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Abstract

The Atlantic coast of Galicia (NW Spain) is a high-energy environment where shingle

beaches are currently developing. These coarser sediments alternate with sandy

deposits which are also considered as beaches typical of a low-energy environment.

The physical association of both types of sediment with contrasted sedimentary sig-

nificance raises problems of interpretation. The study of four outcrops of fossil

aeolianites on this coast has allowed us to reconstruct their evolution from the end

of the Upper Pleistocene to the present day. Their chronology, estimated by optically

stimulated luminescence between 35 and 14 ky at the end of the last glaciation

(MIS2), coincides with a local sea level 120 m below the present one. This implies a

coastline shifted several kilometres from its current location and the subaerial expo-

sure of a wide strip of the continental shelf covered by sands. The wind blew sand to

form dunes towards the continent, covering the coastal areas, which then emerged

with no other limitation than the active river channels. Sea-level rise during the Holo-

cene transgression has progressively swamped these aeolian deposits, leaving only

flooded dunes, relict coastal dunes and climbing dunes on cliffs up to 180 m high.

The aeolian process continued as long as there was a sandy source area to erode,

although accretion finished when the sea reached its current level (Late Holocene).

Since then, the wind turned from accretion to erosion of the dunes and sand

beaches. This erosion exposes the older shingle beaches (probably of Eemian age)

buried under the aeolian sands, as well as old, submerged forest remains and mega-

lithic monuments. The destruction of sand beaches and dunes currently observed

along the Galician coast is linked, according to most researchers, to anthropogenic

global warming. However, their management should consider these evolutive issues.
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1 | INTRODUCTION

The management of coastal dunes with regard to the most extreme

climatic events of today depends largely on the degree of knowledge

of their evolution (Muñoz-Vallés & Cambrollé, 2014), especially in

areas such as NW Spain (Figure 1), where coastal dunes are relict

and vulnerable formations (Gutiérrez-Becker, 2008) that are strongly

affected by wave action (Flor-Blanco et al., 2021), as observed in

other areas of the southern half of the European Atlantic coast

(Brown et al., 2014; De Winter & Ruessink, 2017; Loureiro

et al., 2012; Vousdoukas et al., 2012). This would enhance its envi-

ronmental and scientific value (Costa-Casais & Caetano-Alves, 2013;

Marrero-Rodríguez & D�oniz-Páez, 2022; Reynard et al., 2007), as

coastal dunes represent key sediments for the reconstruction of

coastal evolution linked to sea-level oscillations since the end of the

last glacial period (Vidal-Romaní & Grandal-d’Anglade, 2018).

Coastal dunes were already recognized as points of geological inter-

est (Duque et al., 1983), but unfortunately many of them have been

severely affected by sand extraction and urban constructions in

recent times.

The evolution of the Galician Atlantic coast (NW Spain) (Figure 1)

during the last glacial event (Upper Pleistocene) and the Holocene

transgression is poorly understood due to the lack of an accurate

interpretation. Generally, the local record is characterized by the

absence of suitable absolute ages or the lack of detailed sedimento-

logical and/or micropaleontological studies (Mosquera-Santé, 2000)

that would allow a more precise description of the evolution of this

coast. The abundant literature during the last three decades

(Durán, 2005; García-Gil et al., 1999, 2020; García-Moreiras

et al., 2019; Méndez & Vilas, 2005; Muñoz-Sobrino et al., 2016; Rey-

Salgado, 1993) has not provided significant progress. Stratigraphic

sequences from the marine drillings (by vibrocorer or gravity) on the

surface of the continental shelf and the seabed of the Galician Rias

(Figure 1) have not achieved an understanding of the coastal evolution

during glacio-eustatic variations. This is due to the interpretation of

isolated data (Costas et al., 2009; González-Villanueva et al., 2015) or

F I GU R E 1 Location of aeolianite outcrops analysed and dated and location of current dune fields and coastal sands on this Atlantic coast.
Bal. = Baldaio Beach and dune fields; La. = Lariño; A. = Areamaior Beach; Lo. = Louro Beach; M.i. = Monteagudo Island. [Color figure can be

viewed at wileyonlinelibrary.com]
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misunderstanding continental deposits (aeolian and/or fluvial) with

marine sediments (Cartelle, 2018; Martínez-Carreño et al., 2017;

Muñoz-Sobrino et al., 2016). Furthermore, when an aeolian origin has

been admitted for coastal sand that today remains totally or partially

flooded (Costas et al., 2009; Mohamed et al., 2010), the requirement

for extensive emerged areas covered with sand (which can be mobi-

lized by wind) is ignored. Perhaps these are the reasons why coastal

dunes are simply considered an extension of sand beaches inland (Ley

et al., 2007: 11). This controversial statement assumes that from the

sands transported by the sea today (hypothetically) up to the inter-

tidal, in a meso-tidal and cyclic storm regime (Jackson et al., 2019),

current aeolian accretion processes are sufficiently intense to form

dune ridges in the supratidal area or even inland (which in the study

area can exceed 10 m in thickness and cover tens to hundreds of

square metres). Such a marine–aeolian sequence of sand transport,

which may be consistent with dune formation processes on other

types of coast (Engel et al., 2015; Hesp et al., 2021; Jackson

et al., 2019), does not fit with the processes observed today on the

Atlantic coast of Galicia, where a pronounced erosional character

favours the destruction of aeolian sands (Flor-Blanco et al., 2021) as

opposed to deposition.

Sedimentary forms that predominate on this coast (excluding flu-

vial or alluvial deposits) are shingle beaches and sand sediments,

which are closely related to Peistocene glacio-eustatic oscillations

(Lommertzen, 2011; Viveen et al., 2012). Shingle beach deposits con-

sisting of gravels, pebbles and even large boulders (Figure 2) are pre-

sent in open coastal areas, where there is significant dissipation of

energy produced during big storms. Although the formation of these

marine deposits is usually related to erosive processes at the cliff

base, shingle beaches frequently appear along the Galician coast on

rocky platforms (Figure 2) located at different heights above medium

sea level (amsl) and disconnected from any cliff (Lommertzen, 2011;

Teixeira, 1949). Their origin has been attributed to erosion of the

rocky substrate during brief transgressive maximum episodes (Vidal-

Romaní & Grandal-d’Anglade, 2018), taking advantage of the

favourable rock structure or reworking of continental deposits

(e.g. screes, slope deposits or small alluvial fan debris)—and very rarely

due to erosion at the base of the rocky cliff. These types of deposits

(Figure 2) include (i) present-day (Holocene postglacial) formations,

(ii) dissected deposits between +2 m and +4 m amsl that form a con-

tinuum along this Atlantic margin and (iii) older fossil shingle beaches

(>350 ky; Trindade et al., 2013) at higher elevations (+15 m amsl).

The sea-level rise during the current interglacial favours the ero-

sion of sand beaches and related dune fields, exposing the most resis-

tant materials on breaking-wave areas (intertidal) such as pebbles and

boulders (Vidal-Romaní & Grandal-d’Anglade, 2018). This clearly

F I GU R E 2 Shingle beaches (yellow dotted line) from Moreiras (a, b; 43�020N–9�150W, WGS84), Cuño (c, d; 43�040N–9�140W) and Cabo
Vilán-Trece (e, f; 43�110N–9�100W) (A Coruña, Galicia). SH = shingle beach; S = sands; SL = slope deposits; D + V = dunes covered by terrestrial
vegetation. In (b), a red dotted line separates sand/shingle beach/dunes and red arrows indicate erosive blow-out formations. Satellite image

©Google Earth (2020). [Color figure can be viewed at wileyonlinelibrary.com]
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indicates a high-energy erosional environment consistent with the for-

mation of shingle beaches, although incompatible with any process of

sand sedimentation—beyond a thin cover in the milder seasons

(Jackson et al., 2019). In some cases, as shown in Figure 2b, pebbles

and boulders from shingle beaches are interspersed between fore-

shore sands and backshore dune fields. The coexistence of these sedi-

mentary formations of opposite depositional environments suggests

the existence of a previous aeolian accretion of sand up to the present

coastline, but never simultaneous with the formation of shingle

beaches. This makes it necessary to investigate the age and processes

that led to the emplacement of sand on the present-day coastline.

2 | AEOLIANITE OUTCROPS:
ANTECEDENTS

The aeolianite outcrops preserved on the coast of Galicia, as studied

here (Figures 1 and 3), have also been observed on the Atlantic coast

of Portugal (Gutiérrez-Becker, 2008; Moura et al., 2007) to SW

France (Bertran et al., 2020; Bosq et al., 2019). These deposits have

been interpreted as fossil aeolian sediments (aeolianites) (Gutiérrez-

Becker, 2008; Trindade et al., 2013) and they are preserved both in

protected areas in the interior of the rias and in exposed areas of the

open coast at heights of up to +45 m or more.

In previous references, the coastal sands of Galicia were errone-

ously considered as beach deposits and the different height at which

they were preserved was used to establish different sea levels

(Nonn, 1966). Other authors have interpreted these deposits as

marine sands reworked by the wind (Devoy et al., 1996) rather than

the opposite. They have also been erroneously considered as marine

levels corresponding to a previous interglacial episode (Alonso &

Pagés, 2000, 2010; Caraballo-Muziotti, 1969; G�omez-Orellana

et al., 2007), although there were already some authors who identified

them as aeolian sands (L�opez-Cancelo, 2004; Santos & Vidal-

Romaní, 1993), interpreting the aeolianites (Figures 1 and 3) as the

remains of sedimentary formations formed and repeatedly destroyed

during the glacio-eustatic oscillations of the Quaternary (Nieto &

Vidal-Romaní, 1989). At that time, the unavailability of suitable dating

techniques did not allow for a more precise chronology.

3 | OBJECTIVES

The main objective of this work is to characterize the aeolianite out-

crops of Xalfas, Tal, Punta Mortaza and Cíes Islands, as well as to

establish their age. These homogeneous and well-sorted sand sedi-

ments of siliciclastic materials are suitable for establishing a chronol-

ogy by extracting an optically stimulated luminescence (OSL) signal

from quartz grains. Considering the local sedimentary record, the

chronology of these deposits would provide a better understanding of

the evolution of coastal dunes in NW Spain, with the aim of their con-

servation and management.

4 | STUDY AREA: AEOLIANITES FROM
XALFAS, TAL, PUNTA MORTAZA AND CÍES
ISLANDS

The coastline of Galicia (Figure 1), about 2000 km long, is made up of

beaches, rocky cliffs and deep embayments called rias. The cliffs, of

tectonic origin (De Vicente & Vegas, 2009), define an irregular and

steep coastline up to 600 m high. The Galician Rias (Figure 1), on the

other hand, are fluvial valleys flooded by the ocean during the present

Holocene transgression, giving rise to wide estuaries (Rey-

Salgado, 1993) where sedimentation of fine materials predominates

(e.g. from sands on beaches or bars, to silts in the bottom of rias and

mudflats). Along this coastline, some aeolianite outcrops were also

fossilized by slope deposits (Trindade et al., 2013), facilitating their

F I GU R E 3 Late Pleistocene
aeolianite outcrops in NW Galicia
(Spain): (a) Tal; (b) Xalfas; (c) Punta
Mortaza; and (d) Cíes Islands. ae. =
Aeolian level (aeolianites); o. =
organic level; s. = slope deposits; g. =
granitic basement. (a) and (b) show
brick samples for OSL dating. [Color
figure can be viewed at
wileyonlinelibrary.com]
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preservation as thin (<5 m) siliciclastic wedges. The most representa-

tive characteristics of the four aeolianites studied in this work will be

described, following their location from north to south on the Atlantic

coast of NW Spain. The aeolianite from Punta Mortaza (43�1802600N;

8�3804300W, WGS84) (A Coruña, Galicia) is represented by sandy

patches less than 1 m thick (Figures 1 and 3c) that are preserved in a

very fragmented form on medium cliffs up to 80 m high, on a stretch

of open coastline and very close to the extensive sand beach and

dune fields of Baldaio. The aeolianite from Xalfas (42�4504300N;

9�0602300W) (Figures 1 and 3b) is located on a stretch of open coast-

line between the Ria de Muros and Lariño. This outcrop reaches

heights of +45 m amsl at the base of a spur 300 m above sea level

and 600 m away from the present coastline, where a continental

lagoon beach system (Lagoa de Xalfas) and extensive sandy areas

develop—such as the beach of Louro and Areamaior (Lariño). The

Xalfas outcrop shows discontinuous patches of aeolian sand along the

rocky platform, very compact and less than 1 m thick (Figure 3b).

Below this aeolian level, a basal marine level of about 30 cm appears,

represented by quartz and granite pebbles. Occasionally, along the

platform, slope deposits overlie the sand deposits. The aeolianite from

Tal (Muros, A Coruña) is located in the interior of the Ria de Muros

(42�4701600N; 9�0005500W) (Figure 1). This outcrop overlies a rocky

substrate on which a marine level of pebbles �50 cm lies at +1 m

amsl. The next 2 m are represented by a silty deposit, rich in organic

matter (Figure 3a). This is followed by the sandy level studied,

reaching thicknesses of up to 2 m, on which an organic horizon less

than 0.2 m thick develops. Finally, the Alto da Figueira aeolianite

(42�1304500N, 8�5401500W) is located in the current Cíes Islands archi-

pelago, at the mouth of the Ria de Vigo (Pontevedra), reaching at least

to heights of +40 m amsl on the more protected eastern slope of the

Monteagudo Island (Figures 1 and 3d). This aeolianite outcrop

develops on the granitic basement and is currently covered by arbo-

real vegetation.

5 | MATERIALS AND METHODS

5.1 | Grain size, morphology and microscopic
analysis

Grain size analysis was carried out by dry sieving of the raw sample

(10 g). The proportion of particle sizes below 500 μm was estimated

by laser particle size analysis (Saturn DigiSizer II). The fractions were

classified according to Wentworth (1922). Morphological analysis

was determined from the roughness and sphericity classes of Pow-

ers (1953) by observing 50 quartz grains from the most representa-

tive sand fractions of the sample under binocular microscopy. This

information was complemented with an analysis of the surface of

the most representative quartz grains of the samples and in better

preservation conditions by scanning electron microscopy (SEM)

(JEOL model JAM-6400) by secondary electrons detection (25 kV),

following the surface texture criteria of Torcal-Sainz and Tello-Ripa

(1992). Vacuum Au metallization (0.05 mBa) of the cleaned and

dehydrated samples was carried out by cathodic electrospray

(Sputter Coater) (BAL-TEC SCD004). Associated with the SEM, the

semi-quantitative composition of the observed grains was deter-

mined by X-ray microanalysis.

5.2 | OSL sampling, equivalent dose (De) and dose
rate (Dr)

OSL sampling was done by cutting 50 cm3 blocks (Figures 3a and b)

for samples of Punta Mortaza, Tal and Xalfas and hammering one steel

core for the Cíes outcrop (Figure 3d). In the Luminescence Laboratory

of the University of A Coruña, under subdued red light, the outer part

of the blocks and cores was removed and the central part dried and

sieved for quartz purification. Coarse sand grains (180–250 μm) were

treated with HCl and H2O2 to remove carbonates and organic matter,

respectively. Feldspars and heavy minerals were removed by density

separation with sodium polytungstate solutions (densities of 2.62 and

2.70 g/cm3) and the obtained quartz was etched in concentrated

hydrofluoric acid (40%) to remove any remaining feldspars. This etch-

ing removed �10% of the beta dose rate (Brennan, 2003). The quartz

grains were checked with infrared (IR) stimulation to ensure the

absence of minerals other than quartz. Luminescence measurements

were performed on multigrain aliquots (2 mm in diameter) mounted

on stainless steel discs in a Riso-DA15 automated TL/OSL reader

equipped with blue light-emitting diodes (LEDs) (470 � 30 nm) for

stimulation and a 9235QA photomultiplier. A Hoya U-340 filter was

placed between the photomultiplier and the samples. To irradiate the

samples, beta doses were used, with a 90Sr/90Y source which pro-

vided a dose rate of 0.120 � 0.003 Gy/s. To estimate the equivalent

doses (De), the single-aliquot regenerative dose (SAR) protocol was

used after performing preheat tests and recovery tests were carried

out (Murray & Wintle, 2000). The last 4 s of decay curve was sub-

tracted from the fast component (first 0.4 s) to determine the OSL sig-

nal (Banerjee et al., 2000).

The dose rate (Dr) was estimated using low-background gamma

spectrometry on bulk samples. Marinelli beakers were used and mea-

surements were taken in a coaxial Camberra-XTRA gamma detector

(Ge-Intrinsic) model GR6022 within a 10 cm-thick lead shield. Guérin’s

conversion factors were used (Guérin et al., 2011). The alpha contri-

bution was neglected for quartz dose rates, the beta dose rate being

corrected due to the HF etching step. Water content and water satu-

ration values were assessed in the laboratory for all samples to esti-

mate an average water content and the cosmic dose rates were

calculated in accordance with Prescott and Hutton (1994).

F I G U R E 4 Particle diameter and proportion (%) analysed by laser
granulometry (<500 μm) and dry sieving (500–2000 μm) of the
samples studied in the aeolianite outcrop of Cíes (Cies-1,2,3), Tal,
Xalfas and Punta Mortaza (Mortaza). [Color figure can be viewed at

wileyonlinelibrary.com]
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6 | RESULTS

6.1 | Granulometric, morphoscopic and
microscopic analysis

The major grain size fractions by dry sieving are fine and medium

sands. However, laser granulometry (Figure 4) shows that in some

samples there is a similar proportion of silt. The sample from Punta

Mortaza shows a high content of quartz grains, good sorting and

ochre colouration (iron oxides) (Figures 3a, c and d), associated with

post-depositional leaching processes. The proportion of sand-sized

particles obtained from laser granulometry is 75% of the fine fraction

(<63 m). The morphology of the sand grains is sub-rounded. In the

Xalfas sample, 80% of the material corresponds to the fine and

medium sand fractions, with sub-angular and sub-rounded morphol-

ogy. The textural classes of the aeolian level of the Tal sample are rep-

resented by 60% silt and 40% sand. The morphology of the quartz

grains corresponds to the sub-rounded classes. For the Cíes Islands

samples, the proportions are 40% silts and 60% fine-to-medium sands,

whose morphology corresponds mostly to the sub-rounded classes.

Microscopic analysis (SEM) (Figure 5) reveals the presence of

rough surfaces and impact marks related to aeolian transport (Pye &

Tsoar, 1990), such as angular shock v-marks (both polygonal, crescent

and other irregular shapes), shock arcs or well-polished hertzian

and/or conchoidal fractures (Figure 5).

6.2 | OSL dating

6.2.1 | Dose rate

To estimate the Dr (Table 1), a saturation percentage of 5 � 0.5% was

assumed for all the samples. In this material there is an average pro-

portion of fine sand over 50%, so the drainage conditions are

favourable, reducing the attenuation of the radiation for content in

interstitial water (Guérin & Mercier, 2012). The high grade of homoge-

neity minimizes the variations related to beta dosimetry (Nathan

et al., 2003). Nevertheless, a slight disequilibrium in the 238U decay

chain in the samples of Xalfas and Punta Mortaza was observed. It has

been considered that uranium disequilibrium occurred during the

whole burial time of the quartz grains, and secular equilibrium during

the burial time, estimating maximum and minimum total Dr values.

Both cases were used to estimate an average Dr, being the uncertainty

of the sum of errors (Arce-Chamorro, 2017). Under secular equilib-

rium conditions, the total Dr was 3.5 � 0.3 and 3.6 � 0.8 Gy/ky for

Xalfas and Mortaza, respectively. Under disequilibrium conditions, the

total Dr was 1.5 � 0.1 and 2.9 � 0.6 Gy/ky for Xalfas and Mortaza,

respectively. Corrected values and Dr values for the other samples are

summarized in Table 1, ranging between 3.3 and 2.1 Gy/ky. Such Dr is

similar to those estimated for other aeolianite outcrops and quartz-

rich continental deposits in the region (Arce-Chamorro, 2017; Ribeiro

et al., 2019; Viveen et al., 2012).

F I GU R E 5 Examples of the most representative aeolian impact marks (as shock v-marks, shock arcs or conchoidal fractures) analysed by SEM

on quartz grains from the Tal and Xalfas samples (modified from Gutiérrez-Becker, 2008). [Color figure can be viewed at wileyonlinelibrary.com]
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6.2.2 | OSL signal, De and age estimation

All aliquots exceeding the SAR acceptance criteria show fast decay

curves, either for the natural OSL signal, the natural test-dose signal

or any of the regenerated OSL signals (Arce-Chamorro, 2017), with

more than 90% of the signal being recorded during 1 s of blue-light

stimulus. The luminescence sensitivity of the materials analysed is var-

iable. A high proportion of aliquots had low natural OSL signal inten-

sity (<20 000 counts/unit of time [c/ut]), low normalization ratios

(<10) and an associated error between 5 and 20%, increasing with

dose (Figure 6). A small number of more sensitive aliquots were also

observed, with a higher natural OSL signal (>50 000 c/ut), high nor-

malization ratios (>10), an associated error below 15% and estimates

of equivalent dose (De) close to central statistical estimators (Arce-

Chamorro, 2017), such as the median, arithmetic mean and error-

weighted mean of the central age model (CAM) (Galbraith

et al., 1999). Such differences in the quartz signal could justify the

wide dispersion observed in the distributions of the De of each aliquot

(Figure 6) and the high percentage of overdispersion (OD) with respect

to the central dose of the CAM, between 20 and 50% (Table 1).

7 | DISCUSSION

7.1 | Aeolian sands and OSL dating

The grain size estimated by laser granulometry fits well with the

expected grain size of aeolian sediments (Vandenberghe, 2013), as

well as sphericity and roundness and impact marks observed by

microscopy. The absence of both foraminifera and saltwater diatoms

agrees with such features, and all of them clearly show an aeolian ori-

gin (Gutiérrez-Becker, 2008). The studied aeolianites of Xalfas and

Cíes-Alto da Figueira reach heights of +40 m amsl without original

sedimentary structures, indicating that they are climbing dunes

(Greeley & Iversen, 1985; Hay et al., 2021; Pye & Tsoar, 1990;

Tyson, 1999). OSL data showed no evidence of incomplete signal

bleaching, and so complete exposure to sunlight, unlike can be

observed for other aeolian materials such as loess. This reduces the

probability of overestimation of the De and age (Jacobs, 2008). As

mentioned above, the measured aliquots show a high dispersion but

symmetric distributions and good fit to normal distributions. Thus, the

CAM was used to assess the De. The obtained De is summarized in

T AB L E 1 Radio-isotopic activity of the series of 238U and 232Th, as well as 40K (Bq/kg), dose rate (Dr) (Gy/ky), equivalent dose (De) (Gy) and
OSL ages (ka: kiloannum = kiloyear [ky] = 1000 years before dating). N = number of aliquots accepted/analysed; OD = overdispersion. Dr from
Xalfas and Punta Mortaza corrected due to disequilibrium in the 238U decay chain

Sample 238U (Bq/kg) 226Ra (Bq/kg) 232Th (Bq/kg) 40K (Bq/kg) Dr (Gy/ky) N OD (%) De (Gy) Age (ka)

Xalfas 183 � 3.8 59 � 4 10 � 1 79 � 8 2.6 � 1.7 31/56 50 � 8 53 � 6 20.9 � 6.5

Punta Mortaza 68 � 1.4 30 � 1 82 � 3 349 � 09 3.3 � 0.9 29/74 22 � 7 94 � 8 29.7 � 4.8

Tal 13 � 4 17 � 1 17 � 1 475 � 45 2.1 � 0.3 21/56 34 � 6 62 � 5 30.9 � 3.6

Cies-1a 18 � 2.4 18 � 2.4 20 � 2.6 660 � 38 2.7 � 0.4 31/96 20 � 4 80 � 3 30.6 � 4.8

Cies-2a 27 � 1.3 18 � 2.1 19 � 2.8 570 � 35 2.4 � 0.3 36/54 50 � 6 56 � 5 23.3 � 3.9

Cies-3a 19 � 1.2 15 � 2.2 15 � 4.8 485 � 31 2.1 � 0.3 37/96 33 � 5 42 � 3 20.1 � 3.3

aData from Arce-Chamorro (2017), Arce-Chamorro et al. (2021).

F I G U R E 6 OSL signal decay
curve and normalized OSL signal
growth curve for Punta Mortaza
(Mortaza) and Xalfas samples.
Equivalent dose (De) distributions by
abanico plots (Burow et al., 2016) of
the Tal and Punta Mortaza (Mortaza)
samples. [Color figure can be viewed
at wileyonlinelibrary.com]
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Table 1. The estimated errors are below 11%. Tal and Punta Mortaza

samples exhibited OD values (Table 1) within the expected limit for

well-bleached samples (30%) (Galbraith & Roberts, 2012). For the

Xalfas sample, despite having an OD of 50%, the CAM provides an

age that agrees with both the Tal and Punta Mortaza sample ages.

Indeed, the CAM is commonly used when similar OD values are

observed in the literature for samples without incomplete bleaching

(Bickel et al., 2015; Hardt et al., 2016; Muñoz-Salinas et al., 2017;

Trauerstein et al., 2014). The obtained ages are 20 � 6 ky for the

Xalfas sample, 29 � 4 ky for Punta Mortaza and 30 � 3 ky for the Tal

sample. The calculated OSL burial-age range for Tal is consistent with

the underlying continental lagoon deposit (Figure 3a) dated by radio-

carbon, back to 29 � 0.5 ky cal BP (Gutiérrez-Becker, 2008) (Table 2).

The burial ages estimated for the aeolianites from Cíes Islands

(Table 1) are chronologically consistent.

7.2 | Coastal aeolianite outcrops: Chronology and
sedimentary implications

In recent years, thanks to the use of absolute dating techniques such

as OSL (Arce-Chamorro, 2017; Ribeiro et al., 2019; Trindade

et al., 2013; Viveen et al., 2012), it has been possible to establish a

reliable age of formation for siliciclastic deposits on the Atlantic coast

of Galicia. The aeolianite from Cíes Islands has been dated back

between 30 and 20 ky (Figure 7). In such period the sea level was

�120 m below medium sea level (bmsl) (Waelbroeck et al., 2002) and

the islands were fully connected to the mainland (Arce-Chamorro

et al., 2021). Other 20 ky-old aeolian sands have been identified on

the nearest continental shelf (Mohamed et al., 2010) at �100 m bmsl,

as well as the 20 ky-old partially flooded dunes preserved today in the

Cíes Islands (Costas et al., 2009) (Table 2). Thus, the obtained chronol-

ogy for three aeolianites preserved at different points of the Galician

coast (Xalfas, Tal and Punta Mortaza), between 30 and 20 ky (Table 1,

Figure 7), is in good agreement with the model of evolution of the

Galician coast during the Holocene transgression previously proposed

by Vidal-Romaní and Grandal-d’Anglade (2018). This aeolian accretion

at the end of MIS2 is also represented on the northern coast of

Portugal by dunes dated back from 30 to 12 ky old (Costas

et al., 2012; Thomas et al., 2006).

The aeolian processes were active from the end of the last glacial

episode (MIS2) (Lisiecki & Raymo, 2005; Petit et al., 1999) with a local

sea level of �120 m bmsl (Arce-Chamorro et al., 2021; Mohamed

et al., 2010) (Figures 7 and 8). At that time, the aeolian sands were

placed up to the areas that define the present-day coastline. This

regressive level implied a shoreline shifted down to 20 km (Arce-

Chamorro et al., 2021), resulting in the subaerial exposure of a wide

strip of the continental shelf (Figure 8) covered with sand and silt sedi-

ments up to 20 m thick (Rey-Salgado, 1993) and even more. Assuming

similar wind dynamics to present (Figure 8), the sand would be easily

transported through the continental shelf (EMODnet, 2018; Rey-

Salgado, 1993) with no other limitation than the most active fluvial

channels (Figure 8).

Subsequently, as the sea level rose during the Holocene trans-

gression, the transport of aeolian sands continued, despite the sand

supply being reduced by the progressive flooding of the source area

(the continental shelf). There are numerous examples related to fresh-

water lagoons (Table 2) dating back to 15 and 10 ky (Sáez

et al., 2018), 8 and 4 ky (Bao et al., 2007; Costas et al., 2009;

González-Villanueva et al., 2015; Sáez et al., 2018; Santos & Vidal-

Romaní, 1993). This continued aeolian accretion explains the growth

of Holocene climbing dunes, covering steep reliefs of more than

200 m in altitude at the time of their formation, such as the climbing

dune of the Cíes Islands mentioned above. This would be the case,

among many, of the relict climbing dunes still preserved on the NW

coast of Spain, such as the one at Trece or Ponteceso (A Coruña)

(Figure 9), reaching heights of over +150 m amsl. The OSL dating of

these climbing dunes is currently in progress, yielding minimum forma-

tion ages of 5 ky (Pardiñas-González, 2021), thus fitting the innovative

model proposed here.

F I GU R E 7 Temperature variations from
Vostok ice cores (Petit et al., 1999) (grey line) and

sea-level oscillations (Waelbroeck et al., 2002)
(blue line) for the last 60 ky, including deglaciation
processes in inland Galicia and northern Portugal
(Vidal-Romaní et al., 2015) at MIS2. �100 m bmsl
aeolian sands (Mohamed et al., 2010). (A) Aeolian
sediments. A1 = Cíes Islands (Costas et al., 2009);
A2 = Doniños Beach (Sáez et al., 2018); A3 =

Northern Portugal (Costas et al., 2012); A4 =

Seselle Beach (Santos & Vidal-Romaní, 1993; A5
= Cíes Islands (Costas et al., 2009); A6 = Areoso
Islet (L�opez-Romero et al., 2020). (W) Woody
remains and submerged forest. W1, W2 = Ria de
Vigo (Martínez-Carreño & García-Gil, 2017; W3 =

Cíes Islands (Costas et al., 2009); W4 = Ria de
Coruña (L�opez-Cancelo, 2004); W5 = Areoso Islet
at ria de Arousa (Blanco-Chao et al., 2017). [Color
figure can be viewed at wileyonlinelibrary.com]
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This model also explains the origin of present-day sand beaches.

As mentioned, sand beaches were previously considered only as

marine sediments reworked by wind (Devoy et al., 1996), based on

the distribution of materials transported by rivers to the sea and their

subsequent redistribution along the coast by marine currents (Dias

et al., 2002). However, this redistribution, which may occur on other

coasts, is not observed in this coastline of cliffs and wide estuaries

(rias). According to previous studies on the Atlantic coast of Galicia,

the sands are deposited at the mouth of the rivers and/or in the inner-

most areas of the estuaries where the deposition of fine materials

F I GU R E 9 (a, b) Climbing dune (CLd) from Ponteceso (A Coruña; 43�140N–8�560W, WGS84). (c, d) Climbing dune from Trece Beach
(A Coruña; 43�110N–9�080W). D + V = dunes and vegetation. Note the vegetation now covering all relic aeolian sands (as dunes and climbing
dunes) and the blow-out formations (red arrows) eroded by coastal winds during storms. Satellite image ©Google Earth (NASA, 2000). [Color
figure can be viewed at wileyonlinelibrary.com]

F I GU R E 8 Mobilization of the dune
fields by coastal winds (white arrows)
from the emerged continental shelf
towards the continent, with a sea level of
�120 m (bmsl) 20 ky ago, giving rise to
the Upper-Pleistocene aeolianites (red
dots). At this moment the fluvial valleys
were covered by terrestrial vegetation
(green area), as well-developed forests. As
the sea level rose progressively from the
beginning of the last interglacial
transgression and reached the �50 m
(bmsl) isobath (dotted red line), the pre-
Holocene and Holocene aeolian
formations (yellow dots) and Holocene
climbing dunes (orange triangles) grew
and reached the current coastline (black
line). From this moment on the coastal
environments were buried by dune fields,
as the submerged forest (white dots)
suggests. Bathymetry (EMODnet, 2018);
DEM srtm90 (NASA, 2000). [Color figure
can be viewed at wileyonlinelibrary.com]
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(e.g. silts in the marshes) prevails (García-Moreiras et al., 2019;

Nombela & Vilas, 1987; Rey-Salgado, 1993). Conversely, these fluvial

sands never reach the open coast (Oberle et al., 2014; Ros�on

et al., 2008). In addition, there is no evidence of the transport of

suspended sands or silts by marine currents to the coast from the

more abundant rivers further south that do not form rias (such as the

Miño, Lima or Douro rivers) (Oberle et al., 2014), although this is the

general assumption to explain the presence of silts and sands on the

bottom of the shelf (Dias et al., 2002). In contrast, the continued aeo-

lian accretion that emplaced the dunes on the current coastline since

the end of MIS2, as proposed here (Figures 7 and 8), suggests that

sand beaches are aeolian sands that were swept by waves and

reworked by tides as the sea reached its present-day level in the Late

Holocene. Thus, the upward migration of the sea level formed new

beaches where there were dune fields and, in addition, left behind

flooded dunes (Cawthra et al., 2022). This is also evidenced by the

grain size analyses of the flooded sands from the inner shelf (Pazos

et al., 1997), where aeolian impact marks has also been observed in

the quartz grains. The general absence of well-developed foraminiferal

associations in the studied drilling cores (Cartelle, 2018; Costas

et al., 2009; González-Villanueva et al., 2015; Martínez-Carreño &

García-Gil, 2013, 2017; Muñoz-Sobrino et al., 2016; Santos & Vidal-

Romaní, 1993) also indicates an aeolian origin for most coastal sands

in this area. Other revealing evidence is the presence of wind-sorted

foraminiferal remains, with aeolian polishing marks, rounded shapes

and small size selection (L�opez-Cancelo, 2004) in these sand sedi-

ments of aeolian origin. There is other indirect evidence such as the

submerged forests (Figure 10) that appear underlying sand beaches,

which implies the mobilization of large dune fields capable of burying

well-developed tree formations, as will be discussed later (see

Section 7.2.2). Subsequent flooding and/or marine reworking of aeo-

lian sands would favourably explain the presence of salt crusts and

polished surfaces on the quartz grains from fine and medium sands

(Pazos et al., 1997) or the presence of neoformation marine minerals

related to shallow environments such as glauconite (Martínez-Carreño

et al., 2017).

7.2.1 | Continental environments, submerged
forests and coastal dunes

A sea level of about �120 m bmsl (Arce-Chamorro et al., 2021;

Mohamed et al., 2010) at the end of MIS2 (Figure 8) favoured the

development of continental ecosystems in the lowermost areas of the

fluvial valleys that today remain flooded by the sea, resulting in the

growth of dense forests (Vidal-Romaní & Grandal-d’Anglade, 2018).

F I GU R E 1 0 Fossilized tree trunks and roots in living position at (a) North Portugal (García-Amorena et al., 2007), (b) Amble, Northumberland
(UK), (c) Ceredigion, Mid-Wales, (d) Galway Bay, Ireland (Williams & Doyle, 2014), and (e, f) A Coruña, Galicia (Vidal-Romaní & Grandal-
d’Anglade, 2018). SH = shingle beach; FS = forest soil; TR = tree root remains (in their life position); D + V = dunes covered by vegetation.

[Color figure can be viewed at wileyonlinelibrary.com]
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On the northern coast of Galicia, heaths of more than 40 ky have

been identified at +2 m amsl (G�omez-Orellana et al., 2007). The local

submerged record from the southern coast (Ria de Vigo) includes

organic levels of 42 ky cal BP at �35 and �20 m bmsl, with macrofos-

sils of terrestrial vegetation (see MRV3 and B5 cores in Martínez-

Carreño & García-Gil, 2017) (Table 2). Costas et al. (2009) also

identified macrofossils of terrestrial vegetation in organic levels inter-

spersed between sand dunes of more than 20 ky cal BP in the Cíes

Islands (Table 2) as a natural boundary of more than 300 m high at

that time (Arce-Chamorro et al., 2021) between the Galician continen-

tal shelf and the Ria de Vigo (Figure 8). This would already indicate

that the continental environments on this coast were affected by

dunes. This hypothesis is supported by the submerged forests that

appear under the intertidal sands of aeolian origin during storm

events, along the coast of Galicia and North-Central Portugal (García-

Amorena et al., 2007; G�omez-Orellana et al., 2014; Granja & Soares

de Carvalho, 1995; Ribeiro et al., 2011; Vidal-Romaní & Grandal-

d’Anglade, 2018) (Table 2, Figure 11), as well as the French Atlantic

coast and southern British Isles (Bicket & Tizzard, 2015; Westley &

Woodman, 2020; Williams & Doyle, 2014) (Figure 10). This highlights

the regional importance of this aeolian accretion model.

Galician submerged forests are classified as temperate and decid-

uous forests, as deduced from the isotopic analysis of the macrofaunal

bone remains included among the plant macrofossils (Vidal-Romaní &

Grandal-d’Anglade, 2018) (Table 2), and they were in full development

until 3.5 ky ago (Muñoz-Sobrino et al., 2016; Nombela et al., 2005;

Santos & Vidal-Romaní, 1993) (Table 2) with a sea level lower than

the present one. According to this cumulative aeolization model, the

mobilization of dune fields from the shelf towards the continent cov-

ered a large part of these coastal forests from the end of MIS2 to the

Late Holocene. Subsequently, the sea-level rise to present-day levels

has led to the flooding/reworking/marine erosion of the aeolian

sands, favouring the sporadic and brief appearance of the submerged

forests in the present intertidal (Vidal-Romaní & Grandal-

d’Anglade, 2018). The erroneous interpretation of coastal sands as

present-day marine formations (Alonso & Pagés, 2010; G�omez-

Orellana et al., 2007, 2014) ignores the most logical sequence of aeo-

lian accretion. This is the case of the 7 ky woody macrofossils found

on the north coast of Galicia (Table 2), subjectively interpreted as

materials removed from the seabed and moved by the waves to the

intertidal (see figure 2 of G�omez-Orellana et al., 2021), although they

are represented by fossil roots and trunks in a living position

(Figure 10). It is the waves stirring up the sands that uncover all these

macrofossils and even the organic soil of the palaeo-forest (Vidal-

Romaní & Grandal-d’Anglade, 2018), some of them buried by aeolian

sands 25 ky ago (García-Amorena et al., 2007; Granja & Soares de

Carvalho, 1995) (Table 2, Figure 10) when the sea level was at

�120 m bmsl (Waelbroeck et al., 2002) and the coastline was

F I GU R E 1 1 Hypothetic mobilization of sands
from the continental shelf (aeolian source area)
with sea level below �100 m (bmsl) 20 ky ago.
The dunes overcame steep reliefs (climbing dunes)
and buried the forested formations at the end of
the last regressive episode up to the Early and
Middle Holocene (transgression). Flooding of both
the lowermost areas of the fluvial valleys and the
dune fields less than 3 ky ago led to the Galician
rias. At this moment, the waves swept the dunes
and formed the present-day sand beaches. Today,
the waves stir up the relic (aeolian) sands of the
intertidal zone, bringing out the old shingle
beaches and submerged forests. [Color figure can
be viewed at wileyonlinelibrary.com]
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displaced more than 20 km to the west (Figure 7). As can be observed,

this pattern is repeated along the entire southern half of the European

Atlantic coast.

Comparatively, dune fields on the Atlantic coast of Portugal

(Loureiro et al., 2012; Vousdoukas et al., 2012) and SW Spain (Gracia

et al., 2006; Ley et al., 2007; Muñoz-Vallés & Cambrollé, 2014) are

more extensive than the relict dunes of NW Spain. According to the

model proposed here, this would be due to the existence of a larger

continental shelf and a larger amount of supply (sands on the emerged

shelf) at the time of their formation—as suggested in the Aquitaine

Basin (SW France) (Bertran et al., 2020). Chronologically, the model

would also be applicable to the entire Atlantic coast of SW France,

the Iberian Peninsula and Gibraltar, since the formation of coastal

dunes had continuity from the end of the last glacial period (MIS2) to

the Late Holocene, as indicated by OSL and radiocarbon dating

(Costas et al., 2012; Leira et al., 2019; Rodríguez-Vidal et al., 2004,

2014; Salvany et al., 2011; Sitzia et al., 2015; Zazo et al., 2005). This

interpretation would also be valid for the fossil dunes previously iden-

tified on the Atlantic coast of the Canary Islands (Vidal-Romaní et al.

in IGME, 2004) and recently dated between 30 and 15 ky (Roettig

et al., 2017).

7.2.2 | Culmination of the aeolian accretion process

The process of aeolian accretion on the Galician coast also continued

during the Late Holocene (Figure 11), as suggested by the partially

flooded dunes on the current Areoso Islet (in the interior of the Ria de

Arousa) (Figures 1 and 7), whose upper levels of sands were deposited

2.5 ky ago (L�opez-Romero et al., 2020). These dunes of the Areoso

Islet, now being eroded by wind and waves, fossilize a 6 ky-old mega-

lithic monument (L�opez-Romero et al., 2020; Mañana-Borrazás

et al., 2020). Surprisingly, these partially flooded dunes also fossilize

an organic soil of continental origin that includes woody macrofossils

dated back to 3.7 ky cal BP (Blanco-Chao et al., 2017; Cajade-Pascual

et al., 2019) (Table 2), an age in good agreement with the submerged-

forest soils mentioned above (Figure 10). All this indicates a fully

emerged islet connected to the mainland, with the presence of human

activity and well-developed forests buried by the dune fields (L�opez-

Romero et al., 2020). Bathymetric data (EMODnet, 2018) and the

location of the present islet suggest that, for these circumstances to

occur, the seashore was far below its current level 3 ky ago

(Figure 11). This is also suggested by foraminiferal analysis in the

nearest Ria de Vigo (southern Galicia) (Diz et al., 2002).

Once the sea reached its current level, sand supply was

completely suspended and the aeolian accretion ended (Figure 11). At

this point the wind became exclusively erosive. This is evidenced by

blow-out erosive formations (Figures 2b and 9) (see Section 7.2.1) that

originate when strong coastal winds strip the vegetation cover from

the dune front during storm periods. Aeolian sand infilling of those

freshwater coastal lagoons that had not been completely flooded by

the sea (Bao et al., 2007; Costas et al., 2009; González-Villanueva

et al., 2015; Sáez et al., 2018; Santos & Vidal-Romaní, 1993) also indi-

cates the erosion of the dunes by wind (Table 2). At present, dune

fields on the coast of Galicia no longer receive supplies as they did

thousands of years ago, and under a temperate-humid climate such as

that of NW Spain (Fick & Hijmans, 2017) they are colonized by

terrestrial vegetation (Jackson et al., 2019), temporarily protecting

them from erosion. The reactivation of aeolian accretion leading to

new dune fields, or the advance of pre-existing dunes over the current

vegetation cover, are not observed today (Flor-Blanco et al., 2021).

Nor is it observed that coastal vegetation leads to the formation of

dunes (e.g. nebka type) (Durán & Moore, 2013; Hesp et al., 2021), as

proposed for other coastal areas of different morphological, sedimen-

tary, tidal and/or dissipative characteristics. On the contrary, it is terres-

trial vegetation—including forest vegetation such as Pinus sp. (G�omez-

Serrano et al., 2009; Muñoz-Reinoso, 2021)—that today colonizes the

dune fields, previously transformed into relict formations due to the

lack of sand supply, as mentioned. This novel historical and evolutionary

perspective on coastal dunes in NW Spain provides insight into the vul-

nerability of these relict sand sediments to major storms associated

with more recent extreme events linked to global warming.

8 | CONCLUSIONS

Morphological, microscopic and grain size analyses show an aeolian

origin for the sandy deposits studied here. OSL dating establishes a

formation age for these outcrops between 35 and 14 ky, at the end of

the last glacial episode (MIS2). The location of these aeolianites and

the lack of sedimentary structures suggest that they are climbing

dunes.

During the period of accumulation of these dunes at the end of

the Upper Pleistocene, the sea level was supposed to be �120 m bmsl

on this coast. This means a shoreline displaced by several kilometres

and the subaerial exposure of a wide strip of the continental shelf

covered by sands which were later transported by the coastal winds

towards the continent, then reaching the areas where the tidal pro-

cesses are currently developing. According to the local record, the

magnitude of the aeolian accretion at the end of the last glacial period

allowed the advance of the dunes that in some cases reached a height

of 300 m, causing the collapse of coastal ecosystems.

The mobilization of dunes just stopped when the sea reached its

present level and the ocean flooded the source areas of aeolian sands

less than 3 ky ago. From this moment the wind became a purely ero-

sive agent, eroding sand from a large part of the dunes that were pre-

viously formed. At present, on the Atlantic coast of Galicia, with a

high-energy dissipation, waves also destroy the Late Pleistocene and

Holocene coastal aeolian formations (dunes), favouring the exposure

of the old shingle beaches, old forests and megalithic monuments.

In a global warming context, the rise in sea level inherent to the

current interglacial episode (Holocene) had initially favoured the forma-

tion of the dune fields, but has led to their subsequent flooding,

reworking and marine erosion. According to the hypotheses proposed

here, all the dunes preserved today in the study area are relict aeolian

formations, generally impeded by vegetation and very vulnerable to the

most extreme climatic events. This evolution model could be extrapo-

lated to the southern half of the European Atlantic coast, being a critical

issue for the future management of these coastal ecosystems.
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