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ABSTRACT: A detailed study is presented of a 15.3-m-thick Pleistocene coastal terrace located on the Cantabrian
coast (northern Spain). Stratigraphic, sedimentological, topographic and micropalaeontological information is
combined with a chronology based on luminescence dating to characterize the deposits. The sedimentary succession
records: (i) a basal transgressive system, consisting of a wave-cut surface covered by a lower layer of beach gravels
and upper beach pebbly sands; and (ii) a thicker upper highstand system (aggrading), comprising medium to very fine
aeolian sands interbedded with thin palustrine muds. Luminescence dating involved a detailed sampling strategy (36
samples and two modern analogues) and the use of both quartz optically stimulated luminescence (OSL) and feldspar
post-infrared infrared stimulated luminescence single aliquot regeneration protocols; feldspar results were used to
confirm the completeness of bleaching of the quartz OSL signal. The quartz OSL luminescence age—depth
relationship shows significant dispersion, but nevertheless two rapid phases of deposition can be clearly identified:
one at ~130 ka [Marine Oxygen Isotope Stage (MIS) 5] and one at ~100 ka (MIS 5¢). The top of the succession is dated
to ~70 ka. The MIS 5e marine maximum flooding surface is identified at an elevation of 6.85 m above mean seal
level. This elevation provides evidence of a regional sea-level highstand for this sector of the Cantabrian coast.
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Introduction

Among the multiple changes already triggered by global
warming, sea-level rise (SLR) represents a serious risk for
coastal areas around the world; these concentrate a great part
of global population and socioeconomic infrastructures (Revi
et al., 2014). The Quaternary (the last 2.58 Ma) has been
characterized by frequent and rapid changes in Earth’s climate
and one of the many consequences resulting from these is the
variation in global sea levels through time. Many Earth system
components, such as orbital parameters, radiative forcing,
landmass topography or ocean circulation, were different in
the past and thus direct analogies between past and future
climate changes should be avoided (Oldfield, 2005; Yin and
Berger, 2015). Nevertheless, past analogues do provide the
insights required to improve our knowledge of natural climate
variability and its driving mechanisms. Future climate change
will result from the interaction between natural processes and
human activities, and without a sound understanding of these
natural processes, it will be very difficult to identify and
quantify the anthropogenic contribution. Thus, a better
understanding of these interactions will contribute to improve-
ments in the process-based models currently used to estimate
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future projections (Edwards et al., 2001; Gilford et al., 2020). It
is therefore not only useful, but necessary, to look at the past to
fully comprehend how the undisturbed Earth system func-
tioned before human forcing became significant (Loutre and
Berger, 2003; Oldfield, 2005).

Particular attention has been paid to Marine Oxygen Isotope
Stage (MIS) 11, when sea-level highstand peaked at 410 ka
(Loutre and Berger, 2003; Tzedakis, 2010; Candy et al., 2014)
and MIS 5, the Last Interglacial, ~125 ka (Kukla et al., 2002;
Tzedakis, 2003). The Last Interglacial Stage (LIG), or MIS 5, is
considered ‘the most recent geological interval during which
conditions were similar to the present interglacial’ (Tzedakis,
2003). CO; concentration during the LIG was similar to pre-
industrial levels but warming had a strong orbital forcing and
because of this, the analogy with the late Holocene climate has
been questioned (Loutre and Berger, 2003). However, and
despite these qualifications, the warm climate of MIS 5 (together
with that of MIS 9 and MIS 11) is similar to that resulting from ‘the
anthropogenic warming in terms of climate feedbacks at the
regional scale’ (Yin and Berger, 2015). Global mean temperatures
during this stage were at least 2 °C higher than present (Rohling
et al., 2008), Greenland and West Antarctic ice sheets were
reduced in size (Goelzer et al., 2016), sea level was, most
probably, more than 5 m above current mean level (Cuffey and
Marshall, 2000; Hearty et al., 2007; Masson-Delmotte et al., 2013;
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Dutton et al., 2015) and rates of sea-level rise could have reached
1.6 m per century (Rohling et al., 2008).

Mean global temperatures and rates of sea-level rise during
this stage are close to some of the IPCC projections for the end
of this century. For instance, Kopp et al. (2013) estimate that it
is likely (66-100% probability) that rates of sea-level rise
during the LIG were between 3 and 7 mm a~' and higher rates
are considered unlikely. During the period 1993-2001, rates
of around 3 mm a~' have already been observed (Hay et al.,
2015) and by 2100 these could be 4-9 mm a™', under the most
optimistic climate scenario (RCP2.6). In the most unfavourable
scenario (RCP8.5), rates of sea-level rise could reach 15 mm
a~! (Oppenheimer et al., 2019). Therefore, the MIS 5 interval
has received increasing attention, particularly regarding
changes in sea level. Shorelines developed during the MIS 5
highstand represent the best preserved and most geographi-
cally widespread record of a higher-than-present global mean
sea level during a previous Quaternary interglacial (Dutton
et al., 2015).

Despite many advances in our understanding of global
mean sea level during past interglacials, it is still necessary to
improve the accuracy and precision of the age and elevation of
relative sea-level (RSL) indicators (Dutton et al., 2015). It is
commonly accepted that the MIS 5 includes three RSL
highstands: MIS 5e (130-116 ka), MIS 5c¢ (~100 ka) and MIS
5a (~80 ka) (e.g. Stirling et al,, 1998; Murray-Wallace and
Woodroffe, 2014; Creveling et al, 2017), although the
occurrence of rapid sea-level fluctuations within MIS 5e has
been recently questioned (Barlow et al., 2018).

Palaeoshorelines record the position of former high relative
sea levels, the position of which is a result of a combination of
eustatic, isostatic and tectonic process (Lambeck et al., 2002).
Raised platforms and marine terraces along the Cantabrian
coast of northern Spain have been studied before to analyse
sea levels and document uplift, but the presumed MIS 5
shoreline has never been accurately dated in this area (e.g.
Alonso and Pagés, 2007; Lépez-Fernandez et al., 2020). One
of these terraces is located on the north-western side of the
Oyambre beach and makes up part of the modern cliffs in this
coastal area. These cliffs are mainly cut into soft lithologies of

Meron beach

Bay of Biscay

Oligocene age, and are retreating rapidly. Using aerial
photographs, Garcia-Codrén and Rasilla Alvarez (2006)
calculated a coastline retreat in this area of 13-15 m between
1957 and 2001. The Oyambre Pleistocene terrace comprises a
15.3-m-thick coastal sequence made of gravels, sands and
some muds, located on top of an erosive surface (wave-cut
platform) at about 4.50 m above present Bilbao mean sea level
(MSL), corresponding to 6.90 m above the Bilbao ordnance
datum (Fig. 1). This angular discordance separates Oligocene
sandy marls from a probable LIG/MIS 5 deposit. Mengaud
(1920) was the first to mention the existence of this raised
Quaternary deposit (‘diluvium quaternaire’) at Oyambre, and it
was later described in some detail by Mary (1971) who
assigned a Tyrrhenian age (Eemian, in Mary, 1983) to this
marine deposit based on its topographic position. Flor (1980)
described the outcrop as a sequence consisting of basal beach
gravels and sands followed by aeolian dune sands with
interbedded clays deposited by solifluction under cold climate
conditions. Garzén et al. (1996) performed amino acid
racemization analyses on two types of marine mollusc shells
(Cardium and Patella) from the basal unit which showed
discrepant ages of 72+ 13 and 21 +9 ka, respectively; they
considered that the first date was more acceptable for this
raised-beach level. In 2010, we carried out an accelerator
mass spectrometry (AMS) radiocarbon dating of a shell sample
(Beta-287876) from the same basal layer of beach gravels and
sands that gave an age of >43 500 a sp, beyond the resolution
of this dating method. In addition, a recent comprehensive
review on the elevated coastal platforms in this north Iberian
margin performed by Lépez-Fernandez et al. (2020) concluded
that the most recent Cantabrian marine terraces have not been
tectonically uplifted and thus they must be explained by
eustatic sea-level changes during pre-Holocene times. We
deduce that, in the absence of identified neotectonic activity
on this coastal area, the Oyambre coastal terrace is likely to
record a eustatic Late Pleistocene highstand.

This study sets out to characterize the sedimentary succes-
sion of the Oyambre coastal terrace and to determine whether
it indeed represents the MIS 5 sea-level highstand on the
Cantabrian coast, or whether it is, in fact, older. This is

Oyambre outcrop

Figure 1. Location of the studied outcrop at Oyambre beach (Cantabrian coast, northern Spain), protected from the predominant NW waves.
Satellite image from Esri Basemap Gallery. [Color figure can be viewed at wileyonlinelibrary.com]
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achieved by employing luminescence dating to independently
constrain the age of this Pleistocene sequence. This geological
archive has not been corrected for glacial isostatic adjustment
(GIA), and so represents an RSL record.

Materials and methods
Fieldwork

The coastal study site is located 5 km to the east of the village
of San Vicente de la Barquera, in the western part of the
Cantabria province (Fig. 2). Middle Eocene deposits outcrop at
the Oyambre Cape, which consist of shallow-marine lime-
stones (Colombres and Serdio formations) and Biarritzian
marls (Acebosa Formation). Oligocene sandy marls (Meron
Formation) outcrop to the east and west of the cape, in the
Oyambre and Meron beaches, respectively (Fig. 2) (Payros
et al., 2015).

This study used a standard fieldwork approach involving
topography, lithostratigraphy and sedimentology of the sedi-
mentary succession.

Samples for luminescence dating were collected in
May—June 2012 by hammering opaque steel tubes
(7% 30cm) into the sediment (Fig. 3, left), after the outcrop
had been cleaned by excavating ~0.5m from the original
surface. Starting from the top of the basal boulder gravel layer
1, 36 samples were collected, up to the topmost terrace
deposits  (Ploy-01 to Ploy-36). Two very young/modern
sediment samples were also collected, one from the Oyambre
beach (Ploy-00) and the other from aeolian sands of the nearby
active dune (Ploy-dune), as modern analogues for optically
stimulated luminescence (OSL) dating. Each light-protected
sample was accompanied by 350-500g of sediment (addi-
tional bag) collected immediately adjacent to each sampling
tube (Fig. 3, right); separate subsamples of this material were
used for grain size analysis, microfossil counting, water
content determination (field and in saturation) and dose rate
measurement (Sainz de Murieta, 2016). In all cases, the
sampled sediment was coarse to fine sand or silty clay, with a
high concentration of felsic minerals: quartz (predominant),

4°24'0"W 4°22'0"W

feldspars and muscovite. The detailed sampling strategy
allowed us to collect material from each significant sedimen-
tary layer, up to three samples per level, depending on the unit
thickness (e.g. Cunha et al., 2008).

The precise location and elevation of sedimentary layers,
tubes and surface samples were determined by using a Global
Positioning System-Real Time Kinematic (GPS-RTK) and a total
station, with a horizontal precision of £2 cm and a vertical
accuracy of 3.5 cm. Coordinates x, y and z of the samples are
referred to the ED50 geographical system in planimetry and
the Bilbao ordnance datum, which is 2.40 m below Bilbao
MSL. The precise geographical and topographic position of the
samples (tubes) is shown in Table S1 (Supporting Information).

Grain size and compositional analysis
of the sediment

Sediment textural and compositional analyses were performed
at the Sedimentology Laboratory of the Department of Earth
Sciences — University of Coimbra. The grain size distribution of
each sediment sample of sand or silty-clay was determined by
laser diffraction analysis, using a Beckman Coulter LS230 laser
granulometer (0.4-2000 pm). The volume statistics (mean,
median, standard deviation, skewness and kurtosis) were
obtained by the geometric method of moments. The modes
and the percentages of sand (2000-63 pm), silt (63—4 pm) and
clay (<4 pm) fractions were also determined.

The mineralogical composition of the sand fraction was
obtained by observation using a Wild mod. Heerbrugg 84220
stereoscopic binocular microscope (50x). The mineralogical
composition of the <2-um fraction was determined by X-ray
diffraction of orientated samples, before and after treatment
with ethylene glycol and heating to 550 °C. A Philips PW 3710
X-ray diffractometer with a Cu tube (at 40 kV and 20 nA) and
software package APD 3.6)-Automatic Powder Diffraction
(Philips) were used.

Foraminiferal analysis

Benthic foraminiferal content was analysed in one sample
from the basal boulder gravel layer 1 (Oyambre 1), in the 36
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Figure 2. Geological map of western Cantabria (north Spain), including Oyambre beach (red dot), located east of Oyambre Cape. Source:
geological map of the Spanish Geology and Mining Institute (IGME). [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 3. View of the Oyambre outcrop (upper picture) and sampling procedure. Left: metal tubes were introduced into the sediment using a
hammer. Right: sample Ploy-11 was obtained by the insertion of a steel tube into the sandy sediment and also collecting extra bags with an adjacent
sub-sample. The lower sample (Ploy-10) was collected from a dark, very fine silt layer. [Color figure can be viewed at wileyonlinelibrary.com]

samples collected above up to the topmost terrace deposits
(Ploy-01 to Ploy-36) and in one sample from the modern
Oyambre beach (Ploy-00). The sampling interval reflects our
interest in characterizing the depositional environment of each
of the layers from which light-protected samples were taken for
OSL dating. These 38 samples were wet sieved through 2-mm
and 63-pm sieves to remove large and fine-grained sediments,
respectively, at the Micropalaeontology Laboratory of the
UPV/EHU. Sand-sized material (retained in the 63-um sieve)
was oven dried at 60°C and weighed. Foraminifera were
concentrated by flotation in trichloroethylene as described by
Murray (1979). To ensure statistical representativeness of
foraminifera counting, when possible, a minimum of 300 tests
per sample were extracted. Otherwise, when the statistical
minimum was not reached, all tests present were identified.
The micropalaeontological study was carried out using a
Nikon SMZ 645 stereoscopic binocular microscope, with
reflected light.

Luminescence dating

Quartz (Qtz) sedimentary grains from the Oyambre terrace
deposits were used as dosimeters for the OSL dating of this
sedimentary sequence. The rationale behind luminescence
methods relies on a particular property of many minerals,
quartz and feldspars among them; they are able to store energy
within their crystal structures (e.g. Duller, 2008). Some of this
energy is released in the form of light when subjected to
different stimuli, such as heat or (day)light; this light from the

© 2021 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

mineral is called luminescence (Aitken, 1998). If other
environmental parameters remain stable, luminescence will
increase with time from the date in which it was buried, until
the crystal is unable to store more energy. OSL dating
techniques play a key role in establishing absolute dates for
Holocene to Middle Pleistocene sediments. Quartz OSL dating
usually has an upper dating limit in the range 100-200 ka (e.g.
Murray and Funder, 2003; Buylaert et al., 2012), whereas
radiocarbon dating is limited to the last ~45 ka and requires in
situ organic matter of the same age as the depositional event.
With to the development of the single aliquot regeneration
(SAR) procedure (Murray and Wintle, 2003; Wintle and
Murray, 2000), quartz has become the preferred dosimeter to
date sandy sediments of LIG age (e.g. Murray and Fun-
der, 2003; Murray et al., 2007; Lamothe, 2016).

For OSL dating, sediment samples were processed using
conventional methods (Aitken, 1998). The preparation of the
OSL mineral fractions from the inner parts of the tubes was
carried out in the sample preparation room of the Department
of Earth Sciences — University of Coimbra, under subdued red
light to prevent resetting of the luminescence signal. Each
sample was wet sieved to separate the 180-250-um grain size
fraction. This fraction was then treated with 10% HCI to
remove carbonates, followed by 10% H,O, to remove reactive
organic matter. The K-feldspar-rich fraction was separated by
floating in heavy liquid (sodium polytungstate solution;
p=2.58gcm™). Floating grains were then etched using 10%
HF acid for 40 min to dissolve the alpha-irradiated surface
layer, and to remove surface weathering and coatings. Any
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ordnance datum). [Color figure can be viewed
at wileyonlinelibrary.com]

fluoride contamination was then removed using a 10% HCI
solution for 20 min. A similar treatment was applied to the
fraction p>2.58gcm™> to obtain quartz grains but using
concentrated (40%) HF for 60 min followed by 10% HCI for
40 min in the final two stages (e.g. Cunha et al., 2019).
Radionuclide concentrations (**8U, 232Th and “°K) in the
bulk sediment were measured using high-resolution gamma
spectrometry. The additional sediment sample associated with
the main OSL sample was first dried at 50 °C, a subsample of
~250 g was pulverized and homogenized, and then heated to
450°C for 24 h to remove any organic matter (weight loss
recorded). Finally, this material was cast in wax to prevent
radon loss and to provide a reproducible counting geometry.
Samples were stored for 3 weeks to allow **’Rn to reach
equilibrium with its parent 2?°Ra before being measured on a
high-purity germanium detector for at least 24 h. Details on the
gamma spectrometry calibration are given in Murray et al.
(2018). The external beta and gamma dose rate is the same for
both quartz and K-feldspar grains. For quartz, a small internal
dose rate of 0.02 +0.01 Gy ka™' was assumed (Vandenberghe
et al., 2008). For K-feldspar grains an internal beta dose rate
due to internal K (and Rb) of 0.839 +0.041 Gy ka™' was used

© 2021 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

Grain size (mean, p)

based on X-ray fluorescence (XRF) measurements of the
K-feldspar extracts [average K concentration = 12.2 +0.3%
(n=17)]. For K-feldspar an internal dose rate from U, Th of
0.10+0.05 Gy ka™' was assumed. The radionuclide concen-
trations were converted to dose rate data using the conversion
factors from Guérin et al. (2011). The contribution from cosmic
radiation to the dose rate was calculated following Prescott
and Hutton (1994) assuming an uncertainty of 5%. The long-
term water content of each sample was estimated based on the
average of the field water content and saturation water
content. Equivalent doses were obtained on Risg TL/OSL
DA-20 readers. Quartz grains were mounted as large (8 mm)
aliquots on stainless steel discs or cups. Feldspar grains were
mounted as medium (~4 mm) aliquots on stainless steel cups.

A standard SAR protocol was used to estimate the quartz D,
(Wintle and Murray, 2000; Murray and Wintle, 2003). The
blue (470+30nm) stimulated OSL signal was detected
through a U-340 filter. All samples had a strong fast
component. The net OSL signal was calculated from the initial
0.0-0.32's of stimulation and an early background between
0.32 and 0.64s. Feldspar D, values were measured using a
post-infrared infrared stimulated luminescence (pIRIR);00,290
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Table 2. Results of the mineralogical analysis by X-ray diffraction of the <2-pm fraction of four silt samples from the Oyambre terrace succession.

Sample Mixed layers Clay mineral

field code 1=V (%) Chlorite (%) Smectite (%) Vermiculite (%) lllite (%) Kaolinite (%) association Other minerals

Ploy-25 28 0 0 60 7 5 V mix-1-V i k Quartz

Ploy-19 0 0 12 60 20 8 Visk Quartz

Ploy-10 0 0 0 73 18 9 Vik Quartz

Ploy-08 0 10 0 60 18 12 Vikc Quartz,
K-feldspar

protocol and the results calculated as in Stevens et al. (2018).
Dividing the D, by the environmental dose rate (in Gy ka™")
gives the luminescence age of the sediment.

Results
Characterization of the sedimentary succession

At the Oyambre outcrop, located topographically above
modern beach deposits, the Pleistocene coastal terrace onlaps
a palaeowave-cut surface (at an elevation of 6.85m above
Bilbao ordnance datum — a.B.o.d.; 4.50 m above MSL) eroded
into soft Oligocene sandy marls. The sedimentary succession
of the terrace (15.30m in total) comprises two lithostrati-
graphic units, subdivided into 26 horizontal layers (Fig. 4).

The lower unit (2.26 m thick; layers 1-3) includes: a basal
layer 1 of boulder gravels, with imbrication and 1.50 m thick
(located from 6.85 to 8.42m a.B.o.d.) containing some
bioclasts and foraminiferal assemblages, both indicative of a
beach environment (see Microfossil analysis below), followed
by yellow—brown pebbly fine sands (0.83 m thick, from 8.42 to
9.25m a.B.o.d.) (layers 2 and 3).

The second unit comprises the upper 13.04m of the
succession (9.25-22.29 m a.B.o.d.) and consists of layers of
medium to fine sands intercalated with usually thinner mud
layers (layers 4-26). We find white—grey fine sands at the base
(layer 4), followed by layer 5 which comprises a grey mud at
the base, then of grey sandy mud, and black mud at the top.
Layer 6 consists of laminated yellow medium sand, followed
by massive white sand (layer 7) and then massive yellow
medium sand (layer 8). Layer 9 has an erosive surface at the
base and comprises brown medium sands. At its top, we find a
layer (10) of very fine grey silt, followed by white medium sand
(layer 11) and then yellow and grey fine sands (layers 12 and
13). Laminated brown medium muddy sand is found next
(layer 14), followed by vyellow to beige medium sands,
alternating with dark clays (layers 15-20). Medium white
sands with cross-bedding grade upwards to muddy fine and
very fine sands (layers 21-23). The succession culminates with
a beige medium sand (layer 24), a thin intercalation of a grey
muddy sand (layer 25) and a topmost layer of yellow medium
to fine sand (layer 26).

Grain size and mineralogical analysis

The results of grain size analysis of samples collected from the
terrace deposit are presented Fig. 5 and Table 1. Note that for
the grain size analysis of the samples Ploy-1, 2 and 3 (collected
from layer 2), the few dispersed pebbles were not considered.
The mineralogy of the fraction <2 pm, obtained from four silt
samples, documents a predominance of vermiculite, asso-
ciated with illite and kaolinite (Table 2). Probably, most of the
clay minerals were sourced from erosion of the Oligocene
marls exposed on the palaeocliff. The occurrence of
smectite in sample Ploy-19 points to mineral transformation

© 2021 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

(vermiculite to smectite) in a poorly drained, wet environment,
under temperate climate conditions.

Considering the analytical and field data, it is possible to
identify two depositional environments in the sedimentary
succession. The first is formed by the gravels and the brown
fine sands with well-rounded pebbles of unit 1 (layers 1-3),
representing an ancient beach environment. The maximum
flooding surface (maximum sea-level highstand above the Bilbao
ordnance datum) is represented by the boundary between layers
3 and 4, i.e. between the top of unit 1 (the youngest beach
deposits) and unit 2. Based on its stratigraphic position,
sedimentological features and the results of the grain size
analysis (well-sorted fine sands) presented in Tables 1 and 2, the
second part of the succession (unit 2), which comprises yellow
or white-grey medium to fine sands that alternate with grey to
dark muds, is interpreted as representing aeolian sands
interbedded with thin palustrine organic muds (layers 4-26).
Field observations and laboratory characterization indicate that
the palaeoenvironments recorded by the terrace deposits are
very similar to the modern ones near the Oyambre beach
(Fig. 1). The terrace sedimentary succession, which discordantly
overlays the substratum, records an initial transgressive evolution
corresponding to the basal gravelly beach environment (MIS 5e
or remnant old beach), followed by regressive evolution (coastal
aggradation) evidenced by the transition from upper beach sands
to the aeolian and palustrine deposits.

Microfossil analysis

Samples Ploy-00 and Oyambre 1 contain very abundant
foraminiferal assemblages (Table 3). More than 300 tests were
counted in sample Ploy-00 collected from the modern beach
environment. Seventeen marine taxa were identified, with
Cibicidoides lobatulus as the dominant species of the
assemblage (79%) followed by Rosalina anomala (7%) and
Massilina secans (4%). Other taxa were represented by one to
three tests only. An abundant foraminiferal assemblage was
also obtained in sample Oyambre 1 collected from the basal
boulder gravel layer 1, which corresponds to the palaeobeach
environment. Planktonic foraminifera were very abundant
(approximately 40%) and Oligocene benthic species were also
found together with Quaternary marine taxa (32 species)
dominated by Cassidulina obtusa (15%), Cibicidoides lobatu-
lus (14%), Brizalina spp. (14%), Gavelinopsis praegeri (9%)
and Bolivina pseudoplicata (5%).

By contrast, fthe oraminiferal content of samples Ploy-01 to
-36 was extremely low (Table 3). Only 23 tests were found in all.
Most samples were barren of foraminifera and only eight samples
contained very scarce microfossils (counts 1-12). Trochammina
inflata, Entzia macrescens, Arenoparrella mexicana, Ammonia
tepida, Cribroelphidium excavatum and Bulimina gibba are the
only foraminiferal species present in these samples. Considering
the sedimentological characterization and grain size analysis, we
interpret these sandy materials in unit 2 to be of probable aeolian
origin and the extremely low content of foraminifera supports this
palaeoenvironmental interpretation.

J. Quaternary Sci., Vol. 36(4) 570-585 (2021)
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the bottom and top part of the section, respectively.
Uncertainties (1) only  contain  random
components. [Color figure can be viewed at
wileyonlinelibrary.com]

Additionally, Pérez-Diaz et al. (2017) analysed the pollen
contents of 14 different silty samples interbedded in the
general sandy sequence of unit 2 [from layers 5 (three
replicates), 9, 10, 11, 15 (two replicates), 16 (two replicates),
18, 24, 25 and 26] and identified some climate variability
during this interval. Cold conditions in the lower (layers 5-9)
and upper (layers 24-26) parts were characterized by large
coniferous forests of Pinus and Abies, with Betula, Alnus and
Poaceae in a secondary role. More temperate conditions in the
middle (layers 10-18) were suggested by the dominance of
deciduous forests with Quercus and Corylus, together with the
presence of some relict taxa such as Fagus and Carpinus.

Luminescence dating

Four samples were taken in pebbly fine sands representing a
beach environment, Ploy-01 to Ploy-04 (NLL lab codes
122259-122262); 32 samples located above, representing
aeolian and palustrine environments, Ploy-05 to Ploy-36 (NLL
lab codes 122263-122294) (Table 4), and two modern
analogues of aeolian dune and beach sands, Ploy-dune and
Ploy-00 (NLL lab codes 122257 and 122258).

The results of quartz OSL and feldspar pIRIR dating are
presented in Table 4. Luminescence characteristics (e.g. dose
response curve, recycling ratio, preheat plateau, dose recov-
ery) of quartz and feldspar and the radionuclide concentrations
are given in the Supporting Information.

Discussion
Age of the coastal terrace sequence

The two modern analogue samples (122257 and 58) give
quartz D, values of 60-80 mGy (equivalent to <100 years old)
indicating that in this environment incomplete bleaching of the
quartz OSL signal is not likely to be of concern when D, values
>50 Gy are measured. Furthermore, a comparison of the
quartz OSL ages with the feldspar pIRIR»00 290 ages, the latter
obtained using a much harder-to-bleach signal, strongly
suggests that the quartz OSL signals from these samples were
well-bleached at deposition (Table 4) (Murray et al., 2012).

© 2021 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.
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Figure 6 shows the quartz OSL data plotted as function of
the topographic height of the samples (m a.B.o.d.). It can be
seen that both the D, and dose rate vary significantly down the
section but that the scatter in age as a function of depth is
considerably reduced (albeit still over-dispersed towards the
bottom of the section). It is well known that the reliability of
quartz OSL dating using the fast component is not guaranteed
when D, values greater than ~150 Gy are measured (e.g.
Buylaert et al., 2007; Chapot et al., 2012; Timar-Gabor and
Wintle, 2013), as the natural OSL signals approach the
saturation level of the dose response curves. The measured
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Figure 7. Quartz OSL D, as a function of total dose rate for the upper
(a) and lower (b) part of the section. Only samples that do not suffer
from saturation effects were used to construct these isochrones.
Dashed lines show the 95% confidence intervals. Uncertainties (10)
comprise random components only. [Color figure can be viewed at
wileyonlinelibrary.com]
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Figure 8. Maximum sea-level elevation during the Last Interglacial along the Cantabrian coast presented by Pedoja et al. (2018). The study site of
Oyambre is represented as a red dot. Satellite image from Esri Basemap Gallery. [Color figure can be viewed at wileyonlinelibrary.com]

quartz OSL dose response curves of this material are quite
variable even within the same sample (see Supporting
Information). For 26 samples (122294-78, 76-69 and 64)
the natural signals lie well below the saturation level of the
dose response curve and the D, estimates are considered
reliable (blue symbols in Fig. 6a,b). The remaining 10 samples
showed a significant number of aliquots (13-88% of the total
number of aliquots measured) for which the natural signal lay
in the saturation level of the dose response curve (either above
laboratory saturation, or interpolation was deemed unreliable
due to no or very limited luminescence growth as a function of
dose). For these samples, only minimum D, values are given
(black symbols with arrow in Fig. 6a,b; greater than the values
in Table 4). Only quartz ages that do not suffer from saturation
effects were used for interpretation (bold ages in Table 4 and
blue symbols in Fig. 6a). For some samples (e.g. 122277,
68-66), quartz is saturated due to locally higher dose rates and
for other samples (122262-59, collected from layers 2 and 3)
this could be because the layers are older than MIS 5 or
because of very fast erosion/deposition of grains (without
significant bleaching of quartz) sourced from the soft cliff
(Oligocene marls). However, the most probable stratigraphic
interpretation is that layers 1-3 (beach deposits) correspond to
the transgressive system of MIS 5, overlaid by layer 4 (aeolian
sand) which is dated as 131 +9 ka.

Two periods of rapid deposition can be deduced from the
quartz OSL ages. A first period of rapid deposition occurred at
~130 ka (layers 4-12); this age is consistent with the onset of
MIS 5e (e.g. Cuffey and Marshall, 2000). A second period of
rapid deposition occurs at ~100 ka (layers 13-24), consistent
with MIS 5c. Because of the variability in dose rate (and thus
D) of these samples, we can construct isochrones for these
two sets of samples (Fig. 7); this is further evidence that the
quartz OSL signal was well bleached at deposition and
meaningful D. values are measured. The top of the section
(layer 26) is dated to ~70 ka (sample 122294). It appears that
the peaks of the glacial sub-stages MIS 5d (~109 ka) and MIS
5b (~87 ka) are not recorded by these sedimentary deposits.

MIS 5e sea-level highstand

Current consensus on global MSL during the LIG is 5-9 m above
modern (Dutton et al., 2015). Integrating previous observations
from the literature with the outputs of GIA models, Kopp et al.
(2009) found (95% probability) that global MSL at MIS 5e

© 2021 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

reached 6.6 m above current sea level. Murray-Wallace and
Woodroffe (2014), analysing a considerable amount of literature,
proposed that MIS 5e sea-level highstand was 6 +4 m higher
than modern MSL. Values in the range of 6-9 m above present
were derived from global compilations of RSL data combined
with GIA modelling (Dutton et al., 2015). Dusterhus et al. (2016),
with a different statistical approach, obtained a median estimate
of 75+1.1m but acknowledged a strong sensitivity to the
assumptions made in the analysis. In our location, a local
deviation from these ranges could be expected, given that the
Oyambre record represents an RSL highstand.

With regards to the age of the LIG coastal deposits, Pedoja
et al. (2011) compiled a large number of palaeoshoreline
sequences around the world with the aim of assessing vertical
land motion. They gathered information of 890 MIS 5e
deposits with ages ranging from 128 £ 1 to 116 + 1 ka. Dutton
et al. (2015) considered MIS 5e to be between 129 and 116 ka
and concluded that most studies suggest that peak global MSL
occurred in the range of 122-119 ka. A study of coastal
sediments in Brittany (France), in a stratigraphic position
corresponding to the end of MIS 5e, obtained a probable age
of 103+17 ka using thermoluminescence dating (Loyer
et al., 1995), while Murray and Funder (2003) obtained an
expected age range of 133-125 ka in Denmark. In the western
coast of Iberia (Figueira da Foz, western central Portugal),
Ramos et al. (2012) dated an MIS 5 coastal terrace, providing a
quartz OSL age of 126 +9 ka from a marine stratigraphic level
at an elevation of 7.4-9.6 m above MSL. Pedoja et al. (2018),
expanding previous works (Pedoja et al., 2011, 2014), pre-
sented an updated database of maximum elevation in a large
number of sites in Europe, and several in the Cantabrian coast,
close to our study area (Fig. 8). According to these stratigraphic
and sedimentological data, sea-level highstand in the Cantab-
rian coast during MIS 5e ranged from 4+1m
in Castro de Fazouro to 7.5 +2.5m in Rio Esba, even though
in six of the sites, including those closer to Oyambre, the
estimated maximum elevation was 6 + 1 m.

Conclusions

The coastal terrace preserved at the Oyambre beach (northern
Spain) is 15.3 m thick and has a basal marine transgressive
surface (palaeowave-cut surface on Oligocene sandy marls) at
an elevation of 4.50 m above regional MSL. The lower part of
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the Pleistocene sedimentary succession (unit 1, layers 1-3),
comprising well-sorted and rounded gravels and pebbly sands,
is interpreted as beach deposits. Its upper part (unit 2),
consisting of layers of medium to fine sands intercalated by
thinner mud layers, is interpreted as aeolian and palustrine
deposits. Luminescence dating shows that the sedimentary
succession (unit 2) indeed represents the Last Interglacial
period. Furthermore, two periods of rapid deposition can most
likely be distinguished, one at ~130 ka (MIS 5e) and another at
~100 ka (MIS 5c). The dating indicates that the peaks of the
glacial sub-stages MIS 5d (~109 ka) and MIS 5b (~87 ka) are
not recorded by the sedimentary deposits.

The MIS 5e marine maximum flooding surface should be
represented by the boundary between layers 3 and 4, at an
elevation of 6.85 m above present MSL. This precise elevation
for the MIS 5e.
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Section 1. Geographical location of tube samples for
luminescence dating taken at the Oyambre outcrop.

Section 2. Luminescence characteristics of quartz and
feldspar at the Oyambre outcrop.

Figure S1. First 10 seconds of quartz OSL decay curves for
sample 122265 and calibration quartz (batch 122) measured
using blue-light stimulation (~80 mW cm™). Signals were
normalized to the first datapoint. It can be seen that quartz from
the Oyambre sequence is dominated by a fast component.

Figure S2. Dose response curves for two quartz aliquots from
sample 122265 fitted with single saturation exponential
function. The dose response curve of one aliquot (filled
symbols) has a relatively high characteristic dose (~103 Gy)
allowing interpolation up to ~200 Gy. The other aliquot

© 2021 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

(open symbols) saturates much earlier (characteristic dose ~60
Gy) and interpolation on the dose response curve is not
possible.

Figure S3a. Quartz SAR OSL preheat plateau data for sample
122292. The cut-heat temperature was always 40 °C lower than
the preheat temperature, except for preheats 160-200 for which
it was always 160 °C. At least three aliquots were measured at
each dose point; average (+ SE) shown as solid and dashed lines.
Bottom graph shows corresponding recycling ratios and a solid
line drawn at unity to serve as eye guide.

Figure S3b. Quartz SAR OSL preheat plateau data for sample
122270. The cut-heat temperature was always 40 °C lower
than the preheat temperature, except for preheats 160-200 for
which it was always 160°C. At least three aliquots were
measured at each dose point; average (+ SE) shown as solid
and dashed lines. Bottom graph shows corresponding recy-
cling ratios and a solid line drawn at unity to serve as eye
guide.

Figure S4. Histograms summarizing recycling ratios (a) and
OSL IR depletion ratios (b) for 16 samples (122264, 71-73,
75-78, 81-83, 86-89 and 94) from the Oyambre section. At
least six aliquots were measured per sample.

Figure S5. Histograms summarizing dose recovery ratios for
31 samples Three aliquots were measured per sample. One
outlier (ratio 1.90) was removed from the histogram. Given
dose = 109 Gy.

Figure S6. Feldspar pIRIR versus quartz OSL age plot.

Table S1. Geographical location of tube samples for
luminescence dating taken at the Oyambre outcrop. Topo-
graphic positions are shown in metres above Bilbao ordnance
datum (corresponding to 2.40 m below Bilbao MSL).

Table S2. Radionuclide concentrations and dry beta and
gamma dose rates.

Abbreviations. a.B.o.d., above Bilbao ordnance datum; GIA, glacial
isostatic adjustment; GPS-RTK, Global Positioning System-Real Time
Kinematic; LIG, Last Interglacial Stage; MIS, Marine Oxygen Isotope
Stage; MSL, mean sea level; OSL, optically stimulated luminescence;
pIRIR, post-infrared infrared; RSL, relative sea level; SAR, single aliquot
regeneration; SLR, sea level rise.
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