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The Cantabrianmargin, at the northern Iberian Peninsula, shows elevated coastal platforms extending fromwest
to east for N200 km. These erosional surfaces are several kilometers wide, and are bounded inland by a
paleoshoreline, and towards the sea by the retreating current cliff. The origin and evolution of these geomorphol-
ogic markers remains controversial, one of the main challenges arising from the difficulties in correlating the
patchy distribution of the platforms and their variable heights along the margin due to lithological differences,
local tectonism, and varying degrees of preservation. With the aim of understanding recent coastal evolution, a
systematic quantitative GIS analysis of LiDAR elevation models (5 m resolution) was carried out along
4.000 km2 of the Cantabrian coast between 4.15°W and 7.30°W longitude. The coastline runs parallel to the
Cantabrian Mountains, which are supported by an orogenic root present only beneath the eastern half of the
coastline under study. The integration on the GIS template of the crust-mantle boundary as a controlling factor
of landscape development has helped in the understanding of the recent evolution of the coastal platforms,
and in the interpretation of previously unexplained features of their distribution.
The twomain outcomes of thismultiscale approach are: 1) the correlation ofmost of the fragmented rasas as part
of an original unique coastal platform along the Cantabrian margin, and 2) the differentiation of two sectors sep-
arated by a highly tectonized area associated to the Ventaniella fault. The western sector has one main, continu-
ous surface showing a 0.08° tilt towards the west, sometimes interrupted by local and recent minor faults with
net slips of meters to tens of meters. The eastern sector has several steps of erosional surfaces spread out at var-
ious heights without tilt. The Ventaniella fault, separating both sectors, produces an apparent vertical offset of
50 m in the main erosional surface. Our study shows that this fault also separates two distinct evolutions in
the elevation of the coastal platform: (1) the western coast, which has risen continuously, probably in response
to a lateral gradient in crustal thickness; and (2) the eastern coast, where uplift is discontinuous over time since
several of these surfaces formed below themain paleoshoreline. The Cantabrian coast captures the influence that
crustal structure has on the expression and evolution of geomorphologic markers at the surface. And vice versa,
landform features at the surface can be very sensitive to differential crustal thickness while responding to the
same external and climatic forces. In the context of the western European framework, our work provides a re-
gional template within which future absolute geochronological dating can be based to improve our knowledge
of the recent evolution of the Atlantic margins.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Rasas

One of themost distinctive features of the geomorphology along the
E-W trendingNorth Iberian coast is the ubiquitous presence of emerged
erosional platforms up to 6 km in width, known as rasas (Fig. 1a,b). The
term rasa has been traditionally used to refer to these elevated erosional
planar surfaces following the coast (Pedoja et al., 2011, 2014), not only
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Fig. 1.Digitalmodels of elevations (a) and slopes (b) of the Cantabrianmargin of Iberia. The geological synthesis of the study area is based on the continuous digital geologicalmap of Spain
(https://info.igme.es/cartografiadigital/geologica/Geologicos1M.aspx) (c). The solid red lines indicate the Moho depth expressed in kilometers according to Cadenas et al. (2018).
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in Spain, but also often in other places along the Atlantic coast of Europe
and northern Africa. The sequences of rasas and marine terraces are
interpreted as wide late Cenozoic coastal erosion surfaces. They can be
up to several km in width in western Europe and other tectonically sta-
ble regions, and can be observed sometimes at N200 m above sea level
(Pedoja et al., 2011, 2014, 2018). The rasas, which will be the term we
will use throughout this work, are polygenic in origin and age. In slowly
uplifting coastal rasas, the number of terraces observed can vary drasti-
cally depending on paleogeography, uplift rates and landform preserva-
tion (Kelsey and Bockheim, 1994; Hsieh et al., 2004; Marquardt et al.,
2004; Alvarez-Marrón et al., 2008; Orrù et al., 2011; Jara-Muñoz et al.,
2016; Simms et al., 2016). Geomorphological and evolutionary features
of rocky coastlines have been studied worldwide (Sunamura, 1991,
1992; Trenhaile, 1987, 2000, 2014; Liu et al., 2011; Matsumoto et al.,
2016). There is abundant literature trying to determine uplift rates
from marine terraces, uplift that may be attributed to glacial, isostatic,
tectonic, epeirogenic and/or thermal processes (Merritts and Bull,
1989; Rosenbloom and Anderson, 1994; Cucci, 2004; Westaway and
Bridgland, 2007). Themarine origin of the platforms is a result of a com-
plex suite of biological erosion processes, subaerial weathering, and
wave erosion. The sea level during originmust remain at approximately
the samepositionwith respect to the landmass. Their exposure requires
an uplifting continent or a drop in sea level (Burbank and Anderson,
2011). In general, they show a very gentle slope dipping seaward
(b3°) and a width, when active, which does not exceed 0.5 km at any
one time. The development of wider surfaces is not uncommon and
may occur in the case of a repeated reoccupation of the platform by
the sea (Kelsey and Bockheim, 1994; Burbank and Anderson, 2011).

Vertical crustal motion is almost always invoked to understand the
presence of the rasas along coasts, as estimates of eustasy frequently
fail to explain the magnitude of the apparent drops in sea level that
rasas need. Nevertheless, the staircase morphology of many coasts re-
veals the combination of general uplift overprinted by sea level
Fig. 2. Rasa located to the north of the coastal chains on the w
fluctuations caused by glacial cycles. Eustasy due to changes in water
volume explain the lowest surfaces, but the higher ones cannot be ex-
plained by sea level changes as some models indicate that the present
heightwill only have been surpassed by 10–20mduring the lastmillion
years or so (Bintanja and Van De Wal, 2008). Moreover, these surfaces
are frequently much higher than the maximum elevation reached by
the sea during the Quaternary interglacial stages (Trenhaile, 2002;
Berger et al., 2016). Their formation, then, has been attributed to long
periods of high sea levels during the Tertiary (Trenhaile, 2002), and
some authors (e.g. Pedoja et al., 2018) interpret the N2000 kmof coastal
platforms in western Europe as a fully uplifted crustal segment due to
the increasing lithospheric compression that accompanies Cenozoic
orogenies.
1.2. The Cantabrian rasas

In the northern Iberian Peninsula, the rasas are bounded to theNorth
by the rocky Cantabrian cliffs, while landward they are limited by
coastal mountain chains (Fig. 2). With elevations below 1300 m, these
coastal chains present N-S and NW-SE orientations in the western sec-
tor of the study area, adopting an E-W disposition to the east. The
boundary line defined by these coastal chains, corresponding to the
old coastline, is horizontal in origin and constitutes a key structural
marker for tectonic or epeirogenic deformation of the crust. Relative
changes in its position with respect to sea level or in its tilting, may be
considered as related to uplift or deformation of the crust. The rasas of
the Cantabrian coast are well preserved over a siliceous basement to
the west of Cape Peñas (Fig. 1). However, to the east, the abundance
of carbonates, mainly limestones, hinders their direct identification,
due to moderate weathering by karstic processes once exposed to sub-
aerial conditions (Jiménez-Sánchez et al., 2006; Alvarez-Marrón et al.,
2008; Domínguez-Cuesta et al., 2015).
estern Cantabrian Coast. Photos by Germán Flor-Blanco.
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Some of the major geomorphological parameters of the
Cantabrian rasas, such as altitude and sometimes extension, have
previously been described in the literature (Flor, 1983; Mary, 1983,
1985; Blanco-Chao et al., 2003; Moura et al., 2006; Alvarez-Marrón
et al., 2008; Feal-Pérez et al., 2009). However, a full comprehension
of these landforms within the regional context or the correlation be-
tween the different fragments and heights has been unsuccessful
until now, partly because detailed local studies commonly missed
the crustal scale, and partly due to the absence of efficient digital
mapping methods at the time of the studies.

Compared to neighbouring coastal platforms in the Galicia region to
theWof the study area (Fig. 1), for instance, themost recent Cantabrian
terraces have not been uplifted, and are affected by a general decline
due to sea level rise. Alonso and Pagés (2007) and Moñino et al.
(1988) have noted that a comparison between Late Pleistocene coastal
deposits in Galicia and the raised platforms in the Cantabrian margin
shows that the latter have been uplifted 2–3 m more than the former
since the last interglacial period. Elsewhere, terraces in the Mondego
river in Portugal are considered glacial eustaticwith some local differen-
tial uplift attributed to local minor faulting (Ramos et al., 2012). At the
other side of the Bay of Biscay, in Normandy, Coutard et al. (2006)
have attributed the origin of the terraces to glacial cycles within a
strongly expressed slow uplift.

1.3. Aim and objectives of the study

The purpose of the present study, based on a Geographical Informa-
tion System (GIS) analysis, was to approach the assessment and param-
eterization of the characteristics of the rasas at a multiscale level,
something not addressed until now. We also introduce a crustal scale
parameter in the vertical direction, the topography of the crust-mantle
boundary. In this area this parameter shows important variations from
west to east, and was traditionally ignored in geomorphologic surface
studies. The introduction of the Moho topography in the rasas parame-
terization and calculations was extremely valuable in helping us to un-
derstand some of the otherwise enigmatic changes occurring fromwest
to east in the elevation of past erosional platforms.

The specific objectives can be summarised as: i) characterization at
regional scale of the rasas of the Cantabrian margin, taking advantage
of the digital terrain model based on LiDAR images and geomorpholog-
ical techniques supported by GIS; ii) determination of how tectonic ac-
tivity has contributed to the past and current evolution of Cantabrian
rasas; iii) delivery of a coherent framework for future geochronological
dating of events and processes.

Our approach in this particular region, where deep structure is
known to be very variable along the length of the studied coastline, pro-
vides an opportunity to constrain the relative contribution by tectonic
or climatic mechanisms in the formation of these surfaces. This is not
a straightforward task in geomorphological studies as landscapes
often respond in a similar way to tectonics and climatic events. We
hope to make the Cantabrian coast a reference case in the study of
rasa evolution.

2. The geological setting of the Cantabrian rasas

This study focuses on part of Cantabrian margin, between 4.15°W
and 7.30°W longitude (Fig. 1), covering an area of an extension
N4000 km2 (Fig. 1). The main regional relief feature in the area are the
Cantabrian Mountains, an alpine mountain belt parallel to the coast
that reaches 400 km in length and has an average width of 100 km
(Fig. 1a). The highest elevations N2500 m are located in the central
part of the mountain belt, in the Picos de Europa Massif, with elevation
decreasing progressively to thewest to the plains of the Terra Cha in Ga-
licia (Fig. 1). The axis of this belt, from west to east, is located between
65 km to 35 km away from the coast. A hydrographic network has de-
veloped over this system, with small rivers discharging to the North.
The river network draining to the north of themain regional watershed,
is now incising into the elevated rasa surface.

2.1. The rise of the Alpine collisional orogen: the Cantabrian Mountains

The CantabrianMountains formed during the late Paleogene as a re-
sult of the convergence between Eurasia and Africa, which also pro-
duced the Pyrenees (Teixell et al., 2018). The substrate of the range is
mostly Palaeozoic (Fig. 1c) and was initially and predominantly de-
formed during the Variscan orogeny, and partially overprinted later in
the Cenozoic during the Alpine convergence (e.g. Alonso et al., 1996).
Mesozoic and Cenozoic sediments are limited to restricted and discon-
nected basins (Santanach Prat and Santanach i Prat, 1994; Alonso
et al., 2010). To the east of the mountain range lies the Basque-
Cantabrian Basin, which comprises a thick succession originated during
several episodes of rifting during the Mesozoic, and also deformed dur-
ing the Alpine convergence (Tugend et al., 2015; Cadenas et al., 2018).

The continental crust under theCantabrianMountains has thickened
to almost 50 km east of 6°W (Pulgar et al., 1996; Gallastegui Suárez,
2000; Díaz and Gallart, 2009; Cadenas et al., 2018) (Fig. 1c). The thick-
ening of the crust represents the crustal root of the orogen and appears
offset to the northwith respect to themainmountain belt at the surface,
which lies a few kilometers to the south (Fernéndez-Viejo et al., 1998;
Llana-Fúnez et al., 2020). To the west, the crust presents a constant
thickness of 30–32 km similar to other parts of the Iberian crust else-
where (Fernández-Viejo et al., 2000; Díaz and Gallart, 2009). To the
north, the root terminates abruptly under the Bay of Biscay, where the
crust has a thickness at the continental platform, close to the ocean-
continent transition, of 20–25 km (Fernéndez-Viejo et al., 1998; Ruiz
et al., 2017). In summary, the Cantabrian rasa has formed and evolved
along a continental margin with significant lateral variations in crustal
thickness, locally higher than 10–15 km.

2.2. The origin and age of the Cantabrian rasas

Hernandez Pacheco and Asensio Amor (1963, 1964) described the
Cantabrian rasas as surfaces of continental origin, later invaded by the
sea, estimating ages from Pleistocene to Holocene. To this genesis,
Guilcher (1974) adds a marine and erosive contribution from piedmont
glaciers. Up to 18 platform levels have been identified between 5 and
264 m above the current sea level (Flor, 1983; Mary, 1983, 1985; Flor
and Flor-Blanco, 2014). The latter group of authors point to a marine
or mixed origin, estimating in agreement with Lamboy (1976)
Aquitaine-Langhian ages for those located at a higher level (N200 m),
Lower Pliocene for those located at 150 m, and Pleistocene for those lo-
cated at a lower height. Flor (1983) and Mary (1983) have attributed
the existence of different levels and have related areas of the rasa to sec-
tors of the Cantabrian orogen to the discontinuous uplift of the conti-
nent. They proposed a final Oligocene age for the easternmost part,
late Santonian for the central sector, and Berriasian to Barremian for
the westernmost part. They also indicated that in the western half of
the Cantabrian Mountains there was continental flattening during an
arid period in the Tertiary, while in its eastern sector there was active
uplift of the more mountainous relief. Recently, Alvarez-Marrón et al.
(2008) proposed that the rasas located west of the Cape Peñas were
formed over tens or hundreds of thousands of years by successive ma-
rine reoccupation, and assigned them a minimum age of 1–2 Ma,
while Jiménez-Sánchez et al. (2006) estimated a minimum age of
300 ka for a rasa level located in the eastern sector of the Cantabrian
Mountains.

2.3. Regional uplift and denudation rates

Detailed knowledge about the exhumation of the CantabrianMoun-
tains in their central-western sector is limited as a result of the shortage
of Cenozoic outcrops and the absence of rock conditions suitable for
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thermochronological analyses. Some authors (Carrière, 2006; Grobe
et al., 2010; Martín-González and Heredia, 2011) have considered that
in thewestern sector of the CantabrianMountains there is no significant
alpine exhumation. Nevertheless, published data indicate a decrease in
the age, quantity and rate of exhumation from the central part of the
mountain belt towards its western end (Martín-González et al., 2012).
The estimated elevation rates differ depending on who the authors
are, and if the rate estimates refer to the eastern area (Smart, 1984;
Jiménez-Sánchez et al., 2006; Grobe et al., 2010; Fernández and
Piedrabuena, 2011; Ballesteros et al., 2019; Fillon et al., 2016) or the
western area of the mountain belt (Ribeiro et al., 2002; Alvarez-
Marrón et al., 2008; Martín-González et al., 2012; Viveen et al., 2014)
(Table 1).
3. Methods

Geomorphological techniques involving the analysis of high reso-
lution digital terrain models have been successfully applied in all
kind of topographical research, whether generic (Remondo and
Oguchi, 2009; Lucchesi et al., 2013; Napieralski et al., 2013;
Kolejka, 2018; Verbovšek and Popit, 2018), tectonic-
geomorphological (Font et al., 2010; Partabian et al., 2016; Padgett
et al., 2019), morphometrical (Das and Pardeshi, 2018; Sahu et al.,
2018; Balasubramani et al., 2019), or coastal evolutionary (Mujabar
and Chandrasekar, 2013; Mattheus, 2016), among others. Regardless
of the efficiency in the treatment and indexation and further analysis
of vast amounts of geomorphologic data, it is still difficult to separate
how the different factors, whether glacial, tectonic or sea-level
changes, contribute to the formation of the coastal surfaces. The
methodology used to study the Cantabrian rasas is based on a GIS
management and analysis. Data processing was carried out using
the software ArcGIS v10.3 (by ESRI). All topographical data in digital
format (LiDAR digital elevation models and orthophotos) are made
available by the Spanish Geographical Institute (available at http://
centrodedescargas.cnig.es/CentroDescargas). The sources for the
Geological maps in vector format at 1:50.000 come from the Spanish
Geological Survey (IGME) (available at http://www.igme.es/).

The starting template was built from the detailed, 5 m cell size
digital elevation models (DEM), which came from 17 LiDAR files
that fully covered the study area. A digital slope model (DSM) was
extracted from the initial DEM template. All surfaces with slopes
over 3° were removed on the basis that slopes steeper than this in
this area cannot qualify as emerged marine surfaces (Anderson
Table 1
Published data of uplift of the western sector of the Cantabrian margin.

Main sector Subzones Uplift rate (mm/year) Tim

Eastern Cantabrian Mountains Eastern coast 0.19 12

Picos de Europa
Massif

0.1–0.3 35
0.24 37

0.15–0.25 2.1

Central Cantabrian Mountains Asturias 0.014 10
Asturias 0.24–0.3

(1.1 at maximum
activity)

Pa

Western Cantabrian Mountains Western coastal rasa 0.07–0.15 1–
Western range 0.02–0.06 Pa

West of the Cantabrian
Mountains

Flat reliefs of Lugo 0.02 10
Miño River 0.1 60
Ancares/Courel
ranges

0.08 Ne

North-eastern
Portugal

0.1–03 2–
et al., 1999; Elorza, 2008). Likewise, all those surfaces with an eleva-
tion higher than 350 m were removed. The DSM was then combined
with the updated geological map to discriminate shore platforms
from other landforms with minimal slope but with other origins,
such as alluvial plains and terraces, marshes or man-made deposits.
Finally, a meticulous, painstakingmanual revision of all detected pla-
nar surfaces was made in order to eliminate any other possible arte-
facts that did not correspond to erosional surfaces.

The boundaries of the rasas are the paleoshoreline in the south,
and the cliff line or the current edge of coastal erosion in the north.
The identification of the old shoreline and the cliffline points and
their distribution along the coast was based on the elaboration of
50 topographical profiles perpendicular to the coast (Fig. 3). The to-
pography of the crust-mantle boundary (i.e. the Moho) was ex-
tracted from published results of deep seismic soundings and other
geophysical methods (Fernández-Viejo et al., 2000; Díaz and
Gallart, 2009; Ruiz et al., 2017; Cadenas et al., 2018). This topography
was incorporated into the geological map (Fig. 1c) and used in cross
sections to offer context for the surface features with respect to the
crustal thickness (Fig. 4).

4. Results: distribution of erosional surfaces along the western
Cantabrian coast

The high-resolution multiscale analysis of the relief along the
Cantabrian coastline provides two major outcomes. The first one is
that most of the rasas seem to have been part of a unique continuous
surface approximately 200 km in length and of variablewidth, currently
retaining a maximum width of 6 km (Fig. 3ab; Table 2). Therefore, the
first surprise is that the final number of regional rasas is much lower
than that proposed in previous studies. The second important outcome
is that according to the number, geometry and distribution of these sur-
faces, we can distinguish two sectors, separated by a transition zone
around Cape Peñas, which seems to be determined by a crustal struc-
ture, the Ventaniella fault. A detailed description of these two sectors
follows.

4.1. Western sector

This sector is characterized by the presence of a rasa that extends
continuously for 122 km between the localities of Burela (7° 20′W)
and Avilés (5° 55′W) (Fig. 3a). It comprises a well-preserved area of
137.1 km2 distributed in patches and reaching a maximum width of
e lapse Indicator Reference

4 ka Speleothem 234U/230Th
dates

Jiménez-Sánchez et al. (2006)

0 ka Perched phreatic conduits Smart (1984)
ka Fluvial terraces Fernández and Piedrabuena

(2011)
–0.5 Ma Cave deposits

26Al/10Be burial age
Ballesteros et al. (2019)

0 Ma Apatite thermochronology Grobe et al. (2010)
leogene-Oligocene Apatite thermochronology Fillon et al. (2016)

2 Ma Cosmogenic nuclides Alvarez-Marrón et al. (2008)
leogene-Neogene Apatite thermochronology Martín-González et al. (2012)
0 Ma Apatite thermochronology Grobe et al. (2010)
0 ka Fluvial terraces Viveen et al. (2014)
ogene Apatite thermochronology Martín-González et al. (2012)

3 Ma Marine terraces Ribeiro et al. (2002)

http://centrodedescargas.cnig.es/CentroDescargas
http://centrodedescargas.cnig.es/CentroDescargas
http://www.igme.es/


6 C. López-Fernández et al. / Geomorphology 364 (2020) 107242



Fig. 4.Maximum elevation of the cliffs projected on a longitudinal profile along the Cantabrian margin. Also projected is the paleoshoreline and the representative altitude of the highest
rasa identified in this study. At the bottom of the figure a line represents the topography of the crust-mantle boundary or Moho proposed by (Cadenas et al., 2018) at the latitude of the
actual coastline.
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6 km. This part of the rasa developedmainly over a basement composed
of siliceous Palaeozoic rocks. The structural fabric of these rocks is gen-
erally oriented NNE-SSW and it does not determine the orientation of
the surface on top (Fig. 1c). Over this rasa, there are abundant examples
of coalescent alluvial fans that formed at the foothills of the coastal
chains and whose apex zones partly cover the paleoshoreline (Fig. 3
Profiles I and II). The distal deposits of these fans occasionally reach
the cliff edge and show an average inclination of 2.05°N. In previous
studies, the inclination of some of the alluvial fans was incorporated
as part of the rasa (e.g. Alvarez-Marrón et al., 2008), providing steeper
angles for the rasa surface whichwould require recent crustal deforma-
tion to explain.

This regional and continuous rasa is gently inclined 0.58° towards
the sea, causing fluctuation of the seaward slope values between 0.28°
and 0.96°. The elevation of the paleoshoreline decreases from 155 m
near the Avilés estuary to sea level near Burela (location in Fig. 3). Like-
wise, the height of the cliffs in the modern shoreline is close to 120 m
near the Avilés estuary, decreasing progressively westwards until its
disappearance near Burela (Fig. 4). Thus, the rasa following this trend
presents a global tilt to the west with a mean slope of 0.08°. Locally,
we have identified vertical offsets attributed to minor faults: 5 m at
Penarronda beach, 5–10 m in the Barayo estuary and 25–30 m at
Cadavedo beach (Fig. 5). It is important to note the absence of other
Fig. 3. Distribution of the rasas considered in this study, and location of the paleoshoreline in
alluvial fans identified on top of the shore platforms. The bottom part of the figure shows fou
profile I is a representative example without alluvial fan, while profile II includes an alluvial fa
profiles IV and V preserve up to three levels of rasa.
surfaces below this main rasa in the western sector. The only indication
of a secondary platform may be found in the area situated between the
Nalón river estuary and Cape Peñas, where isolated relics of a higher
surface (N180 m) can be recognised.

4.2. Eastern sector

To the east of Cape Peñas (5° 55′W), and as far as the town of San
Vicente de la Barquera (4° 25′W), the landforms are different. We can
distinguish here two levels of rasa at 120–170 m and 230–265 m, re-
spectively (Fig. 3 Profiles III, IV and V). Both levels extend along the
coast discontinuously for 80 km, showing a similar width to that of
the western sector of the rasa. Together they add up to a preserved
area of 27.5 km2. Below, there are evidences of the presence of another
shore platform at b40 m, 29.9 km2 of which are preserved (Fig. 3b).
Compared with the western sector, these rasas are more intensely de-
graded, mostly due to the fact that they formed over Mesozoic and Car-
boniferous carbonate rock sequences, as shown in profiles III, IV and V
(Fig. 3).

The major difference with the western sector is that here the rasa
maintains its height laterally, with no lateral tilting observed: the alti-
tude of the cliffs in the entire eastern sector remains constant at 120–
150 m (Fig. 4).
the western (a) and eastern (b) sectors. Black triangles indicate the situation of the main
r transverse topographical profiles representative of the main rasa. In the western sector,
n. In the eastern sector, profile III is a representative example without alluvial fan, while



Table 2
Summary of parameters for the three zones defined in the Cantabrian rasa. For details, see the text. S-1, S-2, S-3, S-4, S-5, S-6, HS-1 andHS-2 location in Figs. 3 and 6. LL: Low Level of rasa in
the eastern sector.

Western sector Transition zone Eastern sector

HS1 S1 HS1 HS2 S1 S2 S3 S4 S5 S6 HS2 S2 LL

Height of rasas
(m)

180 /
225
m

0–155 m,
dipping
0.08° W

190–210
m

240–260
m

72–135
m

85–165
m

80–100
m

50–60
m

80–100
m

30–45
m

230 /
265

120 /
170

40 / 60

Length of rasas along the coast
(km)/Width of rasas, perpendicular to
the coast (km)

17 / b
1.5
km

122 / b 6 km 4 km / b
1.5 km

4 km /
2 km

4 km / b
1.5 km

1.5 km
/ 0.6
km

30 km /
b 2.5
km

90 km /
b 4.5
km

55 km /
b 3.5
km

Area of rasas (km2) 2.1
km2

137.1 km2 0.6 km2 1.9
km2

0.8 km2 0.3
km2

2.4 km2 27.5
km2

23.6
km2

Predominant lithologies Siliceous Palaeozoic
rocks

Carbonated Mesozoic rocks and siliceous Palaeozoic rocks Carbonated Mesozoic rocks,
Carboniferous rocks and,
locally, siliceous Palaeozoic
rocks

Preservation of surfaces Good Poor, especially in Mesozoic and Carboniferous materials Poor, especially in Mesozoic
and Carboniferous
materials

Moho depth 28–30 km 28–50 km 50 km

S-1, S-2, S-3, S-4, S-5, S-6, HS-1 and HS-2 location in Figs. 3 and 6. LL: Low Level of rasa in the eastern sector.
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4.3. The transition zone in the Cape Peñas area

The area between the two sectors around Cape Peñas shows a com-
plex pattern of local rasas. The area is characterized by abundant faulted
blocks containing the surfaces and delimited by NNW and NNE conju-
gated faults, probably Permian in age since they bound upper Permian
formations. To the west of the Aviles estuary, we identify the principal
rasa level in the western sector, S-1 (Fig. 6), which developed over the
Palaeozoic siliceous formations, and extends from a height of 135 m in
the old paleoshoreline to 72 m at the current cliffs. On the eastern shore
of the Avilés estuary there are other well–defined rasa levels between
80 and 100m in height (S-3, S-5), and independent of the eastern surface
S-2. To thenorth,we can identify S-4, a 50–60mhigh surface over Silurian
Fig. 5. Local vertical offsets observed o
sandstones, and a third rasa, S-6, in the rivermouth between 30 and 45m
high. All these smaller surfaces vary in orientation and in dip (Fig. 6).

Towards the south, independent and behind the regional surface (S-
1), we identify another surface (HS-1, Fig. 6), between 190 and 210 m
and developed on shales. Continental deposits up to 6 m thick cover
sandstones from the Devonian and Ordovician quartzarenites. This sur-
face, on the basis of its relative location with respect to the main re-
gional rasa and its extent, is correlated with HS-2 to the east of the
Aviles estuary, where it reaches an elevation of 240–260 m.

The paleoshoreline trace and the geometrical distribution of the pla-
nar surfaces are indicative of a net limit betweenwestern and eastern sec-
tor that coincides with the trace of the Ventaniella fault (swath profile in
Fig. 6). This structure disrupts and displaces the main rasa producing an
n the rasas in the western Sector.



Fig. 6.Above: distribution of emerged platforms in the transition zone around Cape Peñas. Bottom left: swath profile (400mwidth) drawn along two geologically considered homologous
sectors (blue line in the map above). Bottom right: dip and dip direction of the identified rasas.
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apparent vertical offset of approximately 50m in a swath profile running
approximately E-W (Fig. 6). The inset in Fig. 6 also shows that the main
rasa to the NE is the same on both sides of the Ventaniella fault, being
slightly steeper to the east. The varying directions of inclination and tilt
of the smaller fragments of rasas in between the main S-1 and S-2, such
as S-3 through to S-6, support the idea that theminor faults that separate
them have been reworked slightly during the recent Alpine cycle, after
the formation of the main regional rasa.

5. Discussion

5.1. Distribution pattern of rasas in the Cantabrian coast

The existence of a continuous rasa in thewestern sector of our study
area, as well as the recognition of its tilt, has already been suggested in
the regional literature (Flor, 1983; Mary, 1983; Alvarez-Marrón et al.,
2008; Flor and Flor-Blanco, 2014), (Fig. 5). On the basis of its extent
and attitude, we have related the main rasa level to the west of Cape
Peñas (150mhigh)with themain rasa level to the east, which is higher,
and which maintains the elevation throughout the study area, in con-
trast to the Western sector (Fig. 7). Thus, the surface at 120–170 m in
the eastern sector may correspond to the described rasa in the western
sector at 120m,while the surface at 230–265mcould correlatewith the
relics at 180–225m in the western sector. Future geochronological dat-
ing will support or deny these hypotheses.

The studied fragmented rasa surfaces show different preservation
states depending on the lithology on which they were formed, which
probably hindered in some locations their recognition as part of a
unique regional surface. That occurs particularly to the east of Cape
Peñas, where karst dynamics predominate over dominant carbonate
substrate, as already indicated different authors (e.g. Flor, 1983;
Domínguez-Cuesta et al., 2015), and also due to its higher altitude,
which further increases the erosion factor and makes its preservation
difficult.

One of the main outcomes of this work is that what was previously
regarded in the literature as fragmented planar surfaces corresponding
to up to ten different levels in a staircase pattern (Flor, 1983; Mary,
1983; Feal-Pérez et al., 2009, among others) are now considered as
part of a single, regional surface. Thus, a first summary of our work is
that attending to the inclination and distribution pattern of all studied
rasa surfaces, we can recognize a main regional level of rasa running
continuously for N200 km along the Cantabrian coast (Fig. 7), with a
maximumwidth of 6 km. Its originalwidth, developed as a consequence
of successive marine reoccupations, was probably greater, but this



Fig. 7. Conceptual synthesis of the evolution of the main regional rasa in the Cantabrian margin. Top and middle are transverse profiles (N-S) of the rasa; the profile at the bottom is a
longitudinal sketch (W-E) along the coast. Middle and bottom illustrate the current situation.
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should be confirmed by ongoing studies of the receding coastal cliffs
(Domínguez-Cuesta et al., in press) that make up the northern bound-
ary of the current rasa.

We also recognize a higher flat platform 200 m high in the eastern
part, whose origin continues under discussion. For this surface, Flor
(1983) and Mary (1983) proposed a possibly continental genesis, al-
though Trenhaile (2002) indicated that surfaces over 200 m in western
Europe are much higher than the maximum elevation reached by the
sea during the Quaternary interglacial stages so they must have been
formed during long periods of high sea level in the Tertiary; other au-
thors (e.g., Roberts and Parfitt, 1999) proposed that heights of this
sort in marine platforms necessarily imply uplift. Based on our results,
and taking into account the crustal pattern we discuss below, both pro-
cesses may have been involved.

In origin, the regional rasa and the old shoreline formed sub-
horizontally and thus constitute relevant geomarkers to constrain sub-
sequent events of crustal deformation. Our report of lateral gradient in
elevation aswell as themagnitude of the elevation in the Eastern sector
points to recent deformation either of tectonic origin or related to deep
crustal processes in the formation of the current architecture of the
coast in major parts of the Cantabrian coast of N Spain (Fig. 7).

5.2. The role of tectonic structures: the Ventaniella fault

The boundary between the western and eastern sectors of the
Cantabrain rasas matches with the Ventaniella fault, which also pro-
duces a net apparent vertical offset of 50 m between the two sides of
the rasa. Our systematic analysis of small rasa surfaces in the transition
between the Western and Eastern sectors, provides clear evidence of
the relevant role of the Ventaniella fault in the tectonic evolution of
this sector for the first-time. The Ventaniella fault also affects the rem-
nants of a higher, older rasa inland. This fault is a quasi-vertical struc-
ture, oriented NW-SE and N400 km long, that continues beneath the
sea to the north within the continental platform. The fault line repre-
sents moderate to low intensity seismicity along some parts of its
trace (e.g. López-Fernández et al., 2018). Its effects are apparent in the
cartographic imprint in relation to both Palaeozoic and Mesozoic mate-
rials, and itsmost recentmovement corresponds to a dextral sense of up
to 5 km (e.g. Julivert et al., 1971), with a degree of inverse movement,
resulting in a minor elevation of the North-eastern block (Álvarez-
Marrón, 1989; Marquínez, 1992; Jiménez Sánchez, 1999; Alonso et al.,
2010; Tavani et al., 2011; Viejo et al., 2014; López-Fernández et al.,
2018).

Many unknowns remain as to the recent geological history of the
area around Cape Peñas, where the Ventaniella fault first crops out on-
shore. Without a doubt, it is possible to consider the Ventaniella fault as
a crustal feature whose origin dates back to the initial stages of conti-
nental fragmentation after the Variscan orogeny (Cadenas et al.,
2018), and which is probably acting as a link between the surface and
the deep structure. The distribution and elevation pattern of Cantabrian
rasas depicts the most recent part of the tectonic history of the
Ventaniella fault. The rasas also show how geomorphologic markers
can be used to infer crustal unbalances present on after the last orogenic
pulses in a region such as in the Cantabrian range, and not only eustatic
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or local isostatic changes. It also provides links to the idea that rasas are
evidence of the crustal scale behaviour of western Europe as well, an
idea already suggested by Pedoja et al. (2014)

The elevation of the Cantabrian coast is interpreted in this paper as
the late post-orogenic isostatic response to the crustal thickening and
equilibration of the passive margin after the Alpine orogeny, which ele-
vated and transformed the crustal architecture of North Iberia
(Gallastegui Suárez, 2000; Díaz and Gallart, 2009; Diaz et al., 2016;
Cadenas et al., 2018). Towards the west, the rasa passively tilts west-
ward. This interpretation is consistent with Mary (1983), who noted a
more recent age for the eastern planar surfaces and an older one for
the western ones. Isostatic processes along the margin were indicated
by Alvarez-Marrón et al. (2008) and Pedoja et al. (2011, 2014), who
have also suggested regional tectonic uplift as the driving force to ele-
vate the former marine platform. Our work shows in more detail that
the regional isostatic response is reflected differently in different parts
of the coast, with the Ventaniella fault acting not just as the structure
that bounds different crustal evolution at depth (López-Fernández
et al., 2018) but, as we now show, also on the surface. In addition, the
elevational style of the main rasa to the west of the Ventaniella fault,
which has shown a constant upward movement, contrasts drastically
with the elevation of the eastern sector, where we find more than one
surface below the main one. This indicates that the Ventaniella fault
must have had some control on uplift history of the crust in the
Cantabrian Mountains.

Correlations between rasa evolution and deep crustal processes in
active zones have been noted by Bridgland and Westaway (2008) in
southern Italy, Matsu'ura et al. (2014) in the Shimokita Peninsula,
Cucci (2004) in the Calabrian arc, relating to subduction processes, or
Melnick (2016) along the Andean coast, relating deep earthquakes to
uplift of the coast at the scale of centimeters. In the latter case, the slip
is located below the locked portion of the plate interface and therefore
may translate into permanent deformation in the overlying plate caus-
ing uplift of the coastline. Uplift due to large-scale processes such as
thermal anomalies has also been suggested as an explanation of the el-
evation of rasas (Conway-Jones et al., 2019). Global processes such as
climate change and erosive isostasy (Champagnac et al., 2006;
Pederson et al., 2002), are also proposed as the main processes behind
the increased worldwide relief observed during the Quaternary
(Bridgland andWestaway, 2008). Since we are in a passive, tectonically
stable part of the continent, away from currently active plate boundary
in southern Spain, we attribute the differences along the Cantabrian
rasas to crustal re-equilibration processes associated to the post-
tectonic evolution of the CantabrianMountains. A task to be undertaken
after our analysis is to apply dating techniques along the rasas from
west to east to accurately determine which geological process is being
dated, and also to provide a quantitative measure of uplift rates. The
lack of sufficient quality sampling, as already noted (Jiménez-Sánchez
et al., 2006; Alvarez-Marrón et al., 2008), hinders the establishment of
a full chronology of events within the history of Cantabrianmargin ero-
sional and uplifting. Our contribution provides clear geometric con-
straints and certainly facilitates sampling campaigns for future
chronological studies.

6. Conclusions

The multiscale GIS analysis has proved a useful tool to objectively
characterize partly disconnected rasa surfaces along the Cantabrian
coast (N Iberia) between 4.15°W and 7.30°W longitude. A regional pat-
tern with certain relevant features emerges from the distribution of
more or less isolated and degraded fragmented surfaces.

The first major conclusion of our analysis is that most of the identi-
fied shore platforms belong, in fact, to a unique regional surface approx-
imately 200 km long, and with a medium height of 100–150 m. This
original unique surface is divided now into two zones according to the
arrangement and distribution of surfaces: in the western sector the
surface is continuous and dips 0.08° to the West; the eastern sector is
levelled, has no associated tilting, but it is located higher than the west-
ern sector. In the eastern sector, there is at least one further surface of
significance below the main one. There are small relics of a higher flat
surface above the main one in both sectors.

The secondmajor conclusion of ourwork is that the break in slope of
the regional erosional surface coincides with an apparent vertical offset
of 50macross the trace of theVentaniella fault. The vertical offset affect-
ing the main regional rasa clearly implies relatively recent tectonic
activity.

In addition, the joint analysis of the topography of the surface and of
that of the crust-mantle transition under the Cantabrian Mountains
along the coast, has led to the establishment of a comprehensive tec-
tonic context. If we take into account the presence of a regional rasa
and a paleoshoreline elevated in excess of 150 m in the eastern sector
and decreasing in elevation as it moves away from the orogenic root to-
wards the west, the elevation pattern points strongly to an isostatic re-
sponse as the underlying process driving surface processes by the coast.

The differential uplift of the originally subhorizontal surface is there-
fore controlled by the lateral difference in crustal thickness. The
Ventaniella fault serves as a crustal scale boundary, having ameasurable
impact at the surface in its most recent evolution. It may also have con-
trolled uplift, since the more elevated sector also shows episodic uplift
in the form of different rasa surfaces. In summary, this paper shows
the strength of a top-to-bottom analysis,which shows itself to be partic-
ularly useful at regional scale when interpreting geomorphologic
landscapes.
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