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Abstract. The Tazones Lighthouse slope, shews—different-aetive—mass-meovements affeeting an area of 70.000 m’ ef-the
Cantabrian—Coeast-(IN-Spain); characterized by almost vertical rocky cliffs developed on Jurassic rocks: alternating marl,

sandstone and limestone with three main stratigraphic and structural discontinuity families. Between June 2018 and May 2020,

22 monthly monitoring campaigns have-bees, carried out to measure the displace of 38 control points, located between

95-11+6 masl. The total station monitoring has-bees complemented by ortophoto ammarysis and detailed digital terrain models
(DTM) from two drone flights. Since the beginning of the 3D monitoring, about the 50% of the markers moved more than 1
m, one of them exceeding 15 m. Detailed DTM has-shews that the increased activity is controlled by the discontinuities. There
is an extraordinary,correlation between displacement aeeeleration and precipitation and soil moisture: the largest displacements
have occurred after 2 periods of intense rain (January and October-November 2019, with a maximum 24-hour precipitation of

64.5 mm and 82.1 mm, respectively, and soil moisture values higher than 90%). This represents an exceptional opportunity to

analyse in real time the Jurassic cliffs retreat of the Cantabrian Coast, a-question-thatremained-not-quantified:

1 Introduction

The coast is a natural system very sensitive to environmental and climatic changes, responding quickly to them. In the current
global warming scenario, climate projections indicate that sea level rise will continue and, most likely, increase the frequency
and intensity of extreme rainfall events. These factors, together with changes in atmospheric circulation, regime of winds and
associated waves, will affect coastal geomorphological activity (Nicholls, 20 herefore, an increase in slope instabilities,
considered one of the most important processes of coastal retreat, could be expected on the cliffs.

Usually the interest in the coast retreat has mainly focused on the sandy coasts, that is, areas of beaches and estuaries, especially

attractive for human occupation and tourism (McGranahan, 2007; Athanasiou et al., 2020). However, the rocky coasts, that
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represent, considering different authors from 52% (Young and Carilli, 2018) until 75-80% of coasts worldwide (Emery and
Kuhn, 1982; Trenhaile, 1987; Sunamura, 1992), are increasingly the object of research to find out how they will evolve in the
short-medium term (Trenhaile, 2014). More than one third (37%) of the Atlantic continental European coastline is & rocky
eeast along approximately 3,666 km (Goémez-Pujol et al., 2014). Active cliffs are considered to be a source of sediment that
contributes to maintaining adjacent coastal environments and the resilience of the system at a wider scale (EUROSION, 2004).
Natural hazard situations are common in these areas, due to both limitations in the space available to accommodate natural
retreat and human occupation.

The Cantabrian coast, located in the North of the Iberian Peninsula, is an eminenthy rocky and abrupt E-W trending line along
800 km. Almost 200 of them, mainly rocky cliffs, belong to the Asturias region, where slope instabilities are frequent
(Valenzuela et al., 2017; Dominguez-Cuesta et al., 2018a; 2018b). There are numerous studies focused on the loss of sand or
the general evolution of the Cantabrian coast beaches (Flor and Flor-Blanco, 2005; Flor et al., 2015; Flor-Blanco et al., 2015;
Blasco et al., 2018), but few are focused on the characterization of the rocky cliffs retreat (Dominguez-Cuesta et al., 2020a;
2020b). However, some previous works have obtained average retreat rates of 0.57 m year™ for the period 2006-2017, reaching
rates up to 1.22 and 2.19 m year! near the town of Luanco, in the surroundings of Pefias Cape (Dominguez-Cuesta et al.,

2020a). Although these retreat values corresponds to specific areas, they are Value’;ﬁlar to those obtained in Fisterra,

Northern Spanish Atlantic coast (range 0.03 — 2.78 m year™!, Pérez-Alberti et al., 201 nuch higher than the established in
the central coast of Portugal (range 0.013 — 0.130 m year™!, Epifanio et al., 2013) or the Atlantic rocky coast (Goémez-Pujol et
al., 2014 and references therein) and they agree with those reported in Holderne nsidered the most active coast in Europe,
with values of 2 m year!' (Bird, 2008; Castedo et al., 2015; Hobbs et al., 2020

As occurs throughout the world, in the region of Asturias, the coast is the area preferably occupied by humans since prehistoric

times (Turrero et al., 2013). Thus, the coastal retreat generates social and economic vulnerability due to the lation density,

industrial activity, cultural heritage and exposed infrastructures of the coastal municipalities. The geomorp ical evolution
of the rocky cliffs is mainly due to mass movements linked to gravity and marine dynamics processes that cause its retreat.
Taking into account the above, the research project in which this work is framed was launched to qualitatively and
quantitatively characterize the retreat of the Asturian coast, using the cliff instabilities as indicator (Dominguez-Cuesta et al.,
2019). It is necessary to know in depth how natural processes occur, to incorporate geological risk into land management and
urban planning, as has already been shown in other parts of Spain (Mateos et al., 2017) and the world (Boualla et al., 2019).

The eastern-central segment of the Asturian coast (27% of the Asturian coastline) is composed of Jurassic-Cretaceous bedrock
characterized by a subhorizontal or slightly inclined bedding and an alternation of siliceous-calcareous rocks (Valenzuela et
al., 1986; Garcia-Ramos and Aramburu, 2010; Pifiuela, 2015). This area is internationally known as The Dinosaur Coast
because of its remarkable paleontological heritage characterized by the abundance of dinosaur and other Jurassic reptile
footprints and bones (Pifiuela et al., 2016; Rauhut et al., 2018). It has been officially declared as the Asturian Tracksites Natural
Monument-Yacimientos de Icnitas de Asturias (45/2001 Decree, of April 19th, BOPA 106 of May 9th, 2001). The scarps of

old mass movements are visible along the entire Jurassic coast. In fact, the activity by gravity processes in the Jurassic cliffs
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of this area allows to obtain new samples of paleontological interest each year (Lopez-Toyos et al., in press). However, until
now the movement mechanisms and the speed at which this type of mass movement processes takes place have not been
characterized in detail.

The Tazones Lighthouse slope shows active mass movements affecting a stretch of the coast of approximately 600 m
characterized by the presence of almost vertical rocky cliffs developed on Jurassic rocks (Fig. 1). The different instabilities of
the Tazones Lighthouse slope constitutes an outstanding opportunity to understand the complex evolution mechanisms of the
rocky cliffs in coastal areas of temperate climate with bedrocks composed by lithological alternation. Thus, the aims of this
work are to: i) Characterize the type, spatial distribution and recent evolution of the instabilities; ii) Quantify its spatial and

temporal displacement during the period June 2018 — May 2020; and iii) Understand the role of geological and climatic factors.

1.1 Setting

The study area of the Tazones Lighthouse slope (43°32°54”N, 5°23°57”W) includes a sector of 161,103 m? characterized by
the presence of a marine terrace (rasa) located at 115 m.a.s.l. limited by almost vertical rocky cliffs developed on Jurassic
rocks (Fig. 1).

The bedrock of the Tazones lighthouse area is composed of marl alternating with gray and ocher or yellow-brown sandstone
and rare intercalated marly limestone layers. These rocks, belonging to the Lastres Formation (Upper Jurassic), represent an

ancient fluvial-dominated deltaic svstem with NE orientation (Garcia-Ramos and Aramburu, 2010). The quartzarenite

sandstone appear in 1-10 m bodies Q nating with 5-15 m levels of marls and shelly mudrocks in layers of centimetric to

decimetric thickness. The sandstone beds of the Lastres Formation present both quartz and carbonate (ferrous calcite) cement;
this latter is what gives it the ocher or yellow-brown tones when it is weathered in the recent outcrops: the more yellow-ocher
the layer, the more ferrous calcite content and weathering intensity. Carbonate cement comes from transgressive muddy and
sandy shell beds located above the sandstone bodies and infill partially the initial pores of the sandstone. Thus, the muddy
shell beds behave like marls. Later, in a more advanced diagenetic stage, the remainder pores are filled by quartz cement
(Garcia-Ramos, 2013). The Quaternary coverage present in the area corresponds to patches of colluvium deposits whose depth
does not exceed 2 m.

Jet black mining activities were common over the Mesozoic Asturian coast since the Middle Age (Monte Carrefio, 2004). This
fossil wood was extracted by means of the excavation of small galleries through the softest lithologies. Several jet mining have
been reported in t@rroundings of the Tazones Lighthouse area (Bahamonde et al., 1986), including an old abandoned
mining exploitation known as Monte San Miguel within the study area (Lopez, 2012). Indeed, preexistent subsidence points
in the meadows area surrounding the lighthouse have been traditionally interpreted as collapses of jet mining galleries (Monte
Carrefio, 2004) and are described in this way on the municipal land-use planning.

The Asturian region show a characteristic Oceanic climate. According to the Koppen-Geiger classification (Peel et al., 2007)
the climatic domain present in the study area is Temperate climate Cfb, characterized by a temperate summer and without dry

season (Garcia Couto, 2011). Precipitation and temperature show annual average values of 1000 mm yr! and 13°C,
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respectively. This facilitates the proliferation of vegetation that covers the entire study area, with a predominance of meadows
and eucalyptus plantations, in addition to scrub areas.

The area ts-being monitored since 2018, when irreversible structural damages appeared in a restaurant building (Fig. 2a) located
in the surroundings of the lighthouse because of the fast evolution of the landslide (Dominguez-Cuesta et al., 2019, 2020b;
Valenzuela et al., 2019). The towns of Villar and Tazones area located in the vicinity of the study area, although outside of it.
Within the studied area there were only three constructions: a vacation house, the Tazones Lighthouse and the mentioned
restaurant, demolished as a result of the gravity process activity. The area is highly frequented by tourists who come to see the
lighthouse and to walk a section of the Asturian coastal path that runs through the surroundings, known as the Jet Route trail-
Ruta del Azabache. At the bottom of the cliff, it is also frequent the presence of fishermen or visitors who come to recognize

dinosaur tracks or to take a walk.

2 Methodology

Methodology includes a multimethod approach with diverse tasks such as: (i) field work to carry ou pmechanical

characterization of the cliffs’ bedrock, (ii) topographic markers installation and monthly topographical auscultaton operations,
(iii) annually photogrammetric surveys by Remotely Piloted Aircraft (RPA), (iv) photointerpretation, (v) installation of a rain
gauge and precipitation and soil moisture content data compilation, and (vi) integration and analysis of all data by Geographical
Information System, GIS (ArcGIS v10.3).

The geomechanical characterization of the rock has been carried out by surveying four geomechanical stations at the foot of
the cliff (Fig. 1a), which is the only accessible area where the bedrock outcrops. Moreover, an overall inspection of the cliff
has been performed from a boat from the sea.

Slope displacement has been topographically monitored through 34 feno-type mar and 4 additional control points,
distributed in an area of approximately 12,000 m? (Fig. 1b). Before its installation, a preliminary field reconnaissance of the
area was carried out to try to ensure that their p s allowed measuring the displacement in the direction of the cracks
opening. In June 2018, 24 topographic markers were nstalled; 10 more were added in December of that year and 2 additional
ones were installed in February 2019, after the appearance of new cracks. All of them are located in the range 95-110 meters
above sea level. From the first date outlined until May 2020, 22 topographic control campaigns have been carried out (the
installation one, plus 21 follow-up campaigns), attempting that their periodicity was monthly, although the time intervals from
one to the other range from 16 to 75 days (Table 1).

The instrument used to observe the control points was a Leica TC-407 total station (precision of the angular measurement =
7"; precision of the distance measurement = 2 mm =+ 2 ppm). Given the configuration of the terrain and the observation
methodology used, displacements less than 2 c¢cm are not considered significant. In order to facilitate the handling and
interpretation of the results of the topographic measurements, an arbitrary coordinate system was adopted, so that the abscissa

axis sensibly coincides with the direction in which the greatest movements of the ground occur.
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Due to the rapid evolution of the landslide, two of the control points were lost, between January and February 2019 (FA1) and
between November and December 2019 (ARB); a bulldozer destroyed a marker located on a concrete water tank (CA8) and
partially affected another one (FA9). Thus, some topographic markers appear without data, either because (i) they began to be
measured from the second installation in December 2018, (ii) some of them have been lost, or (iii) other different problems
occurred during the monthly measurement of that point. All the displacement data measured in each campaign were integrated
into a GIS and represented both in maps and Excel charts.

Two photogrammetric surveys have been done by Remotely Piloted Aircraft (RPA) on November, 17 2018 and November,
29 2019. The aircraft used is CARABO S3 (ICOM3D), a robust and compact quadcopter with the following sensor
specifications: Sony A5100 with Exmor® CMOS Sensor type APS-C (23.5 x 15.6 mm), with 16mm or 20mm fixed lens. As
a result, textured 3D Cloud with an average point density of 25 pts m?, Digital Surface Models (DSM) from the obtained 3D
clouds and high resolution Orthophotos with a 3 cm GSD have been obtained for each year. All these has been generated from
the partial images taken by the Carabo S3: 169 in 2018 and 162 in 2019. The comparison between both DSM was carried out
using Cloud Compare v2.10.2. It allowed to show up the changes occurred on the slope of the Tazones Lighthouse surroundings
and compare it to its 2018 appearance, expressing the changes in absolute distances (m).

Photointerpretation was made from aerial photographs, and sequential satellital images (Google Earth) from different years
since 2001 to 2016, and from the images obtained in 2018 and 2020 by RPA.

The precipitation data of 4 rain gauges of the Agencia Estatal de Meteorologia-Spanish Meteorological Agency (AEMET)
were compiled for the period January 2018 — May 2020: Colunga (12.5 km far), Gijon-Campus (19.3 km), Luces-Aspo (10.0
km) and Candanal de Villaviciosa (16.6 km). Furthermore, in the context of this research, a new AEMET manual rain gauge
was installed in Oles village (2.3 km far from Tazones Lighthouse) and managed by volunteers, but it only could provide
discontinuous data between November 2018 and January 2020. The recorded data were compared with those of the mentioned
four meteorological gauges in order to select the most representative. It was found that the Luces-Aspo station had a complete
series of data with good correspondence with those recorded at the Oles station. Therefore, the precipitation data registered in
Luces-Aspo rain gauge (43°03°10”N, 5°17°33”W), 10 km far from study area, 1 km far from the coast and with similar
monthly-accumulated precipitation values, have been used in this work. The accumulated precipitation between each
measurement campaign dates (approximately but not exactly month elapsed) was calculated and plotted in temporal graphs,
in order to better establish the markers movement and its correlation with precipitation.

The soil moisture content has been characterized through the analysis of the Available Water Capacity (AWC), a hydrological
index that has previously proved to be suitable for the study of the landslide-triggering processes (Valenzuela et al. 2018).
AWC has been calculated as a percentage of the maximum pore water storing capacity of the soil volume limited by the depth
of the vegetation roots. The analyzed daily data have been extracted for the same study period from Daily Water Balance
Models developed by AEMET for the Spanish territory (Botey and Moreno, 2012).

All the information has been managed by GIS allowing to integrate all the data and to establish the spatio-temporal evolution

of the Tazones Lighthouse slope.

5



https://doi.org/10.5194/nhess-2021-16
Preprint. Discussion started: 19 February 2021
(© Author(s) 2021. CC BY 4.0 License.

165 3 Results and discussion

The results are presented and discussed below in two sections: (1) Description of the Tazones Lighthouse slope instability:
spatial distribution, recent evolution and geological factors, and (2) analysis of quantitative measurements of slope

displacement for the period June 2018 — May 2020 and the role of precipitation and soil moisture content. @

3. 1 Slope instability evidence and geological factors

170  The portion of the slope in which evidence of activity by mass movements can be recognized occupies an area of 70,000 m>.
It presents a ranging altitude pbetween 110 and 0 meters. The slopes are gentle or flat in the upper zone (Fig. 1b), corresponding @
to the rasa area (15.4% of the surface, with slope under 10°), where meadows predominate. The slope increases in the middle
part, where tree vegetation of eucalyptus plantations predominates, and it is especially high on the cliff with almost no
vegetation (75% of the surface presents slopes between 10 and 50° and 9.6% between 50 and 82°).

175 In the upper part of the slope, main evidence of instability corresponds to different cracks (Fig. 2). The first evidences were
recognized when the investigators came to the area, in February 2018, during the eviction of the restaurant due to the opening
of the cracks that irreversibly affected the structure of the building (Fig. 2ba). It could be noticed that some of the cracks were
old and other showed signs of recent activity, progressing until now. Both, the vacation house and the lighthouse are outside
of the cracked area.

180 The data taken in the four geomechanical stations (Fig. la, Fig. 2e) have allowed geologically and geotechnically
characterizing the bedrock by defining three main families of discontinuities (S0: 360/15-17; J1: 262/85; J2: 166/75), whose
intersection favors the individualization of bedrock blocks. This is very evident in the central part of the monitored area, where
different blocks can be recognized. Its size ranges between 3x3x6 m and 9x9x6 m, conditioned by the mentioned thickness of
the Lastres Fm. layers and the spacing between the joints (Fig. 2c, d).

185  Figure 3 shows the temporal evolution of the cracks in the area. Some of them were already partially visible in the 2001 images
(Fig. 3a). Even some small stretches can be intuited in old aerial photographs of up to 1984 (Lopez-Toyos et al., in press).
However, although they are spatially coincident with the area of current activity, the description of jet mining galleries
collapses in the area by some authors (Monte Carrefio, 2004) hampers to unequivocally know the origin of these signs.

The cracks were clearly visible in 2016 (Fig. 3b), but showed a fast growing from 2018 (Fig. 3¢) to 2019 (Fig. 3d), reaching a

190 total cumulative length of about 1,000 m, a maximum width of 8 m and 10 m maximum depth. As shown by Fig. 3c, there is
a close relationship between the cracks trending and the position of J1 and J2 joints families. The cracks are still presently
growing, because of the activity of the slope.

Three main areas can be distinguished according to the distribution of slopes indicated above (Fig. 1b): (i) upper area of very
low slope and predominantly without movement (blue in Fig. 4a), (ii) lower area of steep slope corresponding to the cliff, also

195 predominantly blue in Fig. 4a, except the northernmost area, and (iii) intermediate area in which forest vegetation grows and

the movement of the treetops gives a false pattern of apparently generalized movement. Although herbaceous, shrub and forest
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vegetation, mainly eucalyptus, is profuse in this area, the ficld data and the comparison between the DSM carried out from the

photogrammetric flights done by the Carabo S3 aircraft in 2018 and 2019 have allowed to observe important changes occurred

in some f'the slope of the Tazones Lighthouse surroundings. Thus, the evolution of the cracks can be related to a primary

planar la e following SO bedding and secondary movements such as flows, topples or rock fall, as has been observed in
other areas of soft cliffs (Hobbs et al., 2020). Fig. 4a shows the changes in the surface of the slope and the spatial distribution
of the slope instability evidence. In detail, it is possible to appreciate differences that can be attributed to the present movement
of the slope, mainly in four areas: (1) the area b at the foot of the cliff, where sliding and topple processes have occurred (Fig.
4b); (2) the area c (Fig. 4c) is undergoing gradual changes since the start of monitoring, with a 100-m-long crack currently
connecting the restaurant area with the lower part; (3) the westernmost part of the study area in which the presence of the
sliding plane developed in November 2019 and represented in Fig. 4d, stands out; (4) the area ¢ on the current active cliff,
where evidence of sliding, rock fall and flow processes can be recognized (Fig. 4e).

The field observations allow us to deduce that the three preferential discontinuity systems facilitate the isolation of blocks that

move until they fall and accumulate as blocks and debris at the foot of the cliff. As previously explained, the bedrock of the

area is constituted by the Lastres Formation, an alternati different mechanical resistance rocks, in which sandstone are

mainly composed of quartz. They appear in 1-10 m packs; amernating with 5-15 m of marl and lutite layers. The presence of
this diverse lithology, together with the disposition of the stratification (S0) and the presence of J1 and J2 joints offers a
situation that favors the slope movement. In fact, the planar slide showed in Fig. 4d was developed following SO in November
2019. As +2%4s previous said, the sandstones belonging to Lastres Fm. have both quartz and carbonate cement. The actual
expositio -E he sandstone to the meteoric waters, through joints, faults and stratification surfaces, together with the acidity
of the organic matter of the soil, cause dissolution processes of ferrous calcite cement. This process progresses relatively
quickly and give rise to a variable thickness of very porous sandstone with quartz cement remains. These decalcification pores
are quickly filled during rainfall periods, causing a very important increase in weight which, together with the favorable
bedding slope, favors the sandstone blocks to slide. Moreover, the marls and the marly shell beds probably work as slipping
levels due to their plastic (ductile) behavior during these raining periods

In the Asturian Jurassic coast, the presence of a diverse lithology, sometimes weathered, together with the disposition of the
stratification respect to the coastline enhances the development of great mass movements with hundreds of meters in length.
This agree with Selby (1993), that established that cliff recession can be related to different factors such as: the presence of
discontinuities (64%), the intact rock strength (20%), the rock weathering (10%) and the water erosion (6%). In addition to
lithology, it is also important to consider the height of the cliff as a fundamental factor of cliffs retreat. Scars of ancient mass
movements can be recognized along the Jurassic coast, reaching in many cases 120 meters in height. The higher the cliff, the
more easily a break in favor of the bedrock discontinuities can occur, as has already been previously shown (Richards and
Lorriman, 1987; Sunamura, 1992; Komar and Shih, 1993). These old scars, with dimensions and characteristics similar to

those observed in the Tazones study area, suggest that high mass movements play a key role in the evolution of the Asturian

Jurassic coast. @
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To the northeastern end of the study area, in the lower part of the slope, cliffs appear, showing different instability evidence.
Thus, at the base of the cliff, rockfall, sliding, topple and flow processes have occurred, leading to the accumulation of blocks,
earth and debris deposits (Fig. 4b, €). The high slopes, together with the lithological and structural factors previously mentioned
control this variety of processes.

235 Regarding the cliff retreat, field observations and photographic analysis suggest that it occurs gradually, as evidenced by the
presence of cracks already in the 2001 photographs. This is in line with what has been established by previous authors, who
indicate that, depending on the lithology, the evolution of the cliffs occurs on scales from 10 to 70 years (Costa et al., 2019).
Until now, hillside material is slowly released in the surroundings of the Tazones Lighthouse and a sudden movement of a
large volume of material towards the foot of the cliff has never been observed. This allows us to hypothesize that the evolution @

240 of the cliffs on this stretch of coast could have occurred in the same way in the recent past and may continue to function in the
same way in the near future, that is, without involving large volumes of material in a single episode.

No evidence of the existence of jet mining galleries has been recognized during the field work performed in the study area

and, therefore, the role that it could play in the development of the mass movement remains unknown.

3.2 Slope displacement for the period June 2018 — May 2020: quantitative measurements and relationships with rainfall

245 Table 2 summarizes all data recorded regarding 3D accumulated displacement of the 38 monitored markers (Fig. 1c, Fig. 5).
They are organized by ranking of the obtained displacement results and classified in 9 intervals. Some of them appear without
data, as previously explained in the Methodology section. Monthly measurements in Table 2 reflect in some cases small
changes (1-2 cm increment or decrement) that may be attributable to the precision of the measurement method.

The analysis of the markers displacement from June, 12 2018 to May, 18 2020 has revealed that some of them have remained

250 almost static, while others have experienced different displacement values of 3D accumulated displacement reaching even
more than 15 meters (FG3). Thus, there are 10 markers, whose 3D accumulated displacement is equal to or less than 5 cm
(FA2,FA4,FA6, FA10, FB3, FBS, FB6, FB7, FD5 and FE4). These 10 markers and the areas in which they were installed are
considered to have remained stable during the measurement period (Fig. 5).

The remaining 28 markers have experienced 3D accumulated displacement between 6 cm (FB1 and FB4) and 15.08 cm (FG3)

255 throughout the 2 monitoring years. Likewise, the markers displacement is uneven in time. There are some of them that have a
similar behavior during all measurements (i.e. FB2, FCS5) while others present a kind of acceleration in some campaigns. The
highest measured displacements correspond to the C7 and C15 campaigns. In the first one (February 2019), 16 markers
registered displacements above 30 cm, and 12 of them above 50 cm. In the second one (November 2019), the FG3 marker
registered the largest 3D movement detected for a single campaign, moving 14.06 m in the lapse October-November 2019;

260 also 19 of the 38 markers moved more than 30 cm in one month, reaching four of them (ARB, FF1, FG2, FG1) values equal
or higher than 1 m (respectively, 1.70 m, 1.21m, 1.03 m, 1.00 m). The obtained rates, although they are measured on the slope
and do not strictly correspond to the cliff retreat, are in line with those obtained by Hobbs et al. (2020) on the Holderness coast. @
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The arrows in Fig. 5 show the displacement vectors together with the rank of displacement values presented in Table 2. As it
can be seen, the vectors are mostly oriented to N-NNE and NE, showing the direction of the movement, which is consistent
with the dip of SO (360/15-17), described in the previous section. The evolution of the Tazones Lighthouse slope is also highly
conditioned by the orientation of the coast with respect to discontinuities such as SO and family joints, as has already been
highlighted in other areas (Francioni et al., 2018). The SO is oriented towards the coast cliff.

The temporal evolution of the displacement of one of the faster markers is presented in Fig. 6 that shows horizontal (Hz) and
vertical (V) movement registered by the marker FA3. Red dots indicate the position of the marker registered in each campaign
and the green/orange lines represent the inferred evolution of the movement between campaigns. The green line indicates how
the movement has progressed in plant, with respect to the North; the orange one illustrates the movement with respect a
horizontal plane. This marker has monthly 3D absolute displacements ranging from 1 to 38 cm, with an almost straight plan
path and also a discontinuous vertical movement clearly conditioned by the SO angle (15-17 towards the North). Thus, Fig. 6
illustrates how this marker has experienced discontinuous movement both spatially and temporally.

The distribution of the precipitation registered in the AEMET Luces-Aspo rain gauge from June 2018 to May 2020 and its
relationship with the soil moisture content evolution and the displacement of six selected markers are shown in Fig. 7.
Considering the variable almost monthly periodicity of the topographic control, the correlation between daily precipitation,
soil moisture content and displacement cannot be addressed at a daily scale. Thus, the calculation of the precipitation between
measurement campaigns (Fig. 7a) and the accumulated precipitation (Fig. 7c) has facilitated the correlation of these parameters.
The periods January-February 2019 and October-November 2019 show high values of accumulated precipitation between
campaigns, reaching 646 mm and 559 mm, respectively. These periods are coincident with the maxima daily rainfall values
reached during the study interval: in January 22, 2019 (64.5 mm) and October 19, 2019 (82.1 mm) (Fig. 7a). Concerning the
soil moisture content, this parameter shows sudden increases linked to these rainfall peaks, reaching the saturation very quickly
and maintaining values above 85-90% the subsequent months (Fig. 7b). In coincidence with these periods, Fig. 7c shows two
significant increases in the trend of the accumulated rainfall graph (Fig. 7¢).

The comparison of the climatic series with the displacement recorded during the aforementioned periods show a good
correlation between them, with a clear rise of the displacement in accordance to the rainfall and soil moisture content increases,
which allows the definition of two events of acceleration of displacement (particularly in the markers FG1, FF1 or FG3). As
may be seen in Fig. 7, during the periods that register the most relevant displacements, January-April 2019 and October 2019-
March 2020, soil moisture content shows values above 90% most of the time. ﬁl

It is worthwhile to mention the evolution of the mass movement displacement registered in the markers FC3, FD3, FG1 and
FF1 after the second rainfall peak, between January and May 2020. Displacement shows a gradual reduction until April 2020.
In May, the movement is almost inappreciable with respect to the previous campaign. During this period, accumulated
precipitation shows a stable trend, as may be seen in the evolution of the accumulated precipitation graphic (Fig. 7c). However,
a reduction in daily rainfall and an increase in the length of no-rain periods is observed. This fact, together with the increase

of the evapotranspiration effect due to the seasonal transition, explain the gradual decreasing of the soil moisture content to
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values under 90%. Thus, the disappearance of the conditions close to saturation may be correlated with the displacement
reduction.

Table 3 shows the values of displacement measured for the most active markers during the two major events of rainfall and
soil moisture content increase. In February 2019, 17 markers presented a displacement in one month that represents between
12.81 and 48.76% of the 3D accumulated displacement in the 21 control campaigns. In February 2019, 3 of these markers
experienced a displacement that constitutes, respectively, 25.97% (FG2), 66.48% (ARB) and 93.25% (FG3) of the total in the
two years of measurements. It is noteworthy that the FG3 marker, which is the one that has accumulated the most absolute
displacement, had only moved 0.66% of the total movement until February 2019. Overall, the 3D movement of 20 markers
detected in the two campaigns of February and November 2019 represents a percentage of the total 3D movement that ranges
between 23.53% and 93.91%. It is also necessary to highlight that 12 of the 20 markers correspond to those that were placed
in the second batch and, despite it, they accumulate significant displacements, as is the case of ARB (66.48%), FC2, CA7,
FD2, FC1, FE1, FD1, FH1, FE2 and FG1 (30-40%).

The temporal distribution of the displacement previously mentioned highlight the episodic character of the mass movement
activity, conditioned by the occurrence of heavy rainfall events that produce sudden rise of the soil moisture content, reaching
values above 90% sustained over time during weeks or months. The use of the AWC index to represent the soil moisture
content evolution have some limitations, since it has been calculated considering the behavior of a soil of a certain depth while
the majority of the displaced mass is composed of materials from the bedrock. However, the sandstone of the Lastres Fm. is
weathered and characterized by a relevant porosity, so in this case the AWC index could be used to estimate the saturation of
its pores linked to rainfall peaks. Thus, the evolution of the displacement could be controlled by the water filling of the porosity,
which implies an increase in weight of the remobilized materials, more than by the daily rainfall, since the evolution of the
soil moisture content is also controlled by other factors, such as the previous soil moisture conditions or changes in the
temperature. However, the infiltration of water through the cracks to the basal slide surface may also play a relevant role in
the evolution of the displacement. @

Although a specific study of wave dynamics has not been carried out, it is probable that the influence of precipitation and soil
moisture content is more important in the stability of the cliff than the energy of the waves, as has been shown in other rocky
coasts (Young et al., 2009). The accumulations of blocks are more abundant than the pebble beaches, which reflects the greater
geomorphological activity due to gravity processes with respect to the littoral activity in the whole of the studied area (Lépez-@
Toyos et al., in press). In this case, due to the orientation of the coast of the studied section, the storms with maximum wave
energy, that always come from the northwest (Izaguirre et al., 2011), would not directly affect.

In view of the markers movement rates observed, despite that observations suggest that cliff retreat occurs gradually, the area
could be dangerous for visitors who come to see and enjoy the lighthouse, the paleontological heritage or the coastal tourist
trail. For this reason, the research team of this project has carried out an awareness campaign, informing the authorities who

have installed warning signs both at the top, near the lighthouse, and at foot of the cliff.
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4 Conclusions

The Tazones Lighthouse slope shows a complex evolution that, from a spatial point of view, is linked to the bedrock lithology
and structure. The sliding of a large part of the slope take place following the low angle bedding (S0, 360/15-17) and is
manifested through different evidence such as the progressive opening of conjugated tension cracks related to two families of
joints: (J1 and J2, dipping respectively 262/85 and 166/75).

The displacement take place mainly to the North-NorthEast, in accordance with the SO dipping following marl layers. The
instability is a complex mass movement with a primary planar landslide type, at least in the highest part of the slope, with
secondary movements such as flows, topples or rock fall that take place in the cliffs at the bottom and the laterals of the
remobilized mass.

Since the beginning of the 3D monitoring, in June 2018, until May 2020, 19 of the 38 topographic markers have moved more
than 1 meter (47.4%) and 17 of the 38 markers have moved more than 2 meters, one of them (FG3) exceeding 15 m of
displacement.

The comparison of displacement data with rainfall data has led to relate the evolution of the 3D movement with precipitation
and soil moisture content, being able to establish a very good correlation between both. The rapid filling of the secondary
porosity of Lastres Fm. sandstone by rainwater, greatly increase its weight, which favors the sliding. Thus, the greatest
displacements registered in the markers have occurred after 2 periods of heavy rain in January and October-November 2019,
with maximum 24 h rainfall of 64.5 mm and 82.1 mm, respectively, and values of soil moisture content above 90%. A total of
19 of the 38 markers moved more than 30 cm between October and November 2019. In February 2019, 16 markers registered
displacements above 30 cm.

We conclude that the present evolution and the ancient scars that can be recognized along the coastal cliffs of the Asturian
Jurassic Coast is conditioned by geological factors (bedrock lithology and structure) and climatic factors (rainfall and soil
moisture), but taken into account what is happening nowadays around the Tazones Lighthouse slope, large-volume deep
landslides are not expected. This research improve the understanding of the role played by landslides in coastal retreat and

provides a solid knowledge base to perform predictive models of coastal retreat in future scenarios. @

Code/Data availability

Currently the data is not in a repository, but if necessary it would be posted in the repository of the University of Oviedo.
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Figure 1: a. Location of the study area in the Spanish Cantabrian coast. b. Parts of the slope, geological map (Pignatelli et al. 1972)
and location of the geomechanical stations. LIDAR-PNOA 2012 CC-BY 4.0 scne.es. c. Position of topographic markers. OrtoPNOA
2017 CC-BY 4.0 scne.es. UTM coordinates ETRS89 Zone 30.
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Figure 2: a. 3D view of the Tazones Ligthouse slope in the 2019 drone flight. b. Cracks in the restaurant building in 02/20/2018. The
presence of cement in the wall shows the attempt to repair old cracks prior to the destructive event of February 2018. 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. Bedrock detail showing S0 and J1-J2 family joints in the bottom of the cliff.
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Figure 3: Tazones Lighthouse slope evolution. a. 2001. b. 2016. c. 2018. J1 and J2 family joints are indicated. d. 2019. The yellow
arrow indicates a surficial planar slide. Source: a and b, © Google Earth; ¢ and d, drone flights carried out in this research.
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515 Figure 4: a. Surface differences between 2018 and 2019 point clouds built from Carabo S3 aircraft drone flights. b. Detail of the foot
of the cliff, showing an scarp that evolves by sliding and toppling. c. Surficial slide occurred in November 2019. d. Track that connects
the Lighthouse area and the bottom of the monitored area. e. View of the cliff from the sea showing metric size block in the bottom.
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Figure 5: 3D displacement of the 38 markers monitored over the Tazones Lighthouse landslide from June 2018 to May 2020. White
520 and black labels indicate markers of the first (June 2018) and second (December 2018) installation, respectively. OrtoPNOA 2017
CC-BY 4.0 scne.es
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Figure 6: Time evolution of the horizontal (Hz) and vertical (V) displacement over the 22 campaigns of FA3 marker.
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Figure 7. a. Distribution of daily rainfall vs. accumulated rainfall recorded at the Luces-Aspo rain gauge. b. Soil moisture content
evolution. c. Temporal evolution of the 3D displacement of 6 selected markers vs. accummulated rainfall.
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Table 1: Dates of the 22 monitoring campaigns carried out and days elapsed between them.

Campaign Days between

number Date campaigns
C1 06/12/2018 Installation
C2 07/11/2018 29
C3 07/27/2018 16
C4 10/09/2018 75
C5 11/19/2018 40
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C6 12/18/2018 28
C7 01/17/2019 31
C8 02/15/2019 29
C9 03/22/2019 35
C10 04/26/2019 35
C11 05/24/2019 28
C12 06/24/2019 31
C13 07/24/2019 30
C14 09/20/2019 58
C15 10/18/2019 28
C16 11/18/2019 31
C17 12/12/2019 24
C18 01/17/2020 36
C19 02/14/2020 28
C20 03/13/2020 28
C21 04/17/2020 35
C22 05/18/2020 31

Table 2: Accumulated displacement measured for each of the 38 markers in the 21 monitoring campaigns. Hyphen indicates
campaign without measurement. Bold: markers installed in June 2018; normal letters: December 2019; italics: lost markers. Gray
535 color indicates the greatest displacements measured between campaigns.
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FA9 0.02 0.03 0.04 005 0.06 0.07 043 — 0.14 013 0.14 0.12 0.13 0.3 0.13 0.12 0.12 012 013 0.12 0.12
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FA3 0.09 0.09 0.16 0.20 0.26 0.31 0.69 0.77 0.87 091 093 095 098 097 135 163 189 1.94 201 204 207

Fc2 — — — — — 0.6 051 066 076 0.78 0.82 0.82 086 087 137 174 215 221 230 248 252

ARB — — — — —  — — 052 049 058 066 0.70 0.79 0.86 2.56 — — — — . .

FC3 0.10 0.14 0.19 025 0.32 040 0.88 112 116 1.19 124 123 128 129 185 234 288 297 3.10 326 3.30

cAy — — — — — 009 068 095 1.02 107 111 115 119 120 189 247 3.05 3.17 329 342 346

F2 — — — — — 011 075 1.04 111 116 121 122 128 129 201 262 321 331 344 356 3.63

Fcff — — — — — 011 076 102 112 117 120 122 128 130 203 264 324 335 348 361 370

cSs - — — — — — — 035043 053 059 063 069 073 163 246 329 345 365 3.81 3.83

FG2 0.13 0.16 0.22 0.31 0.37 046 1.08 126 138 141 144 145 150 151 253 311 365 3.75 386 393 397

FET — — — — — 011 082 106 120 126 129 132 140 141 219 286 356 367 382 397 4.03

F{ — — — — — 011 080 109 121 126 1.33 132 140 142 220 290 357 3.69 3.83 3.98 405

FHI — — — — — 010 0.77 099 113 119 123 125 130 131 218 286 360 373 3.88 3.99 4.06

FE2 — — — — — 0.10 081 108 122 127 133 135 141 143 223 292 362 375 390 4.05
FE3 0.11 016 025 034 — 052 123 148 163 169 174 177 183 184 264 332 401 412 428 4.4
FD3 0.13 0.18 0.26 0.33 0.44 053 121 149 161 166 172 174 180 182 264 335 410 423 440 456
FG{ — — — — — 013 098 129 148 154 161 165 172 171 272 361 450 467 487 503
FFiT. — — — — — 013 107 145 167 176 185 1.88 196 199 320 434 591 660 7.04 7.30
FG3 0.01 0.03 0.01 0.02 0.01 0.02 0.11 0.13 0.11 0.12 0.10 0.10 0.12 0.10 14.17 14.54 14.89 14.93 15.01 15.06
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Table 3: Displacement measured for the most active 20 markers in the January-February 2019 (C6-C7) and October-November
2019 (C14-C15) monitoring campaigns. Bold: markers installed in June 2018; normal letters: December 2019; italics: lost
markers.
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FA9 0.07 0.13 0.06 48.76 0.13 0.13 0.00 0.00 0.12 48.76 0.10-0.50

FA5 0.28 061 0.33 1931 0.86 1.16 0.30 17.55 1.71 36.86 050 -2.50
FA3 0.31 0.69 0.38 18.33 0.97 135 0.38 18.33 2.07 36.66

FC2 0.06 0.51 0.45 17.87 0.87 137 0.50 19.85 252 [37.72

ARB — — — 0.00 086 256 1.70 66.48 1.00 66.48 250-350
FC3 040 0.88 0.49 1484 129 185 056 16.96 3.30 31.79
CA7 0.09 0.68 0.59 17.03 1.20 1.89 0.69 1992 346 36.95
FD2 0.11 0.75 0.64 1762 129 2.01 0.72 1982 3.63 37.44
FC1 0.11 0.76 0.66 17.84 1.30 2.03 0.73 19.73 3.70 37.57
CAS — — — 000 073 1.63 0.90 23.53 3.83 [23.53
FG2 046 1.08 0.61 1538 1.51 253 1.03 2597 3.97 41.35
FE1 0.11 0.82 0.71 /1760 141 219 0.78 19.33 4.03 [36.93
FD1 0.11 0.80 0.70 17.29 142 220 0.78 19.26 4.05 36.55
FH1 0.10 0.77 0.67 16.50 1.31 2.18 0.87 2142 4.06 37.92
FE2 0.10 0.81 0.71 1724 1.43 223 0.80 1943 4.12 36.67
FE3 052 123 0.71 1587 1.84 264 080 17.88 4.47 33.74
FD3 0.53 1.21 0.68 14.69 182 264 0.82 17.72 463 32.41
FG1 0.13 0.98 0.85 16.67 1.71 2.72 1.00 1961 5.10 36.28
FF1 0.13 1.07 094 1281 199 320 121 1648 7.34 29.29

FG3 0.02 0.11 010 0.66 0.10 14.17 14.06 93.25 15.08 93.91 IUENIN0)
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