavy liquid solution of sodium polytungstate (= 2.72 g/cm3 and r =2.58 g/cm3,
respectively) (Fig.I1.28A).

After being placed in the oven at 45°C for drying, the fraction was ready to be packaged in an
opaque tube, with adequately labelled aluminium foil. The quartz fraction was treated with 40 % HF
for 40 min to remove the remaining feldspars and clean the grains. After etching, the fraction was
treated with HCI1 (10 %) to dissolve any remaining fluorides. The last step is magnetic separation to
eliminate the previous minerals “parasites” (Fig. I11.29). After this treatment, the sample was split in

several aliquots used for the residual dose and total dose determinations.

VI.4.4.2. ESR measurements

The multi-aliquot additive dose procedure was employed for De determination.

Ten of twelve aliquots with quartz grains were irradiated with a calibrated 137Cs Gammacell-
1000 gamma source (dose rate= 200 Gy/h) at different doses ranging from 100 to 25.000 Gy, carried
out at CENIEH (Burgos, Spain). After irradiation, each series of 12 aliquots was measured by ESR
at low-temperature cavity (ca. 107-109 K) using a Bruker EMX spectrometer at MNHN. One aliquot
was kept as a natural reference, and one aliquot was illuminated for 1000 h in a Dr Honhle SOL2
solar simulator to determine the unbleachable part of the ESR-ALI signal (Voinchet et al., 2003). The
intensity of Al signal was evaluated from peak-to-peak amplitude measurements between the top of
the first peak (g=2.0185) to the bottom of the 16th peak (g=2.002) of its hyperfine structure (Toyoda
and Falgueres, 2003). The angular dependence of the ESR signal was taken into account, measuring
each aliquot three times after a 120° rotation of its initial position in the cavity. This protocol was
repeated 2 to 4 times over distinct days to check the reproducibility of the Al signal. The ESR
intensity for Ti —Li centre was measured from peak to baseline amplitude around g=1.913-1.915
(option D) according to Duval and Guilarte (2015). Both Al and Ti signals have been acquired in a
single spectrum with baseline correction (quadratic function). Ti—Li centre showed a complete
resetting of the ESR signal after the artificial bleaching and good dose-response to irradiation. As a
result, for fluvial and marine quartz samples studied were obtained for each measured signal nine
and six intensities values, respectively.

The equivalent dose (De) was determined by subtracting the residual intensity evaluated through
the maximum bleaching value from the total dose. De was obtained by an exponential +linear fitting
(EXP+LIN) function and with a single saturating exponential function (SSE) (see details in Voinchet
et al., 2013) using the Microcal Origin Pro 8.1 software and weighted by the inverse of the squared
ESR intensities 1/I2 (Yokoyama et al., 1985). The goodness-of-fit is assessed through the adjusted
r-square (r2) value, which accounts for the degree of freedom of the system.
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For the dose rate calculation, radioelements contents (U, Th and daughters, and K) were
determined by a high-resolution low-background gamma-ray spectrometry to derive external alpha
and beta dose rate components using the dose-rate conversion factors from Guérin et al. (2012).
Therefore, the grain thickness removed after HF etching was assumed to be 20 um and the external
alpha contribution was considered negligible (o radiation is not considered because it is restricted to
the outermost part of the sample). Values were corrected for [ attenuation of spherical grains
(Brennan et al., 1991; Brennan, 2003). Water content was measured by the difference in mass
between the natural sample and the same sample dried for 1 week in one oven and the water
attenuation was based on Griin (1994). The cosmic dose rate was determined according to Prescott
and Hutton (1994), based on altitude, latitude and longitude of each section.

VI.5. Results

VI1.5.1. Geomorphological and sedimentological
characterisation of the studied Lower Tejo T1 and T3

terraces

During the Pleistocene, a staircase of six river terraces (T1 to T6 from the upper to the lower) was
developed in the LTCB. In this study area, the T6 is buried by Holocene fluvial plain deposits
(Fig.V1.4). Lithostratigraphy of the terraces was described by Cunha et al. (2017). In the present

study, additional data were collected in the T1 and T3 fluvial terraces.

In the study area, UBS13 is preserved in small patches, in the Serra de Almeirim hill, at 168 m
a.s.l. (+158 m a.r.b.) and in small patches to NE of the map (Fig.VL.5). The conglomeratic facies of
this unit are about 20-25 m thick in the study area, passing to sandy facies (Ulme sandstones) to the
S and SW. The Ulme sandstones unit was partially eroded during the formation of the first terrace of
Tejo River (T1), with an altitude of 90 m (+86 m a.r.b.) at Gloria do Ribatejo area (Fig.V1.6).

Terrace T1 is composed by reddish gravels near Muge stream and Gloria do Ribatejo, where it
remains form plateaus standing between 93 and 72 m a.s.l. (+89-68 m a.r.b.). In the sampled site
(Peso VG1), the deposit consists of a sand unit at the base with ~3 m thickness and gravels above
(Fig.VL.4A, B). This deposit, with a brown colour (5YR/8), has gravel clasts of quartzite and quartz,

gravelly coarse sand and a sandy to a clayish matrix.

Terrace T2, at 65-56 m a.s.l (+59-50 a.r.b.), is well preserved mainly on the south side of the
Muge stream, being ~ 10 m thick.
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T3 terrace is one of the best-preserved terraces of the area (Fig. 4A), being at 47-44 m a.s.l (+41-
38 m a.r.b.), in Granho-1 (south of Muge stream) and at 57 m a.s.l (+ 51 m a.r.b.), in the north side
of the stream. The T3 terrace is ~ 15 m thick in the outcrops of Malhadios and little less in the Granho.
With dull orange colour (7.5 YR/4, dry sediments), the outcrops are mainly composed by clast
supported gravels (lithofacies Gp) that display horizontal bedding, with small channel geometries
and lenses of massive sand bars with Sc and Sm lithofacies. The gravels are composed by quartzite
and quartz cobbles and pebbles (Fig.V1.4C) and have a maximum size of 15 cm. The Malhadios-1
sample was collected in the outcrop located in the north side of the Muge stream, in a sandy channel

layer at the middle of the terrace, between two gravelly layers. The Granho-1 sample was collected

at the opposite side of the stream at the top of the terrace (Fig. V1.4 E).

P > I $ 3 0%
Figure VI. 4. A. The Peso VG1 outcrop (T1 terrace). B. Tube extracted from Peso VG1 for absolute dating
methods; C. Granho-1 outcrop (T3 terrace); D - E. The Malhadios exposure and location of the sampling

(collected near the T3 terrace base).

T4 terrace rises from +23 to 26 m a.s.l. (17-20 m a.r.b.) with the maximum thickness of ~23 m
near Muge.

The TS5 terrace is at 10-12 m a.s.l. (+4-6 m a.r.b.). Downstream of Muge the terrace is almost
buried by modern alluvium. However, terrace treads are preserved along the Muge stream, mainly in
the right margin (Fig.VL5).

According to Cunha et al. (2017), the T6 should be present at -4 m a.s.l. being ~18 m thick.
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FigureVI. 5. Geomorphological map of the area between Muge and Almeirim, in the reach IV of LTCB.
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Figure VI. 6. Geomorphological profile of left reach of Tejo River in the vicinity of Muge (modified from
Martins et al., 2017).

VI.5.2. Geomorphological and sedimentological
characterisation of the studied marine terraces

VI1.5.2.1. Cape Raso - Abano beach marine terraces

Four marine terraces have been mapped between the Abano beach, at the north, and the Raso
Cape area, named Tml to Tm4, from the upper to the lower. Marine terraces are best preserved in
the southern sector of the area, except the Tm1 terrace.

Tm1 is at 42-38 m a.s.l. in the Abano beach site. Round boulders are scattered along the slope at
this altitude.

Tm?2 is between 34-37 m a.s.l. in the northern part of the map (Fig.V1.7A), but only 25-30 m a.s.l.
at the southern sector, in the Raso Cape area.

Tm3 is well represented by flattened surface carved in the limestone substrate between the
Guincho beach at 22 m a.s.l. and the Raso Cape at 20 m (Fig. V1.2).

Tm4 is represented by small patches along the coast at 10-9 m a.s.1. between Guincho beach and
the Raso Cape. This terrace has no morphological expression to the north of the Guincho beach,

where it was probably eroded (Fig. VL.7).
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Figure VI. 7. A. Photos of the Abano beach area. B. Geomorphological map (1/40.000) with the location of the
dated sample.

The Tm?2 is the only one with sediment thickness available for ESR dating. The other terraces are
rocky platforms without deposits. The sedimentary sequence of the Tm2 comprises lower gravels
with rolled boulders and pebbles at the base, white coarse to medium sands in the middle part and
colluviums at the top (Fig. VI.8). The sample Abano-6 was collected from the coarse to medium
sands of the middle part of the terrace (Fig. V1.9). The sample Abano-6 has an orange colour (7.5YR
5/6); the mean grain size is dominated by coarse to medium sand (0.5 mm). The grain-size curve of
relative frequency is almost symmetric, dominated by medium to coarse grain sand (Fig. V1.8). The
average grain-size fractions consist of sand (97.8%), 1.8% silt and 0.4% clay; the sediment is fine
skewed (0.6), mesokurtic (2.64) and very poorly sorted (2.62). The sand fraction is composed by
hyaline quartz (80%), feldspars (15%) and some dark minerals. The quartz grains are rounded to sub-

rounded.
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Figure VIL.8. Compositional and morphoscopic observation of the sample Abano-6, with a binocular

microscope (50x). Grain size distribution of Abano-6 (total sample), by laser granulometry.

declive max. 8.4%
declive médio :5.6%-16.9%

Legend N
- colluvium A
m gandstone

°5| conglomerate

limestone
substratum
B ER sample

Mis 197

Mis 13/15?
Tm1

>340450ka | Abano6 G
Mis 9/11?
Tm3 :
Mis 7
Tm4
525 450 375 300 225 150 75 o(masl)

Figure VI. 9. Schematic section of the marine staircase in Abano beach (N of the Raso Cape).

VI.5.2.2. Espichel Cape marine terraces

In the Espichel Cape, bellow the large Espichel Cape platform, a total of nine marine terraces can
be identified (Fig. VI.10, VI.11). At the Praia dos Navegantes, the terrace staircase is also
documented in the south reach of the promontory. At the W reach of the promontory the different
terrace levels are less developed, however, cemented beach sands with shell fragments and gravels,
represented by cross-stratified facies at different altitudes, are available for dating and can be
summarised as follows:
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The Espichel Cape platform, at 137-140 m, probably vertically displaced by a fault (Fig. VI11),
to 118-120 m a.s.1.; locally shows a cover of cemented coarse sands, ~ 1 m thick.

Tml is represented by a small abrasion platform at 108 m a.s.l.

Tm?2 has an abrasion platform at 83 m a.s.l., covered by ~ 6 m of cemented marine gravels at the
base and very coarse sand at the top (surface at ~ 89 m a.s.1).

Tm3 has an abrasion platform at 73 m a.s.1., covered by ~ 5 m of cemented marine gravels at the
base, followed by very coarse sandstones and colluvial deposits at the top.

Tm4 has an abrasion platform at 65 m a.s.l.; it comprises a basal conglomerate followed by
sandstones and a thin layer of cemented colluvial deposits at the top (~ 7 m thick; top surface at ~ 72

m a.s.l).

Figure VI. 10. Detailed Geomorphological map at the Espichel Cape area. (1/50.000) with marine terraces
identified.

TmS5 has an abrasion platform at 53 m a.s.1.; it comprises a basal conglomerate followed by very
coarse sandstones and a thick layer (~5 m) of cemented colluvial deposits at the top (~ 4 m thick; top
surface at ~ 57 m a.s.l). The sample Espi-8 (56 m a.s.l.) was collected from the middle-upper part of
the TmS5.

Tm6 has an abrasion platform at 30.5 m a.s.l.; it comprises a thick basal boulder conglomerate
with lenses of sandstone and a layer of cemented colluvial deposits at the top (~ 10 m thick). Sample
Espi-7 was collected from a lense of sandstone (at ~ 36 m a.s.l.).
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Tm?7 is represented by a small abrasion platform at 16-20 m a.s.1.

Tm8 is represented by a small abrasion platform at 10-12 m a.s.L.

Tm9 platform is not recognised in the field at the study site due to the existence of a vertical cliff
but along the SW sector of the Espichel Cape. This marine platform is recognised at ~8 m a.s.l.,
between the Forte da Baralha and Sta. Margarida and Figueira Brava caves (Fig.VI.11).

In the submerged area, the level identified by Regnault et al. (1995), at -7 m, is evidenced by
rocky levels with local cliffs with notch and deposits (Fig VI1.12).
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Figure VI. 11. Schematic section of the marine staircase in the western sector of the Espichel Cape.
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Figure VI. 12. Interpreted image of the Espichel Cape with Tm9 terrace above the modern counterpart and

elevates ~8 m a.s.l. (adapted from the original photo made by Carlos Sargedas).

The sample Espi-8 (Tm5) has a dull orange colour (7.5YR 7/4) and calcium carbonate cement.
The sand fraction (Fig.V1.12) is composed by quartz hyaline (80%), feldspars (orthoclase and albite)
(15%), granite (5%) and some dark minerals (Fig.V1.13).

The quartz grains are angular to sub-rounded, with medium sphericity. The mean grain size of >
63 pum fraction is dominated by coarse sand (0.59 mm) with the median and mode with the same
value (0.50 mm). The grain-size fractions consist of sand (98%) and some gravels (2%). The
sediment is unimodal (0.50mm), leptokurtic (4.46), moderately sorted (1.03) and with fine skewness
(0.84). The mineral composition of the sand fraction is composed of quartz and some feldspars
(microcline and orthoclase), (Fig. VI.14). Observation of the 180-250 um fraction of the sample

indicated that some quartz grains have a cover of manganese oxides (Fig.VI.15).
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Figure VI. 13. Compositional and morphoscopic analysis of the samples Espi-7 and Espi-8, with a binocular

microscope (50x).
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Figure VI. 14. Mineral composition of the sand samples studied from the Espichel Cape marine terraces.
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Figure VI. 15. Photomicrograph of the sample Espi-8, in the 250-180 um grain fraction.
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The sample Espi-7 is composed of medium pebbly sand, with light grey colour (7.5YR 8/3) and
carbonate cement. The quartz grains are subangular. The sands mean grain size (> 63 pm fraction)
is dominated by coarse sand (0.67 mm), with the median and mode with almost the same value (0.55
mm). The grain-size fractions consist of sand (98.3 %) and gravel (1.7 %). The sediment is
moderately sorted (0.9), leptokurtic (3.86) and fine skewed (0.7). The sand fraction comprises quartz
(hyaline, milky and dark) (80%), feldspars (orthoclase and microcline) (15 %), tourmaline (5%) and
some dark minerals (5%) (Fig.V1.14).

V.6. ESR results

The Al centre could be measured in all the samples (Tables VI. 3, 4, Fig. VI.17). Similarly, the
Ti-Li centre was measured for all samples, except for Espi-8. For this sample, the signal intensity
was too different in each measure to be reliable evaluated, even with two scans. It was not the case
for the sample Espi-7, for which the use of multi-centre approach was possible. Bleaching mean
values are between 40 and 67% (Table VI1.9).

Table VI. 3. ESR medium data collected from the measurements of Al centre of the quartz grains of the fluvial
sediments Malhadios1, Granhol, (irradiation data 2018).

Dose ESR (a.u.) d.s. ESR (a.u.) d.s.
(G) Malhadios1 Granhol

0 207.839 8.604 187.769 17.36139
150 243.596 4.592 232.611 16.32035
300 271.093 19.055 296.720 12.0839
600 326.097 25.328 333.663 23.2837
1200 411.298 12.121 446.194 28.8704
2400 568.801 39.325 595.224 28.0006
4000 690.363 31.375 849.438 50.8287
6000 881.098 47.519 1030.972 33.8177
8000 962.155 13.511 1212.499 56.1074
12500 1189.836 30.647 1402.072 64.2183
20000 1640.702 29.613 2134.459 75.0523

178

Electron Spin Resonance dating of marine and fluvial terraces of central Portugal



Table VI. 4. ESR medium data collected from the measurements of Ti-Li centre of the quartz grains of the

sediments Peso Vg, Espi-7, Espi-8 and Abano-6 (irradiation data: 2019).

Dose (G) ESR (a.u.) d.s. ESR (a.u.) d.s.
Malhadiosl Granhol
0 423.883 7.626

371318 39.896

150 488.961 22.507
483.072 35.144

300 563.285 26.305
698.991 58.440

600 672.007 54.584
808.239 41.327

1200 876.954 70.120
1011.009 36.164

2400 1158.653 58.076
1379.469 196.771

4000 1456.968 29.380
2234.670 64.035

6000 1680.981 114.935
2171.480 171.328

8000 1808.584 55.301
2442.154 165.085

12500 1982.973 46.663
2388.299 171.924

20000 1760.734 48.958

2256.362 184.716

Table VI. 5. ESR medium data (3 measurements) collected from the measurements of Al centre of the

quartz grains of the fluvial sediments Peso VG, Espi7, Espi8, Abano-6.

Dose (G) ESR (a.u.) d.s. ESR (a.u.) d.s. ESR (a.u.) d.s. ESR (a.u.) d.s.
PesoVG1 Espi-7 Espi-8 Abano-6
0 171.2149 69.4 62.800 4378 99.328 21.176 105.988 17.767
100 189.164 56.164 76.103 8.566 128.613 5.473 153.779 31.253
200 227414 72.131 97.915 8.894 184.035 8.431 172.743 46.944
400 249.437 52.241 94.590 5.961 199.323 27.815 239.324 62.807
800 334.4768 83.523 164.219 4.857 220.596 18.630 353.679 45.919
1600 376.827 81.998 210.885 12.296 348.335 17.994 472.205 65.612
3200 528 71.578 318.408 6.586 512.927 30.616 656.234 165.786
6000 693.3767 52.715 432.816 24.271 694.433 39.073 1177.499 218.802
10000 888.896 67.668 1305.428 220314
15000 775353 39.353 1160.874 65.943 1624.713 70.828
25000 1008.001 56.002 1472.115 44.986
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For Ti-Li, equivalent doses (De) were determined following different approaches: the exponential
and linear fitting function (Duval et al., 2009; Voinchet et al., 2013) was firstly used and then a single
saturating exponential function by limiting the curve to the first six points (from natural to the 4000
Gy) (Fig.VIL.15).

The histograms obtained from Isoplot data analyses reveal the frequency distribution of the De in
Al centre within the same range for each sample (Fig.V1.16).

The values of radioisotopes measured in two reference laboratories (MNHN - France and Riso -

Denmark) showed no significant differences in either sample.

Table VI. 6. ESR medium data (3 measurements) was collected from Ti—Li centre of the quartz grains of the

sediments Peso Vg, Espi-7and Abano6.

Dose (G) ESR (a.u.) d.s. ESR (a.u.) d.s. ESR (a.u.) d.s.
PesoVgl Espi-7 Abano-6
0 246.430 49.750 192.968 11.147 207.880 14.256
100 274.029 33.565 219.555 17.297 292.794 33.813
200 300.937 30.424 249.878 12.185 358.056 48.490
400 335.834 60.202 300.143 27.235 450.368 64.858
800 426.983 54.288 432.409 21.920 565.631 24.263
1600 603.202 75.939 578.201 48.416 940.002 11.849
3200 818.480 141.961 926.449 34.395 1711.105 201.261
6000 1139.383 182.617 1268.875 67.106 2356.116 93.445
10000 1244.978 185.881 1392.784 54.625 2432.270 172.428
15000 1285.840 238.739 1572.866 83.772 2297.258 392.123
25000 1313.134 286.755 1215.065 72.301 207.880 14.256
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Table VI. 7. Dosimetry and ESR ages in Al and Ti—Li centres of sedimentary samples collected from the fluvial

and marine terraces. * ECT — Espichel, Cape terrace; RCT - Caso Cape terrace.

Fluvial samples Marine samples
T3 middle T3 top T1? ECTm7 ECTm6 RCTm?2
sz:g; le Malhadios1 Granhol Peso VG1 Espi-7 Espi-8 Abano-6
Depth (m) 1 0.3 0.7 0.2 0.1 0.6
Elevation 59 47 78 38 58 35
(m)
Grain 250-180 250-180 180-90 250-180 250-180 300
size (um)
Bleaching
%) 68 60 40 48 50 48
D. Ti centre
Gy) 898+15 582466 708+44 444+107 ; 334+48
Adj. Square 0.999 0.980 0.993 0.985 ; 0.991
De A(chy‘“')““e 858435 676455 622427 314430 723425 321429
Adj. Square 0.998 0.989 0.999 0.994 0.993 0.995
Ti-Li 280+10 290+30 280+10
centreAge  32010* 20610 310x10% | 00140 - 340+30
tAlA 270£10 34060 240+10 41740 34310 32030
““(;;) 8¢ 310+£10* 382+40* 260+10*
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Figure VI.16. Some examples of histograms obtained from Isoplot data analyses software of the frequency
distribution in quartz grains of the De in all aliquots (Al centre) of the samples Espi-8 (yellow); Granho-1
(blue); Abano-6 (red) and Espi-7 (green).
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Table VI. 8. Sample information, dosimetry, external § and y dose rate, cosmic dose and water content (WC). External a was considered negligible. The water content for the burial

time was estimated considering the field water content and the saturation water content.

Samples U (ppm) Th (ppm) K (%) D"p Dcos Dy Dt (nG/a) W(%)
Peso VG-1 Al 1.164 £ 0.08 5.043 =+ 0.117 2971 =+ 0.02 2234588 £ 25.07 67.112 % 336 865.02 £ 15.124 2.923 + 0.27 20
Peso VG-1 Ti 1.164 £ 0.08 5.043 + 0.117 2971 =+ 0.02 2234588 =+ 25.07 67.112 =+ 336 865.02 + 15.124 2.923 + 0.27 20
Granho- 1Al 1.164 £ 0.07 3236 + 0.094 1.881 =+ 0.02 1464.329 + 20.88 118.580 =+ 593 627.16 =+ 13.729 2.154 + 0.24 15
Granho-1 1 Ti 1.164 £ 0.07 3.236 + 0.094 1.881 =+ 0.02 1464329 + 20.88 118.580 =+ 593 627.16 = 13.729 2.154 + 0.24 20
Malhadios- 1 Al 1.507 £ 0.09 3.744 + 0.127 3.649 £ 0.03 2593.308 = 30.10 46395 =+ 232 103224 + 19310 3.480 + 0.34 16
Malhadios- 1 Ti 1.507 £ 0.09 3.744 + 0.127 3.649 =+ 0.03 2593.308 + 30.10 46395 <+ 232 103224 + 1931 4.480 + 1.34 16
Espi-7 0291 £ 0.06 0.746 £ 0.077 0.736 + 0.01 535413 + 1682 163.843 =+ 8.19 22871 + 12.464 0.932 + 0.02 8
Espi-8 0.604 £ 0.08 1.869 + 0.104 2568 =+ 0.02 1833 + 26.00 164.843 =+ 9.19 733.66 £ 17.671 2.739 + 0.03 7
Abano-6 0.652 £ 0.06 1.757 £ 0.084 1.049 =+ 0.01 764.973 + 17.01 76.152 + 3.81 371.19 £ 13.075 1.212 + 0.02 10
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Figure VI. 17. Examples of the fitting curves with Exp+lin and SSE of fluvial quartz samples, showing the

ESR dose-response curves. Legend: pl-saturation intensity;p2-csen; p3- De; p4 - pente (inclination).
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Table VI. 9. Bleaching mean values of all samples.

Bleaching Peso VG1 Malhadios-1 Granho-1 Espi-7 Espi-8 Abano-6
ESR1 38.188 63.910 64.643 43.389 58.187 51.369
ESR2 40.362 65.720 57.999 52.902 50.740 44.489
ESR3 42.160 73.560 58.614 - - 45.153
Mean (%) 40.24 67.73 60.42 48.15 54.46 47.00

V.7. Discussion

Throughout the Pleistocene, during warm periods (corresponding to interglacials) Atlantic rivers
had Mediterranean climate conditions, but in cold periods, the climate was Oceanic but preserving
some continentally (Silva et al., 2017). In the Lower Tejo valley (reach IV) six terrace levels are
documented, with relative heights (a.r.b.) at: +102-112 m (LT1), +83-92 m (LT2), +57-73 m (LT3),
+28-37 m (LT4), +24-16 m (LT5) and +7-10 m (LT6) and the modern alluvial plain at +2-5m (Cunha
et al., 2016), The set of OSL, post-IR-IRSL and ESR ages provided some ages for each terrace level:
903+ 58 ka (LT1), 405-461 ka (LT3), 340-160 ka (LT4), 135-75 ka (LT5) and 62-32 ka (LT6).

The sample Peso Vg1 was collected at the base of the sedimentary sequence, immediately above
the coarse gravels, in a coarse sand unit enriched with iron oxides concretions at the top. Peso Vgl
was previously dated by OSL using a post-IRIR 290 protocol (k-feldspar; KF), but only provided a
minimum age (>304 ka) because the signal is in saturation (Cunha et al., 2017). Based on
geomorphological interpretation and geochronology studies in this sector, this terrace at +78 m a.r.b.,
is equivalent to T1 of the upstream reaches III and I of the Lower Tejo. At reach IV, an ESR finite
age of 903+ 58 ka (Rosina et al., 2014) was already obtained for a T1 sand sample.

The ESR intensity values of nine measures revealed some heterogeneity in the grains of each
aliquot, which may define more than one origin of the sediments. The different sources could explain
the high beta dose contribution to the dose rate values. For annual dose, the values of U, Th and K
were used, assuming that no gain or loss of uranium or thorium occurred since the time of deposition.
The radioisotopes values present some disequilibrium between U, Ra and Rn (Table VI18), which is
not unusual, given the sedimentary heterogeneity context (lenses of sands surrounded by coarser
sediments) (Fig.V1.4). The Peso Vgl fitted curve and the De values obtained in both centres (622
and 734 Gy) indicate that the sediment is old, but the annual dose present (2.9 Gy) only enables poor
reconstruction the age calculation process. The high content in 40K explains the annual dose values,
and the apparent saturation of the signal at doses >3200 Gy in both centres do not provide an accurate
burial age (>300 ka).
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Comparing the radiometric data of the previous study Rosina et al. (2014) (from another outcrop,
but at the same reach), the Dose rate estimated was much lower 1574 nG/a than the dose obtained
for Peso Vgl sample (2923 pnG/a). The underestimation is clearly because of an inadequate annual
dose rate measurement.

At reach IV, the middle sand deposits of T3 were already dated by ESR, with a finite age result
of ~410 ka (Rosina et al., 2014). Our new ESR age results of Malhadiosl and Granhol are between
310 and 430 ka, with good agreement between both centres (Al and Ti-Li) in Malhadios-1. The De
of Malhadios-1 (858 Gy in Al and 898 Gy in Ti-Li centres) is bigger than in Granho-1 (676 Gy and
365 Gy, respectively), which indicates to be the oldest. Based on a radionuclide activity research
study (Madruga et al., 2014) carried out on the Tejo River sediments, the mean activity radionuclide
concentration value for 40K is 400 Bq/kg. In Malhadios-1, the mean concentration data of the 40K
is more than two times higher (~950 Bg/Kg). It may be related to the distribution of the radionuclide
in the sediment beds. Therefore, the 40K content (3 times higher than in Granho-1) justifies the
higher value of the annual dose in Malhadios-1. As 40K is concentrated within clay minerals, the
silt/clay fraction of this sediment was in higher concentration than in the Granho-1 sample, affecting
the real sediment age result.

In the Lower Tejo, each terrace has a larger thickness and seems to record large time-spans
(Fig.VI.15) than in the terraces located in central Spain (Upper Tejo); so could correspond to more
than one fluvial terrace of the Upper Tejo, explained by more uplift upstream. For the reach IV of
the Lower Tejo, the uplit rate was estimated as ~0.07 m/ka.

The record of Pleistocene coastal sequences across the western Atlantic littoral is quite
discontinuous, with some most complete sequence occurring in Raso Cape and Espichel Cape. The
characterisation and absolute dating of the terrace staircases are crucial to understanding the past sea-
level changes and the uplift rates. The terrace deposits are located in irregularly scattered remnants
along the coast, sometimes in places difficult to reach, such as cliffs.

At Raso Cape, four terraces located below a culminant wave-cut platform have been identified by
Cunbha et al. (2015). In the present study, one sample collected from the Tm?2 sedimentary sequence
(34-37 m a.s.l.) at Abano beach was dated (Abano-6). The ESR ages from the two centres for the
Tm2 sample are similar in Al (320430 ka) and Ti-Li (340450 ka) centres. The De is a little higher in
Ti—Li than in Al centre, and the annual dose is not very high. However, there are values with an error
of more than 50% and apparently, a saturation of the signal at doses >3200 Gy in both centres,
showed by the very similar intensities at higher doses, which does not ensure an accurate burial age.

Espichel Cape rises higher than the Raso Cape sector and has a marine staircase composed of nine
terraces while the Raso Cape sector has four terraces. Thus, the Abano deposit will have to be older
than the obtained unprecise ESR age; otherwise, it would have an uplift equivalent to Espichel Cape,

which is not recognised by the present geomorphology.
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This terrace probably correlates to the MIS13 and indicates an uplift rate of 0.07m/ka (35 m/490
ka) or may even accommodate more than one MIS (13 and 11?), with an uplift range of 0.08-
0.07m/ka. Indeed, this terrace has colluvium in the upper part, probably related to a colder period
(MIS12) as in Espichel Cape, for the same interglacial.

In the western reach of the Espichel Cape, Tm1 is represented below the Espichel Cape platform
(considered to be the base of the UBS13; ~3.7 Ma), at 108 m a.s.l. Based on geomorphological
interpretation and previous ESR dating of the T1 of the Tejo river (903+58 ka) at 98 m a.s.l. (+89 m
a.r.b.), the T1 is probably equivalent to Tm1 (with a probable age of ca. 1000? to 900 ka) and could
comprise more than one MIS stage (MIS25-217).

Tm?2, represented by the W Espichel Cape platform at 83 m a.s.l. was yet not possible to date by
ESR, but is probably equivalent to MIS 19, with the sea-level peak at 780 ka. The estimated uplift
rate using the Tm2 as a reference is of ~0.1 m/ka (83 m/780 ka).

Tm3, at 72 m a.s.l., could be related with the MIS 17 which had the sea level peak at about 680
ka, allowing to estimate an uplift rate of ~0.1 m/ka (72 m/680 ka).

Tm4 could be correlated with MIS 15, with a high sea level similar to the present (Siddal et al.,
2007), resulting in an uplift rate of ~0.1 m/ka (65 m/540 ka).

Espi-8 sample seems to have some contamination causing a remarkable contribution of 40K,
responsible for high Da content (~ 3 times higher than Espi-7), which gave an underestimate age
using the Ti—Li centre by the presence of manganese oxides cover in the quartz grains. According to
Siddal et al. (2007), diagenetic effects are one of the main issues in older samples, that will be solved
by ongoing technical developments. According to the ESR minimum age estimated for Espi-8,
sampled at 56 m a.s.l., the Tm5 may have been formed during the MIS 13 to MIS 12 (Fig.VI.11, 16).
The glaciation period correlated to MIS 12 (Elsterian glaciation) was considered as probably the
most extensive in the North Sea Pleistocene glacial history (Gibbard and Cohen, 2008; Graham et
al., 2011), and could be responsible for an enhanced of clastic flux deposition (breccia) in the upper
part of the Tm5. The uplift rate for Tm5 is ~0.1 m/ka (53 m/480 ka).

The ESR age of Espi-7 (417+40 ka in Al centre) is in good agreement with the geomorphology
(32 m a.s.]) and with the high sea-level of MIS11 (sea level at 6 m of the present and probably stable
through this long interglacial) and also with the beginning of the glacial period of MIS 10. The
succession to the MIS 10 featured an abrupt drop on the temperature with major ice-rafted debris
deposition events in Iberian and western Mediterranean margins (Regattieri et al., 2016). This
interstadial could be responsible for the high thickness of breccia in the upper part of the Tm6. The
estimated uplift rate for the Tmo6 is ~0.08 m/ka (32 m/417 ka).

Without sediments, Tm7 was not possible to date. We assume that this terrace may represent the
MIS9, and an uplift rate of ~0.06 m/ka (20 m/312 ka) could be estimated.
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The Tm8 (+12 m a.s.l.) could be formed during the interglacial MIS 7 (240-190 ka, with sea-level
estimates from -5 to-10 m, Antonioli, 2004) and with uplift of ~0.07 to 0.115 m/ka (17 or 22 m/240
ka, respectively). In fact, according to the literature, MIS 7 was marked by three warm phases but
without big oscillations in ice volume (Rocoux et al., 2006) after climatic warming phases, giving a
limit drop in the sea during this stage. This could explain the existence of only one platform for this

interglacial period.

A rocky platform level is present at ~8 m a.s.1., with coastal notches found and deposits which
probably correspond to the MIS 5.

In the submerged area, the level identified at -7 m, evidenced by a rocky level with local cliffs,
notch and deposits, probably correlates with Holocene high sea levels.

The correlation between the complete marine terrace levels (Espichel Cape) and the fluvial

staircase located in the reach IV of the Lower Tejo is presented on Fig. VI.18.
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V.8. Conclusions

Despite some probable uncertainties due to the rather high annual dose rates in some fluvial and
marine sediments, the ESR data obtained in the study area was crucial to propose a correlation
between the studied staircases and with MISs.

Peso Vgl fitted curve, and the D. values obtained proved that the sediment is old, but the annual
dose present only enables poor age calculation. Based on the geomorphological interpretation and
previous ESR dating (903 + 58 ka), this terrace remains at 98 m a.s.l. (+89 m a.r.b.), is probably
equivalent to T1 (with a probable age of ~ 1000 to 900 ka). It was not possible to date by ESR a
correlative marine terrace adjacent to the Tejo river mouth, but at the W Espichel Cape, it could
correlate to the platform at 108 m a.s.l. (Tm1; MIS25-217).

The Lower Tejo T2 terrace was yet not possible to date by ESR, but it could comprise several
interglacials with probable age between 780-550 ka. This long duration fluvial terrace could correlate
to a set of platforms represented in the W Espichel Cape at 83 m a.s.l. (Tm2; MIS19?- sea-level peak
at 780 ka), 76 m a.s.l. (Tm3; MIS17? — sea-level peak at 690 ka), 65 m a.s.l. (Tm4; MIS15? — sea-
level peak at 620-550 ka) and 53 m a.s.l. (TmS5; MIS13? — sea-level peak at 480 ka).

Granhol and Malhadios1, sampled in the T3 fluvial terrace of the Lower Tejo (with a probable
age of ca. 430 to 3607 ka), provided ESR ages of ca. 430 and 310 ka which is compatible with the
previous ESR age of ca. 410 ka (Rosina et al., 2014). The T3 fluvial terrace could correlate with two
platforms represented in the W Espichel Cape at 34-30 m a.s.l. (Tm5; MIS13?) and at 31 m a.s.L
(Tm6; MIS11).

The Lower Tejo T4 terrace was previously yet dated by OSL, as ~ 335 to 155 ka, comprising the
MIS?9 to the earlier part of MIS6 intervals. It probably correlates with two platforms identified in the
W Espichel Cape at 20 m a.s.l. (Tm7; MIS9) and 12 m a.s.l. (Tm8; MIS7).

The Lower Tejo T5 terrace was previously dated by OSL, as ~135 to 73 ka, comprising the last
part of MIS6 and the MIS5 interglacials. This fluvial terrace can be correlated with the Espichel Cape
marine platform level at 8 m a.s.l. (Tm9; MISS5).

Considering the results obtained, we can assume that along the Quaternary, the sea level during
interglacial periods produced abrasion platforms with subsequent sediment filling at the same terrace
levels, but now at different elevations along the western central Portugal coast. This results from the
combination of eustatic changes and continuous but differential uplift that occurs at a regional level,
confirmed by the same ages at different elevations a.s.l. even at a shorter distance, such as on Raso
Cape. The study area has been subject to an overall uplift, however with different rates as the inner
edge positions, with higher uplift rates in Espichel Cape than in Raso Cape.

The uplift of the study area during Pliocene and Quaternary is in accordance with the main active
fault systems that are responsible for the regional seismicity: the NNE-SSW system (as the Lower
Tejo valley fault zone), the WSW-ENE system (as the Arrabida thrust) and the NW-SE system

(which affects the Espichel Cape and the Lower Tejo valley).
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CHAPTER VII. DISCUSSION, MAIN CONCLUSIONS AND
FUTURE WORK

This chapter comprises discussion and conclusions regarding the data presented in chapters III,
IV, V and VI, but also with future research work. The first subsection is focused on identifying the
uplifting trend during the Quaternary in the study area using the results obtained in the chronological
study of each terrace staircase. A comparison between the studied marine staircases of Mondego
Cape, Peniche, Abano beach (Raso Cape) and Espichel Cape is made. The second subsection is
mainly focused on ESR dating method (applicability and limitations) and the crucial
geomorphological study during this research work. It highlights the new data concerning marine and

fluvial terraces of the LMB and LTB, comparing the uplift results.

VIl.1. Comparison between the marine terrace

staircases

The Western Iberian Margin is a region where active tectonics plays a significant role in the
geomorphic expression and distribution of Quaternary marine terraces (e.g., Ressurrei¢do et al.,
2018; Carvalhido et al., 2014; Cunha et al., 2015). The fossil sea cliff (shoreline angle/strandline) of
marine terraces of the Late Cenozoic is a good approximation of sea level during the peak of a
highstand (Lajoie, 1986; Lisiecki and Raymo, 2005, 2007). Beyond that, the intensification of
eustatic sea-level oscillations during the Middle-Pleistocene has increased the formation of coastal
staircases, preserved in the fossil sea cliffs. In the present study, the marine platforms and terrace
deposits were measured in the field with a GPS RTK (in Peniche and Espichel Cape), where the

access was possible.

The comparison between the studied coastal areas highlights the differential uplift and the
geomorphic landscape of the studied sectors. According to other studies in the Iberia Peninsula, there
are deposits correlated to the Late Pleistocene in passive margins (Fig. VIL.1) (e.g., Santos et al.,
2008; Johnson et al., 2011) and the mean coastal apparent uplift rates (based on MIS 5 and 11
benchmarks) estimated for the passive margins of W Europe is ~ 0.06 £ 0.02 m/ka (Pedoja et al.,
2014).
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Figure VIL 1. Coastal uplift of the Iberian Peninsula. A) MIS 5; B) MIS 11. Stars are the data that resulted
from this study. The circles are Iberia data available in the literature, (modified from Pedoja et al., 2018).

Despite many uncertainties regarding the sea-level highstands for each Middle Pleistocene
interglacial periods, it was possible to estimate the regional differential uplift along the central coast
of mainland Portugal, in the Mondego Cape (40°11°N; 8°54°W), Peniche (39°21°N; 9°24°W), Abano
beach (38%°44°N; 9°28°W) and Espichel Cape (38°24°N; 9°13°W), (Fig. VII.2).

For the uplift calculation, the eustatic corrections for the MIS 11 high-stand were according to
Spratt and Lisiecki (2016) and, for the MIS 5 high-stand to Murray-Wallace and Woodroffe (2014)
(mean predicted to be at +6 m for the both MIS). The uplift rate was determined by subtracting the
relative sea-level during each stage from altitudinal position of the preserved shoreline angle and
then dividing by the considered age (Bull, 1985; Burbank and Anderson, 2012).

Given the lack of data available and the higher uncertainties of age determinations for old
shorelines, the mean sea level during the MIS 7, MIS 9 and MIS 13 to 25 was considered to be 0 m.
The apparent uplift rate was determined by dividing the altitudinal position of the marine terrace
shoreline angle in the present sea-level, by the considered age (Pedoja et al., 2018).

The geomorphologic maps, profiles and detailed stratigraphy work, the new DTM produced
(higher resolution and higher scale) in all areas studied, and the new age data of the almost entire
staircase in Peniche allowed a better interpretation of the correlations along the coast.

In Mondego Cape (reaching 256 m, a.s.l.) and Espichel Cape (140 m, a.s.l.) several terrace
deposits were identified, dated and correlated to interglacials (Fig. VIL.1), (e.g., Tm 2 and Tm 6 for
Mondego and Espichel capes, respectively).
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Since the Middle Pleistocene (MIS 19-17) to Late Pleistocene (MIS 5), the apparent uplift rates
show a slight decrease, from ~0.17 m/ka to 0.02 m/ka in the coastal area.

The uplift results show a higher uplift for the Mondego Cape, as expected by the Quiaos Fault
Structure, a fault scarp striking WE to WNW-ESE (Barbosa et al., 1988, Cabral, 1995), responsible
for the higher relief of the Serra da Boa Viagem (Table VII.1, Fig. VIL.2 A). Five marine terraces are
preserved and culminate with the UBS13 Pliocene unit (~3.7 Ma). It was expected that more than
five marine terraces were preserved in the paleo cliff. However, given the lithology present (resistant
Jurassic marls and limestones), climate variability that probably affects the waves and winds regime
and the vertical cliff exposition to the Atlantic sea, some sea levels highstands shorelines could be
disappeared or destroyed, mostly in which the sea level oscillated more quickly, as for MIS 19,17, 9
(Spratt and Lisiecki, 2016).

In contrast, at the Peniche (elevation reaching 31 m, a.s.l.) and Abano (reaching 72 m, a.s.l.)
staircases, each terrace deposit may represent more than one interglacial period, as already described
in the literature for other regions of the world, most generally associated to areas with low uplift
(e.g., Muhs et al., 2002; Zomenia, 2012; Pedoja et al., 2018) (Table VIIL.1). In fact, in Peniche all the
terraces were dated by ESR, except Tm7 (the younger one). The age results evidence this fact, for
the Tm1 (MIS25-19), Tm3 (MIS15-13) and Tm4 (MIS11-9) levels. This could result from one or
more factors: 1) sea-level highstands with a shorter duration, 2) sea-level highstands with shorter
periods and higher amplitudes than the antecedent; and 3) coasts with lower uplift, (< 0.2 m/ka,
Pedoja et al., 2018) can easily promote the reoccupation of ancient marine platforms. Considering
the resulting uplifts for the Mondego and Espichel Capes, we concluded that this is more expected
in the coasts with uplift lower than 0.1m/ka.

In Abano beach, uplift rates are higher than in Peniche, as scheduled by the higher elevation of
the terraces shorelines. However, in Abano beach, just four marine terraces are preserved below the
culminant unit (Fig. VIL.2 C). In the low uplift rate context, Tm3 was probably occupied by Misl11
and MIS9 highstands, as MIS 11 and MIS 9 sea-levels were ~+6 m (Sprattet and Lisiecki, 2016) and
+9 m of the present (Siddal et al., 2007), respectively. Tm4 is associated with MIS 7 as it cannot be
with MIS 5 because its elevation position will be higher than in Espichel Cape, that is not possible.
Probably, the lower marine outcrop correlated with MIS 5 was affected by current coastal erosion
processes.

According to Pedoja et al., (2018), in Western Europe for the Late and the Middle Pleistocene,
the mean apparent uplift rate is 0.05+£0.01m/ka, and the mean apparent long-term uplift is 0.01 m/ka.
In the Western Central Portuguese coast considering as geomorphic reference the UBS13 dated as

3.7 Ma, the mean apparent long uplift is + 0.04 m/ka.
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Table VII. 1. General information of the terrace staircase, sample code of ESR age results, terrace stratigraphic
position, terrace elevation, ages used for the MIS reconstruction, apparent uplift rate calculation for each
deposit from the Mondego Cape, Peniche, Abano and Espichel Cape. Paleo-sea level of each MIS interval
according to the literature (Mis 5 is following Murray-Wallace and Woodroffe, 2014 and **Galve et al., 2019;
high-stand estimates for MIS 9 and 11 according to Spratt and Lisiecki, 2016); ***OSL-age in Ramos et al.,
(2012), the age range for the respective MIS’s is provided.

Probabl
Apparent
Stratigraphic  Elevation  Assigned age e Age
Sample Code uplift rate MIS
position (m, a.s.l.) (ka) eustatic Range
(m/ka)
p.s.l. (m)
Fig.Foz (Mondego Cape) 210 3700 0.06 -
Tml 153 900 0.17 11? 0 900? -782
Tm2 104 780 0.13 17 0 697-682
Far-8 (592+49 ka) Tm3 92.5 600 0.15 15? 0 620-486
Tm4 17.5 217 0.12 7 0 255-197
+6%*;
Armazéns***  Tm5 8 122 0.03;0.05 5 119-126
+2E
Peniche (Carvoeiro Cape) 31 ~3700 0.01
25-
Pen-5 Tml 26.9 900 0.03
19?2 0 900-782
Pen-4 Tm2 20.7 707+32 0.03 17 0 697-682
Pen-3; 2;1 Tm3 15 558+52 0.025 15 0 620-486
0.04 13 0
Pen-8 Tm4 12.9 390 0.02-0.01 11 +6*;0 408-315
324 9? 0; +9*
Pen-7 TmS5 6.4 324-217 0.02-0.03 97-7 0 240-190
Tmé6 4 122 -0.02;0.02 5 +6%; +2%*%  119-126
Abano (Raso Cape) 72 ~3700 0.02
19-
Tml 42 780? 0.05 761-682
17? 0
Abano-6
Tm2 34 600 0.06 15 620-486
(> 340 ka) 0
502? 0.07 13
0.04*;0.0
Tm3 22 390 11 408-315
6 +6*;0;
0.06;
324
0.07* 0; +9%
Tm4 9 217 0.04 7 0 255-119
+6%*;
4 122 -0.02;0.02
+2%%*
Espichel (Espichel Cape) 140 ~3700 0.04
25-
Tml 108 900 0.12-0.14 0
21?
Tm2 83 7807 0.11 19 0 780
Tm3 72 690? 0.1 17 0 697-682
Tm4 65 600 0.1 15 0 620-580
Espi-8 Tm5 53 502 0.11 13 0 502-486
Espi-7 Tm6 30.5 417+40 0.06;0.08 11 +6*;0 408-399
0.08;
Tm7 20 330 9? 0; +9* 331-315
0.07*
Tm8 12 217 0.09 7 0 255-197
+6%*;
Tm9 8 122 0.02;0.05 5 126-85
+2E
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Figure VII. 2. Schematic profiles of the marine terraces between the Mondego Cape and Espichel Cape and
location of each study sites in the Portuguese western central coast. The Mondego Cape profile (A) is with two
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times (2x) reduction (elevation and distance) and Abano beach profile (C) with two times (2x) reduction in
distance.
According to the Table VII. 2 and Fig. VII.2, that compares the different elevation on each marine
terrace, and the ESR ages resulting from this study, the conclusions regarding the uplift ranges are:
- The marine terraces clearly differ in number and elevation position along the coast, with
greater shorelines in higher uplift areas. Those are geomorphic markers of the Late-Cenozoic high-
stands superimposed on an uplifting coast.
Considering the apparent uplift range results, we can assume that the uplift has varied during the
Middle Pleistocene, being higher in Espichel Cape, decreasing gradually until Peniche;
In Mondego Cape, the highest uplift is correlated with the tectonic deformations affected by the
Quiaios Fault and other structures associated with this fault.
The differential uplift is relatively low in all the studied areas, ranging between 0.17 and 0.02 m/ka;
Coasts with lower uplift as in Peniche and Raso Cape probably were reoccupied for more than one
highstand sea-level;
ESR ages obtained in this study are consistent with the terrace stratigraphic order and with the most
relevant sea-level highstands during the Pleistocene;
The long-term uplift rate, considering as geomorphic reference the UBS13 dated as 3.7 Ma, is
spacially variable (differential uplift): in Mondego Cape is 0.07 m/ka; Espichel Cape is 0.04 m/ka,
Abano beach is 0.02 m/ka, and Peniche is 0.01m/ka.
The Middle Pleistocene mean uplift - rates (using the MIS 11) range from 0.06+ 0.02 m/ka in
Espichel Cape and Raso Cape and is 0.02 m/ka to Peniche and in Mondego Cape (using MIS 15) is
0.15 m/ka;
Comparing the mean values for the sea level (n.m.m.) of MIS 5 against the uplift results, possibly
the sea level (n.m.m.) more reliable would be closer to +2 m than +6 m a.s.1., for the Iberia.
The terraces staircases confirm the ongoing regional uplift in the central-western Atlantic margin of
the Iberia Peninsula, related to the generalized Cenozoic compression that accompanies the

convergence between the Africa and Eurasia plates.

Finally, low crustal uplift conditions and differential uplift were determined, that are in agreement
to a passive margin, probably in the transition to an active margin, resulting of an increase in
intraplate compressive stress affecting the Western Iberian Margin (e.g., Martins et al., 2010; Cabral,
2012; Vilanova et al., 2014; Cunha et al., 2016; Cabral et al., 2018, 2019), but evidencing lower rates

during the Late Pleistocene.
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VII.2. Tectonic, eustatic and climatic control of the
culminant sedimentary unit (UBS13) and fluvial

terraces

The culminant allostratigraphical unit (UBS13) represents the final accumulation phase of the
sedimentary basins before inversion occurred and the drainage systems began to cut large valleys in
the south Cenozoic infill deposits and narrower valleys in the much harder pre-Cenozoic basement.

This sedimentary unit is thought to record the re-establishment of Atlantic drainage in the Lower
Tejo and Mondego basins following a period of endorheism during the late Tortonian—Zanclean (~9.6
to 3.7 Ma). In an attempt to address the dearth of geochronological data on the timing of basin
inversion, the unit UBS13 in the Mondego and Tejo Cenozoic basins was dated by using the ESR
method. Reliable dates were obtained from the Al-centre. Some ESR data obtained using the Ti—Li
centre have underestimated the real burial ages, particularly concerning the pre-existing
biostratigraphical dating of the Vale Farpado site (3.7-3.6 Ma) for the basal UBS13 sediments
(Cachio, 1990). ESR (Al-centre) ages of 3.0 to 2.3 Ma were obtained by for the mid-UBS13 deposits
(in Barracdo, near Pombal) and Azenheira (near Rio Maror) sites, whereas the uppermost part of the
unit produced a probable age of ~1.8 Ma (N. Sra. da Victoria Beach). This age is older than the ages
obtained for the same terrace level of the Lower Tejo (900 ka; Rosina et al., 2014), Ebro Basin (1.3
Ma; Duval et al., 2015) and Duero Basin (1.14 Ma; Moreno et al., 2012).

Large differences in values of the environment annual doses, from the top and base of the same
outcrops, were found, probably partly explained by different sediment sources. The present study
confirms that the Ti-Li centre ESR signal intensities of quartz grains is consistent and grew with the
artificial doses for samples from the Middle Pleistocene (some beyond 8000 Gy), but this seems to
result in underestimated ESR ages for successions from the Pliocene and Early Pleistocene (Tissoux
et al., 2007). It also demonstrates that ESR ages are yielded with large error ranges for times older
than 3-2.5 Ma if the De is <3000 Gy, which has had a direct consequence on the age determination.

New field campaigns were carried out in the surrounding of Rio Maior during the year 2019 to
better constrain the age of the UBS13 base. A new outcrop was founded, where new samples
belonging to the same unit were collected. In the future, further ESR dating studies will be carried
out.

The fluvial terraces of the Lower Mondego river were dated for the first time in Coimbra (Ingote,
Conchada) and Tentagal. ESR dating was also made in the lower reach of the river (Ervidinho),
where there were already some OSL ages (Ramos et al., 2012). The integration of detailed
geomorphological mapping the DEM’s produced of each area, the reconstruction of the sedimentary
environments, the profiles interpretation and the age determination, allowed the identification of

terrace levels, the incision rates and the Lower Mondego River evolution during the Quaternary.
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These terraces were compared with the terrace levels of the Lower Tejo, located at short distance
and with a similar climatic, eustatic and tectonic control. In the reach IV of the Lower Tejo River,
samples of the T1 and T3 (top and middle terrace) were also dated. Finally, the fluvial terraces of
reach IV and the marine coastal terraces were correlated with the probable MISs.

Concerning the fluvial deposits, some D. results obtained in some samples were not expected.
The reason for a lower D, mainly in the Ti-Li centre is explained by the heterogeneity of quartz
grains in sedimentary material of different sources (metamorphic and sedimentary rocks) in the same
sample or the presence of many clay fraction. For example, the Rio Maior, Ingote, Peso VG,
Malhadios and Ervidinho samples were reproduced about four times, which corresponds to
measurements of 12 times each set of 10 aliquots (1200 measures) and never on the same day to
understand the Ti-Li behaviour in the samples. The total time estimated for spectrometer
measurement was three hours/sample. The Ti-Li centre signal was always present in the samples,
which allowed accurate result if the Al centre was well bleached. However, higher signal saturation
was observed on older terraces, which did not allow an average age result for the two centres in some
samples.

The study confirms that the Ti-Li centre ESR signal intensities of quartz grains is consistent and
grew with the artificial doses for samples from the Middle Pleistocene, but this seems to be
underestimated ESR ages for Pliocene and Early Pleistocene successions. It also demonstrates that
ESR ages yield large error ranges for time older than 3-2.5 Ma if the D, is <3000 Gy. Another major
issue is the need to measure the environmental dose in situ, especially on fluvial terrace sediments,
as the annual dose is a crucial part of achieving age with accuracy.

This study shows that the ESR method using the Al signal, in optically bleached quartz, is
available for dating deposits as old as the Late Pliocene - Early Pleistocene (e.g., Piacenzian -
Gelasian) to Late Pleistocene.

The fluvial terraces studied on the LMR and on the LTR present differences in elevation and
number of the several terrace staircases, that are the result of the same external controls: the ongoing
differential uplift explained by the presence of active system faults (F1, F2, F3) and the climatic
oscillations, responsible for the high amplitude of sea-level changes. In fact, each terrace can
represent one or more aggradation phases during highstands sea levels, with different age intervals,
and the incision phases are done during low-stand periods in shorter periods.

The LMR present different fluvial landforms on it last 50 km length studied, with several
elevations in each bank side as a response of the strong structural control. It was shown by the vertical
displacement rates results of the UBS13 and fluvial terraces, under different system faults present
and by the longitudinal decreasing elevations from E to W, except for the western end of Serra da
Boa Viagem. Only in the last reach of the river, the right valley margin is higher uplifted than the
left margin as a response of the Quiaios - Maiorca fault activity during the Late Cenozoic period.
Moreover, the differential uplift is relatively low, ranging between 0.01-0.05 m/ka using the ~2 Ma

reference and 0.09-0.15 using the terraces as references.
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On reach IV of the LTR a well-developed fluvial terraces staircase, especially on the left margin,
and an extensive alluvial plain are present, but with lower elevations than in the upstream reaches
(reach I to III). As in LMR, the activity of the faults is one of the main control of the landscape
development in the Tejo valley, as the Ponsul fault (Reach I), the Gavido fault (reach II), Vila Nova
da Barquinha fault (reach III), Lower Tejo valley system faults (reach IV) and the Vila Franca de
Xira fault (reach V).

The incision rates for the LTR are similar to the LMR and present higher values for the end of the
Late Pleistocene (<155 ka, 0.09-0.4 m/ka) than for the Early and Middle Pleistocene using the ~2
Ma reference, (0.04-0.28 m/ka) (Cunha et al., 2016).

This multidisciplinary investigation contributes to increasing the knowledge about the climatic
forcing and the local tectonic constraints in the development and sedimentary evolution of the central
west coast of Portugal during the Quaternary, including the more uplifted areas with long-lasting
marine sequences (including rasas) and the interconnected foreland alluvial systems in the vestibular

sectors of the Lower Mondego and Lower Tejo Rivers.

The possible future developments related to some limitations founded during these four years of

investigation are:

- better constrain the age of the UBS13 (at the base);

- more dating is required at the base and the top of fluvial terrace levels to evaluate the aggradation
interval of each terrace;

- more dating in the lowest marine terraces (MIS 5) to know the uplift /subsidence tendency to develop
future coastal planning strategies;

- new ESR measurements, especially in the more uplifted marine terraces for an accurate age
correlated with the most important sea-level highstands;

- according to sea elevation scenarios, GIS simulations of marine flooding are to be done with

topographies conditioned by the current differential tectonic.
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