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Abstract: Rockslides are one of the most dangerous hazards in mountainous and hilly areas. In
this study, a rockslide that occurred on 30 November 2022 in Castrocucco, a district located in
the Italian municipality of Maratea (Potenza province) in the Basilicata region, was investigated
by using pre- and post-event high-resolution 3D models. The event caused a great social alarm
as some infrastructures were affected. The main road to the tourist hub of Maratea was, in fact,
destroyed and made inaccessible. Rock debris also affected a beach club and important boat storage
for sea excursions to Maratea. This event was investigated by using multiscale and multisensor
close-range remote sensing (LiDAR and SfM) to determine rockslide characteristics. The novelty
of this work lies in how these data, although not originally acquired for rockslide analysis, have
been integrated and utilized in an emergency at an almost inaccessible site. The event was analyzed
both through classical geomorphological analysis and through a quantitative comparison of multi-
temporal DEMs (DoD) in order to assess (i) all the morphological features involved, (ii) detached
volume (approximately 8000 m3), and (iii) the process of redistributing and reworking the landslide
deposit in the depositional area.

Keywords: rock landslide; geomorphological analysis; LiDAR DEM; infrastructure damage; cultural
heritage risk; Tyrrhenian coast

1. Introduction

High-relief rocky coasts are important geomorphological features on the Tyrrhenian
side of Southern Italy with a wide range of features depending on rock type, tectonics,
and climate changes [1,2]. Geological hazard along rocky coasts, constituting 52% of the
global shoreline [3], is largely associated with rock and/or regolith failures, which may
significantly affect coastal infrastructures, roads, and human activity. Natural hazard on
the rocky coast is likely going to worsen with rising global sea-level and coastal population
growth [4–7].

The active cliff recession and the relative mass movement can be a relevant process
of slope evolution as a result of the wave and weathering action of severe meteomarine
events, but the high relief of fault-related slopes and widespread mesoscale fractures and
faults are the main predisposing factors of diffuse rockfall phenomena in the carbonate
morphostructures of the Tyrrhenian coast of southern Italy [8–11]. Basal erosion is a key
factor of cliff instability but rainfall, water infiltration and groundwater may act as driving
and triggering mechanisms of slope failures in the upper part of the cliff slope [3,12,13].
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A further factor of instability is related to the presence of carbonate rock cliffs that
also account for chemical weathering through the activity of karst processes. The stability
of a rocky coastal slope is significantly influenced by several geological features like rock
strength lithology [14], fracture and fault patterns, strata attitude, and the intersections
between these discontinuities [15,16]. Further, as cliff retreat proceeds, attention needs to
be given to the stress release jointing that results from confining pressure decrease.

These issues are generally addressed in landslide monitoring through various ap-
proaches which can be divided according to the disciplines (geotechnics, hydrology, remote
sensing, etc.) for which the results are employed, as explicitly stated in [17]. For example,
geotechnical observations are conducted with inclinometers, extensometers, dilatometers,
and other similar devices. This equipment and techniques have high accuracy (up to
submillimeters), yet the expected changes are only relative and at a specific location [18].
Geodetic and photogrammetric techniques for measurement are often utilized, allowing
for the interpretation of the displacements and deformations of the area of interest over
time [19].

The costly expenses and difficulties associated with LiDAR equipment (e.g., high
weight and occlusion areas) forced the scientific community to research alternate method-
ologies, such as structure from motion (SfM) for the production of topographic models [20].
SfM was developed at the end of the 1970s [21] and is now widely acknowledged [22]. This
technique, coupled with multiview stereo (MVS) algorithms, allows for the 3D automatic
reconstruction of surfaces without requiring the user’s past knowledge [23]. Using SfM,
different outputs can be obtained, including a very dense point cloud (point density de-
pends on camera and flight plane parameters), orthophotos, and DEMs. SfM has recently
become an effective tool for obtaining detailed information on the spatial and temporal
distribution of different types of geomorphological processes such as gully erosion [24–27],
fluvial dynamics [28], coastal retreat [29–31] and mass wasting [32,33].

The use of both UAV photogrammetry and LiDAR is well documented in landslide
literature due to their ability to reduce fieldwork efforts and enhance safety conditions in
landslide data collection and analysis. These technologies allow to obtain significant results
in terms of characterization, mapping, and modelling [34–38], enabling the monitoring of
temporal and spatial dynamics in landslide processes (Ref. [39] and references therein).
Turning specifically to rock landslides, UAV photogrammetry and LiDAR are particularly
useful for detecting source areas, extracting discontinuity and joint families, computing the
volumes of involved rock masses, and modeling block trajectories [40–44].

In this work, a landslide event occurred on 30 November 2022 in Castrocucco (in the
Maratea municipality, Potenza province) was analyzed through classical geomorphological
analysis supported by a quantitative comparison of multi-temporal DEMs.

Our study is focused on the coastal area of the Serra di Castrocucco where the rocky
coast is characterized by an indented shoreline featuring narrow headlands and bays. At
the southernmost tip, a pocket beach is backed by bedrock cliffs, whereas the top of the fault
slope is featured by a medieval fortified village (i.e., “Castello” historical site, Figure 1). The
archaeological site is edged by a 25 m high scarp that, on 30 November 2022, experienced a
rock failure that mobilized a large volume of calcareous bedrock in the Castrocucco area
(Maratea municipality, Potenza province).

The aim of the paper is analyzing the failure conditions, the failure evolution of the
run-out mass on the slope and the evaluation of the involved volume. It was analyzed
through classical geomorphological analysis supported by a quantitative comparison of
multi-temporal DEMs. In this regard, pre- and post-event data were compared through
three different datasets: (i) 2013 LiDAR data; (ii) 2018 drone data; and (iii) 2022 drone data.

Pre- and post-event high-resolution 3D models allowed us to carefully assess the
sequence of events that helped to identify the largest mobilized volume of bedrock, which
subsequently fragmented into several boulders, damaging the main access route to Maratea
and impacting the local economy.
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2. Geological and Geomorphological Setting 

Figure 1. (a) Hillshade and 20 m contour map of the Serra di Castrocucco ridge and (b) close-up
map of the Castrocucco headland with 10 m contour lines. (c) The white dashed line highlights the
landslide scar on a pre-2022 orthophoto (2018).

Our study is not based on innovative methods for data processing and acquisition,
but it aims at exploiting a well-established and widely recognized approach documented
in the literature [45–47]. Nevertheless, the novelty of this work lies in how these data,
not originally acquired for rockslide analysis, have been integrated and utilized in an
emergency at an almost inaccessible site. The results of this study may provide useful
information for developing more effective strategies for risk mitigation, particularly because
a thorough analysis of rock failure and its rapid evolution, as well as the distribution and
size of rock fragments, are key factors for future simulations aimed at preventing the
undersizing of protective infrastructure.

2. Geological and Geomorphological Setting

The study area is located on the Calabria–Basilicata boundary along the Tyrrhenian
side of the southern Apennines fold and thrust belt. Its backbone consists of Mesozoic
to Miocene carbonates that are tectonically overlain by ophiolitic nappes [48,49]. Neo-
gene to Quaternary extension in the Tyrrhenian back-arc basin Sea and shortening in the
Apennines were driven by the roll back of the west-dipping Apulian–Ionian slab (Ref. [50]
and references therein). This enabled the development of a series of Tyrrhenian coastal
grabens during the Early Quaternary [51–55] outlining a coastal perimeter similar to the
current one. The Middle Pleistocene marked a significant change as the southern Apennines
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experienced a marked regional-scale uplift inferred from late-Quaternary-raised marine
terraces [56–62]. In this framework, the coastal strip between Maratea, in the north, and
Scalea, in the south, consists of an indented coastline featuring narrow headlands and bays,
among which is the Castrocucco headland. It is located in the municipality of Maratea
(Potenza province) on the border of Calabria region, and is part of the largest Serra di
Castrocucco ridge, a rocky backbone consisting of Meso-Cenozoic carbonates [48]. The
high-relief rocky coast preserves sequences of stair-like terraces and/or the relative sea
level change proxies resulting from the interaction between eustatic sea level fluctuations
and the tectonic uplift trend which affected the study area (Ref. [60] and references therein).
The features of the slopes of the Castrocucco headland, but more generally the Serra di
Castrocucco ones, are similar in shape to many carbonate fault scarps of the Apennines.
They are characterized by straight profiles with slope angles ranging between about 25◦

and 35◦, both those cut in bedrock and those partly or entirely formed of the slope breccia
accumulated during slope replacement processes of the originally steep cliffs (Ref. [63] and
references therein). The lower slopes of the south-western side of Serra di Castrocucco ridge
feature an overall composite profile that is suggestive of a polycyclic evolution. It shows
a marked concavity that ends around a few meters a.s.l. where active and/or inactive
sea-cliff is noticed. Specifically, the Castrocucco headland is characterized by an indented
profile with two marked planar concavity in the lower slope (Figure 1b). Here, remnants of
a tidal notch at 35–40 m a.s.l., lithophaga holes with an upper limit at +20 m a.s.l. and, to
the east, an abrasion platform blanketed by slope breccia are found [64].

The present-day form of the rocky headland is definitely related to factors inherited
from past environmental conditions, characterized by different relative sea-level and climate
changes [60,64,65], which interact with steep scarp recession through gravity-controlled
cliff retreat and slope replacement from below, leading to transient straight rock/debris
slopes with a typical rectilinear profile [66,67]. Nowadays, the segmented slope profile
of the Castrocucco headland is clearly affected by mass movements that involve both
near-vertical rocky cliff and hanging slope breccias. As a matter of fact, at the beginning
of the 2000s, a rockfall affected the cliff onto which the “Castello” historical site is located,
causing the long-time closure of the Statal Road 18 “Tirrena Inferiore”. Then, the same cliff
experienced the huge landslide on 30 November 2022.

The Castrocucco Event

At approximately 4.00 a.m. on 30 November 2022, a landslide occurred at Castrocucco
headland (Figure 2). The event developed on a high, steep, rocky scarp of 25 m and involved
several thousand cubic meters of Triassic dolomitic limestones. Data provided by the Civil
Protection of the Basilicata Region (https://www.protezionecivile.gov.it/en/minister/,
accessed on 1 December 2022) indicate that the event occurred after a no-rain period of
a week that followed a severe multi-day rainfall event of about 350 mm. Such an event
culminated in the ca 120 mm daily rainfall of November 22 (Figure 3).

The State Road SS18 “Tirrena Inferiore” in the middle of the slope, connecting to
the Maratea tourist hub, was destroyed and a boat storage for sea excursions was made
inaccessible due to debris accumulation on the Castrocucco Beach. Fortunately, no fatalities
occurred, but the event caused a great social and economic impact as the road was closed
for eight months, forcing people to a 30 km deviation. The slope instability is also confirmed
by the presence of pre-existing protection measures such as dynamic barriers and draped
meshes destroyed during the 2022 event. They were installed after two minor rockfall
events occurred on 19 and 26 December 2006, in which several hundred of cubic meters
were involved, strongly damaging the SS18 road which remained closed for 6 months.

https://www.protezionecivile.gov.it/en/minister/
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3. Materials and Methods

In this work, pre-existing remote sensing data were integrated with new in situ data.
In particular, pre-event data consist of LiDAR and UAV surveys acquired in 2013 and 2018,
respectively, while the new in situ data are derived from a UAV field survey conducted
immediately after the event (December 2022). Remote sensing data were complemented
by field observations and multi-temporal interpretation of aerial photos and orthophotos
carried out from 1991 to 2022 to figure out the most likely landslide dynamics.

After undergoing a pre-processing phase, the data acquired in this study were com-
pared with those from 2013 and 2018, allowing for an estimation of the volumetric differ-
ences between the different acquisitions. In support of the geomorphological interpretation
of the event, a set of the main discontinuities was extracted from the 3D models derived by
the UAV survey.

Figure 4 shows the workflow used for data acquisition and processing. Details about
each phase of the work are provided in the following paragraphs.
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3.1. Data Collection

As mentioned above, multitemporal data were acquired and compared to explore the
evolution of the high-relief slope. The coverage of the three datasets utilized in this work is
shown in Figure 5.
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The 2013 data (D13) were obtained through a request in the Basilicata Region. Specif-
ically, an airborne LiDAR survey, which is freely available as digital terrain models
(DTMs) and digital surface models (DSMs) at a resolution of 1 m. To obtain better
results, we processed the raw point cloud data of the study area in order to obtain a
higher-resolution DEM.

The 2018 data (D18) were collected thanks to an UAV survey realized by the Institute
of Heritage Science of Potenza aimed at acquiring a video of the “Castello” historical site.
The survey of the cliff edging the “Castello” historical site provided a great benefit to our
work as it covered the rock failure detachment area. To obtain a 3D model, approximately
3000 frames with a resolution of 1920 × 1080 pixels were extracted from the original video
(Figure 5b).

The 2022 post-event data (D22) were acquired using a DJI Mavic Pro drone developed
by Da-Jiang Innovations (DJI, China). Approximately 1500 photos were taken at a constant
altitude of 80 m above the ground; a flight plan was used to do this, taking into account the
elevation differences along the slope (Figure 5c). To this aim, a DEM (freely available at the
Basilicata Region Geoportal—RSDI) with a cell resolution of 5 m was implemented within
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the flight plan. In addition, for the optimal orientation of the 3D model, Ground Control
Points (GCPs) were acquired by using a precision GNSS (Trimble TSC5).

3.2. Data Processing

To obtain an accurate estimation of the involved rock volume, the D13 LIDAR survey
was classified to extract a point cloud consisting solely of “ground” points. The point cloud
classification was carried out using Cloud Compare 2.13 software, particularly the qCanupo
plugin, which allowed the original point cloud to be divided into the following 7 classes
(Figure 6): (1) Not classified; (2) Ground; (3) Low Vegetation; (4) Medium vegetation; (5)
High vegetation; (6) Buildings; and (7) Noise.
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The data processing used for the 2018 and 2022 data is the same; in particular, through
the SfM algorithm (Agisoft Metashape 1.7.4 software), it was possible to achieve the
following: (i) reconstruct the position of the photos at the time of the shooting; (ii) insert de
GCP for model orientation; (iii) generate the dense point cloud; and (iv) construct the DEM
and orthophoto.

Before executing the Difference of DEMs (DoDs), the point clouds were exported
in LAS format. However, the three datasets have different characteristics, especially in
terms of point density. Table 1 shows the characteristics of the datasets at the end of
photogrammetric processing (for D18 and D22) and point cloud filtering (D13).

Table 1. Dataset.

Dataset Date of
Acquisition

Point Number
for m2

Abbreviation
for the Text

LiDAR dataset 2013 12 D13
UAV 2018 2018 117 D18
UAV 2022 2022 152 D22

There are two main differences in the data elaboration between 2018 and 2022. The
first one is the location of the photos at the time of shooting. The 2022 survey shows a



Remote Sens. 2024, 16, 2235 9 of 18

well-structured flight plan, whereas the 2018 photos are featured by an inhomogeneous
distribution driven by the trajectory of the video capture (Figure 5b,c).

The second difference regards the orientation of the models; therefore, the 2022 ground
targets were measured with GNSS and then implemented in the Agisoft Metashape 1.7.4
software to improve the accuracy of the 3D model. Due to the absence of ground markers
for the 2018 survey, fixed and clearly visible points from the 2022 orthophoto were used to
orient the model in space, while the elevation information was aligned to the DEM of 2022.
Finally, to obtain the best possible overlap (and the lowest possible error), point clouds D18
and D22 were aligned (keeping D22 fixed) using the “aligns two clouds by picking” tool in
Cloud Compare 2.13 software.

3.3. Rockslide Analysis and Volume Difference

To reconstruct the event kinematics, the main discontinuities characterizing the in-
volved rocky cliff were extracted using the D18 pre-event 3D point cloud. A semi-automatic
approach was preliminarily used with the Facets plugin in the Cloud Compare 2.13 soft-
ware. Facets enables the segmentation of massive 3D point clouds into individual planar
elements, calculating their dip and dip direction, and reporting the extracted data in stere-
ograms. To perform the segmentation, the Kd-Tree algorithm was used. It segments the
point cloud into sub-cells, identifying basic planar objects and gradually combining them
into polygons based on a planeity threshold. Such an approach is widely spread in the
scientific literature concerning rock landslides, thus supporting its reliability and effec-
tiveness [68–71], particularly in those cases where the study area is not easily accessible.
The automatic extraction of the main discontinuities from the pre-event 3D point cloud
supports the identification and extraction of the main discontinuities of the unstable block
and the slope stability assessment. The volume difference between the D18 model and the
D22 model was utilized to estimate the volume of the detached block. This approach was
chosen because both datasets are derived from the same technique (photogrammetry) and
exhibit a similar density of points per square meter (as indicated in Table 1). Conversely, the
comparison between the D13 LiDAR-derived model and the D22 model aimed to estimate
the volume associated with the entire rockslide.

To quantify the volume differences, a DEM was created by computing the DoD.
Starting from the LAS data managed in the Cloud Compare 2.13 software, the DEMs
were constructed. Subsequently, the Geomorphic Change Detection (GCD) tool [72] was
employed to perform the DoD. This tool not only provides a map of the distribution
of volume changes but also offers insights into the volume quantities involved and the
associated errors.

4. Results and Discussion

The workflow presented in this paper is based on the geomorphological analysis
of near-surface multisensor and multitemporal remote sensing data aimed at obtaining
information on the kinematics and volume involved in a huge rockslide at Castrocucco
di Maratea in November 2022. The dataset used in addition to the data obtained from
UAVs (D18 and D22) also consists of a point cloud dated 2013 (D13). Details concerning the
dynamics of the rockslide evolution and volume estimation are outlined in the paragraphs
below.

4.1. Rockslide Dynamic and Evolution

A possible interpretation of the Maratea landslide movement was performed by
integrating different datasets from stereo pairs of aerial photographs, orthophotos and
high-resolution topography data obtained from D18 and D22. Analysis of the images
highlights a N160◦-striking, meters-high scarp that assumes a concave shape just to the
southwest of the “Castello” historical site and joins westward to a N50◦-trending stepped,
rock slope (Figure 7a–c). Such morphological features confine an apparent concave-up
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slope in plan form (whitish area in Figure 7a) consisting of an upper-bedrock-slope grading
downward in a debris slope (Figure 7b).
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The evidence of movement markers is evident at the south-eastern tip of the concave
scarp affecting the concave bedrock slope (Figure 7b; red circles in Figure 7d,e). It appears
to be inconsistent with the movement of the rock block that involved the high, steep, rocky
cliff edging the “Castello” historical site to the SW (Figure 7e). Moreover, the aeropho-
togrammetric analysis highlighted the presence of scarps and fracturing approximately
oriented N90 and N50 (dashed lines and arrows in Figure 7d,f,g) that affected the rocky
cliff (Figure 7e) at the intersection point between the N160-trending and concave scarps
(Figure 7b).

Based on the above, it is reasonable to assume a first sliding down the N90 and N50
discontinuities of a wedge-shaped block, which caused a decrease in the overall stability of
the rocky cliff edge. The release of material played a key role in controlling the kinematic
freedom of the potentially unstable main rock block, fostering its later failure. In this
regard, the literature data widely claimed that large rock failures are preceded by minor
detachments that play a key role in controlling both the long-term stability of rock slopes
and their kinematics [73–77].

The ensuing kinematic freedom and the orientation of discontinuities (Figure 8) ulti-
mately define the shape and size of the main rock block at the SW edge of the “Castello”
historical site, which moved in an SSE direction through early planar sliding. Once it
reached the ca. N160◦-striking scarp, the morphological step acted as a pivot promoting
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first a tilting and then a toppling-type motion. Afterwards, the rock mass dramatically
impacted the lower slope, enhancing the original concave shape just upstream the State
Road SS18. The resulting fragmentation and comminution of the rock mass impacted the
SS18 road below, as well as the lower slope. Further, the debris coverage, blanketing almost
the whole slope, later experienced a debris and earth slide. This was very noticeable at the
foot of the slope.
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Surely, a predisposing factor that could have increased the instability of the rocky cliff
is the chemical weathering in opened fractures caused by water infiltration. The dissolution
and chemical weathering of carbonate rocks can greatly affect their mechanical properties,
accelerate the rate of deterioration of the rock and ultimately lead to early failure under
external stresses [78].

Also, karstic processes result in the formation of clay minerals within fractures, thus
reducing shear strengths. This, coupled with the presence of water in the open joints of
rock masses, exerts key controls on stability, both through a direct outward force and by
decreasing the effective stress and the shear strength on failure surfaces [79].

4.2. Volume Estimation/DoD Analysis

In this study, two DoD considering two different pre-event data were carried out.
Table 2 shows the data obtained from the DoD between D22 and D13. It can be seen

that the lower volume is 32,652 m3 while the raising volume is 15,013 m3. As can be seen
in the calculation of the errors, the “total net volume difference” has an error of 20.96%.
This overestimation of the lost volume is due to the difference between the features of
the D22 and D13 models. In particular, the two models were acquired with different
techniques and resolutions (Table 1). Certainly, the accuracy of DoD could be strongly
affected by the alignment of the point clouds and by the quality of the DEMs used [47];
the absence of information regarding D13 acquisition and data processing may introduce
some uncertainties in this first DoD calculation. Despite these uncertainties, the D13 model
was used since it was the only available pre-event data covering the entire area affected
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by the rockslide. Additionally, the discrepancies in the lost volume may also be related to
problems during the phase of the point cloud classification of D22 model.

Table 2. DoD analysis derived from D22 and D13 datasets.

Attribute Raw Thresholder Error Volume % Error

AREA
Total Area of Surface Lowering (m2) 17,019.30 15,633.26
Total Area of Surface Raising (m2) 11,147.10 9837.15

Total Area of Detectable Change (m2) NA 25,470.44
Total Area of Interest (m2) 28,166.4 NA

Percent of Area of Interest with Detectable Change NA 90.43%
VOLUMETRIC

Total Volume of Surface Lowering (m3) 32,652.45 32,512.48 ±3126.66 9.62%
Total Volume of Surface Raising (m3) 15,013.68 14,889.14 ±1967.43 13.21%

Total Volume of Difference (m3) 47,666.13 47,401.63 ±5094.09 10.75%
Total Net Volume Difference (m3) −17,638.76 −17,623.34 ±3694.15 −20.96%

In order to estimate the volume of the main block detached from the 25 m scarp,
another DoD between D22 and D18, focusing on the upper part of the slope, was carried
out. Detailed data of the resulting elevation changes are shown in Table 3. It can be seen
that the volume calculated for the main block is about 8000 m3, and that errors are low
except for “total volume of surface raising” due to the different growth of the vegetation.

Table 3. DoD analysis derived from D22 and D18 datasets.

Attribute Raw Thresholder Error Volume % Error

AREA
Total Area of Surface Lowering (m2) 2323.52 2116.04
Total Area of Surface Raising (m2) 690.38 462.19

Total Area of Detectable Change (m2) NA 2578.23
Total Area of Interest (m2) 3013.90 NA

Percent of Area of Interest with Detectable Change NA 85.40%
VOLUMETRIC

Total Volume of Surface Lowering (m3) 7652.01 7630.22 ±423.21 5.55%
Total Volume of Surface Raising (m3) 394.39 371.49 ±92.44 24.88%

Total Volume of Difference (m3) 8046.4 8001.71 ±515.65 6.44%
Total Net Volume Difference (m3) −7257.62 −7258.73 ±433.19 −5.97%

The DoD between D22 and D13 clearly shows the volume change caused by the
movement of the rockslide; in particular, the red and blue areas indicate the accumulation
and subtraction of material, respectively (Figure 9). To better analyze the results of the
volume difference, the study area was divided into five sectors.

The sector at the top of the slope (“Castello” historical site–frame 1 in Figure 9b) is
characterized by a positive difference showing an area of accumulation. The high resolution
of the 3DPC obtained from the D22 field survey allowed us to discern that, in this sector,
vegetation is widely spread. Furthermore, as LiDAR technology works with a laser beam
emission (with wavelengths ranging between infrared and ultraviolet) backscattered by
a spot on the object, one of its major advantages is the ability to penetrate the vegetation.
In particular, the near-infrared wavelength can pass through the gaps of the foliage and
reach the ground. The first step of the data processing was to classify the D13 point
cloud in order to obtain only the ground points. Such an elaboration is useful to filter the
points corresponding to the vegetation. For this reason, it was possible to assume that
the positive volume difference in sector 1 can be attributed to the presence of vegetation
cover. Therefore, these points have not been included in the volume calculation. In frame 2
(Figure 9b), the main rock block detachment area is shown as missing points while frame 3
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in Figure 9b shows the presence of an area in erosion and an area in accumulation on the
road. In particular, the blue area to the north of the road highlights a pre-existing concave
depression, onto which the main impact of the rock block has probably occurred, enhancing
the original concave shape on the slope and demolishing the exterior side of the road.
Frame 4 in Figure 9b shows erosion, probably due to secondary impacts to later debris
slide/flow events affecting the western side of the frame (Figure 9a), and then, the area of
deposition (frame 5 in Figure 9b) characterized by the presence of the larger blocks that
reached the beach.
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Figure 9. Maratea rockslide: (a) ortophoto (from D22 point cloud), with the red arrow indicating later
debris/earth flow events, and (b) DoD volume difference obtained between 2022 and 2013.

The DoD between D22 and D18 (Figure 10) suggested that the volume of the entire
large block was approximately 8000 m3 of limestone (Figure 11).

Despite the difference in ground information (Table 1) given by the three-point clouds
used in this work, we wish to emphasize how the integration of data of a different nature
(LiDAR and SfM), acquired at different heights and with a different resolution, is useful for
the reconstruction of the evolution of the territory. This approach provides an approximate
estimation of the total volumes involved, especially when high-resolution datasets are
not available.

In particular, as shown above, it can be seen that the entirety of the volumetry detached
from the slope derives from a large block at the top of the slope.
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5. Conclusions

UAV technology proved to be quite effective and versatile for data collection in areas
with difficult access. In this study, rockslide modeling was performed using quantitative
analysis of the pre- and post-event DoD of a different nature (LiDAR and SfM), acquired at
different heights and with a different resolution. The comparison between the two datasets
allowed us to reconstruct a complex event that started as a rockslide, evolving into a rock
topple with typical rebounding and bouncing and then avalanching along the slope. Our
results highlighted that the heavy rainfall of the previous days was a relevant predisposing
factor in combination with the high fracturing of the rock mass that influenced the shear
strength limit in the joints.

Such an approach has proven to be a more effective approach than DEM of Difference
(DoD) for the analysis of rockslide phenomena at a slope scale. Our approach has great
potential to define the geomorphological features of rockslides and can furnish basic data
for more advanced applications such as fracture system delineation or the simulation of
block fall trajectories. In this context, numerical simulations could provide valuable insights
for a quantitative hazard assessment by accurately reproducing the paths followed by real
blocks and estimating their speed, energy, heights of rebound, impacts and stopping points.
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