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ARTICLE INFO ABSTRACT

Keywords: The Cenozoic basins of western Iberia have a culminant allostratigraphic unit (designated UBS13), which records
ESR dating the beginning of Atlantic drainage and predates the fluvial incision that led to the development of the present
Transition infill-dissection drainage networks. However, the available numerical dating is quite limited and mainly restricted to the lower-
g‘e‘;s;n;ne level terrace 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 ~3.7 Ma (basal deposits) and ~1.8 Ma (uppermost deposits). The Al-centre
provided reliable ESR data, but the dates obtained by using the Ti—Li centre clearly underestimate the burial
ages. With reference to the existing independent dating of the Vale Farpado site (3.7-3.6 Ma) at the lowermost
basal level of the UBS13 deposits, the ESR (Al-centre) ages of 3.0 to 2.3 Ma obtained for the UBS13 basal and
middle deposits give reliable estimates of the burial age. The ESR ages (Al-centre) obtained for the UBS13
uppermost deposits indicate a probable age of ~1.8 Ma. Thus, these results are of international significance, in
that they constitutes the first numerical ages obtained for the uppermost levels of the Cenozoic basin-fills of
western Iberia, which predate the fluvial incision that took place in response to lower Quaternary base levels.

Western Iberia

1. Introduction glacial-interglacial episodes of the Quaternary (e.g. Loutre and Berger,

2003; Dowsett et al., 2012) and the Western Iberian Margin is an ex-

In the near 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 Antarctic ice
sheets. Despite the apparent novelty of this situation, there have been
previous warming periods in recent geological time, in particular at the
beginning of the Pleistocene interglacial periods (Rocoux et al., 2006;
Jiménez-Moreno et al., 2010, 2019), which offer guidance for under-
standing the magnitude of a possible sea-level rise in the future. In this
context, the Iberian Western Margin preserves a good record of gla-
cial-interglacial climate change (e.g. Pedoja et al., 2018). Furthermore,
the Pliocene represents the final shift from warmer paleoclimates to the
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cellent natural laboratory for exploring coastal to fluvial Earth systems.

Climatically, the Pliocene can be divided into two periods, Early
(Zanclean) and Late (Piacenzian), the first with the warmest tempera-
tures, and subsequent climatic cooling during the Pleistocene (e.g.
Haywood et al., 2011). In general, the Pliocene world was 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 Pliocene is sufficiently recent for the continents and
ocean basins to have nearly reached their present geographic config-
uration.

A major research theme of global-scale reconstruction has been
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Fig. 1. Study area, comprising the sampled sites (red circles) of Barracdo (Pombal) and N. Sra. da Vitéria (Marinha Grande) in the Mondego Cenozoic Basin (MCB),
and of Azinheira (Rio Maior), in the NW margin of the Lower Tejo Cenozoic Basin (LCTB) and respective table with the geographical coordinates of the sampled sites;
WMT - Western Mesozoic Terrains; PCR — Portuguese Central Range. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

focused on atmosphere —ocean interaction (Lisiecki and Raymo, 2005;
Rocoux et al., 2006; Rodrigues et al., 2011). However, terrestrial re-
cords also offer promising alternative proxy data, providing relevant
insights into understanding of 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 et al., 2016).

The location of the Cenozoic basins of western Iberia, near the East
Atlantic margin (—~40°N, 9°W), has a significant geological importance,
as it allows the use of detailed sedimentary and biostratigraphic in-
formation, critical to the study of the major tectonic, climatic and eu-
static events affecting the North Atlantic margin (Martin et al., 2009;
Cunha et al., 2016). Western Iberia, due its geographic position, tran-
sitional 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 con-
texts.

In the Mondego and Lower Tejo Cenozoic basins, located in Portugal
(Fig. 1), the allostratigraphic unit UBS13 (uppermost Zanclean - Gela-
sian; Cunha, 1992a, b) is the 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).

The base of UBS13 is a sedimentary discordance recorded in the
Iberian Cenozoic basins and resulting from a tectonic phase at ~3.7 Ma
(e.g. Cunha, 1992b; Calvo et al., 1993). The top of the UBS13 unit re-
cords the reversal of the sedimentary basin infilling and the beginning
of fluvial incision (Cunha, 2019). The later incision stage is recorded by
Pleistocene marine and fluvial terraces that are inset below the culmi-
nant surface of the UBS13 unit. Notwithstanding this, the chronos-
tratigraphic framework for 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; Fig. 1), which indicate for this basal level an
age of ~3.65Ma (Cachao, 1989, 1990; Diniz et al., 2016). However,
some pectinid shells from the same level, analyzed for 87Sr/%®Sr iso-
topes, were dated to 3.79 * 0.27Ma and 4.38 + 0.27 Ma (Silva,
2001, 2010). Moreover, in the Mondego and Lower Tejo Cenozoic ba-
sins are other sites containing the lowermost deposits providing mollusc
shells ascribed to the Late Pliocene, such as N. Sra. da Vitéria, 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). In contrast, the age
of the UBS13 uppermost deposits is supported only by (i) a palaeo-
magnetic study at Rio Maior (Lower Tejo Cenozoic Basin, which ob-
served a major magnetostratigraphic reversal attributed to the
Gauss-Matuyama boundary (2.58 Ma) at a stratigraphic level located
~17 m below the top surface of the unit (Diniz and Morner, 1995), and
(ii) a probable age estimate of ~1.8 Ma, obtained by extrapolation
based on dated terrace staircases of the Lower Tejo and Mondego
Cenozoic basins (Cunha et al., 2016). Cosmogenic (burial isochron)
dating was also used to date the UBS13 unit in the Alvalade Cenozoic
Basin, namely at Vila Nova de Mil Fontes (~4 Ma; Ressurreicao, 2018)
and Sagres promontory (~1.8Ma; Figueiredo, 2014). Palynological
studies also indicated a latest Zanclean to Gelasian age for the ag-
gradation interval of UBS13 (Diniz, 1984; Vieira, 2009, Vieira et al.,
2018).

The present work uses ESR dating of samples collected from the
UBS13 unit, being the first attempt using this palaeodosimetric method
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for Late Pliocene to Gelasian deposits in Iberia. In Portugal, a single
previous study used ESR to obtain a date of 900 ka for the first (highest)
terrace of the Lower Tejo River (Rosina et al., 2014). In Spain, again
using ESR, the oldest terraces of the Ebro and Duero basins were dated
to 1.3 Ma (Duval et al., 2015) and 1.14 Ma (Moreno et al., 2012), re-
spectively.

The aims of this study are (i) to obtain ESR ages from the basal and
uppermost sedimentary deposits of the allostratigraphic unit UBS13 in
selected outcrops of the Mondego and Lower Tejo Cenozoic basins (in
coastal and inland sectors) and (ii) to provide an ESR age for the be-
ginning of fluvial incision.

2. Geological setting

During Lutetian times, in western Iberia, the Pyrenean orogeny
began to generate the Mondego and Lower Tejo Cenozoic basins (e.g.
Cunha, 1992a, 2019; Pais, 1992). Until the middle Tortonian
(~9.6 Ma), their evolution was marked by a 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 into the basins. During the late Miocene and most of the Zanclean
the climate was hot with strong inter-seasonal amplitude and sedi-
mentation was expressed by endorheic conditions and alluvial fans at
the scarp feet of active faults (Cunha et al., 2019).

According to the records of fossil pollen content of the UBS13 se-
dimentary succession (Diniz, 1984, 2003; Vieira, 2009, Vieira et al.,
2018; Pais et al., 2010; Diniz et al., 2016), a hot and wet climate pre-
vailed during the latest Zanclean and the Piacenzian, with little sea-
sonal contrast and precipitation probably in excess of 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 ~28km from the present coastline (e.g. Zbyszewski, 1949;
Teixeira and Zbyszewski, 1951, 1954; Teixeira, 1979; Ferreira, 1981;
Cunha, 1992a, 1992b; Cunha, 2019; Cunha et al., 1993; Ramos, 2008).
This incursion was related to a high eustatic sea-level of 40-60 m
(Dowsett et al., 1996) or 20-25m (Miller et al., 2005, 2011) above
present. During the following sea-level highstand, a large shallow sandy
littoral zone developed, with fan-delta environments having an abun-
dant 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), fluvial incision into the
basin sediments began by ~1.8 Ma (end of Gelasian) when the climate
became colder, with the regional tectonic uplift due to Iberia—Africa
convergence (de Vicente et al., 2011, 2018; Cunha et al., 2012, 2016)
and the eustasy (sea-level lowering) the 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 ~180 km wide and extends
inland ~90 km (Fig. 1). In general, the UBS13 unit is well represented
(Fig. 2) with a thickness of ~20m south of the Mondego River, al-
though syn-depositional tectonic activity has caused local tilting, ver-
tical fault displacement and the development of small fault-bounded
sub-basins in which this unit can reach a thickness of 40-70 m.

In this region, the UBS13 unit is generally composed of shallow-
marine, near-shore and continental sediments, documenting a re-
gressive succession that comprises three lithostratigraphic sub-units
(Barbosa, 1983; Cachao, 1989; Cunha, 1992a; Cunha et al., 1993, 2009;
Ramos and Cunha, 2004) (Fig. 3):

1. Carnide Formation, consisting of a basal level rich in bioclasts, fol-
lowed by fine to very fine yellowish silty micaceous sand,
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representative of a marine sublitoral environment; some levels of
well rounded pebbles are interbedded with low-angle, planar-stra-
tified coarse sands, of beach-face origin.

2. Roussa Formation, composed of medium to fine whitish sands, with
large-scale planar or trough cross stratification, representing a del-
taic environment.

3. Barracdo Group, consisting of clays intercalated with sands (palus-
trine) to sands and gravels (upper fan-delta and fluvial environ-
ments) (Cunha et al., 1993; Ramos, 2008; Pais et al., 2012; Dinis and
Oliveira, 2016). The Barracdo Group has a tabular geometry, its
thickness increasing gradually towards the west. Syn-depositional
tectonic activity seems to have been responsible for local variations
in thickness (40-70 m) and facies.

The Lower Tejo Cenozoic Basin occupies an area ~80 km wide and
approximately 260 km long, between Setibal Peninsula and the Spanish
border. The UBS13 unit is documented throughout the basin and also
covering areas of Palaeozoic basement (Fig. 4) that mark the separation
from the Madrid Cenozoic Basin (Cunha, 2019). The UBS13 unit here
comprises several major lithostratigraphic subdivisions (e.g. Pais, 1981;
Azevédo, 1982; Barbosa, 1995; Cunha, 1996; Pais et al., 2012): the
Santa Marta sands (delta front), Belverde conglomerate (delta plain)
and Ulme sands/Serra de Almeirim conglomerates/Falagueira Forma-
tion (fluvial).

3. Materials and methods
3.1. Field work

Selected outcrops of the UBS13 unit were studied in detail in order
to improve the characterization of the local stratigraphy and sedi-
mentology. Fieldwork included stratigraphic logging and sedimentolo-
gical characterization of the sediments in order to obtain data on the
depositional facies, including sediment colour, texture and clast-litho-
logical characterization.

3.1.1. The Barracdo site

At a claypit (39°49'N; 8°43'W) located near the village of Barracdo,
the culminant basin-fill unit UBS13 is formed by a succession of con-
tinental deposits: overlying Miocene clays, an alternation of 0.5-1.0 m
thick beds of sand and silts (sometimes organic and containing fossil
timber) grade upwards to fluvial gravels (Fig. 5; Fig. 6 A, B).

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 is a thin layer of greyish silt passing upwards into medium to fine
yellow sands ~4 m thick. This well-sorted sand is interspersed with
layers 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 in-
clude round and angular quartz and quartzite clasts. Two samples were
collected for ESR dating: sample BAR1, from 5.5m above the base of
the UBS13 unit, and sample BAR2, from the top of the local succession,
probably from a terrace (surface at 83m above sea level (a.s.l.))
(Fig. 5). In this area, the culminant surface (top of the UBS13 unit) is at
126-127 ma.s.l.

3.1.2. The N. Sra. da Vitdria site

At N. Sra. da Victéria 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, which is truncated in the upper part of the
beach cliffs (at a height of ~25m a.s.l.) by a Late Pleistocene (dated as
~40-30 ka) unit of aeolian sands (Benedetti et al., 2009), followed by a
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Fig. 2. Geology of western—central Portugal, with location of the sampled sites (adapted from the Geological map of Portugal, 1:500000, LNEG).

cover unit of Holocene aeolian sands (Fig. 5).

Here unit UBS13 is ~27 m thick. The presence of fine yellow sands,
laminated and rich in muscovite at the base, followed by thin beds of
coarse sands with some mica reflects a littoral environment (Carnide
Formation; Fig. 5); the upper part of the UBS13 unit consists of thick
layers of white sands intercalated with thin beds of reddish silt (Roussa
Formation; Fig. 5; Fig. 6 C, D). Two sediment samples were collected for
ESR dating, from the base (PVIT1) and near the top (PVIT2) of UBS13.

3.1.3. The Agzinheira (Rio Maior) site

At Rio Maior, the UBS13 unit is thick (up to 120 m) and comprises
(from the base to the top) kaolinitic fine white sands passing into
medium sands and lignites intercalated with diatomites; its uppermost
part is composed of sandy clay deposits with some gravelly layers
(Zbyszewski, 1943, 1967; Pais et al., 2010).

A sandpit located (39°19'N; 8° 55’W) near the village of Azinheira
(ESE of Rio Maior; Fig. 1) was sampled for ESR dating. Samples RMAI1
and RMAI2 were collected, respectively, at 18 m and 3 m below the
surface (Fig. 5; Fig. 6 E, F). RMAIl1 was sampled in white sands of the
UBS13 unit. RMI2 was sampled in the deposits of a probable terrace.

3.2. Electron spin resonance dating

Electron spin resonance dating is a palaeodosimetric 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, through the quantifi-
cation of electrons trapped in mineral defects in relation to the irra-
diation (Griin, 1994; Ikeya, 1993). Since the end of 1960s, this method
has been used to date materials such as tooth enamel (Falguéres et al.,
2016), corals, molluscs and continental carbonates (Bahain et al., 1995,
2007), as well as quartz grains from ash and fluvial deposits, and some
flints (Ikeya, 1993; 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).
In this case, the dated event is the last sunlight exposure of the quartz
grains during its transportation by water or wind, before its deposition
and geological burial. This light exposure leads indeed to the release of
the trapped electrons, i.e. a signal zeroing named optical bleaching. ESR
dating of quartz is considered one of the best methods able to producing
numerical ages for older Quaternary formations.

The age calculation implies determination of two main parameters:
the total dose (D7), also referred to as the paleodose or equivalent dose



M.P. Gouveia, et al.

S.2 daVitoria
beach Barracao
Sw, © @ Carnide Pombal Cernache
: H ) ® L]
) e
50] —_—

T \/v\'</ —_e—
1 Barraco Group.
1 -—\-/ — pa 2,

= 2 2

Global and Planetary Change 184 (2020) 103081

Fig. 3. Schematic geological cross section through
the uppermost part of the Mondego Cenozoic Basin
infill, showing the lithostratigraphic units that con-
stitute UBS13. Legend: 1 - fluvial silts and clays; 2 -
marsh and swamp sediments (sands and silty clays);
3 - fluvial sands and gravels; 4 - marine and deltaic
sands; 5 - alluvial-fan gravels and sands; 6 -
Mesozoic and Cenozoic; 7 - Variscan basement; 8 -
Lousa fault; 9 - sedimentary discordance (adapted
from Cunha, 1992a).
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Cenozoic; 7 - granites; 8 - metamorphic rocks (adapted from Cunha, 1992a).

(De), and the dose rate (D,), which is an estimation of the mean dose
annually absorbed by the sample.

D, = fOTda(t). dt

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

The equivalent dose is proportional to the concentration of trapped
electrons in the sample and so to the ESR signal intensity. It is de-
termined by a multi-aliquots additive method. The sample is divided
into 10 or 15 aliquots artificially irradiated to different doses allowing
the building of ESR intensity vs added doses growth curve. D, is de-
termined by extrapolation of this growth curve to zero intensity using
mathematical function.

In quartz, three paramagnetic centres are frequently used: the
Germanium centre (Ge), the Aluminium centre (Al) and the Titanium
centres (Ti). Each centre has different characteristics (e.g. differences in
optical bleaching kinetics and/or radiation sensivity), so it is useful to

combine studies of more than one centre in the same investigation (e.g.
Al — Ti centres are usually present in most of the quartz grains, al-
lowing a multi-centres approach) to evaluate the reliability of the ob-
tained D, (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 (known as optical bleaching) but it should be notice
that Al centre is not fully bleached during such exposure and thus a
‘residual’ ESR signal exists at the time of deposition of the quartz grains
after their transportation. It is therefore necessary to determine this
residual signal intensity that should be substracted to the intensities of
natural and irradiated aliquots before the total dose fitting, 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 of the selection of grain-size fractions and the
identification of transportation modes, especially in relation to the Al
centre.

ESR is a dating method that has a large time-range potential, ~30 ka
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collavion

Fig. 6. Sections from which the six sediment samples for ESR dating were collected, respectively, at Barracao (A, B), N. Sra. da Vitéria (C, D) and near Azinheira (Rio
Maior; E, F).
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to 2-5Ma (Voinchet et al., 2010). The ESR signal correlated with the Al
centre usually has a high radiation-saturation level and thermal stabi-
lity (e.g. Toyoda and Ikeya, 1991; Duval and Guilarte, 2015) so 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.

3.2.1. 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
Barracao, N. Sra. da Vitéria and Azinheira sites (Fig. 1).

After a carefully 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 por-
table gamma spectrometer (Canberra Inspector 1000 coupled with a
1.5*1.5in. NaL(Tl) probe to evaluate the y dose rate (Mercier and
Falgueres, 2007), calculated according Guérin et al. (2011). For ex-
ternal 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 in the Laboratory of Natural Radioactivity of the University
of Coimbra.

3.2.2. Sample preparation

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 established by Voinchet et al. (2003).
Samples were wet-sieved to separate the 180-250 um grain-size frac-
tion and rinsed using HCI (10%) and H,O5 (10%) to remove carbonates
and organic matter, respectively. Heavy minerals and the K-feldspar
fraction were removed using a heavy liquid solution of sodium poly-
tungstate (r = 2.72g/cm® and r = 2.58 g/cm®, respectively). Then
magnetic minerals were eliminated using a powerful magnet. The
quartz fraction was treated with 40% HF and with HCI (10%) to remove
the remaining feldspars and any remaining fluorides (details in Sup-
plementary material (SM)). Each quartz sample was divided into 12
aliquots.

3.2.3. ESR measurements

The Multiple Aliquots Additive (MAA) dose approach for dating
quartz grains was applied. Ten of these aliquots were irradiated with a
calibrated '*”Cs 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 (ESR
low — temperature; 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 de-
termine the unbleachable part of the ESR-AI signal (Voinchet et al.,
2003).

The intensity of Al signal was evaluated from peak-to-peak ampli-
tude 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. For this center, residual signal
intensity remaining after optical bleaching was substracted to the in-
tensities of all the other aliquots before fitting.

The ESR intensity for the Ti — Li centre was measured from peak to
baseline amplitude around g = 1.913-1.915 (option D), following
Duval and Guilarte (2015), with an excellent dose response to
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irradiation. The Ti centre showed a complete resetting of the ESR signal
after the artificial bleaching.

A mean ESR intensity value and a standard deviation were derived
from all the measurements, and used to evaluate the precision of the
ESR data obtained from each centre (available in Supplementary ma-
terial).

For Al centre, the equivalent dose (De) was determined using an
exponential fitting function combining a saturating exponential func-
tion and a linear term (exp + lin function) (Duval, 2012; Voinchet
et al., 2013). For the Ti—Li centre, the equivalent dose (De) was de-
termined using a single saturating exponential function (SSE) (for de-
tails see Voinchet et al., 2013). These fitting were performed using the
Microcal Origin Pro 8 SR5 software, with data weighting by the inverse
of the squared intensities, 1/1? (cf. Yokoyama et al., 1985) (in Supple-
mentary material).

3.2.4. Dose-rate evaluation and age calculation

Radioelements contents (U, Th and daughters, and K) were de-
termined 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. (2011).

The dose rate D is expressed as D = Djy; + Doy + Deosmic.

where D, Diy, Doxe and D.,smic 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 um, so that the external alpha contribution was considered to be
negligible, because these particles only penetrate about 25 pum in the
mineral. Values were corrected for a and 3 attenuation of spherical
grains (Brennan et al., 1991; Brennan, 2003). Water content was de-
termined 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). 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 S5).

3.3. Laboratory characterization of texture and mineral composition of the
samples

3.3.1. Grain-size analysis

Grain-size analyses of sediment samples were carried out by in-
tegration of the following: (i) for the fraction > 63 pm, sieving with a
sieve tower with %2 @ increments, and (ii), for the fraction < 63 um, by
using a Beckman Coulter LS230 laser granulometer (measurement
range of 0.04 to 2000 um). Visual inspection of grain-size distribution
curves allowed the identification and interpretation of unimodal or
multimodal subpopulations.

3.3.2. Mineral composition

Analyses of sediment composition were based on binocular micro-
scope observation and X-ray powder diffraction (Department of Earth
Sciences, University of Coimbra) using a Philips PW 3710 X-ray dif-
fractometer with a Cu tube, at 40kV 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 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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Table 1

Descriptive statistical analyses of grain-size parameters.

Classification

Kurtosis

Classification

Skewness

S.deviation Classification

Mode Classification

Median Classification

Silte (%) Clay (%) Fines (%) Mean Classification

Laboratory code Gravels (%) Sand

(%)

value

value

value

(mm) (mm)

<4pm < 63um (mm)

2mm- 63-4um

> 2mm

63 um

Leptokurtic

Very fine skewed 6.01

1.36

Poorly sorted

Fine sand 1.99

0.25

Medium

Medium sand 0.36

5.07 1.15 6.60 0.39
sandsand

83.59

9.81

BAR1

coarse sand
Medium

Mesokurtic

Very fine skewed 3.66

37

1.

Very poorly
sorted

Coarse sand 3.04

0.71

6.04 19.20 0.28 Medium sand 0.50

13.16

72.37

5.37

BAR2

coarse sand
Fine sand

Very leptokurtic

Very fine skewed 7.55

88

1.

Poorly sorted

1.46
1.51
1.44

Fine sand

0.18

0.13

Fine sand

0.13
0.31
0.17

0.28

15.61

1.09
1.53
1.88
5.76

14.52
4.63
5.74

82.24
92.89
92.04
74.15

00
00

0.

PVIT1
PVIT2

Very leptokurtic

Very fine skewed 15.04

Poorly sorted 3.33

Medium sand
Fine sand

Medium sand 0.36
Fine sand

Very fine

sand

Medium sand  0.36

Fine sand

6.16
7.95

0.

Very leptokurtic
Leptokurtic

Very fine skewed 12.59

Fine skewed

Poorly sorted 2.98

0.18
Poorly sorted

0.18

0.00
0.00

RMAI1

5.66

1.11

Very fine sand 1.95

0.09

Medium sand  0.09

19.57

13.81

RMAI2
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Table 2
Clay mineralogy and clay percentages of the samples collected at the Barracao,
N. Sra. da Vitéria and Azinheira sites.

Laboratory code Mllite (%) Kaolinite (%) Smectite (%)

BAR1 30 70 0

BAR2 13 87 0

PVIT1 37 8 54

PVIT2 30 70 0

RMAIL 9 91 0

RMAI2 19 71 0
4. Results

4.1. Texture and mineral composition of the samples

From the Barracdo 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 BAR1, which 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 ~0.28 mm, very poorly sorted (3.04) and
mesokurtic (3.66) with a 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 (BAR1) has a higher illite percentage (30%) than that (BAR2)
from the top (11%). The sand fraction is composed of quartz, quartzite
and feldspars.

From the N. Sra. Vitdria 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 and phylosilicates (mainly
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 lep-
tokurtic (7.55). The clay fraction is composed of smectite (54%), illite
(37%) and kaolinite (8%). PVIT2 consists of medium sand, comprising
quartz (50%), feldspar (30%), phyllosilicates (15%) and oxides (5%),
with average grain-size components of 93% sand, 5% silt and 2% 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 from Azinheira (RMAI1 and RMAI2), they
are light grey (10YR 8/2), consisting of fine and medium sands (mean
grain size ~0.17 and 0.28 mm, 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 RMAI1 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 fraction minerals are quartz and feldspars, with some phyllosili-
cates (e.g. muscovite) and iron oxides. The clay fractions (Table 2) in
RMAI1 and RMAI2 (respectively), comprise kaolinite (91/71%) fol-
lowed by illite (9/19%).

4.2. 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.

The final D, values for each sample were calculated from the
average ESR intensity values, with the errors for each point corre-
sponding to the nine measures. The relative bleaching component va-
lues (Table 3) vary within a narrow range (around 60 = 5%), sug-
gesting similar bleaching conditions for all samples, which is a finding
consistent with previous observations (Voinchet et al., 2007; del Val,
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Table 3

- Sample information, external 3 dose rate, dose rate in situ, cosmic dose and bleaching.
UBS 13 Laboratory code External 3 dose rate (Gy/Ka) Dy in situ (Gy/Ka) Cosmic dose rate (Gy/Ka) Bl (%)
Barracdo - base BAR1 0.344 = 12 0.339 = 20 0.021 + 0.001 54 £ 1.5
Barracao - top BAR2 0.426 + 12 0.516 + 26 0.155 + 0.008 60 = 2.7
N. Sra. da Vitéria - base PVIT1 2.565 + 21 1.137 = 57 0.023 + 0.001 50 + 0.5
N. Sra. da Vitdria - top PVIT2 0.460 = 11 0.241 + 12 0.068 + 0.003 62 = 2
Azinheira - base RMAI1 0.576 = 14 0.332 = 17 0.0025 * 0.001 62 = 1.4
Azinheira - top RMAI2 1.114 = 17 1.267 = 63 0.109 + 0.005 60 = 2

2019). The quality of fit is good overall for these samples, with ajusted
r* values of > 0.98.

According to Duval (2012), the reliability of the fitting results ob-
tained from the Al centre should be questioned if the relative errors for
the fitted parameters are > 25%. All studied samples have relative D,
errors < 14%.

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

Radionuclide activity values (with y dose measured in situ and in
the laboratory) provide consistent results at 1o (Table S5).

The ESR Al age obtained for the base of UBS13 at the Barracao site
(BAR1) is 2188 = 73ka. The age estimates for the BAR2 sample are
417 + 35ka and 517 *= 19Kka, for the Al and Ti — Li centres, re-
spectively. As described above, the Ti — Li signal saturates with lower
doses (see Fig. 7.IV) than the Al signal. For Bar 2, only 8 aliquots could
be well fitted with the ESR Al center.

From the N. Sra. da Vitdria site, the ESR age of the lower sample
(PVIT1) collected at the base of the Carnide Formation provided an ESR
Al age of 632 + 241ka, which greatly underestimates the probable
burial age. This sample has a much higher dose rate (Table 4) and D,
than 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.

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 4).

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

The sample RMAI2, collected from the deposits of a terrace, has a D,
of 1839 + 174 Gy; from the Al centre it had a well-fitted and defined

Table 4

curve (SSE fitting curve) and a total annual dose of 2515 + 71 pGy/yr,
which resulted in a final ESR age of 731 + 69ka. From the Ti — Li
centre, the ERS age obtained was about 33% lower (Table 4).

5. Discussion

It is interesting to see large differences in values of the environment
annual dose from the top and the base of the same outcrops of the
UBS13 unit; this can be explained in the main by different sediment
sources and depositional conditions.

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, the 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 from
the Ti — Li centre at high irradiation doses (e.g. Fig. 7 IV) and the re-
lative error is > 50% for the higher doses (> 8000 Gy) in most irra-
diated aliquots (Table S4, SM). The differences between the values re-
sulting from the Al and Ti centres, suggest that bleaching in the Al
centre at the time of deposition was satisfactory for all the samples,
with the exception of sample BAR2 (Table 3). In this sample, the De
calculated from the 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 the Al and Ti — Li centres
(Toyoda and Ikea, 1994).

It was expected that the ESR age of PVIT1 would be similar to the
biostratigraphic age of the Vale Farpado site (~3.7 Ma). PVIT1 has a
value of external B dose much higher (Table 3) than all the others; this
is linked to the large amount of K-feldspar and muscovite present in the
sample. This sample has no desequilibrium in the radioactive chain that
could explain an increase of dose rate with burial time. PVIT1 was
collected close to a major fault (there is evidence of post-depositional
faulting and the limestone bedrock is strongly fractured (Cabral et al.,

Sample information, dosimetry and ESR age from the Al and Ti centres. Dephts from which sample were taken are given in (m) below the outcrop top. Field water

content (WC) was calculated as mass water/mass*100%.

UBS13 unit Barracao base Barracao top N. Sra. Vitéria beach base N. Sra. Vitéria beach top Azinheira - base Azinheira - top
Laboratory code BAR1 BAR2 PVIT1 PVIT2 RMAI1 RMAI2

Depht (m) 36 1.5 21 8 17 3.6

Elevation (m) 160 190 4.5 21 73 87.5
Grain-size (m) 250-180 250-180 250-180 250-180 250-180 250-180

W. C. (%) 12 21 25 18 22 22

238U (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
4K (%) 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) (uGy.a™') 713 = 26 1110 * 31 3734 + 63 772 = 18 938 * 24 2515 = 71
De Al centre (Gy) 1561 + 49 458 + 35 2360 *= 900 1534 + 92 2713 + 293 1839 + 174
Adj. square 0.99 0.99 0.94 0.98 0.98 0.98

Al age (ka) 2188 * 73 417 = 35 632 = 241 1988 + 121 2894 = 314 731 = 69
De Ti centre (Gy) - 574 = 20 - 1232 = 45 - 1233 = 60
Adj. square - 0.99 - 0.988 - 0.998

Ti — Li centre Ti age (ka) - 517 = 19 - 1599 = 60 - 490 + 24

10
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Fig. 7. Examples of D, curves obtained from the Al centre of BAR1, RMAI1, PVIT2 and D, curves obtained from the Ti — Li centre of BAR2. Errors in every point

correspond to the 3 measures standard deviation (see Table S3).

2018) providing the possibility of a different time-temperature history,
so that the obtained ESR age could correspond to the probable age of
the most recent fault activity (caused by quartz in fault gouges being
exposed to shearing).

For the RMAI1 and BAR1 samples, which are from locations sig-
nificantly inland (~20km, Fig. 1), their expected burial age is
~3.0-2.5Ma. The ESR age estimates (Al centre) calculated for the
UBS13 basal and middle stratigraphic deposits are 2894 + 314 ka for
RMAI1 and 2188 + 73ka for BAR1. Thus, it seems that the ESR ages
obtained are within the expected period of time (allowing for the error
range).

Unfortunately, there are still no other absolute ages in Portugal for
the uppermost deposits of the UBS13 unit. Regarding the expected age
for these deposits, ~2.0-1.8 Ma, the ESR Al age obtained during the
present work from the sample PVIT2 (1988 *+ 121 ka) is as expected.

So, the estimated ESR ages determined from Al centres from UBS13
sediments range within the Piacenzian and Gelasian.

The ESR ages obtained for BAR2 and RMAI2 are too young to be
UBS13 burial ages and the field data suggests that these samples were
collected from fluvial terrace deposits (Fig. 5 and Fig. 6 B).

The present study confirms that the Ti — Li centre ESR signal in-
tensities 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 demon-
strates that ESR ages are yielded with large error ranges for time older

11

than 3.0-2.5 Ma if the De is not very high (up to 3000 Gy is required for
increased age rehabilitee). The difficulties in obtaining reliable ESR age
estimates for the studied Pliocene and Lower Pleistocene deposits result
from low D, values (< 2700 Gy) of these sediments, which has had a
direct consequence on the age determination.

6. Conclusions

In this study, ESR dating has been used for the first time to date the
allostratigraphic unit UBS13, which represents the culminant sedi-
mentary infilling of the Lower Tejo and Mondego Cenozoic basins, with
a depositional age between ~3.7 Ma (older basal deposits) and, prob-
ably, ~1.8 Ma (uppermost deposits).

It has been confirmed that the Ti — Li centre provides unreliable
ESR data (underestimated ages) for successions having Pliocene to
Early Pleistocene burial ages.

The ESR ages (Al centre) obtained for the UBS13 basal and middle
stratigraphic levels indicate a Piacenzian age, reaching 3 Ma. The ESR
ages (Al centre) obtained for the uppermost UBS13 deposits indicate as
very probable an age of ~1.8 Ma. This study shows that the ESR method
using the Al signal, in optically bleached quartz, is available for dating
deposits as old as Piacenzian (Late Pliocene). This result is inter-
nationally important because it represents the first numerical ages ob-
tained 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
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ESR dating (Al centre) to date the uppermost stratigraphic levels in
other sites of the Lower Tejo and Mondego Cenozoic basins, as well as
in other Iberian Cenozoic basins. This dating is crucial to investigate the
role played by tectonic activity, climate and eustasy in the transition
from basin-fill to fluvial incision and to establish the precise timing of
this transition.
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