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Abstract: This work aims to describe, classify, and analyze the occurrence of selected natural multi-
hazards, specifically pluvial floods and sinkholes, affecting a district in the urban area of Rome,
Italy. The procedure is based on a robust geological, geomorphological, and hydrogeological analysis
performed using data collected and archived for the scope. The susceptibility is calculated based on
geo-hydrological and geomorphological factors, as well as the occurrence of flooding and sinkholes.
The areas prone to each single hazard were combined and put into the context of multi-hazard
assessment by overlaying the susceptibility with buildings and population data. The resulting
map shows that 50% of buildings (6215 inhabitants) are in an area of multi-hazard susceptibility;
among these, 25% are in the highest multi-hazard classes (4 and 5). These areas are named “multi-
hazard hotspots” because they are affected by many hazards with associated higher impacts. This
study demonstrates that a comprehensive approach that combines the examination of geology,
hydrogeology, modifications to historical morphology, and the occurrence of geological disasters is
effective for mapping geohazards in urban areas and identifying locations with multiple hazards.
A multi-hazard hotspot map can be used as a tool for planning actions aimed at reducing the
vulnerability and exposure level of the urban population.

Keywords: geology; Rome; pluvial flood; anthropogenic sinkhole; multi-hazard

1. Introduction

Urban areas with more than 500,000 inhabitants are frequently exposed to a variety of
natural hazards, such as river and pluvial floods, landslides, sinkholes, earthquakes, and
land subsidence [1]. The United Nations estimated that by 2030, 60% of people worldwide,
human activities, and infrastructure will be concentrated in megacities, and by 2050, this
percentage will reach 68% [1]. As a result, the threat to human life and economic losses
caused by natural hazards is progressively increasing, and future expectations due to
urbanization and climate change predict worsening risks in the coming decades [2,3]. It
is estimated that global warming will continue to increase in the near term (2021–2040),
mainly due to increased cumulative CO2 emissions in nearly all considered scenarios and
pathways [4]. In the near term, every region in the world is projected to face further in-
creases in climate hazards, increasing multiple risks to ecosystems and humans. Concurrent
and repeated climate hazards will increase the impacts and risks to health, ecosystems,
infrastructure, livelihoods, and food. Multiple risks interact, generating new sources of
vulnerability to climate hazards and compounding overall risk. Compounding climate
hazards can overwhelm adaptive capacity and substantially increase damage.

The number of disastrous events related to natural hazards is worldwide dominated
by floods (occurred on average 357 times per year between 2001 and 2020), followed by
storms, earthquakes, extreme temperature events, landslides, wildfires, and droughts [5].
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In some cases, the interaction between multiple natural hazards occurring in the same
area may affect the same exposed elements and lead to an increase in their intensity or
overall impact [6,7]. Therefore, assessing the susceptibility of an area to a single hazard
and/or the combination of multiple hazards (multi-hazard) is crucial for taking effective
mitigation measures and increasing the cities’ resilience. For instance, Karatzetzou et al.,
2022 [8] described a unified methodology for the development of multi-seismic-flood
hazard scenarios, aimed at the risk assessment of roadway networks at a national scale
for separate, combined (triggered), or subsequent hazards. Gao et al., 2022 [9], proposed
a method to determine the optimal weighting scheme when superimposing multiple
geological hazards in a basin-scale area, based on objective data (which combines the
analytic hierarchy process (AHP) method and the frequency ratio (FR) method) rather
than the subjective experience of experts, to reduce results inaccuracy. Sun et al., 2019 [10],
used the AHP to zone the single-hazard susceptibility at a basin-scale and then the barrel
principle to combine multi-hazards into a comprehensive map; they found that by this
method, the high-susceptibility areas do not miss any high-susceptibility single-hazard
areas, and at the same time, it can select a stable area for urban development.

In this context, the geological environment (or the geological environment system) is
part of the natural environment [11] and can be considered a system where the geological
background and processes are integrated with human survival and development [12]. The
geo-environment system interacts with the natural environment system and the socio-
economic systems through various exchanges of matter and energy and continues to
evolve, gradually achieving stabilizing and balancing [13]. Once the intensity of human
activities exceeds the automatic adjustment capability of the geo-environment system, it
can inevitably lead to various geo-hazards [10]. For instance, in the case of this research,
flooding can be caused by the channelling of streams; collapses can be triggered by the
excavation of geological layers. In this framework, the reconstruction of detailed geology
and hydrogeology constitutes a fundamental step for detecting the geo-hazard affecting an
area and for further analysis of geo-hazard susceptibility.

The multi-hazard is defined by the probability of the occurrence of multiple hazards in
time and space and the associated magnitude [14–18]. Unfortunately, detailed probabilistic
data on the occurrence of specific hazards for a range of severity or intensity in a specific
time interval are usually not available [19]. Even in the absence of detailed probabilistic
data, however, it is possible to distinguish between areas of higher and lower hazard
by using occurrence data, e.g., those relating to specific events that occurred in a given
historical period. In this framework, the assessment of multiple hazards does not consider
the time dimension. In contrast, it focuses on identifying the proneness (e.g., susceptibility)
of a specific area based on its natural characteristics (such as geological and morphological
features) and the frequency of the observed phenomena. The occurrence of these phenom-
ena, in turn, can be affected by factors related to the socio-economic activity of the area,
such as the level of infrastructure development and maintenance.

Mapping the spatial distribution and hazard level for a specific geological hazard
and multiple hazards can be a useful tool for planning actions aimed at reducing the
vulnerability and exposure level of the urban population [20].

Many studies have focused on hazard analysis in the city of Rome, some at the
municipal scale [21–26], while others are site-specific, single-hazard analyses [27–32]. In
particular, the susceptibility to pluvial floods and sinkholes has been explored in urban areas
and in the Italian territory by many authors [33–41]. However, these natural/anthropogenic
hazards have not yet been integrated into a multi-hazard assessment.

This study presents a multidisciplinary methodology for analyzing multiple haz-
ards, such as flooding and anthropogenic sinkholes, in the San Lorenzo district of Rome
that was almost destroyed by bombing during the Second World War and completely
rebuilt in the following years. The approach involves conducting a preliminary geological
and morphological assessment of the area to identify the factors that may contribute to
these hazards.
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Our suggested approach for analyzing multiple hazards uses scores to determine
the ranks of flood and sinkhole susceptibility classes. The individual susceptibilities are
analyzed and modeled independently, assuming they are uncorrelated. Subsequently,
they are classified into five distinct categories according to predetermined thresholds for
each level of susceptibility. Finally, the individual hazards are merged to calculate the
total susceptibility. In addition, we assess the number of individuals who are exposed to
multiple risks. The map obtained is then overlaid with the buildings, which are classified
according to the occupancy rate. The identification of multi-hazard “hotspots” is based on
the locations that suffer the greatest impact from the combination of flood and sinkhole
susceptibility [19]. These hotspots are locations where people may be jointly at risk of
experiencing both pluvial flood and sinkhole hazards.

By using the map of the multi-hazard hotspots, a thorough evaluation of the expected
impacts on human life and the economy can be conducted by considering the poten-
tial effects of floods and sinkholes, such as casualties, property damage, and economic
disruption [42].

2. Study Area

The San Lorenzo District (Figure 1) is in proximity to the historical center of Rome
and is known for its high population density. Throughout its existence, from ancient
Roman times to the present, this place has undergone a complex and cyclical process
of building, damage, and subsequent reconstruction. In addition, San Lorenzo suffered
extensive bombings during World War II (July 1943–March 1944) because of its proximity
to industrial buildings and railway marshaling yards. These attacks resulted in almost
4000 fatalities [43,44].
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Figure 1. Location of the study area. The map shows the boundaries of the San Lorenzo district (red
polygon) within the city of Rome. (Map data ©2015 Google).

Since the early 1900s, the area has shown a strong preference for the manufacturing
sector, particularly small-scale enterprises that emerged in the 1920s. It is visited by
numerous tourists annually due to its central location and accessibility to the two main
Termini and Tiburtina railway stations. The area hosts ancient buildings and important
public buildings. Comprehending the location and the geological hazards that could impact
the area is crucial in determining how to plan and execute mitigation strategies.

Although numerous studies have been conducted on the subsurface of Rome at various
scales of analysis and with varying degrees of detail [45–47], current drilling activities have
revealed new information that was not previously considered. Holocene alluvial terrains
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cross the volcanic and pre-volcanic sedimentary layers [48–50]. These terrains occur in
the valleys of minor streams that were not previously included in mapping studies. The
presence of alluvial terrain has significant consequences for the susceptibility to geohazards.

Both pluvial floods and sinkholes occurred in the San Lorenzo district. Pluvial floods
occur when rainwater accumulates on urban surfaces. The prevalence of impermeable
surfaces and the reshaping of streams contribute to an increase in surface runoff, which,
during severe storms, can result in the overflow of sewers and the subsequent accumulation
of water on the ground’s surface. Over the past two decades, Rome has suffered more than
26 storm events that resulted in significant damage to historic buildings and commercial
activities, interrupted traffic flow, and, in certain instances, resulted in fatalities [21]. Re-
current pluvial floods affect the San Lorenzo area along the main Tiburtina road and in
the town square in front of the Basilica San Lorenzo Fuori le Mura, one of Rome’s seven
principal churches, attracting thousands of pilgrims during the Jubilee.

Rome’s urban area is also highly susceptible to sudden ground collapse phenomena
(e.g., anthropogenic sinkholes), mainly due to the widespread presence of hypogea (such as
catacombs, cavities, and abandoned quarries) beneath the urban area. The instability and
subsidence of the vaults of these underground structures can propagate to the surface, re-
sulting in abrupt collapses. Another important consideration relates to erosive mechanisms
in the subsoil resulting from exfiltrations and/or infiltrations caused by the disruption of
the sewer system or the underground water supply network. As erosion propagates and
underground voids enlarge, they can unexpectedly move forward to the surface, leading to
the formation of sinkholes on the road level. In the latter scenario, the presence of severe
weather events (characterized by high intensity and/or extended duration) could act as
a triggering factor, particularly in metropolitan regions that are susceptible to floods [22].
The bombing during World War II in the San Lorenzo area significantly contributed to the
erosion of the lithological layer above the subsurface cavities, making it easier for sinkhole
formation, even in subsequent years.

3. Materials and Methods
3.1. Data Collection

In this study, we used various sources of information, including the following: (i) lines
and point ground elevation from 1:5000 vector cartography [51]; (ii) direct observations of
geological outcrops; (iii) consultation of geological and hydrogeological maps produced
by the National Geological Cartographic Project (CARG); (iv) survey data and ground
observations documented in scientific articles; (v) geological and hydrogeological data
gathered by the IGAG or provided by the Municipality of Rome; (vi) data about the
observed past floodings; and (vii) data about past collapses.

Furthermore, the evaluation of human-induced alterations in the study area was
conducted using historical topographic maps obtained from the Italian Military Geographic
Institute (e.g., map editions from the years 1873, 1876, and 1924). Consequently, information
was collected about the gradual modification of the topographic landscape due to human-
induced transformation processes, leading to an increase in anthropogenic sediments.

Observed floods include the following information:

- A vector layer with polygon geometry, with floods occurring between 2004 and 2007,
was recorded and published by the Civil Protection of Rome municipality (Comune
di Roma, Ufficio Extradipartimentale della Protezione Civile, 2008).

- Observed floods with point geometry occurred between 2001 and 2014, derived from
the Fire Department, Municipal Police, and web media.

Observed collapses were obtained from the inventory (more than 4000 events from
1890 to the present) constructed by ISPRA (Italian Institute for Environmental Protection
and Research) since 2010 in the framework of a project concerning the risk from anthro-
pogenic sinkholes in the urban area of Rome (https://www.isprambiente.gov.it/it/attivita/
suolo-e-territorio/sinkholes-e-cavita-sotterranee/i-sinkholes-antropogenici, accessed on
22 January 2024). ISPRA developed a sinkhole inventory through a multiphase approach

https://www.isprambiente.gov.it/it/attivita/suolo-e-territorio/sinkholes-e-cavita-sotterranee/i-sinkholes-antropogenici
https://www.isprambiente.gov.it/it/attivita/suolo-e-territorio/sinkholes-e-cavita-sotterranee/i-sinkholes-antropogenici
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as follows: (1) collection of documents and reports for the retrospective analysis of sinkhole
occurrences; (2) interpretation of multi-temporal aerial photographs; (3) morphological
analysis based on DTM; (4) interviews with locals; and (5) geomorphological surveying
and mapping.

Particular attention was devoted to the retrospective study of sinkhole events that
took place during historic times. Bibliographic and archival research has been performed
using newspapers and scientific articles at public institutions. In addition to the historical
research, a detailed geomorphological analysis through high-resolution DTMs and aerial
photographs allowed us to recognize the phenomena affecting the study area.

Collected data and studies were used firstly to reconstruct the morphological, geolog-
ical, hydrogeological, and hydrological setting at the scale of the study area and then to
support the further single-hazard susceptibility analysis.

3.2. Topographic Analysis

The high-resolution DTM (2 × 2 m) was built through the ANUDEM algorithm [52,53].
This tool interpolates ground elevation values by imposing constraints that ensure a con-
nected drainage structure and the correct representation of ridges and streams from input
contour data. The first DTM represents the actual topography and was built by using
lines and point ground elevation from 1:5000 vector cartography [51]. The second DTM
represents the pre-urbanization topography and was built by digitizing lines and points
from 1924 topography [54,55]. The choice of cell resolution is consistent with the recom-
mendations of cell size between 1 × 1 m and 5 × 5 m DTM resolution for urban flood
analysis [56,57]. Then, the filling DTM tool available in the GIS environment was used to
fill small DTM sinks (DTM processing errors) to obtain a hydrologically correct DTM.

3.3. Geological, Hydrological, and Hydrogeological Reconstruction

Reconstructing the geological setting of the San Lorenzo districts was particularly
complex since human activities have masked most geological outcrops (i.e., rebuilt after
the bombing of World War II). Therefore, to recreate the geological setting of the district, it
was necessary to use the limited information gathered from the outcropping formations,
integrated with topographic and subsurface data obtained from other sources.

The study area includes a total of 91 boreholes, with 37 acquired from bibliographic
references and the remaining 54 obtained from private companies. The boreholes were
drilled to depths ranging from a minimum of 8 m to a maximum of 91 m, measured as true
vertical depth. All the boreholes crossed the anthropogenic layer, which has a thickness
ranging from 1 to 20 m. A few boreholes have reached the geological substrate of the
study area, which consists of over-consolidated clays termed the Monte Vaticano Formation
(Pliocene). These clays lie at an elevation of roughly 0 m above sea level. Several boreholes
have also crossed the system of tunnels excavated into the tuffaceous rocks below the
anthropic layer. The data distribution across the area is non-uniform. Specifically, most of
the data is concentrated in the northern part of the San Lorenzo district, while the density
of data decreases in the central and southern parts.

3.4. Single-Hazard Analysis
3.4.1. Pluvial Flood Susceptibility Assessment

The procedure derives from [22], opportunely adapted for a reduced area, which
means a reduced range of values for each one of the layers considered in the analysis.

The susceptibility is defined as the probability of flooding occurring in a certain area
(“area prone to flooding”) because of the ground morphology (e.g., presence of topographic
depressions, area, and fill volume of depressions), the spatial probability density of ob-
served floodings, and the proximity to sewerage. Excess stormwater flows and accumulates
in the catchment’s lowest elevation areas, which are, for this reason, particularly suscep-
tible to flooding. However, floods can also be related to insufficient sewer capacity or
poor manhole maintenance in areas that are not topographically depressed. Thus, areas
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prone to flooding due to morphological features (depressions) were then coupled with
observed floodings (flood observations dataset), comprising point and polygon geometry
features, with the addition of sewer pipe hazard areas. Depressions and observed flooded
areas constitute flood-prone areas, and their relative degree of susceptibility was assessed
through elaborations performed by GIS tools. The phases of the susceptibility analysis are
listed below. For further details, see [22]:

(A) detection and selection of topographic depression from the DTM;
(B) processing of observed floodings;
(C) weighting depressions by the flood density;
(D) weighting the flooded areas by fill depth;
(E) combining a flood area fill depth grid and a weighted depression grid to obtain the

susceptibility map of pluvial flood-prone areas.

A Detection and selection of topographic depression from the DTM

Topographic depressions, or ponds, are defined as areas having low bottom eleva-
tion surrounded by an edge with higher elevation (i.e., the difference between the filled
DTM and the original DTM) with no downslope flow path. Depressions were detected
by processing the DTM with the automated depression evaluation tool available in the
GIS environment. In this work, this tool was used to derive areas where excess water
accumulates in cases of overwhelming drainage systems and thus represent flood-prone
areas. To exclude negligible and/or unrealistic features (DTM processing errors), depres-
sions were selected, following previous experiences [57], based on their fill volume and
fill depth. The minimum volume of 0.1 m3 was considered the best threshold, allowing
reliable error filtering for a 2 × 2 m cell DTM without losing a high percent of depression
area and volume (Figure 2a).

B Processing of observed flooding

The punctual observed floods subtend a flooded area with unknown areal extent; the
extent is assumed to be a function of the rainfall intensity and the terrain morphology.
Using an Average Nearest Neighbor analysis [58,59], the distance of 202 m was calculated
as the theoretical minimum extension of a flood in a condition of flat or gentle slope
morphology for the observed floods in the database, extending through the whole city area.
Thus, a circular buffer area with a radius of 202 m was considered around each point; then,
the susceptibility of each cell in the buffer was assessed, considering the relative elevation
concerning the point of observation.

C Weighting the depression layer by the flood density

To correctly map flood susceptibility, a weight was assigned to each depression.
The weight accounts for the spatial probability density of observed floods. The spatial
probability density is a function defining the distribution of observed floodings in space.
The kernel density algorithm [60] was used to build a density map, representing the
number of observed floodings per squared km; the density map was then standardized
and transformed into a 0–1 value raster map, with higher values corresponding to higher
flood density. The density map was multiplied by a binary grid, representing depressions.
The resulting layer represents the grid of depressions weighted for the density of observed
floods and was classified according to the quantile distribution to obtain a 5-class layer
representing the weighted depressions. The higher the class number, the higher the flood
potential (Figure 2b).
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D Weighting the flooded areas by fill depth

The threat to personal safety and gross structural damage caused by floods largely
depends on the flood depth, which, in turn, depends on the rainfall intensity and the
topographic characteristics of the depression. The greater the depth of the depression, the
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greater the danger to people, vehicles, and goods [61]. To include the height of water filling
the volume of flood-prone areas (i.e., flood depth) in the susceptibility analysis, a potential
fill depth is defined, calculated in each cell as the difference between the ground elevation
(DTM) and the lowest elevation of the flood-prone area in which the cell lies. For polygonal-
observed floodings, the lowest elevation point coincides with the lowest elevation in the
polygon. Within each of the buffered areas, the lowest elevation point is assumed to be the
elevation of the punctual observed flood. Cells with fill depth ≤ 0 are considered highly
susceptible, while cells with fill depth >0 are considered less susceptible because floods are
expected for longer return period storms. The potential fill depth raster was categorized
into 5 classes, with classes corresponding to higher susceptibility (Figure 2c):

CLASS 1: fill depth between 5 and 3 m;
CLASS 2: fill depth between 3 and 2 m;
CLASS 3: fill depth between 2 and 1 m;
CLASS 4: fill depth between 1 and 0 m;
CLASS 5: fill depth < 0.

E Combining the fill depth grid and the weighted depression grid to obtain a map of
the susceptibility to a pluvial flood

The raster maps of fill depth and of weighted depressions were summed to obtain
a 10-class map of susceptibility to pluvial flooding, with higher classes corresponding to
higher susceptibility. The number of classes was then reduced to five to facilitate further
risk calculations.

3.4.2. Sinkhole Susceptibility Assessment

The assessment of potential hazards arising from the creation of anthropogenic sink-
holes in urban areas requires a probabilistic analysis to determine the likelihood of a
sinkhole event occurring within a specific timeframe. When faced with the task of develop-
ing a spatial probability model that can be extrapolated to other similar areas, a complete
cartographic representation of the danger from anthropogenic sinkholes can be obtained
by developing a susceptibility map that identifies areas with characteristics that favor the
triggering of a sinkhole.

The conceptual model used to construct the map of sinkhole susceptibility considers
the following features [37,62]:

1. The anthropogenic sinkhole occurred in the Rome area in the period 1960–2021 (a
period of increased modern urban expansion) (Figure 3).

2. The identification of environmental spatial factors (recent and past) (e.g., the
morphological-physiographic and geological characteristics of the Rome area) and
of the anthropic aspects (e.g., the presence of underground cavities and the sewer
network) that constitute the predisposing factors.

3. The application of the maximum entropy technique to derive a probabilistic model
applicable in other similar areas, to provide a susceptibility map of the study area,
and to evaluate the most important predisposing factors able to trigger the phe-
nomenon. (https://www.isprambiente.gov.it/en/archive/news-and-other-events/
ispra-news/files2022/attivita/mappa-roma.jpg, accessed on 22 January 2024. Un-
like machine learning classification and regression techniques (such as the Random
Forest), the application of the MaxEnt algorithm requires only the presence of event
locations (e.g., Presence-only Prediction), so the response variable does not have to be
a binary variable of type 0/1 (i.e., presence/absence). In this work, predictors and
final susceptibility maps were re-elaborated for the San Lorenzo area according to
raster maps with a 10 × 10 m grid.

https://www.isprambiente.gov.it/en/archive/news-and-other-events/ispra-news/files2022/attivita/mappa-roma.jpg
https://www.isprambiente.gov.it/en/archive/news-and-other-events/ispra-news/files2022/attivita/mappa-roma.jpg
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The Presence-only Prediction method is a machine learning technique that uses the
maximum entropy approach (MaxEnt) to estimate the likelihood of a phenomenon’s oc-
currence. Unlike other methods that require the identification of absence locations, the
Presence-only Prediction method uses occurrence locations and explanatory variables in
the form of raster or distance features to estimate the existence of a phenomenon within
the selected region of study.

In the context of maximum entropy density estimation, the real distribution of oc-
currences for a phenomenon is expressed as a probability distribution P across a set X of
locations inside the study region. P allocates a non-negative value to each site x, and the
sum of the values P(x) equals one. A probability distribution model, denoted as P, is created
based on a set of constraints derived from the occurrence data. For further details regarding
the theoretical principles underlying the algorithm, please refer to [63,64].

Here follows a list of the conditioning and precursory factors predisposing the territory
to the sinkhole phenomenon.

Anthropogenic factors.

- Sewer network (Figure 4). The location of the sewer network (provided by Roma
Capitale) was included in the model as a further cause of sinkhole formation due
to erosive processes of water exfiltration and infiltration due to faults, leaks, and
dysfunctions of the hydraulic network, or during extreme rainfall events, which can
cause surface subsidence phenomena up to the formation of sinkholes. As part of the
susceptibility model, the distance between the sinkholes and the nearest collector was
considered; a buffer zone of 20 m was applied to the collectors.
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Figure 4. Maps of the conditioning and precursory factors selected to assess the sinkhole susceptibility
over the Rome urban area according to a 50 × 50 m grid. All these factor maps were re-scaled to the
San Lorenzo area and converted into continuous surface 10 × 10 m grids to be used as input data for
the MaxEnt algorithm [37]. (a) map of the sinkhole distance from the nearest cavity; (b) map of the
density of cavities; (c) map of the sinkhole distance from the nearest sewer network; (d) map of the
sewer density; (e) map of the sinkhole distance from the nearest flooded area; (f) map of the depth
of the water table; (g) map of the backfill thickness; (h) map of the changes in ground height from
INSAR data.



Geosciences 2024, 14, 27 11 of 26

- The distribution of the underground cavities reported at the ISPRA website (https://
www.isprambiente.gov.it/it/attivita/suolo-e-territorio/cartografia/carta-delle-cavita-
sotterranee-di-roma (accessed on 22 January 2024)) (Figure 4). The types of cavities
that have been found in the investigated area can be classified as catacombs, single
hypogea, tunnels, and bunkers [65,66]. As part of the Geographical Information Sys-
tem for the city of Rome, the cavities were represented in point geometry information
layers, where the underground envelope of the cavity is unknown, and polygonal
geometry layers, where the possibility of carrying out inspections by speleological
associations allowed the reconstruction of the underground geometry of the cavity.
Within the framework of the susceptibility model, the underground cavity information
layers were entered in the form of a density map for point cavities and as a distance
between the sinkhole and the nearest cavity.

Geological factors

- Lithology is an intrinsic predisposing factor in the urban area of Rome closely linked to
the presence of underground cavities (catacombs, quarries, tunnels, etc.) that generally
involve the Pleistocene pyroclastic pozzolanic and tufaceous deposits of the Albani
Hills Volcanic District and, subordinately (on the hydrographic right of the Tiber),
the volcanic rocks of the Sabatini Mountains Volcanic District and the Pleistocene
sedimentary formations (sands and gravels of the Ponte Galeria and Santa Cecilia
Units) [46,47,67–69]. The various lithologies of the litho-technical map derived from
the geological map of Rome (scale 1:50,000) were grouped into 5 classes, with a score
ranging from 1 to 5, based on the most quarried lithologies and the number of cavities
occurring in a given lithology.

- Backfill thickness was obtained from [69] (Figure 4g). The millennia-long history
of human activity in the territory of Rome has strongly reworked the topography
by filling and/or obliterating river valleys, often modifying their original drainage,
modifying the slopes of hillsides, building roads, extracting material from the subsoil,
etc. All these activities have inevitably created a type of anthropogenic deposit
known as backfill that constitutes a true “geological body” as they are constantly
superimposed on the natural soil. Due to its intrinsic characteristics, the backfill is
made up of very heterogeneous material with poor mechanical properties and can,
therefore, be considered one of the geological factors that may condition the occurrence
of sinkhole phenomena. In particular, the backfill thickness can provide important
information, especially in the case of sinkholes caused by the action of fluid circulation
in the subsurface [37,69]. The map of the thickness of the slopes was obtained by
reprocessing the data reported in [69] with 50 × 50 m resolution. In the study area,
the backfill thickness varies between 0 and 36 m, with a mean value of 8 m.

Morphological factors

- Satellite data (INSAR) (Figure 4h) allows the analysis of ground movements (subsi-
dence/elevation) detected by PS (Persistent Scatterers) radar benchmarks in terms
of spatial and temporal velocity patterns (mm/year). The data analysis can support
the assessment of subsidence rates with millimeter accuracy over time. The analysis
was performed on INSAR data provided by the Ministry of Ecological Transition (for-
merly the Ministry of the Environment) for the period 2005–2020. INSAR data were
processed using Simple Kriging (SK) to obtain an estimated map of the subsidence
velocities at a 50 × 50 m resolution.

Hydrogeological/hydrological factors

- Floodings distribution map (#732) is reported in [21] (Figure 4b). In the past 15 years,
an increase in short-lived but heavy rainfall events (>40 mm/h) has been observed.
The high susceptibility of the urban area of Rome to flooding due to heavy rainfall
events is mainly due to the malfunctioning, undersized, or even absent drainage
network (especially in most peripheral districts). The natural drainage network, often

https://www.isprambiente.gov.it/it/attivita/suolo-e-territorio/cartografia/carta-delle-cavita-sotterranee-di-roma
https://www.isprambiente.gov.it/it/attivita/suolo-e-territorio/cartografia/carta-delle-cavita-sotterranee-di-roma
https://www.isprambiente.gov.it/it/attivita/suolo-e-territorio/cartografia/carta-delle-cavita-sotterranee-di-roma
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obliterated, is in many areas replaced by the sewer system, which is often insufficient
to support the volume of water in the event of extreme rainfall events. The stagnation
of undisposed water at the surface is a factor that can increase the infiltration of
water into the subsoil, resulting in the same consequences as described by the sewer
collectors. The database of flooded areas in the period 2001–2014 refers to [22].

- Depth of the water table [70] (Figure 4f). In urban areas, groundwater level can
condition and predispose the territory to sinkhole formation in the following cases: (i)
the seasonal fluctuation of the water table level (generally lowering) can cause a loss of
support for the fine material in the rocky spaces to the point of giving rise to collapse
phenomena on the surface; (ii) the modification of the gradient of the water table
level (due to the removal or introduction of water into the hydrogeological system)
can cause a rapid washout of the loose material, causing the collapse of the surface.
Piezometric data referring to the depth of the surface water table in m a.s.l. were
obtained from the Hydrogeological Map of the City of Rome [70,71].

The base factors predisposing the sinkhole formation in the Rome urban area were
elaborated to obtain derived maps of predictors (e.g., density and distance maps) by
using neighbouring analysis (near distance tool) and density maps (Kernel Density algo-
rithm, [58]) (Figure 4a–e). These predictors were used in the MaxEnt algorithm to obtain
the final susceptibility map.

3.4.3. Multi-Hazard Assessment

The single susceptibility maps were summed up to the multi-hazard using Map
Algebra in ArcMap. The resulting map was then reclassified to obtain a 5-class map, with
the highest class corresponding to the area with a higher level of combined susceptibility.
The map of the overall susceptibility is then overlaid on the buildings, which are last
classified into the number of populations [72] or destination use of the building [51].

4. Results
4.1. DTM Reconstruction and Map of the Anthropic Backfill

Two high-resolution DTMs were built (Figure 5): one derived from the modern topo-
graphic map and showing present-day topography, the other obtained from the 1924 map.
The comparison between the two DTMs supports the analysis of the evolution of terrain
morphology. The difference between the two DTMs provided a map of the anthropic
backfill deposits and highlighted the detection of stream valleys hidden by urbanization.
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The map of anthropic backfill displays the main land transformations that occurred
in the San Lorenzo district in the last 100 years, which correspond to: (i) removal of
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natural terrains and ancient (pre-1924) anthropogenic material, featured as a negative DTM
difference; (ii) accumulation of thick piles of recent anthropogenic deposits, i.e., a positive
difference (Figure 6).
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Figure 6. Difference between 1924 and present-day topographic surfaces. The green star corresponds
to Piazzale del Verano; the yellow star corresponds to Sapienza University City; and the blue star
corresponds to via degli Enotri.

From the map, it can be noticed that a relevant area of terrain removal is in the north-
easternmost corner of the district, at Piazzale del Verano, which corresponds to the building
site of “Istituto di Medicina Legale at Sapienza Università di Roma—Obitorio Comunale”
(the Institute of forensic medicine of the “Sapienza” University—City Morgue). Up to
the 30s’ of the past century, this site was a small natural ridge trending in the SW-NE
direction [55]. In those years, the small relief was dismantled for the construction of the
“Città Universitaria” (University City). Contemporary and for the same purpose, another
relevant land transformation was the infilling of a large valley, almost W-E trending, with
the related burying of streams, just northward of the San Lorenzo District (i.e., the large
red area in the map). Here, more than 15-m-thick materials were emplaced to fill the
ancient valley. Another relevant backfill accumulation is placed in the center of the map,
filling an ancient and narrow, SW-NE trending valley (via degli Enotri site, as thick as
10 m); this site may correspond to an ancient quarry excavated in tuffs and pozzolans. In
general, the very recent anthropogenic deposits have poor geotechnical properties and are
prone to instabilities (settlements) and to the occurrence of polluting contaminants: metals,
hydrocarbons, and plastics [73].

4.2. Geological Reconstruction

The geological sketch map in Figure 7 was obtained by a geological field survey
of a few outcrops occurring in the area, coupled with the stratigraphical reconstruction
of geological cross sections performed by using the available boreholes (Figure 8). The
territory of San Lorenzo is part of a large plateau widening at the northwestern piedmont
of the Alban Hills (Colli Albani) volcanic relief. Mean elevations are comprised of between
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34 and 55 m a.s.l., which correspond to the hilltop of the plateau; lowered areas correspond
to narrow valleys incised by short creeks about the modern Tiber River’s network.
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Figure 8. Cross sections (I–IV) illustrating the stratigraphic architecture of the San Lorenzo area The
geological substratum is represented by a 50-m-thick succession of middle Pleistocene sedimentary
fluvio-palustrine (Santa Cecilia Formation) and pyroclastic (Tor de Cenci and Palatino Units, Tufi
stratificati varicolori di Sacrofano, Pozzolane Rosse, and Villa Senni Formation) deposits overlaying
the Pliocene Monte Vaticano Formation (offshore marine clays). Alluvial sediments, Holocene in age
(SFTba—Tiber River Synthem) and localized in narrow paleo-valleys, and anthropogenic backfill
deposits (RP) cover the middle Pleistocene sequence. The traces of sections are reported in the
geological map in Figure 7.

The plateau is composed of an about 50-meter-thick multi-layered succession of sedi-
mentary and pyroclastic deposits of the middle Pleistocene age, respectively sedimented by
the ancient Tiber River system and by the Alban Hills and Sabatini Mts Volcanic Districts.
The middle Pleistocene succession overlays with unconformity Pliocene marine clays of
the Monte Vaticano Formation (MVA), up to 500 m thick and representing the geological
bedrock in Rome [46,47] (Figures 7 and 8).

From base to top, the middle Pleistocene succession starts with the fluvial-palustrine
Santa Cecilia Formation (CIL), up to 25 m in thickness and composed of gravels grading
upward to sands and clay.

It follows a set of pyroclastic deposits mostly recording large-scale explosive eruptions
interlayered with fall-out deposits and paleosols. At the base is the Tor de Cenci Unit
(TDC), an ignimbrite that erupted at about 561 ± 1 ka [74,75], followed by the Palatino
Unit (PTI), a massive old ignimbrite at 533 ± 5 ka. These basal ignimbrites, sourced by the
Alban Hills volcano, are covered by the “Tufi stratificati varicolori di Sacrofano” Unit (SKF),
from the Sabatini MTS Volcanic District and composed of fall-out pumices alternated with
fine-grained ashes; the SKF unit is also comprised at the base of the Prima Porta ignimbrite
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(not distinguished on the map). The top of the pyroclastic sequence is represented by the
Pozzolane Rosse unit (RED), a non-welded ignimbrite with a coarse ashy matrix, and by
the Tufo Lionato member (VSN1) of the Villa Senni formation (VSN), a massive, ignimbritic,
and lithoid tuff. The RED and VSN1 units were emplaced from two large-scale eruptions
from the Alban Hills and dated, respectively, 457 ± 3 ka and 357 ± 2 ka. The narrow
valleys were carved in the late Pleistocene and later filled by silty-sandy alluvia of the Tiber
River Synthem (SFTba; late Pleistocene–Holocene in age). The natural substratum is almost
completely covered by a thick pile of anthropogenic deposits (RP), which will be better
described in the following section.

4.3. Hydrology and Hydrogeology

The area is located at the boundary between two river basins (the Tiber and Aniene
rivers). The hydrological divide is coincident with the western boundary of the San Lorenzo
area [48] and separates streams draining easternward and westernward (Figure 9); these
streams are today almost completely channelized and hidden by urbanization. In particular,
the streams in the San Lorenzo area are minor tributaries of the Acqua Bullicante stream
(which is, in turn, a tributary of the Aniene River), whose valley runs from south to north.
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Figure 9. Streams (blue lines) and hydrological divides (red lines) [48]. The black line bounds the San
Lorenzo district.

The groundwater map of Rome [70] describes a slightly different pattern of ground-
water concerning surface water: a groundwater divide, NNW–SSE-oriented, runs to the
east of the San Lorenzo area’s boundary. In the study area, the main groundwater direction
is westward. A double groundwater circulation is detected, flowing both in the uppermost
volcanic terrains (complexes VSN 1 and RED, No. 6 and No. 7 in Figure 10), with an
average water table elevation of 25 m a.s.l., and in the sandy-gravelly basal layer of CIL
(complex n.11 in Figure 10).
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Table 1. Table lists the units, both outcropping and detected through drillings, with their thickness,
age, and acronyms from the official geological map [46,47].

Unit Acronym Max Thickness Age

Backfill RP 20 m From historical age to the actual age (about 3000 ka)
Tiber River Synthem alluvial deposit SFTba 10 m Upper Pleistocene pro parte—Holocene
Villa Senni Formation: Tufo Litoide

Lionato VSN1 3–4 m Middle Pleistocene p.p. (357 ± 2 ka)

Pozzolane Rosse RED 12 m Middle Pleistocene p.p. (457 ± 4 ka)
Tufi stratificati varicolori di Sacrofano SKF 6 m Middle Pleistocene p.p. (488 ± 2 ka)

Palatino Unit PTI 10 m Middle Pleistocene p.p. (533 ± 5 ka)
Tor de Cenci Unit TDC 10 m Middle Pleistocene p.p. (561 ± 1 ka)

Santa Cecilia Formation CIL 47 m Middle Pleistocene p.p.
Monte Vaticano Formation MVA >16 m Lower—Upper Pliocene p.p.

4.4. Map of the Susceptibility to Flood

The map of susceptibility to pluvial flooding (Figure 11) comprises five classes:
1 = very low, 2 = low, 3 = medium, 4 = high, and 5 = very high. Areas with low fill
depth, a high density of observed floods, and a small fill volume belong to the ‘very high’
susceptibility class.

The San Lorenzo territory presents a susceptibility to flooding, which for 48% corre-
sponds to very low and very high (Figure 11, left panel). This is due to the presence of
relatively low areas, which are the natural destinations of waters flowing on the surface, and
to observed flooding. The relatively low areas are found around the station (southeastern
portion) and in the entrance area of the Verano monumental cemetery (north-east corner).
The observed floods reported in the database are located along the via Tiburtina, which runs
in the middle of the area from SW to NE (Figure 11, right panel), in Piazzale Aldo Moro,
and in the corner between via dei Sardi and via degli Enotri. The medium class shows
the highest percentage of pluvial floods (57% of susceptible surfaces, Table 2). High and
very-high susceptibility zones occupy 8.8 and 0.8% of the susceptibility area, respectively.
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Table 2. Susceptibility classes: percentage of occurrence.

Susceptibility Class % of Occurrence

Very low 8.4
Low 24.6

Medium 57.4
High 8.8

Very high 0.8

4.5. Map of the Susceptibility to Sinkhole

The sinkhole susceptibility map of the San Lorenzo area was obtained by extracting
data from that developed for the entire urban area of Rome [37] (Figure 12). Sinkhole
susceptibility values are expressed in terms of the probability of the occurrence of sinkhole
events, ranging from 0 to 1. The map clearly shows that sinkhole susceptibility (above 0.6)
increases in the neighboring underground cavities. The susceptibility also increases near
the sewer network, as occurs in the SW corner of the map.
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The predictive capability of the sinkhole susceptibility model elaborated for the Rome
urban area is very good. The ROC curve, commonly applied in machine learning techniques
(including the PoP) to evaluate the model performance, provides an area under the curve
of 0.850 for training data and 0.847 for test data.

The range of values of the sinkhole susceptibility map was divided into five classes by
using quantiles (very low, low, medium, high, and very high). In the San Lorenzo area, 16
out of 22 sinkholes (72%) fall in areas with susceptibility greater than 0.6 (high and very
high classes), while only 6 fall in susceptibility classes below 0.6 (medium, low, and very
low) (28%).

4.6. Multi-Hazard Map

The multi-hazard map (Figure 13) highlights areas where the concurrence of more than
one geological hazard exists. The hypothesis is that the interaction between “concurrent”
hazards may lead to an increase in their intensity or overall impact; for this reason, areas
with the co-existence of higher flood and sinkhole susceptibilities correspond to the higher
multi-hazard classes.
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The 7% of the territory, corresponding to 47,576 m2, is in the highest class of multi-
hazard (5th, Figures 13 and 14): these are in three areas along Tiburtina street (the wider one
at the crossing with via degli Ausoni, Figure 13(A)) and in correspondence with Basilica San
Lorenzo Fuori le Mura (Figure 13(B)). Multi-hazard classes 3 and 4 represent, respectively,
42% (169,720 m2) and 37% (137,100 m 2). Class 1 covers 14% of the multi-hazard map.
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Figure 14. Histogram showing the area covered by each of multihazard class.

The overlay between the buildings and each susceptibility map (Figure 14) shows that:

- Fifty percent of buildings are in flood susceptibility areas (6215 inhabitants); between
these, 34% (2770 inhabitants) are in classes high and very high.

- Hundred percent of buildings are in sinkhole susceptibility areas (9200 inhabitants);
between these, 26% are in classes high and very high.

The overlay between the buildings and the multi-hazard map shows that:

- The use of buildings is mostly residential, but there are also a few industrial and
railway buildings, two churches, and some shacks (Figure 15);

- Fifty percent of buildings are areas of combined susceptibility; among these, 8% are
in multi-hazard class 5, and 17% are in multi-hazard class 4. In other words, 25% of
buildings are in the highest multi-hazard classes (4 and 5), corresponding to about
1530 inhabitants. This area can be defined as a “multi-hazard hotspot” (Figure 16).
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5. Discussion

The purpose of this work is to present a semiquantitative methodology for combining
the assessment of several geohazards to which historical cities could be exposed [76–78].
The study area covered the San Lorenzo district of Rome, which suffered extensive damage
from bombing during the Second World War and underwent a comprehensive reconstruc-
tion. The district, as well as the entire metropolitan area of Rome, is subject to multiple
hazards, such as flooding caused by intense storms and human-induced sinkholes primarily
associated with the complex system of tunnels and underground cavities.

The multidisciplinary geological, hydrological, morphological, and anthropic analyses
identified several factors that predispose the San Lorenzo area to multiple geohazards
(i.e., susceptibility to flooding and sinkholes). The local-scale geological map is crucial
for planning actions that impact the subsoil, such as building structures or underground
parking facilities [77]. The thorough geological reconstruction of the study area accurately
maps the upper and lower borders of the tuff layer. During ancient Roman times, this layer
experienced significant quarrying of building materials, which created an extensive network
of tunnels, hypogea, and catacombs. The Roman underground environment is sometimes
so extensive that it forms a city beneath the city. However, the growing urbanization
since the 1950s has hidden many underground cavities, which today constitute a risk of
instability and can lead to surface collapses (i.e., anthropogenic sinkholes). Results obtained
from the machine learning analysis (e.g., MaxEnt algorithm) demonstrate that the existence
of underground cavities significantly influences the occurrence of surface collapse. In
particular, the obtained model indicates that the cavity density and sewer distance from
the nearest sinkhole are the most important predictors of sinkhole susceptibility, at 44.4%
and 20.1%, respectively.

The geomorphological and geological investigations, which involved the compari-
son between DTMs of different periods and the examination of the available boreholes’
stratigraphy, enabled the reconstruction of the thickness of the backfill deposits, which can
be considered a geotechnical microzonation. The map presented in Figure 6 provides an
in-depth assessment of the thickness and age of anthropogenic deposits in San Lorenzo.
It specifically focuses on the latest deposits resulting from local land modifications, pro-
viding an updated version of previously published maps. Areas with a greater amount
of backfill material are the ones that highlight the highest level of uncertainty regarding
their geotechnical properties. It is recommended to conduct supplementary surveys in
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these areas, particularly when new interventions on the territory or buildings are planned.
Accordingly, the map can serve as a valuable instrument for assessing geotechnical and
environmental risks within the region.

This principle is additionally applicable to the assessment of anthropic risk, which
encompasses the identification of explosives, contaminants, and chemicals that originated
from recent industrial processes. Furthermore, due to the war bombardment, San Lorenzo
may have accumulated anthropogenic deposits that could also include dangerous materials
like unexploded weapons, resulting from military damage [79]. The backfill map can be
used to identify the potential occurrence of not-yet-recovered and/or hidden explosives
that are buried beneath recently deposited materials. The higher the thickness and recency
of the deposits, the greater the likelihood of concealed explosives being present. The
analysis of the current morphology also reveals the existence of relatively lower areas that
serve as the natural catchments for surface water (depressions, Figure 2a). Furthermore,
examining the morphology within a 200-m buffer around observed floods allows the
association of the fill depth attribute with the observed floods (Figure 2c). Both depressions
and fill depth are key characteristics in defining the pluvial flood susceptibility map.

As we have seen, urban environments are susceptible to various geo-hazards, which
vary based on the density and composition of buildings. The vulnerability of these buildings
can be assessed by analyzing the functional zoning of the area. We conducted a semi-
quantitative zoning of the vulnerability of the San Lorenzo district by merging maps of
pluvial floods and sinkhole susceptibility. Results of the multi-hazard analysis show that
7% of the territory is in the highest class of multi-hazard (fifth class), while multi-hazard
classes 3 and 4 represent, respectively, 42% and 37% (Figure 13). Class 1 covers 14%
of the multi-hazard map. Fifty percent of buildings (involving 6215 inhabitants) are in
an area susceptible to flooding (Figure 15); among these, 34% (2770 inhabitants) are in
classes high and very high. Moreover, all buildings are in a sinkhole susceptibility area
(9200 inhabitants), with 26% in classes high and very high. Fifty percent of buildings are
areas of combined susceptibility and flooding; among these, 25% (1530 inhabitants) are in
the highest multi-hazard classes (4 and 5). The maximal vulnerability risk is attributed to
the densely built-up territory (which is observed in residential and public zones). These
areas can be defined as “multi-hazard hotspots” (Figure 16).

6. Conclusions

This study demonstrates that a comprehensive multidisciplinary approach combining
the examination of urban geology and hydrogeology, historical morphology modifications,
and the occurrence of geological disasters is a suitable and efficient tool for mapping
geohazards in urban areas and identifying specific locations affected by multiple hazards.

The multidisciplinary approach provides the assessment of several factors (e.g., partic-
ular geological formation, backfill thickness, underground cavities, depression, fill depth,
etc.) that predispose the area of San Lorenzo district to pluvial flood and sinkhole suscepti-
bility. The semi-quantitative combination of the pluvial flood and sinkhole susceptibility
maps produces a multi-hazard map that identifies areas where the occurrence of “concur-
rent” hazards could potentially amplify their severity or overall consequences.

The integration of the multi-hazard map with information about building type and
use is a promising tool to assess the vulnerability of the urban environment and the zoning
of the territory based on hazard classes. The multi-hazard hotspot map (e.g., highest multi-
hazard classes) can be used to recognize areas where mitigation planning actions can be
carried out. Moreover, the map can be employed to conduct a comprehensive assessment of
the expected impacts on human life and the economy by considering the potential effects of
floods and sinkholes, including casualties, property destruction, and economic disruption.

This study should be considered a preliminary assessment of multi-hazards at the
scale of urban districts. The main limitation of this approach arises from the fact that
the individual assessment of pluvial flood and sinkhole susceptibility, which was used
to construct the multi-hazard map, was conducted separately using distinct quantitative
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and semi-quantitative techniques. Although there may be a correlation and interdepen-
dence between both hazards (i.e., sinkhole susceptibility can increase in flood-prone areas),
the incorporation of these two distinct maps necessarily introduces a certain degree of
variability in our research. Nevertheless, in practical application, it can be more useful
to develop a homogeneous representation of standardized hazards in order to identify
multi-hazard hotspots.
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