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While the internal structure of transgressive dunes is relatively well understood,

little is known about that of climbing dunes. The Valdevaqueros dune, located 10

kilometers northwest of Tarifa (Cádiz), is considered one of the largest and most

active transgressive dunes in Europe, as well as one of themain climbing dunes of

the Iberian Peninsula. This study analyzes the internal structure of the

Valdevaqueros dune using ground-penetrating radar (GPR) profiles. The results

reveal a variety of sedimentary structures that reflect different wind intensities

and directions. The findings highlight the significant role of topography in the

development of these structures. These results contribute to expanding

knowledge about climbing dunes, and particularly the dynamics of the

Valdevaqueros dune.
KEYWORDS

climbing dunes, ground penetrating radar (GPR), sedimentary structure, radar facies,
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1 Introduction

Coastal dunes form in areas of the coast where there is sufficient sand availability and

winds capable of transporting it inland. While a sufficiently large post-beach surface is

typically required to accommodate and promote maximum sedimentation, smaller and

steeper areas can also sustain dunes, provided the sediment supply is substantial and wind

transport capacity is exceptionally high (Ley et al., 2007). Transgressive dunes develop

under conditions of significant sand transport inland, driven by strong wind regimes.

Moreover, transgressive dune fields, characterized by abundant sediment volume and high

mobility, exhibit a wide variety of aeolian landforms (Hesp, 2011). These include dunes

stabilized by vegetation (e.g., nebkhas and shadow dunes), free dunes (e.g., barchan dunes

and barchanoid ridges), erosive features (e.g., deflation surfaces and blowouts), and relief-

dependent dunes (e.g., rampant dunes and drop dunes) (San Romualdo Collado, 2022).
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When sand is transported towards a physical barrier (such as a

cliff, hill, or building), it accumulates at its base or on the windward

slopes, giving rise to echo dunes, [dunes formed upwind of an

obstacle where the wind generates a secondary airflow in front of

the obstacle, creating a reverse vortex that deposits single sand

ridges parallel to the obstacle (Tsoar, 1983)]. In climbing dunes

(essentially dunes that climb slopes), sediment is transported

upslope by the persistent action of the wind, which deposits the

sand on the slope until it reaches the crest. Once there, if the wind

and transport conditions are favorable, the sand can move to the

leeward side, forming secondary deposits as sand sheets or smaller

dunes. A directionally persistent wind regime with sufficient energy

drives the formation of climbing dunes, while the material

foundation is an abundant sand source (Dong et al., 2023).

In climbing dunes, the slope plays a fundamental role in the

sand transport and accumulation process. Although there is no

fixed threshold of inclination that defines this kind of dune, Tsoar

(1983) found that climbing dunes are formed at a slope angle of 50°

or less, while echo dunes were formed at higher slope angles

indicating a correspondence between the formation of reversing

flow separation vortices at the toe of the steeper slopes and echo

dune development. Dłużewski et al. (2023) noted that a prerequisite

for climbing dune formation is that the slope inclination must not

exceed 55°. On slopes of this inclination, airflow accelerates as it

moves upslope, facilitating the transport of sand in the same

direction. Gentler slopes tend to favor the formation of dispersed

deposits or transverse dunes rather than climbing dunes (Hesp,

2011). In any case, these require a sufficiently steep slope, so that the

wind does not completely transport the sand over the obstacle and

allows its accumulation along the windward slope. On the other

hand, although climbing dunes can develop on steeper slopes, sand

hardly accumulates stably on inclinations that exceed the angle of

repose of the sediment, which is generally between 30° and 34°for

dry sand (Tsoar et al., 1996).

As previously stated, under specific conditions influenced by

factors such as wind speed and direction, sand grain size,

topographical discontinuities, and the stability of the surface

beyond the crest (Núñez Ravelo et al., 2016), some sand may be

deposited on the leeward side, facilitating the advance of the dune.

This highlights the complex interplay between aeolian processes

and the relief morphology of climbing dunes.

Although several studies have focused on climbing dunes

(Tsoar, 1983; Clemmensen et al., 1997; White and Tsoar, 1998;

Rodrıǵuez-Santalla et al., 2009; Núñez Ravelo et al., 2016; Dong

et al., 2023; Wang et al., 2022; Hesp, 2011; Dłużewski et al., 2023),

only a few have specifically analyzed their internal structure (Ford

et al., 2010; Flor-Blanco et al., 2012; Zhao et al., 2018).

Understanding the internal architecture of these dunes is essential

for reconstructing their formation processes and evaluating their

response to environmental changes. Ground Penetrating Radar

(GPR) is a highly effective tool for this purpose, as it allows for

the reconstruction of past depositional environments and the

identification of sedimentary processes in a variety of settings

(Neal, 2004). Given its non-invasive nature, GPR is particularly

suitable for studying fragile environments such as coastal dunes
Frontiers in Marine Science 02
without causing environmental damage (Gómez-Ortiz et al., 2009;

Zhao et al., 2018; Rodrıǵuez-Santalla et al., 2021).

On the other hand, Hesp and Smyth (2019) highlight that

scarping processes are likely to become more prevalent in coastal

environments as sea levels rise and beaches and dunes retreat or

shift landwards. They emphasize the vital importance of

understanding wind flow and aerodynamics over scarps. Similar

considerations are made by Vallarino-Castillo et al. (2023) on the

coasts of Latin America. Moreover, given the growing concern

about the effects of climate change on coastal zones, there is an

increasing tendency to regenerate dunes in areas where they have

disappeared, as dunes are considered one of the most effective

mechanisms for beach conservation and defense (Rodrıǵuez-

Santalla et al., 2009). Building on these ideas, it is essential to

deepen our understanding of the processes and mechanisms that

influence the formation and evolution of climbing dunes. Ground

Penetrating Radar (GPR) offers valuable insights into the

stratigraphic configuration, depositional patterns, and subsurface

features of dune systems, making it a powerful tool for analyzing

their internal structure and sedimentary dynamics. In this study, we

use GPR to examine the internal architecture of climbing dunes,

with a particular focus on identifying bounding surfaces,

sedimentary structures, and stratigraphic relationships. By doing

so, we aim to improve the understanding of their formation

processes and sedimentary evolution. This study presents an

analysis of the sedimentary structures obtained through GPR

associated with the climbing dune of Valdevaqueros, located on

the coast of Cádiz. The objective is to elucidate the processes

governing sand accumulation during upslope dune migration and

to assess how wind dynamics and topographic relief interact to

shape these sedimentary patterns. The results provide key insights

into the aeolian depositional systems of coastal dune environment.
2 Study area

The Valdevaqueros dune, located 10 kilometers northwest of Tarifa

(Cádiz) (Figure 1) is considered one of the largest transgressive dunes

in Europe, measuring 700 m in length, 600 m in width, and rising 50 m

above sea level. The dune migrates inland from southeast to northwest,

forming ridges oriented perpendicular to the dominant easterly wind

flow in the area. This wind pattern (Martins et al., 2018) drives an

average migration rate of nearly 18 m/year, making it one of the most

active dunes in Spain (Navarro, 2011). This high migration rate is

attributed to the fact that 70% of wind speeds in the region exceed the

threshold velocity required for sediment transport. Wind action has

been observed to cause upslope displacements of up to 1 meter per day

during easterly wind events (Navarro et al., 2015; Martıńez-Garcıá

et al., 2021, 2023). Navarro et al. (2011) calculated the drift potential

(DP) and resultant drift potential (RDP) indices following the method

of Fryberger (1979). The results indicated a very high DP, approaching

10,000, with about the same order of magnitude for RDP. The RDP/DP

ratio was approximately 0.80, suggesting that the wind regime is

predominantly unidirectional in the E-W direction. This is further
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supported by the resultant drift direction (RDD) value of 92.23°.

Additionally, easterly winds accounted for 89% of the total wind

power on average. These dynamics classify the Valdevaqueros dune

as one of the main climbing dunes on the Iberian Peninsula. The

climate of the study area is classified as a hot-summer Mediterranean

climate (Csa, according to the Köppen classification), with annual

average values of 17 degrees Celsius for temperature and 600 mm for

rainfall, based on data from the Spanish Meteorological Agency

(AEMET) recorded at the Tarifa station (AEMET (Agencia Estatal

de Meteorologıá), 2024).

The sediment transported to the Valdevaqueros dune crest is

well-sorted and primarily composed of medium-grained sand (0.3

mm), predominantly quartz (Muñoz-Pérez et al., 2009). González-

Martıń and Rodrıǵuez-Santalla (2021) estimated a 50% increase in

dune volume between 2008 and 2015, from 2,848,296 m³ to
Frontiers in Marine Science 03
4,320,089 m³, with most sediment accumulation concentrated along

the dune crest and its leeward side.

The surrounding beach morphology follows the shape of a Z-

shaped bay (Del Rıó et al., 2013) and includes a small seasonal coastal

lagoon formed by the mouth of the Valle River, located at the eastern

end of the beach. Typical of this type of beach, erosion is observed in

the shaded zone, with an average retreat of 10.4 m and a maximum of

18.5 m, while accretion occurs in the distal zone, east of the Valle

River’s mouth, with an average growth of 9.56 m and a maximum of

11.8 m (González-Martıń and Rodrıǵuez-Santalla, 2021).

Although coastal dunes provide a wide range of ecosystem

services, the rapid migration of the Valdevaqueros dune poses

challenges by encroaching on the A-2325 regional road, which

provides access to the town of Paloma Baja (Figure 2). This is due to

human intervention on the dune corridor that began in the early
FIGURE 1

Location of the Valdevaqueros dune and the position of the ground-penetrating radar (GPR) profiles. Profile 39 has been divided into four zones,
which are marked. The global wind rose corresponds to the period 2011–2018. (Data sources: Digital Terrain Model (DTM) from the National
Geographic Institute; Wind rose from Puertos del Estado, SIMAR Point 6048018).
FIGURE 2

E-2325 regional road affected by sand invasion from the Valdevaqueros dune. Image sources: Google Earth, 2023 (left); Bello-Millán et al.,
2016 (right).
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1940s that has modified the processes and evolution of the entire

physiographic unit (Navarro-Pons et al., 2011, 2016). To date, no

effective method has been identified to stabilize the dune, as the

strong winds and the large sediment load they carry exceed the

retention capacity of vegetation or artificial barriers (Román-Sierra

et al., 2004).Various alternatives have been proposed to mitigate this

issue (Fages et al., 2007; Bello-Millán et al., 2016), but the dune

continues its advance, already covering a significant portion of the

adjacent pine forest which was planted in the mid-20th century to

halt its progression (Figure 2).

Stabilizing the movement of a dune of this magnitude is

extremely complex, as all the conditions favoring its mobility are

present: abundant sand availability, a sandy fetch exposed to wind,

favorable topography, and frequent episodes of strong, dry winds

(Gómez-Pina et al., 2002). Figure 3 shows a schematic profile of the

Valdevaqueros dune and the maximum, mean and minimum values

of the windward and leeward slope angles measured by Muñoz-

Pérez et al. (2009) from topographic profiles taken in the cross-dune

direction in different surveys (1995, 1999, 2000, 2003 and 2006).

Note that sometimes the leeward slope exceeds the angle of repose

of the dry sand, so grainflow and avalanche processes are frequent.
3 Materials and methods

According to Martıńez-Garcıá (2024), dune ecosystems are

highly dependent on sedimentary dynamics, wind patterns, and

sediment properties. Consequently, understanding their evolution

and development requires analyzing the internal structure of the

dunes. To address this, three consecutive ground-penetrating radar

(GPR) profiles were collected. The position of the profiles is located

in the Figure 1. The profiles were obtained using RAMAC

equipment with a shielded antenna operating at a central
Frontiers in Marine Science 04
frequency of 250 MHz. The spacing between profile traces was 2

cm, and a calibrated marker wheel ensured equidistance between

traces. The topography along the profiles was surveyed using

differential GPS, and these data were subsequently used to apply

topographic corrections during data processing.

Although published data for EM wave velocities in sedimentary

materials are available, each specific study area displays particular

dielectric features, due to specific inherent heterogeneities of each of

its sedimentary lithologies. For this reason, specific estimations are

necessary in order to obtain a mean EM wave velocity value

applicable to all profiles, so that a representative dielectric

constant could be calculated.

In order to determine the velocity of electromagnetic waves

propagating through the sand dunes, the analysis of diffraction

hyperbolas observed in the ground-penetrating radar (GPR)

profiles was performed. Diffraction hyperbolas arise when an

electromagnetic wave encounters a point scatterer or a sharp

boundary contrast within the subsurface, leading to a characteristic

hyperbolic reflection pattern in the radargram. The shape and

curvature of these hyperbolas are directly related to the velocity of

wave propagation in the subsurface material. This method provides a

reliable, non-invasive means of determining subsurface wave

velocities and is particularly useful in environments such as sand

dunes, where direct velocity measurements may be challenging.

In this case, a 0.14 m•ns-1 mean velocity was obtained from the

analysis of diffraction hyperbolas. Therefore, we can conclude that

this value can be taken as representative of the materials in this area.

The obtained velocity value is very similar to those published by

different authors (e.g. Smith and Jol, 1992; Reynolds, 1997; Costas

et al., 2006) for dry sand, which range from 0.12 m•ns-1 to 0.17

m•ns-1. It must be pointed out that the estimated velocity is only

valid for the sand material located above the water table, due to the

fact that wet sand exhibits lower velocity values, as is well known. As
FIGURE 3

Schematic profile of the Valdevaqueros dune, and the maximum, mean and minimum values of the windward and leeward slope angles. HWL and
LWL are High Water Level and Low Water Level respectively. (Modified of Muñoz-Pérez et al., 2009).
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the time windows were determined in order to study mainly the

unsaturated zone, we consider that the obtained velocity value is

valid for depth determination. Once the velocity data were obtained,

a migration process was applied in order to collapse the diffraction

hyperbolae and obtain true geometries and depths of the subsurface

structures along the profiles.

The obtained velocities were then used to convert the GPR

travel times into depth estimates, allowing for a more accurate

interpretation of subsurface structures. This method provides a

reliable, non-invasive means of determining subsurface wave

velocities and is particularly useful in environments such as sand

dunes, where direct velocity measurements may be challenging.

Taking all this into account, the radargram processing included

the following steps: zero-time correction for each trace, signal

saturation correction, application of automatic gain control

(AGC), band-pass filtering, static correction, topographic

correction, and Kirchhoff migration.

The northernmost profile (profile 37) was acquired on the

leeward side of the dune and terminates at the A-2325 road, with a

total length of just over 40 meters (Figure 1). The second profile

(profile 38) follows a path parallel to the crest of the dune, extending

30 meters. The third profile (profile 39) with a total length of 198

meters is the longest one, covering the entire slope of the windward

side and extending up to the coastline. It runsmostly transverse to the

dune. The global trajectory of the profiles is oriented N35°W. A

dashed line indicates the location of the water table where it was

identified. Figure 4 shows a montage with the windward and leeward

profiles to give an idea of the dimensions of the Valdevaqueros dune.
4 Results

The processed GPR profiles reveal detailed information about

the internal geometry and subsurface characteristics of the climbing

dunes, shedding light on the processes shaping their formation and

evolution. Terminology used is the recommended by Neal (2004) to

define and describe radar surfaces, radar packages, and radar facies.

Figure 5 shows the radar facies identified in the GPR profiles.
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4.1 Profile 39 – windward face

This profile has been divided into four zones due to its great

length (Figure 4), following the upward trend of the dune, from the

shoreline to the crest.

Zone 1 (Figure 6): begins with clear evidence of vertical

accretion is represented by parallel, laterally continuous, and

extensive reflections (1), which are associated with beach deposits

(Costas et al., 2006). According to Rodrıǵuez-Santalla et al. (2024)

the unit at the base of profile 39 is related to the original dune

morphology from the mid-20th century (Navarro-Pons et al., 2011).

Between 180–182 m of the profile, convex, stacked, hyperbolic

reflections correspond to the burial of protodunes and/or coastal

scrub (2) (Costas et al., 2006; Gómez-Ortiz et al., 2009; Warner

et al., 2022). Moving inland from the coast, the reflections become

inclined, adapting to the slope of the system. Onlap and small roll-

over patterns associated with upslope sediment transport by wind

are also evident (3).

Zone 2 (Figure 7): between 145 and 164 m, undulating,

hummocky cross-stratification reflections typical of transgressive

dune sequences can be observed (1). These suggest deposition

under varying wind conditions (Warner et al., 2022). A central

depression marked by toplap reflections terminations and erosional

truncations is identified as a blowout (2) (González-Villanueva

et al., 2011; Hesp, 2002). Above this structure, prograding and

sigmoidal reflection shapes reappear, showing upward sediment

transport under consistent wind flow, similar to those previously

described in (1).

Zone 3 (Figure 8): between 80 and 94 m, landward-dipping,

high-angle, parallel reflections with downlap terminations and

continuous stoss slope facies are observed. (1). In the 60–80 m

section, convex, stacked, discontinuous, low-angle reflections with

seaward dips are identified as foreslope accretion units (2). Above

this, the slope becomes steeper, with roll-over structures and trough

cross-stratifications developing (3).

Zone 4 (Figure 9): this corresponds to the highest part of the

windward face and the dune crest. Between 40 and 60 m, convex,

parallel, and concordant reflections suggest vertical accretion (1). In
FIGURE 4

GPR profiles. The leeward side corresponds to profile 37 and windward side to profile 39, whose position is shown in Figure 1. The windward has
been divided into four zones to facilitate profile analysis.
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addition to this, on the windward side, erosional truncations caused

by sediment being transported toward the crest can be distinguished

(1). In the center of this profile (2), a continuous and concave

reflection marks a bounding surface that separates different phases

of sediment deposition. Above this surface, landward-dipping, high-

angle, parallel reflections with downlap and toplap terminations are

identified. In zone (3), undulating, landward-dipping, low-angle

reflections are observed, showing vertical aggradation.
Frontiers in Marine Science 06
4.2 Profile 37 – slipface of the Dune

The radargram (Figure 10) shows sand transported from the

dune crest, deposited in layers inclined towards the base of the

slope, showing cross-bedding with a prograding pattern. Between

20 and 30 m, the reflections exhibit an inclination of 34°,

corresponding to the angle of repose of the sediment. These

reflections are laterally continuous, subparallel, and show complex
FIGURE 5

Radar facies recognized in the GPR profiles from Valdevaqueros coastal dune.
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sigmoidal geometries. They form downlap relationships due to the

aggradation and northward migration of the dune (3). Convex,

stacked, and semi-continuous reflections are observed in zone (4)

indicating multiple deposition and partial erosion (Warner et al.,

2022). At the base of the slipface, sub-horizontal to undulating

reflections are visible, showing grainflow (or avalanche) structures

and vertical accretion processes (1). Additionally, truncations (2)

can be identified near the Maspalomas road.
4.3 Profile 38 – dune Crest

This profile (Figure 11) represents a longitudinal section of the

dune crest oriented SW–NE. This section is strongly influenced by

easterly winds, as it is located in the highest area of the dune field.

Between 0 and 5 m, continuous, parallel reflections with a convex-
Frontiers in Marine Science 07
upward shape are observed (1). Between 10 and 20 m in zone (2),

cross-stratification establishing onlap, downlap, and toplap

relationships due to sediment movement towards the crest are

imaged. In addition to this, older reflections are truncated by

more recent ones, generating erosional truncations (3).
5 Discussion

Some stratigraphic relationships in the radargrams of

Valdevaqueros dune resemble those in transgressive coastal dunes

(McGourty and Wilson, 2000; Costas et al., 2006; Robin et al., 2022;

Warner et al., 2022). However, climbing dunes show unique

differences due to their topographic context and sand accumulation

on an ascending slope. An interpretation of the different radar facies

descriptions in the results section has been provided here.
FIGURE 6

Profile 39 corresponding to Zone 1 of the windward side. Upper panel: processed radargram. Lower panel: interpretation of the radargram. The red
boxes show key stratigraphic features. (1) Parallel and laterally continuous reflectors indicating vertical accretion related to beach deposits. (2)
Convex, stacked, hyperbolic reflectors interpreted as the burial of protodunes and/or coastal vegetation. (3) Landward-inclined reflectors with onlap
and roll-over patterns, associated with upslope sediment transport by wind.
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5.1 Windward face processes

The windward face presents unique stratigraphic relationships

resulting from the interaction between prevailing winds, the

ascending slope of the terrain, and the constant transport of sand

toward the crest and the leeward side. Across the entire windward

face (zones 1 to 4), the reflections conform to the underlying

topography, adjusting their inclination to the local slope

variations. As a general trend, it can be stated that the upslope

sand transport generates aggradation patterns characterized by

pronounced onlap, downlap, and roll-over structures associated

with the wind-driven movement of sediment up the slope. On the

other hand, in steeper areas, the reflections are tilted in the direction

of dune advancement (Rodrıǵuez-Santalla et al., 2021), reflecting

the dune progradation process. In addition to this, variations in

wind intensity are recorded as truncations along the profile, which

represents the disruption of the deposition process (Fu et al., 2019).

Near the coastline (Zone 1), the structures resemble those in

modern foredunes (Hesp, 1988; Harari, 1996; Bristow et al., 2000;

Bristow and Pucillo, 2006; Ramos et al., 2010; Fernández et al.,
Frontiers in Marine Science 08
2016);, with parallel and continuous reflections indicating vertical

accretion (Costas et al., 2006; Rodrıǵuez-Santalla et al., 2021).

Evidence of vegetation burial is also observed in Zone 1 (Figure 6).

The complex, undulating, high-angle inclined reflections, often

truncated and discordant reflections described in Zone 2 (1,

Figure 7) suggest deposition under varying wind conditions and

are typical of dynamic environments where dunes are continuously

advancing and reshaping due to changes in wind direction and

intensity (Warner et al., 2022). In the same profile but in its central

part (Zone 2, (2), Figure 7) a blowout associated with erosive

processes has been previously described. According to Hesp

(2002), a blowout is a saucer-, cup- or trough-shaped depression

or hollow formed by wind erosion on a preexisting sand deposit.

Blowouts are common features in coastal dune environments, and

their internal structure has been analyzed through GPR by several

authors (Neal and Roberts, 2001; González-Villanueva et al., 2011;

Baird et al., 2021, among others).

In the same profile but in Zone 3 (Figure 8), different processes

of dune dynamics can be inferred from the different radar facies

observed. For example, between 80 and 94 m of the profile, the
frontiersin.or
FIGURE 7

Profile 39 corresponding to Zone 2 of the windward side. Upper panel: processed radargram. Lower panel: interpretation of the radargram. The red
boxes show key stratigraphic features. (1) Undulating, high-angle, truncated and discordant reflections interpreted as transgressive dune sequences
deposited under variable wind conditions. (2) Central blowout structure characterized by toplap terminations and erosional truncations. Overlying
the blowout, prograding sigmoidal reflections indicate renewed sediment accumulation under sustained wind flow.
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landward-dipping, high-angle, parallel, with downlap terminations

and continuous stoss slope facies observed are interpreted as

associated with dune accretion and migration (1). However, the

convex, stacked, discontinuous, low-angle reflections with seaward

dips and downlap terminations identified in (2) can be interpreted,

according to Bristow et al. (2000), as foreslope accretion units.

Moreover, the roll-over structures and trough cross-stratifications

described in (3) indicate the migration of sediment up the

windward slope toward the dune crest (Bristow and Pucillo, 2006;

Costas et al., 2006; Rodrıǵuez-Santalla et al., 2021).

Focusing on highest part of the windward face and the dune

crest area (profile 39, Figure 9, Zone 4), different radar facies has
Frontiers in Marine Science 09
been described. Whereas the convex, parallel, and concordant

reflections observed indicate a process of successive vertical

accretion of the dune (40-60 m of the profile in (1)), the erosional

truncations imaged at the windward side are associated with dune

accretion in the foreset (2) and the migration of sediment toward

the dune crest. These dome-shaped reflections, inclined in favor of

the slope, are similar to those described by Flor-Blanco et al. (2016)

in the Xagó dune field, in Asturias. Different form this, the

undulating, landward-dipping, low-angle reflection described in

(3) reflect the tendency of the dune to advance due to the

constant deposition of wind-transported sand and are

characteristic of transgressive dune sequences (Warner et al., 2022).
FIGURE 8

Profile 39 corresponding to Zone 3 of the windward side. Upper panel: processed radargram. Lower panel: interpretation of the radargram. The red
boxes show key stratigraphic features. (1) Landward-dipping, high-angle parallel reflections with downlap terminations and continuous slope facies.
(2) Below, convex, stacked, discontinuous low-angle reflections with seaward dips are interpreted as foreslope accretion units. (3) Higher up, steeper
slopes exhibit roll-over structures and trough cross-stratifications.
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5.2 Dune crest processes

The dune crest (Figure 11) is the area most affected by strong

winds (Navarro-Pons et al., 2011), so it is normal to find truncations

between the reflections associated with the removal of sediments.

Again, different radar facies have been previously described in the

results section. For example, the truncation of older reflections by

more recent ones generating the erosional truncations described in

(3) indicates processes such as sand removal by strong winds or

changes and reactivations in wind direction that generate deflation

at the crest (Rodrıǵuez-Santalla et al., 2009).

Different to this, in the transition zone from the crest to the

leeward slope, the cross-stratifications establishing onlap, downlap,

and toplap relationships observed at (2) are a results of the easterly

winds pushing sediment towards the dune crest. This process leads

to dune aggradation by foreslope accretion, producing reflections

with stratification patterns of cut-and-fill and rollover (2), as

described by Bristow et al. (2000) and more recently by

Rodrıǵuez-Santalla et al. (2021). The material is deposited by

sliding or falling sand (grainfall) (Eastwood, 2011) and the

reflections are inclined downwind, from the brink of the dune,

establishing downlap relationships. Sigmoidal or complex

relationships are also observed, with curved reflections typical of

dynamic sedimentation structures in active dunes (Hugenholtz

et al., 2007). These relationships result from the interaction of

transport and deposition processes combined with the morphology

of the dune crest (Brothers et al., 2017).
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Finally, aggradation process is also evident in (1), with

continuous and parallel reflections with a convex-upward shape

observed associated with the vertical aggradation of the topset This

reflects the tendency of the dune to advance due to the constant

deposition of wind-transported sand.
5.3 Slipface processes

In general, the structures defined on the slipface (profile 37,

Figure 10) do not differ significantly from those described in

transgressive coastal dunes (Clemmensen et al., 2001; Brothers

et al., 2017; Fu et al., 2019; Ribolini et al., 2021). The stratigraphic

relationships between the reflections are the result of the

sedimentary processes associated with the grainfall (Eastwood,

2011) and vertical accumulation resulting in dune aggradation

under a consistent sand supply over time. Grainfall deposits

typically form cross-bedding with a prograding pattern (Hunter,

1977; Harari, 1996; Fu et al., 2019; Eastwood, 2011). The reflections

are inclined toward the base of the slope, with inclinations close to

the sediment’s angle of repose (30° to 34°for dry sand). They exhibit

a parallel, laterally continuous arrangement, forming a prograding

pattern. The progressive accumulation of sand layers on the slope as

the dune advances generates onlap and downlap relationships

between the reflections (Bristow et al., 2000; Bristow and Pucillo,

2006; Costas et al., 2006; Rodrı ́guez-Santalla et al., 2021).

Truncations are frequently associated with episodes of erosion
FIGURE 9

Profile 39 corresponding to Zone 4 of the windward side. Upper panel: processed radargram. Lower panel: interpretation of the radargram. The red
boxes show key stratigraphic features. (1) Convex, parallel, concordant reflections indicate vertical accretion, with erosional truncations on the
windward slope caused by upslope sediment transport. (2) A continuous concave reflector marks a bounding surface separating different
depositional phases. (3) Above, landward-dipping, high- and low-angle reflections with downlap and toplap terminations indicate
vertical aggradation.
frontiersin.org

https://doi.org/10.3389/fmars.2025.1568474
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Rodríguez-Santalla et al. 10.3389/fmars.2025.1568474
caused by changes in wind direction or intensity, which remove

previous layers before the deposition of new sand sheets, reflecting

the interplay of depositional and erosive processes. At the base of

the avalanche face, it is possible to find horizontal or slightly

inclined reflections representing vertical sediment accumulation
Frontiers in Marine Science 11
and grainflow deposits (avalanche) (Eastwood, 2011), marking

older sand deposits or stabilized underlying units (González-

Martıń and Rodrıǵuez-Santalla, 2021). However, in the case of the

Valdevaqueros dune, these reflections are disrupted due to sand

removal activities associated with road maintenance.
FIGURE 10

Profile 37 corresponding to the leeward side. Upper panel: processed radargram. Lower panel: interpretation of the radargram. The red boxes show
key stratigraphic features. (1) Sub-horizontal to undulating reflections at the base indicate grainflow structures and vertical accretion. (2) Erosional
truncations are visible near the Maspalomas road. (3) Inclined, laterally continuous, sigmoidal reflections (34°) with downlap terminations reflect
prograding slipface migration. (4) Convex, stacked, semi-continuous reflections suggest multiple deposition events and partial erosion.
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6 Conclusions

The internal structure of the climbing dunes shows a variety of

sedimentary structures that differ along the profile due to the

different intensities and directions of the wind, as well as the

pronounced topographic control that influences them. These

processes are supported by an abundant sand supply. The

Valdevaqueros dune represents a wide catalogue of these

structures. The reflections adapt to the slope of the underlying

terrain, showing structures indicative of upward transport and
Frontiers in Marine Science 12
aggradation. The different phases of sediment deposition

associated with wind reactivations are represented by bounding

surfaces. In the transition from the crest to the leeward slope,

material is deposited through grainfall, At the base of the leeward

face, the reflections form prograding patterns through grainflow

and vertical accumulation.

The analysis of these radargrams further expands the description

of sedimentary structures characteristic of climbing dunes, which is

scarce in the literature. Additionally, this study expands the

understanding of the dynamics of the Valdevaqueros dune.
FIGURE 11

Profile 38 corresponding to the crest of the dune. Upper panel: processed radargram. Lower panel: interpretation of the radargram. The red boxes
show key stratigraphic features. (1) Continuous, parallel, convex-upward reflections near the surface. (2) Cross-stratified reflections with onlap,
downlap, and toplap terminations indicating sediment transport towards the crest. (3) Erosional truncations where older reflections are cut by more
recent ones.
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González-Martıń, L., and Rodrıǵuez-Santalla, I. (2021). Analysis of the dynamics of
the Valdevaqueros dune. Environ. Sci. Proceeding. Available online at: https://sciforum.
net/manuscripts/11643/manuscript.pdf.
frontiersin.org

https://www.aemet.es
https://doi.org/10.3389/feart.2021.669440
https://doi.org/10.3389/feart.2021.669440
https://doi.org/10.1016/j.riba.2016.07.001
https://doi.org/10.1016/j.riba.2016.07.001
https://doi.org/10.1046/j.1365-3091.2000.00330.x
https://doi.org/10.1111/j.1365-3091.2006.00792.x
https://doi.org/10.1111/sed.2017.64.issue-3
https://doi.org/10.1111/j.1365-3121.1997.tb00023.x
https://doi.org/10.2110/jsr.2006.094
https://doi.org/10.2112/SI65-357.1
https://doi.org/10.1029/2023JF007316
https://doi.org/10.1016/j.geomorph.2023.108869
https://doi.org/10.1016/j.geomorph.2023.108869
https://doi.org/10.2112/SI75-56.1
https://doi.org/10.1007/s00367-015-0427-1
https://doi.org/10.1016/j.geomorph.2019.05.014
https://doi.org/10.1016/j.jappgeo.2008.11.007
https://doi.org/10.2112/1551-5036-36.sp1.325
https://doi.org/10.2112/1551-5036-36.sp1.325
https://sciforum.net/manuscripts/11643/manuscript.pdf
https://sciforum.net/manuscripts/11643/manuscript.pdf
https://doi.org/10.3389/fmars.2025.1568474
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Rodríguez-Santalla et al. 10.3389/fmars.2025.1568474
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Núñez Ravelo, F., Hernández Labrador, M., and Ugas Pérez, M. (2016).
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