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A new inventory of rock slope failures (RSFs) compiled in the central Spanish Pyrenees within the framework of
the SPIRAL Project has identified 1232 RSFs, yielding a relatively low spatial density of 0.11 events per km?.
These RSFs exhibit very slow to extremely slow average displacement rates, ranging from 5 mm to 75 mm per
year. Rock slides and earthflows are the most prevalent failure types, accounting for over 93% of the total,
whereas rock slope deformations (RSDs), composite failures, and rock avalanches are comparatively rare. This

Weathering
Rock slope failure predominance of rock slides and earthflows results in a shallower magnitude-frequency distribution relative to
SPIRAL other mountainous regions. Lithology, glacial debuttressing, and slope angle are identified as the most influential

conditioning factors. Most RSFs occur on slopes between 20° and 30°, especially in deglaciated settings and in
bedrock composed of fine-grained, low-strength lithologies, such as turbidites, slates, marls, and evaporitic se-
quences, where weathering plays a critical role in promoting slope instability. Unfortunately, these relatively
moderate slopes, which often correspond to relict landslide deposits, provided favourable conditions for the
establishment of at least 25 human settlements in the past. These communities are now under threat and will
require multimillion-euro investments to stabilize active movements. Furthermore, 41 RSFs intersect commu-
nication and irrigation networks, 138 affect ski resort infrastructures, 94 compromise paved roads, and 29 pose
risks to dam safety. The estimated direct costs associated with active RSFs already exceed €152 million, and
additional substantial mitigation efforts are anticipated in the near future.

1. Introduction

Landslides are among the most frequent and globally widespread
natural hazards, resulting in substantial human casualties and economic
losses each year (Schuster and Highland, 2001). Recent studies suggest
that their true impact remains significantly underestimated (Sim et al.,
2022). According to current estimates, landslides are responsible for
approximately 4000 fatalities annually and economic losses amounting
to billions of dollars worldwide (Froude and Petley, 2018; Pollock and
Wartman, 2020). In Europe alone, over a 20-year period, an average of
68 fatalities and €4.7 billion in annual damages were reported across
476 fatal landslide events (Haque et al., 2016). According to the same
study, Spain ranks third among European countries in economic losses
and fifth in fatalities due to landslides. In addition, the European land-
slide susceptibility map (Wilde et al., 2018) indicates that the Pyrenees
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is among the five main European landslide hotspots (Jaedicke et al.,
2014).

In Spain, the BDMOVES inventory (Base de datos de Movimientos del
Terreno), developed by the Geological Survey of Spain (IGME, 2025),
currently represents the most comprehensive national landslide data-
base. It includes 4386 documented slope instability events of all types,
accounting for several hundred fatalities and million euros in historical
economic losses (Corominas et al., 2025). However, in the Pyrenees, the
number of inventoried landslides remains sparse (IGME, 2025), clearly
underestimating their true impact in this mountainous region where
landslides Notable historical landslide events in the Spanish Pyrenees
include represent a major geomorphic process, frequently associated
with significant economic damages, abandonment of settlements, and
severe infrastructure disruption. Notable historical landslide events in
the Spanish Pyrenees include the following: (1) the 1373 Monclis
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translational rockslide (~12 hm?), triggered by an earthquake, which
completely destroyed the village of Monclis (Zarroca et al., 2013); (2)
the 1714 Inza earthflow, which advanced at an average rate of 20 m/day
and obliterated the village of Inza (Aparicio Valls et al., 1987); (3) the
1940s Salinas de Jaca rockslide, which led to the abandonment of the
town (Gutiérrez et al., 2014); (4) the 1881 Puigcercés rockslide (~5 x
10 m®), which destroyed several houses and prompted the abandon-
ment of the village (Khazaradze et al., 2020); and (5) the 1982 reac-
tivation of the Pont de Bar earthflow, triggered by intense rainfall, which
destroyed a 300 m section of the national highway between Puigcerda
and La Seu d'Urgell, severely damaged the village of Pont de Bar, and
ultimately led to its abandonment (Corominas, 2006).

Currently, the central sector of the Pyrenees, including the French-
Spanish border, is affected by a large number of landslides. Among
these, rock slope failures (RSFs) defined in the literature as an umbrella
term for landslides involving bedrock (Jarman et al., 2014; Jarman and
Harrison, 2019), represent the most frequently occurring type of mass
movement. This region is characterized by a predominance of weak
rocks ranging from the Paleozoic to the Neogene, which play a key role
in slope instability and are the primary conditioning factor influencing
the spatial distribution and typology of RSFs. Many of them are char-
acterized by deep-seated shear surfaces and volumes exceeding several
tens of hm®. These phenomena directly impact critical cross-border in-
frastructures, settlements, reservoirs, and ski resorts, often implying
costly engineering mitigation measures and posing a substantial threat
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to human lives.

The aim of this study is to present a new, high-resolution kinematic
RSF inventory for the Aragon region (NW Spain) in the central Pyrenees,
developed within the framework of the SPIRAL project (Interreg-POC-
TEFA program 2021-2027, EFA039/01). The proposed inventory sub-
stantially improves upon the existing national BDMOVES database,
which is incomplete for this sector of the Pyrenees and aggregates
multiple landslide types without specific kinematic information. Our
RSF inventory is constructed through a combination of detailed
geomorphological mapping and InSAR ground-motion data from the
European Ground Motion Service (EGMS), complemented with press
archives and reports provided by citizens and local institutions.

This new dataset enables a comprehensive assessment of the spatial
and temporal distribution of RSFs, together with an in-depth analysis of
their conditioning factors. In particular, we examine the role of lithol-
ogy, slope aspect, and slope gradient, as well as the influence of
debuttressing associated with post-glacial unloading, for each RSF type.
The inventory also allows the construction of magnitude—frequency
curves and the derivation of frequency-slope relationships, considering
both the current slope gradients and those inferred for adjacent, unaf-
fected slopes, which are used as a proxy for pre-failure topographic
conditions. Altogether, these analyses facilitate the integration of RSFs
into regional risk-management strategies and provide a robust baseline
for comparison with analogous datasets from the Alps and the United
Kingdom.
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Fig. 1. Geological domains, main lithological units, thrust faults, maximum ice extension and spatial distribution of RSF (green dots) in the central Pyrenees.
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2. Study area

The Pyrenees constitute a narrow, 70-120 km wide, 400 km long,
alpine mountain range trending NNW-SSE that acts as a natural
boundary between Spain, France, and Andorra (Fig. 1). This orogenic
system developed in response to the convergence between the Iberian
and European plates, spanning from the Late Cretaceous to the Miocene
(Munoz, 1992). From a structural standpoint, the range is relatively
simple and is typically divided into three main tectonic domains
(Barnolas and Pujalte, 2004). The core of the chain corresponds to the
Axial Zone, composed mainly of exposed Paleozoic basement rocks. This
unit is bordered to the north and south by fold-and-thrust belts formed
by Mesozoic and Cenozoic sedimentary sequences, known respectively
as the North-Pyrenean and South-Pyrenean Zones (Fig. 1). The South
Pyrenean Frontal Thrust separates the Pyrenees from the Ebro Foreland
Basin. The study area encompasses portions of both the Axial Zone and
the central sector of the South-Pyrenean Zone (Fig. 1).

The Pyrenean Axial Zone is a segment of the European Variscan belt
that was later reactivated and incorporated into the internal structure of
the Pyrenees during the Alpine orogeny, from the Cretaceous to the
Miocene (Matte, 1991). It comprises over 5000-m-thick, intensely
deformed sequence of Paleozoic metasedimentary rocks, mostly slates,
with subordinate schists, quartzites, and limestones, ranging in age from
the Cambrian to the Carboniferous (Rios et al., 1989; Barnolas and
Pujalte, 2004). In the late Variscan stages, these rocks were intruded by
calc-alkaline plutons (Santana Torre, 2002). Subsequently, E-W trending
pull-apart basins developed along the southern margin of the Axial Zone
and were filled with continental sediments and volcanic rocks
(Rodriguez-Méndez et al., 2016). On the other hand, the South-Pyrenean
Zone is a fold-and-thrust belt composed of Mesozoic to early Tertiary
sedimentary rocks that were transported southward. The contact be-
tween the South-Pyrenean and Axial Zones is stratigraphic in the west-
ern sector, transitioning into a tectonic boundary marked by major
thrust faults and significant structural complexity toward the east
(Fig. 1). The stratigraphic sequence comprises Upper Triassic evaporites
and mudrocks of the Keuper facies, followed by Cretaceous and Paleo-
cene limestones, marls, and mudstones, and culminating in a thick,
progradational Eocene succession. This latter sequence records a pro-
gressive transition from deep marine to shallow continental environ-
ments and includes turbiditic flysch, platform limestones, bluish marls,
fluvio-deltaic deposits, and continental molasse (Gil et al., 2012;
Montes, 2012).

From a geomorphological perspective, the maximum extent of
glaciation during the Maximum Ice Extension (ca. 65 ka; Lewis et al.,
2009; Garcia-Ruiz et al., 2013) divides the central Pyrenees into two
major domains. The northern domain includes most of the Axial Zone
and the elevated limestone summits of the South-Pyrenean Zone, which
underwent multiple glaciations throughout the Quaternary and are
characterized by classic glacial landforms such as steep U-shaped valleys
and sharp ridges. In contrast, the southern domain exhibits a predomi-
nantly fluvial landscape, locally covered by fluvial terraces and pedi-
ment deposits. The position of the terminal moraines from the MIE (red
line in Fig. 1) marks the transition between these two geomorphic
regions.

The climate of the Pyrenees is highly variable, with a pronounced
North-South gradient in temperature and moisture conditioned by the
altitude. The northern area with a higher relief and peaks exceeding
3000 m, is characterized by an Atlantic climate with mild temperatures
and annual precipitation over 1500 mm/yr. The 0 °C isotherm is about
2700 m in elevation, and snowpack above 2000 m typically persists for
six months (Lopez-Moreno et al., 2020 and references therein). South-
wards, as the altitude of the summits progressively decreases, the
climate becomes warmer and drier with higher mean temperatures of
12 °C and annual precipitation as low as 650 mm (CHE, 2025).
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3. Methodology

The geomorphological mapping of RSFs was performed manually
using high-resolution orthoimages taken in 1956, 1978, 2003, 2006,
2009, 2012, 2015 and 2021 and a 5 m spatial resolution digital elevation
model (DEM) downloaded from the Spanish Geographic Institute (IGN).
All this information was integrated into a 3D ArcGIS Pro project
providing multiple three-dimensional images of the same location at
different years. The database was complemented with the review of
local press archives, research papers, engineering reports and the
BDMOVES national inventory of land movements (IGME, 2025). Each
RSFs, which was recorded as a polygon feature, holds information
regarding the typology, activity, velocity, lithology, damages and spatial
and temporal data, following the guidelines of Guzzetti et al. (2012) and
Valenzuela et al. (2017). The topographical and morphometric param-
eters (length, width, area, maximum and minimum altitude, slope, and
aspect) were extracted from the DEM. In order to compare differences
between pre-failure and post-failure slope conditions, the mean slope of
the landslide bodies was measured and compared with that of the
adjacent, undisturbed slopes, sampled 50 m from the landslide boundary
and assumed to represent the pre-failure topography. Their spatial dis-
tribution with respect to lithology was analysed using the nearest
neighbour index (R) to evaluate deviations from complete spatial
randomness. The volume of RSFs was roughly estimated based on their
surface area using a power law function:

V =kxA*

where k is a constant and « is an exponent. Among the numerous
empirical volume-area relationships proposed in the literature (Guthrie
and Evans, 2004; Jaboyedoff et al., 2020, and references therein), the
equations that best fit the only two landslides in the study area with
known volumes, constrained by borehole and inclinometer data (Por-
talet earthflow, No. 28 in the inventory; Cobos et al., 2021 and Mar-
mayor rock slide, No. 386; Pinyol et al., 2022 DiNSAR), are those of
Guzzetti et al. (2009) for earthflows and He et al. (2023) for rock slides
(Table 1). Based on a global compilation of landslide inventories, they
derived scaling parameters of k = 0.074 and 0.27 and a = 1.45 and 1.4
respectively. Other relationships (e.g. Guthrie and Evans, 2004; Imai-
zumi and Sidle, 2007; Jaboyedoff et al., 2020; Ju et al., 2023) tend to
either underestimate or overestimate the landslide volume by projecting
the failure surface as shallower or deeper, respectively. Based on
comprehensive landslide inventories in Japan (Ogita et al., 2017) and
the Himalayas (Xu et al., 2016; Zhao et al., 2019), and considering their
estimated volumes, we define large-scale landslides as those involving
downslope-moving masses exceeding 1 x 10° m®.

The activity status of RSFs was determined from the European
Ground Motion Service (EGMS) InSAR (Interferometric Synthetic
Aperture Radar) dataset. The EGMS viewer provides open access to
high-quality and consistent Line-Of-Sight (LOS) displacement maps from
both ascending and descending satellite orbits, as well as their vertical
(Vv) and horizontal (Vh) displacement components since 2016 to 2023
across Europe. The displacement measurements are derived from
advanced DInSAR processing of full-resolution Sentinel-1 imagery, uti-
lizing both Permanent Scatterers (PS) and Distributed Scatterers (DS)
techniques. Fundamental aspects of the EGMS framework are detailed in
the White Paper (EGMS, 2017), while the implementation strategy and
product specifications are outlined in the official documentation (EGMS,
2020). Additionally, the technical methodologies underpinning EGMS
have been comprehensively reviewed in Crosetto et al. (2021) and
Ferretti et al. (2021).

RSFs were classified based on both typology and activity. Following
the classification proposed by Jarman and Harrison (2019) and Blon-
deau et al. (2021), rock slope failures were initially categorized into rock
avalanches, rock slides (including both translational and rotational
types), and rock slope deformations (RSDs), also referred to as deep-
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Table 1
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Estimated volumes (in bold) of RSFs No. 28 (Cobos et al., 2021) and No. 386 (Pinyol et al., 2022), derived from borehole and inclinometer data as well as power-law
functions within the study area. Values in bold red indicate the best fit with the volumes estimated from subsurface data.

Landslide number Volume from borehole and

Volume from power law functions

inclinometer data

Imaizumi and Sidle Guzzetti et al. Jaboyedoff et al. He et al. Juetal.

(2007) (2009) (2020) (2023) (2023)
Portalet earthflow (No.28)  12.3 10.8 12.8 15.8 24.3 1.69
Marmayor rock slide (No. 11.9 4.6 5.4 6.6 9.9 0.8

386)

seated gravitational slope deformations (DSGSDs) in the literature
(Crosta et al., 2013). However, this scheme did not encompass the full
range of movement types identified in the study area, which is pre-
dominantly composed of fine-grained sedimentary and metamorphic
rocks. To address this limitation, two additional categories were incor-
porated, based on the classifications of Varnes (1978) and Hungr et al.
(2013): earthflows and composite failures. The term earthflow is defined
within the landslide classification system as a flow-type, intermittent,
mass movement typically occurring in fine-grained and deformable
materials (Hungr et al., 2013). While originally applied to soil, similar
flow-dominant behaviour can emerge in highly weathered, deformed or
weak rock masses lacking intact structure, leading to mobilization with
lobate tongue-like morphology (e.g., Schonfeldt et al., 2020). Given that
most mobilized masses lack sufficient outcrops to assess internal
deformation structures, the term earthflow, preferred here over flowslide
(Hungr et al., 2013), is used here in a broad sense to describe rock
masses that have undergone partial or complete disintegration and show
a flow-type downslope movement and fan-shaped morphologies. Com-
posite failures refer to slope movements involving a combination of two
or more types of mass-wasting processes.

Finally, based on the available InSAR data derived from the EGMS
and considering its detection threshold of 3 mm/yr under ideal PS/DS
conditions (Crosetto et al., 2021; Ferretti et al., 2021), RSFs were cate-
gorized into three classes: active (InSAR displacement over 3 mm/yr
showing coherent movement across most of the surface, fresh-looking
appearance with undulated topography, cracks, depressions and lack
of well-developed drainage), inactive (InSAR displacement less than 3

mm/yr and an incised drainage network) and unknown (no InSAR
displacement data and mostly covered by a dense vegetation, which
inhibits the observation of their surface topography). Nevertheless,
several constraints limit the ability of InSAR-based approaches to
identify RSFs and quantify their moving rates (e.g., Yi et al., 2023; Ciuffi
et al., 2024). In particular, signal decorrelation is mainly driven by
persistent snow cover, unfavourable north-facing slopes with low
sensitivity to the satellite line of sight, geometric distortions, and
topographic shadowing, which may result in active RSFs being classified
as unknown.

4. Results
4.1. Morphometric analysis

A total of 1232 RSFs (Fig. 1) were identified within a study area of
11,443 km?, resulting in an overall density of 0.11 RSF per km?2
Regarding the kinematic typology of the failures (Fig. 2), rotational rock
slides are the most abundant type, comprising 746 events (60.5%),
followed by earthflows with 309 cases (25.1%). Translational rock slides
account for 102 events (8.3%), while RSDs (n = 39), composite failures
(n = 29), and rock avalanches (n = 7) are less frequent. In terms of ac-
tivity, based on InSAR data, only 129 out of 1232 RSFs are considered
active with very slow to extremely slow current average displacement
velocities between 5 and 75 mm/yr, according to the velocity classifi-
cation of Cruden and Varnes (1996). Earthflows exhibit the highest
number of active processes (n = 54), closely followed by rotational rock
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slides (n = 52). Limited activity was observed for translational slides (n
= 8), slope deformations (n = 7), and composite types (n = 8), while no
active rock avalanches were recorded. The data reveal a non-uniform
distribution of RSFs across aspect classes, suggesting that slope orien-
tation significantly influences failure susceptibility (Fig. 2). Notable
trends include the highest concentration of RSFs between 30° and 90°
(36.4%). These correspond to generally northeast to east-facing slopes.
The lowest frequencies are observed between 330° and 30° (3.4%),
indicating relatively north-facing aspects are less susceptible in this
dataset. A relatively low even distribution is found between 120° and
300°.

The morphological and volumetric characteristics of the RSFs display
substantial variability across failure types (Table 2). Composite land-
slides and RSDs show the largest average affected areas, with mean
values of 1,049,727 m? and 974,468 m?, respectively, and volumes
averaging 59.1 hm® and 47.5 hm®. In contrast, rock slides, although the
most frequent, are significantly smaller in scale, with a mean area of
99,139 m? and an average volume of 2.1 hm®. Rock avalanches and
earthflows exhibit intermediate mean volumes of 7.7 hm® and 4.1 hm?,
respectively. With the exception of rock avalanches, which occur on
subvertical to vertical slopes, the remaining types of RSFs predomi-
nantly develop on moderate slope gradients, generally ranging between
19° and 23°.

A clear association between RSF types and glacial conditioning is
evident. A significant proportion of documented rock slope failures
(RSFs) have occurred within glaciated environments, with a marked
variability across failure types. Specifically, 87.5% of rock avalanches,
71.8% of RSDs, 72.4% of composite failures, and 61.8% of earthflows
have been reported in previously glaciated settings. In comparison, only
20% of rock slides occurred within glaciated environments.

Furthermore, in general, failures tend to occur at increasingly higher
altitudes and steeper slopes in the order: rock slides < earthflows < rock
avalanches < composite < RSDs, suggesting a gradient of topographic
control linked to failure complexity and scale.

The distribution of RSFs was analysed in relation to lithology across
the study area (Fig. 3). In addition, its density was normalized by the
outcropping area of each lithology, allowing for comparison indepen-
dent of surface exposure. RSFs are predominantly concentrated in
sedimentary rocks, particularly within turbidites, which exhibit the
highest number of failures (n = 623), accounting for 50.7% of all RSFs,
and showing the highest density (1.329 RSFs/km?). Metamorphic rocks,
mainly slates, represent the second most affected lithology, with 296
failures (24.1%) and a moderate density of 0.104 RSFs/km?. Other
sedimentary formations such as mudstones (n = 112; 9.1%), marls (n =
83; 6.8%), and evaporites (n = 73; 5.9%) also contribute significantly to
the total RSFs, particularly evaporites, which show a density of 0.171
RSFs/km?. In contrast, igneous rocks (andesites and granitoids) present
the lowest susceptibility, with only 5 RSFs combined, representing less
than 0.5% of the total events and showing negligible densities (< 0.003
RSFs/km?).

Lithology significantly influences the type and frequency of RSFs due
to inherent variations in the mechanical strength, porosity, perme-
ability, friction angle, cohesion, and susceptibility to weathering
(Fig. 4). Rock avalanches predominantly occur in conglomerates and
limestones (80%), with a smaller contribution from igneous rocks
(20%). These lithologies are typically strong and brittle, promoting

Table 2
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sudden detachment and catastrophic failure when internal stresses
exceed rock strength, particularly in fractured zones due to glacial
debuttressing. Rock slides are most common in turbidites (60%), slates
(12%), and mudrocks (10%). The layered and fissile nature of these
rocks facilitates planar and rotational sliding along bedding planes or
foliations. Low-strength units like Keuper facies and marls also
contribute to reduced shear strength. Earthflows are dominated by slates
(64%) and turbidites (25%), which become plastic and mobile when
saturated. These rocks generally have high water retention and low
shear resistance, ideal conditions for flow-type failures. Composite
movements reflect the interaction of multiple lithologies: turbidites
(38%), keuper facies (23%), marls (16%), and slates (15%). The vari-
ability in mechanical behaviour across these units leads to mixed-mode
deformation combining sliding and flowing processes. Finally, RSDs
occur primarily in slates and turbidites (both 45%), with minor contri-
butions from marls. The layered structures and pervasive fracturing in
these units permit deep-seated long-term deformation often manifesting
as large-scale, slow moving gravitational creep.

4.2. Spatial distribution

The spatial distribution of RSFs was analysed using the nearest
neighbour index (R) to assess deviations from complete spatial
randomness in relation to underlying lithologies. Considering the total
area, the observed mean nearest neighbour distance was 774.17 m,
while the expected mean distance under complete spatial randomness
was 1951.80 m. The resulting nearest neighbour index (R) was 0.397,
indicating a clustered distribution pattern. Notably, RSF clusters are
particularly concentrated in the eastern and western extremes of the
study area (Fig. 1), where turbidites, slates, marls, and evaporites are
exposed. However, when analysed by lithological unit, the R values
were closer to 1: turbidites (R = 0.86), slates (R = 0.94), marls (R =
1.13), and evaporites (R = 1.24). These results suggest that the distri-
bution of RSFs within individual lithologies tends to approximate
randomness.

The cumulative area-frequency relationships for different landslide
types exhibit distinct trends in the semi-logarithmic plot (Fig. 5). All four
types show a negative logarithmic relationship. Rock slides (blue) follow
a moderate negative trend with a strong correlation coefficient (R? =
0.96). This indicates a relatively balanced size distribution, where larger
slope movements are less frequent but still present across a broad area
range. Earthflows (red) show a slightly less steep trend and slightly
displaced to the right, suggesting a greater proportion of medium to
large bodies compared to rock slides. The distribution is still strongly
logarithmic (R* = 0.95) but with a slower decay in frequency with
increasing area. Composite movements (magenta) and RSDs exhibit the
steepest trends with a sharp decline in frequency as area increases,
although clearly displaced to higher values. This tendency predicts a
dominance of large-scale movements in agreement with their typically
massive extent and lower abundance. However, the number of com-
posite movements and RSDs in the dataset is significantly lower than for
other types. As a result, the data do not fit the logarithmic trend as
precisely, and the reliability of the regression line is reduced despite
their high R? values.

Additionally, the relationship between mean slope angle and cu-
mulative frequency for different types of RSFs reveals distinct

Mean morphometric parameters depending on the typology of the RSFs and number of RSF developed in glaciated areas.

Typology Area (m?) Volume (hm?) Altitude (masl) Altitude difference (m) Slope (°) Number in glaciated areas % in glaciated areas
Rock slide 99,139 2.1 1100 129 22 170 out of 848 20.05
Earthflow 155,140 4.1 1517 179 19 191 out of 309 61.81
Rock avalanche 195,924 7.7 1267 280 — 7 out of 8 87.50
Composite 1,049,727 59.1 1654 419 23 21 out of 29 72.41
RSD 974,468 47.5 1728 440 27 28 out of 39 71.79
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behavioural trends across landslide mechanisms. All landslide types
display a clear negative linear relationship between mean slope and
cumulative frequency with a high coefficient correlation (R? > 0.94),
suggesting that the likelihood of occurrence generally decreases as slope

steepness increases. In general, most RSFs tend to occur on moderate
slopes between 20 and 30 degrees. Rock slides and earthflows present
gentler decline trends, with 90% of the population occurring at slopes of
around 25°. Composite failures and RSDs exhibit steepest declines and
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frequency curves displaced to higher slope values, indicating high con-
centration in steeper slopes compared to the other RSF types, often
linked to large-scale, structurally controlled settings.

The comparison between the mean slope angle of landslide bodies
and that of adjacent, undisturbed slopes (measured 50 m from the
landslide boundary and assumed to represent pre-failure topography)
reveals differences depending on the RSF typology (Fig. 6). Rock slides,
composite failures, and RSDs exhibit highly similar cumulative fre-
quency curves, indicating that their mean slope angles are broadly
preserved relative to the original hillslope configuration. These types of
failures typically involve limited internal deformation, approximately
maintaining the overall mean inclination of the pre-failure slope. In
contrast, the cumulative frequency plot for earthflows (Fig. 6 upper-left
panel) reveals a distinct divergence between the slope-angle distribu-
tions of the failed bodies and their adjacent, undisturbed slopes. While
both datasets exhibit a similar overall negative trend, the curve corre-
sponding to the earthflow bodies is consistently displaced toward lower
mean slope values of approximately 5°. This indicates that, following
failure, the affected slopes experience a substantial reduction in gradient
compared to the surrounding terrain, suggesting post-failure flattening
of the surface. This behaviour reflects the rheological nature and kine-
matics of earthflows, which involve the progressive disintegration and
fluid-like movement of fine-grained, brecciated bedrock downslope.
During transport, the material tends to accumulate at lower elevations,
producing a smoother and more gently inclined topography than the
pre-failure slope.

4.3. Damage and threats associated with RSFs

RSFs exert substantial impacts on both natural environments and
human infrastructure in the central Spanish Pyrenees. The vast majority
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of the RSFs occur in natural areas such as forests, grasslands, and agri-
cultural fields. Despite their predominantly remote location, these RSFs
induce significant environmental disruption by extensively altering
slope morphology and drainage patterns. The headscarps of many rock
slides and composite failures, as well as the back-tilted escarpments and
split ridges typical of RSDs, frequently form elongated depressions that
accumulate water and give rise to small lakes (Fig. 7A). Moreover, 70
RSFs have been documented to modify existing drainage networks.
Among these, 48 RSFs, including 42 rock slides, 4 earthflows, 1 com-
posite failure, and 1 RSD, have reached the bottom of the valley and
caused partial or complete diversion of river channels running along
their toes. These diversions lead to fluvial erosion on the opposite
riverbank, promoting slope instability and triggering new both shallow
and deep-seated landslides. Additionally, 25 landslide dams have been
mapped across the study area, generated by 3 composite failures, 7
earthflows, 11 rock slides, and 4 rock avalanches (Fig. 7B). Notably, all
mapped rock avalanches have resulted in full blockage of river courses.

Although most RSFs occur in natural landscapes, a significant pro-
portion directly interacts with critical infrastructure, resulting in sub-
stantial socioeconomic consequences (Fig. 8; Table 1, supplementary
material). According to the current inventory, dirt roads, typically used
for rural or agricultural access, are the most affected, with 163 RSFs,
although only 14 remain active. A total of 41 RSFs intersect pipelines,
power lines, and irrigation networks, with 9 currently active events. The
five ski resorts of the study area are particularly exposed, with 138 RSFs
identified and 28 still active. Many ski slopes and chairlifts are located
on landslide bodies, as RSFs generally exhibit gentler gradients, making
them suitable for skiing. Although all are susceptible to RSFs, the For-
migal ski resort, centrally located within the study domain, has experi-
enced particularly severe consequences. RSFs there have led to the
displacement of critical lift infrastructure and necessitated the

Fig. 7. A) 2.5 km-long and 90 m high head scarp composite RSF (No. 71) made up of three large bodies separated by the drainage network. B) La Inclusa rock

avalanche (No. 1070) and associated infilled landslide dam.



J. Guerrero et al.

Geomorphology 498 (2026) 110172

180 163
160

140
120
100
80
60
40 28 28
20 2 I I
., Hm
Dirt roads Skiresorts Paved
roads

138

Number of RSFs

B Number of RSFs  m Active RSFs

41

25 29
11 10 I 9
[ | [ | [ |

Villages Water Others
reservoirs

Fig. 8. Total and active RSFs affecting infrastructures. Pipelines, irrigation networks and power lines are included under Others.

abandonment and subsequent relocation of ski lifts. These events have
incurred significant costs, including temporary service disruption and
financial losses surpassing €5 million (Guerrero et al., 2018).

Paved roads are affected by 94 RSFs (rock slope failures), 28 of which
are classified as active, posing a threat to connectivity and necessitating
continuous maintenance or rerouting. The most affected transportation
corridors are the A-23 highway and the A-136 transborder road, which
constitutes one of the main trans-Pyrenean connections between Spain
and France (Table 1, supplementary material). Along the A-23, between
2009 and 2018, three major slope movements necessitated repair and
stabilization works exceeding €30 million. Along the A-136, a total of 18

large RSFs, 11 of them active, have caused damages exceeding €6.5
million and frequent traffic disruptions with unknown but significant
indirect costs. The final 11-km stretch of this road demands ongoing
repairs, including repaving, pile reinforcements, block retaining walls,
and installation of drainage systems. From north to south, the Portalet
(Fig. 9A), Furco (Fig. 9B), and Lanuza RSFs (no. 28, 26, and 12,
respectively), with estimated volumes of 47, 118, and 46 hm?® of dis-
integrated Devonian slates, are responsible for most of the damage.
Based on satellite SAR data, GPS measurements, and inclinometer re-
cords, their current movement rates vary from 4 to 7 cm/year (Herrera
et al., 2009, 2011, 2013; Cobos et al., 2021; Chen et al., 2025), causing

Fig. 9. Portalet (upper image) and Furco (lower image) RSFs affecting the A-136 road. Close-up views show damage to the Formigal ski resort parking lot and

retaining structures.
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road bulging and frequent repaving (Guerrero et al., 2018) with a total
cost of €6.5 million (Table 1, supplementary material).

Twenty-five RSFs impact villages situated primarily at depressions
located near the head or toe of the landslides. Eleven of these are
currently active, posing ongoing hazards to residential zones. Among
them, the Arguisal slide (Fig. 10B), measuring 3 km long, 1.4 km wide,
and with a 2.9-km fresh scar, is the fourth largest RSF in the study area
and the only one roughly investigated (Garcia Ruiz et al., 2002; Lucia,
2015). According to these studies, rotated strata at the head, a bulging
toe, and a sequence of ridges and linear depressions along the main body
are characteristic of a deep-seated rotational slide (>100 m depth),
primarily affecting Lower Eocene flysch formations. The landslide is
displacing moraine deposits, overlying recent alluvial fan sediments,
and altering both a lateral stream and the main river valley, posing a
potential threat to two downstream villages (Lucia, 2015).

Water reservoirs are intersected by 29 RSFs, 10 of which are active
and could potentially compromise dam safety. The most destructive and
cost-damaging RSF is the Marmayor slide, which threatens the Yesa
Reservoir (Fig. 10C and D). This 14 hm? landslide features a basal shear
surface located 120 m deep at the interface between Eocene marls and
flysch layers (Moya et al., 2022). Excavation works in 2012 to increase
the storage capacity of the reservoir reactivated the slide (Gutiérrez,
2013), moving at a rate exceeding 3 cm/year (Gomez, 2018) and
exerting pressure against the dam's right abutment (Esteban et al., 2022;
Pinyol et al., 2022; INGEOTYC, 2023). In addition, this activity damaged
the NA-2420 road, which was interrupted and repaired, and also caused

Antislope scarps

Ski track
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severe damage to two residential areas that had to be evacuated,
expropriated, and eventually demolished. Emergency mitigation mea-
sures included the removal of 1.6 hm® of material from the landslide
head, construction of reinforced concrete retaining walls at the toe,
installation of cable anchors for slope stabilization, and drainage sys-
tems (CHE, 2022). Based on official government publications reported
by the media, the stabilization of the Yesa Reservoir's right slope has
incurred a cost of approximately €111 million to date (Table 1, sup-
plementary material). Considering that the original project budget was
estimated at €113 million, the slope stabilization effort alone has nearly
equalled the initial construction budget.

5. Discussion
5.1. Conditioning factors in RSF formation

The identification of the conditioning factors of RSFs is essential to
apply suitable mitigation measures and to increase the predictive ability
of landslide susceptibility models. According to Crozier (1986), condi-
tioning factors, also known as influencing (Yang et al., 2024a, 2024b) or
inherent factors (Liao et al., 2022), refer to features of the rock mass that
make the slope susceptible to instability processes. These can be grouped
into the following categories (eg: Guzzetti et al., 2012; Reichenbach
etal., 2018): (1) Topographical factors mainly related with the slope, (2)
Geological factors including lithology and structure, and (3) Geomor-
phological factors, such as river erosion and deglaciation.

Fig. 10. A) Rock slope deformation (RSD) at the Astiin ski resort (No. 74). Note the presence of multiple antislope scarps and the alignment of the ski track along the
deformation zone. B) The Arguisal rotational rock slide (No. 327), characterized by a 2.6 km-long and 150 m-high head scarp, with the village located at the slide's
toe. C and D) The Marmayor rock slide (No. 386), posing a threat to the Yesa Reservoir dams. The images show significant changes between 2011, prior to the
excavation works, and 2025, highlighting the old and new dams, the demolished residential areas, and the slope stabilization measures implemented.
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Slope and aspect are the main topographic factors that are always
included in susceptibility studies by many researchers to understand
landslide formation (eg: Capitani et al., 2013; Cellek, 2022). According
to the latter author, more than 1500 research papers have used topo-
graphic factors in landslide susceptibility models and considers slope
angle as the most influential and essential parameter in slope instability.
In the Pyrenees, the slope-frequency curves emphasize the key role of
slope angle in conditioning RSFs occurrence. Except for rock avalanches
that are formed in subvertical scarps, the consistently moderate slopes
observed in the cumulative frequency curves (Fig. 5) across most RSF
categories point to a common geomorphological context characterized
by moderate relief rather than extreme topographic gradients. 90% of
the RSFs happen in slopes between 20 and 30° and less than 10% over
30° with none over 40°. These values are in agreement with other
studies where it is reported that slopes ranging from 15° to 35° are more
prone to instability processes (Lee and Min, 2001; Ercanoglu et al., 2004;
Hong et al., 2017; Pham et al., 2017) with a sharp drop in landslide
intensity when slopes become steeper (Jaafari et al., 2015; Chen et al.,
2018). Although, moderate slopes dominate overall landslide frequency,
the degree of slope slightly varies by landslide type with composite
failures and RSDs displaying a tendency to occur on steeper slopes
compared to other types. Their higher incidence on steeper slopes
probably suggest that their development may be more strongly influ-
enced by structural or deep-seated instability mechanisms. The large
volumes of rock affected by composite movements and RSDs with
average values of 59.1 hm® and 47.5 hm?, respectively, that exceed by
up to 25 times earthflows and rock slides mean volumes, support
downslope movement along deeper shear surfaces. On the other hand,
from a susceptibility modelling perspective, the slope-cumulative fre-
quency plots exhibit a close correspondence between the mean slope of
rock slides, RSDs and composite failure bodies and that of the adjacent,
presumably undisturbed slopes (Fig. 6). In contrast, earthflows exhibit a
marked divergence from the adjacent slope due to their pronounced
internal deformation. Consequently, the mean slope of earthflows
bodies cannot be considered representative of the original pre-failure
topography. This observation is relevant for susceptibility mapping
and highlights the need for careful consideration of slope modification
processes when using slope metrics to infer landslide susceptibility.

The aspect-based analysis demonstrates that slope orientation plays
a significant role in controlling the spatial distribution of RSFs (Fig. 2).
The increased concentration of failures on NE-facing slopes, minor in the
SW and few in the north-south line, highlights the importance of the
structural geological factors in slope instability. In the Pyrenees, folds,
normal faults and thrust faults are mainly aligned NW-SE (Munoz, 1992)
leading to a sequence of ridges and valleys following the same orienta-
tion and consequently to either NE or SW facing slopes. The dominance
of NE against SW facing slope failures might be related to a higher
availability of water that promotes mechanical and chemical weath-
ering, decreases effective weight on shear surfaces and consequently,
enhances sliding.

Lithology plays a fundamental role in dictating the typology,
behaviour, and hazard potential of RSFs (Figs. 1 and 3). Slope move-
ments are predominantly concentrated in slates and mainly in sedi-
mentary rocks, particularly within turbidites and marls. All these rocks
show a dense network of discontinuity planes that favours the devel-
opment of failures surfaces and make them exhibit low mechanical
strengths (Bogaard et al., 2000). According to the stress-strain curves
reported in the literature for different types of rocks (Selby, 1993;
Waltham et al., 2005; Akdag et al., 2021; Jian et al., 2022; Yang et al.,
2024a, 2024b), the compressive and tensile strength of these fine-
grained rocks might be up to 10 times lower than hard, competent
quartzites, limestones, cemented conglomerates and igneous rocks,
what explains the preference for RSFs formation in these low mechanical
strength rocks. In addition, their mechanical behaviour is largely
dependent on their number and angle of their discontinuities (bedding
planes, lamination and cleavage) and mainly the water content. For
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example, uniaxial and triaxial compression tests show that the change to
an elastic—plastic (ductile) behaviour with increasing moisture content
causing a notable drop in their compressive strength to almost half
under saturated conditions (Yang et al., 2024a, 2024b). Other authors,
have pointed their property to reach residual strength values under
small strain due to the reorientation of their constituent particles
favouring downslope creeping movements (Stark and Eid, 1994,
Rouaiguia, 2010; Guerrero and Gutiérrez, 2017; Liu et al., 2024).

The evaporitic beds of the Keuper Formation represent a distinctive
case. Despite occupying a limited area within the study zone, this li-
thology exhibits the second highest density of RSFs, with a total of 73
failures and a density of 0.17 slope movements per square kilometre
(Fig. 3). In the central South Pyrenean sector, this lithostratigraphic unit
consists of an alternation of gypsum layers, shales, and marls (Salvany
and Bastida, 2004). While only gypsum is exposed at the surface,
borehole data (Klimowitz and Torrescusa, 1990) and the presence of
saline springs indicate halite deposits at depth (Pérez Bielsa et al., 2012;
Rodriguez Gomez, 2015). The shales and marls are rich in clay minerals
such as illite, chlorite, and interlayered chlorite-smectite clays (Salvany
and Bastida, 2004). The weathering of this evaporite-clay assemblage,
primarily driven by the dissolution of evaporitic beds and the swelling
behaviour of clays, contributes significantly to slope instability. The
dissolution of near-surface gypsum and deeper salt beds leads to the
development of voids, progressive loss of rock structure, and a conse-
quent reduction in shear strength parameters including cohesion and
internal friction angle. Several studies (Guerrero and Gutiérrez, 2017;
Migon et al., 2023) have documented the role of evaporite karst in
triggering landslides in both the Alps and the Ebro Basin. Additionally,
the dissolution-widened fractures within evaporite layers facilitate the
downward migration of water to underlying shales. These shales, due to
their high content in illite and smectite, undergo significant volume
increases, over 50% and up to fourfold, respectively (Ohazuruike and
Lee, 2023), through mechanisms such as crystalline and osmotic
swelling (Du et al., 2018). This hydration-driven expansion results in
microfracturing, volumetric deformation, and a drastic decline in me-
chanical strength. Upon water infiltration, the affected clay-rich rocks
may experience a sharp reduction in compressive strength and Young's
modulus, ranging from 2- to 35-fold decreases, potentially leading to
complete disintegration without the need for additional external forces,
depending on the total clay content (Du et al., 2018; Shi et al., 2019;
Chen et al., 2020, and references therein). These findings underscore the
critical role of lithology, especially rock strength and weathering sus-
ceptibility, in promoting mechanical degradation of the rock mass and
landslide development.

Finally, glacial debuttressing, which refers to the loss of lateral
support following glacier retreat, is considered to be one of the most
important geomorphological conditioning factors in slope instability
(Ballantyne, 2002; Ballantyne et al., 2014a). The removal of confining
pressure on valley walls induces stress-release fracturing and the uplift
and dilation of the rock mass reducing rock strength and precondition-
ing slopes for failure (McColl, 2012; Ballantyne et al., 2014b). In the
study area, the majority of rock avalanches, RSDs, composite failures
and earthflows have occurred in glaciated terrains. This distribution
highlights the strong geomorphic and mechanical influence of past
glaciation and glacial unloading on slope stability. Unfortunately, there
is a limited number of studies dealing with the age of RSFs in the Pyr-
enees. In glaciated areas, the radiocarbon dates of sediments trapped in
antislope scarps in two RSDs located in the western sector of the study
area yield ages between 5.6 and 7.8 cal ka while deglaciation of this
sector occurred between 16 and 13 ka (Gutiérrez et al., 2005, 2008). In
the eastern sector of the study area, Guerrero et al. (2018) studied 5
relict landslide dams related to the blockage of drainages by postglacial
earthflows developed on Paleozoic slates in the Gallego valley. Radio-
carbon and single-grain optically stimulated luminescence (OSL) ages
obtained on the lake sediments were between 45 and 15 ka, while
deglaciation occurred before 45 ka. Outside of the study area, in the
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French axial Pyrenees, the 10Be terrestrial cosmogenic radionuclide
surface exposure (CRE) dating of a DSGSDs head scarp provides an age
of 1.3 ka coinciding with the time of the Lavender earthquake (Lebourg
et al., 2014). In this sector, glacial moraines are older than 10 ka
(Taillefer, 1969). These observations suggest that glacial erosion and the
subsequent debuttressing had a preparatory influence in slope insta-
bility, but did not directly trigger RSFs. This in agreement with previous
studies on the timing of rock slope failures using different dating tech-
niques that evidence slope movement formation long after or
throughout almost the entire postglacial period (eg: Soldati et al., 2004;
Ballantyne et al., 2014a, 2014b; Dixon et al., 2024 and references
therein).

5.2. Magnitude-frequency analysis

Although numerous landslide inventories have been developed to
analyze magnitude-frequency relationships, most of them consider all
types of slope movements, encompassing failures in soil, unconsolidated
Quaternary deposits, and bedrock (Guzzetti et al., 2002; Guthrie and
Evans, 2004; Guthrie et al., 2008; Tebbens, 2020), often triggered by
individual rainfall (Samodra et al., 2020) or seismic events (Zhou et al.,
2016). These datasets, while extensive, generally do not differentiate
between material types or failure mechanisms. In contrast, to our
knowledge, only two studies in the existing scientific literature have
focused exclusively on RSFs. These are Jarman and Harrison (2019),
based on an inventory of 1082 sites from the British mountains in the
United Kingdom (UK), and Blondeau et al. (2021), based on a complete
dataset of 1416 RSFs from the Western Alps.

The plot (Fig. 11) shows the cumulative frequency of RSFs as a
function of their area (in m?, log scale) across these two datasets and our
study area in the Pyrenees (Fig. 10), allowing for a direct comparison of
RSF-dominated regions across different tectonic and climatic contexts.
Each dataset includes a logarithmic regression with its corresponding
equation and R? value, indicating strong negative log-linear relation-
ships between landslide area and cumulative frequency independently
of the study area. However, the magnitude-frequency distributions
highlight notable differences between the Pyrenees and other mountain
regions. The red curve, representing all RSFs in the study area, exhibits a
gentler slope, indicating a lower relative frequency of large-magnitude
events and a greater proportion of smaller-scale failures. This
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contrasts with the steeper distributions from the UK and Alps, where
large failures are more prevalent. Two main factors explain this devia-
tion. Firstly, the study area shows a higher proportion of rock slides and
earthflows, while RSDs are proportionally abundant in the UK and Alps
datasets. This is probably due to the higher predominance of highly
tectonized, mechanically weak, fine-grained lithologies (shales, marls,
and slates) in the Pyrenees, which promotes the development of rock
slides and their rapid transformation into earthflows. Secondly, the
dataset of our study area explicitly includes earthflows, a landslide type
that is absent in the UK and Alpine inventories, thereby increasing the
number of small-area events and shifting the distribution accordingly.
Interestingly, the pink curve, which isolates only composite RSFs and
RSDs, is steeper than the total RSFs alone and shows a similar trend as
the UK dataset and nearly identical to the Alps curve. This near-perfect
match strongly supports the initial hypothesis that when rock slides and
earthflows are excluded, the magnitude—frequency distribution in the
study area aligns well with patterns observed in other mountainous re-
gions and confirms the dominant influence of rock slides and earthflows
on the distinct behaviour of the complete dataset in the Pyrenees.

5.3. Importance of inventories to prevent damages

Reducing landslide risk fundamentally depends on comprehensive
inventories. Key articles, such as those by Guzzetti et al. (1999, 2012),
Hervas and Bobrowsky (2009), Hervas (2013), underscore that in-
ventories are crucial for understanding the distribution and recurrence
of these phenomena. They form the cornerstone for developing accurate
susceptibility, hazard, and risk maps (Van Westen et al., 2006; Fang
et al., 2024). Without a detailed record of historical landslides, risk
assessment remains incomplete, thereby limiting the effectiveness of
mitigation measures and land-use planning.

Prior to this study, the BDMOVES inventory, developed by the
Geological Survey of Spain (IGME, 2025), constituted the most
comprehensive landslide database in the central Spanish Pyrenees,
identifying a total of 123 RSFs. The new inventory includes 1232 RSFs,
representing an increase of over 1000 failures and an approximate
1000% growth in the number of mapped events. This updated inventory
provides critical insights into the long-term impacts of RSFs on both the
natural landscape and human infrastructure information that was pre-
viously lacking. Although most of RSFs occur in natural landscapes
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reshaping landscapes and disrupting hydrological systems, a significant
proportion directly interacts with critical infrastructure, resulting in
substantial socioeconomic consequences (Fig. 8). Historically, human
settlements in mountainous areas have been strategically located in
relatively flat, well-oriented, and sheltered terrain. Ironically, these
flatter areas frequently correspond to ancient landslide deposits, where
mass movement has significantly reduced slope gradients. In the absence
of historical awareness of past slope failures, many villages have been
built directly on these deposits. In the 1940s, the Salinas de Jaca rock-
slide caused severe damage and led to the abandonment of the town
(Gutiérrez et al., 2014). Currently, 25 settlements are affected by RSFs,
with 8 of these being particularly threatened due to their location within
active movements. These communities will require multimillion-euro
investments to stop movement.

The old, unwitting construction of villages on unstable slopes con-
trasts with recent infrastructure developments such as ski resorts, paved
roads, high-voltage lines, and reservoirs, which often intersect RSFs that
could have been avoided through proper geohazard assessment and use
of detailed landslide inventories. The economic consequences of RSFs in
the study area are already substantial and are expected to increase due
to continued infrastructure development and the activation or reac-
tivation of unstable slopes. Direct costs include structural damage to
roads and infrastructure networks, rerouting or reinforcement of trans-
port corridors, and emergency stabilization measures. For example, over
€6.5 million has been spent on mitigation of RSFs along the A-136 road,
over €5 million on ski lifts relocation and a minimum of €111 million has
been allocated to stabilize the right slope of the Yesa Reservoir, nearly
matching the original construction budget. In addition to these direct
expenditures, indirect costs such as service disruptions, loss of tourism
revenue due to ski resort closures and traffic interruptions, and forced
evacuations of residential zones, further emphasize the economic
burden of RSFs. This evidence underscores the vital importance of
detailed, region-specific landslide inventories that distinguish between
types of mass movements, their geomorphological behaviour, and
interaction with anthropogenic structures. Ultimately, the development
and maintenance of this robust RSF inventory will substantially reduce
the long-term economic costs associated with slope instability in the
Pyrenees providing essential tools for land-use planning, engineering
design, and emergency response.

6. Conclusions

A total of 1232 Rock Slope Failures (RSFs) were mapped within the
11,443 km? study area, indicating a moderate density of 0.11 RSFs/km?2.
Rotational rock slides are the most prevalent failure type, followed by
earthflows and translational slides, whereas composite failures, RSDs,
and rock avalanches are significantly less frequent. Despite the pre-
dominance of inactive processes, 129 RSFs (10.5%) are currently active,
predominantly involving earthflows and rotational slides. Morphologi-
cally, the largest failures are associated with composite types and RSDs,
while rotational and translational slides tend to be smaller in both area
and volume.

The RSF inventory indicates that slope gradient, glacial debut-
tressing, and lithology exert strong controls on both the spatial distri-
bution and typology of failures. Although most RSFs occur on moderate
slopes (20-30°), slope-cumulative frequency analyses show that the
mean slope angles of earthflows diverge markedly from those of adja-
cent, undisturbed slopes due to intense internal deformation. As a result,
their mean slope cannot be considered representative of the pre-failure
topography. This finding has important implications for susceptibility
mapping, emphasizing the need to account for post-failure slope modi-
fication when interpreting slope metrics. The pronounced clustering of
RSFs within formerly glaciated landscapes underscores the dominant
role of glacial unloading, which induces fracturing and dilation,
weakens rock masses, and enhances slope instability. This process is
particularly significant in fine-grained, low-strength lithologies such as
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turbidites, marls, and slates, where mechanical weakness and pervasive
discontinuities (e.g., bedding, foliation, cleavage) strongly favour fail-
ure. The evaporite- and clay-rich units of the Keuper Formation consti-
tute a distinct case owing to their high susceptibility to subsurface
dissolution, cavity development, and weakening of clays and marls,
which swell and disintegrate upon hydration. The combination of me-
chanical fragility, swelling-prone clays, and evaporite karst processes
produces highly unstable conditions even under minimal external
forcing.

The cumulative area—frequency analysis of different RSF types in the
Pyrenees reveals strong log-linear patterns in comparison with other
mountain regions. However, the Pyrenean dataset exhibits a gentler
slope, reflecting a dominance of smaller-scale failures. This deviation is
explained by the higher relative frequency of rock slides and the explicit
inclusion of earthflows in the inventory. Notably, when the Pyrenean
dataset is limited to composite RSFs and RSDs, the resulting curve nearly
mirrors other RSF magnitude-frequency studies, reinforcing that these
large-scale failure types exhibit consistent magnitude—frequency
behaviour across mountain belts.

Rock Slope Failures (RSFs) exert a substantial impact on in-
frastructures in the central Spanish Pyrenees with important economic
consequences, resulting in over €152 million in direct damages in the
last 20 years (more than €7.6 million per year in average). Despite the
costly stabilization works that have included earthworks, flexible
retaining walls and drainage installations, infrastructures need contin-
uous maintenance. The interaction of RSFs with settlements presents
additional concerns. Twenty-five towns and villages are built in areas
directly affected by RSFs, 11 of which remain active. The tendency for
human settlements to occupy topographic depressions, often formed by
past deep-seated movements without recognition of the hazard, exposes
communities to future reactivation and results in chronic vulnerability.
These cases clearly illustrate the usefulness of comprehensive in-
ventories for land-use planning to reduce RSF costs by avoiding sus-
ceptible areas, preventing RSF reactivation, estimating potential
damage and designing more cost-effective interventions.
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