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Abstract: An intertidal sandstone reef, named barra de Las Canteras, protects the western coast of
Las Palmas de Gran Canaria city (Canary Islands, Spain). The beach-reef system of Las Canteras
constitutes one of the most valuable coastal geomorphological sites in the archipelago. Stratigraphic
studies have identified the formation of the reef in the Last Interglacial (MIS 5e) in a coastal sedi-
mentary paleo-environment. The rock structure is highly exposed to the Atlantic swell and consists
mainly of a sandstone beachrock with a medium resistance to erosional processes. However, the
historical and current erosion rates and the original extent of the reef are not known to date. This
paper explores the geomorphological structure of the reef by combining a topo-bathymetric analysis
(obtained by differential GPS, multibeam echosounder and hyperspectral sensor) and the analysis
of geomorphological features on high-resolution images, obtained with a hyperspectral camera
mounted on a UAV. The results provide a comprehensive, high-resolution image of the subaerial and
submerged morphology of the reef. The structure reflects the distribution of erosional fronts and the
existence of collapsing submarine blockfields and nearshore, uneroded, remnant reliefs. Detailed
analysis of these features allows to estimate the probable original extent of the sandstone reef and to
relate the erosional retreat processes to the sea-level dynamics during the Holocene.
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1. Introduction

Sandstone reefs are important paleoenvironmental markers and natural protectors
against erosion in tropical coastal regions [1]. Despite their ecological importance,
they have received much less scientific attention than other similar formations, such
as coral reefs [2]. The intertidal sandstone reefs of northeastern Brazil are probably
the best known and most studied in the world [1,3,4]. In the State of Pernanmuco,
intertidal beachrocks crops out parallel to the coast for tens of kilometers. They are
mostly composed of parallel stratified layers of calcarenites with 4–5◦ seaward dips,
to which a Holocene age is attributed [4,5]. Their unusual development in this part
of the world has motivated their valuation as important geoheritage and geotourism
elements [1,6,7]. A remarkable subtropical sandstone reef also occurs in the Canary
Islands. The sandstone reef of Las Canteras is up to six meters thick and has sub-
horizontal parallel laminations that dip gently seaward, so it has been identified as
a beachrock formation [8,9]. The sandy grains are strongly compacted by carbonate
cement and contain abundant remains of marine organisms, mainly mollusks, algae
and foraminifera [10]. Due to its stratigraphic similarity with other sandstone outcrops
and marine conglomerates of the eastern Canaries, it has traditionally been consid-
ered part of a larger sedimentary unit called Terraza Baja de Las Palmas [11] or Rasa
Jandiense [12], dated to the Last Interglacial MIS 5e.
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In many coasts, natural reefs are interposed offshore, safeguarding the sedimentary
stability of the sandy beaches [13,14]. Rocky and erosional coastal environments support
sedimentary deposits and beaches of very diverse characteristics, controlled by complex
geological structures and their erosion-deposition dynamics [15]. According to Gallop
et al. [16], the existence of rock controls, rather than being infrequent, is the rule on
sandy beaches on coasts worldwide. Several studies have pointed out the determinant
influence of hard rock structures, such as reefs, headlands or underlying outcrops, on
the morphodynamics of sandy beaches [16–20]. They act as protectors against coastal
erosion, generating strong energy gradients between exposed and protected sectors [18,21].
Inherited geological structures introduce complexity into wave-breaking patterns, currents
and sedimentary dynamics, cross-shore and alongshore, causing mismatches between
theoretical morphodynamic models and the actual beach morphologies observed in the
environments [22].

A complete understanding of the morphodynamic behavior of rock-controlled coastal
systems requires a simultaneous examination of subaerial and subaqueous geomorphic
transformations. Topo-bathymetric studies have become frequent, especially in the mon-
itoring of rapid response sedimentary systems, such as beaches [20]. The monitoring of
the submerged surfaces presents a greater technical challenge than the monitoring of land
surfaces. Traditional techniques have used boat-borne echosounders [23,24], but high costs
often do not allow for high-recurrence surveys and they are not operational in shallow
intertidal areas. The need for more versatile and less expensive alternative techniques has
led to the development of bathymetric procedures, such as video monitoring [20,25] or
hyperspectral sensing [26,27]. The results of these new techniques have generally proved
to be reliable and represent new tools for research.

Reefs can dissipate much of the incident wave energy on coasts [28,29], which triggers
erosion on reef structures, especially during storm events. The progressive erosion of tropi-
cal and subtropical sandstone reefs can produce a chain of very negative socio-ecological
consequences. From the loss of the ecosystem services linked to the natural protection of
the reefs, a drastic alteration of the hydrodynamic regime and a serious impact on beach
morphology and marine ecosystems can be expected. Despite the important geodynamic
implications, especially for the configuration and geomorphological stability of many
sedimentary coasts, the erosion of highly exposed rocky reefs is a poorly investigated
phenomenon to date. From the knowledge of the morphodynamics of rocky shores, we
know that coastal rock platforms are dynamic and eroded by mechanical and abrasive wave
action, as well as by other physical, chemical and biological weathering processes [30,31].
Shore platforms are primarily eroded in two ways: by a progressive micro-erosional low-
ering [32–35] and by sporadic, larger block detachments usually deposited on the upper
platform and reworked by storm waves [36–38]. Moreover, although the movement of
non-cohesive sediments can occur at greater depths, erosion of solid rock by waves is
strongly concentrated in the break zone, near the still waters and intertidal zone [39–42].

The planning of conservation actions to avoid the future degradation of relevant natu-
ral elements such as sandstone reefs, requires a better understanding of the magnitude and
forms of past and present erosional processes. In order to contribute to this knowledge, the
aim of this work was to obtain, through a combination of different instruments and remote
sensing techniques, a high-resolution topo-bathymetric model of the largest sandstone
reef of the Canary Islands (the reef of Las Canteras), which provides new insights into
its possible original configuration and spatio-temporal evolution. The article contains the
area description and the acquisition methodology of a high-resolution topo-bathymetric
model of the reef of Las Canteras, combining GPS, echosounder and hyperspectral sensing.
The results include a comprehensive analysis of morphometric features, geomorphological
units and active processes on the reef. The discussion finally provides an evolutionary and
contextualized interpretation of the reef of Las Canteras based on the observations.
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2. Study Area

The sandstone reef of Las Canteras is located in the city of Las Palmas de Gran Canaria
(Canary Islands, Spain), at a subtropical latitude of the eastern Atlantic Ocean (~28◦N and
~15◦W), off the coast of Africa (Figure 1a). The reef is popularly known as la barra (‘the
bar’) and is divided into six sections [43]. La barra grande is the largest fragment and the
most relevant in respect to coastal hydrodynamics and sediment transport [44]. It runs
parallel to the beach at a distance from the shore of about 200 m, has an approximate length
of 850 m and an average intertidal width of 50 m (Figure 1b). La barra protects Las Canteras
beach from the North Atlantic swell, which in this sector has an average significant height
of 1.5 m and a peak period of more than 10 s. The storm waves reach significant heights
of more than 4 m [21,45]. The morphodynamics of the different sectors of Las Canteras
beach and its sedimentary stability is highly conditioned by the natural protection of
la barra [21,45–50]. In the most protected coastal sector, normal wave overtopping barely
exceeds the reef at low tide, generating an intermediate semi-enclosed coastal lagoon with
high-marine biodiversity [51,52]. Likewise, during storm surges, la barra prevents the
cross-shore transport of sediments offshore, converting the intermediate shallow seabed
into a sand reservoir for the beach.
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Figure 1. (a) Geographical location of la barra de Las Canteras, in the Canary Islands (LPGC stands
for the city of Las Palmas de Gran Canaria). NT, Northern Tropic, EQ, Ecuator, ST, Southern
Tropic. (b) Distribution of the main fragments of the reef (barra grande and barra amarilla) on digital
orthophoto at low tide (IDE Canarias, GRAFCAN). (c) Zonation of the technological systems used for
the acquisition of the digital topo-bathymetric model of la barra grande.

It can be assumed that the stratified sandstone reef of la barra has average levels of
resistance to coastal erosion. However, as no empirical data exist, we do not know the
patterns, magnitudes and rates of erosion to which it is subjected to in the short, medium
and long term. The degradation of the sandstone reef of Las Canteras may lead to the
degradation of the beach it protects, which in turn is one of the most important tourist
elements of Las Palmas de Gran Canaria city, that is, of the main economic and demographic
center of the Canary Islands.
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3. Materials and Methods
3.1. GPS Topography

The topographic surfaces of the upper part of la barra, from 0 m above mean sea level
(m asl), were obtained in 2019, by carrying on foot, at low tide, a differential GPS configured
in kinematic mode to receive altimetry data every 50 cm (Figure 1c). The topographic in-
strument is a Topcon HiperV model, which receives positions from the GPS and GLONASS
satellite constellations, and received real-time kinematic (RTK) corrections, via internet
(mobile telephony), through NTRIP protocol from the GRAFCAN Permanent Stations ser-
vice (https://www.grafcan.es/red-de-estaciones, accessed on 15 January 2019). The device
manufacturer defines a spatial accuracy for RTK in kinematic mode of 10 mm + 1 ppm
in the horizontal dimension and 15 mm + 1 ppm in the vertical dimension. More than
70,000 altimetry values with xyz coordinates of the upper part of la barra grande were
obtained from the GPS topography.

3.2. Multibeam Bathymetry

Seabed surfaces around la barra, below −1.5 m asl, were obtained in 2019 (simulta-
neous to GPS topography) by on-board multibeam echosounder, at 3 knots maximum
speed at high tide (Figure 1c). The system consists of a NORBIT iWBMS echosounder
that emits 256 fan-shaped beams covering an angle of 160◦. The direct measurement of
sound speed was calculated using data collected by a Valeport Swift-plus profiler. The
system was completed by integrated Applanix Wavemaster inertial motion sensors and
an Applanix navigation system using Trimble technology. An eight-core, high-capacity
computer with HYSWEEP software, synchronized and integrated the data received from
all system components: multibeam echosounder, positioning system, heading, motion, tide
and sound speed sensors. Post-processing by Patch test calibration, velocity profiling and
denoising was performed using Hypack’s MBMAX software. After post-processing steps,
a regular grid of xyz bathymetric points of the underwater surrounding environment was
obtained every 50 cm.

3.3. Hyperspectral Altimetry

High-resolution aerial images were obtained in 2020 using a RESONON Pika L hyper-
spectral camera attached to a drone with a gimbal system and irradiance sensor (Figure 1c).
The camera has a spectral range of 400–1000 nm and a maximum spectral resolution of
2.1 nm. The flights were performed at an altitude of 120 m, following zig-zag trajectories
with a spacing of 25 m. Radiometric and geometric correction was performed with Spec-
trononPro software, using calibration files to convert digital values. The orthophotos were
mosaicked using the OrfeoToolbox. The specular reflections of the water were corrected
using a deglinting algorithm [53] and the anomalous effects generated by the wave foam
were corrected using an inpainting algorithm [54]. The subaerial part of the image was
obtained at a final resolution of 10 cm, while a resolution of 30 cm in the submerged part
was adopted to reduce the high-computational expense of solving the equations of the
coastal water inversion involved in obtaining the bathymetry.

Bathymetry was obtained using radiative-transfer modelling of seawater in coastal
environments. The inherent radiative effects of water, such as absorption and backscattering
and the effects of light reflection at the bottom, were modelled in each of the hyperspectral
bands, considering the different benthic covers. The model follows the semi-analytical form
of the radiative transfer equations (RTE) [55], where the modelled reflectivity in a channel
is obtained from the sum of the above factors. Calculating the surface reflectivity involves
systems of non-linear equations that are impossible to solve analytically, so we used the
Levenberg–Marquardt optimization algorithm [56]. It makes it possible to find the most
suitable result by iteratively minimizing the error in respect to the reflectivity obtained by
the sensor, applying cost function and minimal epsilon error. This algorithm provides very
adequate results for this complex problem and uses moderate computational resources

https://www.grafcan.es/red-de-estaciones
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compared to other algorithms. The resulting terrain model had a horizontal resolution of
1 m.

3.4. Detection of Active Processes

The detection of active erosional processes from 1954 to 2022 was carried through an
exhaustive examination of historical aerial images of the extensive photo library of the
Spatial Data Infrastructure (SDI) of the Canary Islands (GRAFCAN S.A., Canary Islands
Government, https://www.idecanarias.es/, accessed on 10 February 2023). It contains
22 photograms between 1954 and 2000, with an almost biannual frequency, and 18 or-
thophotos between 2000 and 2022, with an almost annual frequency. Conventional aerial
photographs from the 1950s to the 1990s have scales between 1:5000 and 1:25,000, and were
georeferenced in the WGS84 UTM28N coordinate system. The digital orthophotos from
the 2000s have resolutions varying between 12.5 and 50 cm/pixel and are available for GIS
viewing via the Web Map Service. The detection of active processes was completed with
field surveys at the outer edge of the reef.

3.5. Data Integration and Interpretation

GPS altimetry, composed of more than 70 thousand topographic point coordinates,
and echosounder altimetry, composed of more than 1 million bathymetric point coordinates,
were integrated into ArcGIS software under a WGS84 UTM28N reference system. The
point cloud was used to construct an interpolation grid based on a triangle irregular
network (TIN) and its subsequent conversion into a 50 cm resolution raster digital terrain
model (DTM). Intertidal areas with no GPS or echosounder data were covered by the 1 m
resolution hyperspectral sensor-derived DTM. The resulting digital model covers an area
of interest of 380,000 m2 including la barra grande and its nearby underwater environment
up to 200 m away (Figure 2).
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Figure 2. Workflow for the acquisition of topo-bathymetric data, integration into a digital topo-
bathymetric model and the geomorphological interpretation of the rocky structure of la barra grande
(Las Palmas de Gran Canaria, Canary Islands).

The concluding analysis of the digital topo-bathymetric model included two levels
(Figure 2). At the first level, the morphometric structure was analyzed through GIS geopro-
cessing algorithms in order to examine the spatial distribution of altimetric ranges, terrain
slopes and surface roughness. Terrain irregularity was calculated using the Vector Rugged-
ness Measure (VRM) [57,58]. This method measures terrain irregularity as the dispersion
of the orthogonal vectors orientation of the grid cells within a raster neighborhood. At

https://www.idecanarias.es/
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the second level of analysis, geomorphological features were recognized combining the
morphometric variables with the active processes detected on aerial photographs and the
field recognition. Finally, geomorphological units were established to interpret evolutionary
processes in the reef.

4. Results
4.1. Morphometric Structure

The morphometric structure entails a strictly morphological description of the surface
features based on measured variables. The morphometric of la barra has been determined
by analyzing the distribution of terrain altimetry, slopes and roughness.

The hypsometric structure (Figure 3a) of la barra grande comprises intertidal and
subtidal sections. The surface of the main sandstone bank lies entirely in the regional tidal
range of the Canary Islands, between −1.5 m asl at maximum low-spring tide, and 1.5 m
asl at maximum high-spring tide. However, most of this area, approximately 60,730 m2, is
in the middle to lower intertidal zone, between −1 and 0 m asl. Only a few inner sectors of
the sandstone surface, totaling a small extension of 2665 m2, are developed above 0 m asl,
and only in two small topographic outcrops of 12 m2 each, which are located further inland,
the elevations exceed 0.5 m asl. One of them reaches 0.68 m asl, which is the maximum
altitude of the topo-bathymetric model. In between, there is a relatively extensive intertidal
rocky surface of 14,425 m2, whose elevations of between −0.5 and 0 m asl determine that it
is slightly depressed in respect to the two previous surface bands.
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Figure 3. Morphometric variables derived from the digital topo-bathymetric model of la barra grande
de Las Canteras (maps in metric units of the WGS84-UTM28N system) (a) distribution of altimetry
and depths (meters); (b) distribution of terrain slopes (degrees); (c) distribution of terrain roughness
(VRM = 0, completely smooth; VRM = 0.7, very rough).

At the seaward outer edge of the reef, the surface changes from intertidal depths of 0
to −1 m, to mean subtidal depths of −5 m. From the subtidal depths, towards offshore, a
shallow underwater surface develops, reaching on average a depth of 12 m at a distance
of 200 m from the outer edge of the reef. Above it, at least three small subtidal surfaces
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are clearly distinguishable with prominences of 2 to 3 m in relation to their underwater
surroundings (Figure 4). The first is 45 m from the outer nearest edge of the reef, has a top
surface at a mean depth of −3.5 m and is surrounded by seabed surfaces of −5 to −6 m
depth. The second is 50 m from the nearest outer edge, has a top surface at a mean depth
of −2.8 m and is surrounded by submarine surfaces of −6 m depth. Additionally, the third
is 100 m from the nearest reef edge, has a top surface at a mean depth of −4.5 m and is
surrounded by average depths of −7 m.
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bathymetric high-resolution model, and the surface roughness profiles of Figure 5 in dashed lines
and letters (units in meters of the WGS84-UTM28N system).

The clinometric structure of the topo-bathymetric model of la barra grande shows
significant zone differentiation (Figure 3b). Above −0.5 m asl, the surfaces are practically
flat, although slightly trending NW (i.e., towards offshore) across planes with an average
slope of less than 2 degrees. From the intertidal level of −0.5 m asl, the reef slope increases
seaward. In some sectors, from −0.5 m asl, planes of variable cross-shore width between 25
and 50 m are observable, with slopes of up to 5 degrees to NW gradually penetrating the
lower intertidal and subtidal zone of the water column and connecting the upper surface
of the reef with the outer shallow subtidal seabed through small escarps of 1 to 2 m. In the
sectors where these gently sloping surfaces are not developed, the almost flat surface of
the reef top ends abruptly in the outer edge, in vertical 5–6 m cliffs which fall directly to
the subtidal seabed. From here seaward, the outer seabed develops as a wide, low-slope
surface, lying 1 to 2 degrees to the NW. In short, the topo-bathymetric model is dominated
by flat or slightly sloping surfaces to the NW, except a line of steep slopes in the form of
vertical escarpments of 1 to 6 m in height developed along the entire outer seaward-edge
of the reef.
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According to the observation of the topo-bathymetric model at a scale of 5 m, the
surface irregularity, estimated using the VRM indicator, also marks significant spatial
zonation in the surfaces of la barra grande and its submarine surroundings (Figure 3c).
The upper intertidal surface of the reef is essentially smooth at this scale, with values
very close to 0.0, that is the minimum roughness value of the VRM index. Additionally,
essentially smooth are the inner subtidal seabeds, which lie between the sandstone reef and
the present-day beach, at an average depth of −3 m. However, surface roughness increases
dramatically on the outer subtidal-marine bottoms, starting from maximum values in
the area adjacent to the outer edge of la barra and progressively decreasing (Figure 5).
Maximum values occur in the areas adjacent to the outer reef escarpments, where values
of up to 0.7 are reached (being 1.0 the theoretical maximum roughness value of the VRM
index). The irregularity of the seabed decreases progressively towards the outside, as we
move away from the edge of la barra, until, at a maximum distance of 150 m and −10 m
depth, the high values of irregularity at an observation scale of 5 m practically disappear.
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Figure 5. Vector Roughness Measure profiles showing the essentially smooth character of the
intertidal zone, the very high surface irregularity of the subtidal zone adjacent to the outer seaward
reef edge and the decreasing roughness towards offshore. The profile locations for letters a–e and
a’–e’ can be found in Figure 4.

4.2. Geomorphological Units

Geomorphological units are morphometrically similar features linked to a common
forming processes. The morphometric results and subsequent field reconnaissance has
made it possible to distinguish seven main geomorphological units in la barra grande of Las
Canteras (Figure 6). The morphogenetic character of these units provides a spatio-temporal
evolutionary interpretation, in which erosion processes play a primordial role.

Firstly, the reef currently shows a top platform of 50 m average width (U1, Figure 6),
with abundant development of microerosional landforms (rills, potholes, ridges, etc.), as a
product of the intense daily physical, chemical and biological weathering in the middle and
upper intertidal zone (Figure 7). However, according to the roughness values, this platform
is essentially smooth at the metric scale of the topo-bathymetric model. It develops from the
lower limit of the middle intertidal zone to the upper intertidal zone at its inner landward
edge. A drop of approximately 1 m between the inner and outer edge of the top platform
determines the existence of a gentle slope towards the NW of between 1 and 2 degrees.
However, it also declines in a NNE direction of less than 1 degree, determining the gradual
lowering of la barra grande to subtidal depths at its northern end. An inner fringe of this top
platform is topographically discordant with the rest of the surface, being sunk between 0.5
and 1 m from its natural level (Figure 7). This is due to the extraction, throughout the 18th
and 19th century, of the calcareous sandstones of la barra for different urban uses in the city
of Las Palmas de Gran Canaria (U2, Figure 6). However, three preserved remnants of the
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mining activities (U3, Figure 6) show that the elevation of the inner edge was naturally at
about 0.5 m asl, allowing the original pre-mining surface to be projected and reconstructed.
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Figure 6. Geomorphological map with transverse (1a–1b to 4a–4b) and longitudinal (5 to 8) topo-
bathymetric profiles (units in meters of the WGS84-UTM28N system). Geomorphological units:
U1; intertidal top platform; U2, extractive depression surfaces; U3, preserved rocky outcrops; U4,
intertidal ramps; U5, frontal escarpments; U6, submarine blockfields; U7, erosional remnants. The
dotted lines represent the seaward projection of the intertidal ramps (U4) with 2–3 degrees of
inclination, showing their theoretical connection with the erosional remnants (U7).

The outer edge of the top platform is planimetrically sinuous. The headlands are
intertidal ramps (U4, Figure 6) of variable widths of between 25 and 50 m, with average
slopes of approximately 5 degrees to the NW. On its surface, there are abundant parallel
erosional rills visible in the field as a result of the mechanical action of the waves run-up
at low tide (Figure 7). The intertidal ramps gradually penetrate the water table, ending in
small subtidal escarpments (Figures 7 and 8). Between headlands, the inlets are incipient
erosional corridors as a result of the retreat of the intertidal ramps by wave action. Instead
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of ramps, we observe receding concavities in the inlets (Figure 7), where the outer edge
of the top platform ends in vertical cliffs of greater height. Ultimately, the outer edge
of the reef is steep, but the height of the frontal escarpments (U5, Figure 6) varies from
2 to 6 m depending on the intensity or magnitude of marine erosional retreat, which is
deduced from the degree of planview penetration in the concavities (erosion) or the degree
of prominence of the intertidal ramp-like headlands (preservation).
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At subtidal depths towards open water, the submarine platform is shallow with a 
gentle slope to offshore and very high surface roughness at the scale of the digital topo-

Figure 7. Photographs of intertidal geomorphological units: (a,b) intertidal top platform (U1, Figure 6)
and ramps (U4, Figure 6) with erosional micromorphologies of weathering and parallel rill erosion;
(c) extractive depressions (U2, Figure 6); (d) erosional edge and top of frontal escarpments (U5,
Figure 6). Photographs are north-facing, except for (b), which is south-facing.
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Figure 8. Photographs of subtidal geomorphological units: (a) outer section of an intertidal ramp
(U2, Figure 6) ending in a frontal escarpment (U4, Figure 6); (b) collapsing blocks on the frontal walls
of the intertidal ramp; (c,d) metric-sized blocks on the seabed adjacent to the outer reef edge (U6a,
Figure 6). Scale of the photographs (c,d) is approximate.

At subtidal depths towards open water, the submarine platform is shallow with
a gentle slope to offshore and very high surface roughness at the scale of the digital
topo-bathymetric model. The analysis of the hyperspectral images together with the field
inspections allowed to verify that this roughness corresponds to the presence of an extensive
field of large sandstone blocks (U6). It extends up to a distance of approximately 150 m
and up to −10 m in depth from the outer edge of the intertidal top platform (Figure 8). As
can be deduced from their spatial distribution and composition, the blocks are the product
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of detachments from the outer reef front (Figure 8). In other words, they result from the
successive collapses and rockfalls that have taken place in the sandstone wall during the
retreat caused by mechanical wave erosion.

The size of the rock fragments in the blockfield decreases with distance from the outer
edge of the intertidal platform (Figure 5). A first submarine zone of width of 50 m (U6a,
Figure 6) of more modern and larger rockfalls, runs parallel to the outer edge, and can
be distinguished from a second submarine zone of 100 m width (U6b, Figure 6) of older
and smaller collapsing blocks. The detection of seabed features in the high-resolution
hyperspectral images allowed to establish a statistical estimate of the size of the blocks
in the shallow submarine blockfield adjacent to the edge of the intertidal platform (U6a)
(Figure 9). According to these results, about 60% of the blocks have surface sizes between 5
and 25 m2; almost 20% have sizes between 25 and 125 m2; and some blocks are larger than
125 m2.
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In the middle of the blockfield originated by the marine erosional dismantling of the 
reef, the topo-bathymetric model showed the existence of topographic outcrops (Figure 4) 
interpretable as erosional remnants of la barra de Las Canteras (U7, Figure 6). The mor-
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Figure 9. Blockfield on the near seabeds adjacent to the outer reef edge (WGS84-UTM28N units in
meters) (a) High-resolution hyperspectral RGB image. (b) Blocks detection by light slicing in the
green RGB band (brown) compared to the recognition by direct photo-interpretation at 590 random
points (red contours). (c) Block detection by maximum likelihood algorithm from 822 RGB signature
samples (brown) compared to direct photo-interpretation at 590 random points (red contours). The
histograms show the distribution of the surface size of the blocks according to the three detection
methods, considering 100%, 99% and 95% of the size distribution obtained.

In the middle of the blockfield originated by the marine erosional dismantling of the
reef, the topo-bathymetric model showed the existence of topographic outcrops (Figure 4)
interpretable as erosional remnants of la barra de Las Canteras (U7, Figure 6). The morpho-
metric structure of these three rocky remnants allows to assimilate them with non-eroded



Remote Sens. 2023, 15, 2968 12 of 18

surfaces of la barra, which would have been separated from the main calcareous sandstone
mass during its dismantling and erosional retreat over time. Therefore, the erosional rem-
nants can be considered as key geomorphological indicators of the original extension of la
barra and of the total longitudinal magnitude of its erosional retreat. The first is located
100 m from the outer edge of la barra (X.456825, Y.3113020, in UTM28N) and has a flat
surface of 270 m2; the second is located 50 m from the outer edge (X.457015, Y.3113220)
and has a flat, more fragmented surface of 220 m2; and the third is located ~40 m away
(X.456935, Y.3113060) and has a flat surface of 130 m2 (Figure 4).

4.3. Active Erosional Processes

Examination of the extensive series of aerial photograms and historical orthoimages
available for this area in the SDI-Canarias (GRAFCAN S.A., Canary Islands Government),
revealed the occurrence of at least five decametric detachments on the sidewalls of la barra
in the last 68 years, from 1954 to 2022 (Figure 10). They add up to a rock loss of 698.5 m2,
with 43.1 m of cumulative retreat along 116 m. Between 1963 and 1975, a rockfall event
occurred (UTM X.456990, Y.3113010), in which 150 m2 of rock was detached, leading to a
maximum linear retreat of 8.8 m over a north-facing ramp sidewall. The frame from 1974 is
the first in which this rockfall was clearly visible. Between 1987 and 1998, two rockfalls also
occurred on north-facing ramp sidewalls. The larger of these (UTM X.457105, Y.3113240),
measuring 214 m2, had a maximum linear retreat of 9.2 m; and the smaller (UTM X.4567042,
Y.3113075), measuring 115 m2, had a maximum linear retreat of 9.3 m. The frames from 1989
and 1996 are, respectively, the first in the series in which they were clearly visible. The last
two rockfalls occurred on west-facing erosional walls. The first (UTM X.457150, Y.3113270)
occurred between 2004 and 2007 and affected 70 m2 of rock mass with a maximum retreat
of 6.8 m; and the second (UTM X.457010, Y.3113020) occurred between 2017 and 2019, and
affected 145 m2 of rock mass, leading to a linear retreat of 9.0 m. These collapses were first
observed in the frames from 2007 and 2019, respectively.
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Figure 10. Rock areas eroded over the last 68 years (1954–2022) on the sidewalls of la barra, identified
from the 22 historical aerial photographs and 18 digital orthophotos of the SDI-Canarias (GRAFCAN
S.A., Canary Islands Government). The central column displays the first frames of the historical series
in which the rock detachment is clearly visible. The red lines show the contours of the rocky edges.
X,Y coordinates are metric units of the WGS84-UTM28N system.
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5. Discussion

According to the geomorphological indicators found in the topo-bathymetric digital
model and in the verifications carried out in situ, the current configuration of la barra must
be interpreted as a rocky structure partially dismantled by natural and anthropic erosive
processes. The interpretation of the results also leads to an estimation of the probable
magnitude, patterns and rates of this disintegration over time.

While the natural erosional processes have mainly taken place at the front of the rocky
structure, due to marine erosion, the erosional processes of human origin linked to the
mining activities that took place centuries ago, are evident on its inner margin. According
to Pérez-Torrado et al. [59], the extracted stone was mainly used as filters to remove water
impurities thanks to the purification capacity of this sandstone rock. The reconstruction
of the surface, according to high-resolution topo-bathymetry, had allowed to calculate
the volume of calcarenite extraction at approximately 14,290 m3; a value very close to the
15,000 m3 estimated in previous field measurements [60].

The geomorphological configuration of the outer edge of the reef and the adjacent
seabed provides new data to determine the spatio-temporal magnitude and mechanisms of
marine erosion acting on la barra. The height of the bordering escarpment along the entire
outer reef correlates with its planview morphology: the rocky headlands end in smaller
escarpments than the rocky inlets, which form steep concavities where the highest falls are
found. This difference in height-morphology is indicative of differential erosion processes
and contrasting degrees of current retreat along the erosional frontal wall of the reef. In
addition, the existence of an extensive submarine blockfield, extending up to 150 m from
the outer edge of la barra (Figure 3c), more strongly supports the course of an extensive
process of rock leveling due to prolonged marine erosion.

In this sector of the coastline of the island of Gran Canaria known as Confital Bay, the
island shelf is approximately 4 km wide and has maximum depths below −100 m [61].
The blockfield of la barra de Las Canteras is mainly developed on a nearshore seabed
of −5 to −10 m depth. It therefore extends over the inner sector of the island shelf
that has been subjected to repeated flooding and emersion over geological time, due to
Quaternary marine sea-level oscillations [62,63]. The sandstone blocks covering this surface
are chaotically arranged and are of medium and large size, especially those covering the
seabed adjacent to the intertidal rocky reef (Figures 5, 8 and 9).

Direct observation of historical rockfalls on the reef front, places the origin of the
submarine blockfield by analogy to the present day in the disintegration of la barra by
prolonged wave action, and the successive and numerous collapses of the outer wall. Exam-
ination of the historical series of aerial images available reinforces this position (Figure 10).
The present day observations are consistent with the geomorphological indicators found
in the topo-bathymetric digital model and shows that the erosion of la barra is mainly
produced by large episodic rockfalls. Most of the detached blocks distributed on the closest
outer seabeds are between 5 and 125 m2 (Figure 9), while the five detachments detected
in the historical period, since the middle of the 20th century, involve the uprooting of
surfaces of more than 100 m2, 20 m longitudinal wall lengths, and retreats of up to 9 m
(Figure 10). They have occurred at north-facing points of ramps sidewalls or at west-facing
points of inner walls of the erosive concavities. The frequency of this events over the last
68 years allows us to estimate an approximate return period of almost 14 years. However,
this calculation may be underestimating the actual mean recurrence of smaller rockfalls,
as observations are limited in time and constrained by the resolution and georeferencing
quality of aerial imagery. Considering the total intertidal surface above −1 m depth, except
for terrains degraded by extractions, the total detachment of 698.5 m2 represents a loss over
the last 68 years of 1.6% of the reef; an annual a rate of 0.02%/year.

The results indicate that rockfalls triggered by storm-wave impact are the primary
erosion mode on la barra. Chemical and biological weathering processes are expected to
act secondarily at a micro-scale, weakening the rocks and preparing them for mechanical
wave erosion. The presence of small sandbanks in the nearshore blockfield enables wave
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abrasion and may explain the development of rill-erosion morphologies on the intertidal
reef ramps (Figure 7b).

The wave exposure and the pattern of discontinuities in the calcareous sandstone
strata must determine the spatial distribution of the erosion in la barra, as is usual in these
types of rocky coasts [38,64,65]. The distribution of historical rockfalls is consistent with
the morphologies of the erosional front, as they occurred preferentially in pre-existing
concavities (Figure 10). The concavities must be interpreted as incipient cross-shore ero-
sional corridors that will ultimately fragment the reef longitudinally. Up to five in-progress
erosional corridors can be observed today on la barra grande (Figures 6 and 10). Considering
the strong influence of discontinuities on the patterns of coastal erosion in sedimentary
rocks [38,64,65], the formation of these corridors may reflect the structural control of a set of
discontinuities of NW–SE direction, which is also consistent with the dominant swell in this
coastal sector. In turn, the northern orientation of some of the rockfalls suggests another
direction of retreat, according to a possible NNE–SSW pattern of structural discontinuities,
parallel to the planview layout of the reef and orthogonal to the NW–SE set of discontinu-
ities. The topo-bathymetric model shows alignments consistent with this NNE–SSW retreat
pattern in the disposition of the erosional submarine remnants (Figure 4).

The slight general NW tilt of the surface of la barra de Las Canteras is the topographic
reflection of a seaward-dipping stratification, resulting from its paleo-coastal sedimentary
origin [8,9,59]. These slopes, which are approximately 5º in the intertidal ramps, would
have an essentially structural nature as a result of the cementation of an ancient beach
formation (beachrock). The offshore projection of the slopes of the intertidal ramps in the
topo-bathymetric digital model, links coherently with the series of submarine pinnacles
detected at distances of between 50 and 100 m from the outer edge of la barra. They
have flat surfaces of more than 100 m2, also slightly tilted to the NW. This reinforces the
interpretation of these submarine pinnacles as preserved erosional remnants of la barra (as
‘sea stacks’ on rocky cliffed coasts), which indicate former positions of the erosional front
(see topo-bathymetric profiles 1, 2 and 3 in Figure 6). Together with the blockfield identified,
the existence of these preserved remnants allows projection of the original extension of
la barra up to an average distance of 150 m from the current outer edge. Bearing in mind
that, at present, the average intertidal width of la barra grande is between 50 m and 100 m,
depending on sectors, we currently witness a retreating of about 1/3 to 2/3 of the original
rocky structure.

Stratigraphic studies have traditionally suggested that la barra was formed in the
Last Interglacial period (MIS5e), approximately 110 ka ago, in an intertidal or subtidal
coastal sedimentary environment [10]. Further cementation and consolidation of la barra
into a calcarenite rock would probably have occurred during the marine regression. In
the Last Glacial Period, the sea level dropped to the edge of the island shelf to more than
−100 m depth [66]. Paleontological evidences indicate that the sea level remained up to
two meters above present-day sea level in much of the Middle and Upper Holocene in the
low-latitude Northeastern Atlantic region [67–69]. Considering that the erosional extension
observed in the high-resolution topo-bathymetry is mostly between −5 and −10 m depth,
the erosive capacity of waves on the subtidal sandstones would have been very limited
since the positioning of the sea level at or above present-day levels 6500 years ago. As
the most likely hypothesis, we would date the erosion of most of the subtidal structure
of la barra in an earlier period, between 9000 and 6500 years B.P. (Lower and Middle
Holocene), when the rising sea level transited from depths of −10 m to the present level.
Since then (6500 years ago to the present), with different degrees of effectiveness depending
on the metric variability of the Holocene mean sea levels [69], the erosion of the current
intertidal rocks would have begun, observable as an active process at present (Figure 10).
However, this interpretation should be cautiously considered, as recent studies dated
similar beachrocks outcrops at Las Canteras beach to the Holocene transgression [9,70],
which would place the formation and erosion processes of la barra much closer together
in time.
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6. Conclusions

Sandstone reefs are highly effective protective barriers against coastal erosion and
safeguard the sedimentary stability of many sandy beaches. For this reason, la barra de
Las Canteras is a natural coastal sandstone reef of great social and ecological value for the
Canary Islands. Due to the apparent resistance of the rocks to the force of the waves and
the relative slowness of the erosive processes, insufficient efforts have been made so far to
know the magnitude, rate and form of the past and present erosion in la barra.

By means of high-resolution topo-bathymetry, obtained by combining different remote
sensing technologies (echosounder, GPS and hyperspectral sensor), this work has provided
new data to interpret features of its original configuration and its spatio-temporal evolution.

According to the geomorphological evidence provided in this paper, the original width
of that sedimentary formation, which today is between ~50 and ~100 m (depending on the
degree of erosion by sectors), could have been up to 200 m. The main hypothesis is that
the erosional retreat of the sandstone reef occurred during the Holocene sea level rise. The
erosion of the subtidal rocky structure of la barra, converted into a field of rockfall blocks
below −5 m asl, together with the erosional semi-preserved remnants visible in the present
topo-bathymetry, could be attributed to the transient eustatic rise from the Lower to the
Middle Holocene. The erosion of the intertidal rocky masses (i.e., the intertidal platforms
and ramps on whose walls active erosions are observed at present) would have occurred
since the positioning of the sea at the present level, or up to 2 m above it in some time
phases, about 6500 years ago.

The underwater and subaerial geomorphology of the reef shows how erosion follows
preferential lines conditioned by wave exposure and, most probably, the geometry of
an orthogonal fracture system. Differential erosion on the transverse fractures leads to
the formation of concavities, the development of transverse erosional corridors (NW-SE)
and, ultimately, the longitudinal fragmentation of la barra grande. Therefore, the erosive
disintegration of the reef is marked by a process of fragmentation into pieces, as can be
seen today in the different fragments of la barra along Las Canteras beach (barra grande and
barra amarilla). At the same time, the likely exploitation of the longitudinal fracture lines
produces a parallel retreat vector (NNE–SSW) which is concentrated on the north-facing
walls of the intertidal rocky ramps. This can be seen in the present-day rockfalls and as
is coherently attested to by the marked NNE–SSW dispositions of the subtidal erosional
remnants found in the topo-bathymetric model.

At present, the erosion of la barra is a slow process marked by episodic collapses with
an average frequency of almost 14 years, with up to 100 m2 of rock mass losses and sudden
retreats of 10 m on the outer edge of the reef. Over the past 68 years, 1.6% of the reef’s
preserved surface has been eroded; a low rate of 0.02%/year. However, it can be expected
that the development of erosional corridors and the gradual loss of volume in la barra
grande may lead to significant modifications of the waves and sea currents regime in the
near future, even before its complete disintegration. It is therefore necessary to further
investigate the erosional processes of la barra de Las Canteras, combining geomorphological
monitoring techniques with hydrodynamic modelling, in order to project likely future
scenarios and predict their ecological, cultural and economic consequences.
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