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ABSTRACT 
In Friuli Venezia Giulia region (NE Italy), sinkhole phenomena associated with 
evaporitic bedrock are particularly widespread and active, despite the fact that 
this bedrock is scarcely exposed. In this regard, the most recent event occurred 
in Esemon di Sopra, in the municipality of Raveo. The sinkhole suddenly opened 
on April 21st, 2022, on an alluvial terrace alongside the Degano River riverbed. 
The cylindrical collapse feature, has a diameter of 18 meters and a depth of 
15 meters. It developed less than 200 meters from both the main road and the 
inhabited area of Esemon di Sopra. In the immediate vicinity of the sinkhole, a 
natural gas pipeline network is also present.
The paroxysmal phase developed due to the presence of a void within the loose 
detrital material, which was partially visible during the first surveys. Given 
the nature of the material involved, the sub-vertical walls immediately began 
to evolve with subsequent collapses. In this context, the use of drone-based 
photogrammetry proved to be of fundamental importance, allowing, in complete 
safety, a three-dimensional reconstruction of the sinkhole morphology and a 
detailed analysis of the depositional sequence. Integrated geophysical surveys 
have been conducted to improve our understanding of the spatial variability of 
sediments and bedrock.
In March 2024, a LiDAR survey was carried out, which highlighted the 
morphometric changes of the sinkhole’s shape. The Esemon di Sopra event 
fits within a broader framework of instability affecting the valley areas of the 
Tagliamento River basin, where, however, no phenomena of such magnitude had 
been recorded for over eighty years. A similar historical case occurred in the early 
1960s, south of the village of Quinis (Municipality of Enemonzo), on the alluvial 
terrace of the Tagliamento River, where two sinkholes opened with diameters of 
45 meters and 15 meters, and a depth of 15 meters. The centre of this hamlet 
is still affected by subsidence, as evidenced by differential analyses of satellite 
images (D-INSAR) and geophysical investigations. Furthermore, to monitor 
ongoing movements, a robotic total station was recently installed as part of the 
PNRR GeosciencesIR Project.
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INTRODUCTION

Sinkholes are among the most hazardous geomorphological 
phenomena in evaporitic environments, where the dissolution 
of highly soluble rocks such as gypsum and halite lead to 
karstification, which creates subsurface voids that can eventually 
cause the ground to collapse (Gutiérrez et al., 2014; Parise et 
al., 2018; Calligaris et al., 2024). These processes can result in 
severe damage to infrastructure, pose risks to human safety, and 
significantly alter the landscape (Williams, 2004; Carbonel et al., 
2015). The study and monitoring of sinkholes are therefore essential 
for understanding their genesis, assessing related hazards, and 
supporting risk mitigation strategies (De Waele et al., 2011).

Traditional field surveys, although fundamental for direct 
geological and geomorphological observations, are often limited by 
accessibility constraints, spatial coverage, and temporal resolution 
(Cooper et al., 2011). In recent years, the integration of Unmanned 
Aerial Vehicles (UAVs) coupled with geological and geophysical 
investigations has revolutionised the geomorphological research, 
offering high-resolution spatial data of the surface and sub-surface, 
flexible acquisition schedules, and cost-effective monitoring 
capabilities (Colomina & Molina, 2014; Turner et al., 2012; Busetti 
et al., 2024). UAV-based photogrammetry, combined with digital 
elevation models (DEMs) and multispectral or thermal imagery, 
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enables detailed mapping and temporal analysis of surface 
deformations associated with sinkhole activity (Lee et al., 2016; 
Guerrero et al., 2021). Geophysical investigations, such as electric 
tomography (ERT) and seismic refraction (RF) allowed instead a 
sub-surface definition of the in-depth structures (Calligaris et al., 
2024).

This study aims to explore the potential of UAV technique for 
the identification, characterization, and monitoring of sinkholes in 
evaporitic and alluvial terrains by applying this approach to a test 
site area particularly prone to the occurrence of these phenomena. 
By integrating field data, geophysical data analyses, aerial imagery, 
and geospatial analysis, we demonstrate how these technologies 
can enhance the understanding of sinkhole evolution and provide a 
reliable basis for environmental management and hazard prevention 
in karst-prone areas (Gutiérrez, 2016; Kaufmann, 2014).

STUDY AREA

Friuli Venezia Giulia region (NE Italy) is characterised by the 
occurrence of more than one thousand sinkhole phenomena, 
which have developed both over carbonate and evaporitic 
bedrock. The evaporitic deposits—mainly distributed within 
the east–west oriented valleys of the north-western sector of 
the region—are responsible for the most significant impacts on 
existing infrastructure, since this bedrock is undergoing rapid 
evolution and shows a high propensity to collapse. Regional 
inventories and reviews have documented the widespread 
distribution and hazard posed by evaporite-related sinkholes 
(Calligaris et al., 2017).

Permian and Triassic evaporites in the area display elevated 
dissolution rates and low mechanical strength, which result in 
an intrinsically higher susceptibility to sinkholes compared to 
carbonate terrains; field dissolution experiments have quantitatively 
confirmed rapid evaporite weathering under local hydrogeological 
conditions (Busetti, 2024; Calligaris et al., 2019).

In the hamlet of Quinis significant collapses have been 
documented since the 1960s (Fig. 1A, B). This site has been the 
subject of several multidisciplinary investigations integrating 
geophysical, geomorphological and remote-sensing techniques. 
(Busetti et al., 2020; Zini et al., 2015). The lithological, 
geomorphological and hydrogeological conditions characterising 
the Quinis area are analogous to those of Esemon di Sopra 
(Municipality of Raveo), where a sudden collapse occurred on 
April 21st 2022 (Fig. 1C). Both areas correspond to fluvial terrace 
settings: the first is adjacent to the Tagliamento river bed and the 
second to the Degano Torrent.

They occurred immediately downstream of slopes where 
evaporites outcrop and mantled evaporites have been documented. 
These factors — proximity to the river/stream, unconsolidated 
terrace deposits, variable water-table dynamics and the presence 
of dissolvable evaporites/conglomerates — jointly favour the 
initiation and rapid development of collapse phenomena (Busetti et 
al., 2020). In such environment, also the presence of the structural 
lineaments can play a relevant role in the sinkhole formation (Jiao 
et al., 2025; Carulli, 2006).

MATERIAL & METHODS

The first survey was conducted on 29th April 2022 using 
a DJI Phantom 4 RTK drone. This UAV integrates a high-
precision Real-Time Kinematic (RTK) positioning system, which 
substantially reduces positional errors compared to standard 
GNSS solutions. The RTK module ensures centimetre-level 
accuracy (Horizontal: ±1 cm + 1 ppm; Vertical: ±1.5 cm + 1 ppm) 
by receiving corrections from a ground-based GNSS station or a 
network service. The Phantom 4 RTK is equipped with a 1-inch 
CMOS sensor (20 MP) capable of capturing high-quality nadir 
and oblique images, and a fixed lens with an 8.8 mm focal length 
(35 mm equivalent: 24 mm), optimised for photogrammetric 
applications. The photogrammetric survey was conducted 
using waypoint mode for capturing images around the sinkhole 
perimeter, while manual flight mode was employed inside the 
sinkhole to ensure precise navigation in a confined and irregular 
environment where automated flight paths could not guarantee 
adequate coverage or safety. No ground control points (GCPs) 
were employed in this survey, as the integrated RTK system 
provided sufficient positional accuracy, eliminating the need 
for external georeferencing. The absence of GCPs may limit 
independent validation of absolute accuracy and could introduce 
minor discrepancies in areas with poor GNSS signal or complex 
terrain. Nevertheless, this approach significantly enhanced 
operational efficiency by reducing fieldwork time and simplifying 
the overall workflow of the first data acquisition.

On March 26th, 2024, a second data acquisition was 
performed, this time with Lidar support. It was used a DJI Matrice 
300 RTK drone equipped with an L1 LiDAR sensor, which 
incorporates a Livox sensor, a high-precision IMU, and a one-inch 
20MP CMOS visual camera with mechanical shutter, allowing 
the point cloud and RGB images to be acquired simultaneously 
for photogrammetric reconstruction. To achieve high accuracy 
in georeferencing the acquired data, in addition to the GNSS 
system integrated into the drone and connected to the differential 
correction network “Antonio Marussi” of the Friuli Venezia Giulia 
Region, 5 ground control points made of plastic panel were 
used. The geographical coordinates of each control point were 
acquired using a GNSS receiver Stonex S990a in NRTK mode 
connected to the “Antonio Marussi” network and used for the 
reconstruction of the photogrammetric and points cloud models. 
The survey was carried out using two different flight modes: (1) 
photogrammetric and LiDAR surveys of the area around the 
sinkhole using waypoints mode, and (2) photogrammetric and 
LiDAR surveys inside the sinkhole using manual mode. The 
obtained data were then processed by DJI Terra for the points 
cloud and Agisoft Metashape for the photogrammetric model.

Geophysical survey included electrical resistivity tomography 
(ERT) and seismic refraction (RF) conducted in the area 
surrounding the sinkhole to investigate the causes of its formation 
and determine the morphology of the bedrock. The surveys 
followed an East-West oriented profile. The ERT profile (188 m 
in length) was recorded using a Syscal Pro georesistivimeter 
connected with 48 metal electrodes spaced 4 meters with a 
mixed Wenner-Schlumberger electrodes configuration. Both 

Ac
ce

pt
ed

 m
an

us
cr

ip
t



3

SINKHOLE: HOW TO DETECT AND MONITOR

Fig. 1 - A) Geolithological map of Quinis, Esemon di Sotto and Esemon di Sopra hamlets. Lithostratigraphic units: B- recent alluvial 
deposits; QQCb - fluvial gravel and sand; QQBc - glacial deposits (diamicton); QQAb - fluvial conglomerates. All these units are 
Pleistocene-Holocene in age. RBA3 - marls and dolostones Member; RBA2 - gypsum and grey dolostones Member; RBA1 - red shales 
Member. RBA1, RBA2 and RBA3 are members of the Raibl Formation, Triassic in age. Red points represent subsidence sinkholes, 
yellow point indicates the sinkhole occurred on 21st April 2022 (marked with S); the black point corresponds to the borehole location 
(marked with B); red lines  are structural features (dotted when buried); B) Cover collapse sinkhole occurred in Quinis hamlet in 1964 
(Gortani, 1965) having a diameter of 45m and depth of 15m; C) Cover collapse sinkhole occurred in Esemon di Sopra hamlet on 21st 
April, 2022. The diameter was 18 m and the depth 15 m.
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apparent and real resistivity data obtained using Res2DINV and 

ERTLab software were analysed. The RF profile was realised 

along a portion of the ERT profile, with 24 vertical geophones 

(fn=14 Hz) 4 m-spaced using a Geode Geometrics seismometer. 

A 5 kg sledgehammer shooting on a metal plate was used as 

a source of energy. For each energizing position (shot point) a 

vertical stack of 4 was made. A total of 28 shots were taken in 7 

positions along the profile and at -10/+10 m from the first and last 

geophones, respectively. The total length of the profile was of 92 

m. For the traveltime inversion, the software Plotrefa (OYO) was 

used to obtain the P-waves seismic velocity.

RESULTS AND DISCUSSION

The field surveys and drone flights realised on the site where 
the sinkhole occurred in 2022, enabled a detailed morphometric 
characterization and 3D reconstruction of the morpho-structure. 
The acquisition realised on 29th April 2022 using a DJI Phantom 
drone aimed to determine the 3D shape of the sinkhole, 
characterize the involved material, and compute the total volume.

The survey revealed a clear cylindrical shape (Fig. 2A) with 
impressive vertical slopes. The geometrical figure at the surface 
was sub-circular with an approximate diameter of 18 m. Thanks to 
the acquired internal images it has been possible to distinguish, 

Fig. 2 - Comparison between the data acquisition by drone realised on 2022 and on 2024. Sinkhole aerial view with contour lines, acquisition of 2022 
(A) and of 2024 (B), ellipsoidal heights; sinkhole 3D model reconstruction based on 2022 data (C) and 2024 data (D). 1 and 2 identify the oblique side 
conduits oriented according to the black lines drawn in (A) and (B).
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in the shallower meters from the surface and on the cavity walls, 
an alternation of coarse granular and cohesive layers (Fig.  3), 
typical of alluvial deposits as the ones of the Degano Torrent 
are. This alternation continues all the way down to the visible 
bottom reached at -15 m from the ground surface. At the bottom, 
different zones were identified. Two of them, in the NW and SE 
sectors (light green in Fig.  2A) are characterised by collapsed 
material forming debris cones. The other two, located at the 
opposite corners, correspond to visible ceilings. The drone survey 
allowed to define the presence of two void extensions interpreted 
as conduits. This information revealed that, prior to the collapse, 
a void existed that was wider than the diameter of the collapsed 
cylinder. The underlying conduits are oriented SW-NE (Fig.  2, 
number 1) and WSW-ENE (Fig.  2, number 2) respectively. The 
calculated volume of the sinkhole in April 2022 was 1989 m3.

The second drone survey realised with a DJI Matrice 300 RTK 
drone equipped with an L1 LiDAR sensor had as goal to study 
the evolution of the slopes, to delineate the new perimeter, and 
to estimate the volume of the sinkhole. In almost two years, the 
initial shape was only slightly modified and the slopes just started 
to evolve in the direction of the two conduits decreasing their 
steepness. The collapsed material deposited into the sinkhole 
decreased the initial volume of the void to 1296,45 m3. The 
comparison of the two surface areas highlights an enlargement 
of 130% i.e. from 200 m2 to 461 m2.

Approximately 70 m away from the formed sinkhole, in 2022, 
a borehole (black point in Fig. 1) was drilled in order to identify 
the type of bedrock present in the area. From the core analyses 
(Fig. 3, simplified stratigraphic column), emerge a stratigraphy in 
which the first 13 meters consisted of loose deposits (alternating 
gravelly and clayey layers), followed by conglomerates (from 13 
to 33 meters), loose deposits (from 33 to 39 meters), and more 
compact and fractured conglomerates with voids, locally up to 1 
meter (from to 39 to 53 meters, end of the borehole). Even if the 
evaporitic bedrock crops out along the road connecting Esemon 
di Sopra with Esemon di Sotto, approximately 200 meters SW of 
the sinkhole, the evaporites were not detected by the borehole.

In order to understand the presence and geometrical 
trend of the bedrock, geophysical surveys integrating ERT 
and RF techniques have been performed. The ERT profile 
shows meaningful lateral variations. In the sinkhole area in the 
shallowest portion (down to about 5 m) there are present low 
resistive materials (values below 200 Ωm), while further East the 
values are above 500 Ωm. The approximate limit between the two 
zones is indicated by the black vertical dashed segment in Figure 
4. This variation is probably linked both to finer materials in the 
sinkhole area and to the presence of water. Below, there is a lateral 
transition between materials with resistivity close to 1000 Ωm to 
the West, while to the East (i.e., in the riverbed area) resistivity 
decreases to approximately 200 Ωm, probably linked to the 
presence of water (Degano river-bed). These two levels are also 
present in the RF profile with a clear velocity increase between 
values of 400-500 m/s and more than 1000-1500 m/s at a depth 
of about 5 m. However, the ERT and RF data show a different 
behaviour. While the resistivity data show large lateral variations, 
in addition to the previously described vertical ones, the same 

is not true of the P-wave seismic velocities. This difference is 
not related to measurement or data processing/inversion errors, 
but is probably due to different saturation conditions at different 
locations within the investigated area. Based on the available 
data, and within the resolution limits of the methods employed, 
no cavities seem to be present in correspondence of the acquired 
profiles.

On the basis of the data exposed and the geological and 
geomorphological surveys carried out in the surrounding areas, 
there are elements of interest that can be directly or indirectly 
correlated with the sinkhole and that deserve further study and 
investigation.

In fact, several other elements of interest have been 
identified in the sinkhole area: the deformation of a retaining 
stone wall located about 100 m southwest of the sinkhole, 
suggesting past or ongoing ground movements; a depression 
approximately 80 m north of the sinkhole, currently artificially 
filled with water (northern minus red symbol in Fig. 4A), whose 
origin (natural or anthropogenic) is still unclear; and a generally 
lower morphological profile of the sinkhole area compared to 
the surrounding terrain (southern minus red symbol in Fig. 4A). 
Furthermore, the presence of an east-west-oriented methane 
pipeline located less than 50 metres north of the sinkhole 
represents a potential critical issue.

CONCLUSIONS

An exceptionally rapid development was observed in the 
present case study, where a cover-collapse sinkhole occurred on 
21st April 2022. Although sinkholes are widespread and numerous 
in the Friuli Venezia Giulia Region (the number of items inventoried 
is currently 1,786, March 2026, https://sgi.isprambiente.it/
sinkholeweb/database.html ), it is necessary to go back to the early 
1960s to identify an event comparable to the one here analysed. 
In fact, such phenomena are fortunately rare; however, they may 
occur under specific hydrogeological conditions, such as prolonged 
drought periods, which affected the Friuli Venezia Giulia region 
during late 2021 and the first months of 2022. Variations in water 
availability (Youssef et al., 2020; Watson et al. 2019), including 
both excess and scarcity, may in fact alter the hydrogeological 
equilibrium, thereby triggering abrupt collapses.

In such fragile settings, detailed subsurface investigations 
based on the integration of remote sensing, geophysical surveys 
and direct data lead to an improved understanding of the geological 
framework. In the present case, however, the borehole drilled did 
not intercept the evaporitic bedrock and therefore did not allow a 
definitive clarification of the lithological control governing sinkhole 
development. Within this geological context, the presence of 
supposed fault systems further contributes to the geotechnical 
weakness of the bedrock, creating favourable conditions for 
sinkhole occurrence. From the analysis of the sinkhole’s slopes, 
it emerged that the presence of a small stream, apparently 
insignificant, played an important role in certain phases of loose 
material deposition, identifiable in the shallower meters of the 
stratigraphy (Fig. 3B).
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A thorough understanding of subsurface conditions and 
geological constraints is therefore essential not only to interpret the 
evolution of the phenomenon in the context of land-use planning, 
but also, in the short term, to define appropriate site stabilization 

and safety measures. In this framework, repeated UAV surveys 
represent an effective low-cost tool for monitoring the temporal 
evolution of the sinkhole, assessing ongoing ground deformation 
processes and define the relative set-back distances.

Fig. 3 - A) Panoramic view of the formed sinkhole with the ceiling over the conduit named as 1 in Figure 2; B) Detail of the steep slope with alternations 
of prevailing granular or/and cohesive layers: 1) cross-bedded gravels with foreset beds dipping to the left suggesting a sediment transport direction 
from SW to NE; 2) planar bedded gravels with imbricated clasts that suggests a flow direction from SW to NE. On the right side of the figure, a simplified 
stratigraphic column related to the drilled borehole. 0-0.3m soil; 0.3-13 loose alluvial deposit; 13-33m conglomerates; 33-39 m loose alluvial deposit; 
39-44.5 m conglomerates; 44.5-46 m void; 46-47.5 alternation of conglomerates and voids; 47.5-53 conglomerates.
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Fig. 4 - A) Location of the geophysical survey. The orange line represents the ERT profile and the white dashed line represents the RF profile. The black 
and red circles indicate the position of the sinkhole and the borehole, respectively. The red segments represent two depressed areas; B) ERT profile; C) RF 
profile. The white dotted line marks a clear variation in seismic velocity and it has also been reported on the ERT profile for comparison. The same applies 
to the black dotted line. The vertical dashed segment indicates a clear lateral discontinuity of resistivity, and it has been reported on the RF profile, where 
a deepening towards the West of the deepest seismic discontinuity is apparent.
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ELECTRONIC SUPPLEMENTARY MATERIAL
This article contains electronic supplementary material, which is available to 
authorised users. The material consists in a video of the 3D sinkhole model 
realised by Fernetti M.
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