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Abstract

This study investigates the morphodynamic evolution of an embayed cobble beach located
on a mesotidal cliff coast in northern Spain. La Maruca/Pinquel beach was selected for
its distinctive geomorphological setting, perched on a well-sorted cobble substrate and
bordered by a slightly elevated (less than 1 m) wave-cut platform. Firstly, the availability of
orthophotos and the achievement of field surveys enabled a detailed topographic mapping
of morphological features. Sedimentological analyses based on grain size and clast shape
revealed characteristics indicative of prolonged low-energy wave conditions. A permanent
sharply crested ridge and ephemeral staggered tidal berms define the morphology of the
beach. Additional depositional features such as washovers, tabular structures, and lobes
are also well developed. Sediment accumulation is most pronounced in the western sector,
where overwash lobes migrate landward. A W-to-E gradient in cobble size and the presence
of boulders in the lower foreshore can be observed. Secondly, a morphosedimentary model
was developed based on the obtained data to interpret the beach’s dynamic behavior under
current and projected coastal forcing. Finally, by analyzing orthophotographs spanning
a 40-year period (1984–2024), the long-term geomorphological evolution of the beach
was documented. The results reveal significant morphological transformations, notably a
shoreline retreat of approximately 12 m and a reduction in the cobble-covered surface area,
among other findings. Future analyses of sediment transport processes and lithological
responses to erosion will be able to offer a deeper understanding of the complex behavior
and resilience of pebble beach systems in response to changing environmental conditions.

Keywords: cobble beach; granulometries; clast shapes; trend maps; historical evolution

1. Introduction
Beaches are depositional environments in continuous change, regardless of their

sediment composition. Sediment studies are essential to comprehend the fundamental
characteristics and distribution of sedimentary deposits on beaches. The morphology of
the beach over time is determined by the characteristics of these sediments, primarily
influenced by coastal agents and human activity (predominantly nourishment operations)
and their distribution along the beach [1]. The use of aerial images or orthophotos facilitates
the analysis of the changes to deposits and the evolution of the beach in current times [2],
which can then be used for future coastal planning and managing the coast in future.
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Sediments in beaches are characterized by grain size, mineralogical composition, and
particle shape [3]. Grain size is a fundamental property in the study of beaches, as it is used
to perform a simple first-order classification to define the state of a beach [4,5]. Particle
shape analysis is an important physical attribute of the hydrodynamic behavior of particles
in a medium of transportation [6,7]. In addition, the spatial distribution of sediments is
related to the variability of incident waves [8], tide range [9], and induced currents.

Beaches composed mainly of sand, which attract a significant population that repre-
sent an economic resource [10], have traditionally garnered more attention than beaches
composed of larger deposits, which are less attractive to tourists. Also, the analysis of
sedimentary parameters in pebble/cobble/boulder beaches is more complicated due to
the difficulty of walking through such deposits (gravel and larger-sediment beaches are
relatively common on rocky coasts around the world) [5,11,12] and because a more labor-
intensive approach is needed. This type of beach is more active during stormy periods,
with storm surges manifesting themselves in the form of cliff edge erosion; their retreat
rates, however, are very slow [13].

In the previous literature, several works have studied the variability of coarse grain size
in gravel beaches and the permeability of these sediments under the action of waves [14];
others have analyzed the response to wave reflection and transmission, the wave run-
up (i.e., the maximum vertical reach after the wave breaks on the beach) [15,16], the
overtopping [17], and other insights. In [18], the author analyzed the sedimentology of
the Aramar gravel beach (Luanco, Asturias, Cantabrian Sea), a Sker-type beach [19], and
deduced its dynamics in a seasonal cycle that includes beach rotations. The majority
of Cantabrian gravel beaches are comparable to the Sker-type, the kind of beach that
undergoes significant cyclical changes; however, these beaches have not yet been the
subject of detailed study. Two types of beaches can be found in the Cantabrian coast:
embayed beaches and pocket beaches [20]. While embayed beaches present clasts or
terrigenous materials, mainly produced by cliff erosion, some pocket beaches have been
filled with river gravels.

In the present study, the relationship between mean grain size and other graphic
textural parameters (size versus roundness, sphericity, and oblate–elongate index) are
plotted [6], as these parameters enable the analysis of hydrodynamic conditions, mode of
transportation, and deposition of detrital sediments [21]. Clast roundness, flatness, and
rate of mechanical destruction depend on wave intensity, initial rock type, and nature of
the coast, i.e., whether this is sheltered or exposed [16].

This study aims to analyze La Maruca/Pinquel cobble beach through the following
objectives:

- Identification and mapping of the various morphologies present on the beach, along
with their spatial and temporal distributions, using high-quality orthophotos;

- Characterization of the granulometric and particle shape parameters across the
entire fieldwork;

- Correlation between the granulometric characteristics and the coastal dynamic pro-
cesses influencing the area;

- Proposal of a projection of the beach’s future evolution based on observed trends
over the past 40 years, which can be used as a model for managing beaches in other
coastal areas.

The results obtained here will be of aid in future development plans for this Atlantic
beach and other beaches with similar characteristics.



Earth 2025, 6, 159 3 of 30

2. Study Area
La Maruca/Pinquel beach is a “pure” gravel beach, which contains calcareous grav-

els belonging mainly to the pebble fraction, without sediment inputs or outputs. The
beach presents steep and typically concave profiles seaward with increasing slope up the
beachface [22], steeper than those in sandy beaches.

La Maruca/Pinquel beach contains coarse fractions of isotropic sandy micritic lime-
stone cobbles, with average sizes greater than the pebble fraction (>60 mm). Most cobbles
are subrounded and light gray in tone, representing a typical perched beach (Figure 1C)
with no lateral or frontal sediment continuity.

This beach is located in the westernmost part of the coastal cliff section of the munic-
ipality of Santander (Cantabria, northern Spain) (Figure 1), which is part of the recently
declared UNESCO Global Geopark (UGGp) Costa Quebrada. Its geographical location
(43◦ 28′ 50′′ N, 3◦ 50′ 23′′ W) is close to La Maruca estuary, which has been observed to
register significant sedimentation rates [23].

From a geological point of view, La Maruca/Pinquel beach is located on the marine
limestone complex of the Lower Eocene—within the Basque–Cantabrian Basin in the north-
ern side of the municipality of Santander—a domain that experienced a minor subsidence
in the so-called Santander Coastal Block [24]. The beach is installed on the Peña Saría
Formation (Ypresian age; 48–54 Ma), with a maximum visible thickness of 150 m and
made of generally very sandy limestones that may contain flint. The underlying Estrada
Formation consists of limestone with Alveolines and Nummulites [25,26]. The layers dip
about 30◦ to the NW and are intensely jointed with preferential directions NE–SW and
NW–SE, creating a polygonal mosaic well represented as wave-cut platforms.

The coastal profile is cut in a NE–SW direction, drawing a gentle arc with its concavity
toward the NW. The coast is cliff-lined with escarpments that do not exceed 50 m in height,
more abrupt toward the NE.

 

Figure 1. (A) Location of Santander municipality in SW Europe. (B) La Maruca/Pinquel cobble beach
on the Cantabrian coast. (C) Oblique photo of La Maruca/Pinquel cobble beach, developing an upper
storm crest and some staggered tide berms, arched in a concave-seaward plane shape [27].
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3. Materials and Methods
3.1. Acquisition of Historical Orthophotographs and Geomorphological Mapping

To investigate the evolution of La Maruca/Pinquel beach in recent decades, the exist-
ing orthophotographs for the study area were consulted and implemented in the ArcGis
Pro Geographic Information System (GIS). These images are freely available from the
Government of Cantabria [28] and the National Geographic Institute of the Spanish Gov-
ernment [29]. The images used here correspond to the National Aerial Orthophotography
Plan (PNOA) [30] of Spain for the years 1984, 2002, 2007, 2010, 2014, 2017, 2020, 2023, and
2024 (Table 1), in accordance with the European Inspire directive. Flights are generally
scheduled during the summer months as, at these latitudes, weather conditions are more
favorable then for aerial imaging. Orthophotographs are georeferenced images, so no
further processing is required. The resolution of the orthophotos used in the present work
ranges from 15 to 25 cm (pixel size).

Table 1. Characteristics of the images used in this study. The connection server for adding the
orthophotos to a geographic information system (GIS) is indicated. Geographic information is
referred to ETRS89, Zone 30N, Geodetic Reference System.

Flight Date Resolution (cm) GSD: Ground Sample
Distance (cm)

RMSE: Root Mean
Square Error (cm)

Source of the
Images

14–15 September 2024 25 25 50 [28,29]
7 August 2023 15 15 30 [28,29]

29 September 2020 15 15 30 [28,29]
3 July 2017 25 No Data No Data [28,29]
27 July 2014 25 25 50 [28,29]

5 September 2010 25 50 100 [28,29]
5 September 2007 25 10 20 [28,29]
10 September 2002 25 50 50 [28,29]

November 1984 25 50 100 [29]

It is evident that the optimal scenario would involve the acquisition of high-quality
images on an annual basis, thereby enabling the annual observation of changes. However,
this is not a feasible option. In the case of satellite images, or even LIDAR, these are
also unavailable.

Once the orthophotographs were incorporated into the GIS, the main features and
elements observable at this scale were mapped on each image, using always a visible scale
of 1/250 to maintain the same observation criteria.

The existence of high-resolution orthophotographs, in conjunction with the researchers’
experience in such environments, facilitates the identification of the beach’s topography.
The topography of the beach could be extracted using numerical or automatic methods.
However, it should be noted that high-resolution techniques are not available for the period
analyzed in this work.

Due to the resolution and georeferencing of the images, the following geomorpho-
logical features could be identified and mapped: coastal paths, cliffs, contour of cobble
deposits, crests of the tide and storm berms, ponds, and rocky substrate. It is therefore
possible to estimate areas and lengths for different time periods.

Based on the orthophotographs, the field campaign was designed considering the
distinctive characteristics of the beach and the expertise of the researchers in this field. As
a result, seven representative cross-sectional profiles (I to VII), distant among them and
between 15 and 18 m, were proposed on the shoreface, the low-tide depression (due to
its rarity), and the backbeach. Representative surface sediments were taken at 16 cobble
stations from an enclosure of about 1 m2.
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The transverse profiles and the sampling stations in each profile were outlined on the
orthophoto shown in Figure 2.

 

Figure 2. Perimeter enclosure of La Maruca/Pinquel beach redrawn on the 2023 image obtained
from [29]. The cobble deposits rest on the substrate of jointed limestone, with square and rectangular
plans. All 16 samples, taken on the transversal profiles (I–VII), can be observed, including centile and
mean size of boulders (a–e) and the crests of the identified berms.

3.2. Field Campaign

Several preparatory visits were conducted to better understand the characteristics of
the beach. For direct measurements, two consecutive days were required. Field surveys
were thus conducted on 22 and 23 March 2023. Low tides were recorded at 0.146 m on
the first day and 0.198 m on the second [31], during a period of calm wave conditions and
spring tides (Figure 2). Direct measures were needed from 7:30, after the high tide, to 18:20.

Once on the beach, cross-sections were located, and stations were located and trans-
ferred from the 2023 orthophoto and slightly modified where appropriate.

The beach morphology was obtained in a very easy manner using a low-cost tech-
nique [32–34]: the slopes on the surfaces were recorded with a standard clinometer (in
this case, using a conventional mobile phone), and the lengths were measured with a
conventional measuring tape. A comparison between the measurements taken with the
tape and those extracted from the 2023 orthophoto indicated a minimal discrepancy. The
segments follow one another until each profile is completed. The upper storm crest, the
stepped berms, and the overwash lobes and sheets can be distinguished by measuring their
length, width, and height as well as representative beach slope angles from the foreshore
belt and upper beach to the inner backbeach. Representative surface sediments (16 cobble
stations) were randomly taken in situ from an enclosure of about 1 m2, two stations along
the elongated depression (1,2) and one (6) in the backbeach. Boulder samples were taken
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at the lower side of the profiles (III: a to VII: e), and their intermediate axis was measured
(Figure 2). Furthermore, widely developed imbrications on the shore surface were verified.

3.3. Characterization of Granulometric Parameters

Particle size parameters are useful indicators to deduce the origin, transport, and
depositional environments of the sediments; average and sorting are those of greater
importance [35].

The different cross-shore size–shape zonation is evident on gravel beaches [36], but is
not particularly pronounced on this beach.

Following [32], whose methodology is widely accepted, the intermediate axis of a
minimum of 40 clasts at each station was measured to establish the grain size parameters of
the deposits. The lengths of representative diameters or axes (a: L = long; b: I = intermediate;
c: S = short) were determined, and the inscribed major and minor diameters were also
measured with the aid of Vernier calipers [37,38] for each clast (Figure 3).

 

Figure 3. (A) Principal axes (a, L: longest; b, I: intermediate; and c, S: shortest) of a triaxial ellipsoid
for an approximate particle shape. (B) Two-dimensional particle image showing definitions for the
minor diameter (black) and the maximum inscribed circle (gray).

Two widely accepted methods were used to analyze clasts. The grain-size parameters
were calculated following the method in [4], who proposed a graphic method based on
the cumulative grain size distribution curve, and represented as isolines (trend maps) on
the 2023 orthophoto. These parameters are centile (1% coarsest size) or the size of the
largest particles in the sample, mean (Mz), sorting (σI), skewness (SkI), and kurtosis (KG).
The statistical analyses were performed using the software GRADISTAT [39]. The centile
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is considered important because of its great affinity with the mean, which is particularly
useful when the mean values vary only slightly [40].

3.4. Shape of Particles

The shape index (roundness, sphericity, and oblate–prolate index) is used to character-
ize the morphology of sedimentary particles [38]. On beaches, sphericity is less prominent
than rounding, and the oblate–prolate index becomes more negative, which is characteristic
of disks. The authors of [38] report flattened (“oblate”) beach gravels with medium-to-low
sphericities (0.60). The geometry of the particles exerts a significant influence on their
hydrodynamic behavior during transport [41]. The oblate–prolate index (OP) is based on
the relationships between the major axis and the intermediate and minor axes (L–I/L–S)
(Figure 3A). The rounding index is obtained by measuring the diameters of the smallest
(Di) and largest (Dk) circumscribed circles (Figure 3B) in each clast (RWt = Dk/Di).

Sphericity establishes the shape of a particle in relation to a sphere of the same volume,
regardless of its size. In a two-dimensional analysis, the authors of [42] calculated the
maximum projection sphericity, which is represented in four geometries: sphere (1.00), rod
or cylinder (0.74), blade (0.61), and disk (0.54). As illustrated in Figure 3, the four extreme
shapes—a blade, a rod, a spheroid, and a discoid—can be calculated from the long (L),
intermediate (I), and short (S) orthogonal axes.

The values of each granulometric parameter, i.e., centile, mean, sorting, skewness
{asymmetry}, and kurtosis, and particle shape parameters, i.e., roundness, sphericity, and
oblate–prolate of the surface sediments, were obtained for each station and plotted on the
orthophoto of 2023. Subsequently, trend maps including the class values were manually
drawn [40,43] and so were the main isolines proposed by several authors. In [44], the
authors state that changes in the parameters’ location contain information about sediment
transport patterns. Manual interpolation has been successfully employed in a variety of
coastal settings, including embayed, sandy, and gravelly beaches, as well as small coastal
dune fields. Initially, automatic interpolators were utilized; however, these were subse-
quently dismissed due to their tendency to generate interpolations that lack authenticity.

3.5. Analysis of Coastal Dynamic Agents

A mutual relationship is established between the dynamic coastal agents (waves, tides,
and currents, mainly represented by longshore currents) [45] and the coastal morphology
and sedimentation, in this case, in a cobble beach [10]. These agents trigger short-term
transport and deposition processes, such as waves and tides, and long-term processes, such
as sea level [46,47]. The aim of the present work is to establish the relationship between
cause (wave incidence: the NW direction) and effect (bar and berms orientation: NW–SE).

The following sections present a summary of the characteristics of the coastal dynamic
agents that affect the study area.

3.5.1. Waves

Waves represent the most important energy factor in the short term in the modeling of
any type of beach. Regarding the distribution of sediments in both, the construction stages
(mainly during calm periods) and the erosion episodes (mainly during storms), which are
articulated in the short (seasonal or cyclical) and in the long term, with the intervention of
sea-level rise. Active gravel beaches are located on coasts exposed to the attack of waves,
although this is not the primary condition for their formation, but rather the sedimentary
contribution to the coastal edge of suitable volumes and fractions.

Wave characteristics, in statistical terms, were obtained from the SIMAR point 3136036
(Figure 4A), a database elaborated by [48]. The SIMAR dataset is made up of time series
of wind and wave parameters obtained from numerical modeling. It is important to note
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that the nature of these data is simulated and not derived from the direct measurements of
natural phenomena (Figure 4B).

Figure 4. (A) Location of SIMAR point 3135036 (NNE of La Maruca/Pinquel) presenting the most
representative parameters of the incoming waves. (B) Wave directional rose and significant heights
(1958–2024), with those from the WNW and NNW dominating (modified from [48]).

Large ocean swells generated in the North Atlantic Ocean can reach up to 10–12 m
in significant wave height (Hs) with a mean value of around 2 m and an average annual
maximum of around 6 m. The peak wave period ranges between 8 and 15 s [49]. Incoming
waves near the La Maruca/Pinquel arrive from the main direction WNW and NNW
(Figure 4). The waves are refracted about 90◦ to the right (dextrorotatory sense) to penetrate
frontally over deposits of the ridge. When oblique waves occur, gravel clasts can be
transported along the shore [50].

3.5.2. Tides

The contribution of the storm tide is more significant as it exploits the depression
(direction) to channel the deposits from the shore surface to build the lobe (the SW area of
the backbeach). A detailed study of storm surges (meteorological tides) and astronomical
tides lies outside the scope of the present work.

Sea-level surface measurements and those related to tidal oscillations were obtained
from the tide gauge located at the western mouth of the Bay of Santander (latitude
43◦27′40′′ N and longitude 03◦47′26′′ W).

The astronomical tides on the Cantabrian coast are semidiurnal and mesotidal (based
on the main lunar component M2). The average range is 2.8 m with maximum values that
can reach 5 m of high spring tide height or even exceed this value, and that tend to increase
toward the Basque Country. The average monthly and annual ranges available show an
average value between 2 and 4 m (mesotidal) in 70% of the cases, below 2 m (microtidal)
in 20%, and above (macrotidal) in the rest [51].

A wide range of variability translates into an extended area in which waves can affect
the shoreface resulting in macrotides [52]. The increasing tidal range induces shoreline
mobility on both the wave dynamics and the resulting morphodynamics [53].

3.5.3. Sea Level

Sea-level rise is a mechanism indirectly influencing gravel barrier migration landward,
considering that storm intensities operate independently of sea-level change. Between 1993
and 2019, the mean sea level in the Cantabrian Sea rose at a rate of 2.46 ± 0.43 cm dec−1

(rates per decade = dec−1); from 2004 to 2013, this rise somewhat decelerated [54].
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Extreme events contribute to the increase in average sea-level rise due to the com-
bination of strong winds and storm surges with astronomical tides, resulting in coastal
overtopping. These meteorological tides occur under the combined action of low atmo-
spheric pressures, associated with the passage of storms, with wind drag. Under these
conditions, sea-level rise reaches 30–40 cm [55]. In the Cantabrian Sea, this occurs once
every 50 years, with maximum values close to 0.5 m, showing that changes in the climate
system are faster than initially thought [56].

4. Results
4.1. Geomorphological Mapping on the Basis of Historical Orthophotographs and Fieldwork

A geomorphological map of the study area could be obtained thanks to the mapping
of the geomorphological features on various orthophotographs in conjunction with the
fieldwork (Figure 5).

 

Figure 5. Simplified cartography of La Maruca/Pinquel beach and its surroundings based on 2023
orthophoto (image obtained from [28]).

The morphological parameters that were mapped include the perimeters and surfaces
covered with deposits; the position and length of the berm crests; some morphosedimen-
tary units, such as overwash sheets and lobes; and, as an approximation to the dynamo-
sedimentary inactivity, the vegetal colonization.

La Maruca/Pinquel cobble beach is a typical embayed or headland-bay beach de-
veloped on a rocky coast [53]. The beach does not experiment any transfer or loss of
sedimentary volume given that its deposits are confined to a rocky enclosure (Figure 5).
In this type of beach, known as perched beach, changes only occur within itself and on
its periphery.
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La Maruca/Pinquel beach plane shape is irregularly rectangular. This beach was
formed on a broad rocky cove of about 9000 m2 presenting a rectangular plan-oriented
NW–SE, 40 m wide on the western side. Cobbles are widely colonized by sea fennel
(Crithmum maritimum) in an 18 m wide area on the eastern side for about 100 m, in an
almost W–E direction. The beach is slightly arched with a slightly concave arc in plan of
95 m, pointing NE (Figures 5 and 6A,B), over a depositional surface less than 3100 m2.
It also reaches a maximum height of just over 5 m where the crest of the ridge extends.
An irregular wave-cut platform was carved with prismatic joints. This platform widely
outcrops in the lower intertidal zone, rising just over 1 m from the bottom.

On the southwestern side of this beach, a heterogeneous beach deposit is preserved;
this consists of subangular and rounded pebbles and cobbles, with a matrix of coarse sand
with both fragments and whole shells, mostly limpets (Patella spp.). This composition is
similar to that of the Dunkirkian deposit, cited in [57] for Bikini beach, which hangs at an
approximate height of 5 m.

The deposits occupy a lower beach step with respect to the wave-cut platform, their
appearance is rather flat, and their morphology is consistent with the geometry of a prism.
This step is separated from the back cliffs, which are 10 m high and remain unchanged
toward the N. The southern backbeach is devoid of gravels, and some ponds of subcircular
contour and puddled surfaces (Figures 5 and 6A) of karstic origin can be observed, covering
an area of about 375 m2.

At the foot of the tidal rocky surface, a loose channel-shaped depression has been
excavated perpendicularly to the low tide level and is covered by clasts; during low tides,
water is drained out of the depression (Figure 6A). This presents an elongated NE–SW
direction, about 41.5 m long with variable widths, between 11 and 17.5 m, narrowing
seaward with a very small slope. It is incompletely filled with cobbles colonized by green
algae (Enteromorpha spp.) and intertidal fauna: limpets (Patella spp.), small gastropods
(Melarhaphe neritoides, Gibbula spp., Littorina spp.), barnacles (Chthamalus spp.), marble crab
(Pachygrapsus marmoratus), etc., evidencing a great dynamic inactivity only interrupted by
storms (Figure 6A).

The area in which the abovementioned deposits accumulate exhibits a simple geometry,
characterized by an asymmetrical ridge configuration (Figure 6A,B), with a large permanent
bar or berm crest arched WNW–ESE (Figure 6A–D). The area draws a concave transverse
profile in the foreshore, where slopes are steeper (maximum of 30º in profile IV); from the
upper crest, the backbeach surface gently slopes landward (Figure 6B). The deposits are
embedded in the wave-cut platform, whose culminating surface is irregular and rises less
than 2 m high (Figure 6F,G). The limiting belt of the rocky bottom with the lower deposits
of the foreshore presents heavily worn surfaces (polished limestone), with bare sections
alternating with sections covered by cobbles (Figure 6F,G).

Overwash lobes have contributed clasts (less than 0.75 m thick; 20 m long; 12 m wide)
to the western area of the beach. These have been placed during different episodes and
represent a type of deposit that erodes the crest of the upper berm with no return to the
foreshore [58]. The westernmost lobe shows a subcircular contour (20 m long; 18 m wide)
and is colonized by fennel. Attached to its eastern side, another longer, narrower, and more
modern lobe migrated landward and stabilized (Figure 5).

Along the eastern area, the backbeach from the upper crest is a simple gentle slope
presenting the overwash deposits, which have acquired a tabular geometry. Cobbles subject
to continuous water mobility acquire a light gray tone in their surface (Figure 6B,D,G).
These deposits are distributed along the upper foreshore and outer backshore, upper
berm, and overwash tabular prisms and lobes. Cobbles inactive for long periods acquire a
medium gray tone in their surface (Figure 6C) under subaerial conditions, stabilizing on the
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leeward side of the bar and on the overwash lobe. Numerous clasts contain millimetric-scale
bioperforations caused by certain species of bivalves, polychaetes, and even sponges.

 

Figure 6. (A) Panoramic view of La Maruca/Pinquel beach from the NW. Several berms can be
identified; the lower ones retain algae remains and resemble recessed steps. The channel-shaped
depression, embedded in the rocky platform that rises just over 1 m high (left side of the photo), can
be appreciated (sampling stations 1 and 2, marked with arrows). The overwash lobe is identified
on the right bottom corner. (B) Thickest deposits (mainly boulders) of the northwestern corner.
(C) On the leeward side, active (light gray) and inactive (medium gray) cobbles coexist. The leeward
slopes range from 7◦ at the crest to 11◦ and 13◦ at the foot (most internal). (D) Detail of the crest
(upper berm) and the arrangement and degree of wear of the cobbles, seen from the eastern side.
(E) Front area (inner) of the overwash lobe a few decimeters thick. (F) Boundary belt at the foot of
the foreshore, presenting a worn rocky substrate and imbricated cobbles, many covered with green
algae. (G) Highly polished rock outcrop, indicative of the abrasive power of the cobbles, where
sedimentation is low.
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The largest clasts of the study beach are found in the western foreshore (Figure 6B) and
between the foot of the intertidal zone and the rocky bottoms. These clasts are characterized
by the maximum centile and mean size (Figure 6A) and are represented by boulders
(Figure 6B), and many are colonized with green algae, which indicates their immobility for
most of the time. They are located and remobilized during storm surges, as contemplated
by the [19] model for Sker-type beaches.

In almost all tidal zones of La Maruca/Pinquel beach, cobbles are arranged in a clear
and wide imbrication structure (Figure 6E,F) dissimilar to those restricted to the upper part
of Sker beaches [19] and to the foot of storm berms [59].

Sediment volume increases from transversal profiles II to IV (Figure 7); most of the
deposit is concentrated in the central foreshore, profiles IV, V, and VI; sediment volume
then decreases toward the eastern edge, profile VII. On this rocky side, small and isolated
accumulations of pebbles are installed, produced under strong waves.

Figure 7. Superposition of the seven simplified transversal profiles and representative slopes, whose
feet connect with the abrasion platform at a very worn strip, which hangs at a height below 2 m. The
beachface is steeper in profiles IV, V, VI, and VII and is reflective.

Down the foreshore, a series of highly variable lower berms are staggered, in a maxi-
mum number of three (45 m, 37 m, and 25 m), and are built during the spring and neap tides,
with the concavity softening toward the southeastern corner (Figure 6B,D and Figure 7).
The cross profiles reveal the maximum height and volume of cobbles in profiles IV, V, and
VI, where the berms are built (Figure 7).

These berms are asymmetrical, culminating in a main crest whose slope is greater on
the seaward side due to the greater energy (larger grain sizes) developed by the waves in
the swash under reflection conditions, especially, in the case of a stormy episode. In the
backwash, energy is lost due to water infiltration resulting from previous wash [60]. The
main crest culminates at heights slightly higher than 5 m and widths of around 1.5–2.0 m,
while the tide berms present maximum heights of 1 m and are less than 1 m horizontally
(Figure 7).

Swash and backwash are the most important processes along the foreshore, with
swash representing the most powerful of them. Swash infiltration is probably the dominant
factor in the control of the beachface gradient [60]. Formation of berms is enabled by the
spring and neap tides bringing swash to a relatively long halt [61].

The slopes are higher in the upper foreshore, showing some segments with erosion
slopes, which gradually decrease toward low tide and draw a clear concavity seaward.
The depositional slopes are high, greater in the central foreshore due to the greater energy
developed by the incident waves. The average slope is about 15–20◦ and can reach 44◦ in
the upper part of the berm (Figures 6B and 7) if they are the result of erosion.

4.2. Granulometric Parameters, Shape Characterization, and Coastal Dynamic Agents

The cobble deposits, characterized by grain size parameters and clast shapes, are
distributed in response to the incoming waves and wave-induced currents [62] and the
availability of inherited clast fractions. Both grain size distributions and particle shape are



Earth 2025, 6, 159 13 of 30

related to beach dynamics [19,63]; these include the transport of gravel up the foreshore
by wave storms to form a large berm or storm bar and overwash small longitudinal bars,
overwash lobes, and storm sheets projected landward.

4.2.1. Granulometries

Surface distribution of the granulometric parameters varies greatly, although centile
and mean agree better between them due to the similarity of maximum sizes (Figure 8).

Figure 8. Trend maps of granulometric parameters: centile (Mz), mean (σI), sorting (SkI), skewness,
and kurtosis. Class intervals for each parameter are presented.

The largest sizes are found on the western side of the study beach, represented by
boulder fractions (>−8.0 ϕ), which stabilize in the upper foreshore (Figure 8A,B). Transi-
tioning longitudinally toward the eastern side, sizes decrease, represented by boulder and
cobble fractions (Figure 8A,B, respectively).

The centile and mean values for samples a, b, c, d, and e (Figure 2), given the difficulty
of expressing data from the lower belt of pebbles on the trend maps (Figure 8A,B), are
presented in Table 2.
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Table 2. Boulder sizes (centile and mean) in ϕ units and the equivalent in millimeters, located at the
foot of the foreshore near the wave-cut platform.

Sample Centile Mean
ϕ mm ϕ mm

a −9.79 890 −8.90 480
b −10.30 1340 −9.43 690
c −9.57 760 −8.87 470
d −8.68 410 −7.59 192
e −8.49 361 −7.05 132

Cobble sorting varies from extraordinarily very well sorted (0.30 ϕ) to very well sorted
(0.35 ϕ) and moderately sorted (0.75 ϕ) on the western and southwestern sides of the beach
(Figure 8C). A longitudinal variation W–E from higher to lower values can be deduced.
In the western area of the beach, sorting is very good at the lower half of the foreshore,
probably due to the energy of the incoming waves through the rocky depression.

As for skewness, the most negative values can be located in the western side, with
positive values gradually concentrating toward the eastern corner (Figure 8D). Angularities
(KG) of the curves (peakedness) are distributed from the most acute (>1.50), surrounding
the perimeter of the intertidal zone, to medium values (around 1.10) in the middle and lower
foreshore (Figure 8E); in this sense, the most remarkable finding is the lack of flat curves.

In the case of the centile, data obtained for the boulders in the lower intertidal zone,
linked to profiles III to VII, were included in the present work. The areal transitions of
the parameters are related to the incidence of waves and the results of the transverse and
longitudinal distributions of the sediments [64] because of the transport processes that also
involve morphological reconstruction.

4.2.2. Particle Shape

Coastal gravels are washed repeatedly by waves, and they can therefore present very
rounded shapes. The maximum possible rounding was recorded only in a few clasts in the
study beach. Average rounding in clasts located at each station are relatively high, with
values ranging from 0.70 to 0.75, and distributed throughout the western area. Minimum
values (<0.6) are observed in more restricted surfaces toward the opposite side of the study
beach. A simple longitudinal transition toward the E can be interpreted (Figure 9A).

The results obtained in the present work show what, according to sphericity, are perfect
rods on the southwestern edge, with maximum values of 0.74, transitioning longitudinally
to perfect disks toward the N and the southeastern corner: 0.54 (Figure 9B).

A more complex distribution is obtained when considering the oblate–prolate index
(OP), with results reaching extreme values in accordance with the definition proposed
in [39]. Maximum values (0.0 to +0.5) are found in the southwestern half of the study
beach, coinciding well with the maximum values of sphericity (rods and blades), while
minimum values (−5.0) are distributed toward the N and NE, nearly at the lower tidal
edge (Figure 9C).

The abundance of disk-shaped clasts responds to the dominant back-and-forth abra-
sion in which, once the last wave breaks on the beach surface, waves are resolved as a
sheet of water of centimeter-to-decimeter thickness, which ascends landward (“swash”)
and continues along the immediate descent (“backwash”). This can be favored by a sandy
fraction, which acts as additional abrasive material.
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Figure 9. Trend maps of averaged particle shape parameters: (A) roundness [38], (B) sphericity [42],
and (C) oblate–prolate index [38].

4.3. Morphosedimentary Beach Evolution from 1984 to 2024

The morphological and sedimentary evolution of La Maruca/Pinquel beach since 1984
has depended closely on dynamic changes resulting mainly from wave action (Figure 4B),
a process that normally occurs in sandy beaches [65,66]. These changes affect a mesotidal
and sometimes macrotidal area, following storm and calm wave cycles [67] in a seasonal
periodicity in accordance with wave climate. These processes have been simplified as
follows: in winter seasons, characterized by storm waves, erosive processes dominate; in
summer seasons, characterized by calm waves, swells reconstruct the equilibrium profile
of the beach [63].
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The current perimeter of La Maruca/Pinquel beach is composed of rocky surfaces
with an almost rectangular geometry plane shape between low cliffs with greater slopes
northward and subhorizontal in the lower belt affected by the tides.

Morphological variables manifest themselves according to a seasonal cyclicity in
the direction of the wave fronts and the gradients in wave energy [68]. Sedimentary
characteristics, mineralogical composition, shape and granulometric parameters, and beach
slope are involved [69]. The exposed front of the beach is mainly controlled by the larger
size of the sediment and the intensity of the wave action [70], which translates into greater
energy. On sandy beaches, a direct relationship is evident between beach slope and average
grain size in the intertidal sector. Grain size increases with increasing slope, and the beach
is more exposed to the energy of the incident waves [71]. In gravel beaches, this equivalence
is far from being closely matched and so is the relationship between the dynamic changes
and the resulting morphology [72].

The active surface where the movement of gravel occurs can be temporarily identified
using the contours that define where the water sheet arrives as a result of tidal variations
dominated by the back-and-forth processes; this area can also be determined by the deposit
transfers to the rear areas that storm waves cause through overtoppings.

Two varieties of overwash deposits can be differentiated in La Maruca/Pinquel beach;
the simplest type is tabular, and these deposits present widths from 1 to 2 m up to a
maximum of 5 m, over a length of 60 m. Within this belt and along the entire leeward side
of the upper berm crest, smaller and unmappable longitudinal bars are present, showing
heights less than 0.35 m and lengths less than 1 m and configuring a finger-shaped or
comb-shaped morphology. Toward the W, this belt is replaced by an area where overwash
lobes are installed. An isolated wide washover lobe that reached a surface of 225 m2 can be
observed in the 2020 ortophoto, in what is supposed to be a concentrated sedimentation
during wave storms that migrated landward. Also, of note is the gradual colonization of the
western and southern corners of the study beach by sea fennel, indicative of a temporary
sedimentary cessation.

The arching of each crest suggests the incidence of waves and their adaptation to the
beach surface; here, the most frequent wave trains are from WNW and NNW (Figure 4B),
turn toward NE, and break until they dissipate in the foreshore. The inner berm is repre-
sented in all records given its great magnitude, with heights lowering toward the lateral
ends and downward. This berm usually develops an erosive front in the upper belt of
the crest and remains almost invariable in the long term, while the tendency for the lower
berms—given their dependence on tidal cyclicity [61], the angle of the incoming waves, and
the parameters of height and period [73]—is to disappear, with new berms being created.
In some cases, lower crests are attached to the inner one, due to a change in the incidence
of the waves (Figure 10B). Two clear events could also be detected in the orthophotos; in
these episodes, the upper front of the eroded bar generated a scarp (about 0.4–0.5 m) up
to 45◦ from the crest to the foreshore in 2014 and 2020 (Figure 10E,G, respectively).

The surface coated with cobbles followed very irregular patterns in 1984, covering a
minimum area of 2910.2 m2 (Table 3; Figure 10A) with a backbeach width of 42.3 m, greater
in the southeastern corner and did not exceed 3058.3 m2 between 1984 and 2010. During the
last five years of this period, this area decreased to a minimum of 2177 m2 probably due to a
contraction of the deposit surface; however, it is most likely that it grew vertically. Deposits
have advanced and dismantled toward the eastern side of the beach, some as isolated
patches, changing irregularly from one record to another. Some rock surfaces polished
by the wear of cobbles in previous stages are now outcropping (Figure 6G), occupying
surfaces previously filled with cobble deposits.
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Figure 10. Mapping process applied to orthophotos from 1984 to 2024 (A–H). The following features
have been identified in the orthophotographs captured at different times: contour of cobble deposits,
crest of the inner storm berm, crest of the tide berm, pond, rocky depression and coastal path.

In 1984, this beach developed an upper berm with an elongated crest of 61.8 m and
other minor one of 37.5 m down the foreshore (Figure 10A; Table 3). A small area at the
western end was partially colonized by sea fennel (Crithmum maritimum). Landward of the
upper berm, overwash tabular sheets drew an elongated triangular plan; this was repeated,
with variable widths, generally increasing eastward, in the most recent records.
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Table 3. Surfaces covered with clast deposits and berm crest number, length, and maximum distance
between crests. Data are completed with observations of interest. Information is based on orthophotos
from 1984 to 2024. Length of the upper berm in bold and italics.

Year
Surface

Containing
Deposits (m2)

Number of
Crests (berms) Crest Length (m) Distance Between

Crests (m) Observations

1984 2910.3 2 37.5–61.8 4.2 SW fixed
vegetation

2002 3058.3 4 49.4–36.2–25.9–54.3 3.7–4.1–3.1 Overwash in the backbeach
2007 2795.2 4 29.5–41.9–31.3–53.1 2.8–2.5–3.4 Fixed backbeach
2010 3032.5 4 34.1–29.2–20.8–55.2 4.5–2.8–2.3 Well-developed berms
2014 2437.4 3 40.5–34.0–39.9 3.1–4.3 New lobe
2017 3114.3 2 27.6–50.9 4.6 Active overwash sheet and lobe
2020 2177.0 3 33.3–39.4–54.3 2.4–2.8 Upper crest erosion
2023 2314.7 3 52.3–47.5–48.4 5.07–2.8 Lobe is inactive
2024 2449.5 3 42.9–30.5–55.2 4.4–4.2 Lobe is fixing

The number of minor crests formed in the study beach usually varies throughout
records since these features are ephemeral forms, although a frequency of two or three
units can be appreciated. In records showing more than three berms, the upper crest is
tangentially attached to the immediately lower berm and generated high tides during
spring, from approximately the middle of the beach. The third crest, lower than the second
one, is also somewhat longer (Table 3).

A first overwash lobe formed in 2007 in the western area of the beach, acquired an
elongated shape perpendicular to the coastline from the backshore side of the upper berm,
with a surface of 278.8 m2. The inner portion of this lobe presents an elongated subelliptical
plane shape laterally linked in total continuity with the tabular overflows on the eastern
side of the beach (Figure 10C). Another lobe can be observed in the same position and with
similar dimensions (Figure 10G,H). In 2020, a storm sheet was generated at the eastern end
of the beach, covering a larger area (192.88 m2) than those of the previous and subsequent
ones (Figure 10G).

Fixation by vegetation, mainly sea fennel, had already begun during the late years
of the 20th century (Figure 10A), particularly in the western corner. The absence of clast
contributions to this shadow area favors a greater colonization density by plant fixation,
which is increasing gradually.

5. Discussion
5.1. Sedimentary Source Areas

The origin of La Maruca/Pinquel beach cobbles can be found at a close location
linked to the retreat of the cliffs where the sedimentary prism develops. This is typical of
embayed beaches in the Cantabrian Sea, in which lateral sediment transfers are not possible.
For the study beach, this is specially so given that its cobbles are coarse fractions whose
displacement is restricted.

The most likely suppliers of sediments for this beach are the cliffs around the backbeach
perimeter and the extensive highly spatial area of about 11,500 m2. Given that these
limestones share their gray compact micrite facies with the cobbles, an isotropic behavior of
these is induced. However, an additional source may have been needed from the north area.

5.2. Morphosedimentary Distribution 1984–2024

A portion of the active beach deposits in the foreshore and upper backshore belt of
La Maruca/Pinquel beach has been distributed mainly following a trend of clast sizes
from maximums on the western side to minimums on the eastern side (Figure 8). Other
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identifiable changing trends are those in particle shape parameters, such as the decreasing
roundness eastward as a result of persistent albeit very weak beach drift currents (Figure 9).

During large-magnitude wave storms with long-term recurrence, as those identified
in the winters of 2009–2010 and 2013–2014 (Figure 10D,E), overwash lobes were built or
reactivated (Figure 6E). These covered surfaces of just over 225 m2 and became inactive
after each event. The most common and broad process was the emplacement of tabular
overwash sheets that migrated landward, widening preferably in the center and south-
eastern side. Both morphologies clearly indicate the landward migration of the sedimentary
complex but not exceeding the contours of the first photograph from 1984.

At the end of 2013 and the beginning of 2014 (just over 3 months), a sequence of wave
storms produced substantial changes on the Atlantic coasts of Europe [74,75], Asturias [76],
and Cantabria [77,78]. At that time, a new overwash lobe (242.74 m2) developed at the
beach and remained unchanged from 2020 to 2024 (Figure 6E).

In most cases, overtoppings occurred landward of the crest of the upper beach bar, with
greater width, the further E, represented by tabular layers a decimeter thick (Figure 6A,E).
In 2007, an overwash lobe was built on the western side, covering an area of 319.25 m2 and
stabilized with the rest of the backbeach surface.

A large berm is present on the inner side, and its upper front seaward built an erosive
scarp in 2014 and 2020 (Figure 10E,G). Somewhat persistent lower berms can also be ob-
served, although these are variable in number and length (Table 3), slightly increasing their
length toward the E, as the deposits were transported by the beach drift. The most common
process on the study beach is the construction of up to three lower berms (Figure 10D,G),
showing arched crests with the concavity seaward. During neap tides, the lower berms are
built, and they lie above those formed previously. Some of these lower berms could have
been formed by weaker wave storms.

The beach has experienced very few anthropic interventions, although the extraction
of red algae (mainly Gelidium sesquipedale) required the consolidation of an access path
by building pebble pavements in some sections on the perimeter contour. Farm tractor
tracks were visible at some point in time on the intertidal and the supratidal areas of the
beach (Figure 10C,H), but they disappeared due to the sedimentary dynamics of the beach.
Because of the morphological configuration of the rocky area, the eastern area is irregularly
covered with cobbles in irregular depressions.

5.3. Morphosedimentary and Dynamic Model

La Maruca/Pinquel beach is formed as a result of the asymmetry of the laminar
water flow (swash) from the breakers, linked to the spring and neap tide phases of the
cycle [79]. Its construction required a certain period with sea-level stationing. On this beach,
successive stationing, with relatively wide tidal ranges (meso- and macrotidal), enabled the
preservation of several berms over a time interval.

The scarce contrast between the different grain sizes found in La Maruca/Pinquel
beach, represented almost exclusively by the fractions of cobbles in the upper interval
of the Udden–Wentworth scale, characterizes the construction of this beach, similar to
that of the pure gravel beach model in [80]. The upper bar (“gravel ridge”), as described
in [19], contains a belt of large disks with sizes ranging from 64 to 256 mm (−6 to −8 ϕ),
and its berm is considered one of the distinctive morphological features of gravel beaches
(Figure 11).

Given their greater variety in granulometry and particle shape, the upper (supratidal)
and lower (intertidal) belts represent the only parts of the beach that can be extrapolated to
the more complex Sker beach model with high wave energy [19]. Good sorting certifies that
a high degree of maturity has been reached, due to the work of the waves over long periods.



Earth 2025, 6, 159 20 of 30

Also, the average skewness (−0.14), close to symmetrical curves, and kurtosis (1.16), typical
of sharp curves, suggest that this deposit is very well sorted with sedimentary clasts.

Figure 11. Synthesis of the cross-sectional distribution of cobble deposits from La Maruca/Pinquel
beach according to particle shape in maximum percentages (normal) and averages (bold italics) for
each station (without scale).

Particle morphology is an important characteristic of sediments, as this reflects their
transport history and depositional environment [81].

The authors of [82] created an index of compactness calculated from the abovemen-
tioned morphological properties. Disks and spheroids usually show a tendency to be
transported upslope, whereas spheres and rods mainly tend to be moved downslope. In
the long term, particles tend to stabilize, so that disks and blades are located on the upper
beach, while spheres and rods can be found downward [19].

In open sand beaches, grain size is coarser near the source and finer away from it [83].
At the local scale, especially in embayed beaches, grain size greatly varies spatially and
temporarily [35]. Sediment sources and transport pathways are commonly inferred from
grain-size data, and sorting is assumed to improve in the direction of transport [84,85] and
in the lag deposit (McLaren model [86,87]). As sediments move downstream, their grain
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size typically decreases and the shape of clasts becomes more rounded. Sorting improves
as water separates particles by size, depositing larger particles closer to the source and
smaller particles downstream. Sphericity increases as particles become more rounded, and
angularity decreases as sharp edges and corners wear away [88].

Synthesis data for maximum and average percentages for each measurement station,
in the present work, show that the dominant clast shape varies between disks and blades
at the western culmination of the upper bar, with some differences in longitudinal direc-
tion (Figure 11A), whereas, on the rest of the beach, the dominant shape becomes disks
(Figure 11B,C), followed by elongated forms [38]. In percentages, blade forms dominate
but are replaced eastward by bladed and very bladed forms and, finally, elongated and
bladed forms. In the intertidal band, disks and blades stabilized alternately without a clear
tendency in the middle or intertidal foot or, even, in the elongated depression.

Even though certain differences can be observed both longitudinally and transversally
(Figures 8 and 9) on the beach, generally more flattened forms are found in the upper
part of the beach. This responds to the discoidal particles being more easily lodged in the
upper part of the beach, despite its distance from the breakers, where most of the energy
concentrates. This is possible given that pebbles show a better capacity for suspension and
buoyancy [19]. Disks concentrate on the foreshore and elongated particles on the lower
belt of the beach. The rod geometry of the latter allows them to roll more effectively down
the foreshore, where swash and backwash processes represent the main dynamic process.

The morphosedimentary and dynamic model of La Maruca/Pinquel beach is relatively
simple: incoming waves arrive obliquely in the direction NW–SE and are refracted regularly,
without the beach rotating. Wave breaking occurs from approximately the mean rising
tide in a homogeneous manner. In reflective beaches such as this, wave-energy dissipation
by breaking is minimal [89]. The consensus in the literature is that, on gravel beaches,
most sediment transport occurs in the swash zone rather than in the surf zone, causing
the development of swash morphology [62]. However, this beach is characterized by the
construction of berms and the arrangement of clasts exclusively by imbrication, i.e., the
main transport of gravels presents transverse components: landward (more noticeable)
and seaward (relatively stable).

On La Maruca/Pinquel beach, wave refraction manifests following a reorientation
of the incoming waves, based on the recorded/deduced directionality (Figure 4B). This
effect probably forces the incident waves to dissipate in a homogeneous manner along
the foreshore.

During periods of calm, waves break over the cobble deposit and toward high tide on
the rocky bottoms (wave-cut platform); the water column and the loose deposits placed in
suspension are then directed both up the beach by back-and-forth processes and laterally
as drift currents, mainly eastward.

Storm waves build tabular layers of pebbles and overwash lobes, comparable to fans
on sandy beaches (“washover fans”). These usually show a greater development with
spring high tides. From the cobble bar of this beach, which the author of [90] calls a solitary
transgressive bar, with its upper berm toward low tide, the lower berms present shorter
length and magnitude; both parameters stabilize toward the eastern edge following a clear
stepping. The tidal zone allows for direct contact of the surface with the mass of seawater
and the waves that play their erosive and sedimentary role on the beach, affecting a greater
tidal range (macrotidal) or a lesser (microtidal) one.

The dominant size fraction (cobbles) presents high porosity, which determines the
predominance of wave swash and swash infiltration in the foreshore [52]. Swash infiltration
weakens the backwash, facilitating the persistence of imbrication in the foreshore [19,91].
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The only relevant sedimentary structure on the study beach is represented by the upper
slopes of 40◦ in the upper belt around the crest of the inner berm.

Longitudinal cobble transport is either minimal or non-existent (Figure 11B); however,
granulometric parameters, mainly centile and mean grain size, decrease obliquely eastward
and, partially, by sorting (Figure 8). This same eastward trend is deduced from the surface
distribution of cobble shapes, particularly the roundness (Figure 9). This scenario can
only be achieved during wave storms because calm periods are characterized by swash
(more important) and backwash processes, a simple concave surface seaward, and the
development of imbrication.

Along the foreshore, several staggered berms are built according to tidal ranges, and
the ridges are remobilized to form overwash sheets and lobes (Figure 12A). This occurs
throughout the entire foreshore, in both the upper and lower areas, representing a notable
differential sign in this extended time period of 1984–2024 (Figure 10).

During prolonged calm periods, a shadow zone is stabilized in the western side, which
tends to be colonized by fennel vegetation. However, the maximum sedimentation and
covered area, which reached in the form of washover lobes, is replaced in the E by overwash
tabular deposits (Figure 12B). Wave storms concentrate their greatest energy in this shadow
area, generating or reactivating overwash lobes; as a result, landward migration is more
significant (Figure 12B). This shadow zone contains a higher density of plant colonization.
Within the exposed area of the eastern beach, the leeward zone of the large storm bar
is a shadow area, with scarce, irregular, and dispersed plant colonization (Figure 12B).
Paradoxically, the outer western shadow area coincides with environments that present the
effects of storms, namely storm lobes.

Storm episodes are crucial in the distribution of gravel deposits since the predom-
inating processes under these circumstances are those from the upper bar toward the
backbeach (Figure 12A). Judging by the activation of overwash lobes in the western third
of La Maruca/Pinquel beach (Figure 12B), wave storms are believed to enter this beach
deviating according to an angle to the SW, probably over the channel-shaped depression,
and to increase the water flow with a longitudinal component landward. These waves
appear during each extraordinary stormy event, remobilizing the lower foreshore and
stabilizing the cobbles that present the larger mean and centile size values (Table 2). Smaller
storms build better tabular prisms, which cover a meter-wide belt, greater toward the
center and the eastern corner of the beach.

Pure gravel beaches, such as the one analyzed in the present work, are highly reflec-
tive at all stages of the tidal cycle [92], and present a tide width that ranges from 18 to
50 m [80]. In La Maruca/Pinquel beach, grain size (centile and mean) decreases from W
to E (Figure 8A,B); a cross-sectional trend is superimposed from coarse grain sizes at the
storm upper berm decreasing to the lower swash foreshore (Figures 8B and 12A,B). Longi-
tudinally, this same trend is reproduced, with larger sizes on the western side decreasing
toward the eastern side (Figure 12B). Critical thresholds in sediment transport are com-
monly exceeded during wave storms, when mobility is high, resulting in a concentration of
turbulent energy [79] capable of redistributing any grain fraction. Sediment grading along
the beach commonly occurs due to the selective transport of finer clasts downstream of the
unidirectional drift [65], for both sandy and gravel beaches.

The cobbles on the channel-shaped depression do not play any role in the dynamics of
the study beach. The excess volume of the sedimentary prism is not significant; therefore,
it does not favor the filling of this area. In addition, the presence of the green algal mat
indicates the inactivity of these cobbles.
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Figure 12. Pure reflective La Maruca/Pinquel cobble beach. (A) Diagram of the cross-sectional
distribution, presenting morphologies and variation in mean grain sizes based partially on [80].
Lower belt represents the outer frame of [19]. (B) Morphosedimentary and dynamic model showing
the stabilized crest of the storm bar/berm at the top of the beach, shaped and/or removed by storms,
and the lower berms originated by back-and-forth processes. Overwash lobes are noticeable in the
western area, where sedimentation is at its maximum; sediment volumes decrease eastward, where
narrow overwash sheets are well represented.

6. Future Evolution Model
The flooding regime combining marine and meteorological dynamics in a specific

stretch of coast is a complex phenomenon, as a large number of elements are involved.
Sea-level changes are the result of the combined action of the mean sea level, the astronom-
ical tide, and the meteorological residual [93]. The ongoing rise in sea level on a global
scale plays a fundamental role, in the long term, in the migration of beaches, with a net
component landward [46].

Waves in the Cantabrian Sea have significantly increased, at a rate of up to 0.8 cm/year
for the most intense waves; by 2040, the trend of sea-level rise will mean average retreats
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in beaches of about 3 m [56]. An increase in wave energy has concentrated on the high
branch of the medium regime (Hs12), with waves increasing around 1.4 cm/year in the last
60 years [94], while the magnitude of the increase is lower for the extreme events (HT50).
These changes are causing a retreat of the coastline that can be early detected and that
greatly impacts on the contact of beaches with their associated dune systems, such as
the spits of Valdearenas, Somo, and La Salvé-Regatón, in Cantabria [95,96]. Cliff retreats
have been documented in [97]. Their results show a significant increase in days with high
sea levels, favorable to coastal erosion, during the last 50 years. However, this has been
partially compensated by a reduction in the number of storms and a weakening of their
average strength [98].

The advance of the sea inland involves a migration of the sedimentary prism by a
typical retrogradation process within a generalized transgressive process. The author
of [99] proposed pioneering responses of the behavior of the coastline to rising sea levels.
The most widely used method to quantify the change in the coastline is the erosion rule, a
generic and simple geometric model of evolution obtained from the cross-sectional profile
of a beach in response to rising sea levels and assumed to be operational on all sandy coasts.
Other models, such as the one in [100], introduce the estimated curve of sea-level rise until
the year 2100. Other authors [101] use the response of the beach profile to sea-level change
due only to the variation in transverse sediment transport. In the model proposed to show
the response to sea-level rise (RD-A model in [102]), the profile is translated landward over
a distance that is dependent on the average storm beach slope. Also, the authors of [103]
described a simple model in a closed system where the beach sand volume is preserved
and the beach profile shape is invariant. A modeling approach to shoreline evolution can
predict short-term shoreline changes driven by waves and long-term changes driven by
large-scale atmospheric patterns [104].

All the abovementioned models have been further detailed and broadened. The
authors of [105] delved deeper into the issue, detailing the scope of application of the
Bruun rule to coastal areas in the absence of other alternatives or data that would allow new
modeling. In any case, they discourage its application in the future. In the case of [102], the
author does not accept transfers of sandy masses to be identical in a longitudinal direction
or dune fields to be ignored as an available sediment storage for the beach. His model
includes beach–dune interaction and the consequent transverse transfer in both directions:
landward with erosion and seaward with the incorporation of new embryonary aeolian
dunes [106].

From the surfaces calculated in the orthophotos (Table 3) emerges a reduction in the
area covered by clasts of 460.8 m2 from 1984 (2.91 × 103 m2) to 2024 (2.45 × 103 m2), and
probably an increase in vertical accumulation. Noticeable losses occurred during the strong
storm surges of 2007–2008 and 2014 (2.44 × 103 m2). Although irregularly, a significant
decrease in surface took place in 2020, when the maximum surface did not of exceed
2.18 × 103 m2, recovering to 2.45 × 103 m2 in 2024 (Figure 13).

From the maps (Figure 10), the retreats of the upper berm crest were calculated for
the period from 1984 to 2024 at about 12 m (Figure 13). Intervals with high retreat rates,
increasing from 1984 to 2010 (0.19 m/year to 0.92 m/year), and intervals of inactivity from
2010 to 2017 were identified, with the latter paradoxically coinciding with strong storms in
the winters of 2008–2009 [78] and 2014 [75,76,107]. During the periods 2017 to 2020 and
2020 to 2024, the rates were estimated at 0.27 and 0.62 m/year, respectively. A mean retreat
rate of 0.042 m/year was calculated for the Cantabrian cliffs [49], a much lower rate than
that experienced by the Maruca deposits. A similar future behavior of this central and
eastern beach can be expected as well as a landward migration in the same direction of the
overwash lobes in the western one.
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Figure 13. Beach retreat from 1984 to 2024, in different colors, based on the landward migration of
the storm crest of the upper berm (meters), and the rise rates for each interval. The surfaces occupied
by cobbles are calculated for the same period. The left vertical axis represents the horizontal retreat
(in m) or migration of beach deposits, while the right vertical axis shows the area occupied in each
record. The calculated retreat rate (m/year) is obtained from two successive records (Table 3).

The inner belt of the wave-cut platform in contact with the foreshore foot has been
intensely worn away (Figure 6F,G), mostly on the eastern beach, explaining the changes in
the surface area of the subsequently ejected cobbles.

The presence of a relative wide and flat backbeach at La Maruca/Pinquel, with karstic
ponds and puddles (Figure 12B), as a potential receiving area for migrating landward beach
sediments, will facilitate the future settlement of the beach cobble prism, maintaining a
similar geometry and keeping the granulometries, shapes of the clasts, and volumes of
deposit unchanged. The presence of the wave-cut platform in the lower intertidal zone,
elevated with respect to the current sedimentary foot, could guarantee the future stability
of the beach against sea-level rise by dissipating the energy of breaking waves.
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7. Conclusions
This study focuses its attention on the analysis of the morphology of a cobble beach

composed of a dynamic upper ridge and several ephemeral tidal berms (up to three).
Granulometric data and cobble shape analyses were applied to assess the beach’s

morphodynamic state, which corresponds to summer conditions characterized by calm
wave activity. Most cobble deposits exhibit widespread imbrication structures. Trend maps
of these sedimentological parameters, combined with detailed beach cartography, proved
to be highly effective tools in the identification of spatial variations and the sediment
transport pathways inferred from them.

From the upper crest to the lower intertidal zone and eastward areas, grain size
decreases obliquely, reflecting a weak longshore drift. The initially poor sorting observed in
the upper western sector shows improvement due to an eastward sediment transport trend.

An increase in mean grain size is associated with enhanced particle roundness, while
other correlation indices show a declining trend. The dominant clast shapes are disks and
blades, with average roundness values reaching medium–high levels (0.63). No consistent
spatial trends in clast shape are observed across the beach surface.

Morphological changes over the past 40 years (1984–2024) were documented in this
work, highlighting the relative persistence of the upper berm (beach ridge), along with
variable tidal berms, washovers, sheets, and depositional lobes. These features enabled the
projection of future morphological evolution.

During this period, the beach has migrated landward by approximately 12 m, accom-
panied by a reduction of around 460.8 m2 in the area covered by cobble deposits. This loss
has been partially offset by an increase in ridge height and landward migration, primarily
driven by overwash lobe development. The cobble ridge and intertidal zone are expected
to continue migrating landward, accompanied by the formation of new tidal berms and
overwash lobes.

As the retreat trend accelerates exponentially, the rate of shoreline retreat is projected
to increase in the coming years. For this reason, whoever might be responsible for its
management should pay close attention to future changes, as these may serve as indicators
of the beach’s stability.
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