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Introduction

Debris slides represent one of the most dangerous geologi-
cal processes in mountainous areas, due to their capacity to 
progressively involve larger volumes and reach high veloc-
ity, as well as the abundance of potentially susceptible areas 
(Hungr et al. 2014). The main predisposing factors for this 
type of landslide are the presence of loose soil/colluvium 
of various thicknesses, covering steep slopes formed of a 
stronger substrate. The soil type, vegetation coverage, and 
land use play fundamental roles as preparatory factors. On 
the other hand, the triggering factors can be represented by 
heavy rainfall or seismic inputs (Sæmundsson et al. 2018; 
Yagi et al. 2009). The debris slide events are usually classi-
fied as an initial component of debris avalanches or debris 
flows, thus representing a mechanism of initiation for this 
kind of landslide (Hungr et al. 2014).

Studies on land management in mountainous areas rely 
on the analysis and forecast of the temporal and spatial dis-
tribution of instability phenomena, which should be specific 
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Abstract
In this study, we analyse the occurrence of fast landslides developed in detrital limestone-dolomitic deposits and colluvium 
deposits on steep dolomitic slopes in Southern Italy. In the past few decades, the literature research on this type of land-
slide has mainly focussed on events developed in pyroclastic soils. However, the results of this study show that, even in 
weathered calcareous debris and with moderate deposit thickness (0.5–2 m), these phenomena can evolve into dangerous 
events. In the investigated area, the debris slides were mapped, providing a complete dataset of events that occurred in the 
2022–2023 period. Successively, field and drone surveys enabled defining the stratigraphy of the involved deposits, the 
estimation of the mobilised volumes, and sampling for a preliminary lab-based geotechnical characterisation. Moreover, 
the rainfall data were acquired to identify their relationship with the landslide events. The results showed that the debris 
slides in the area involve cover deposits of moderate thickness (0.5–2 m) on slopes dipping from 27° to 45°. Most of the 
events developed a sliding surface at the interface between an ancient paleosoil and the detrital and colluvial deposits, 
mobilising downstream with significant runout and increasing volumes. Critical rainfall events, exceeding 100 mm daily, 
combined with antecedent periods of intense rainfalls, acted as key triggers for these landslides. This work provides valu-
able insights for land-use planning and risk mitigation strategies, particularly in the context of increasing rainfall due to 
global warming.
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to an individual type of landslide. In this context, the data 
collection includes the total runout distance, sediment thick-
ness, involved area, and mobilised volume, as well as infor-
mation on past events in the area (Hungr 2005; Hürlimann 
et al. 2008; Sarkar et al. 2016). Therefore, the development 
of detailed and updated datasets on the landslide events is 
critical for the susceptibility management of an area. How-
ever, in some cases, the landslide morphological traces can 
be rapidly masked by the vegetation growth, weathering, 
or anthropogenic activity, making it more challenging to 
develop a debris slide inventory and susceptibility model 
in a specific area. In detail, the key parameters to be con-
sidered in a debris slide susceptibility analysis are the slope 
gradient and the loose sediment availability. The latter can 
vary within a wide range of thickness, with even 0.1 m thick 
deposits having a destructive potential by increasing their 
volume during the flow (Iverson 1997).

The understanding of debris slide phenomena has 
increased during the last decades, with several studies on 
their kinematics and hazard assessment. Overall, two types 
of approaches can be distinguished for the studies on the 
debris slide hazard susceptibility: (i) at the regional scale and 
(ii) at the local scale. The former applies large amounts of 
geo-spatial datasets to define, by means of numerical mod-
els, machine learning techniques, and statistical methods, the 
probability of landslide occurrence in the investigated area 
(Carrara et al. 2008; Dou et al. 2020; Guzzetti et al. 1999; 
Liu and Lei 2003; Meena et al., 2022). On the other hand, the 
local scale studies apply empirical methods based on fewer 
and site-specific parameters (Chau and Lo 2004; Crosta et al. 
2003; Glade 2005; Pasuto and Soldati 2004).

In this study, we investigated the occurrence of numer-
ous debris slide events that involved the colluvial and debris 
deposits lying on an ancient pyroclastic level, covering the 
dolostone slopes of a mountainous area between the Tyrrhe-
nian side of Basilicata and Calabria regions (Southern Italy) 
The ancient pyroclastic level is intensely weathered, consti-
tuting a widely occurring paleosoil with 0.5–2 m thickness.

The study area, where low to moderate seismicity 
activities were recorded (Rovida et al. 2022), is com-
prised between the towns of Marina di Maratea (Basilicata 
Region) and Praia a Mare (Calabria Region), a coastal zone 
of great tourist and environmental importance. Moreover, 
the national routes SS18 and SS585 were affected at differ-
ent points by the documented landslide events. The area 
has been repeatedly affected by Mediterranean Hurricanes 
(or Medicane) events, which triggered numerous landslides 
(Berardino et al. 2003; Castiglioni et al. 2024; Pellicani et 
al. 2016; Santo and Massaro 2024). Although Medicanes 
are smaller with respect to their tropical counterparts, this 
severe weather activity is frequent in the Mediterranean 
region and, in recent years, the scientific community’s 

attention on the phenomena is growing due to their increas-
ing destructive potential in land and coastal areas (Flaounas 
et al. 2022; Menna et al. 2023; Scardino et al. 2024).

The study is based on a multidisciplinary approach 
that integrates classical geomorphological and geotechni-
cal analyses with modern remote-sensing techniques. The 
first step was to compile a geomorphological map of the 
area, after which the landslide events were mapped with 
ArcGIS Pro, providing a complete dataset of events that 
occurred in the 2022–2023 period. Successively, the rec-
ognized landslide events, that constitute the newly, gener-
ated dataset, were validated and implemented by means of 
field surveys. Such surveys (i) enabled the reconstruction 
of the stratigraphic setting of the area, (ii) the sampling of 
the deposits for a preliminary geotechnical characterisation 
of the involved deposits, (iii) the development of a detrital 
cover map of the area, and (iv) the photo acquisition of the 
damages caused to the buildings and road network. More-
over, drone flights permitted the development of the post-
landslides DTM, which was used for the calculation of the 
mobilised volume of a major debris slide with the Dem of 
Difference (DoD) technique. The debris slide dataset was 
correlated with the rainfall data of the period to establish 
potential correlations between the precipitation and the trig-
gering of the events. Also, the morphometric parameters 
were statistically analysed.

Although the investigated debris slide phenomena are 
very common in Italy and all around the world (Hungr et 
al. 2014), it is the first time that this kind of shallow debris 
slides occurring in a detrital cover of dolostone slopes are 
analysed in the study area, where rock landslides are pre-
dominant (Minervino et al. 2024; Santo and Massaro 2024). 
The collected data highlight the magnitude of debris slide 
events and the damage they produced. The main aim of this 
paper is to provide a robust multidisciplinary dataset that 
can improve the knowledge and serve as a valuable resource 
to be used in further hazard and risk assessment studies.

Methods and materials

The geological, geomorphological, and preliminary geo-
technical characterisation of the landslide events of the 
investigated area was carried out with a multi-disciplinary 
workflow.

The first step consisted of the production of thematic 
maps of the examined area, based on the DTM elaborated 
with ArcGIS Pro from LiDAR data with a resolution of 
1 × 1 m and 2 × 2 m released by the Italian Ministry of the 
Environment and Energy Security. The data gathering on 
the events that occurred in the 2022–2023 period was per-
formed with ArcGIS Pro, digitising the landslide boundaries 
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of debris slide and alluvial events. The thematic maps and 
dataset were then validated and implemented with field and 
drone surveys. At the same time, the temporal information 
on the events was collected through an analysis of munici-
pal reports, media, and bibliographic sources, defining two 
main events of landslide triggering: 13th October 2022, and 
14th −15th June 2023.

The drone surveys were performed on major debris slides 
that were geologically more relevant or hazardous for the 
area. The drone used was a DJI™ Matrice 300 RTK quadro-
tor Unmanned Aerial Vehicle (UAV) platform equipped with 
a DJI™ P1 camera (full frame CMOS sensor, 45 MP resolu-
tion with 35 mm lens). Successively, the images were pro-
cessed with Structure from Motion (SfM) computer vision 
techniques, developing a dense point cloud, from which 
the digital surface models (DSM), and different nadir, fron-
tal and oblique orthomosaic images were elaborated. The 
developed digital elevation model (DEM) was compared 
with the pre-landslide DEM by computing the DoD with 
ArcGIS Pro, quantifying the mobilised volumes, and the 
areas of erosion and deposition within the landslide body.

Successively, the debris slide dataset was statistically 
analysed to investigate the morphometric parameters of 
the individual events. The parameters calculated include 
the area, crown and toe altitudes to define the vertical drop, 
horizontal length, total (crown-to-toe) length, slope angle 
of the sliding zone and crown area, angle of reach, distance 
from the road network, and mobilised volume.

The field surveys also enabled to (i) reconstruct the geo-
logical stratigraphic succession of the detrital cover (collu-
vial, debris, and paleosoil deposits) involved, (ii) sample the 
different levels for geotechnical laboratory tests, and (iii) 
perform the LiDAR surveys with drones. The definition of 
the stratigraphic succession characterising the study area, 
along with the construction of geological cross-sections that 
detail the varying thickness of the outcropping facies, facili-
tated the elaboration of the detrital cover map for the area.

Regarding the geotechnical characterisation, the soil 
specimens were sampled with cylindrical iron steel cutters, 
and grain size distributions, soil shear tests, and Atterberg 
limits were performed at the geotechnical laboratory of the 
Department of Civil, Building and Environmental Engi-
neering (DICEA) of the University of Naples Federico II.

The rainfall data of the areawere collected from the rain 
gauge stations of Tortora (34 m above sea level, hereafter 
as a.s.l., 39° 56′ 11″ N, 15° 46′ 4″ E), Maratea Massa (533 
m a.s.l., 39° 59’ 1” N, 15° 44’ 10” E), and Castrocucco (111 
m a.s.l., 39° 59’ 32” N, 15° 48’ 7” E) for the three months 
preceding the individuated days when the debris slides were 
triggered, in October 2022, and June 2023. The rain gauge 
measurements are recorded every 10 min, from which we 
used the 24-h values and calculated the cumulative curves. 

Such a dataset enabled to investigate the potential correla-
tion between rainfall and landslide events.

The impact of the landslide events was recorded with 
field surveys and photo acquisition in the days following the 
occurrence of the events. In some cases, the information was 
provided by the local authorities. The main villages affected 
were Castrocucco and Tortora, with damages to the infra-
structure, buildings, beach resorts and the national roads 
SS18 Tirrena Inferiore and SS585 Fondo Valle del Noce.

Results

Geological and geomorphological analyses

The study area, which belongs to the fold-and-thrust-belt of 
the southern Apennines (Patacca et al. 1990), is character-
ised by a Meso-Cenozoic carbonates bedrock (Iannace et 
al. 2005; 2007, Fig. 1). The area was affected by the Qua-
ternary extension (Rehault et al. 1987), with the opening of 
the Policastro Gulf and formation of coastal plains on the 
Tyrrhenian side of the chain (Santangelo et al. 2017). How-
ever, the coastal sector of the Policastro Gulf experienced 
uplift during the Quaternary as testified by raised marine 
terraces from a few metres a.s.l. up to 400 m a.s.l. along the 
Mt. Bulgheria (Ascione and Romano 1999; Cerrone et al. 
2021a; De Santis et al. 2025; Esposito et al. 2003), and up 
to 240 m a.s.l. in northern Calabria (Carobene and Dai Pra 
1990, 1991; Cerrone et al. 2021b; Filocamo et al. 2009).

A detailed geomorphological map of the investigated 
area has been provided (Fig.  1) along with the dataset of 
landslides. This highlighted the distribution and typology of 
landslides across the study area and enabled investigating 
the spatial and temporal characteristics of the slope instabil-
ity events.

The geomorphological map (Fig. 1) integrates the main 
geomorphological elements characterising the area on the 
Mesozoic bedrock. Here, the Noce River alluvial plain 
enters the alluvial-coastal plain of Castrocucco before flow-
ing into the Tyrrhenian Sea. Minor watercourses generate 
alluvial fans, which, sometimes, are terraced. A long peb-
bly beach between Castrocucco and Praia a Mare headlands 
limits the coastal plain. Structural slopes are made up of 
Mesozoic dolostones and subtend a transitional zone to the 
plain with raised marine terraces partially buried by terraced 
alluvial fans and colluvial footslope.

The dolostone slopes on which the instability phenomena 
developed are characterised by moderate relief energy, com-
prised between 200 m and 600 m, while the slope angles are 
frequently higher than 30°. Such a framework is determined 
by either tectonics, fluvial erosional (Noce River), or coastal 
erosional origins.
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	– above the bedrock, a highly weathered paleosoil (ps) of 
reddish colour is observed, with thickness varying in a 
20 cm-1 m range, originating from the weathering and 
pedogenesis of older pyroclastic deposits. The level is 
massive and homogeneous, with no clast inclusions, and 
is results are generally dump, especially when collected 
at a few cm of depth;

	– above the bedrock, a level of detrital and colluvial de-
posits (dcd) occurs, with about 2 m of thickness, char-
acterised by dolomitic well-rounded clasts in a sandy 
calcareous-dolomitic matrix. It locally shows levels 
with a prevalence of finer (dcd1) or coarser (dcd2) clasts, 
defining an overall gravitative origin from the erosion 
processes of dolomitic slopes as either colluvial deposits 
or debris slides;

Stratigraphic succession

The field data collection on the sites of the major landslide 
events was aimed at (i) reconstructing the geological strati-
graphic successions of the crown areas, (ii) determine the 
depth of the landslide body and the thickness of the lay-
ers involved, and (iii) collect samples for the geotechnical 
laboratory analyses (Sect. 3.2.4 below). The stratigraphic 
succession observed in the crown area (Fig. 2) can be con-
sidered as the most representative of the area and can be 
summarised as follows:

	– the bedrock is represented by intensely fractured dolos-
tones (dol) or, in some cases, ancient cemented breccias 
(br);

Fig. 1  Geological and geomorphological sketch of the study area
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	– 0.5–1 m: the cover deposits show thickness values be-
tween 0.5 cm and 1 m, forming a weathered red paleo-
soil on the dolomitic bedrock and, in turn, topped by the 
detrital and colluvial deposits;

	– 1–2 m: the deposits thickness is higher than 1 m and, 
locally, higher than 2 m. In this case, the paleosoils are 
covered by 1–3 m of detrital and colluvial deposits.

The detrital cover map shows that, excepts for the water-
sheds and the crests, most of the slopes is characterised by 
not negligible cover thicknesses. The highest values (1–2 m 
class) are observed in the north-facing sectors, where for 
local climatic reasons the vegetation is more abundant and 
provides a limit to the erosion. Considerable thickness val-
ues also occur in the catchments, which are characterised 
by a wide presence of forest vegetation. The 0.5–1 m class 
is the most abundant in the area, favoured by the diffused 
occurrence of shrub-like vegetation rather than tall trees.

Furthermore, a map of the slope angle was developed 
from the LiDAR (Fig.  4b). The most represented class is 
the 27–35° in the mountainous areas, while steeper slopes 

	– on top of the succession, a soil level (s) of about 20–
40 cm of thickness with a shrub-like vegetation is gener-
ally observed.

In most cases, the sliding surface was clearly observed at the 
interface between the red ancient paleosoil and the detrital 
and colluvial deposits (Fig. 3).

Maps of detrital cover and slope

The detrital cover thickness map (Fig. 4a) was created using 
high-resolution satellite images and validated with ortho-
images, DTM of local landslide areas, and field surveys 
focussed on landslide crown areas (Fig. 2). The map is criti-
cal for the mountainous areas, where the landslide events 
are more likely to be triggered, excluding therefore the flat 
zones. The following three cover thickness classes were 
defined:

	– 0–0.5 m: the dolomitic bedrock is outcropping or occa-
sionally covered by 10–20 cm of paleosoil;

Fig. 2  Examples of crown areas used to reconstruct the stratigraphic succession, individuate the sliding surface, and sample the investigated levels 
(br: ancient cemented breccias, ps: paleosoil, dcd1: finer detrital and colluvial deposits, dcd2: coarser detrital and colluvial deposits, s: soil)
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analysis focus on the debris slides only. The latter were 
divided into channelled (18 events) and open-slope (unchan-
neled, 75 events) debris slides (Hungr et al. 2014). The spatial 
distribution of the landslides highlighted a higher concentra-
tion on the Noce River orographic left slopes, affecting the 
urban area of Tortora. Overall, the national road network has 
been affected by nine events (seven of which were debris 
slides), with remarkable impacts on the traffic viability.

(36–45°) occur in correspondence to geomorphological lin-
eaments, along the water flows, or fault traces.

Landslide inventory map

The landslide inventory of the 2022–2023 events is shown in 
Fig. 5. The instability events were divided into debris slides 
and alluvial events, although the study and the successive 

Fig. 4  (a) Detrital cover map showing the distribution of the three thickness classes (0–0.5 m, 0.5–1 m, 1–2 m) and (b) slope dip angles (°) of the 
examined area

 

Fig. 3  Schematic cross-section 
of a debris slide crown area 
(A-A’ trace in Fig. 2b) with the 
most representative stratigraphic 
column reconstructed for the 
examined area
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the interactions between landslide bodies developed at dif-
ferent times led to linking them together in a major slide 
that affected the underlying SS18 national road. In detail, the 

In some cases, the satellite and drone-derived images 
enabled the observation of the debris slide evolution 
through time, as the example shown in Fig. 6. In this case, 

Fig. 6  Temporal evolution of a debris slide body (highlighted with the yellow dotted line) that affected the SS18 national road, observed by means 
of Google Earth images (a) 20th April 2023, and (b) 3rd October 2023) and drone-derived orthoimages (c) 28th October 2024)

 

Fig. 5  Inventory map of the 
dataset collected on the instabil-
ity events that occurred in the 
study area in the 2022–2023 
period. The events were divided 
into debris slides (red) and 
alluvial events (light blue). The 
national roads SS18 and SS585 
were highlighted to underline the 
impact of the landslides on the 
road network. The location of the 
Tortora rain gauge is shown (blue 
dot), while the others are beyond 
the map
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landslide is activated firstly in the upper part (Fig. 6a) with 
a small scar developed in correspondence of a path trail. In 
Fig.  6b a different landslide took place in the lower part, 
with the crown developing in correspondence with another 
sector of the path trail, while the previous slide remained 
almost unaltered. The last image (Fig. 6c) shows the devel-
opment of a third debris slide between the pre-existing ones, 
which connects to the lower slide and invades the SS18 
national road.

Morphometric analysis

The collected dataset on the landslide events characterising 
the study area was quantitatively analysed with ArcGIS Pro. 
The frequency distributions of some key physical character-
istics of the debris slides were investigated, including slope 
angle (°), distance from the road (m), volume estimation 
(m3), angle of reach (°), and the total (crown-to-toe) length 
of the landslide body (m). The alluvial events reported in 
Fig.  5 were not considered in this analysis, and the total 
dataset was composed of 93 debris slides.

The average slope dip and the crown dip angles were 
extrapolated from the DTM before the individual landslide 
events. Their frequency distributions (Fig.  7a) show that 
most of the debris slides (76%) developed on slopes dipping 
27–45°, with 46% of the events comprised in the 27–35° 
range. Steep slopes are less ideal for this type of landslide, 
with only 3% of them occurring in slopes with dips > 45°. 
The crown dip angles are higher with respect to the overall 
slope, with an increase in the 36–45° interval. This may be 
favoured by local aspects, including anthropogenic works 
and variations of the bedrock morphology.

The angle of reach calculation was divided into two cat-
egories: channelled and open-slope debris slides. The data-
set is mostly represented by open-slope debris slides rather 
than channelled, 75 and 18, respectively (Fig.  7b). The 
values obtained for the channelled events (78% comprised 
between 12 and 20°) are in line with what observed in high-
velocity landslides in Southern Apennines (Revellino et al. 
2004; Di Crescenzo and Santo 2005), while the open-slope 
events are characterised by higher angles (66% have angle 
of reach > 21°).

The volumes were estimated by using the thickness of 
the cover deposits (Fig. 7c) and the area of the individual 
crowns. The results show that the mobilised volumes vary in 
a wide range from a few tens to more than 10,000 m3. How-
ever, more than half of the total dataset (56%) falls within 
the 500 m3 range, while 35% of the debris slides have vol-
umes comprised in the 501–2000 m3 interval.

The length of the landslide bodies was calculated as 
the crown to toe distance and divided into the channelled 
(18 events) and open-slope (75 events) categories. The 

Fig. 7  Morphometric analysis of the digitised debris slide events show-
ing the frequency distributions of (a) slope and crown dip angles (°), (b) 
angle of reach (°), (c) estimated volume (m3), (d) total length of the land-
slide bodies (m), and (e) minimum distance from the road network (m)
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a volume of about 100 m3 for a total area of 350 m2. In 
the major landslide, the erosion took place mainly in the 
crown area, with values up to 3.5 m of eroded deposits, and 
in some channels along the slope. The deposition areas cor-
respond to the occurrence of terraces along the slope and the 
trail tracks, where the highest values of 2 m are observed. 
Moreover, most of the deposited material reached the SS18 
national road and was removed before the drone survey. 
Therefore, this represents an underestimation of the depos-
ited volume involved in the analysed landslides.

Pluviometric data analysis

Two major events, occurring on 13 October 2022 and 14–15 
June 2023, were examined. The daily rainfall, cumulative 
rainfall over the preceding three months, and hourly rain-
fall data were analysed from three different rain gauges, 
as summarised in Fig. 9. Such a rainfall dataset shows the 
significant role of both antecedent rainfalls and intense pre-
cipitation events in triggering the analysed landslides. The 
rainfall data, sourced from rain gauge stations in Maratea, 
Tortora, and Castrocucco, demonstrate consistent patterns 
of concentrated rainfall over short periods. These patterns 
align with the typical Mediterranean climatic regime, where 
autumnal and spring storms are characterised by brief but 
intense rainfall.

On 13 October 2022, most of the analysed landslides 
took place following rainfall events with daily values of 
150–160 mm and hourly peaks of up to 50 mm. The cumu-
lative curves of the three months preceding the events show 
a similar pattern from all the rain gauge stations, reaching 
values of 450–500 mm and recording higher rainfalls dur-
ing the September-October period. The hourly data of the 

frequency distribution (Fig.  7d) shows that in most cases 
(68%) the runout distance of the open-slope landslides 
is very limited (< 50  m). However, 32% of them reached 
distances up to 200 m. As expected, the channelled debris 
slides show higher runout distances, with 39% of the dataset 
having a total length between 201 and 1000  m, and 56% 
falling into the 51–200 m interval.

The distance from the road was calculated as the mini-
mum distance between the debris slide crown and the road 
network in order to evaluate the potential impact of the roads 
on the triggering of the landslides. The frequency distribu-
tion (Fig. 7e) shows that such a relationship did not occur, 
with 77% of the events taking place at more than 25 m from 
the roads. Therefore, it can be derived that most of the land-
slides were triggered by natural factors rather than anthropic 
influences.

Mobilised volumes

The volumes of the mobilised deposits during the individ-
ual debris slide events were quantitatively determined by 
means of the DoD computation. These were developed for 
the major events by using the drone-derived post-landslide 
DEM and the pre-landslide DEM obtained from LiDAR 
data released by the Italian Ministry of the Environment. In 
Fig. 8, an example of a DoD map for one of the major debris 
slides developed in the study area in the analysed period. 
The temporal evolution of these debris slides is illustrated 
in Fig. 6.

The DoD analysis shows that the crown area (790 m2) of 
the major slide mobilised a volume of about 1500 m3, with a 
total debris slide area of 3800 m2. The smaller landslide (to 
the East), which developed before the larger one, mobilised 

Fig. 8  Example of DoD map computed for major landslides developed in the 2022–2023 period
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from the dcd layer (Fig. 10). The samples taken from the 
uppermost layer (dcd) indicate a relatively narrow envelope 
for a highly heterogeneous material composed of gravel 
with sand and silt. In contrast, the samples from the ps layer 
contain a higher percentage of fine-grained soil compared to 
the surface layer and define an envelope that encompasses 
soils ranging from sand with clayey silt to sand with silt and 
clay. For the ps layer samples, Atterberg limits were deter-
mined on the fine fraction. Specifically, the liquid limit (wL) 
averaged 70%, while the plasticity index (Ip) was 38%, val-
ues corresponding to an inorganic clay of medium to high 
plasticity.

For determining the mechanical characterisation of the 
layer where the slip surface is typically located, direct shear 
tests with submersion during consolidation were conducted 
on specimens sampled from the ps layer. The shear phase 
was carried out at a rate of 0.005 mm/min.

Only four tests could be performed at normal stress lev-
els of 20, 30, 40, and 80 kPa, due to both the difficulty in 
collecting undisturbed samples — given the presence of 

day of the events show that different trends are displayed 
by the rain gauge stations, with Maratea rain gauge hav-
ing one main peak (about 35 mm), while Tortora recorded 
three distinct peaks (28 mm, 49.6 mm, and 42.2 mm), and 
Castrocucco shows 34 mm and 39.8 mm peaks. The spa-
tial variability of the hourly events and the distinct peaks 
recorded in the different rain gauge stations in coastal and 
inland areas recording, suggest storm movements inland.

The 14–15 June 2023 event exhibited daily totals of up 
to 117 mm (Castrocucco), while the three months cumula-
tive curves show different recorded values, with the highest 
(795 mm) at Castrocucco and the lowest (610 mm) at Tor-
tora rain gauges. The highest hourly intensity was recorded 
in one clear peak at Maratea (27 mm), two at Tortora (25 
and 20 mm), and two at Castrocucco (30 and 32 mm).

Geotechnical characterisation

Grain size distribution curves were obtained for seven sam-
ples collected in the field, four from the ps layer and three 

Fig. 9  Rainfall data collected from the three rain gauge stations of Tor-
tora, Maratea Massa, and Castrocucco, for the three months preceding 
the landslide events. The 24-hour rainfall with cumulative curves is 

shown for the three months preceding the events, while the 1-hour 
rainfall with cumulative curves is shown for the day of the events
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The data were interpreted using polynomial regression, 
whose equation proved effective for the range of normal 
stress levels investigated, and is shown in Fig. 11a. How-
ever, assuming a linear Mohr–Coulomb envelope (con-
servative for that normal stress level) obtained through 
linear regression (black line in Fig. 11), the friction angle is 
approximately 33°.

Even if the data for the specimen tested at 20 kPa verti-
cal stress are disregarded, the polynomial envelope remains 
unchanged, while the linear strength envelope yields a fric-
tion angle approximately 0.5° lower.When modelling the 
slopes affected by rapid landslides as infinite slopes and 
considering that the average slope angle in the initiation 
area is around 35°, a friction angle of approximately 33° 
supports a triggering mechanism driven by the complete 
saturation of the superficial dcd layer. Additionally, the sig-
nificantly finer grain size of the ps layer compared to the dcd 
layer could create a permeability contrast between the two, 
promoting the formation of a perched water table within 
the ps layer. This, in turn, could lead to the development 
of positive pore water pressures, ultimately triggering rapid 
flowslides. However, these considerations are preliminary, 
and further geotechnical investigations are required to gain 
a deeper understanding of the hydromechanical behaviour 
of the cover material.

Damage report

The numerous debris slide events triggered in the analysed 
2022–2023 period occurred in a rural area but affected 
the road network in several sectors, causing problems 
to the traffic viability. In particular, the national roads 
SS585 and SS18 were invaded by the mobilised deposits 
in at least nine points (seven debris slides and two allu-
vial events), causing the road closure and luckily with no 
people harmed. These two national roads represent critical 

coarse material accounting for 20% to 40% by weight — 
and operational challenges related to the presence of inclu-
sions, which compromised the success of several tests. As a 
result, the mechanical characterization is considered prelim-
inary, and the critical state envelope is presented in Fig. 11, 
along with the physical properties of the specimens (ID 1–4) 
measured at the beginning of the test. The initial value of 
the porosity (n) is approximately 0.46 on average, while 
that of dry unit weight, γd, is about 14.2 kN/m³. Addition-
ally, the specimens were found to be in a partially saturated 
state. Notably, the specimen tested under a vertical stress of 
20 kPa differs from the other three specimens in terms of 
porosity and initial degree of saturation, exhibiting a poros-
ity 20% higher than the least porous specimen and a degree 
of saturation 18% lower than the most saturated specimen. 
Nevertheless, all specimens were saturated during the con-
solidation phase.

At the investigated stress levels, the envelope appears 
curvilinear, as typically expected for coarse-grained soils. 

Fig. 10  Grain size distributions of samples collected from lithotype 
dcd (n°=3) and ps (n°=4)

 

Fig. 11  Failure envelope at critical state with initial physical properties of the soil specimens subjected to test. The black line is the linear envelope; 
the red line is the non-linear envelope
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Discussion

Debris slides can cause significant damage to both prop-
erty and human life, primarily due to the unpredictabil-
ity, high velocity, and impact energy they generate. These 
events are common worldwide (Sidle and Swanston 1982; 
Wang et al. 2003; Jaiswal et al. 2011) and, more locally, 
in Southern Italy, where numerous studies have focused 
on debris slides occurring in pyroclastic deposits in the 
Campania region (Revellino et al. 2004; Di Crescenzo 
and Santo 2005). This research has been particularly rel-
evant following the tragic Sarno event of 1988 (Crosta 
and Dal Negro 2003), which highlighted the destructive 
potential of such landslides even in areas with moderate 

viability branches between the Calabria and Basilicata 
regions since a national motorway is not present in the 
area. The regularity of the traffic viability is fundamental, 
especially in summer, with impacts on the tourism, which 
represents the main economy of the area. In Fig. 12, some 
examples of the documented landslide events and damages 
to the infrastructure and road network are shown. In other 
cases, the debris slides developed for remarkable run out 
distances, reaching the urban areas, such as in Castrocucco 
village, where a debris slide event involved several houses 
and infrastructure on the 13th October 2022 (Fig.  12b). 
Figure 12c-d document events affecting the critical railway 
network that connects Southern and Northern Italy, and a 
secondary road, respectively.

Fig. 12  Photo collection of damages at the urban area and infrastructure of the October 2022 event, with the landslide affecting (a) the national road 
SS585, (b) the urban area of Castrocucco, (c) the national railway network in Marina di Maratea, and (d) a secondary road
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be used in future studies aimed at developing susceptibility 
maps in the region or in similar contexts.

From the analysis of critical rainfall events, it is worth 
noting that in both cases in Maratea the critical daily rainfall 
exceeded 100 mm, a typical threshold for triggering debris 
flows in pyroclastic covers resting on limestone massifs in 
the Campania region (Guglielmi et al. 2023; Pirone et al., 
2023; 2025). The antecedent rainfall over the three months 
period preceding the critical event, which acts as a prepara-
tory factor for such phenomena (Santo et al. 2018; Pirone et 
al., 2023), exceeded 450 mm, aligning with values observed 
for similar events in the geological context of the Lattari 
Mountains (Forte et al. 2019).

Conclusions

In this study, the occurrence of fast landslides developed in 
detrital limestone-dolomitic deposits and colluvium depos-
its on steep dolomitic slopes was investigated. The recent 
literature research on this type of landslide has mainly 
focussed on events developed in pyroclastic soils. The multi-
disciplinary analyses conducted in this study and the associ-
ated dataset highlighted how, even in weathered calcareous 
debris and with moderate deposit thickness (0.5–2  m), 
these phenomena can evolve into dangerous events. Fur-
thermore, the study provides valuable information for the 
future development of susceptibility maps for the northern 
Tyrrhenian Calabria-Basilicata (Southern Italy) calcareous 
slopes. The collected inventory revealed that large portions 
of the area are susceptible to landslides, with a potential 
involvement of significant road infrastructures downstream, 
thus presenting remarkable risk and high social impact. The 
integration of field surveys, aerial photo interpretations, and 
GIS-based analyses allowed for the creation of a reliable 
and high-resolution inventory, facilitating further studies on 
landscape dynamics and risk mitigation strategies. More-
over, the collected landslide data showed that, in most cases, 
the sliding surfaces developed at the interface between the 
ancient paleosoil and the detrital and colluvial deposits. The 
former, having a finer composition, typically exhibits low 
permeability in contrast with the more permeable and par-
tially saturated dcd layer above it. This creates the condi-
tions for the development of positive water pressures acting 
as a potential trigger to rapid flowslides.

These new data thus define the occurrence of potentially 
hazardous landslide events even for slopes with widespread 
detrital covers of gravelly-sandy and limestone nature, 
expanding the potential areas at risk. This is especially 
important considering the increasing frequency of intense 
daily rainfall events in recent years, which can be linked to 

pyroclastic cover (Revellino et al. 2004; Di Crescenzo and 
Santo 2005; Guadagno et al. 2005; De Falco et al. 2023). 
Other studies investigated the occurrence of debris slides 
in the weathered layers of igneous-metamorphic massifs 
in Calabria and Sicily (Aronica et al. 2012; Del Venti-
sette et al. 2012). However, to date, no studies have docu-
mented debris slides similar to those occurring between 
Basilicata and Calabria regions, which involve detrital 
limestone-dolomitic deposits and colluvium lying on late 
Quaternary altered and clay-rich paleosoils, situated on 
steep dolomitic slopes. Even so, the role of soils and their 
relationship with rainfall accumulation have been widely 
investigated, although not always in relation to detrital–
colluvial covers composed of detrital limestone-dolomitic 
deposits and colluvium deposits (e.g., Hollingsworth and 
Kovacs 1981; Qing-zhao et al. 2019; Tung et al. 2021; 
Ebrahim et al. 2025).

The debris slides in the study area involve cover deposits 
of limited thickness (0.5–2 m) lying on steep limestone-dolo-
mitic slopes, with the highest frequency of events triggered 
in areas with slopes dipping from 27° to 45° (Fig. 7).

The paleosoil (ps), in which the sliding surfaces develop, 
consists of sand with silt and clay, with a higher propor-
tion of fines compared to the overlying detrital layer. The 
presence of sand, however, gives it a relatively high criti-
cal friction angle of 33°, which, together with the increased 
resistance due to the partial saturation state, explains the 
stability of the cover materials on slopes less than 30°. The 
triggering of landslides occurs, instead, on slopes greater 
than 27–35°, as confirmed by the landslide inventory data 
(Fig. 7a), and during intense rainfall events capable of fully 
saturating the cover deposits.

Most of the investigated landslides developed a sliding 
surface at the interface between the ancient paleosoil (ps), 
finer and typically exhibiting low permeability, and the 
coarser detrital and colluvial deposits (dcd) on top of them 
(Fig. 3). The latter (dcd) are approximately two meters thick 
and in a state of partial saturation. These deposits mobil-
ise on the slopes, exhibiting fluidisation effects and ampli-
fication downstream, with runout and volumes that can 
sometimes reach considerable values (thousands of cubic 
meters), especially when compared to the relatively modest 
slope energies where the landslides were triggered.

The laboratory analyses performed on the dcd and ps 
samples represented only a preliminary geotechnical char-
acterisation of such levels. The main limitations were deter-
mined by the restricted number of samples. This issue was 
mainly addressed to the abundant presence of coarse mate-
rial, occurrence of inclusions, and irregularity of the lay-
ers. Such aspects should be further investigated in future 
studies. However, the obtained friction angle value could 
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global warming. This work represents a preliminary inves-
tigation into the triggering mechanisms of debris slides 
involving detrital covers on carbonate massifs of the South-
ern Apennines, and it could be useful for more in-depth 
analyses aimed at defining susceptibility and risk from 
debris slides, particularly for agencies involved in land-use 
planning.
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