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ORIGINAL
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Abstract Morphological mapping and ground penetrating ra-
dar (GPR) profiling were carried out in the Xagó aeolian dune
field along the Asturias coast of NW Spain to reconstruct its
Holocene evolution. Such data provide a much more accurate
picture than can be inferred from surficial morphological stud-
ies alone. Three successive dune sequences were identified: an
inner (climbing dunes), a middle (large transverse ridge and
minor elongated dunes) and an outer dune field (foredune with
lee-projection dunes and incipient foredune). A late Holocene
sea-level fall is inferred from the relative position of the dunes
together with a prograding tendency. Long intervals of
stabilisation, during which each dune sequence was formed,
are interspersed within the deposit. The GPR records also
reveal a period of erosion in the southern middle field, which
was followed by accretion. The results show that both
progradational and erosional processes occurred during the
Holocene evolution of the dune field, features that can be
extended to other dune fields in similar settings at these lati-
tudes. Stratigraphically, the Xagó dune field is an excellent
example where internal reflectors reveal an erosion surface
representing a transgressive or sea-level stillstand event that
had previously remained undetected.

Introduction

Sea-level records along the northern coastline of Spain have
suffered from a general paucity of good datable material, par-
ticularly in terms of Pleistocene deposits that are poorly pre-
served in the current environmental settings. However, four
pronounced marine terraces of early to mid-Pleistocene age
occur at elevations between 5 and 60 m in the central part of
Asturias (Hoyos 1989). Furthermore, along the Cantabrian
coast, a continuous raised beach deposit from the last intergla-
cial period has been identified byMartínez Graña et al. (2000)
and Alonso and Pagés (2007). Coastal deposits from the last
glacial to Holocene period have received most attention and
involve sediments found in solifluction, colluvial, beach and
dune environments. Infrequent peat horizons, together with
beach and aeolian dune deposits, provide the best evidence
of interglacial periods along the eastern Cantabrian coastline.
Leorri et al. (2012) conclude that the sea level rose slowly
from 7 ka onwards, and that sand bars developed in the
mouths of the northern estuaries from 5–4 ka (Cearreta et al.
2007). Between 4 and 2 ka the sea level fell, followed by a rise
of 0.7 to 0.3 mm year–1 during the pre-anthropogenic period
(Leorri et al. 2012). At present, based on coastal tide gauge
records and dating of marsh cores, the sea-level rise in the Bay
of Biscay is about 2.08±0.33 mm year–1 (Chust et al. 2009),
corresponding rates during the 20th Century amounting to
about 1.7±0.2 mm year–1 (García-Artola et al. 2015).

Elevated outcrops of Holocene gravelly and/or sandy beach
deposits locally overlie other continental sediments (Flor and
Flor-Blanco 2014) of early Flandrian age. Most of these occur
more than 5–7 m above the modern sea level at various loca-
tions in NW Spain, such as Gallín (east of Galicia), dated at
5,580–5,530 years BP (Feal-Pérez et al. 2009; Feal-Pérez
2012), Oyambre (Cantabria), dated at 5,880±30 and 5,250±90
years BP (Mary 1983), and the Gorliz dunes (Biscay), dated at
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5,710±50 years BP (Cearreta et al. 1990). According to Edeso
(1994), the late Flandrian landward limit of transgressive depo-
sition occurred after 4,920±100 years BP.

Along the Cantabrian coast, however, only a few re-
cords of prograding dune systems date after the maximum
Flandrian transgression. In addition, previous studies on
the Holocene of the Cantabrian coast in western Spain
(Feal-Pérez et al. 2014) and along the coast of Asturias
(Flor and Lharti 2008) complement the present study.
Comparisons were also made with outcrops found on the
Salinas beach/dune system (confining barrier) of the Avilés
estuary, the characteristics and origin of which are similar
to those of the Xagó dune field (Flor-Blanco et al. 2013).
The Salinas beach and associated aeolian dunes have pre-
viously been studied from morphological and sedimento-
logical perspectives by Flor (1978, 1981, 1986) and Suárez
Ruiz and Sánchez de la Torre (1983).

Prior to the availability of ground penetrating radar (GPR),
the internal architecture of aeolian dune fields was recon-
structed on the basis of characteristic surface and near-surface
features (topography, morphology, texture and composition of
sands, and sedimentary structures), involving trenching (e.g.
Bigarella et al. 1969; Ruz and Allard 1995) and computer
modelling (e.g. Rubin 1987). To reduce sediment disturbance,
new trenching techniques have, amongst others, been devel-
oped (e.g. Araújo-Gomes and Ramos-Pereira 2015). With the
advent of GPR and constantly evolving modelling capabili-
ties, two- and three-dimensional images of undisturbed beach,
dune and shoreface deposits can be generated, which greatly
improve reconstructions of their development (e.g. Nielsen et
al. 2009; Kim et al. 2013).

Initial applications of GPR in coastal environments date
back to the 1980s (e.g. Ulriksen 1982; Leatherman 1987;
Truman et al. 1988; for review, see Van Dam 2012). Those
and later studies focused on the geometry of reflectors, corre-
sponding radar facies and associated sedimentary sequences
(e.g. Bristow et al. 2000; Neal 2004). Thus, several studies
have demonstrated the effectiveness of applying GPR in
coastal environments (see Buynevich et al. 2009), in particular
coastal dune fields (see Bristow and Jol 2003; Bristow 2009),
thereby identifying different phases of progradation and ero-
sion (e.g. Tanner 1995; Bristow and Pucillo 2006). In fact,
many coastal studies are predominantly based on this non-
destructive method for interpreting sedimentation and sea-lev-
el changes. Good examples are available from North America
(Fisher et al. 1995; Van Heteren et al. 1998; Buynevich and
FitzGerald 2001; Havholm et al. 2004; Girardi and Davis
2010), Vietnam (Lee et al. 2013), India (Gujar et al. 2011),
northern Europe (Bristow et al. 2000; Clemmensen et al.
2001; Nielsen et al. 2009), Australia (Harari 1996; Bristow
et al. 1996, 2007; Bristow and Pucillo 2006) and New
Zealand (Van Dam et al. 2003). In Portugal, the GPR method
has experienced a remarkable expansion in recent years

(Moura et al. 2007; Ramos et al. 2010, 2011), while in Spain
it has found wide application in the dunes of the Ebro Delta
(Gómez-Ortiz et al. 2009; Rodríguez Santalla et al. 2009), and
in Galicia on the Cíes Islands (Costas et al. 2006), at Traba
(González-Villanueva et al. 2011a) and in the Corrubedo dune
system (González-Villanueva et al. 2011b).

In this context, the purpose of the present study was to map
the different surficial dune morphologies and apply GPR in
the Xagó dune field of Asturias in NW Spain, to determine its
internal architecture, identify features relating to sea-level os-
cillations and, together with age datings, reconstruct the
Holocene evolution of the system. The non-destructive GPR
method was of particular value because the beach/dune sys-
tem of Xagó is a protected landscape designated in 2000 as an
SCI (Site of Community Importance) and SZBP site (Special
Zone of Bird Protection). A similar approach has proved very
successful in, for example, reconstructing the Holocene evo-
lution of the Nazaré coastal dunes in Portugal (Ramos et al.
2010).

Regional setting

Asturias is located on the Cantabrian coast (NW Iberian
Peninsula) and is characterised by a tectonically stable rocky
coast that forms part of the Cantabrian Range, which extends
in a W–E direction (Fig. 1). The coastal temperatures are
rarely below 0 °C or over 30 °C, summer coastal temperature
averaging at 25 °C, and springs and autumns being mild due
to the influence of the Atlantic. Based on AEMET (National
Agency of Meteorology) data, the rainfall along the coast
(1970–2009) varies from 800–1,200 mm year–1 (González
Taboada and Anadón 2011).

The main ocean wave fronts approach from the NW
(Iglesias and Carballo 2010) and refract onto the NE–SW
oriented beach, making it one of the highest-energy beaches
along the Cantabrian coast. Wave dynamics is very variable,
ranging from low energy along the western part of the beach
(shadow zone) to progressively higher energy towards the
broad central and eastern beach sectors (exposed zone).
Based on historical records from 1974–2012 (Asturias airport
data), SW and WNW winds are dominant (23%) but are not
important in deflating sand from the beach to the dune field
due to a back slope of more than 20 m that confines the beach.
NW winds (8%), however, are important in this aeolian pro-
cess. During anticyclonic conditions, E and NE (17%) winds
are also strong enough to contribute to the total sand transport
(Fig. 2). Typical wind speeds along this coast mostly vary up
to 7 m s–1 but may exceed 11 m s–1 on rare occasions (http://
weatherspark.com/averages/32022/Aviles-Gijon-Oviedo-
Asturias-Spain). Tides are semidiurnal and mesotidal with
highest and lowest astronomical tides of 4.7 m and 0.2 m
respectively, the mean tide level averaging at 2.47 m (data
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from the port of Gijon located 18 km to the SE; NGIA 2014).
Morphodynamically, the beach is fully dissipative (Short
2006; Short and Jackson 2013).

The study area is confined by 40–100 m high cliffs, in
some places topped by old irregularly staggered erosion sur-
faces called “rasas” (Flor and Flor-Blanco 2014). The upper
rasa in this region is the Xagón surface (Fig. 3), preserved on
an isolated hill carved into Palaeozoic sandstones. The base of
the surface is located in the south at an elevation of 115 m
(rasa VI). To the east (El Otero), an aeolian sand outcrop
belonging to rasa VIII is preserved. Its nick point, which has
been linked to a sandy beach, is located at an elevation of 65m

(Flor-Blanco et al. 2013). As the coast is bounded by steep
slopes, the availability of sediments from rivers, which are the
most important source, is very restricted.

From a morphological point of view, the beach planform is
sub-rectangular and elongated, stretching for 1.8 km in a NE–
SW direction. The backshore and foreshore are approx. 130 m
wide, increasing to 175 m at the eastern end, where sand is
retained by a headland. The width of the aeolian dune field
progressively increases from 45 m in the west (due to the
shadow effect of the headland during north-westerly winds)
to a maximum width of 450 m at the eastern margin of the
exposed beach, from where it rapidly narrows towards the

Fig. 1 Top Location of the Xagó beach/dune complex (central Asturian coast, NW Spain) with the different dune fields (red numbers different sections
of eastern profile). Bottom Cross-section of the longest and most complete profile (eastern sector)
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confining headland. The best preserved dunes are found in the
central and eastern sectors of the exposed beach zone (Fig. 3).
The beach sand is composed of fine siliciclastic sand supplied
by the Nalón River and its tributary, the Narcea River, the
mouth of which is located 14 km to the SW, as deduced from
heavy mineral contents (Flor 1978) and the eastward directed
littoral transport (Flor-Blanco et al. 2013). The average grain
size of the intertidal beach sand is 2.12 phi (0.23 mm), where-
as the dune sands are finer (2.33 phi or 0.20 mm), the size
decreasing landwards and from the SW to NE (Flor 1981).

From the 1950s to the 1980s, the dune field experienced
heavy sand losses, particularly in the western half, because of
sand mining activities. Since the 1990s, the dune field has
been partially restored, but large artificial hollows have delib-
erately been retained and converted into permanent ponds fed
from the very shallow water table. Other areas were converted
into recreational and parking areas, access to the beach being
controlled by numerous fixed footpaths and some wooden
walkways. Small hollows were created as temporary landfills.

Fig. 2 Frequency (%) of coastal winds during summer and winter (from
Rasilla et al. 2004) based on daily records from November 2000 to
September 2012 (http://es.windfinder.com/windstats/windstatistic_
asturias_aviles.htm)

Fig. 3 Current aeolian dune field pattern with identified dune types in the Xagó beach/dune system, including areas altered by human activities
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Materials and methods

The mapping of the Xagó aeolian dune field was performed
by means of a geographic information system (ArcGIS, ESRI
Inc.) using a topographic map (1:5,000) from 2001 and
orthophotographs from 2010 provided by the Cartographic
Service of Asturias, via photo interpretation and field work
to identify many of the smaller dune morphologies. Older
stereo-photographs were inspected to establish the conditions
prior to mining (1954, 1957 and 1970). Ridge crests and
troughs, and the contours of tabular, foredune, climbing, lon-
gitudinal and tongue-like dunes, as well as anthropogenically
modified areas were identified by stereoscopic photo analysis
and field mapping.

Non-active zones in dune fields are usually colonised by
dense vegetation, with trails generated by interspersed tram-
pling activities. The latter were used for GPR profiling with
different antenna sizes depending on the selected frequency
(see Jol 2009). Three representative profiles (eastern, central
and western) aligned NW–SE parallel to the onshore winds
were chosen to reconstruct the internal architecture of the dune
field. The selected cross-sections were first surveyed topo-
graphically using a GPS (Leica System 500) and then profiled
by means of a MALÅ Geoscience ProEx GPR with data re-
cordings at 0.2 s intervals. The best GPR results were obtained
with antennas having central frequencies of 250 and 500
MHz, both providing adequate resolution and penetration
(Girardi and Davis 2010). The combined use of two antennas
improved the interpretation of the GPR data because the two
frequencies provide different but complementary information,
although the 250 MHz radargrams performed overall better in
this dune field.

Radargrams are normally corrected topographically for in-
terpretation. Nevertheless, some radargrams are presented
without this correction. Thus, the eastern profile through the
outer dune field, which includes the active foreshore, is
reproduced without topographic correction to better visualise
the complex sedimentary structures.

Results

Dune types and dune fields

In the Xagó dune field, three major elongated aeolian dune
belts can be distinguished that run parallel to the beach from
the inner slope to the backshore: an inner, a middle and an
outer dune field (Figs. 1, 3, and 4a). The middle and outer
dune fields comprise dune ridges, aeolian sedimentation being
higher in the eastern and central sectors of the middle belt due
to regular sand input from onshore winds. This sector is also
favoured by the littoral drift towards the east (Fig. 3).

One of the most distinctive morphological features of the
Xagó dune field is a climbing dune at the eastern side of the
inner field. It is shaped in the form of a lobe dune that narrows
and increases in height both downwind (from NW) and later-
ally as it climbs onto the hillside that has a slope of approx.
30°, thereby forming a narrow sand prism with a triangular
cross-section. The most important morphologies, however,
are the narrow foredunes, which form high and usually vege-
tated ridges (Fig. 4a). In contrast to these, the linear dunes
extending from the outer foredune crest towards the leeward
side, which Cooper (1958) has called lee-projection dunes, are
here named tongue-like dunes (Fig. 4b). Some isolated exam-
ples can be seen in the inner eastern area of the middle field.
Other minor elongated dunes are the so-called worm dunes
that are superimposed on the stoss side of the large dune ridge
in the middle field (Fig. 4b). Such worm dunes have previ-
ously been reported by García-Novo et al. (1975) and Vallejo
(2007) from the stoss side of transverse barchanoid dunes in
the Doñana National Park of Huelva in southern Spain, where
the dunes are larger and more active. The dunes of the outer
field are composed of incipient foredunes comprising tabular
and embryonic forms (incipient foredune) according to Hesp
(1984) or sand sheets according to Psuty (1989). These are
attached to the upper beach.

Inner aeolian dune field

This part of the Xagó dune field is characterised by climbing
dunes that occupy an overall area of 24,800 m2. These are
separated from the middle dune field by a smooth, approx.
20 m wide trough. The largest climbing dune has a lobate
shape, is 120 m long and 60 m wide, and covers an area of
9,000 m2, being slightly arched in plan view along a small
NW–SE elongated valley, which has facilitated aeolian sand
intrusion upwards and coincident with the beginning of the
eastern profile (Fig. 1), thereby generating a depositional lobe
(Fig. 3). Continuingwestwards, it is replaced by a regular sand
sheet where the hillside slope decreases. Being superimposed
on the back slopes of the aeolian dune field, the climbing
dunes act as topographic obstacles, such that the form reduces
the former slope. Thus, this dune type has a triangular trans-
verse shape.

Middle aeolian dune field

This dune field occupies the largest area (215,300 m2) and
features a broad and continuous ridge with a maximum height
of 20.7 m and an average width of 200 m. The area is densely
colonised by continental vegetation, the dunes being referred
to as secondary (Psuty 2004) or grey dunes (Favennec 2002).
The area has a smoothly rounded, convex topography that, at
its eastern end, splits up into two parallel ridges (Fig. 3). The
inner ridge is highly irregular due to tongue-like and
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longitudinal dunes, whereas the outer ridge is overall larger
(Fig. 4a). On the stoss side, several superimposed small elon-
gated ridges (decimetres in height and several meters in
length) can be distinguished as worm dunes. These are aligned
perpendicular to the main dune ridge (NW–SE), are semi-cy-
lindrical in transverse cross-section and regularly arranged
one next to the other. It is very difficult to recognise these
small ridges on the ground because they are densely vegetated
by shrubs and other vegetation, but they are easily identified
on panoramic pictures from the 1980s (Fig. 4b).

Three tongue-like dunes have developed on the foredune lee
sides of the eastern middle field (Figs. 3 and 4a), protruding in
height slightly above the surrounding ground. Their contours are
ovoid, with axes aligned NW–SE. They can be interpreted as
roll-over deposits (cf. Bristow et al. 2000). Similar dune types
have been observed in the dune fields along the erosional sandy
coast of Aquitaine in SW France (Favennec and Mallet 2008).
The formation of tongue-like dunes can also be triggered by
trampling of the outer foredune, as can be seen in the
neighbouring Salinas dune field (located 2 km to the west).

Another two large longitudinal N–S aligned dunes occupy
the foot of the western cliff of the flat Xagón hill. The eastern
one is subdivided into two almost imperceptible longitudinal
dunes separated by a shallow furrow (Fig. 3). These dunes are
approx. twice as long as the tongue-like dunes (maximum of
100 m) and 30 m in width. They began to form when the
trough became disconnected from the transverse ridge. The
formation of these dunes can be inferred to have begun when
wave erosion opened a narrow corridor in the eastern corner of
the beach, the NW–SE winds being diverted N–S by reflec-
tion against the sub-vertical western slope of the flat Xagó hill.

Outer aeolian dune field

Two dune belts can be distinguished in this dune field, which
occupies a surface area of 81,900 m2 (Fig. 3). This irregular
ridge was formed by the coalescence of grass-stabilised hill-
ocks, including shadow dunes, hummocks and nebkhas (cf.
Hesp 2002). Foredune development is tightly controlled by
vegetation, principally by Ammophila arenaria, which is

Fig. 4 a Oblique view of the beach/dune system showing the different
sectors. b Outer dune field with foredune and lee-projection dunes. This
photograph from 1983 also shows the worm dunes on the stoss side of the

middle dune field. c Transgressive and prograding sets separated by an
organic palaeosoil. This separation line (erosion surface) is observed in
both the Xagó and Salinas middle dune fields
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known to influence the formation and morphology of coastal
dunes (cf. Hesp 2002; Davidson-Arnott 2010). At present, the
stoss side of the foredune has an average width of 20 m from
foot to crest. It is very irregular due to colonisation by
Ammophila arenaria subsp. australis and through pedestrian
trampling, which has resulted in the formation of some pyra-
midal dunes. The lee side is steep and narrow, with an average
width of 30 m between crest and trough. It is colonised by
other plant species such as Lagurus ovatus and Oenothera
glazioviana.

When the outer foredune was being eroded in the second
half of the last century, several lee-projection dunes or tongue-
like dunes developed from the crest landwards. Their axes
have a maximum length of 25 m and are aligned slightly
oblique to the foredune direction, indicating that they were
formed by WNWwinds (Flor 1986). The main leeside trough
(swale) is continuous and has a lax surface of 9–10 m in
average width, separating the outer from the middle dune
field. Locally, but more frequently in the central area, some
tongue-like dunes overlie this swale in the SE (Figs. 3 and 4b).

The incipient foredune (Fig. 4b) occupies a surface of
42,335 m2 and has developed since 1979 (Flor-Blanco et
al. 2013). It is characterised by flat surfaces that gently slope
seawards and imperceptibly merge with the backshore. Storm
waves can excavate a several decimetre high scarp along the
upper beach limit. Sand dune pioneer vegetation is incipient
and const i tuted mainly of Elymus farctus subsp.
boreatlanticus, accompanied by Eryngium maritimum,
Calystegia soldanella, Euphorbia paralias, Cakile maritima,
Salsola kali, Polygonum maritimum, Pancratium maritimum
and occasionally Ammophila arenaria (García-Albá and
Morey 1981). The sparse dunes, which increase in height
relative to the associated foredune, have the appearance of
many small ephemeral shadow dunes. At the eastern end, a
disconnected patch of tabular dune with a maximum surface
of 1,000 m2 has formed since 1979 but has been eroding
rapidly over the past 15 years.

GPR profiles

The main subsurface architecture can be clearly reconstructed
from the radargrams, allowing the migration and, hence, the
evolution of the dune field to be inferred in concordance with
the surface morphology (Figs. 5, 6, and 7). The longest and
most detailed profile was obtained in the eastern sector (Fig. 5)
by combining several profiles from the upper beach to the
inner climbing dunes. Such continuity was not possible along
the central and western profiles (Figs. 6 and 7) because the
middle and outer dune fields had been intensively mined for
50–80 years during the last century. In the western sector, the
sedimentary volume is scarce because of the very effective
shadowing of the beach from wind action, as a consequence
of which very little sand is deflated (cf. Flor-Blanco et al.

2013). Moreover, most of the radargrams reveal cross-stratifi-
cation accreting upwards and migrating to the north, suggest-
ing general accretion from the inner dune areas to the beach
from the onset of sedimentation.

Only the climbing dunes were generated by deflation of the
old beach when sea level was higher than the present, the
deflated sands having been transported up and against the
slope. These relatively broad and thin aeolian sand sheets
are represented by small-scale structures that reveal dome-like
structures consisting of accreted laminae, the main stoss sides
being conformably steep relative to the hill slope (Fig. 5, sec-
tion 1). Some radar facies are high-angle and can be
interpreted as grain-flow and/or grain-fall cross-strata.

The transitional swale between the inner and middle dune
fields has a wide concave surface below which sub-horizontal
and undulating radar reflections with diffractions of rooted
and buried vegetation are revealed (Fig. 5, section 2a).
Where the dune extended to the beach (Fig. 5, section 2b),
the migrating sand has built two ridges. Stoss and lee laminae
(both sloping towards the sea but at different angles) can be
clearly identified. Topographically, this aeolian set is repre-
sented by a high ridge (Fig. 5, sections 2b and 3a) that displays
a seaward dipping erosional surface at its base (Fig. 5, section
3a). Such scarps have also been noted on other coasts (see
Bakker et al. 2012), and a similar surface was identified in a
trench in the neighbouring Salinas dune field, where the aeo-
lian dune fields have a comparable structure (Fig. 4c). In the
eastern sector, and consistent with the findings of Bristow et
al. (2000) along the Norfolk coast of the UK, some roll-over
deposits are generated in the form of the aforementioned three
tongue-like dunes.

The old erosion surface was subsequently covered by a new
sand sheet characterised by a low ridge with concordant and
convex reflectors representing moderate low-angle lee sur-
faces. This inner low ridge (Fig. 5, section 3b) evolves about
10 m northwards into a smooth ridge. The upper 2–3 m of the
dune displays continuous convex, sub-parallel and low-angle
reflectors, the lower sediment layers showing moderately in-
clined, downwind dipping slip faces. Seawards, a high ridge
represents the middle aeolian field (Fig. 5, section 3c,
Figs. 6 and 7) with seaward dipping high-angle leeside
laminae on the outer slope. The general large-scale convex
internal structure is consistent with the broad complex surface
topography, although the uppermost reflections are irregular,
similar to bio-topographic accumulations (cf. Bristow et al.
2000). The stoss side of the high ridge comprises moderately
to low-angle seaward dipping clinoforms that are very contin-
uous beneath the trough (Fig. 5, section 4a, Figs. 6 and 7) and
the active foredune (outer dune field). The trough is represent-
ed by low-angle, discontinuously dipping reflectors and a gen-
erally smooth concave shape that has a more contrasted to-
pography. The final dune typology is associated with a less
than 5 m thick sand sheet, which decreases in thickness
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Fig. 5 Eastern GPR profile showing the reconstructed transverse section
in four sections (Fig. 1) obtained using a 250 MHz antenna (pulse
velocity 0.14 m ns–1). Only the outer dune field with the active

foreshore is reproduced without topography to improve the
visualization of the complex sedimentary structures, especially in the
outer dunes
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towards the western dune field. Reflectors are discontinuous
concave- and convex-up, undulating due to root concentra-
tions from dune vegetation (Figs. 6 and 7).

In the case of the established foredune, the stoss side is
made up of high-angle, irregularly undulating reflectors, some
of which are slump structures, whereas others represent an old
erosion surface generated by cyclical erosion and accretion
processes linked to beach dynamics (Figs. 5, 6, and 7). This

outer belt has been overprinted by modern incipient
foredunes. Furthermore, incipient foredunes that partly cover
the stoss sides of the foredunes proper increase in size towards
the upper beach. The main internal stratifications are irregular,
minor erosion sets dipping at high to moderate angles. They
are covered by almost continuous very low-angle reflectors
along with undulations caused by pioneer vegetation
(Figs. 5, 6, and 7). Along the western profile, a tabular dune

Fig. 6 Simplified reconstruction of the central profile, where the identification of an erosion surface in the inner middle aeolian field is essential for the
understanding of the depositional interruption during the post-Flandrian transgression

Fig. 7 Western profile showing the humic horizon and the prograding dune
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or incipient foredune in the outer dune field is partly underlain
by what is interpreted to represent a discontinuous organic
horizon (Fig. 7).

Discussion

Previous works on dune typologies in Asturias, Cantabria and
Galicia (Cantabrian coast) have involved the characterisation
of dune morphologies (Flor 1981, 1992; Flor et al. 2011),
including their classification and characterisation using a hi-
erarchical model applicable to temperate rocky coasts (Flor
1998). The fundamental requirements for the formation of
coastal sand dunes are an abundant sediment supply and suf-
ficiently strong wind to transport it from the beach to the
hinterland (e.g. Łabuz 2005, Polish west coast). These require-
ments were guaranteed during the late Holocene because the
Nalón fluvial system supplied large sand volumes that were
transported alongshore by littoral drift (Flor 1978) and, along
stretches of sandy beach, deflated by winds blowing from the
first and fourth quadrants. The southerly winds did not con-
tribute to the formation of dunes due to the vertical back cliff.
In the case of the Xagó dune field, sand was supplied to the
beach by ocean waves from the persistent eastward directed
littoral drift (Flor-Blanco et al. 2013). Because the western
beach sector is sheltered, aeolian sedimentation is very limited
(energetic shadow). Towards the wider central sector, the
beach is more energetic and the dune field thus receives large
volumes of drift sand. The narrow eastern sector, in turn, is
dominated by wave reflection, as a result of which the nearby
foot of the cliff remains sediment starved (Fig. 3).

The analysis of dune morphology and reconstruction of the
internal architecture by means of GPR enabled detailed links
to be established between the evolution of the Xagó dune field
and specific eustatic events (Figs. 8 and 9), which can be
extrapolated to other areas of the wider region. The develop-
ment of the Xagó dune field commenced as sea level fell after
reaching its Holocene maximum at the terminal Flandrian
transgression (Fig. 8a). The sedimentary terrace of
Bañugues, located 8.5 km to the ENE, was cut in the course
of the same transgression that reached a maximum absolute
height of 5.5–6.0 m, and was topped by a highstand beach
deposit (<1.0 m thick) containing Asturian artefacts (picks) of
Mesolithic age (Rodríguez-Asensio and Flor 1979). In west-
ern Cantabria (130 km to the east), Mary (1992) dated this
maximum sea-level stand at 5,880 years BP, thus marking the
end of the regional transgression at approx. 5–4 ka. In central
Portugal, the coastline of this transgression is located 1 km
inland from the present shore (Danielsen et al. 2012). These
ages are in excellent agreement with the notion of Pye et al.
(2007) that, in England and Wales, the Holocene dunes
formed over the last 5,000 to 6,000 years. Along the west
coast of Ireland, the present-day dunes also formed over the

same time interval, commencing just after the mid-Holocene
maximum sea-level stand that reached a height of +3 m OD,
as documented from the coast of the County of Antrim (Carter
et al. 1989).

With falling sea level, sediment is transferred onshore to
accumulate as beach ridges and dunes. During highstands,
much of the river-supplied sediment is trapped within estuar-
ies (e.g. Gracia et al. 2006, Atlantic coast of SW Spain), being
released only by a lowering of the base level caused by a fall in
sea level, which results in a greater supply of sand to the coast.
Logically, the availability of sediment for dune formation is a
function of sediment transport in the nearshore environment
during periods of beach accretion (Hesp 1999). As a result,
aeolian dune fields can be generated more rapidly. In the pres-
ent case (inner and middle dune fields), the following condi-
tions favoured dune formation: forced regression, a high sand
supply, a suitable wave climate coupled with strong onshore
winds, and a dissipative beach morphology (Hesp and Short
1999). In response, multiple shore-parallel dune ridges were
generated on a prograding shore backed by a steep rocky
coast. The evolution of this aeolian dune/beach system is sim-
ilar to that considered by Pye and Tsoar (1990), in which
landward sand movement is followed by seaward dune
progradation as sea level falls. This evolutionary model is
generally representative of late Holocene dune/beach systems
along temperate rocky shorelines.

From the maximum Flandrian sea-level position (Fig. 8a),
the inner aeolian dunes (climbing dunes) were generated soon
after sea level began to fall (Fig. 8b). The dry upper beach of
the eastern half of the Xagó beach developed as a narrow belt,
thus deflecting the sand and generating the climbing dunes.
One of these dunes migrated upwards through a very small,
gently sloping valley to form a flat lobe with shallow depres-
sions on its upper surface (Fig. 9a). Subsequently, as sea level
fell, an initial ridge was built (foredune), leaving a relatively
wide swale between this new dune and the inner climbing
older dunes (Figs. 8c and 9b). To the southwest, this process
formed a large ridge (Figs. 5 and 6) under a persistent accre-
tionary set of processes (Fig. 8c). The formation and
progradation of coastal dunes are generally associated with
large sedimentary inputs (Davis and FitzGerald 2004). In the
study area, the sediment is supplied by the Nalón and Narcea
rivers, currently having a catchment area of 4,921.09 km2 and
an average annual runoff of 81 m3 s–1 (http://hercules.cedex.
es/anuarioaforos/afo/estaf-todalacuenca.asp?cdr1=0119).

A later rise or stillstand of the sea level resulted in low
sedimentary inputs, as a consequence of which the ridge was
partly eroded (Figs. 8d and 9c). This is documented by a
pronounced internal and oblique erosion surface in the
radargrams (Fig. 5, section 3a, and Fig. 6). A similar situation
was directly observed when trenching in the neighbouring
Salinas dune field. It exposed an erosional surface above a
humic horizon and an upper transgressive sequence of aeolian
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sands (cf. Fig. 4c). The transgressive pulse in the middle dune
field can be inferred from or equated with similar outcrops in
SW Galicia described by Martínez Cortizas and Costa Casais
(1997), which were dated at approx. 2,000 years BP, and the

western Andalusian coast (Huelva) described by Borja and
Díaz del Olmo (1996). The current process of erosion along
the Cantabrian coast, where the dunes are suffering significant
recession due to low sediment inputs in response to a gradual

Fig. 8 Simplified reconstruction (without scale) of the evolution of the Xagó dune field after the maximumFlandrian transgression, when there was only
an emerged beach (a), to the present situation (h)
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sea-level rise, can be considered to represent a modern ana-
logue of the situation recorded in the radargrams. Such mas-
sive erosion also occurs during intense destructive events such
as the severe storms recorded on the Cantabrian coast during
February and March 2014 (Flor et al. 2014)—at Xagó, these
caused dune recessions of between 3 and 11 m, and erosional
dune scarps of up to 3 m high.

In the middle field, several tongue-like dunes represent
roll-over deposits (cf. Bristow et al. 2000) of the type also
documented by Favennec and Mallet (2008) along the
retreating coast of Aquitaine (western France). In the eastern-
most beach sector, the formation of these dune types is linked
to sand deflation in combination with north-westerly winds
and the retreat of the foredune front (Fig. 8e) over an extended
period of relative sea-level stability accompanied by beach
erosion. Subsequent sea-level rise and fresh sediment supply
promoted onlapping sedimentation (Figs. 5 and 6), which cov-
ered the previous morphology and favoured the construction
of a larger and wider ridge in the form of a new foredune
(Figs. 8e and 9d). The final phase affecting the entire middle
dune field consisted of stoss-side sedimentation and worm
dune formation in response to NW winds and the absence of
topographic obstacles and vegetation. In the western beach
sector, the sand volume decreased, resulting in less accretion
due to the shadowing effect of the western headland. The
increase in the height of the dune ridge here was caused by
gradual accretion of the stabilised dune in the course of time
(cf. Bristow and Pucillo 2006).

The colonisation of the supratidal beach by vegetation in the
western sector (Fig. 9d)most probably indicates a temporary lack
of sedimentation that, in the next evolutionary stage, promoted
the formation of a humic horizon 1.0 m above the actual phreatic
level (Fig. 7). The subsequent sea-level fall left the dune ridge
within the shadow zone stranded with little further aeolian sand
input. Moreover, the swale between the northern side of the
middle dune field and the lee side of the old outer foredune most
likely reflects a prolonged period of stable sea level (Fig. 4b).
During the final sea-level fall, this outer foredune was formed
(Fig. 9e), occupying a narrow belt along most of the beach. The
increase in foredune elevation is best explained by a decrease in
the rate of coastal progradation when sea level stabilised. This
provides more time for dry sand to be blown from the beach to
the foredune (cf. Bristow and Jol 2003). In addition, the inner
fringe of the foredune is dotted with many tongue-like dunes,
which extend landwards from the crest in the form of roll-over
deposits (Figs. 8f and 9e). Internally, the dune is characterised by
steep and slumped laminae sloping towards the beach, alongwith
some erosional surfaces (Fig. 5, section 4b, Figs. 6 and 7).

Sand mining began around 1940, initially in the western
sector and on a small scale, but intensified after 1945 in

connection with steel production in nearby Avilés. Much of
the central and western foredunes, and some inner areas in the
western third of the upper beach, were destroyed by this ac-
tivity (Fig. 9f), which also included the extraction of beach
gravels. Until 1979, large volumes of clean fine siliciclastic
sands were extracted, producing a large depression in the main
ridge of the middle aeolian dune field that, in some places,
reached the phreatic level. In addition, during the 1970s, the
foredune front showed signs of natural erosion with little sea-
sonal accretion (Figs. 8h and 9f). However, the fresh supply of
sand and gravel from sediment dredged in the Avilés estuary
since 1979 has resulted in several metres of vertical accretion
along Xagó beach, thereby forming the incipient foredune
exhibiting a terrace-like morphology (Flor-Blanco et al.
2013). This incipient structure becomes narrower towards
the west and is detected in the GPR profiles as a slightly
seaward dipping sand sheet.

Conclusions

The combination of detailed morphological dune mapping
and GPR profiling has enabled the reconstruction of the evo-
lution of the Xagó dune field since mid-Holocene times in
relation to sea-level fluctuations and changing sediment in-
puts. The main sequence of events was:

– Formation of the inner dune field after the mid-Holocene
sea-level highstand.

– Formation of a foredune ridge (the middle dune field)
during the subsequently falling sea level.

– Temporary beach erosion and landward displacement of
the erosion limit in the central and eastern sectors, and the
formation of a humic horizon in the western sector during
a minor transgressive phase or sea-level stillstand, which
was associated with severe storms and a decrease in sed-
iment supply.

– Accretion during a subsequent sedimentation phase with
the formation of tongue-like dunes. The middle dune field
was fully deposited, generating superimposed worm
dunes and aeolian sedimentation over the entire back
beach.

– Formation of a new foredune (old outer dune field) in the
wake of a renewed sea-level fall. Intermittent erosional
phases resulted in the development of the outer tongue-
like dunes.

– Mining activity during the 1940s and 1950s affected the
formation of the last foredune. From the 1960s to the
1980s, the western half of the middle dune field was
destroyed by this activity.

– Fresh sediment supply from dumped dredged sands com-
pensated foredune erosion towards the end of the 1970s

�Fig. 9 Plan views of the evolutionary stages from the formation of the
old beach (a) to the complex dune field of today (f)
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and resulted in the formation of a new foredune that today
constitutes the new outer dune field.

– The identification of transgressive and regressive events
using the GPR method has resulted in a significant im-
provement in our understanding of the processes that af-
fected the Cantabrian coast within the Holocene period.
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