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ARTICLE INFO ABSTRACT
Keywords: Creating quantitative tools to assess scenarios of impacts of geological processes (such as land-
Geo-hazards slides, subsidence, volcanic eruptions, earthquakes), often chained in a “domino-like” effect, is an
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ambitious goal for quantifying risk and, consequently, supporting effective mitigation and resil-
ience planning.

The RETURN Project, funded by the Italian National Recovery and Resilience Plan (PNRR),
integrated multidisciplinary expertise to generate such scenarios and demonstrate their feasibility
through a Virtual Test Bed (VIB). The need to create this virtual demonstration environment
arises from the complexity of the cause-effect relationship in natural processes while enabling the
evaluation of influencing factors and parameters through scalable and territorially transposable
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approaches. To this end, RETURNLAND was designed as a digital space composed a complex
mosaic of territorial elements extracted from the Italian surface and broadly representative of
physiographic units and the geological processes active within them. RETURNLAND was used to
activate tool chains capable of producing irreversible effects on the ground surface and in the
submarine environment (within the near shore), which can be addressed, through impact chains,
to damage infrastructure, urban areas, and communities. Among these chains, landslide-induced
tsunami and consequent coastal flooding, ash-fall and ignimbrite flow propagation, subsidence
and sinkholes related to sea level rising are here presented. RETURNLAND, with its virtual space,
represents part of a larger Proof of Concept of the RETURN project which, among others, includes,
with the same meaning as VTB, urban realities (defined as RETURNVILLEs) and human
communities.

1. Introduction

Within the framework of the Italian National Recovery and Resilience Plan, funded by the European Community for the 2023-2026
period, the RETURN project (Multi-Risk sciEnce for resilienT commUnities undeR a changiNg climate) [1] focuses, among other
objectives, on natural hazards related to ground instabilities [2,3], such as landslides, sinkholes, widespread subsidence,
earthquake-induced phenomena (e.g. liquefaction) and volcanic activity (e.g., tephra fallout and pyroclastic density current) [4].

In particular, the project has provided the means to systematize, starting from a substantial number of case studies available in
national and international literature, analytical tools for assessing the effects caused by these processes, with the aim of producing
multi-hazard scenarios. These scenarios, in turn, form the basis for quantifying impact damages and consequently serve as a foundation
for developing resilience strategies for communities across the national territory.

The Italian geological and geomorphological context give rise to a variety of environments where geological hazards can manifest,
depending on macro-causative factors, which in the RETURN project have been categorized into three main groups: predisposing,
preparatory, and triggering factors.

Predisposing factors include all geo-structural conditions inherited from the landscape during its morpho-evolution over the last
hundreds of thousands of years, as well as the structural setup inheredited from geodynamic processes such as volcanic systems and
orogenic structures, with specific reference to Italian territory. These factors are considered invariant over time at the scale of the
evolution of natural processes which have been accounted for.

Preparatory factors include a set of time-dependent and recurrent processes, such as thermal variations from daily to seasonal
cycles, fluctuations in groundwater levels related to annual hydrological cycles, as well as phenomena causing irreversible changes in
the physical properties and mechanical behavior of geomaterials, such as chemical-physical alteration due to weathering. Preparatory
factors are linked to complex actions driven by climate variations over medium and long periods. Therefore, scenarios modeled over
different time frames can show variable spatial distributions, as meteo-climatic conditions may change over time. Preparatory factors
can gradually destabilize natural systems, leading them toward a lower state of equilibrium—for example, rock masses exposed to
chemical-physical weathering or thermal stresses.

Finally, triggering factors are episodic and transient events, mostly impulsive, which drive to the final manifestation of instabilities
acting on a landscape, already predisposed and prepared over time; examples include seismic activity or intense rainfall causing
landslide mass detachments.

The RETURN project has opted to develop chains of analytical tools that, linked in a logical-functional sequence, reproduce the
effectiveness of the factors associated with the above-mentioned three macro-categories. These tools will reinstitute maps reporting the
spatial distribution of ground instabilities effects allowing to differentiate them in time windows. This last solution allows taking into
account climate change effects over time.

To implement these tool chains and demonstrate their effectiveness and efficiency across the diverse geological and geomor-
phological contexts of Italy, RETURN has chosen to create a Virtual Test Bed (VTB) [5-7]. The goal is to develop a generalizable proof
of concept for the entire country that also maximizes the impact of preparatory and triggering forces, potentially acting from local to
regional scales.

The approach involved mosaicking portions of Italy's territory to classify contexts and possible ground instability effects, in order to
build a single digital elevation model that, as a whole, would resemble a realistic but non-actual environment, suitable for applying
analytical tools to generate scenarios affected by ground instability, earthquakes, and volcanic activity.

This VTB, called RETURNLAND, is currently the first example of a virtual territory created by mosaicking real territorial portions
from a single nation. As such, it can serve as a virtual laboratory to improve these tools for designing urban systems and infrastructures
interconnected to withstand the impacts of such effects.

RETURNLAND can therefore be seen as a potential service pack for enhancing territorial analysis tools and, at the same time, it
functions as a demonstrator of the efficiency of territorial analysis processes. It will also host virtualizations of urban digital ecosystems
(hereinafter referred to as RETURNVILLEs) whose function is to become targets for the chains of effects related to geohazards that are
discussed here and that are directly represented on the environmental digital ecosystem represented by RETURNLAND.

The further potential of RETURNLAND lies in its ability to be interconnected with real test beds (such as field laboratories) that,
based on monitoring systems and detection of natural processes at real-world scales, can train more sophisticated analysis tools, such
as those based on machine learning algorithms [8-11].
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Fig. 1. The sectors highlighted with orange boxes correspond to the key areas selected for the construction of RETURNLAND. The numbers identify
the different areas: 1 — portion of Po Plain, 2 — portion of central Italy, 3 — Roccamonfina, 4 — Tavoliere di Puglia and Manfredonia Gulf, 5 — portion
of Metaponto plain, 6 — portion of Calabro-Tyrrhenian margin, 7 - portion of Calabro-lonian margin, 8 — Palermo gulf. Coordinates EPSG: 4326. Base
map: Google Satellite.

These algorithms, in turn, can be trained using a hybrid approach, leveraging data from instrumental recordings and outputs from
numerical simulation models. From the first, the system learns with greater awareness of what has already occurred, an “eye on the
past”; while from the second, it can learn with a “look to the future,” allowing it to consider possible events that are not recorded but
are theoretically plausible based on physical and scientific principles.

From this perspective, RETURNLAND, equipped with machine learning capabilities, can effectively become a proof of concept for a
digital twin of the territory [5,12]. The capability of this digital twin lies in its ability to project future scenarios of expected effects,
thus embodying the predictive capacity of analysis tools and transforming back-analysis instruments into tools that are functional for
defining and designing strategies for risk mitigation and resilience enhancement.

The potential of a virtual tool, such as the RETURNLAND digital ecosystem, with respect to sensitivity analyses of parameters and
their values, lies in the possibility of avoiding considering hazard-related scenarios but of being able to design parameter-dependent
scenarios (possibly worst-case scenarios) without having to attribute probabilistic significance to their occurrence.

The ambition of RETURNLAND, therefore, is to be a proof of concept endowed with artificial intelligence [13,14] that makes it a
digital twin capable of forecasting effects in future scenarios, specifically aimed at capturing the impact of climate change and
quantifying the potential worsening of effects related to hazardous natural phenomena previously mentioned.

In this paper, Section 2 overviews the study area design and its geomorphological background in order to show the chosen
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territorial contexts. Sections 3 and 4 summarize the methods and results in demonstrating the efficiency of using RETURNLAND in
coastal and volcanic frameworks. Sections 5 and 6 provide discussions and conclusions on the main results and future developments.

2. Study area design and geomorphological background

Italy exhibits an exceptional variety of landforms. Within a relatively small area (approximately 302,000 km?), well-developed
features shaped by glaciers, fluvial, coastal, aeolian, weathering, and gravitational processes coexist with landforms resulting from
tectonic activity and volcanism. This geomorphological diversity is set within a geologically young and seismically active territory,
characterized by heterogeneous lithology and a wide range of climatic conditions.

Mountainous and hilly regions dominate over lowland areas, largely due to the presence of the Alps and the Apennines, which
extend continuously across the country and exert a strong physiographic influence owing to their elevation and spatial extent [15,16].
The Alps shield the Po Plain from cold Central European air masses, while the Apennines affect the movement of humid maritime air,
particularly along the Tyrrhenian coast [17]. Both mountain systems also play a key role in determining the hydrographic system, with
Alpine rivers typically being longer and having greater discharge.

Po Plain in the North constitutes the largest and most significant plain in the country. The geomorphological evolution of the plain
is strongly related to the fluvial pattern migration, which is controlled by climate variations, sea level changes, and tectonics and also
by man-made interventions involving land reclamation and artificial embankment construction [18]. Minor plains are also found in
central and southern Italy, though they cover a much smaller portion of the national territory.

Due to its dynamic geotectonic evolution, the Italian Peninsula hosts a range of volcanic systems, both extinct and active. Etna and
Stromboli remain persistently active, associated with the basaltic volcanism of the southern Tyrrhenian Sea. Other volcanoes, such as
Campi Flegrei, Ischia, and Vesuvius, are currently quiescent but still active, forming part of the highly explosive Campanian volcanic
province. Several large volcanic complexes, such as Monte Amiata, the Latium volcanic districts, the Pontine Islands, Monte Vulture
and Roccamonfina, are now extinct. The morphology of these areas still bears clear evidence of their volcanic origin, although the
original landforms have been modified to varying degrees by exogenous processes. The extent of these modifications largely depends
on the time elapsed since the cessation of volcanic activity, and the volcanic features are often further obscured by dense vegetation
cover [19].

The coasts of Italy stretch for about 7500 km, including the islands, and constitute the majority of the country's boundaries. The
surface area of the Italian seas is comparable to, and slightly larger than, that of the land masses (approximately 350.000 km?). In most
of the Italian continental margins, below the shelf edge (around 150 m depth), the seabed slope angle increases, possibly leading to
widespread submarine instability processes. Except for this common configuration, the Italian seas exhibit very different morpho-
logical characteristics. The Adriatic Sea is shallow, with a wide and mostly flat continental shelf. In contrast, the Tyrrhenian Sea has
narrow continental shelves, steep slopes carved by submarine canyons and deep basin plains with underwater ridges and active
volcanoes (i.e. Marsili). The Ionian Sea reaches high water depths and has a complex morphology with tectonically active margins,
often associated with high seismicity [20,21].

For the development of RETURNLAND, focused on simulating ground instability and volcanic scenarios, a set of representative
territorial contexts was selected. This selection also incorporates a series of case studies, referred to as Learning Examples (LEs),
including advanced analyses on the characterization of predisposing factors and on the spatial and temporal quantification of sus-
ceptibility. These areas represent the country's geomorphological, geological, and meteorological diversity (Fig. 1). The geographically
distributed selection ensures a robust framework for applying simulation tools under varied environmental conditions and different
processes.

Po Plain (box 1, Fig. 1) is a deep sedimentary basin embedded between two main Italian mountain ridges, the Alps to the North and
the Apennines to the South. The geomorphological evolution of the plain is strongly related to the fluvial pattern migration, which is
controlled by climate variations, sea level changes, tectonics, and also in the past, by man-made actions involving land reclamation and
artificial embankment construction [18].

The central Italy area (box 2, Fig. 1) includes a significant portion of the western sector of the central Apennines and is charac-
terized by outcropping pelagic units and carbonates of the Meso-Cenozoic platform, and flysch sediments of the Miocene Apennine
foredeep [22,23]. The area develops around the Rieti intermontane basin: a Plio-Pleistocene extensional depression aligned along the
axis of the Apennines chain with a subrectangular geometry shaped by the action of NS and EW normal faults [24-27] and filled by a
fluvio-lacustrine sequence 0.5-2 km thick [28]. Rieti Plain is crossed by the northward flowing Velino River and by the Farfa River, a
left tributary of the Tiber River.

The Roccamonfina Volcanic Complex (RVC) (box 3, Fig. 1) is located north of Mount Massico, within the Garigliano depression, in
the northwestern sector of the Campania Region [29]. It is characterized by two stages of volcanic activity that are separated by
volcano-tectonic caldera collapses. After the major sector collapse of the volcano, occurred at ca. 400 ka, shoshonitic rocks erupted
from cinder cones and domes both within the caldera and on the external flanks of the pre-caldera Roccamonfina volcano [30].

The Tavoliere di Puglia (box 4, Fig. 1) is an extensive alluvial plain primarily composed of Pleistocene-Holocene alluvial and
marine deposits. These deposits are widespread across the Apulia region and result from the interplay between eustatic sea-level
fluctuations and regional uplift during the Middle to Late Pleistocene [31]. The Manfredonia Gulf represents the offshore continua-
tion of the Tavoliere Plain and features a gently eastward-sloping seabed. This surface is interrupted by incised valleys formed during
the last glacial period [32].

The area between the Cavone River (southwest) and the Bradano River (northeast) (box 5, Fig. 1), extending from the Ionian Sea in
the south to the Lucanian Apennines in the northwest, was chosen due to the significant archaeological heritage found in the territory
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Fig. 2. a) Mosaic work of the selected DEMs. On the left, the rigid and not-rigid transformations used, on the right, view of the final patchwork. b)
Example of the application of spatial interpolation techniques used for the terrestrial portion. ¢) Workflow applied to the “western” marine area,
from left to the right: distribution of the DEMs; isobaths distribution, in black the isobaths generated automatically from the DEMS, in blue the
isobaths plotted manually; the final DEM converted from the TIN. d) Final RETURNLAND; 1) 2D view; 2) 3D view from N; 3) 3D view from W.
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of Metaponto. The site faces various natural hazards, including floods [33,34] and shoreline changes [35], that have endangered its
cultural assets. Based on geological surveys and morpho-evolutionary analyses, the study area can be subdivided into three distinct
zones, each with unique geological and geomorphological characteristics: (1) interfluvial marine terrace sequences, (2) alluvial plains
of the major rivers, and (3) the coastal plain along the current shoreline [36].

The Calabro-Tyrrhenian continental margin (box 6, Fig. 1) has been shaped, since Miocene, by the activity of extensional faults [37]
and is still characterized by a tectonic activity manifested through high uplift rates [38] and large and frequent earthquakes. This
dynamic geological context resulted into morphologically articulate offshore areas characterized by narrow continental shelves incised
by submarine canyons (i.e. Gioia-Mesima canyon system) close to the coast and steep continental slopes also characterized by the
presence of structural ridges (i.e., Capo Vaticano ridge) [39].

The active Ionian margin (box 7, Fig. 1) is a tectonically active region that offers remarkable examples of submarine landslides,
both on the open slope and at canyon headwalls [21,40]. This dynamic seabed is being investigated within the framework of Italian
research projects MaGlc (Marine Geohazards along the Italian Coasts) [41]. Integrated seabed mapping revealed that the Ionian
margin is extensively affected by numerous slide scars, indicating repeated slope failures [42]. Furthermore, several of the identified
canyons appear to be connected to the onshore drainage systems [40], such as the Fiumara Corace, providing insights into the impact
of climate-driven flash floods on canyon headwall retreat dynamics.

The Multibeam data acquired in the Palermo offshore (box 8, Fig. 1) produced a high-resolution DTM that enabled an accurate
morpho-structural study of this marine sector [43,44]. In particular, along the continental slope, numerous morphological structures
(hundreds of meters in diameter) known as submarine Pockmark have been observed. These structures are associated with fluid escape
processes (water or gas) from the seafloor. Such fluid emissions are responsible for altering the geotechnical properties (cohesion,
compaction, etc.) of the sediment layers they pass through, leading to the formation of incoherent sediments in correspondence with
the pockmarks.

These destabilizing processes affecting the sedimentary equilibrium of the system and is responsible of the presence of several
submarine landslides associated with them, showing clear retrogressive movement toward the coastal zone potentially capable of
generating tsunamis.

3. Methods for RETURNLAND construction

RETURNLAND is based on a large-scale, realistic (albeit synthetic) environment. It consists of two interrelated levels exposed to the
same scenarios, named RETURNVILLE and RETURNLAND. The first level consists of two virtual urban environments that incorporate
features representative of Italian urban settings, one located along the coast named RV1, the other located in the mount-hilly area and
named RV2 [45]. In their design, critical systems such as drainage infrastructure, electricity, road networks, and others have been
considered. The RETURNVILLE level is integrated within RETURNLAND, which functions as an "environmental container" and offers a
unified territorial setting reflecting both subaerial and submarine geomorphological conditions typical of the Italian territory.

RETURNLAND is a Digital Elevation Model (DEM) created by merging multiple DEMs coming from various sources and charac-
terized by different coordinate systems.

DEMs of these areas were sourced from various regional and national databases. For central Italy and the volcanic area, DEMs were
downloaded from the TINITALY website [46], available for the whole national territory at a resolution of 10 m-cell size grid (in
GeoTIFF format), in the UTM WGS 84 zone 32 projection system [47-49]. A higher-resolution DEM could not be used in this area, as it
was not available for at least one of the regions involved. The DEMs for the Po Plain (Emilia-Romagna, 5m resolution), part of the
Puglia region (8m resolution), and the area along the Bradano River (Basilicata, 5m resolution) were obtained from the respective
regional geoportals [50-52].

Bathymetric data tend to have lower resolutions compared to subaerial DTMs due to limitations related to water depth and signal
penetration. Moreover, one of the main limitations of bathymetric data is the inability to acquire them too close to the coast. In fact,
shallow waters hinder the navigation of survey equipment and produce sound reverberation processes that compromise signal quality.

Multibeam echosounder data from the portions of the Calabro-Tyrrhenian and Ionian margin and the Palermo gulf were acquired
within the framework of the MaGIC project [41]. The Calabro-Tyrrhenian DEM includes a northern portion, comprising the Capo
Vaticano ridge, and a southern one, encompassing the Gioia-Mesima canyon system. The northern portion has a resolution of 25 m
while the southern one is about 15 m. DEM of the Calabro-lonian margin, and the Palermo gulf has 15 m of resolution as well. Finally,
for the Manfredonina Gulf area, the DEM was downloaded from the European Marine Observation and Data Network (EMODnet) [53],
available at a resolution of 115 m.

The first step in the creation of RETURNLAND was to convert them to a single coordinate system. The WGS 84/UTM zone 33N
(EPSG:32633) was chosen, being one of the most used and representative in the Italian territory. In a successive phase, the different
DEMs were juxtaposed through rigid transformations, such as translations and rotations, using Global Mapper software [54]. The
disposition of DEMs aimed to minimize discrepancies in the elevations to make the successive steps easier and give the final model a
more homogeneous appearance (Fig. 2a). The DEMs are arranged in a “coast-to-coast” setting, typical of the geography of the Italian
peninsula. From west to east the followings DEMs are included:

a) Assi submarine landslide, Gioia Tauro and Gulf of Palermo. They are arranged to form a narrow “western” continental shelf with
submarine canyons close to the coastline (with a sector of the escarpment area characterized by pockmarks) and sectors of open
slope;
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Fig. 3. a) Topographic profiles (A-A’ and B-B) traced along the main and transversal direction of RETURNLAND; b) hypsometric curve.

b) The Emilia plain, Roccamonfina, Mountain-hill environment (Lazio), Fiumara Corace (Calabria), Apulia region, Metaponto plain
(Basilicata). They are arranged to form a central terrestrial area with the highest portions in the central sections;
c) The Gulf of Manfredonia is used to form a wide “eastern” continental shelf with submarine canyons far from the coastline.

For the central terrestrial portion of RETURNLAND, further transformations consist of: 1) homogeneous increasing of the Roc-
camonfina DEM elevation by adding a height value to the original DEM elevation; 2) halving the elevations of the Fiumara Corace DEM
using a vertical scale factor.

Following the creation of the mosaic, a sequence of geoprocessing operations was performed to address inconsistencies and fill
missing data at the boundaries between adjacent DEMs.

ArcGIS Pro (Esri) [55] has been used to ensure spatial consistency and analytical reliability.

The resulting mosaicked surface was then resampled to a uniform spatial resolution of 10 m, a value chosen to balance data
precision with computational efficiency. This resampling ensured that RETURNLAND represented a homogeneous topographic
environment, suitable both for the current analysis and for serving as a coherent base layer in subsequent testing of related tools.

Specifically, all elevation values were converted into a feature layer of 92 million points, thus enabling the application of spatial
interpolation techniques (e.g., Inverse Distance Weighting and Spline interpolation) to produce a continuous surface without gaps or
voids (Fig. 2b).

Further refinement steps were carried out to remove local elevation anomalies and ensure surface smoothness. A combination of
raster smoothing filters and Raster Calculator operations was employed to replace or correct specific outlier values on a zonal basis.
However, the automatic tools were not always sufficient; therefore, manual editing was performed on small clusters of anomalous cells
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Table 1

- Comparison between Italy [58] and RETURNLAND in terms of absolute area (km?) and percentage distribution of the main altimetric zones
(mountain, hill, plain) and the continental shelf. The final column shows the ratio between the continental shelf and land. Abbreviations: Mt =
Mountain, CS = Continental Shelf.

Absolute value (km2) Percentage (%)

Land Sea Mt Hill Plain CS Mt Hill Plain CS to land
Italy (ISTAT, 2020) 302073 350000 106276 125790 70007 88617 35 43 23 29
RETURNLAND 9309 7654 1656 4693 2960 5003 18 50 32 54

Fig. 4. a) Representation of RETURNLAND topographic areas (mountain, hill, plain, continental shelf, slope), areal extension compared to
RETURNLAND total surface are reported in the pie chart; b) Slope map; ¢) Drainage basins dividing the RETURNLAND. 1) Detail of the hydrographic
network around the RV1; 2) Detail of the hydrographic network around the RV2.

to harmonize them with the surrounding terrain values.

For the “western” marine portion of RETUNLAND, where differences in depth between the original DEMs were significant and the
gaps between them wider, a different workflow was followed. In the areas where DEMs were available, isobaths were generated
automatically every 20 m, while in areas where DEMs were not available the contour lines were plotted manually to ensure smoother
and more realistic transitions and a better dataset continuity (Fig. 2c).

The next step was the creation of a TIN (Triangulated Irregular Network)—a vector-based model of a surface that represents the
terrain through a set of irregularly distributed points (called nodes), each defined by x, y, and z coordinates. These points are connected
by edges to form a network of contiguous, non-overlapping triangular facets. Together, the triangles approximate the shape of the
terrain. The TIN was then converted into a DEM.

As in the case of the terrestrial part several “repair” operations were carried out on the bathymetric surface, employing both
gradient-based elevation replacement tools and, where necessary, manual correction tools to ensure consistency and continuity of the



LS. Liso et al. International Journal of Disaster Risk Reduction 138 (2026) 106110

bathymetric model.
Finally, the resulting terrestrial and marine DEMs were merged using spatial interpolation techniques to produce a continuous
surface. The final DEM has a cell size of 15 m and is fully available for download [56] within the Zenodo community of the project [57].
RETURNLAND spans approximately 300 km in length and 70 km in width, with elevations ranging from +2214 m to —1374 m
relative to sea level (Fig. 2d).

4. Morphometric overview

To evaluate the efficiency and compare the features of RETURNLAND with the real Italian territory, some territorial analyses were
conducted. First of all, two topographic profiles traced along the main and the transversal directions (Fig. 3a) allowed us to highlight
the change in morphologies from sea to land, passing for the volcano, the inland plain and the main mountain belt. Moreover, the
RETURNLAND hypsometry (i.e., measurement and representation of the distribution of land altitudes across the area elevation relative
to sea level; Fig. 3b), shows how the land surface percentage varies from mountainous zones to coastal line. In particular,
RETURNLAND presents a concave-shape curve, suggesting an eroded landscape, with a high percentage of territory that lies in lower
altitudes, typically recognizable in hills and flood plains. Morphology distribution aligned with the aim of RETURNLAND to represent a
typical Apennine section characterized by several coastal plains, hilly landforms and mountain peaks which rarely pass an altitude of
2000 m a.s.l.

To evaluate the representativeness of the simulated territory in relation to the Italian topographic distribution, we quantified the
areal extent of mountain, hill, and plain zones, following the definitions provided in Ref. [58]. According to this classification, alti-
metric zones are distinguished into mountains, encompassing elevations above 600-700 m, hills with lower reliefs, and plain areas
characterized by flat terrain not exceeding 300 m in altitude. The extent of the Italian continental shelves was also evaluated in
comparison with that represented in the RETURNLAND, considering as continental shelf the submerged portion of the continental
margin down to a depth of 150 m.

The comparison highlights some differences in the altimetric distribution between Italy and the RETURNLAND. In the latter, the
hilly areas are predominant (50%), while mountainous and plain areas account for about 18% and 32%, respectively (Fig. 3b-Table 1).
This indicates that the virtual model well reproduces all the altimetric zones present in the real Italian landscape, respecting the
proportion between hills and plains but with a reduced representation of mountainous terrains (Table 1). The lower percentage of
mountainous areas in RETURNLAND can be attributed to the fact that the model is conceived as a representation of the Italian
peninsular territory, where the mountain component is primarily associated with the Apennine chain. Consequently, the omission of
the representation of the Alpine domain, which is accounted for in the national statistics provided by ISTAT, leads to a proportionally
lower mountain fraction in the RETURNLAND altimetric distribution.

The data also show that the ratio between the continental shelf and land is higher in RETURNLAND than in the real Italian territory.
While in Italy the extent of the continental shelf corresponds to roughly 29% of the emerged areas, in the RETURNLAND this pro-
portion rises to more than 50% (Table 1). This disproportion, however, is intentional and functional to the objectives of the virtual
model, in which the analysis of marine gravitational instabilities is considered significant as the terrestrial one. Consequently,
RETURNLAND was designed to ensure a greater representativeness of submarine domains, allowing for a balanced investigation of
both continental and marine slope dynamics (Fig. 4a).

The slope map, divided into six slope classes, shows that the steepest gradients (20°~30°) correspond to mountainous areas, while
hilly zones generally coincide with areas of 10°-20° slope, and slopes <10° are found in the plains (Fig. 4b). Regarding the marine
areas, the continental shelf is characterized by slopes between 0° and 1°, reaching a maximum of 5° in the western part. In the eastern
sector, slopes are generally gentler (up to 20°) compared to the western part, where gradients reach up to 30° along canyon flanks.

The RETURNLAND has a complex hydrographic system characterized by drainage basins ranging from a few km? to thousands of
km? (Fig. 4c). In particular, 52 drainage basins have an area greater than 10 ka, of which 10 are between 100 km? and 1000 km? and
3 are greater than 1000 km?. The largest basin has an area equal to 1884 km?. Between the rivers of RETURNLAND, 23 rivers are longer
than 20 km, of which 16 are shorter than 50 km, while of the 7 rivers longer than 50 km, only 2 exceed 100 km in length. The longest is
106 km. The rivers reflect the distribution of relief. In the eastern and western parts of RETURNLAND, they tend to flow in a SW-NE
direction, away from the mountainous-hilly system that dominates the central part, with mainly dendritic drainage patterns. The
eastern part shows wider drainage basins and longer rivers than the western part. An exception is the drainage system in the NW area,
where the conical morphology determines a mainly radial drainage pattern with relatively short rivers (generally a few kilometers
long). The central part is characterized by an extensive drainage basin parallel to the direction of the mountain-hill system (NW-SE).
The hydrographic network has a dendritic pattern.

The efficiency of the RETURNLAND is evaluated in coastal and volcanic areas through the application of geohazard simulation
tools. The focus is on ground instability phenomena and volcanic hazards, such as tephra fallout and pyroclastic flows.

Specifically, the following paragraph illustrates the results of applying tool chains to:

1) volcanic activity-related events capable of generating a distribution of effects both in the atmosphere (ash fall) and across the relief
(pyroclastic flow).

2) cascading effects capable of transferring the hazard from the original source point (in this case, located nearshore) to considerable
distances inland, generating a multihazard-scenario.

3) climate-controlled scenarios of effect created, particularly, by changes in the sea level which infer to the coastal morpho-dynamics.



LS. Liso et al. International Journal of Disaster Risk Reduction 138 (2026) 106110

Fig. 5. Simulated tephra load (kg/m?) generated using the FALL3D-8.0 model. The red dot marks the location of the eruptive vent, while the dotted
orange perimeter indicates the RV2 zone. The background represents the topography of RETURNLAND (in meters).

5. Suitability of RETURNLAND as a PoC in volcanic and coastal environments
5.1. Volcanic simulation tools

Volcanic eruptions can generate several hazardous phenomena, such as tephra fallout and pyroclastic density currents (PDCs),
which are two of the most dangerous. Although generated by different processes, both cause severe effects on infrastructure, envi-
ronment, and population. Their impact change according to the eruption size and the distance from the vent. In particular, tephra load
and PDC dynamic pressure can cause structural damages when they exceed the buildings resistance thresholds. For this reason, we
evaluated their potential impact on RV1 and RV2 areas using advanced numerical modeling.

It should be remembered that the aim of the numerical tools application is not to replicate or reconstruct a specific eruptive event.
Instead, this work aims to demonstrate the utility of the VTB as a robust framework for modeling a wide range of potential scenario.

5.1.1. Tephra fallout

To investigate the impact of tephra fallout, we considered a selected output of tephra load at ground (in kg/m?) taken from a large
number of numerical simulations carried out in Ref. [59] who assessed a long-term tephra fallout hazard assessment in southern Italy
posed by the three active Neapolitan volcanoes: Somma-Vesuvius, Campi Flegrei, and Ischia. The numerical simulations were run
using the Eulerian tephra dispersion model FALL3D-8.0 [60], based on the advection-diffusion-sedimentation (ADS) equations for
simulating dispersion of volcanic tephra, gas, and radionuclides, with a wide range of possible model parameterization options (e.g.,
eruptive parameters, source model, ash aggregation, domain discretization), including the possibility to describe the gravitational
spreading of the umbrella region [61].

The weather conditions were retrieved from the fifth-generation European Centre for Medium-Range Weather Forecasts global
reanalysis dataset (ECMWF ERA5) [62] having a spatial resolution of 0.03° x 0.03° and a temporal resolution of 3 h, while the volcanic
scenario was randomly sampled from a set of eruptive source parameters assessed for the medium-high eruption class of Campi Flegrei
as defined in literature [63,64[63,64,59].

The simulation output shown in Fig. 5 has been translated to the RETURNLAND volcanic vent (red point) showing an eruptive size
compatible with the medium-high magnitude eruption class at Campi Flegrei (e.g., Agnano Monte Spina) [65] as defined in literature.
The dispersal axis fully covers the RV2 with potential tephra loads in the range of 600 kg/m? which corresponds to a deposit thickness
of ca. 60 cm (assuming a deposit density of ca. 1000 kg/m?).

5.1.2. Pyroclastic density currents

Pyroclastic density currents are highly hazardous fast moving flows associated with medium to large magnitude explosive volcanic
eruption [66]. These phenomena can originate from various eruption processes, including the collapse of eruptive columns and lava
domes, directed magmatic and hydrothermal blasts, phreatic and phreatomagmatic explosions, and caldera-collapse events [67]. The
solid mixtures constituting PDCs may spread around the volcano for many kilometers, severely impacting infrastructures and posing
significant threats to people [68]. The main sources of hazard of PDCs arise from their high velocity, mobility, temperature and dy-
namic pressure [69,70], which result in partial or complete destruction of infrastructures around volcanoes and asphyxiation due to
the abundance of fine, hot ash [71,72[71,72,69,67]. Understanding the mechanism governing the generation and propagation of PDCs
and their interaction with buildings is fundamental for accurate risk assessment. Assessing the impact of PDCs on buildings with known
resistance thresholds for walls, doors and windows can help to mitigate their effect [73]. For these reasons, the second application of
RETURNLAND in a volcanic context was focused on PDCs generated by the collapse of an eruptive column on real topography,
including a dock area located about 11 km from the vent (RV1). This distance mimics the real distance of the historical city of Pompeii,
which was invested by PDCs during the eruption of Mount Vesuvius in Southern Italy. Model calculation was carried out using the
ANSYS Fluent simulation tool [74].

Fluent is a widely used multiphase Computational Fluid Dynamics (CFD) software, which treats multiphase flows simulations with
different approaches (e.g., Discrete Element Method and Two-Fluid Model). The Two-Fluid Model (TFM) was applied to the selected
scenario, since it is more suitable for flows involving large numbers of particles, such as PDCs [75]. In the last decades, several authors
have successfully applied TFM to volcanic phenomena [76,77[76,77,70,78,79,80-83]. TFM treats the gas and solid phase as inter-
penetrating continua whose motion is regulated by the Navier-Stokes Equation, which are solved for each phase (gaseous, liquid or
solid) with constitutive equations accounting for the momentum and energy transfer between phases.
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Fig. 6. a) Contour map of ash velocity magnitude at ground level, b) ash velocity magnitude along a vertical yz-slice, ¢) zoomed view of ash velocity
contour in the RV1 area, vertical profile of (d) ash concentration, (e) temperature, and (f) dynamic pressure in the inundated area.

11



LS. Liso et al. International Journal of Disaster Risk Reduction 138 (2026) 106110

Table 2

Values for the coefficients appearing in Eq. (1), respectively for open slope and canyon
head environment. The second part of the table reports the morphological characteristics
of the landslide scenarios in the two considered environments (V, volume; D, initial depth;
0, initial slope).

Open Slope Canyon Head
ey 1.0 0.9
£p —-1.2 -0.5
&4 -0.5 -1.2
£ 1.1 0.5
A 0.01096 0.10543
B —-0.01328 0.00280
Landslides morphology
vV (10°m® 94.3 0.84
D (m) 120 20
o) 3 15

The rectangular computational domain measuring 20 km x 6 km x 7 km in the x (flow direction), y and z dimensions, respectively,
consists of a body-fitted, unstructured hexcore mesh of about 1000000 cells. Local refinements were applied to the vent, collapsing
region, along the main flow path, and around the dock area 11 km from the vent. Cells size in refined zones is set to 50 m, with finer
cells of 10 m in the dock area, in order to capture dynamic pressures and flow behavior in detail. The flow inlet corresponds to the
volcano summit within the caldera (Fig. 6a). The mass eruption rate (MER) of the inlet is set to 1.6 x 108 kg/s, which falls in the range
(107 -10° kg/s) required to generate PDCs [84]. The solid phase at the inlet has a density of 1550 kg m’3, a diameter of 25 pm, and a
temperature of 800 °C.

Fig. 6 shows the velocity magnitude of PDCs generated by column collapse on the reconstructed topography, with the vertical
profile of dynamic pressure in the dock area. Generally, PDCs spread radially from the impact zone (dashed line, Fig. 6a) toward the
domain boundaries, along the main ravines. The impact zone is recognizable by a central area of low velocities, which denotes the
granular compaction phase. In this stage, the gas pressure increases, forcing lateral expansion of the mixture. The maximum simulated
velocities of about 150 m s~ ! are reached in the downstream zone adjacent to the impact area, where PDCs bypass the morphological
highs before being channelized in the main ravines, reaching velocities of 70 — 100 m/s. Near the RV1 dock area (highlighted in
Fig. 6a), the velocities drop to 40 — 50 m/s. Fig. 6b shows a yz-plane slice of ash velocity magnitude, including a portion of the flow
impacting RV1. In this area, the flow has a thickness of about 200 m, with maximum velocities of 52 m/s. A second pulse can be seen
following the main flow inundating the dock area. The presence of multiple pulses has been observed during large- and small-scale
laboratory experiments [85,86]. and hypothesized for both volcaniclastic and pyroclastic deposits based on field evidence [87-89].
The arrival of different PDCs in the inundated areas concurs to the final hazard. Fig. 6¢ reports a zoom of the dock area, showing the
flow passage over the concave-downward slope near RV1. This passage is characterized by a hydraulic jump of the flow, which de-
creases its velocity and increases its thickness (from supercritical to subcritical flow). Fig. 6d-f shows the vertical profile of dynamic
pressures (Pgy,), temperatures (T) and concentrations (c) in the same area. Despite the 11 km of travelled distance from the vent to
RV1, over complex terrain, the PDC retains dynamic pressures of 3.3 kPa at 10 m above the ground, with solid concentration of 5 x
10~*and temperature of 600 °C. These values are consistent with previous studies [90,69,72] and suggest potential damage to building
openings, causing the ingress of hot ashes into structures. This increases the amount of damage and poses serious risks to human health.
In this case, the mechanical effects of the currents on buildings are secondary to impact of high temperatures (>500 °C) and ash
concentrations, which are exacerbated by the prolonged exposure time (several minutes) during the flow passage. Furthermore, these
dynamic pressures can flatten up to 90% of trees [91], making the area impassable to vehicles and severely hindering emergency
services.

5.2. Landslide-tsunamis simulation in the western coastal area

The impact of landslide-generated tsunamis on coastal zones is evaluated using two specialized tools, each addressing a distinct
phase of the hazard process and applied sequentially.

The LANDSLIDE-TSUNAMI tool estimates the maximum tsunami amplitude on the coastline () based on the morphologic char-
acteristics of the landslide source, following the empirical expression:

n=A(V".D .d sin ) + B 1)

Where: V is the volume of the landslide; D the initial depth; 6 the initial slope; d the distance from the coast. The combination of these
quantities is regulated by the exponents ¢y, ¢p, &4 and &y, which account for the influence of each quantity on the tsunami genesis, as
shown in Table 2.

Exponent and coefficients A and B change based on the landslide environment (open slope, OS, or canyon head, CH) (see Table 2).
These values were derived by searching for the best fit between the computed values of 5 from Eq. (1) to reference results obtained
through numerical simulations of various landslide-tsunami scenarios (see Ref. [92] for some examples of such simulations). The
numerical codes are part of a well-established computational framework that has been extensively validated in previous studies
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Fig. 7. Left panel) map of the coastal area of RETURNLAND with localization of the two landslide scenarios (orange triangle for open slope;
magenta triangle for canyon head). The red line marks the coast, whit white labels in red circles reporting the cumulative distance along the
shoreline. The blue boundaries represent the RV1 cadastral cells, used to evaluate the impact of the tsunami. Right panel) Tsunami amplitude vs
cumulative distance along the coast for the open slope and canyon head environment (in orange and magenta, respectively). The blue-shaded area
marks the position of RV1 along the coast. Dashed lines mark the uncertainties associated with the tool output.

[93-96] and references therein. The landslide volumes were determined based on a statistical analysis conducted along the Tyrrhenian
Calabrian continental margin [97], from which Sector 6 of RETURNLAND was extracted. From the analysis and comparison of
geomorphological features (i.e., scars and deposits of submarine landslides), it was found that landslides occurring at canyon heads can
mobilize up to 10,106 rn3, whereas those on open slopes can mobilize up to 1000 10° m3 [97]. We decided not to consider the
maximum volume, which represents rare events, but rather volumes one order of magnitude smaller, which are statistically more
abundant and therefore more representative of the landslide dynamics in the area.

The TSUNAMI FLOODING tool reconstructs the tsunami-induced flooding along 2D topographic transects extending inland from
the shoreline. It is based on the Energy Method, described in Ref. [98], which considers flow energy dissipation during the inundation
process. Apart from the profile describing the morphology of the coastal area, the tool needs in input the flow amplitude at the origin of
the transect (which is the coastline point), and the value of the Manning's coefficient, representing resistance due to natural and
anthropogenic surface roughness. A recursive procedure, starting from the computation of the maximum possible runup with the
prescribed amplitude at the coast, allows us to estimate the flow depth and velocity for each point along the transect. These outputs are
critical for evaluating the impact on buildings and infrastructure and are essential components of comprehensive coastal risk
assessments.

5.2.1. Application of the LANDSLIDE-TSUNAMI tool

The tsunami amplitude on the coast has been assessed for two scenarios, one for each environment, which position is denoted
respectively by the orange and magenta triangles in Fig. 7 (left panel). The morphological parameters introduced in Eq. (1) to obtain 5
are reported in Table 2, except for the distance from the source, d, which changes for each coastal point and that is computed
accordingly.

The results of the tool application are displayed in the right panel of Fig. 7. As expected, the OS scenario generates significantly
higher waves, consistent with the two orders of magnitude difference in volume. The highest effects occur north of RV1, at about 30 km
cumulative distance along the coast, where wave amplitude reaches approximately 1.5 m. The coastal area facing the town experiences
tsunami amplitudes of around 1.2 m - levels that are not catastrophic but still capable of generating strong harbor currents, potentially
damaging boats and triggering local resonances that could in turn amplify the waves.

Notably, the tsunami impact is widespread across the entire analyzed coastal stretch, extending over 80 km, with wave amplitudes
exceeding 80 cm. In contrast, the CH scenario produces much more localized waves, which maximum is around 30 cm in the southern
part of the RV1 shoreline. In this case, the tsunami effects are largely confined to the urban costal area and negligible beyond it.
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Fig. 8. Left panel) map of the coastal area of RETURNLAND with the two landslide scenarios (orange triangle - OS; magenta triangle - CH). In green
the transects along which flooding is computed. The blue boundaries represent the RV1 cadastral cells. The yellow rectangle evidences the zoomed
area. Central panel) Zoom on the RV1 area. The green lines mark the four transects (with the corresponding numbers) for which inundation is
shown. The orange and magenta polylines represent the maximum inundation for OS and CH scenarios respectively, obtained connecting the point
of maximum inundation for each transect. Right panel) Topographic profile (in black) and flooding for OS (in orange) and CH (in magenta) scenarios
for the four selected transects.

5.2.2. Application of the tsunami flooding tool

The second step of the tsunami hazard assessment for RETURNLAND involves the application of the flooding simulation tool. Water
inundation is evaluated along with 2D topographic profiles. Specifically, a set of 1170 transects has been generated (in green, Fig. 8,
left panel), spaced 100 m along the shoreline and oriented approximately perpendicular to the coast, with a longitudinal resolution of
10 m. For each transect, the output from the previous tool provides the wave amplitude at the origin point, placed on the shoreline.
Manning's coefficient is set to 0.030 [99], corresponding to barren land. It should be noted that the results here presented do not
account for the presence of buildings or anthropogenic infrastructure, which are then neglected in this phase of the analysis.

Flooding along four representative transects, located along the RV1 coastline, is shown in Fig. 8 (central panel for their location,
right panel for topographic profile). As expected, the inundation distance and runup vary depending on the local morphology. In
general, the OS scenario results in more extensive inundation, with water penetrating for almost 80 m inland in certain areas (e.g.,
transect #540 and #588).

Moreover, the flow depth along transect#540 exceeds 1.5 m for several meters inland, indicating a potentially significant impact on
population located near the shore, especially when combining this factor with flow velocity (which is not shown here). The CH
scenario produces more limited flooding, consistent with the lower tsunami amplitudes observed in this case.

5.3. Climate driven sinkholes susceptibility assessment

The RETURNLAND virtual environment provides an integrated framework for analyzing coastal evolution and shoreline dynamics
through time. By combining geological, geomorphological, and hydrodynamic data, it supports both reconstruction of past coastal
changes and prediction of future trends. Two modeling applications were developed, to reconstruct past shoreline positions for
assessing retreat and progradation rates, and to predict shoreline evolution up to 2175, indicating coastal flooding and landward
migration due to sea-level rise. Additionally, machine learning models were applied to evaluate the influence of coastal processes on
sinkhole development [100] producing predictive susceptibility scenarios linked to sea-level variations. Simulations focused on the
eastern sector of RETURNLAND, a low-gradient coastal plain ideal for assessing shoreline migration and sinkhole susceptibility under
rising sea-level conditions, enabling a robust evaluation of long-term stability of coastal systems.

5.3.1. Coastal dynamics modeling: Reconstruction and projection of shoreline evolution under climate changes
The first simulation aimed to identify a period in the past during which, within a geologically short time span, multiple phases of
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Fig. 9. The area highlighted by red lines corresponds to the territory that reached the minimum and maximum sea level during MIS 5, MIS 5.2 and
MIS 5.5 respectively and that record several times the sea passage (rising and falling phases) over it.

Table 3
Column A: MIS age; column B: MIS relative sea level (Rsl) depth; column C: actual depth of MIS deposits; column D: linear distance between singular
MIS peak (km).

A B C D

(Ka) Past Rsl depth (m) Actual rs] (m) depth, corrected by tectonics (—0.18 mm/y) Linear distance on map between MIS5 peak (km)

MIS 5.1 81 =31 —45

MIS 5.2 86 —-34 —49,48 ~2 landward from MIS5.2 to MIS5.1
MIS 5.3 93 —-27 —43,7 ~5,2 seaward from MIS5.3 to MIS5.2
MIS 5.4 99 -32 —49,8 ~1.5 landward from MIS5.4 to MIS5.3
MIS 5.5 118 +7.5 —22 ~41 seaward from MIS5.5 to MIS5.4

sea-level rise and fall occurred. This period was identified as the Marine Isotope Stage 5 (MIS 5), between approximately 125 ka and 80
ka years ago (Fig. 9). During this relatively short interval, about 45 ka, five sea-level oscillations occurred: three transgressive and two
regressive phases. The peak corresponding to MIS 5.5 is the only one among the three warm peaks during which sea level rose above
the present-day level. The last Interglacial transgression in Italy occurred around 118 ka. Its imprint is still visible and recognizable in
numerous geomorphological and biological markers found along the coasts, providing a unique reference for studying the vertical
movements of the Italian shorelines.

The reconstruction of the paleoshorelines therefore identifies five past shorelines, whose elevations relative to the present sea level
are reported in Table 3, columns A and B [101-103]. The same table also shows the current depths of the deposits associated with the
five MIS 5 peaks, corrected for vertical tectonic movement at a rate of —0.18 mm/year, as shown in column C. Column D describes the
linear distances measured as a function of the repeated marine regressions and transgressions from MIS 5.5 to MIS 5.1. Considering the
maximum linear shoreline shift, between MIS 5.2 (sea-level minimum depth: 34 m) and MIS 5.5 (sea-level maximum depth: +7.5 m),
the area affected by these numerous sea-level variations corresponds to a strip approximately 42 km wide, straddling the present-day
coastline of RETURNLAND.

The second simulation performed in the RETURNLAND focused on the assessment of coastal flooding induced by future Sea-Level
Rise (SLR). Flooding extents were evaluated using a bathtub model that integrates both projected SLR and Vertical Land Motion (VLM).
VLM rates for the study area were obtained from InSAR and GNSS datasets from September 2014 to January 2021 and were used (i) to
correct the Digital Elevation Model (DEM) of the RETURNLAND, and (ii) to estimate future vertical displacements for the years 2050,
2100, 2150, and 2175, under the assumption of a linear trend. The areas experiencing the highest subsidence display VLM rates of
—7.2 mm yr’l.

Sea-level rise projections were derived from CMIP6 climate models for multiple temporal horizons (2050, 2100, 2150) under two
shared socio-economic pathways (SSP1-2.6 and SSP5-8.5). These trends were linearly extrapolated to 2175 (Fig. 10). The future
shoreline position was then determined by applying the bathtub model to the VLM-corrected DEM, using the median SLR values from
the SSP5-8.5 scenario, representing the worst-case flooding condition (Fig. 10a and b).

Model projections indicate progressive coastal inundation across the RETURNLAND area, with flooded extents of 50.5 km? (2050),
118.7 km? (21 00), 147.7 km? (2150), and 152.3 km? (21 75), respectively (Table 4). The most vulnerable sectors correspond to low-
lying areas adjacent to the current shoreline, which are expected to undergo complete and permanent inundation, resulting in the loss
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Fig. 10. a) SLR projection of CMIP6 under two different scenarios: SSP1-2.6 (blue) and SSP5-8.5 (red); b) future coastlines position, considering the
SLR median values of SSP5-8.5 scenario.

Table 4

Effects of SLR and VLM across multiple future time horizons. Reported parameters include the projected shoreline displacement, VLM, the total
SLR-VLM joint action, and the corresponding extension of flooded area.

Year Projected SLR — SSP5-8.5 (m) Ground deformation due to VLM (m) SLR corrected with VLM (m) Flooding surfaces (km?)
2050 0.22 0.36 0.58 50.5
2100 0.72 0.9 1.44 118.7
2150 1.21 1.08 2.29 147.7
2175 1.46 1.26 2.72 152.3

Fig. 11. Shoreline displacements and sinkholes cluster. A: training phase (MIS 5); B: predictive phase (2100, 2125, 2150 and 2175).
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Fig. 12. Ensemble sinkhole susceptibility map. A and B refer to the training dataset, C and D to the projected dataset.

of land-use functionality.

5.3.2. Machine learning-based sinkholes susceptibility assessment

The machine learning workflow was structured into the phases of model training and simulation/prediction. In the first phase, a
sinkhole susceptibility map was developed for a past time period, while in the second the trained model was applied to project future
susceptibility under evolving coastal conditions. An ensemble modeling approach was adopted by integrating three established al-
gorithms: Random Forest (RF) [104], Gradient Boosting Machines (GBM) [105], and Maximum Entropy (MaxEnt) [106]. This
ensemble technique enhanced predictive robustness by combining the strengths of individual algorithms into a unified output.

The model incorporated several predisposing factors influencing sinkhole occurrence [107,108]: (1) overburden thickness, (2)
lithology, (3) Relative Slope Position (RSP), (4) slope, (5) Topographic Wetness Index (TWI), and (6) coastline density, representing
areas most affected by shoreline variation.

The training phase referred to the MIS 5, during which shoreline positions were reconstructed based on known sea-level oscilla-
tions, whereas the projection phase employed the SSP5-8.5 climate scenario for the years 2050, 2100, 2150, and 2175. Two inde-
pendent sinkhole inventories, each corresponding to a distinct coastal city, were used respectively for training and validation phases
(Fig. 11).

Model performance was assessed through the Receiver Operating Characteristic (ROC) curve and the Area Under the Curve (AUC)
metric [109].

Variable importance quantified the contribution of each predisposing factor to predictive accuracy, expressed as the percentage
loss in performance upon its exclusion. Among the predictors, coastline density, lithology and slope emerged as the most influential.
Response curves demonstrated that increasing coastline density correlates positively with sinkhole susceptibility, while higher slope
gradients reduce it. Intermediate coastline density values exhibited the greatest influence, and carbonate lithologies (class 2) were
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Fig. 13. Impact chain related to Coastal Flooding with hazard, impact and risk levels indicated as well as possible inferences of the climatic factor.

associated with higher susceptibility than clastic or magmatic rocks. Furthermore, low RSP values, corresponding to low-lying foot-
slope areas, also indicated increased susceptibility, consistent with the role of gentle topographic gradients highlighted by the response
curve for slope. The outputs of individual models generated during training (Fig. 12A-B) were adapted for projection datasets,
resulting in predictive susceptibility scenarios aligned with the SSP5-8.5 coastal projections (Fig. 12C-D). The final ensemble sinkhole
susceptibility map integrated these outputs into a consolidated predictive product.

The ensemble model demonstrated excellent predictive accuracy for the training dataset (ROC/AUC = 0.978) and very good
performance for the 2175 projection under the SSP5-8.5 scenario (ROC/AUC = 0.865) [110].

6. Applicative perspectives

The digital ecosystem represented by RETURNLAND can be used as a demonstrator of effectiveness in the combination of tools that,
starting from the definition of the geohazards, lead to the quantification of damage and, therefore, to a risk estimate, thus testing the
applicability of the “impact chains” approach as defined in the literature [111-113]. Strictly speaking, impact chains should be un-
derstood here as logical-functional tools capable of converting the co-causality of natural processes into structural (damage) and
anthropogenic (socio-economic resilience) relational effects in extended territorial contexts part of which can be referred to the virtual
test beds dealing with urban areas (RETURNVILLEs) developed in the RETURN project framework as well.

This level of management allows the modulation of causative actions and the consequent possibility to weigh their effects in terms
of resulting risk, as well as their scalability in both space and time. It represents the modulation of the cause-effect relationship
expressed by impact chains that makes them effective for risk mitigation strategies and increased resilience. Indeed, having the
possibility to scale the extent of the expected effects on an area achieves the objective of tailoring structural interventions and strategic
solutions (including administrative and political ones) to the potentially vulnerable territory and its communities.

The level of vulnerability has not been explicitly reported in the impact chains considered here, as it is attributed to the urban and
infrastructure element (RETURNVILLE), which implicitly contains it. Nonetheless, from a more inclusive perspective on impact logic,
the territory itself and the related environment should be considered a vulnerable element, both in terms of geomorphological systems
and biological ecosystems.

Furthermore, it should be remarked that the impact chains conceptualized here may or may not be triggered by climate-related
forces and their potential variations. Therefore, co-causative conditions related to climate and other conditions cannot be consid-
ered upstream of the modeled chain of effects.
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Fig. 14. Impact chain related to Landslide with hazard, impact and risk levels indicated as well as possible inferences of the climatic factor.

In relation to the tool chains considered in this study, three impact chains were derived respectively for Coastal Flooding (Fig. 13),
Landslides (Fig. 14) and Settlements (Fig. 15).

Following the Coastal Flooding impact chain (Fig. 13), this study demonstrated, using quantitative effect analysis tools, the
reproducibility in the RETURNLAND of part of the impact chain starting from a Submarine Landslide generated on a submerged open
slope and canyon head that can cause a tsunami which impacts a coastal plain, inducing potential effects on water quality in aquifers,
solid and liquid river flows, and coastal sediment distribution. In the demonstration exemplified here, the landslide is not explicitly
generated by a specific cause but, for example, could be considered earthquake-induced or caused by human activities near the coast.
Similarly, the origin of the tsunamigenic landslide could be considered to be a detachment of debris from an open slope caused by
sediment redistribution (even of anthropogenic origin) due to refill from dredging.

Following the scheme shown in Fig. 14 related to the Landslide impact chain, this study demonstrated, using quantitative impact
analysis tools, the reproducibility of part of the impact chain in the RETURNLAND starting from the effect of ash deposited during a
volcanic eruption that modifies the debris cover on the reliefs, as a factor predisposing the possible triggering of shallow landslides by
rainfall and/or earthquakes. The propagation of debris generated by landslides (both in the form of channeled flows and in open slope
movements) can impact the slopes themselves, the debris flow channels and the rivers causing damming as well as can damage the
plains present in the valley floors, impacting on vegetation cover, soil erosion, disturbance of fluvial dynamics and, consequently, the
solid transport of sediments to the coast.

Finally, following the scheme reported in Fig. 15 related to the Settlement impact chain, in this study it was demonstrated, through
quantitative effect analysis tools, the reproducibility in RETURNLAND of part of the impact chain starting from the climatic variation
of the sea level (net of isostasy and regional subsidence, both natural and anthropogenic) which can induce variations in the coastline
and determine the development of a coastal strip more vulnerable to the generation of sinkholes, whose impact can manifest itself in
the variation of local water conditions and in the distribution of sediments, generating, in the latter case, a subsidence that in turn
impacts on infrastructures or human settlements.

7. Conclusions

The construction of RETURNLAND as a virtual space, capable of representing the physiographic and morphodynamic character-
istics of the Italian territory, was implemented within the PNRR-RETURN project, experimenting with a complex workflow to achieve a
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Fig. 15. Impact chain related to Settlement with hazard, impact and risk levels indicated as well as possible inferences of the climatic factor.

sustainable and meaningful integration of territorial elements. This respects fundamental physiographic constraints (such as drainage
patterns, coastal development, contiguity of reliefs and plains), while ensuring the territorial scalability of the representations.

Through the deduction of impact chains, operational tools were exemplified at the scale of the physiographic unit, i.e., capable of
representing effects involving multiple geomorphological contexts (e.g., nearshore and coastal plains, volcanoes and adjacent plains,
hills and plains, coastal plateaus and nearshore), creating cascading impact scenarios.

The various tools, when considered individually, are the result of validation experiments on real cases, some of which had already
been addressed prior to the RETURN project. However, when combined, they are able to demonstrate their effectiveness through an
output-to-input functional logic, which has been demonstrated in this study by simulating the restitution of effects under three
different conditions: i) a tsunami generated by a submarine landslide, the final effect of which translates into flooding of the coastal
plain; ii) a volcanic eruption that simultaneously causes the ash deposition on the existing topography (predisposing to shallow
landslide phenomena) and the direct impact on buildings of pyroclastic flows with determinable dynamic pressures and temperature;
iii) widespread and concentrated subsidence within a coastal strip subject to sea level fluctuations over the last 120,000 years.

The methodological approach reported here offers, with RETURNLAD, to the scientific community an original training and analysis
digital ecosystem for quantification of effect scenarios which, in itself, represents the first experiment in virtualization of a composite
territory, starting from real physiographic conditions, never managed and never proposed at an international level. The prospect of
using RETURNLAND in combination with other virtual test beds, such as those related to urban environments or infrastructures, as
well as Digital Twins, expresses the potential of this product developed within the RETURN project. This potential is also evident in the
context of hybrid training approaches for machine learning analysis aimed at developing artificial intelligence systems that are useful
for designing strategies to increase resilience, with respect to scenarios of changing conditions surrounding natural systems, including
a changing climate.
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