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Abstract: The Valdevaqueros dune, located on the Atlantic coast of Cadiz (SW of Spain), is consid-
ered one of the largest transgressive dune in Europe due to its dimensions: 700 m length, 500 m
width and 50 m over the sea level. It is expected that the dune will continue growing because, at the
current date, any method has achieved to stabilize the dune. Valdevaqueros is located a few kilo-
meters from the Strait of Gibraltar, where the prevalent winds of Levante cause a migration rate of
17 m/year. This fact has provoqued the burial of the regional road, so maintenance task must be
done periodically. In view of this troublesome, the Valdevaqueros dune has been the subject of nu-
merous studies with the purpose to obtain a correct characterization of its behavior and evolution.
Throw out this work, the dune will be studied between 2008 and 2015 by means of three analysis
kind: the spatial and volumetric variation of the dune field using LiDAR data, the shoreline evolu-
tion supported by the ArcGIS DSAS extension; and the study of its internal structure using GPR
data. The results reveal that the dune has doubled its size and volume, the sedimentary patterns on
the windward face of the dune are associated with foreslope and the coastal environment is mostly
erosive. This study represents a significant advance in knowledge of this dune dynamic.
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1. Introduction

According to the latest IPCC report [1], sea level is expected to continue to rise over
the century, even under a scenario of very low GHG emissions, it is estimated that sea
level could rise between 0,28 and 0,55 m, progressively rising to 1,88 m in worst-case sce-
narios, reaching 2 m in 2100. This rise poses a risk to coastal population: [2] have obtained
through a procedure with LiDAR, that 35 million people are living in areas below 0 m,
being at extreme risk from floods, and 267 million are in countries below 2 m, suffering a
potential risk. It is also estimated that the human population living on the coast will in-
crease to 286 million by 2030 and will exceed 300 million by 2060 [3].

Coastal dune systems are transitional systems between the marine and continental
environments. In general, they can be characterized as systems with great physical dyna-
mism, which in turn makes them extremely vulnerable to human alterations [4]. This dy-
namism is due to its environmental function, as the dunes act as a barrier to external de-
structive forces such as marine storms. The sandy formations absorb this impact [5], slow-
ing both the waves and the wind, thus avoiding the invasion of the sea towards the inte-
rior of the coast. This fact is of great importance as it provides protection against the fore-
seeable rise of the sea. Therefore, it would be interesting to study the dune systems
throughout the world to be able to establish an environmental planning against possible
floods.
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2. Study Area

The Valdevaqueros dune, located 10 km to the NW from Tarifa (Cadiz, Spain) (Figure
1), is considered largest transgressive dunes in Europe: 700 m length, 500 width and 50 m
over the sea level [6]. The strong winds of Levante that predominate in the area generate
a migration rate of 17 m/year, causing the burial of the road A-2325 [7], located at the foot
of the dune, by its leeward face.
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Figure 1. Topographic map of the Strait of Gibraltar, with the marked location of the Cove of
Valdevaqueros (Instituto Geografico Nacional (IGN) [8]). Including an aerial image of the dune in
2020 [8].

Among the various aspects that have caused this phenomenon, the main one is the
human intervention in the system: [9] show that the alteration of the sedimentary regime
dates back to 1939, when approximately 500 forts were built along the coast of the Strait
of Gibraltar at the outbreak of the Second World War, causing the imbalance between the
Cove of Valdevaqueros, Los Lances and Tarifa.

One of the solution that was being developed to try to stop the dune was sand ex-
traction, however, in 1998 the Coastal Law was published, which, among others observa-
tions, prohibited the extraction of sand in order to protect the Spanish coast. After that
[10] contemplate that Valdevaqueros dune has experienced a greater growth compared to
previous year.

At current date, no method has been found which to stabilize the dune, because the
strong winds of the area and the great sedimentary load transported exceed the retaining
capacity of the vegetation or artificial barriers [11].

3. Materials and Methods
3.1. Morphological Variation Analysis

First, a quantitative and qualitative analysis of how the volume and area of the dune
have varied is carried out. To this end, we are working with the first LIDAR (Light Detec-
tion And Ranging) coverage for 2015 and the DEM (Digital Elevation Model) for 2008,
obtained from the IGN [8]. From both years, the dune field is extracted by manual digiti-
zation with the support of aerial photographs, in order to compare them.

The treatment and data comparison were realized using ArcGIS 10.8: using Cut and
Fill tool, that shows the zones of loss and gain in height, and Surface Volume tool, that
calculates the area and the volume for each year.
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Additionally, three topographic profiles have been studied along the dune observing
how the dune has been changing and determining more dynamic areas than others.

3.2. Coastal Evolution Analysis

The Digital Shoreline Analysis System [12] gets the accretion and erosion zones of
the beach by a series of transects projected from a baseline that cut the target lines, in this
case, the 2008 and 2016 shoreline obtained from aerial photographs.

DSAS provide three statistics [12]:

e NSM (Net Shoreline Movement): shows the distance between the oldest and most
current line per transect.

e  SCE (Shoreline Change Envelope): shows the distance between the furthest and clos-
est line to the baseline for each transect.

e EPR (End Point Rate): calculates the annual rate of coastal migration. Is the value of
NSM divided by the time interval in years between those lines, expressed as the
change in m/year.

3.2. Analysis of the Internal Structure

The study of the internal structure consists of the sequence of three Ground Penetra-
tion Radar (GPR) profiles of the windward face. Similar to a stratigraphic study, in each
of the profiles different sedimentary patterns are identified with which the evolution of
the dune can be reconstructed.

4. Results
4.1. Volumetric Variation

The Table 1 shows the rates of change of area and volume in the different periods.

Table 1. Data of surface, volume and maximum height of the dune field for the year 2008 and 2015,
in addition the calculation of the percentage of growth is incorporated.

i heigh
Study year Area (m?) Volume (m?) Max1m:11;1; elght
2008 167.900 2.848.295,94 45,70
2015 235.000 4.320.088,50 49,59
Net change - 67.100 1.471.792,56 3,89
Change (%) - 39,96 51,67 8,5

It can be observed that, in the course of 7 years, the surface of the dune field has
increased by almost 40%, reaching 23,5 ha, while the volume has grown by more than
50%. The height obtained from the DEM has barely increased by 8%.

The migration of the dune determinate by the map Cut and Fill tolls (Figure 2. Left),
shows the central zone corresponding to the dune in 2008, which over time has been dis-
placed by de easterly winds towards the NW (red zones), where an increases of the sedi-
ment volume is observed. The A-2325 road can also be seen.

In order to complete the migratory analysis, topographic profiles have been plotted
(Figure 2. Right): to establish a reference a point, in this case the road that would be located
at point 6; from there can be observed as the ridge of the dune has been shifted towards
the NW, seeing as the road has been reached and buried.
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Figure 2. Left: Volumetric variation representation of the Valdevaqueros dune, showing loss and gain zones (blue and
red) between 2008 and 2015. Right: Topographic Profile of the Valdevaqueros dune for 2008 and 2015.

4.2. Shoreline Evolution

The NSM and EPR values obtained shows that of the 37 transects, 29 of them are in
erosion situation with an average loss of 10.4 m with a maximum of 18.5 m; on the other
hand, the remaining 8 transects are in accretion with an average growth of 9.56 m with a
maximum of 11.8 m. The value of the EPR for the entire data set is -0.86 m/year, establish-
ing that the beach of Valdevaqueros is in erosion.

4.3. Sedimentary Dynamics

Due to its great length, those radargrams of greatest interest will be analyzed. The
first of these, the steepest zone of the profile (Figure 3): at 80 m it can see how the reflectors
being to step uphill in the NW direction, associated with different wind impulses, causing
hyperbolic truncations and outcrops, as a result of the slope, wind intensity and the pres-
ence of vegetation. Relative to the other interest area (Figure 4): in the central area, a blow-
out sedimentary structure can be identified, a dune depression that, according to [13], is
associated with the incidence of strong winds, which push the sand to the outside of the
depression, being observed in the reflector themselves that present truncations in opposite

directions to each side of the depression.
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Figure 3. Part of the radargram corresponding to the beach-crest transect and its corresponding
interpretation.
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Figure 4. Part of the radargram corresponding to the beach-crest transect and its corresponding
interpretation.

5. Discussion and Conclusion

The study ofsurface and volume variation of the dune fields has varied at is of great
importance to address the correct environmental management of the dunes. Use LIDAR
technology to obtain DEMs facilitates this process by its ability to process a large sample
of data, allow various calculations on them and give clear and simple results, making a
rigorous and correct diagnosis of the dune’s behavior. With the GPR technology, the in-
ternal structure of the dune is obtained in a simple and fast way, being able to examine
the different sedimentary trends throughout the profile, to obtain the evolution that the
dune has had.

With respect to its morphological variation of the Valdevaqueros dune, the surface
has been increase about 40% and its volume more than 50% in 7 years. A growth rate of
300 m3/m/year has been obtained, and taking into account the results of other authors
[14,15] it can be established that the dune increases its volume by 289 m3/m/year on aver-
age.

The evolutionary trend of the coastline is erosive, but a more real analysis would be
obtained with a technical study that analyzes the evolution of coast in a much wider pe-
riod along with winds and tides, in order to have a much more representative trends.

Finally, the internal structure of the dune develops with a certain variety of sedimen-
tary structures that differ along the profile due to the different intensities and directions
of the wind. As a rampant dune, the slope plays an important role in sedimentary for-
mations [16-18]. Truncations and hyperbolic reflectors are observed on both sides of the
dune: in windward they are associated with winds of different directions [19], where it
has also been possible to describe blowout formations, which consist of depressions
caused by the retention of sediment by vegetation, which slows the wind causing it to
push the sand out, coinciding with one of the descriptions proposed by [13]; and in the
leeward face, these relationships of the reflectors are associated to the processes of sliding
and falling down the slope, as well as, to the barefoot in the lower parts of the dune by
the cleaning operations of the road [17]. The study of sedimentary dynamics has been a
novel advance for the complete knowledge of the Valdevaqueros dune, since until now,
it had not been addressed in the area.
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