Journal Pre-proof

w
Understanding the retreat of the Jurassic Cantabrian coast (N.
Spain): Comprehensive monitoring and 4D evolution model of the MARINE
Tazones Lighthouse landslide GEOLOGY

JOURNAL OF WARINE
OEOLOOY, BEOCHEMIETY AND CECPNYSICE

M.J. Dominguez-Cuesta, P. Gonzalez-Pumariega, P. Valenzuela,
C. Lopez-Fernandez, L. Rodriguez-Rodriguez, D. Ballesteros, M.
Mora, M. Meléndez, F. Herrera, M.A. Marigil, L. Pando, J.
Cuervas-Mons, M. Jiménez-Sanchez

PII: S0025-3227(22)00107-4

DOI: https://doi.org/10.1016/j.margeo0.2022.106836
Reference: MARGO 106836

To appear in: Marine Geology

Received date: 2 November 2021

Revised date: 13 May 2022

Accepted date: 17 May 2022

Please cite this article as: M.J. Dominguez-Cuesta, P. Gonzéalez-Pumariega, P. Valenzuela,
et al., Understanding the retreat of the Jurassic Cantabrian coast (N. Spain):
Comprehensive monitoring and 4D evolution model of the Tazones Lighthouse landslide,
Marine Geology (2021), https://doi.org/10.1016/j.margeo0.2022.106836

This is a PDF file of an article that has undergone enhancements after acceptance, such
as the addition of a cover page and metadata, and formatting for readability, but it is
not yet the definitive version of record. This version will undergo additional copyediting,
typesetting and review before it is published in its final form, but we are providing this
version to give early visibility of the article. Please note that, during the production
process, errors may be discovered which could affect the content, and all legal disclaimers
that apply to the journal pertain.

© 2022 Published by Elsevier B.V.


https://doi.org/10.1016/j.margeo.2022.106836
https://doi.org/10.1016/j.margeo.2022.106836

Understanding the retreat of the Jurassic Cantabrian coast (N. Spain): Comprehensive
monitoring and 4D evolution model of the Tazones Lighthouse landslide

Dominguez-Cuesta, M.J."®, Gonzéalez-Pumariega, P.?, Valenzuela, P.®), Lépez-Fernandez,
C.®, Rodriguez-Rodriguez, L., Ballesteros, D.*, Mora, M.®, Meléndez, M.®, Herrera, F.%,
Marigil, M.A., Pando, L., Cuervas-Mons, J.%V, Jiménez-Sanchez, M.

Author Institute, university, city, country (email)

Maria José | University of Oviedo, Departamento de Geologia, Oviedo, Spain
Dominguez-Cuesta* | (dominguezmaria@uniovi.es)

Pelayo  Gonzalez- | University of Oviedo, Departamento de Explotacion y Prospeccion de Minas,
Pumariega Mieres, Spain (pelayogs@uniovi.es)

Pablo Valenzuela

University of Cantabria, Department of Earth Sciences and Condensed Matter
Physics, Santander, Spain
(pablo.valenzuela@unican.es)

Carlos Lépez- | University of Oviedo, Departamento de Geo'ogia, Oviedo, Spain
Fernandez (lopezcarlos@uniovi.es)

Laura  Rodriguez- | University of Oviedo, Departamento de Ge~:>1ia, Oviedo, Spain
Rodriguez (rodriguezrlaura@uniovi.es)

Daniel Ballesteros

University of Granada, Departamento ' Jeouindmica, Spain
(dballesteros@ugr.es)

Manuel Mora

Territorial Delegation in Castilla y L *n, state Meteorological Agency of
Spain, Valladolid, 47014, Spain. ... 9ray@aemet.es

Moénica Meléndez

Instituto Geoldgico y Minero de ~spa'ia, Oviedo, Spain

(m.melendez@igme.es)

1 | Fernando Herrera Department of Geology, U v xrsity of Oviedo, Oviedo, 33005, Spain.

fernando_hm93@hotmail.

7 | Miguel Angel | Instituto Geogréfico Na.onal, Oviedo, Spain.
Marigil (miguelangel.mari4il@ corrco.gob.es)
1 | Luis Pando University of Ovie.'o Departamento de Geologia, Oviedo, Spain

(pandoluis@1miovi.es,

1 | José Cuervas-Mons | University of O.*ado, Departamento de Geologia, Oviedo, Spain

(jcuervas@r cu 'tnovi.es)

1 | Montserrat Jiménez-
Sanchez

Universitv of Jv edo, Departamento de Geologia, Oviedo, Spain
(mjimen 2z eol.uniovi.es)

ABSTRACT

Forecasting coastal dyr.ai. ics and sea cliff retreat under different sea level rise scenarios
requires a good und-*st.ndir.g of the conditioning factors and their relative contribution to cliff
stability. The so-callea Murassic Cantabrian Coast extends along 76 km of the coastline of the
Asturias region (N Spe®i) and is well-known worldwide due to its paleontological heritage, in
particular the presence of dinosaur remains and footprints. The abundance of stratigraphic,
paleontological and tectonic studies contrasts with the scarcity of studies focused on the stability
of this rocky coastline where cliffs predominate, sometimes exceeding 120 m in height. In fact,
evidence of current and recent instability processes can be observed along the entire coastline.
In this regard, continuous monitoring is crucial to understand ongoing instabilities in rocky
coastlines, as in these settings some instabilities might initiate as slow movements that induce
subtle topographic changes whose detection from either satellite or aerial imagery is
problematic due to the spatial and temporal resolutions. This contribution presents a 4D
evolution model of a key site, the Tazones Lighthouse landslide, located on the Cantabrian
Coast of Asturias (N Spain), which affects subvertical rocky cliffs sculpted in the Jurassic
bedrock made of alternating sandstone and marl. A high resolution multiapproach methodology
was developed in order to understand its structure and kinematic characteristics, including: i)
interpretation of aerial photographs and unmanned aerial photogrammetric surveys (UAV); ii)
22 monthly monitoring campaigns by total station; iii) 5 manual boreholes; iv) geomechanical
characterization of the cliff bedrock; v) geomorphological evidence mapping; vi) analysis of




landscape deformations obtained from UAV; and vii) precipitation, soil moisture and significant
wave height (H) data analysis. The results show that the slope evolves by means of a complex-
type mass movement, which combines translational and sliding mechanisms, and occupies tens
of thousands of square meters. DTM and fieldwork analysis indicate that mass movement is
mainly controlled by bedrock discontinuities (SO, 360/15-17; J1, 262/85; J2 166/75). The most
important accelerations of slope movement correlate very well with rainfall, soil moisture and
waves. Thus, the largest displacements occurring in January and October-November 2019,
coincide with 2 periods of storms (maximum 24-h rainfall of 64.5 mm and 82.1 mm and
maximum Hs of 6.54 and 9.09, respectively) and soil moisture values above 90%. Half of the
markers moved more than 1 m and one of them exceeded 15 m. The 4D model obtained after
the interpretation of the Tazones Lighthouse slope whole dataset, allows an understanding of
how the surrounding cliffs have evolved in the past, fundamental to predicting their future
behaviour.

KEYWORDS
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HIGHLIGHTS:

The Tazones Lighthouse landslide has accelerated its activity since February 2018

A series of 22 monthly monitoring campaigns reveal total displacements exceeding 15 m
Jurassic sedimentary bedrock lithology and structure condition the slope evolution
Monthly monitoring establishes a close relationship between rainfall and displacement
Recent sea storm episodes are apparently related to landslide motion acceleration

GRAPHICAL ABSTRACT:



1. Introduction

Coasts are very sensitive to environmental and climatic changes and respond very quickly to
them. The EUROSION project of the European Parliament (EUROSION, 2004) concluded that
25% of European coasts are subject to a retreat dynamic due to the action of different processes
and natural factors like the action of waves and maritime storms on rocky coasts (Trenhaile,
2014). At least a quarter of the world’s population lives in areas near steep coasts (Small and
Nicholls, 2003) affected by coastal retreat and the progress of this retreat depends on the nature
and structure of the rock as well as the type and intensity o~ the weathering and erosion
processes (Trenhaile, 1987; Sunamura, 1992; Del Rio and Grac’a, >09; Piacentini et al., 2021).
A more in-depth analysis shows that the retreat of coasta cli’s is due to the interaction of
several factors and processes (Blanco-Chao et al., 2007, 1\ onhaile, 2011) that act at different
spatial and temporal scales (Troiani et al., 2020). On 7. lar = scale, phenomena such as tectonic
activity and climate change, with direct impo:ts on mean sea level, storm frequency,
precipitation or wind regime and wave p itter i1s can exert control over the general evolution of
the coastline (Kennedy et al., 2014; Jongejan et al., 2016; Trenhaile, 2018). The current rate of
coastal retreat does not appear to .n7.cc , the average rate measured since the Holocene. For
instance, some estimated cliff e, at rates since the mid-Holocene on the Normandy coastline
(from 0.051 + 0.008 to 0.09c + 0.014 m y™) are between 33% and 57% lower than those
currently measured (Du juet 3t al., 2021). Some authors argue that the retreat is not continuous,
but occurs episodically, associated with discrete receding events from the top of the cliff
hundreds of years apart (Mushkin et al., 2019). Two types of processes act on these materials
(Castedo et al., 2013): (i) marine processes, which mainly affect the base of the cliffs, and (ii)
subaerial processes, which act on the exposed area; their relative contribution varies over time
and space. The joint action of abrasion and wave quarrying generated by sea waves, together
with the erosive and weathering processes controlled by the climate, give rise to slope instability
phenomena of different magnitude and typology, which constitute the most important agent of
coastal retreat (e.g., Naylor and Stephenson, 2010; Gémez-Pazo et al., 2021). In this regard,

geomorphological studies and periodic monitoring of coastline are essential to understand the



variables that regulate cliff retreat and to predict its future evolution in response to climate
change and related sea level rise (Van Maanen et al., 2016; Isaev et al., 2019).

The Cantabrian Coast, located in the North of the Iberian Peninsula, is an 800 km-long rocky
coast with E-W trending linearity. Almost 25% of its extent corresponds to rocky cliffs included
in the Asturias region, where slope instabilities are frequent (Valenzuela et al., 2017,
Dominguez-Cuesta et al., 2018a; 2018b). Numerous studies have focused on the sandy reaches
of the Cantabrian Coast, comprising their evolution and sand loss issues (Flor and Flor-Blanco,
2005; De Sanjosé Blasco et al., 2018). By contrast, few works he ve addressed the retreat of the
rocky cliffs (Dominguez-Cuesta et al., 2020a; 2020b). There i cu.>sensus that the Cantabrian
Coast has been retreating over the last two decades, parti ular y the coast reaches involving
Jurassic bedrock (the so-called Cantabrian Jurassic Cc.o* n. which the present work focuses),
though the rates remain largely unquantified in c:tai. and the mechanisms involved in
regulating the style and pace of retreat remain porly, known. A better understanding of these
aspects is crucial for defining the suitabi'.ty ¢ f future actions to be implemented in response to
coastal retreat: Defence, Accommodaiinn or Retreat (DAR, Williams et al., 2018). Among the
actions mentioned, defensive investrzn s costing millions of euros have already been carried
out on the Cantabrian Jurassic Zonast (BOE, 2014; MITECO, 2021), often disregarding the
mechanisms and factors that \~oaulate cliff retreat rate, which are all-important and must be
understood in order to 'voit short-term measures with unforeseen results. Furthermore, and of
no less importance, the 1 terventions carried out must be environmentally friendly, as well as
durable and useful (Morales et al., 2021).

The Cantabrian Jurassic Coast extends along 76 km of the Asturias region coastline (northern
Spain). It has been intensely studied from a stratigraphic (Badenas et al., 2012), structural
(Uzkeda et al., 2016) and palaeontological points of view (Avanzini et al., 2010; Pifiuela et al.,
2009), since Jurassic rocks tend to outcrop along the coast (Fig. 1). The abundance of geological
studies mentioned contrasts with the scarcity of studies focused on the stability of this rocky
coastline, where cliffs of several dozen metres predominate, sometimes exceeding 120 m. This

is an important deficiency, considering that this part of the Cantabrian coastline is world famous



for the presence of dinosaur footprints. In this regard, evidence of active and old instability
processes is observed along the entire Cantabrian Jurassic Coast, the presence of scars, fresh
escarpments devoid of vegetation or angular blocks at the cliff’'s foot being frequent.
Occasionally, instability evidence has been recognized several hundred metres inland. This is
the case in the vicinity of the Tazones Lighthouse, where a restaurant building located more
than 200 m from the coastline was irreversibly damaged due to the progression of cracks
associated to cliff retreat (Dominguez-Cuesta et al., 2020b).

A research team from the University of Oviedo has been analysir 1the evolution of the Tazones
Lighthouse slope since June 2018. This area constitutes a cas: stuly of great interest since it
allows the study of an active geomorphological process and ‘he analysis of how the cliff
behaves in real time. The continuous, monitoring of the .. *rundings of the Tazones Lighthouse
constitutes a unique opportunity to understand the evalu.~n of the Cantabrian Jurassic cliffs,
and so predict their spatio-temporal evolution. T, - ai.ns of this work are to: i) characterize the
typology of the instability that affects th': Ta _ones Lighthouse slope; ii) quantify spatially and
temporally the displacement experie..~ed between June 2018 - May 2020; iii) establish the
conditioning factors of its origin, an. iv) establish the relationships between landslide
displacement acceleration anc . infall, soil moisture, and wave height. This will make it
possible to understand how the 'urassic rocks of the surroundings behave and establish the basis
for an evolutionary mcdel »f the Jurassic Cantabrian coast, necessary for predicting future

changes.

Fig. 1. a. Location of the Jurassic bedrock on the Spanish Cantabrian Coast. b. Distribution of the Jurassic bedrock
(Merino Tomé et al., 2013). c. Lithological map (Pignatelli et al. 1972), parts of the slope and location of water points
and geomechanical stations in the study area. Terrain model: LIDAR-PNOA 2012 CC-BY 4.0 scne.es. d. Position of the
monitored topographic markers. Background image: OrtoPNOA 2017 CC-BY 4.0 scne.es. UTM coordinates ETRS89,
Zone 30.

2. Regional setting



The study area includes 161,103 m? of the surroundings of the Tazones Lighthouse, located on
the Cantabrian Coast, west of Tazones (Fig. 1), a small fishing village of approximately 200
inhabitants.

The climate is temperate Cfb, according to the Képpen-Geiger classification (Peel et al., 2007),
with mild temperatures (annual mean of 13 °C) and rainfall distributed throughout the year
(1000 mm year™) without a dry season (Garcia Couto, 2011). The vegetation cover is almost
continuous, mainly composed of meadows, scrub and some eucalyptus plantations. Predominant
winds and coastal drift in this area come from the West.

The Tazones Lighthouse (43°32°54”N, 5°23°57”W) is located 170 1. inland and 110 m a.s.l., on
a marine terrace (locally termed “rasa”) (Dominguez-Cuesfa e al., 2015). The bedrock is an
alternation of sandstone (1-10 m), marl (5-15 m) anz "2 (1-10 cm) layers of the Upper
Jurassic Lastres Formation (Valenzuela et al., 1986 G.-cia-Ramos and Gutiérrez Claverol,
1995; Garcia-Ramos and Aramburu, 2010) diprii..« 1%-17°N. The sandstone layers present both
quartz and carbonate cements that rap’Jly Jissolve due to weathering, losing density and
resistance (Garcia-Ramos, 2013) anu acquiring characteristic yellowish or ochre tones. The
remarkable alterability of this rock, wiose open porosity can exceed 25%, has been proven by
accelerated ageing tests in th= ~boratory (Ruiz de Argandofia et al., 2005). According to
Uzkeda et al. (2016), the Ju.~ssic rocks of the region are affected by small-scale normal,
reverse, thrust, and stril e sl faults and open folds, preferentially located in the hanging wall of
steep dipping faults. Tt normal faults are the predominant structures, with four preferred
orientations: NE-SW, NW-SE, E-W and NNW-SSE. These fault systems can show variable
dips, from 35° - 45° to almost vertical. There are some references to the existence of jet mining
along the Jurassic coast since the Middle Age (Bahamonde et al., 1986; Monte Carrefio, 2004;
Lopez, 2012). Traditionally, local subsidence phenomena have been interpreted in this area as
mining collapses (Crespo et al., 2008) but no evidence of mining has been found during this
research in the surroundings of the Tazones Lighthouse. The Quaternary coverage present in the

zone mainly corresponds to colluvium deposits thinner than 2 m.



A sector of 70,000 m?, located between 0 and 110 m a.s.l. shows evidence of active mass
movements of different types and sizes. The upper zone (Fig. 1c) has an approximately flat
slope (15% of the surface tilting less than 10°). The slope increases towards the middle zone and
the cliff area, where the inclinations are mainly between 10 and 50°, reaching values between 50
and 82°. The vegetation is grassy on the flat zone, and arboreal (eucalyptus plantations) in the
middle zone, being non-existent on the cliff.

The cliff is active and instability processes occur every year in the vicinity of Tazones, both
close to the sea and further inland. Sometimes gravity processes “avolve large volumes of rock,
with deep cracks appearing at the surface. These events and si jns .’ave been detected by local
people and researchers (Valenzuela et al., 2017; Doming iez-\luesta et al., 2019), but until
recently they had not been described in detail. Since 20”2, a .ultidisciplinary research team has
carried out monthly monitoring of 38 control points ar~unu the cracks that affected the area near
the Tazones Lighthouse (Fig. 1) (Dominguez-~vL-st~ et al., 2020b). Some of these cracks are
recognizable in aerial photographs taken sinc : 1984 (Ldépez-Toyos et al., 2021), but have been
pervasive since 2018, with accelerat.™ movement and damage to the structural integrity of a
restaurant and the abandonment of scm: agricultural and livestock/grazing land (Dominguez-
Cuesta et al., 2019, 2020b). Fer ~aw, none of the other buildings in the neighbouring town of

Villar are affected. Within the ;tudy area, there are only three constructions: a vacation house, a

lighthouse and the ruins of ti ¢ mentioned restaurant (Fig. 2).

Fig. 2. a. View of the Tazones Lighthouse surroundings at the time of the restaurant eviction on February 20" 2018,
after the critical enlargement of the cracks. b. Detailed view of the cracks in the restaurant building at the date of
eviction. The presence of cement in the wall shows the attempt to repair old cracks that had developed before. c. d.
Two views showing the evolution of surface cracks in the Tazones Lighthouse area on April 26" 2019 and January 17"
2020, respectively.

3. Materials and methods

The materials and methods used in this work are detailed below. All the information has been
managed by Geographical Information System, GIS (ArcGIS v10.3) in order to store, prepare
and analyse all datasets.

3.1. Annual photogrammetric surveys by Unmanned Aerial Vehicle (UAV)



Two photogrammetric surveys were completed by drone on November 17" 2018 and November
29" 2019, respectively, using a CARABO S3 (ICOM3D) drone fitted with a 24-megapixel
camera (Sony 05100) and a 20 mm fixed lens. Flight planning was carried out using UAV-
GeoFlip software and a total of 10 ground control points (GCPs) were installed beforehand. To
achieve the correct exposure, the shutter speed was fixed (1/800 s), the aperture was varied
slightly (f/5.6-6.3), and ISO was kept between 200 and 800. This system provided 167 images
in 2018, and 162 in 2019. The photogrammetric processing was carried out with Agisoft
Metashape software (v.1.5.2). Textured 3D point clouds wit1 an average density of 25
points/m?, Digital Surface Models (DSM) derived from 3D poim <louds and high resolution
orthophotos with a 2.5 cm of Ground Sampling Distance- 35SL were obtained for each year.
Regarding photogrammetric reconstruction accuracy, e”. 2+ e.timation was performed by means
of checkpoints (12 in 2018, 7 in 2019) using GNSS por.itiu. ing through Topcon GR-3 receivers.
The RMSE (root-mean-square error) values rezct,”d 1.44 cm (X), 1.60 cm (Y) and 3.43 cm (2)
in 2018; and 2.86 cm (X), 2.76 cm (Y) ar4 1.F3 cm (Z) in 2019.

3.2. Photointerpretation and geomo. nhological mapping

To contextualize the study area, recinorphological mapping of a coastline section of
approximately 4.5 km, includiny the area of interest, was carried out at 1:15,000 scale. The
geomorphological map was ci ~ted by: i) field work and ii) photointerpretation based on aerial
photographs (flights of 201. and 2017 of the Spanish PNOA program, 2004-2019 CC-BY 4.0
scne.es) and images obti ined in 2018 and 2019 by UAV. In addition, LIDAR derived DEM
(LIDAR-PNOA 2018 CC-BY 4.0 scne.es) and Google Earth images (years 2001, 2003, 2011,
2014, 2015 and 2016) have been analysed. Following Knight et al. (2011) and references cited
therein, processes and landforms have been classified from a genetic point of view, including
coastal landforms (marine terraces, cliffs, and active cliff front), mixed landforms (blocks
destabilized by gravity processes and remobilized by the sea), fluvial landforms (main courses),
gravity landforms (landslide masses and open cracks) and polygenic landforms (defined here
according to Kamp and Owen, 2022). Moreover, a detailed geomorphological map of the

Tazones Lighthouse slope has been completed at 1:1,500 scale. Evidence of active processes



and associated landforms was identified and shown in detail in the 3D model developed from
the UAV flight for the study area. Also, the use of a boat provided a general view of the cliff
from the sea, allowing the location and description of some instability features that were
inaccessible or unobservable in the 3D model due to their small scale or their location in
shadow zones.

3.3. Geomechanical characterization of the cliff bedrock

The geomechanical description of the rock mass was performed at 4 study points located at the
foot of the cliff (Fig. 1c). The joint families (faults, joints and be iding) and their representative
parameters (roughness, opening, spacing, and water content) wr.re s 'idied. Moreover, given the
inaccessibility of a large part of the slope, structural data “rom 8 points on the cliff’s surface
were obtained from the drone point cloud through the CT~my.ass plugin (Thiele et al., 2017) of
the Cloud Compare software (v.2.10.2). This tool ma'.es .* possible to measure the position of
structural planes contained in a point cloud. T2 “ate.mine the potential formation of wedges,
rockslides or the triggering of instabilitirs, a geometric and kinematic analysis was conducted
using Dips software (v. 7.018).

3.4. Topographical monitoring

Surface displacements were tonographically measured by means of 34 feno-type markers and 4
additional control points (nails 'ncated in constructive elements), covering an area of 12,000 m?
(Fig. 1d). A feno-type 1nark. r is an anchored survey marker specifically designed to guarantee
its permanence on the ¢ -ound over time. The location of markers was selected after a field
reconnaissance and according to the distribution of the ground cracks. On June 12" 2018, 24
topographic markers were installed and, later, another 12 control points were added after the
appearance of new cracks: 10 on December 18" 2018 and another 2 on February 15 ™ 2019. All
markers were located at altitudes between 95 and 110 m a.s.l. From June 2018 to May 2020, a
total number of 22 topographic monitoring campaigns were carried out with a variable

periodicity of 16 to 75 days (Table 1), depending on weather conditions.

Table 1
Dates of the 22 monitoring campaigns carried out and days elapsed between them.



Campaign number Year Month Day Days between campaigns

c1 2018 06 12 1% installation
c2 2018 07 11 29

c3 2018 07 27 16

c4 2018 10 9 75

cs 2018 11 19 40

C6 2018 12 18 28 (2nd installation)
c7 2019 01 17 31

cs 2019 02 15 29 (3" installation)
co 2019 03 22 35

Cc10 2019 04 26 35

c11 2019 05 24 28

c12 2019 06 24 3
c13 2019 07 24 30
C14 2019 09 20 ne=
c15 2019 10 18 -3

Cc16 2019 11 18 T

c17 2019 12 12 24

c18 2020 01 17 36

c19 2020 02 ‘4 28

c20 2020 03 13 28

c21 2020 U4 17 35

c22 2020 0. 18 31

In order to facilitate the interpretation ¥ the topographic measurements, an arbitrary coordinate
system was adopted, so that the - ix)s coincides with the direction in which the greatest
displacements occur. The instran.ont used for observing the ground displacement was a Leica
TC-407 total station (precision ~f distance measurement: 2 mm = 2 ppm; precision of angular
measurement: 7"). Give 1 the observation methodology adopted, displacements under 2 cm were

not considered significar..

Due to the rapid progression of the landslide, 2 control points were lost between January and
February 2019 (FA1) and between November and December 2019 (ARB). For this reason, some
markers might appear without data in some campaigns because they were either lost or
damaged. For instance, control points CA8 and FA9 were damaged by a bulldozer. Also, there
are gaps in the movement logs because some markers were installed during a second installation

campaign.

3.5. Precipitation, soil moisture content and wave data



The precipitation data from 4 rain gauges (located 10-19 km from the landslide) of the Spanish
Meteorological Agency- Agencia Estatal de Meteorologia (AEMET) were extracted for the
period January 2018 — May 2020. Furthermore, in the context of this research, a new AEMET
manual rain gauge was installed and managed by volunteers in a village 2.3 km away from the
study area. It provided discontinuous data between November 2018 and January 2020 that were
compared with those of the aforementioned permanent stations. It was found that the rain gauge
located at a distance of 10 km (named ‘Luces-Aspo’, 43°03°10” N, 5°17°33” W) had a complete
series of monthly-accumulated precipitation values with a gocd correspondence with those
recorded at the new manual station. Therefore, the precipitat.on Yata registered in that rain
gauge have been employed in this work. The cumulative predipitation between consecutive
measurement campaigns was calculated and plotte7. in *emporal arrays, to analyse the
correlation between movement of the markers and cun-dla.*e precipitation.

Soil moisture content has been estimated by ti.- a'ialysis of the Available Water Capacity
(AWC). This hydrological index, which *.as b 2en previously proved to be suitable for the study
of landslide-triggering processes (Vaionzuela et al., 2018), has been calculated as a percentage
of maximum pore water storing caraciy of the soil volume limited by the depth of the
vegetation roots. The analysed uoily data have been extracted for the same period from Daily
Water Balance Models develug=a by the Spanish AEMET agency (Botey and Moreno, 2012).
Input data comprises: ) da’ly precipitation and insolation values from weather stations; ii)
atmospheric pressure, te mperature, relative humidity and wind speed data from HIRLAM
numerical weather prediction model; iii) soil type and texture, according to the Natural
Resources Conservation Service-United States Department of Agriculture (NRCS-USDA) Soil
Taxonomy (NRCS-USDA, 2003); (iv) depth of the vegetation roots, following the land use
database Corine Land Cover (IGN, 2006); and (v) slope values, obtained from a Digital Slope
Model derived from LIDAR. Output data are continuous models in raster format (25 km? cell
size) obtained by kriging interpolation.

Significant wave height (H;) data have been extracted from the Spanish State Ports (Puertos del

Estado) SIMAR dataset (www.puertos.es), which contains time series of wave parameters from



numerical modelling. Specifically, data have been obtained from SIMAR point 3098038 (5.42°
W, 43.58°N), which is the closest to the study area. In this work, the hourly variation of the H,
parameter for the last 60 years has been used. Subsequently, for each day of the two year
monitoring period, the maximum value of this parameter was extracted and plotted.

3.6. Execution of manual boreholes and water points recognition

Five boreholes were drilled with a manual Eijelkamp sampler to characterize the properties of
the surficial formations present in the area. All of them were located on the rasa surface (Fig.
1c), two in areas where evidence of previous gravitational proces: es had been recognized: LPD-
1 (UTM coordinates, ETRS89, Zone 30T: 306153, 4824492; 115 m a.s.l.; 2.39 m deep) and
LPD-2 (306088, 4824521; 115 m a.s.l.; 1.40 m deep). The other three were in an area
considered, a priori, stable: F-1 (305841, 4824548; 1.7 m a.s.l.; 34 cm deep), F-2 (305836,
4824550; 117 m a.s.l.; 61 cm deep), and F-3 (305844, 18..'554; 117 ma.s.l.; 1.01 m deep). The
sedimentary sequence of the five cores was decci e and an infiltration test was carried out in
boreholes F1 to F3 following the Porchet .netf od.

The study area was also carefully cearchea to map evidence of springs and water table
positioning. The depth at which th2 wewer table is found was measured in nearby wells for
domestic use by means of a wate: nrobe on April 23" 2021.

4. Results

4.1. Geomorphologica' feauv Ires

The new 1:15,000 stale cartography has enabled an in-depth description of the
geomorphological features of the studied coastal segment and made it possible to contextualize
the active instability evidence observed near the Tazones lighthouse.

The existence of a previously described ancient marine terrace (rasa) immediately apparent in
the area (Fig. 3). The rasa has an average slope of 7°N. It is located between 90 and 150 m a.s.l.
and delimited by cliffs predominantly E-W to NNE-SSW and NNW-SSE oriented with slopes
ranging between 43° and 88°, mainly towards N.

A fluvial network is incised on the rasa. Stream courses present predominantly S-N

orientations, with longitudinal profiles showing a general slope of 5° (some of them reaching



90° at their mouths), with no evident accumulation of fluvial deposits. With the exception of the
stream that flows into Tazones, to the SE of the study area, they are hanging valleys with their
mouths located at 25-30 m a.s.l. Slope movements are fundamentally restricted to coastal cliffs,
not ruling out the presence of colluviums and small mass movements in river valleys and on
other slopes. The main evidence of instabilities corresponds to complex movements affecting
the cliffs, separated by more or less clearly marked scars that originate at the boundary between
the cliff and the rasa. These mass movements mask the mouths of some streams incised on the
rasa. Marine erosion activity is evidenced by the existence of ¢ scour front, which is present
along most of the cliff, and is marked by an area of high slope (70- 30°) at its base. At the cliff
foot, there are accumulations of deposits, mainly blocks, pre :ervi1g angular-sub angular particle
roundness, although they are partly reworked by the cor.:~! u ‘namics.

The cliff monitoring area comprises a sector that crver. nart of the rasa bounded by cliffs
oriented NW-SE to N-S. Different instabilities h. e «ffected this sector and are represented in
Fig. 4. These landforms are linked to recznt 'astability evidence marked by fractures and open
cracks. To the southeast of the area, .ssociated with the mouth of Los Lindones stream in the
Port of Tazones, a set of polygenic iorm:.. are located, associated with anthropic, fluvial, gravity

and marine origin (Fig. 3).

Fig. 3. Geomorphological map .. *he . urassic coastal sector where the studied mass movement is located (origin of the
landforms: G, gravity; P, o 'ge. =, fluvial; M, marine). Open cracks and active cliff front are nowadays the most

active geomorphological featur s.

The most important geomorphological evidence of slope movement in the study area is given by
the open cracks, which appear in the upper part of the slope (Fig. 2, Fig. 3, Fig. 4, Fig. 5). Our
first visit to this area was in February 2018, during the eviction of the restaurant due to the
recent appearance of open cracks in the walls that irreversibly affected the structure of the
building (Fig 2ab). We noticed the presence of old cracks filled with mortar while others

showed signs of recent and progressive activity.



In the upper and middle slope sector, there are some cracks, both open and incipient (Fig. 4).
The most prominent features in this area are open fissures with a rhomboid morphological
pattern, some of which adopt a sigmoid arrangement. On the field, it is possible to distinguish
morphologies corresponding to shear and stress cracks. Near the old restaurant, and bordering it
to the south and west, the existence of a depressed and flattened area separated by two fractures
stands out. The progress of the cracks is shown in Fig. 5ab. Altogether, the open cracks reach
1,282 m in length and the incipient ones 359 m. In addition, some scarps with a total length of
266 m have been mapped in this sector. Towards the west, a I: roe complex mass movement
with the individualization of its head and occupying 24.04 m? cen be seen.

In the cliff sector, there are two well-differentiated areas (Fi. 4, =ig. 5). In the eastern area, the
cliff is steep and presents outcrops of layers of the Z. rascic substrate, it being possible to
distinguish (i) the stratification (S0), (ii) the presence *f u.*ferent joints (J1 or J2) and (iii) four
mass movements, two of them incipient ones. T\.- brse of the cliff shows an active cliff front
due to sea wave undercutting. It delimitc an iccumulation of blocks (20,863 m?) reworked by
wave action, as evidenced by its moiohology and the presence of ridges and grooves arranged
obliquely to the coastline. The active ¢t front extends for 216 m until it disappears to the north
under debris deposited on the .~ach by gravity. The northern area is characterized by the
existence of complex mass n.>vement units, which from SE to NW involve areas with: A)
combined action of roc<fall, run-off and flow processes; B) combined action of flow and slide
processes, and C) predo)inant action of planar sliding processes, with the presence of cracks
normal to the dip direction of the slope, favouring block sliding processes away from the cliff
front. A transition zone between gravity and marine processes is defined, lacking wave ridge
and groove evidence. Various escarpments and displaced masses are observed throughout the
cliff sector, which together add up to 602 m of length and 9,802 m?® of surface, respectively. In
A, the action of gravity causes the accumulation of debris at the base of the cliff and the
appearance of exposed scars, where run-off erosion is clearly visible. There are also some

scattered blocks on the slope.



Fig. 4. 3D view of the main geomorphological features identified in the destabilized slope. Image taken by a drone flight

in 2019.

Fig. 5. Tazones Lighthouse slope evolution illustrated on the drone flight imagery of: a. 2018 and b. 2019. Main families
of joints (J1 and J2) are shown. A surficial planar slide is indicated by the arrow. c. View of the cliff from the sea showing
some detached metric-sized blocks and trees.

4.2. Slope displacement for the period June 2018 — May 2020: quantitative measurements

The accumulated movements measured in the monitored markers are shown in Table 2 and Fig
6. The values obtained have been grouped into nine intervals to facilitate their interpretation.
Ten markers (FA2, FA4, FA6, FA10, FB3, FB5, FB6, FB7, FD5, FE4), represented by green
circles in Fig. 6, are located in zones considered as stable during the observation period. They
have accumulated displacements of less than 0.05 cm, whi.> are within measurement
uncertainty (< 2 cm). The remaining 28 markers display (umu’'ative movements ranging
between 0.06 m (FB1 and FB4) and 15.08 m (FG3) for the per.nd June 12" 2018 to May 18"
2020. The displacement of the monitoring points was .neven in time, with some markers
showing evidence of acceleration during the monitc: ng ) eriod, while others shift at regular
speed (FB2, FC5). The highest movements obse ved .ere recorded on February 2019
(campaign C7) and November 2019 (campaigh ~.5', involving displacements > 0.3 m in 16
markers, and > 0.5 m in 12 markers, resp~..’'ve,,” The largest 3D displacement was measured
during the C15 campaign by marker FG3, * nich recorded a distance of 14.06 m for the period
October-November 2019. Also, anoti.>r 19 markers moved more than 0.3 m over a single
month, four of them reaching metri : s -'acements (ARB = 1.7 m, FF1 =1.21 m, FG2 = 1.03
m, and FG1 = 1 m).

Fig. 6. 3D displacements recorde ' by 3 markers installed at the Tazones Lighthouse landslide and regularly monitored
from June 2018 to May 2020. A-~w _ "¢ increases proportionally with total displacement values, matching the key
colour of displacement values comy. led in Table 2. Black and white labels refer to markers installed on June and
December 2018, respect’. ~lv. .2l ground image: 2019 drone flight image. UTM coordinates ETRS89, Zone 30.

Table 2 Cumulative « isplacement measured for each of the 38 markers in the 22 monitoring campaigns.
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Markers: Installed on June 2018 (Bold) and December 2019 (Regular); Lost (Italic)
Hyphen: campaign without measurement. Gray color: the greatest displacements measured between
campaigns.

For instance, FA3 was among the markers that registered the fastest vertical and horizontal
displacements for the entire monitoring period, recording shift dung every campaign (Fig. 7).
This point evidences discontinuous and almost straight move.tent in the XYZ planes,
conditioned by the bedrock bedding as clearly shown vy tne vertical component. The

cumulative 3D monthly displacement recorded by FA3 ra~nes .ctween 0.01 and 0.38 m.

Fig. 7. Time evolution of displacement recorded by marker FA 5 o er the 22 campaigns. a. Vertical (Z) and b. planar
components of movement.

4.3. Rainfall, soil moisture, wave data and s!* ve uisplacements

A comparison between the movement mea.''ced at 6 markers, rainfall recorded at the permanent
meteorological station closest to the lai.7slide, the evolution of soil moisture content and the Hs
parameter at SIMAR point 30980:3 s uisplayed in Fig. 8 for the surveyed period. For all
markers, the largest shifts occu reu in January and November 2019. They are indicated by
vertical grey bands in Fig. 8. In 2J19, two periods of maximum accumulated rainfall were
recorded, January-Februar:’ anu Dctober-November. In the first period 646 mm were measured,
while in the second 55¢ mi.> were reached. The highest daily values were on January 22" and
October 19" 2019, wi.>n 64.5 and 82.1 mm were recorded, respectively (Fig. 8a). The soil
moisture content correidates positively with maximum precipitation values. The soil becomes
saturated quickly after the main rainfall peaks, maintaining saturation values higher than 85 %
for months (Fig. 8c). Regarding the swell, the Hs exceeded 7 m on 4 occasions during the
monitoring period, all of them in 2019: March 11", December 9", 21 and 22" December, with
heights of 8.35, 7.02, 8.77 and 9.09 m, respectively. Moreover, on January 27" 2019, an H,
value of 6.54 m is recorded (Fig. 8d) and it should be noted that this was the highest value since
March 2014, when a height of 6.56 m had been recorded.

Fig. 8. a. Daily and accumulated rainfall recorded at the Luces-Aspo pluviometer. b. Evolution of soil moisture content.
c. Accumulated rainfall vs. temporal evolution of the 3D displacement of 6 selected markers. d. Evolution of the
maximum daily H; at the SIMAR 3098038 point. Source: a-c, AEMET,; d, Puertos del Estado. The vertical grey bands
indicate the periods with the greatest recorded displacements.



February 2019 is the month that registered the greatest cumulative displacement of the entire

survey, with 17 points accumulating between 13 and 49 % of the total movement measured for

2 years (Table 3). Exceptional cases are two of these markers, which showed peak movements

comprising 93% (FG3) and 66% (ARB) of the total movement measured. Up to this rainfall

episode, FG3 had moved less than 1% of the entire measurement period. The displacement

observed in February and November 2019 in 20 markers represents between 24% and 94% of

the total measured. Likewise, it is noteworthy that 12 of these measurement points were

installed on December 2018, despite which they evidence very high movements.

Table 3 Displacement measured for the 20 most active markers in the January-February 27 19 (C6-C7) and October-November 2019
(C14-C15) monitoring campaigns.
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4.4, Geomechanical features cf .22 bedrock

Three types of bedrock dic~ont,.uities have been identified: bedding S0: 002/14, and two joint
families J1: 166/75, anc J2: 285/89 (Fig. 9). The intersection of these discontinuities facilitates
the formation of rocky . 'ocks, whose size depends on the thickness of the layers and the spacing
between discontinuities (Fig. 4, Fig. 5¢). The main blocks have tabular morphology with size
varying between 3 and 9 m. It has been found that the mechanical strength of the Lastres Fm.
sandstone decreases drastically when it is weathered. Field tests with a Schmidt hammer gave
uniaxial compressive strength values of fresh rock of around 40 MPa. However, although the
altered rock maintains a homogeneous and coherent appearance, its strength decreases by more

than 50%, which means that it behaves like a weak rock.

Fig. 9. a. b. Stereographic projection of the discontinuities measured in the bedrock and median planes corresponding
to the identified families of discontinuities. c. d. Two views of the central part of the monitored area (FC2 - FC5 area),
showing SO and J1-J2 family joints and the position of some markers. e. Surficial slide occurred in November 2019. f.
Detail of the grooves marked in the bedrock marl layer after the surficial slide occurrence. g. Bedrock detail showing SO
and J1-J2 family joints at the foot of the cliff.



4.5. Manual boreholes and water point observations

Five manual boreholes were retrieved from the Quaternary cover overlaying the rasa surface,
comprising, in the case of F-boreholes, the entire excavated thickness (34, 61 and 101 cm,
each). However, for LDP-cores, the recovery did not reach the entire drilled length: 1-LDP,
201/239 cm and 2-LDP, 110/140 cm, respectively (Fig. 10). The presence of humus and pieces
of mortar mixed with tiles reveal the anthropogenic influence on the infill sequence, at least in
the upper part of the five cores (between 14 and 64 cm, depending on the core, Fig. 10). This is
attributed to either agricultural activities or dump infills. Othen ‘i<e, the presence of levels of
clays with very plastic behaviour is significant. Cohesion values 1 3tween 29 kPa and 78 kPa
and uniaxial compressive strength values between 0.19 anc 0.z MPa have been measured in
plastic clays retrieved from LDP-cores. The infiltrat’.> r.*es measured in F-boreholes had

values between 5 and 22 mm h%.

Fig. 10. Stratigraphic columns of F-01, F-02, F-03, | OP-Y1 ai.i LDP-02 sediment cores (C- clay; Si- silt; St fine sand;
S sand medium; Sc- sand coarse; G- gravel). Bor. nole ocations are shown in Fig. 1.

On the other hand, eight water point: roL.d be recognized in the field (Fig. 1, Table 4). Seven of
them correspond to active or clo.~d water wells (water points 1 to 7), located in the rasa area,
and the eighth is a spring in u.» beach area. The seven wells measured are supply wells in the
town of Villar, placed \ery \ lose to each other over an area of 12,000 m? The furthest wells (6
and 7) are 250 m apart. \ Ve measured the water table depth in five wells (M in Table 4), which
was located at a variable depth of -0.85 to -14.33 m, while the remaining 2 wells were
inaccessible, but the owners informed us that the water table was at -32 and -15 m, respectively.
Regarding water point 8, it is located very close to the tidal zone, near the base of the cliff (Fig.
1c; Fig. 4). Although it was not possible to get eye contact of a water flow, we could clearly
hear the distinctive noise of a continuous stream of water falling, sounding similar to a small
waterfall. Point 8 has been placed tentatively, as the tidal conditions prevented a precise GPS
positioning. Finally, the inhabitants of the area informed us about the presence of another

potential water point that they place with confidence in the area where the LDP-02 borehole was



drilled. They indicate that, on many occasions, “water can be heard roaring under the ground”.

This could not be verified in the context of our investigation.

Table 4.
Summary of water point observations

Water Type: We_II Depth of water Measured (M)/ or Surface Water
point (W) or Spring from ground Estimated (E) level (m) level (m)
(S) surface (m)

1 w 14.33 M 122.10 107.77
2 w 5.60 M 121.05 115.45
3 w 3.57 M 120.25 116.68
4 w 0.85 M 127.90 127.05
5 w 32.00 E 122.68 90.68
6 w 4.65 M 128.68 124.03
7 w 15.00 E 120.14 105.14
8 S 0.50 E 2.74 2.24

5. Discussion

5.1. Characterization of slope instabilities, spatial dist*ib. tion and conditioning factors

The slope instability is conditioned by a great varief;, 01 nrocesses that, according to Varnes
(1978), could be classified (on the whole) as » complex landslide. Cliffs show different
instability evidence at the northern end of the ~tudy area, including blocks, earth and debris
deposits, pointing to a complex evoluun chat combines rock fall, topple, slide and flow
processes (Fig. 4, Fig. 5¢). Neverthele.=. at present, the most outstanding evidence of movement
is given by open cracks, whose temp or:.. evolution is shown in Fig. 5a-b and Fig. 6. Some of the
cracks were already partially visiu.~ 1, the 2001 Google Earth images, and traces of possible

cracks can be perceived in aeri.l pi.>tographs since the mid-80s (Lopez-Toyos et al., 2021).

Crack evolution observed nver e entire monitored period is closely related to a primary planar
landslide following SC a1 secondary movements such as flows, topples or rock falls.
Topographic factors (s:™ne and height), together with structural and lithological factors, as well
as marine and anthropugenic action, are the main conditioning factors of instability, as we will
discuss in the following paragraphs. The height of the cliff is a critical factor conditioning cliff
retreat. The geomorphological study has indicated the scars of ancient mass movements along
the Jurassic Cantabrian Coast (Fig. 3) that reach 120 m in height. High cliffs are more prone to
break in favour of bedrock discontinuities, as previous authors have documented (Sunamura,
1992; Colantoni et al., 2004; Matano et al., 2015; He et al., 2022). In this regard, ancient scars
in the study area have similar dimensions and characteristics to recent ones observed in the
Tazones Lighthouse area, suggesting that voluminous mass movements are fundamental in the

long term evolution of the Asturian Jurassic coast.

Marine erosion is evidenced by the presence of a scour front at the cliff foot in some sectors of

the study area. Stormy waves (the most energetic ones) in this reach of the coastline frequently



come from the northwest (Izaguirre et al., 2011) and thus, considering the orientation of the
coast in the studied section, the toe of the unstable slope is exposed to their direct impact.
Otherwise, the coastal drift in this area comes from the West, so the Tazones Port groyne,
located east of the study cliff (Fig. 1b), does not play a fundamental role.

The analysis of the geomorphological evidence in the surroundings of the Tazones Lighthouse,
suggests that the cliff retreat is faster than the fluvial incision due to the presence of hanging
valleys whose streams flow over the cliffs to the sea. Regarding the cliff retreat, field
observations and photographic analysis suggest that it occurs episodically, as evidenced by the
cracks already present in the 2001 photographs and by the acceleration episodes identified
during the monitoring. This is in line with observations by Costa ~t al. (2019), who indicate that
cliff evolution occurs on time scales ranging from 10 to 70 ve.'s depending on bedrock
lithology. Although crack opening has accelerated over the sicdv period, hillside material is
slowly being released in the surroundings of the Tazones L ighthc use without entailing a sudden
voluminous disaggregation of bedrock materials at the ha_~ of the cliff yet. The presence of
well-developed bedding and two families of discontin.itics, with an average spacing ranging
between 20 and 60 cm (Fig. 9ab), favour the indiv:C 'alization of decametric to metric sandstone

blocks, instead of a large slip.

The combination of bedding alternations of ¢ .fferent lithology, the disposition of bedding (SO0)
planes and the presence of two family join.> offers altogether a situation that favours slope
movement. The displacement vectors are mostly oriented to N-NNE and NE (Fig. 6), pointing
to a direction of movement consistent with the dip angle of bedding planes (S0: 002/14), which
are favourably oriented towarrs ‘he cliff. In fact, the orientation of the coast with respect to
discontinuities (SO, J1, and o2\ a.d their spacing has conditioned the evolution of the Tazones
Lighthouse slope, as previou=I reported in other areas like the North Coast of Cornwall in the
UK (Francioni et al ; 2C"*8). Thus, a translational slide involving soil and bedrock was initiated
using SO as the rupture s irface in November 2019 (Fig. 9e). Also, the vertical movement of the
FA3 marker approaches the dipping angle of SO (15-17°N; Fig. 7). The close relationship

between crack trends and the position of joint families (J1 and J2) is shown in Fig. 9.

Regarding weathering processes, the Lastres Formation (sandstone beds) reacts with slightly
acid meteoric water that infiltrates through joints, causing dissolution of the ferrous calcite
cement (Garcia-Ramos, 2013). This process progresses relatively quickly and gives rise to a
variable thickness of very porous sandstone with remains of quartz cement. Pores quickly
saturate during rainfall periods, promoting an important increase in weight of the sandstone
blocks and their consequent sliding along bedding planes. Moreover, marl beds probably work
as slipping planes due to their plastic (ductile) behaviour once saturated. A translational slip

involving displacement of the FG3 marker occurred after a rainy period in November 2019,



exemplifying this control. The metastable block where FG3 was installed lies on a layer of marl
that accumulated notable displacement during that event (Fig. 9e). We consider that this small-
scale example is illustrative of what is happening on the entire slope.

Is noteworthy that previous studies describe some lineal hollows in the area as jet-black mining
gallery collapses (Crespo et al., 2008). However, we have not found unequivocal evidence of
abandoned mining galleries within the study area during the numerous and exhaustive field
work campaigns and, hence, the role of abandoned galleries in promoting slope instability
initiation remains undetermined.

5.2. Relationships between the current evolution of displacement and waves and rainfall

The open and incipient cracks reach a total cumulative length of 2,741 m, a maximum depth of
10 m and 8 m of maximum width. They can be perceived in 200. Google Earth images and
have been clearly visible since 2016. At the time of writirg, v acks continue to grow due to
slope activity.

The temporal coincidence between precipitation, soil . *aist ire saturation, Hs and crack opening
and progression has been verified, as shown in Finure 8. however, since only monthly marker
movement data are available, it is not possible t¢ fis.ern whether point accelerations are more
closely related to waves or to precipitat’on anu soil saturation. To clarify this it would be
necessary to have a longer monitoring peric - and with more detailed data, which would allow a
daily analysis of slope movement eve.ts. In any case, the analysis of the historical data at
SIMAR point 3098038 shows that, i1 eccnt times, the events with extreme H; values have been
far more numerous. Thus, between senuary 1%, 1960 and December 31%, 2020, there have been
35 events with Hs > 5.90 m, 54 of them concentrated in the last decade, suggesting an increase
in storm strength, with Hs > 8.U m being more frequent since 2014, leading to enhanced storm
wave erosion capacity nd ignificant erosion of dune coastlines in the region (Flor-Blanco et
al., 2021). In the last 4u ‘rears only 12 events have shown Hs > 7.0 m at SIMAR point 3098038,
and four (one third) took place after January 2018. All this could justify the acceleration of the
Tazones Lighthouse landslide movement in recent times and its relationship with both marine
and continental factors.

The cross-comparison between climatic and wave series and the displacement recorded for the
studied period shows a positive correlation, with increasing displacement when soil moisture
content increases in response to rainfall episodes. Two events of accelerated displacement have
been recognized, conspicuously recorded by markers FG1, FF1, and FG3. The most important
displacements were registered during the periods January-April 2019 and October 2019-March
2020, coinciding with soil moisture content values that were above 90% for most of the time
(Fig. 8). Between January and May 2020, markers FC3, FD3, FG1, and FF1 registered another



displacement episode after the second rainfall peak, followed by a gradual reduction until April
2020. In contrast, the movement was almost inappreciable during May.

The evolution of FC3, FD3, FG1, and FF1 markers in 2020 reveals the close relationship
between sliding activation and soil moisture. Accumulated precipitation marked a stable trend
during 2020 (Fig. 8), but a reduction in daily rainfall and an increase in the length of dry periods
were observed. This fact, together with the seasonal increase in evapotranspiration, explains the
gradual decrease in soil moisture content to values under 90%. Hence, the change to an under-

saturated soil condition may correlate with the drastic displacement reduction.

The temporal evolution of recorded displacements registered for the most active markers
highlights the episodic character of sliding activity, conditionec by the occurrence of rainfall
events long or intense enough to produce a sudden rise of seii musture content surpassing
values of 90% and sustained over weeks or months, and their ~~poral coincidence with sea
storms with Hs peaking around 6 m or more. The use o1 the AWC index to represent the
evolution of soil moisture content has some limitatiz..~ 3 it is calculated considering the
behaviour of a soil of a given thickness. However, mo.* of the unstable mass is composed of
bedrock materials and hence, water infiltration tr.u .oh crack systems, which feeds the rupture
surface, may also play a significant role in disrlace..ient modulation. Moreover, the weathering
processes affecting the Lastres Fm. cause s an important increase in porosity, so the AWC index
could be used to estimate water pore saturativ.” linked to peaks in rainfall. Thus, the evolution of
displacement could be controlled b'* th. weight increase of bedrock blocks as their pores
become saturated with water, mare than by the daily rainfall, since the evolution of soil
moisture content is also contru.'ad py other factors, such as the antecedent soil moisture

conditions or changes in soil :am<rature.

Alternations, in space ar? tn.;, of subaerial and marine action in the cliffs of the study area
seem to occur, as h7.. heu dascribed in cliffs in Galicia (Gomez-Pazo et al., 2021). Precipitation
events often coincide wi.h periods of higher waves, which promote wave quarrying and cliff
undermining, eventually conducing to cliff destabilization and removal of talus deposits that had
been buttressing the foot of the cliff. The accumulation of a mixture of blocks, gravel and fine
material in some areas of the study area reflects time lapses with higher geomorphological
activity linked to gravity processes rather than to littoral activity (Lépez-Toyos et al., 2021).
This study showcases the close relationship between rainfall and slope movement episodes.
Precipitation and soil moisture content determine cliff instability as has been shown in other
rocky coastal areas (Young et al., 2009). However, the cross comparison of wave height records
and sea storm episodes with sliding acceleration events also suggest straightforward

relationships, as displacement acceleration occurs when sea storms and rainfall events coincide.

6. Conclusions



The design and application of a high resolution multidisciplinary work methodology to develop
a 4d model of an active cliff on the Jurassic Coast (Tazones Lighthouse), has allowed a
substantial advance in the understanding of the progress of the retreat of the Cantabrian Coast in
Northern Spain in spatial and temporal terms. This is based on the points listed below,
responding to the aims of the work.

°  The Tazones cliff shows the importance of the contribution of slope instability processes
summarized by the presence of a complex mass movement with a primary planar landslide
type, with secondary movements such as flows, topples or rock falls.

°  From a quantitative point of view, from 2018 to 2020, the spatial and temporal activity of
the gravity processes is evidenced by the progressive oper'ng of cracks, and significant
displacements of topographic markers, moving more than 1 rte: and even exceeding 15 m
of displacement.

°  The conditioning factors of the slope evolution inclvdy: 1) bedrock lithology (weathered
alternation of marl, limestone and sandstone); 2) rcrol' structure, including the bedding
observed in the marl layers (SO, 360/15-17) and .2 progressive opening of conjugated
tension cracks related to two joint families: (v~ and J2, dipping respectively 262/85 and
166/75); and 3) the topography and geome* shu.uyical history, including the development of
sea undercutting at the foot of the clif’.

°  The main triggering factors contrnlling p.-nar sliding are linked to variation in precipitation
and soil moisture content, as pr~eu Yy the good correlation between them: the greatest
displacements occurred after 2 aridds of heavy rain in January and October-November
2019, also coeval with sea ~tv-as with Hs > 6.5 m.

°  Finally, this research inu:~aw.~ the contribution of gravity processes to the dynamics of the
Cantabrian coastal clifts, ~ombining geological factors (bedrock lithology and structure),
geomorphologir:! 1octe.s (topography and sea erosion), together with climatic factors
(rainfall and soil mo sture). The monitoring period should be extended in time to confirm
these relationships. In addition, this study improves the understanding of the complex set of
mechanisms involved in the evolution of rocky coast retreat and provides essential data for

future prediction models.
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HIGHLIGHTS:

The Tazones Lighthouse landslide has accelerated its activity since February 2018

A series of 22 monthly monitoring campaigns reveal total displacements exceeding 15 m
Jurassic sedimentary bedrock lithology and structure condition the slope evolution
Monthly monitoring establishes a close relationship between rainfall and displacement

Recent sea storm episodes are apparently related to landslide motion acceleration



