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Abstract
Gerra is small beach located at the foot of a cliff on the Western coast of Cantabria (North of Iberian Peninsula). It has a 
sandy distal part and a proximal part at the foot of the cliff made up of boulders, supported by rockfalls and landslides from 
the cliff. Claystones, limestones and marls of the Triassic and Cretaceous ages form the cliff. To study geomorphological 
processes, a geomorphological map was drawn up; analysis of the beach deposits as texture, granulometry and Atterberg 
limits; analysis of photogrammetric flights between 1957 and 2017; drone flights between 2017 and 2020; and geomatic 
monitoring of the cliff and the beach by means of a terrestrial laser scanner (TLS) between 2012 and 2019. The processes 
involved in the coastal dynamic and retreat of the cliff and beach have been established, as well as the rates of erosion and 
retreat, which coincide with other beaches on the Cantabrian Coast. The current dynamics are characterized by the moderate 
regression of the coastline and greater regression and dynamism at the cliff-top, which implies the gradual degradation of 
the cliff due to loss of verticality. Among the factors involved in the cliff degradation, the main changes in the present and 
future evolution of the sea cliff can only be ascribed to sea level rise.
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Introduction

Coastal changes are highly problematic to coastal engineer-
ing as they can affect infrastructures and buildings. On the 
cliffs, both natural changes such as large wind and storm-
wave events and sea level rise and man-induced changes 
such as large-scale coastal engineering works lead to larger 
and swifter spatial and temporal changes, and they affect 
inhabited areas causing damage to private property through 
cliff failure. This is of great relevance to public authori-
ties because such events present a great threat to the safety 
of residential areas and infrastructures along the cliff. All 
processes involved in and causes of such swift changes to 
cliff stability must be understood and studied in detail so 
as to provide the relevant authorities with data-driven spa-
tial–temporal models of cliff erosion (Young and Ashford 
2008; Kuhn and Prüfer 2014; Letortu et al. 2015a). Con-
cern for the shoreline response to climate change is raised 
because it is seen as a real threat to natural and human habi-
tats (Nicholls et al. 2007; Burden et al. 2020).

Local cliff morphology and retreat rates reflect the bal-
ance between marine action and subaerial erosion through 
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a wide variety of factors, as tidal range, wave regime, rock 
strength, lithology and climate, taking place on different 
scales and rates. All these factors and processes, such as 
mass movements, seepage and surface runoff erosion, gen-
erate long-term coastal cliff erosion, though their relative 
contributions are variable both in time and space (Brunsden 
2002; Brunsden and Lee 2004; Naylor et al. 2010; Kuhn and 
Prüfer 2014; Letortu et al. 2014, 2015b; Trenhaile 2016).

Geomatic techniques have been used frequently and 
provide a useful tool for coastal and dynamic studies, but 
technical advances have now led to greater accuracy. The 
analysis of historical aerial photographs, topographic maps 
and survey plans covering several decades have been the 
most common methodologies for observing cliff changes. 
Measurements of retreat rates taken on the cliff top pro-
vide incomplete information since the data accuracy of 
aerial images is metric or decimetric and the only line 
of view is vertical (Kuhn and Prüfer 2014; Letortu et al. 
2015a). The application of terrestrial laser scanner TLS 
opens up new possibilities deriving from greater spa-
tial resolution and accuracy and the higher frequency of 
geomatic surveys. The use of the Terrestrial Laser Scan-
ner (TLS) technique to monitor processes on the cliff 
top, walls, talus and beaches is leading to considerable 
advances in the knowledge of coastal dynamics (Benumof 
and Griggs 1999; Rosser et al. 2005; Young and Ashford 
2006; Marques 2006; Pierre and Lahousse 2006; Dorn-
busch et al. 2008; Olsen et al. 2009; Young et al. 2009; 

Kuhn and Prüfer 2014; Letortu et al. 2015b; Sanjosé et al. 
2018). Recently, unmanned aerial vehicles (UAV) and 
photogrammetry have allowed coastal Cliff monitoring at 
detailed spatio-temporal scale (e.g. Gómez-Gutiérrez and 
Goncalves 2020).

Coastline and sea cliff retreat along the Cantabrian 
Coast, the Northern coast of the Iberian Peninsula aligned 
from East to West (Fig. 1), have been monitored and major 
changes on the beaches detected (Losada et al. 1991; Gar-
rote et al. 2001, 2002; Lorenzo et al. 2007; Flor-Blanco et al. 
2015; Sanjosé et al. 2016, 2018).

The aim of this work is to analyze the structural and 
geomorphological characteristics of a coastal area based 
on pre-existing knowledge of the cliff degradation retreat 
over the last 60 years. Geomorphic processes on the cliff, 
such as landslides, were tracked by means of geomatic tech-
niques (aerial photogrammetry, Light Detection and Rang-
ing—LIDAR, UAV and TLS). This is the first step towards 
improving our knowledge of the processes and landforms 
involved in the retreat and it is planned to include broader 
areas of the coast in coming works. This research is part of 
a long-term monitoring program of the Cantabrian Coast 
aimed at quantifying geomorphic behaviour, local retreat 
rates and understanding the coastal dynamic in the local 
anthropogenic and climate change contexts. The final aim is 
to provide useful information on processes, risk and threats 
to the coastal area and to provide local planning authorities 
with practical information.

Fig. 1  Location of the Gerra Beach
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The study area

The Gerra Beach (43° 24′ 03′′ N; 4° 21′ 18′′ W) is located 
on the Cantabrian coast (Northern Spain) in the Bay of 
Biscay (Atlantic Ocean) and the beach is the Eastern area 
of the San Vicente-Merón beach system, located 700 m 
NW of the village of Gerra (Fig.  1). The Cantabrian 
Coast includes a broad typology of sea cliff and low coast 
(beaches, marshes, estuaries), where marine and human 
actions have produced considerable changes (Rivas and 
Cendrero 1994; Bruschi and Remondo 2019; Flor-Blanco 
et al. 2022). 77% of the Cantabrian Coast is formed by 
steep cliffs averaging between 20 and 70 m in height. The 
remaining 23% are embayed beaches, estuaries and aeolian 
dune fields with a meso-tidal range. The climate is temper-
ate maritime with average winter temperatures of around 
14–15 °C and annual rainfall ca. 1000–1200 mm. It is an 
important site for surfers and swimmers with an access 
to the Gerra Beach by a dirt track, but human influence 
is restricted to a minimum and the cliffs are undefended.

The geology of the studied area is characterized by two 
main structures, the syncline flank with the strata dip-
ping to the South and faulted, and a diapiric structure on 
the edge of the cliff (Fig. 2). The East side is composed 
of Upper Eocene sandstones, conglomerates and pinky 
limestone, and Upper Eocene–Oligocene marls, lime-
stone, sandstone (turbiditic facies) and breccias. The West 
side is composed of Triassic claystone, gypsum and salts 
(Fig. 2). The diapiric structure implies greater lithostrati-
graphic complexity, added to Tertiary tectonics leading to 
folding and thrusting of the whole sequence to the South-
east (Heredia et al. 1990; IGME 2009). Structural con-
trol resulted in folded layers comprising a wide variety of 
geotechnical competencies, from hard limestone to very 
soft claystone.

The Gerra and San Vicente-Merón beach system 
stretches to 3 km and three old flat erosional surfaces, 
locally named “rasas”, can be distinguished at 40–60 m, 
65–75 m, and 5–6 m height (Hernández-Pacheco and Asen-
sio-Amor 1966; Moñino 1987; González-Amuchástegui 
et al. 2005; Domínguez-Cuesta et al. 2015). Hernández-
Pacheco and Asensio-Amor (1966) described the deposi-
tional sequences made up of basal gravels with clays and 
aeolian sands on the top, related to sea level changes. The 
upper level was dated as preglacial (71,570 ± 13,400 yr 
BP, Garzón-Heydt et al. 1996). According to the bibliog-
raphy these landforms can be considerate as old marine 
planation surfaces or marine terraces (Hernández-Pacheco 
and Asensio-Amor 1966; Flor 1983; Moñino 1987; Flor 
and Flor-Blanco 2014; Domínguez-Cuesta et al. 2015; 
Flor-Blanco et al. 2022). The Gerra Beach is located in a 
small cove of 350 m length protected by the Merón Point. 

The Gerra system is shaped by a beach and a cliff topped 
by the old flat erosional surface at 40–60 m high, degraded 
by karst and fluvial processes. The cliff-face is approxi-
mately 40 m in height.

In the intertidal zone at the foot of the cliff a boulder 
beach of rounded cobbles, pebbles and boulders has been 
developed. The clasts are supplied by erosion on the cliff, 
where the claystone outcrops show concave profiles. Slope 
instabilities located on the cliff, ranging in magnitude with 
volumes of several thousand cubic meters, have recently 
affected the cliff-top settlements of the El Puntal neighbor-
hood, three kilometers to the West of Gerra beach.

The 80% of the prevalent littoral drift currents along 
the San Vicente-Merón beaches in open water is from the 
NW, with other main components come from the W, N, 
and NE. The dominant wind directions also came mainly 
from the W–NW direction (30%) although the wind drift 
shows a wide variability (Garzón-Heydt et  al. 1996; 

Fig. 2  Geological sketch and profiles of the Gerra area (From IGME 
1990, 2009)
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González-Amuchástegui et al. 2005; Garrote et al. 2018). 
The studied area of the Cantabrian Coast has mesotidal 
character with the mean tidal range of 2.8 and the maxi-
mum values around 5 m at high tide. The wave system is 
characterized by wave height (Hs) values around 2 m and 
a recorded maximum historical data (1958–2018) close to 
12 m. The historical record of Hs data only shows six times 
with a maximum monthly higher than 8 m, and five of them 
occurred after 2007 (Garrote et al. 2018; Sanjosé et al. 2018; 
Rasilla et al. 2018; Bruschi and Remondo 2019).

Coastline and sea-cliff retreat have been observed along 
the Cantabrian Coast and major changes on its beaches have 
been detected (Losada et al. 1991; Garrote et al. 2001, 2002; 
Lorenzo et al. 2007; Flor-Blanco et al. 2015, 2022; Sanjosé 
et al. 2016, 2018, 2020). Storms have played an important 
role in its geomorphological evolution, producing consider-
able changes in sandy coasts linked to storm events (Sanjosé 
et al. 2018; Flor-Blanco et al. 2021). No significant tempo-
ral trends have been observed in storms along the Northern 
coast of Spain between 1948 and 2018 except for increased 
storm activity between the 1960s and 1980s, which reached 
a maximum around the 1980s and diminished from the 
1990s (Rasilla et al. 2018). There were some exceptional 
events, such as the longest and most intense sequence of 
storms during the winter of 2013–2014 (Sanjosé et al. 2016, 
2018; Garmendia et al. 2017).

Methodology

Geomorphology, deposits, rocks analysis and UAV

A geomorphological map based on the slope and coastal 
processes was drawn up using remote sensing tools (UAV 
DEM), geomatic data and fieldwork. The map represents 
eighteen landforms of cliff and beach units, focusing mainly 
on active landforms and processes. Brunsden (2002) pointed 
out the importance of geomorphology for research into slope 
stability and coastal cliffs and the usefulness of the geomor-
phological map to detect previous processes and landforms 
involved in the changes, deformations and dynamics of cliff 
and rocky coast.

The fieldwork was based on five sedimentary profile 
surveys from the cliff to the sea along the beach. Particle 
morphology and grain size facilitate knowledge of the main 
processes involved in sediment transport at the cliff foot and 
on the beach. Analysis has been made of beach sediments 
by plots along the five profiles taking four samples at each 
profile. The “A” axe size, fabric, clast roundness and clast 
sphericity of clasts were measured on the field on grids 
including 100 clasts (Folk 1980; Tucker 1988). Fines sedi-
ments were analyzed in the laboratory. After preparation, 
the samples were sieved by wet shaker sieve method, with 

a whole-grade interval with 10 mesh and sizes between 4 
and 0.0625 mm (Folk 1980, p. 23), and then their texture 
parameters were measured (Tucker 1988, 2001; Simon and 
Kenneth 2001; Blott and Pye 2001). The coarse grain sizes, 
pebbles, cobbles and boulders were classified according to 
the Udden-Wentworth scale. In the clays and sands below 
the cliff, the Attemberg Limits (Liquid and Plastic) were 
estimated to know the origin and behaviour of sediments by 
means of the Plasticity and Liquidity indices (Das 2006).

In order to complete the cartography an UAV flight was 
carried out in November 2018 using a fixed-wing Ebee Clas-
sic (senseFly) fitted with a calibrated camera, a Sony WX 
220 RGB with a sensor of 6.16 × 4.63 mm, resolution of 
18.2 Mp and focal length of 4.57 mm. The flight obtained 
173 images at a height of 100 m a.s.l., supported by 20 on-
land control points surveyed using a GPS-RTK (GNSS Leica 
1200). The flight of the UAV supplied a point cloud of 68 
million points. Following the corrections of the IGN real-
time positioning service, a mean-square planimetric/altimet-
ric RMSEx,y,z error of ± 20 mm was obtained. The dataset 
was processed using the photogrammetric software Pix4D 
mapper Pro, obtaining Root Mean Square Errors in georefer-
encing and scaling of 4.2, 2.9 and 3.6 cm for the X, Y and Z 
coordinates respectively. From the Digital Elevation Models 
(DEM) contour lines with maximum errors of ± 4 cm, an 
orthophotograph was obtained and the geomorphological 
map drawn up.

Analysis of sea storms (1985–2020)

Sea storms in the Cantabrian Coast were inventoried from 
the State Meteorological Agency data, available since 1985, 
and using the daily swell data from 1985 to 2000. These data 
were checked against the statistical data of swells recorded 
by REDCOS (Coastal Network of Swells at State Ports), 
which coincided in all cases. Days with waves of between 
5–6 m and over 6 m were selected (Table 1). In Somo Beach, 

Table 1  Number of days by years with large waves in the Cantabrian 
Coast

Years Swell height

5–6 m  > 6 m

Days Storms Days Storms

1985–1989 2 2 0 –
1990–1994 2 2 0 –
1995–1999 9 8 3 2
2000–2004 2 2 2 2
2005–2009 3 2 3 2
2010–2014 4 3 6 3
2015–2017 0 – 0 –
2019–2020 11 3 4 3
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50 km to the West of the Gerra Beach, the coincidence 
between large swells and high tides only it is significant on 
the retreat of the shoreline if it coincides in time (Sanjosé 
et al. 2018).

Photogrammetric flights

Six photogrammetric and one Lidar flights were used to 
observe diachronic evolution between 1956 and 2017 
(Table 2). By means of the photogrammetric flights of 2001, 
2005, 2010, 2014 and 2017 (Table 2) a photogrammetric 
restitution was made, except in the 1956 flight, and a 1/5000 
scale map was drawn up following the General Process of 
Photogrammetry (Chris 2004). Ten terrain control points 
with coordinates obtained by GPS-RTK have given a plani-
metric mean square error RMSEx,y ≤ 0.5 m, and a altimetric 
mean square error RSMEz ≤ 1 m (Soteres et al. 2011). The 
pixel size on the ground (GSD) was 0.22 cm and on the 
orthophotographies, 0.25 cm. The positional accuracy of 
the points is ± 20 mm, obtained in the ETRS89 coordinate 
system by means of a GPS-RTK (Leica 1200 GNSS). The 
1/5000 cartographic scale has a planimetric tolerance of 1 m 
(0.2 mm for the denominator of the scale) and the equidis-
tance of the contour lines is 2 m. The planimetric accuracy 
obtained by photogrammetric restitution are < 1 m and the 
altimetric accuracy are > 0.67 m.

Terrestrial laser scanner (TLS)

The use of TLS permits any changes and the extent of ero-
sion to be estimated in detail. This technique has recently 
been applied in different coastal areas (Fabbri et al. 2017; 
Earlie et al. 2014; Sanjosé et al. 2018, 2020; Medjkane et al. 
2018; Westoby et al. 2018; Xiong et al. 2019). Two annual 
measurements over a period of eight years (a total of 15 
measurements) were made with TLS from May 2012 to 
March 2019 using six or seven scanning stations, depend-
ing on the year, to obtain 3D information of the coast before 

and after winter storms. At least four common targets at 
each of four stations were used to join the 250 million points 
established for fieldwork. The DEMs were calculated and 
the difference between the successive point clouds and dif-
ferences between surface models were later measured. In 
addition, nine profiles (P1–P9) were compared to quantify 
changes in the cliff, and profiles 1, 5, 8 and 9 are showed in 
Fig. 8. The application of TLS is fully efficient at detecting 
annual changes, working even under adverse meteorological 
conditions (Lindenbergh et al. 2011; Hoffmeister et al. 2012; 
Sanjosé et al. 2016, 2018). The scanner captures the 3D 
position of data points in the survey area, collecting the x, y, 
and z coordinates and the reflection intensity of each point 
(Kuhn and Prüfer 2014). A Leica ScanStation C10 scanner 
was used to calculate the positioning error of the targets with 
GNSS (± 20 mm) and the value of the RMSEx,y,z ≤ 3 cm. To 
calculate these parameters spatial determination (± 6 mm the 
uncertainty due to changes in the vegetation between shots 
or its movement by the wind during the measurement) was 
taken into consideration. The spatial point information of 
the resulting point cloud was used to derive accurate DEMs 
(Bremer and Sass 2012; Jaboyedoff et al. 2012).

Results

Morphodynamic features of the cliff and the beach

The Gerra Beach has a cliff of 45 m in height with var-
ied slope gradients. The higher gradients are located in the 
Western and Eastern extremes on rock cliffs, with slopes 
gradients between 48° and 59°. In the central Eastern area 
the slopes are lower, between 30° and 43°, and the lowest 
gradients are located on the landslides, where slopes gradi-
ents around 20° have been measured. Under cliffs a beach 
system is developed. Three morphodynamic units can be 
differentiated (Fig. 3):

 (i) The upper platform; the old flat erosional surface, 
located at 40–50 m, where streams have carved out 
small hanging valleys over the cliff. Some small 
karstic features such as dolines and karstic depres-
sion are scattered over the surface of the calcareous 
rocks (Fig. 4, up).

 (ii) The coastal cliff; organized in three main sectors. The 
cliff-top is an irregular slope with visible substrate 
outcrop, from turbiditic at the East, to conglomerates 
and calcareous breccias in the center and claystone 
to the West. All slope processes are concentrated in 
the central part to form a vertical profile. The cliff is 
highly unstable, with small walls, active and inac-
tive rockfalls and landslides. At the base, slope pro-
cesses are induced by the wave action on soft rocks. 

Table 2  Photogrammetric and lidar flights

Flight Institution Calibra-
tion 
certificate

Characteristics

1956 US Army No Orthophotography. Spanish national 
geographic institute (IGN)

2001 PNOA Yes
2005 PNOA Yes
2010 PNOA Yes
2012 PNOA No Light detection and ranging 

(LIDAR)
2014 PNOA Yes
2017 PNOA Yes
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Landslides and cracks are determined by geological 
structure and marine action due to the alternation 
of marls, sandstone and limestone, while the clay-
stone outcrop determines the predominant processes, 
rockfalls or landslides, when the waves land on the 
substrate.

– Rockfalls. Small detachments (4–6 m wide) of tur-
bidite formations of rock fragments mainly affect the 
cliff foot. Fine sediments with calcareous or sand-
stone blocks accumulate and arrange small talus and 
cones on the beach, burying the marine deposits. The 
fallen material can amount to around 20–30  m3/year, 
with the small talus and cones changing annually. 
Sometimes, isolated rock falls are channeled by gul-
lies down to the beach. Several large blocks are scat-
tered by the beach.

– Landslides. Between 2012 and 2019 the TLS meas-
urements revealed four landslides on the cliff. On 
the turbidite formation in the East three transla-
tional or planar landslides have developed. There 

are small portions of loam with breccias and cal-
careous blocks scattered by the cliff to form small 
debris flows, which only affect the turbidite forma-
tion.

The most active landslide (no 4 in Table 3 and Fig. 3) is 
in the Western sector. It is a complex or compound landslide 
generated on the Triassic claystone contact with the calcar-
eous breccia and turbiditic sequence of limestone, marls 
and sandstones. The sliding process is produced by erosion 
on the cliff and claystone mass displacement downslope 
including turbidities and breccia. The arrangement zone is 
made up of at least five main scarps with coalescent crowns 
located at 41 m. The maximum width at the upper part of 
the landslide reaches approximately 54 m. On the transit 
and deposition area the displaced claystone, breccias, lime-
stone and sandstone cover the outcrop of claystone. The 
main processes involved are landslides, rockfalls, and small 
rockflows (Figs. 3 and 5). At the shoreline, the displaced 
masses form heterometric and irregular deposits including 

Fig. 3  Geomorphological sketch of Gerra Beach. The coarse grained beach includes the mixed sand and cobbles, boulder and sand, and scat-
tered coarse grained beaches referred in the text. Circled numbers point the four landslide in Tables 3 and 5
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breccia boulders larger than 2 m. The deposits, eroded by 
wave action, have a rectilinear limit.

The beach under the cliff (no. 4 in Fig. 6); located in 
the intertidal area, the profile of the beach changes season-
ally with sand feeding and dragging, and some stack are 
scattered by the beach. All beaches analyzed in this para-
graph are included as coarse grained beach in Fig. 3. It is a 
composite beach (Jennings and Shulmeister 2002), in which 
four geomorphic environments can be differentiated (Fig. 6, 
Table 4):

–  Abrupt slope change and talus. A slope change on 
the rocky substrate is continuous along the cliff and is 

located at around 8–10 m height. It is constant through-
out the cliff portion, only interrupted by seasonal rock 
fall. The slope accumulations formed by fines (loam, 
clays and sand) and boulder (limestone and sandstone) 
come from the wall and are reworked by wave action 
and newly transported onto the cliff. Boulder size ranges 
between 40–15 cm, and 5–10 cm.

– Mixed sand, pebbles and cobble beaches at the cliff-
foot (no. 4 in Fig. 6). A beach deposit consisting of high 
proportions of both coarse particles, cobbles mainly, 
and fines. Away from the cliff at between 10 and 15 m, 
this is a narrow band with a slope of 30° located in the 
supratidal area as a storm berm. The fine-supported 

Fig. 4  Up, view of the Gerra 
Beach and San Vicente-Merón 
beaches system from the East 
and flat erosional surfaces 
(Rasas). Down, cliff of the 
Gerra Beach: 1, calcareous 
breccia. 2, claystone. 3, strati-
fied limestone and marls

Table 3  Existing landslides in 
the Gerra sea cliff

a Classification according to Dikau et al. (1996) and Hungr et al. (2014)

Slide no Typea Length (m) Wide (m) Altitude m a.s.l Surface  (m2)

Max Min

1 Translational or planar 43 20 26 7 957
2 Translational or planar 22 12 25 7 250
3 Translational or planar 32 11/21 34 6 422
4 Complex or compound 41 54 38 8 1480
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structure is defined by a 30% fine texture. Clasts have a 
planar fabric (94%), clast size between 4 and 9 cm rep-
resent the 68% and boulders the 30%. Clasts are rounded 
(92%) and low sphericity is dominant (78%), although 
angular (4%) and uneven (6%) clasts come from the cliff 
(Fig. 6).

– Boulder beach (no. 3 in Fig. 6). A band of 8–10 m in 
length is characterized by a pebble, cobble and boulder 
beach with a 20° slope. The main block size is between 
4 and 9 cm, with clasts up to 40 cm and scattered blocks 
of 3 m. The formation has a clast-supported structure, 
imbricate fabric and highly heterometric clasts. The 
clasts are rounded (100%) and dominate the low sphe-
ricity clasts, although the rounded and uneven ones make 
up 30% of the clasts measured. The larger scattered boul-
ders are little worked by the sea, while the small-sized 
clasts are all rounded and wave reworked. The deposit is 
formed by clasts of limestone, sandstone and conglomer-
ate. The clasts come from the cliff and are reworked by 
the wave action. The coarse-grained beach is located in 
the supratidal area, which is only occupied by the sea 
during the spring tides and storms.

– Sand and scattered coarse-grained beach (no 2 in 
Fig.  6). Away from the cliff in the intertidal area 
between 10 and 15 m, there is a narrow band of cobbles 
and sand with a 10-15° slope. The fine-supported struc-
ture is defined by a 40% sandy texture and clast with a 
planar fabric (73%). The main clast size is homometric 
and between 4 and 9 cm (80%). The deposit does not 
contain large boulders and clasts have a rounded mor-
phology (76%) and low sphericity (Fig. 6, Table 4). The 
main rocks on the beach are limestone, sandstone and 
conglomerate and come from the cliff.

– Sand beach (no 1 in Fig. 6). Around 20 m from the cliff, 
the beach consists almost entirely of sand, located in 
the intertidal area, and only some calcareous stacks are 
located on the West side. Sand comes from the cliff and 
from the West. The dominant drift is from the NW and 
W, and the input of fine materials by the San Vicente 
estuary moves from West to East along the El Rosal, 
Merón and Bederna beaches before reaching the East-
ern side of the beach system in Gerra Beach.

Fig. 5  Geomorphological 
features of Gerra cliff (2018). 
A Eastern side: 1, sand beach. 
2, boulder beach. 3, cliff. 4, 
landslide. 5, rockfall. 6, flat 
erosional surface. B Rockfall. 
1, boulder accumulation on the 
storm berm. C Landslide in the 
Western side of Gerra beach: 1, 
sand beach. 2, boulder beach. 
3, planar slide. 4, rockfall. 
D Planar slide detail in the 
Western side of Gerra Beach: 1, 
sand beach. 2, boulder beach. 3, 
slide main body. 4, main scarp 
on claystone
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Geomorphic dynamic and sediment distribution 
of the Gerra cliff

The main processes involved in the cliff erosion are land-
slides, in which large portions are removed during storm 
events by erosion at the base of the cliff. In the winter 
2018–2019 on Gerra Beach, the Westernmost landslides 
were modified by a large rockfall and the landslide was 
partially covered by boulders. At same time, a new land-
slide was generated in the central part of the cliff. Rock 
outcrops on the cliff determine the distribution of land-
slides and rockfall. Claystone favors landslides, while on 
the turbidite outcrops rockfall are dominant.

The beach shows a decrease in clast sizes from the storm 
berm towards the sandy beach, but the coarse-grained beach 
has the greatest quantity of large blocks and the highest 
percentile. Also, cobbles and pebbles (< 10 cm) decrease 
towards the beach. The fabric is planar in the storm berm, 
and changes to imbricate in the coarse-grained beach, show-
ing constant and high energy. All units have rounded clasts, 
although the greatest presence of subangular and angular 
clasts, from the cliff, is located in the backshore and storm 
berm. All of this points to the input of fine sediments, sands 
and gravels, and clasts from the cliff, and the input of fines 
sediments and smaller clasts to the foreshore. The boul-
der beach has very well sorted sediments and clasts well-
rounded by the continuous wave energy during ordinary 
events.

In the sedimentary deposits of the cliff-foot the liquid 
limit is 36, the plastic limit (PL) 24, the plasticity index, 12, 
and the liquidity index −0.837. The deposit is formed by 
low plasticity red claystone with a very low plasticity index. 
The material deformation can thus occur due to rainwater or 
wave spray, and not necessarily wave-pounding.

The grain size of the cliff-foot deposits is sand-silty 
(44% coarse sand, 40% fine sand and 16% silt and clay). 
The grain size of the sand beach is very well sorted (sandy, 
90% fine sand and 10% coarse sand), but the fines of the 
boulder beach are moderately well sorted. The grain size 
shows the different action of transport processes. On the 
beach the competence of the transport process is moderate 
but very selective, generated by marine action; while in cliff-
foot sediments the main process is the fall and flow from the 
rock outcrop, without secondary processes.

Sediments show a wave action affecting all areas of the 
beach, but there is a different dynamic between the boulder 
beach and the sand beach. If, at the cliff-foot and on the 
boulder beach the fines and angular clasts come from the 
cliff, on the beach the drift also join in, implying a better 
particles classification. The grain size distribution shows a 
rapid decrease from the cliff-foot to the sand beach, although 
the clasts on the boulder beach reach 4–9 cm in size. Grain 
size and roundness prove the cliff to be the origin of clasts. 
The substrate features (claystone, turbidites), therefore, 
determine the grain size of the beach since the main input 
consists of fines and small clasts. The highest wave energy 
focusses on the boulder beach, as proved by grain size, fabric 
and roundness (Table 4). These works as an energy sink and 
defend the cliff-foot.

Diachronic evolution of the coast 
through photogrammetric information (1956–2017)

The cartography obtained by photogrammetric methods 
between 2001 and 2017 do not show altimetric changes 
nor a significant retreat of the cliff-foot. Nevertheless, 

Fig. 6  Sedimentological data of Gerra Beach profile. 1, sandy beach. 
2, mixed sand and cobble beach. 3, pure coarse-grained beach. 4, 
mixed sand and cobble deposits, storm berm. 5, landslide, boulder, 
gravel and fines—clays, silt and sand



 Environmental Earth Sciences (2024) 83:8989 Page 10 of 18

larger retreats are detected in the cliff-top. The compari-
son of photogrammetric flights shows that the retreat in the 
coastline has been continuous since records began. During 
this period a large retreat has taken place in the Southern 
part of the beach (Fig. 7), where the greatest slippage takes 
place. The areas of the coastline with the smallest retreat 
between 1956 and 2001 are the most affected between 2001 
and 2017 (16 years), with mean values of retreat of 20 m 
over 45 years (Fig. 7). In total, between 1956 and 2017 the 
maximum retreat in the coastline at the cliff-top is 42 m and 
the mean retreat 25 m.

In the whole cliff, the retreat was greater in the places 
where landslides were generated. Between 1956 and 2017, 
the mean retreat by landslide was 46 cm  a−1. For shorter 
periods highly active phases (2014–2017) of 200–300 cm 
 a−1 alternate with less dynamic ones (1957–2001), which 

show retreat rates of between 0 and 150 cm  a−1, since each 
landslide event has a different behavior. Landslide 1 (see 
Fig. 3) is highly active over the long term but is revital-
ized from 2014 and produces a retreat in the cliff-face of 
between 200 and 300 cm  a−1. Previously it showed retreats 
of 30–46 cm  a−1, with a mean of 50 cm  a−1. Nevertheless, 
the retreat of landslide 2, which has shown the largest retreat 
in the period studied, reduces as we approach the present, 
reaching much reduced dynamism between 2014 and 2017.

The cliff faces show significantly lower retreat rates of 
between 20 and 100 cm  a−1. Retreat rates diminish from 
South to North and in all periods analyzed. Only in profile 
C a higher rate of retreat has been found in the most recent 
period. In the three profiles, a temporary increasing trend is 
seen in cliff retreat rates with a clear acceleration in the three 
profiles after 2014 (Table 5).

Table 4  Grain size, clasts 
morphology and fabric of the 
Gerra Beach

1 2 3 4
Sandy beach Coarse-grained beach Boulder beach Mixed blocky 

and sandy 
beach

Clast size “L” axe. %
 0–3 cm – 16 16 2
 4–9 cm – 84 64 68
 10–20 cm – – 18 30
 21–34 cm – – 1 –
 > 35 cm – – 1 –
 Mean – 5 6.7 7.8
 SD – 0.63 2,79 4.83
 Centile cm – 12 55–300 16

Fabric %
 Imbricate – 27 83 6
 Planar – 73 17 94

Clast roundness %
 Rounded – 76 100 92
 Subrounded – 18 – 4
 Subangular – 3 – –
 Angular – 3 – 4

Clast sphericity %
 Planar – 78 70 78
 Uneven – 12 12 6
 Round – 10 18 16

Texture %
 Fines 100 40 – 30
 Clastic – 60 100 70

Sands. grain size parameters
 Mean µm 290/335 350/480 – 310/520
 Sorting φI Mod. well sorted Mod. sorted – Poorly sorted
  Sk1 Positive Negative – Negative
  KG Leptokurtic Platikurtic – Mesokurtic
 Histogram Unimodal Polimodal Bimodal
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Terrestrial laser scanner (2012–2019)

In the spring and autumn DEMs nine cliff and beach pro-
files have been carried out perpendicular to the coastline 
and 25 m apart (Fig.  8). Profile 5 showed slippage in 
March 2018 and profile 8 was more stable except at the 
cliff-foot (Fig. 8). The most significant changes took place 
in the area affected by the wave-action, between 3 and 8 m 
above sea level, and where the material from rockfalls and 
landslides was carried and re-worked by the wave action. 
Changes happened from centimetric to metric scale, but 
the cliff foot was highly stable, unlike other parts of the 
Cantabrian Coast where storms were more efficient and 
damaging. The four large storms of 2013 are not reflected 
in morphological changes in the measurements of Novem-
ber 2013 or April 2014, and in any case are much smaller 
than those of other beaches in the Cantabrian Sea (Flor 
et al. 2014; Sanjosé et al. 2018).

The DEMs show the volumetric changes (Figs. 9 and 10) 
in the beach and the periods of accumulation and export 
of sediments. The altimetry of the beach varies between 0 
and ± 0.5 m, although there are differences of ± 0.5- ± 1 m, 
and on occasion > 1 m. From spring 2012 until November 
2019 399.66  m3 of sediments were accumulated on the beach 
and at the cliff-foot. This very small accumulation reveals 
the stability of the beach in spite of the great interannual 
variations. While between the spring of 2016 and the autumn 
of 2016 there was a gain of 3467.39  m3, between autumn and 
spring of 2016 the loss was of -3040.04  m3. A loss of mate-
rial is appreciated during the winter cycles, but the summer 
cycle accumulation processes compensate the sand loss and 
balances the relationship between sediment gain and loss in 
periods between 1 and 4 years.

At the cliff, the DEMs show the re-activation by storms 
of some landslides during autumn 2013 and spring 2014, 
and between autumn 2017 and spring 2018 large mass 

Fig. 7  Cliff-top evolution 
changes between 1956 and 
2017. The contour lines cor-
respond to 2017

Table 5  Annual mean retreats

* Measured until the year 2014, when the landslide come inactive

Processes 1957–2017 
(cm  yr−1)

1957–2001 
(cm  yr−1)

2001–2014 
(cm  yr−1)

2014–2017 
(cm  yr−1)

2001–2017 
(cm  yr−1)

Type No

Landslide 1 50 30 46 200 43.7
2 70 150 123 5.5 200
3 33.3 0 107.5 2 125
4 30/34* 40 30  < 33  < 0.3

Cliff A 33.3 20 61.5 100 68.5
B 11.5 10 15.5 33 18.7
C 6.5 1.25 3.8 83.5  < 6.6
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movements also take place, which remained fully active in 
autumn 2019.

The loss of material between 2012 and 2019 between the 
foot and the head of the cliff-head amounted to −3633.32  m3, 
whereas the accumulation on the beach was 399.66  m3. Fig-
ures 9 and 10 denote the export of 3233.3  m3 of sediments 
and an average of 404.2  m3  a−1 of material that is washed 
out of the cove. As the sediments exported consist of fine 

sands and clays, around 40  m3  a−1 are transported afloat 
and the remaining 360  m3  a−1 are carried by the currents. 
Although the most common drift is towards the East, the 
sedimentary cycle and the direction of sediment flow are 
not known. As the quantity of sand exported annually is 
very moderate and seasonal variations in the sand bank are 
far greater than these volumes, the stability of the beach is 
confirmed (Table 6).

Fig. 8  Cliff evolution of profiles P1, P5, P8 and P9 made by TLS between 2012 and 2019. Profile 5 shows a landslide occurred in March 2018

Fig. 9  Autumn–spring volumetric changes on the Gerra cliff from 2012 to 2019
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Discussion

It is well known that rock coast evolution and cliff erosion 
with subsequent deposition of large blocks is driven by 
large storms (Hansom 2001; Hall et al. 2008). In the Gerra 
Beach the turbidite and claystone lithostratigraphic units 
are hit by the waves during storm events that overlap with 
the high tide, but the ordinary action of the sea reworks 
and reshapes sediments and beach landforms throughout 
the year. During wave periods without storms the coarse-
grained beach and deposits of the storm berm protect the 
cliff foot and there is no erosion.

Two event types characterize the beach dynamic. The 
first are high magnitude and low frequency events, or 
extreme ones, when the action of waves works on cliff-
foot and berm deposits. It is mainly during storm events 
that erosion processes take place and berms are formed. 
Slope deposits fall on the storm berm and coarse-grained 
beach deposits are pushed and raised, which extracts fine 

sediments from the cliff. These events work mainly dur-
ing the autumn when high tides and storms take place, 
and winter. The cliff and highest part of the beach are 
modified by extraordinary events and swift changes take 
place. The second type of event is the high frequency and 
low energy events, or ordinary ones, when the constant 
action of waves on the coarse-grained beach export fines 
and small clasts. The coarse-grained beaches have the larg-
est clast-size heterometry, fed by pebbles and blocks from 
the cliff during extraordinary events. Two differentiated 
beach units located on the backshore dissipate wave energy 
during ordinary events. The seasonal dynamic, with sand 
accumulations and output, implies less reworking of clasts 
and greater sorting of particles, from sand on the beach to 
an increase in blocks towards the cliff.

The period 2000–2014 was characterized by its many 
storms (Table  1), that did not give rise to significant 
changes to the cliff-foot line, but they did affect the cliff-
top and mass movements in the slope. Measurements 
following the storms of March 2014 and later years 
(2015–2019) show a clear increase in mass movements. 
In this way the cliff-foot line remained stable, but the cliff-
top line was modified by changes in root of the landslide 
(Fig. 11A).

The low plasticity of the rocks and deposits at the cliff-
foot leads to the conclusion that wetting and wave action 
tend to generate rockfall and the accumulation of clasts on 
the beach. Nevertheless, the four landslides in the cliff are 
responsible for the greatest retreats of the cliff-top. These 
landslides were generated before 1957 in one case, between 
1957 and 2001 in another, between 2001 and 2005 in a third 
case, with the last between 2005 and 2010. Active landslides 
are between more than 12 and 50 years old. On the volumet-
ric maps re-activations and alternation of periods of erosion 
and accumulation can be observed (Figs. 9 and 10).

Fig. 10  Spring–autumn volumetric changes on the Gerra cliff from 2012 to 2019

Table 6  Annual volumetric changes in the Gerra Beach (2012–2019)

*Annual cycles from spring to spring
**Total loss during the measured period

Period* Changes  (m3) Balance  (m3)

2012–2013 −3289.56 −214
2013–2014 3075.21
2014–2015 865.70 −1054.51
2015–2016 −4562.66
2016–2017 1518.28
2017–2018 887.88
2018–2019 910.23
Total** −598.92
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The timing of the retreat is high and similar to those 
estimated for the European Atlantic coast and North Sea. 
On the South coast of England rates between 22 and 
32   cm−1 have been estimated since 1870, and a recent 
acceleration has been observed (Hurst et  al. 2016). In 
Brittany rates of around 45 cm  a−1 (23–60 cm  a−1) were 
measured between the eighteenth century and 2016, but 
over a shorter period (1947–2016) the retreat is lesser at 
around 2–15 cm  a−1 (Roulland et al. 2022). In the North 
Sea the recorded annual rates are 0.6 cm  a−1, however, for 
longer periods these rates increase to 20 and 60 cm  a−1 
(Westoby et al. 2018). In turbidite formations in Auckland 
retreat rates of between 2 and 198 cm  a−1 have been meas-
ured (Moon and Healy 1994; Lange and Moon 2005) and a 
recent acceleration on the Eastern Mediterranean coast has 
also been detected, where the maximum retreat rate was 
8 cm  a−1 between 2006 and 2015 (Mushkin et al. 2018). 
The timing of cliff degradation in Gerra is similar to that 
of the Atlantic coast and North Sea, except in the case of 
Brittany in recent times.

Several authors have pointed to a recent acceleration of 
retreat rates of cliffs due to the combination of the increase 
in storms, sea level rise and human involvement (Trenhaile 
2014; Hurst et al. 2016; Mushkin et al. 2018). The increase 
in storms is one of the determining factors in coastal evolu-
tion and recent changes (Trenhaile 2014; French and Burn-
ingham 2013; Hurst et al. 2016; Sanjosé et al. 2018). Never-
theless, in Gerra Beach, although we have not data previous 
to the twenty-first century, it may be that storms are not the 
most meaningful factor, unlike on other parts of the Canta-
brian Coast (Flor et al. 2014; Sanjosé et al. 2018).

In Gerra Beach, direct human action does not involve 
the modification of the beach. The seaport facilities 3 km 
to the West mean an input of sediments from the seaport 
and the San Vicente Estuary. The loss of sediment during 
the study period indicates that the input of sediments from 
the estuary is not very great, even though the San Vicente 
beach system is linked to the estuary. Among the factors that 
point to potential increases in the retreat of the cliffs, such as 
the increase in rainfall and extraordinary rainfall events, the 
increase in storms and the impact of waves due to the rise 
in sea level (Trenhaile 2014), only the latter may explain a 
potential increase retreat rates at Gerra Beach. Therefore, 
an increase in the processes of erosion and the output of 
sediments related to the global sea-level rise and the more 
frequent rise in storm waves reaching the cliff foot can be 
expected.

The retreat of the cliff-top is not continuous. A greater 
rate of retreat has been detected where landslides are gener-
ated (Table 5), and as the recent TLS measurements show it 
fits the alternation of periods with high rates of retreat and 
longer periods of equilibrium. Two important facts regarding 
cliff faces on other coasts have been mentioned. On one hand 
the succession of cycles with large collapses and retreats in 
the headland of the cliffs, which are of up to 15 m in each 
episode. On the other hand, periods with highly variable 
retreats along the coastline are in accordance with changes 
in the geological structure, rock types and mass movements 
taking place in the cliff (Moon and Healy 1994; Mushkin 
et al. 2018; Westoby et al. 2018). Therefore, we interpret 
that the rhythms of retreat detected take place in impulses 
with long periods of balance alternating with sudden col-
lapses and with spatial variations throughout the cliff both 
in landslides and rockfalls. In cliff-faces the rates of retreat 
are lesser, clearly below the rates estimated and measured 
in the Mediterranean, North Sea and Atlantic (Hurst et al. 
2016; Mushkin et al. 2018; Westoby et al. 2018). The pro-
files generated from the DEMs of the TLS do not point to 
changes in the cliff-foot except in the extreme situations of 
storms that modify it through small rockfalls, such as those 
of autumn 2013 and spring 2014. Nevertheless, the same 
DEMs show changes in the cliff top with greater landslides, 
like those of autumn 2017 and spring 2018. The storms of 
winter 2013 were the most aggressive of the twenty-first 
century (Table 2), on the Cantabrian Coast (Sanjosé et al. 
2016, 2018; Garmendia et al. 2017; Rasilla et al. 2018), but 
the mark they left on the beach of Gerra was far lesser than 
that of other beaches along the same coastline.

The measurements of retreat permit an empirical model 
of cliff degradation to be established based on the high rates 
of change in the cliff-top and the stability of the cliff-foot. 
Unlike the more common processes in rock cliffs, with 
undercutting erosion by waves generating rock falls and the 
supply of coarse sediments, in Gerra the cliff top retreats 

Fig. 11  Regression model in the Cliff of Gerra Beach during the last 
60 years
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(Fig. 11B). Thus, the main retreat does not take place at the 
contact between the cliff and the beach, but that there is a 
degradation and gradual disappearance of the cliffs from 
the cliff-tops. The retreat, as is common to all cliffs (Moon 
and Healy 1994; Trenhaile 2014), is not linear and at the 
cliff-top the differences are of the order of 20–40 m. The 
boulder beach is of fundamental importance to dissipating 
wave energy (Earlie et al. 2014), such that both the fall in 
the effectiveness of the wave and the weakness of the clays 
favour landslides. In Gerra the geometry of the beach dis-
sipates the energy from the waves at the access to the inlet, 
and at the same time the boulder beach weakens the wave 
action, except in extraordinary events at high tide. For Earlie 
et al. (2014) the retreat rhythms are related to the height of 
the wave and the rock strength. In Gerra the placement at the 
edge of the diapiric structure made up of strongly deformed 
clay, marl and limestone strata. So, the high rates of retreat 
at the cliff-top are facilitated by the rock type and struc-
ture. The progressive reduction of the cliff slope is mainly 
controlled by mass movements. But the increase in erosion, 
given the present day lower energy of the shore break and 
the absence of anthropic influence, leads to the consideration 
that the potential sea level rise and the erosion on the land-
slide fronts may be in the future the most important factor 
in the erosion of the cliff.

The photogrammetric flights reveal the continuous retreat 
of the coastline. We have not detailed data of the twenti-
eth century, and only long period results can be interpreted, 
but in the twenty-first century this has been more accentu-
ated than in the second half of the twentieth century, which 
agree with the recent acceleration detected in other coasts 
around the world (Cazenave and Le Cozannet 2013; Hurst 
et al. 2016; Mushkin et al. 2018). Regional projections indi-
cate a rise in the sea level of around 10 cm in the North of 
Spain (Cazenave and Cozannet 2013), such that it takes on 
greater importance for the management of future risks to 
cliffs without direct anthropic intervention in Gerra and the 
Cantabrian Coast.

Conclusions

The combination of geomorphological, geomatic and sedi-
mentological techniques is an effective tool for the detailed 
and local scale study of the dynamic of marine cliffs and 
their evolution. The combination of linear and volumetric 
changes together with the estimation of dominant processes 
in different parts of the cliff have provided knowledge on 
the evolution of the cliff as a whole over the last 65 years.

This study has facilitated the estimation of places, pro-
cesses, in this case, landslides and the rockfalls, and the rates 
of degradation of the cliffs, all determined by the geological 
structure—strata dipping, diapir—and types of rocks. The 

geomorphological trend of the cliff has been established as 
a process of degradation from the cliff-top to the cliff-foot, 
whereas the beach remains stable and the cliff-top back 
away in spite of the increase in storm events recorded on the 
Cantabrian Coast. The assessment of profiles clearly indi-
cate that this beach is virtually stable, with no significant 
changes in the coast line because the beach is very effective 
in protecting the cliff-toe. So, only the rates increase of the 
sea level rise can change the retreat rhythms, accelerating 
the erosion of landslide fronts, the present day more active 
processes. The scarce influence of anthropic action and the 
mitigation of the wave action from storms in the Gerra cove 
mean that the potential effect of the rise in the sea level can 
be the most efficient erosive and degrading potential process 
on the cliff-foot. Nevertheless, erosion is now centred on 
the retreat of the cliff top, which involves the degradation 
of the cliff in the absence of the retreat of the coastline. So, 
the potential natural risks are concentrated in this area, and 
in the loss of soil.

As a whole, the behaviour observed reveals the diversity 
of processes and responses in the Cantabrian Coast in the 
face of recent changes, storm events and the sea level rise. 
It is showed the need to carry out detailed analysis of the 
dynamic of the cliffs for the follow-up of changes and man-
agement of natural risks in the context of sea level rise and 
climate change.
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