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Abstract: The Italian Geological Survey (APAT) carried out field surveys and analysis of collapse
phenomena (sinkholes) in Italy. The main goal of the project is to collect geological, geomorpho-
logical, geochemical and hydrogeological data about the sinkhole-prone areas in Italy in order to
develop a spatial database of the characteristics of each phenomenon. The preliminary results of
this study provide information on the distribution, geological setting, and monitoring and remedia-
tion actions associated with these natural collapses in Italy. Many Italian regions are affected by
these natural disasters. Some of them are caused by karst collapses or anthropic activity.
However, some occur in areas characterized by buried carbonate bedrock (up to 190 m), as well
as by peculiar geological–structural and geochemical scenarios. In these areas it is not reasonable
to ascribe the formation mechanism to karst activity. Instead, these types of cavities quickly
develop in terrains with a variable granulometry, often in connection with upwelling fluids. In
this work some natural specific cases have been studied in order to define the relationships
between the geology (regional tectonic elements, mineral spring waters and strong gas vents)
and the genesis of the sinkholes. A first attempt of sinkhole classification is also presented.

Sinkhole definition

Collapse structures occur throughout the world and
are particularly common in the USA (California and
Florida), where they constitute a significant hazard
owing to their unpredictability and the fact that it
is difficult to avoid resultant damage (Newton
1984, 1986; Beck & Jenkins 1986; Sinclair &
Steward 1985; Snyder et al. 1989). These natural
processes are generally more important whereas
anthropogenic causes are typically secondary,
although it should be noted that the number of
cases of collapse-structure formation has increased
worldwide over the last 20 years, probably owing
to urban expansion (Sinclair 1982; Newton 1984,
1986; Tihansky & Galloway 2000).

In the last few years the term sinkhole has been
used often to indicate collapse phenomena of
various natures; however, this has created confusion,
particularly in the different usages of the term in the
Italian literature v. English literature. Such a term
defines a subcircular surface depression or collapse
structure formed by the collapse of small subterra-
nean karst cavities (Fairbridge 1968; Monroe
1970). This definition is synonymous of doline,
which includes various genetic subtypes such as sol-
ution, collapse or subsidence sinkholes or dolines
(Sweeting 1972; Jennings 1985; Castiglioni 1986).
At present in the United States and Great Britain
the term sinkhole is frequently used to define any sub-
circular cavity regardless of genetic origin (Beck
1984; Beck & Wilson 1987); the term is also used
to indicate open cavities caused by anthropogenic
activities that are not necessarily subcircular in form.

In Italy the term sinkhole is used to indicate a
subcircular cavity that opens suddenly on the
surface and is used as a synonym of collapse. A col-
lapse is a rapidly formed depression of variable
shape, even if typically subcircular, which occurs
primarily in karst terrains, in plains and in areas
where subterranean cavities already exist. Sudden
collapses are also defined as those events that are
not directly linked to karst phenomena, such as sub-
terranean cavities formed by anthropogenic activi-
ties in urban areas, above mines, excavations and
ancient catacombs.

Of the investigated sinkholes senso stricto 38%
are filled with water, thereby forming small
lakes or ponds. As this water can often be minera-
lized, it is not surprising that they can occur
in correspondence with mineralized springs and
are often aligned along tectonic lineaments that
are stressed by the presence of water and gas chemi-
cal anomalies.

The formation of sinkholes can occur during a
single event or with the slow and progressive col-
lapse of the structure. In the first case the subsurface
is affected by a single conduit and the cavity main-
tains a relatively constant dimension over time. In
the second case the sinkhole develops with the
slow washing away of the sediments from the base
to the top of the cavity. It has been shown that the
majority of the sinkholes are caused by upward
erosion (Littlefield et al. 1984; Derbyshire &
Mellors 1988; Derbyshire et al. 1991; Billiard et al.
1992; Faccenna et al. 1993; Muxart et al. 1994;
Nisio 2003). Deep piping phenomena are probably
originated by this process (Nisio 2003).
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The deep piping process is a mechanical effect
due to the upward flow of groundwater in granular
rocks (from clay to gravel-sized particles) that
occurs when the deposit is fractured or porous
and when the water is under high pressure in a
flow path in which high groundwater velocities (tur-
bulence) are maintained. The flow of water results
in the erosion of material and the formation of con-
duits (pipes) (Massari et al. 2001; Nisio 2003).

Many Italian regions are affected by these
natural collapses, but some of these seem to be
karst collapses and some are caused by anthropic
activity. However, some sinkholes occur in areas
characterized by a deep buried carbonate substratum
(up to 170 m), as well as in areas where peculiar
geological–structural, hydrogeological and geo-
chemical settings facilitate sinkhole formation. In
these areas it is not reasonable to ascribe the for-
mation mechanism of these sinkholes to the mere
gravity collapse of a karst cavity, but some other
triggering and prone factors should be considered.

The Italian Geological Survey – APAT
(National Agency for Environmental Protection
and Technical Services) – carried out studies and
field surveys on collapse phenomena occurring in
sinkhole plains in Italy in the framework of the
Sinkhole Project. In this work some natural specific
cases were studied in order to define the relation-
ships between the typical geological scenario
(regional tectonic elements, mineral springs and
strong gas vents) and the genesis of sinkholes.
The main goal of the project is to collect geological,
geomorphological, geochemical and hydrogeologi-
cal data about the sinkhole-prone areas to construct
a sinkhole hazard map in Italy. A Microsoft Access
relational database (RDB) was designed to store,
analyse and map the sinkhole-prone areas in Italy.
The database (SH-RDB) includes geological,
hydrogeological, geochemical and geotechnical
data about known sinkhole collapses in Italy. The
goal of the sinkhole database project is to provide
easy access to sinkhole data via data query and
reporting options. A geographical information
system (GIS) was used to create thematic maps
and to analyse the data.

This paper reports the first results of the Sink-
hole Project on the distribution, classification and
evolution of sinkholes in Italy. In addition, prelimi-
nary results of selected case studies help to reveal
the geological setting.

Sinkhole classification

Classification of karst features can be based on
genetic mechanisms; our aim is to clarify the
genetic mechanism of collapse triggering and to
present a general classification of the phenomena.

This first attempt of classification considers the
genesis of cavities that show similar morphological
characteristics but that originate from very dissimi-
lar genetic mechanisms.

Doline is a term derived from the Slav word
‘dol’ that means valley; these were the most
common hollows in the landscape of the Dinaric
karst. The term refers to natural enclosed
depressions found in karst landscapes (Cramer
1941; Sweeting 1972; Castiglioni 1986; Ford &
Williams 1989 and many others), principally
owing to chemical dissolution of calcareous depos-
its. Dolines are also sometimes known as sinkholes.

In a strict sense, the term sinkhole in Italy and
sometimes in Europe indicates a topographic cavity
of various shapes, mainly subcircular, caused by a
quick collapse of the soil surface. The origin of a
sinkhole, again in the strict sense, is not necessarily
related to karst phenomena. Other factors can con-
tribute to the genesis. For this reason the terms
doline and sinkhole are not synonymous. Indeed,
the international terminology can be very confusing.
Hence, in order to avoid the ambiguity that some-
times arises in the general use of these terms,
further qualification is required such as ‘solution
sinkhole’ or ‘collapse sinkhole’. Table 1 lists the
terms used by different authors and the extent to
which genetic types are subdivided.

According to the main genetic processes, collapse
phenomena can be subdivided into the following
groups: (1) anthropogenic sinkhole; (2) karst pheno-
mena; and (3) sinkhole sensu stricto or deep
piping sinkhole (Nisio 2003; Nisio & Salvati 2004)
(Fig. 1). It is widely recognized that enclosed
depressions can be formed by four main mechanisms:
dissolution, collapse, deep piping and subsidence.

Anthropogenic sinkhole

Anthropogenic sinkholes are caused by the collapse
of the roof of an artificial underground cavity (i.e.
mining, catacombs, etc.).

Karst phenomena

A genetic subdivision of the karst phenomena is
based on the mechanisms that cause cavities in
the shallow environment. Such mechanisms
consist of: (a) collapse; (b) subsidence; and (c) dis-
solution mechanisms.

Collapse doline/sinkhole. These depressions
formed mainly by mechanical processes. This fact
may cause a considerable variation in nomenclature
largely owing to the variety of materials and pro-
cesses involved, and the tendency of some authors
to group types and/or to subdivide types (Fig. 1,
Table 2). Collapses refer to rapid downward
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movement of the ground, whereas subsidence refers
to gradual movement sometimes without even
ripping the surface. These processes can occur in
karst bedrock (collapse doline or collapse sinkhole:
Tharp 1997, 1999; Capelli et al. 2001; Salvati et al.
2001). They can be subdivided into cave (or
cap-rock)-collapse doline or sinkhole and, where
unconsolidated sediments overlie the bedrock, into
cover-collapse doline or sinkhole. In all cases,
the collapse could be preceded by dissolution of
the karst rock to form a void into which material
can fall.

A cave-collapse doline or sinkhole is a well-
shaped cavity in limestone and karst rocks. The
karst cave must be overlain by rock (i.e. tuff,
limestone or travertine) and the formation follows
the collapse of the cave roof (Cramer 1941;
Castiglioni 1986; Ford & Williams 1989). The
trigger of the collapse is a progressive thinning of
the roof of the cave followed by the failure of the
overlying rock. This kind of catastrophic subsi-
dence is often characterized by a large bell-shaped
cavity and the absence of premonitory signs.
The cover-collapse sinkhole or doline has a thin
cover of permeable sediments (20–30 m of sand
or gravel). It is promoted by the infiltration of
surface water, and the cavity originates by the col-
lapse of the roof of the underlain karst void. Some-
times a collapse extends from a cave below the
water-table level; many sinkholes host small ponds.

Subsidence doline/sinkhole. Depressions caused by
cover subsidence are called subsidence dolines.

They can be subdivided into rock-subsidence
dolines/sinkholes and cover-subsidence dolines/
sinkholes (Fig. 1).

These landforms originate in unconsolidated
deposits such as alluvium, glacial moraine, loess,
sands, etc. The sedimentary cover slowly filters
downward into the underlying karst voids through
corrosionally enlarged fractures and results in
gradual subsidence of the surface. The main
process involves the gradual winnowing and down-
washing (ravelling) of fine sediments by a combi-
nation of physical and chemical processes.

Rock-subsidence doline/sinkholes occur in
soluble rocks with a thin cover of permeable sedi-
ments. The fracturated, soluble rock slowly settles
without any surface evidence. The result is a bowl-
shaped landform (Castiglioni 1986).

Cover-subsidence dolines/sinkholes are closed
depressions in non-cohesive cover sediments (i.e.
alluvial deposits), and are caused by the presence
of karst voids in the underlying rocks (Castiglioni
1986). The triggering of this process is strictly
correlated with the permeability of the materials
and the thickness of the cover deposits (Newton
1984, 1986). The evolution of this type of collapse
is typically progressive, with final dimensions of
some tens of metres in diameter and shallow depth.

Solution doline/sinkhole. Shallow morphologies
without collapse structures are called solution
dolines/sinkholes and are caused by rock dissolution
by infiltrating water (Cramer 1941; Castiglioni
1986). The bowl-shaped form of this landform

Table 1. Sinkhole terminology*

Definition Main genetic processes Sedimentological setting Morphology

Solution sinkhole/
doline

Chemical dissolution of
karst bedrock

Outcrops of carbonate/
evaporitic rocks

Enclosed depression funnel-
shaped with a flat bottom.
Thin cover of red soil

Subsidence sinkhole,
cover-subsidence
sinkhole, cover
sinkhole

Subsurficial dissolution or
collapse of karst voids in
the underlying rocks

Karst carbonatic bedrock
with non-consolidated
cover (i.e. sand, gravel).

Topographic depression with
dimension of some tens
of metres both in
diameter and depth

Collapse/cave-
collapse sinkhole,
collapse doline

Collapse of the roof of
caves

Karst cave overlain by
lithoids deposits (i.e. tuff,
limestone, travertine)

Deep sinkholes with steep
walls and truncated cone
vertical shape

Rock-subsidence
sinkhole,
subsidence doline

Collapse on cohesive,
permeable and
non-soluble rocks placed
over soluble sediments

Karst cave overlain by
cohesive deposits (i.e.
clay, silt)

Funnel-shaped sinkholes

Piping sinkhole,
cover-collapse
sinkhole

Upwelling of water and
gases with a piping
process followed by the
collapse of the soil

Sediments of different
granulometry and less
cohesive

Variable shape from smooth
depression to steep
sinkholes

*Terms used to describe the sinkholes, the main genetic processes, the sedimentological setting and the morphology (partly taken
from Gunn 2004).
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indicates that more material has been removed
from its centre than from around its margins.
The amount of limestone that can be removed in
solution depends upon two variables: the concen-
tration of the solute; and the volume of the solvent
(i.e. the amount of water draining through the
doline). Variations in either or both of these quan-
tities could be responsible of dissolution near the
centre of the depression. The development of
this type of doline depends on the ability of
water to sink into and flow through karst rocks
to outlet springs. The exposure of limestone by
erosion provides a boundary for the infiltration
of water. These landforms develop slowly
without catastrophic subsidence, so they cannot
be associated with the sinkhole phenomena.

Sinkhole sensu stricto or deep piping

sinkhole

The main causes of the sensu stricto or deep piping
sinkholes are complex and interacting. They can
be genetically subdivided into the following cat-
egories (Faccenna et al. 1993; Nisio 2003).

† Soluble substrate (carbonates, evaporites or
sulphate-rich rocks) affected by karst pheno-
mena. The presence of small- or large-scale
irregular bedrock morphology with karst
macroforms and with karst cavities in the
upper substratum (soil–rock interface)
results in corrosive and dissolution processes.

† Impermeable or semi-permeable sediments
that overlay the bedrock.

† Weak physical–mechanical characteristics of
the materials in the upper cover.

† Presence of a network of faults or fractures
that allow elevated groundwater circulation
and mechanical erosion.

† High groundwater flow and recharge rates.
† The presence of acidic gases, such as CO2

and H2S, which dissolve into the ground-
water, thereby increasing dissolution rates
of the surrounding material.

Recognized triggering mechanisms for
surface collapse include loading (such as con-
struction), wetting (intense rainfalls, snowmelt),
drying (droughts) and shaking (earthquakes;
Snyder et al. 1989; Ferreli et al. 2004).

The terms sinkhole or deep piping sinkhole
should be used with care owing to the great com-
plexity of the phenomenon. Thus, we propose the
following nomenclature.

† Deep piping sinkhole: This type of sinkhole
occurs in areas characterized by mineralized
groundwater with bubbling phenomena
caused by the high concentrations of freeT
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and dissolved gases. The deep piping process is
a mechanical effect caused by the flow of
groundwater in fractured or porous granular
rocks (from clay to gravel-sized particles) with
abundant, high pressurized waters (Fig. 1). In
this process a flow path with high groundwater
velocities results in the erosion of material and
the formation of channels. Furthermore, the pre-
sence of fault and fracture systems acts as route
for the migration of deep acidic fluids. Mineral
springs and/or gas vents enriched in CO2 and
H2S, which dissolve and/or pass into the
groundwater and make it more aggressive,
have been recognized inside and/or close to
the cavities. This phenomenon is also referred
to as deep suffusion or deep piping (Nisio
2003; Graciotti et al. 2004; Nisio et al. 2004).

The geological model for a deep piping sinkhole
requires the presence of a thick layer of cover
deposits (up to 200 m) overlying a karst bedrock.
Usually these sediments are alluvial deposits with
vertical and horizontal granulometrical variations.
The presence of a cover of clay deposits prevents
deep deformations and the possibility that a cave
collapse in the bedrock could create a sinkhole
sensu stricto on the surface by ravelling processes.
In the presented case studies, no signs of water
flow from the surface to the underground occur.
Instead, the water head can reach the soil level,
and for this reason the presence of a spring in the
cavity is possible (some authors define this type of
sinkhole as a spring sinkhole). The presence of
karst materials (i.e. travertine, limestone gravel)
inside the cover deposits enhances the deep piping
sinkhole formation.

Collapses suspected to be sinkholes sensu stricto
have been widely reported from central Italy (from
Tuscany to the Campania region). The majority of
these cases seem to have a common genesis. They
occur in groundwater discharge areas near the base
of karst ridges in zones with major groundwater circu-
lation. Thick overburden and proximity to a deep gas
source and/or thermal upwelling is also present
(Ciotoli et al. 2001; Annunziatellis et al. 2004). The
occurrence of such sinkholes within a discharge zone
is difficult to reconcile with the traditional conceptual
model for two reasons. First, there is no downward
moving water that could cause ravelling processes.
Second, the upwelling acidic groundwaters have
been in contact with limestone for long periods and,
generally, these groundwaters are near CaCO3 satur-
ation. This limits the mechanism for creation of
voids within the bedrock (Salvati et al. 2001; Salvati
& Sasowsky 2002). In addition, caves occur within
the cover sediments, as additional material is
removed to create a substantial void in the cover

material. Often the arch in the cover terrain will no
longer support the overlying material, and the void pro-
pagates upwards until the shear stress becomes greater
than the cohesion of the cover material. In these set-
tings, the rising of pressurized and acidic fluids
(gases and water) is the main factor of the deep
piping sinkhole genesis. The upwelling of ground-
waters is controlled by the presence of deep faults,
which act as the main pathways for the deep fluids.

† Collapse piping sinkhole: This type of sinkhole
differs from deep piping sinkholes for the
following reasons: (1) It requires the presence of
an unconsolidated cover sediment (i.e. pyroclastic
deposits, gravel, sands, etc., with thicknesses of
up to 100 m). (2) The carbonatic bedrock hosts
a confined aquifer. In high recharge periods the
aquifer should be pressurized with a strong
increase of the water head that does not,
however, reach the soil level. (3) Deep piping
mechanisms act on the interface between the
bedrock and the cover sediments. A cylindrical-
shaped cavity forms along a fracture or fault in
the lower sedimentary cover and propagates
towards the surface. When the roof reaches a
thickness that cannot support acting shear stres-
ses, it collapses quickly. In the major part of the
observed cases the cavities are dry. These sink-
holes occur diffusely in volcanic areas of the
Latium and Campania regions.

From the study of more than 500 natural sink-
holes it is possible to suggest a specific classifi-
cation for the Italian sinkholes. This classification
is based on genetic mechanisms and on other
factors affecting the sinkhole genesis: the lithology
of the sedimentary cover and of the bedrock, the
depth to the bedrock, and the geological
and morphological setting of the sinkhole-prone
areas. The sinkholes sensu stricto (or supposed to
be sinkholes sensu stricto) are clustered into 10
different types. It should be noted that research is
ongoing and that these are preliminary results.

Sinkhole evolution

Sinkholes are not ‘static’ features of the landscape.
These phenomena are subjected to a sort of evol-
ution with modification of the morphology, increas-
ing or decreasing of the diameter, flooding and
displacement. Figure 2 shows the main types of
sinkhole evolution recognized in Italy.

Drowning

The drowning process affects sinkholes in areas
where the table water is close to the soil surface.
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In these zones, the formed subcircular depre-
ssions often contain small lakes or ponds. This
phenomenon generally represents the first stage of
sinkhole evolution (Caramanna et al. 2004, 2005;
Nisio et al. 2004). Under such conditions, water
levels may be affected by seasonal fluctuations
caused by rain and/or by the presence of a water
outlet. In some cases, fluctuations of the water
surface are not recognized, but gas emissions and
stream outflow from the pond may occur; this
suggests the presence of a spring on the bottom of
the lake fed by the deep aquifer.

These lakes are often characterized by bubbl-
ing phenomena caused by deep-origin gases
(CO2, H2S, H2, He) that rise along crustal discon-
tinuities. The presence of acidic gases (CO2

and H2S), which dissolve into the groundwater,
can cause dissolution and weakening of the support-
ing bedrock, travertine and other carbonate-rich
sediments in particular. Carbonate dissolution
combined with the siphoning off of fine particles
results in a loss of structural integrity and sub-
sequent collapse. The deep origin of the fluids
has been verified by chemical analyses of the dis-
solved gases in the water filling the sinkholes
(Ciotoli et al. 2001).

Extinction

Several years after formation, a sinkhole cavity
could become dry and be filled by sediments until
the depression is no longer visible on surface.

Fig. 2. Flow chart of sinkhole evolution.
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Some hypotheses may be advanced regarding the
sinkhole extinction:

† filling with stream sediments and/or with collu-
vial material from range fronts (i.e. Lago Puzzo,
Rome or Lago di Caira, Cassino);

† slumping of the sinkhole borders, which
increases the diameter and simultaneously
causes the filling of the cavity with the collapsed
material;

† draining of the sinkhole caused by changes in
groundwater circulation and/or water-table
level, for example induced by seismic events.

Re-activation

Extinct sinkholes may be re-opened in the same
location or undergo a sudden collapse that causes
dimensional changes. Sinkhole re-activation may
be caused by the conditions that caused the original
collapse (seismic events, human activities, flood
events, etc.).

The extinct sinkholes can be re-opened in the
same position with the same shape or the mor-
phology can change (i.e. variation of diameter and
depth). For example, the Lago Puzzo re-opened in
1930 with a wider diameter following some phreatic
explosions with gas emissions. The New Lake in the
S. Vittorino Plain (Rieti, central Italy) formed in
1891 and underwent several cyclic re-activations
from 1902 to 1930. The lake of Pra di Lama
(Pieve Fosciana–Lucca, northern Italy) re-opened
in 1828 after an earthquake in the same position
of a thermal spring used for a health spa. On 15
August 1828 at 11 a.m. several bangs, along with
gas and mud emissions, preceded a collapse. The
resultant lake was 11 m deep with a diameter of
40 m. In 1842 it was almost totally dry and filled.

Migration

Sometimes extinguished sinkholes could re-open in
a shifted position. This is called ‘migration’. The
causes of this displacement and of the possible pre-
ferential direction are still under study. For example,
the collapses formed in the Fosso S. Martino,
north of Rome, show a southern trend of migration
according to a north–south-oriented tectonic dis-
continuity. In the Pontina Plain (central Latium)
four sinkholes called ‘Sprofondi’ (Collapses)
show a northward migration of the collapses along
a SE–NW direction. In the S. Vittorino Plain a
slow migration of sinkholes, showing southern
and western trends from the carbonatic chain of
Paterno Mt towards the western section of the
plain, has been highlighted. Whether or not these
cases indicate a real migration is still not clear
(Centamore & Nisio 2002, 2003; Annunziatellis

et al. 2004; Centamore et al. 2004; Nisio et al.
2004). Otherwise, the sinkholes’ migration should
be explained by the modification of the upwelling
paths of fluids caused by seismic events and master
fault re-activation (i.e. Fiamignano–Micciani fault
in the S. Vittorino Plain) (Annunziatellis et al.
2004).

Data presentation

The goal of the Sinkhole Project is to map and study
sinkhole senso stricto in Italy.

This census considered only collapses located in
plain areas characterized by thick sedimentary
covers and without bedrock cropping out. Some
of investigated cases, of doubtful origins, were
shown to be karst-related phenomena or anthro-
pogenic collapses (see Fig. 5b late). Less than
50% of the analysed cases could be considered
deep piping sinkholes. The first part of the project
focused on the development of a bibliography of
national and international literature on Italian sink-
holes. In addition, historical data on particular sink-
holes were collected to determine their formation
date and their geostructural boundary conditions.

Actually more than 550 sinkholes, excluding
those of anthropic and/or karst origin, have been
investigated in the field in different geological
scenarios of Italy (Fig. 3).

Multi-scaling and multi-temporal analysis of
aerial photographs of the sinkhole-prone areas
allowed the recognition of their morphotectonic
features. This analysis integrated field data and
facilitated the improvement of geological and geo-
morphological maps. Geological, structural and
geomorphological field surveys were then conducted
in order to verify the results obtained from photo-
graphic analysis, in particular to identify the thick-
ness of the sedimentary cover above the bedrock,
as well as the main tectonic elements that could
trigger and affect the evolution of the collapses.
Field hydrogeological and hydrogeochemical
surveys were carried out to characterize hydrogeolo-
gical boundary conditions (i.e. depth of water table,
spring flow, etc.), as well as physicochemical and
hydrochemical parameters of the fresh water and
mineral springs, and of the water filling the collapsed
areas (see Table 3). The depressions containing small
lakes or ponds were investigated using a small inflat-
able boat equipped with a digital ecosounder in order
to map the morphology of the bottom. The data were
managed using a geographic information system
(GIS). The Relational Database Systems Theory
(RDST) provides rules for organizing representing
phenomena as collections of attributes stored in
tables so that a specific set of procedures can associ-
ate, transform and extract information from the
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Fig. 3. Sinkhole distribution in Italy using the GIS database. Sinkhole.
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tables in a reliable way (Fig. 4). The storage of infor-
mation in the SH-RDB is organized into rows and
columns in a table, with a separate row for each
entity and a column for each property stored about
that set of entities.

Sinkholes are not isolated phenomena; usually
these collapses are clustered or aligned along
specific paths. The 555 studied sinkholes are
found in 138 sinkhole-prone areas. Some areas are
characterized by more than 30 collapses, in other
areas only two or three sinkholes occur.

Excluding sinkholes located in northern Italy
that are not yet part of this study, sinkholes sensu
stricto are primarily concentrated along the Tyrrhe-
nian margin near carbonate ridges in complex
geological and hydrogeological scenarios.

Other collapses are located in Sicily, in Puglia
and in northern Italy, in areas characterized by a
widespread presence of evaporitic rocks. However,
this census focused only on those cases that, due
to the thickness of the cover sediments on the eva-
poritic bedrock, could be related to an upwards
erosion. Collapses clearly related to karst pheno-
mena have not been considered in this inventory.

The presence of regional faults with associated
fractures, acting as preferential pathways for deep
gas (i.e. CO2 and H2S) migration, has been recog-
nized in many cases.

In this paper, the distribution of sinkholes
in Italy with respect to the characteristics of the
geological scenarios (i.e. fluvial, coastal and inter-
mountain plains) has been evaluated. Cases with
similar geological (substratum depth, sedimentary
cover, presence of regional fault systems) and geo-
chemical (mineral spring, presence of dissolved and
free acidic gases, low pH, etc.) characteristics were
identified, and clustered into five main recognized
morphological scenarios. Figure 5a–d shows pie
charts representing the distribution of the collapses
in Italy, the collapse type, the morphological
scenarios and the type of the sedimentary cover in
which collapses occur. It is worth noting that
about 58% of the sinkholes occur in central-
southern Italy (Latium, 24.5%; Abruzzo, 13.2%;
Campania 12.4%; Tuscany, 7.9%; Fig. 5). A high
percentage of cases occurring in the Emilia
Romagna and Friuli Venezia Giulia are based on
historical information and/or reports. The piping
and collapse piping sinkholes are the most fre-
quently occurring types (37.1 and 33.3%, respect-
ively) in alluvial and intermountain (seismically
active) plains, at 28.1 and 32.6%, respectively.
These plains (about 50% of the total database) are
characterized by the presence of alluvial sediments,
mainly clay and sandy-clay. These data have been
registered in a data sheet subsequently used to
construct the GIS database. A brief description of
some selected case studies follows.

Sinkholes in fluvial plains

Aterno valley. The Aterno River valley, located
in Abruzzo (central Italy), shows a general Apennine
trend (NW–SE), with a straight-line path, that
in the northern sector changes its direction to a
NE–SW trend (Fig. 6). The valley is bordered by
mountain slopes characterized by young tectonic
activity (i.e. triangular facets) that highlights that
this tectonic valley is bordered by a regional
master fault with several reactivations up until the
Pleistocene.

Five sinkhole-prone areas are located along
the Apennine trending section (NW–SE) of the
Aterno River within a distance of few tens of kilo-
metres: (1) the northern area is around the village of
Pizzoli; (2) the central section of the valley is the
area around the S. Gregorio and Civita villages;
(3) south of the central section is the third area
(Demetrio nei Vestini); (4) south of this area is
the Raiano–Prezze villages area; and (5) the fifth
area is enclosed in the Sulmona Plain.

A total of 35 sinkholes have been individuated
along the Aterno River: three close to Pizzoli;
four in the S. Gregorio–Civita area; 11 in the
Demetrio nei Vestini area; 10 near Raiano–
Prezze; and seven in the Sulmona Plain.

The diameters of the sinkholes range from 30 to
40 m in the first area, with an enlargement trend in
the central area of the river valley (up to several
hundreds of metres). In the Raiano–Prezze and
Sulmona Plain the diameters reach 50–100 m.

All phenomena are many centuries old. The
Quaglia lake lies in the Raiano area. The origin of
this pond seems to be correlated, from popular
legends, with an earthquake in 1456 (in December
of this year a strong earthquake affected central
and southern Italy). The origin is probably corre-
lated with the earthquake of the Maiella Mountain.
In the same year other sinkholes probably also
collapsed.

In the first area, on the left-hand side of the river,
a NE–SW direct fault (Arischia–S. Pelino fault),
SW dipping, occurs. The fault slope with 1.200 m
of dip-slip, is highly tectonized. The right-hand
side of the valley also shows structural evidence of
active tectonics. The carbonatic bedrock, lowered
by faults, lies more than 100 m below the cover
sediments. These deposits are mainly composed of
gravels and sands of various sizes.

The study area is located on the fluvial–
alluvial deposits of the Aterno River near the
village of San Vittorino (Fig. 6). In this zone two
subcircular shaped ponds (Podere Giorgio 1 and
Podere Giorgio 2) were recognized. A third irregu-
larly shaped pond occurs close to the main road near
the bridge ‘Tre occhi’. The geological and structural
setting of the area and the morphology of the ponds
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indicate that these collapses can be considered as
deep piping sinkholes. The diameter of the lakes
varies from 10 to 40 m, with shallow depths
ranging from 1.5 to 3 m. The lakes, Giorgio 1 and
Giorgio 2, are surrounded by clay and silt and are
joined by an artificial channel. The water table is
around 2 m below the soil surface. There are three
springs on the bottom of the lake Giorgio 1 (unpre-
dictable flow). The water level of Giorgio 2 is quite
a bit higher than in Giorgio 1, so there is a flow
towards Giorgio 1. The water is used for agricul-
tural purposes and the surface level in both lakes
is quite stable.

The date of the formation is unknown but the
lakes, as reported by the landowner, have existed
at least since 1960. Giorgio 2 is not reported
on the IGM map so it probably formed in the
second half of the 1900s. The lake of ‘Tre occhi’
bridge probably did not form from a sinkhole
collapse. It is a depression in the soil fed by a
close spring.

Sinkholes in intermountain basins

S. Vittorino Plain (eastern Latium). The S. Vittorino
Plain, crossed by the Velino River, is a tectonic
valley bordered by direct and transtensive faults
(Fig. 7). These displacements affect the morphology
of the plain, creating a triangular-shaped plain with
the apex facing south (Centamore & Nisio 2003;
Centamore et al. 2004).

The plain is filled by fluvial and lacustrine depos-
its of the upper Pleistocene–Holocene; gravel lenses
and travertine (mostly sandy) are found locally
(Fig. 7). The thickness of the cover increases
toward the middle of the plain, and reaches 130–
170 m over a faulted and displaced calcareous
sequence (Nisio 2003). The S. Vittorino Plain is the
drainage basin of the water from the surrounding
recharge areas (Boni et al. 1995; Capelli et al.
2000). Springs are aligned along the northern and
southern boundaries of the plain. Some springs,
with a flow rate around 0.1–2 l s21, feed some

Fig. 4. Example of the Sinkhole Relational Database constructed in the Microsoft Access environment and used to
store information of each case (row) and for each property of the single case (column). The archival Access format of
the information regarding the descriptive characteristics, as well as georeferenced and numerical data of the known
Italian sinkholes, provides a dynamic and flexible structure in which information can be extracted by using a simple
standard database query language (SQL) in order to obtain tables to join with geometric information according to the
operator’s wishes. The ESRI ArcGis program is used to organize, manage and visualize in thematic ‘layers’ all
collected information.
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Fig. 5. Pie charts from the data elaboration of more than 500 studied cases: (a) regional distribution of the sinkholes; (b)
genetic mechanism; (c) morphology of the area; and (d) typology of the sedimentary cover.

Fig. 6. Simplified geological map of the sinkhole-prone area in the Aterno River Valley (Abruzzo) with a borehole data
stratigraphic column.
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sinkhole ponds inside the plain. The S. Vittorino
Plain is characterized by the presence of collapses
(Faccenna et al. 1993; Capelli et al. 2000; Nisio
2003). Some collapses affect the bordering calcar-
eous structures. We have recognized at least 35
subcircular sinkholes with diameters varying from a
few metres to 100 m. Some collapses are naturally
or artificially filled. Sinkholes are mainly located in
the northern sector of the plain and are aligned
along the NE–SE path of the Fiamignano–Micciani
fault. Sinkholes host small lakes or spring ponds with
mineralized water and gases (free and dissolved).
The most recently formed sinkhole lies in the north-
ern sector of the plain close to the Cotilia thermal
bath. It is a small circular pond with springs and
gas vents. Mineralized springs discharge mainly
sulphuric water and ferric water, and are aligned
along tectonic displacements (Faccenna et al.
1993; Ciotoli et al. 2001; Nisio 2003).

Fucino Plain. The Fucino Plain is a rhomboidal
intermountain tectonic depression located in the
middle of Apennines (central Italy) (Fig. 8). A
Cenozoic thrust and fold belt has been undergoing
uplift and extension since the Late Pliocene
(Blumetti et al. 1988, 1993). During the Quatern-
ary, the basin was deprived of a natural outlet
and thus hosted a wide lake (artificially drained
in the second half of the last century) that collected

a thick sequence of Pleistocene and Holocene silty
lacustrine deposits interbedded with coarse alluvial
fan deposits at its borders. In 1915 the plain was hit
by the strong Avezzano earthquake, which testifies
to the activity of the faults bordering and crossing
the basin (Blumetti et al. 1988; Michetti et al.
1996). The ENE-trending, SE-dipping Tre Monti
(TMF) and Avezzano–Celano (ACF) faults; the
NW-trending San Benedetto–Gioia dei Marsi fault
(SBGMF) reactivated during the 1915 Avezzano
earthquake; and the NW-trending, SW-dipping
Ortucchio (OF) and Vallelonga–Trasacco–
Avezzano (TF) faults exist in the basin (Blumetti
et al. 1993). Data from subsurface investigations,
as well as geophysical surveys, demonstrate
that a network of capable faults affects the very
recent deposits of the basin floor and outline two
sub-basins that are separated by a near-surface
horst located along the NW extension of the
Vallelonga–Trasacco ridge. The two sub-basins
appear to be half-grabens with the main normal
faults (SBGMF and TF) dipping SW without any
significant listric component. Faults either bordering
or cutting the basin show evidence of Holocene
reactivation (Blumetti et al. 1988; Michetti et al.
1996).

Moreover, palaeoseismic studies performed
at several sites along the San Benedetto–Gioia
fault (SBGMF) have demonstrated that coseismic

Fig. 7. Simplified geological map of the sinkhole-prone area in the S. Vittorino Valley (Latium) with a borehole data
stratigraphic column.
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displacement of a magnitude comparable to that
of 1915 occurred at least once, and possibly
twice, during the Middle Ages (Michetti et al.
1996). During the 1915 earthquake, typical seismo-
geological effects, such as liquefaction, spring
anomalies, and gas and water emissions, were
observed at several sites inside the plain (Oddone
1915).

A total of 30 subcircular-shaped cavities
(Fig. 8), with diameters ranging from 5 to 30 m
and a few metres of depth, have been identified
in the plain. The sinkholes occur mainly in the
NW sector of the Fucino Plain with an east–west
trend similar to the direction of the ACF. In this
area, high soil gas concentrations (CO2, He and
Rn) of deep origin have been measured indicating
fluid upwelling from a deep reservoir along buried
tectonic discontinuities (Ciotoli et al. 1998). Some
cavities actually host small ponds. Others are
buried. Some of these sinkholes are multiple or
twin sinkholes. The 1915 earthquake triggered at
least three sinkholes. Borehole data show the pre-
sence of a thick cover (mainly clay and few
gravel levels), of at least 110 m, overlying calcar-
eous bedrock. A pressurized aquifer is hosted in
the bedrock; some perched aquifers are in the
gravel levels. The collapses have been identified
as deep piping sinkholes.

Sinkholes in the coastal plain

Pontina Plain (central Latium). The Pontina
Plain is on the border of the carbonatic ridge of
the Lepini–Ausoni Mounts (Fig. 9). Since the
Pliocene, the area has been subsiding. It has an
average altitude ranging from few metres (Sezze
and Migliara zone) to 35–50 m above sea level.
Quaternary fluvial–lacustrine sediments, lagoon
sediments, aeolic deposits and pyroclastic products
from the Albani Hills volcano, and from some local
emission points, crop out in the area. Travertine is
found at various depths under the plain deposits.
Furthermore, borehole data and some outcrops
also indicate the presence of Pliocene marine sedi-
ments. The carbonatic bedrock is characterized
by direct faults with a graben structure.

The Lepini–Ausoni Mounts structure, bordered
on the western slope by a master regional fault
and affected by a widespread karst erosion, hosts
an imposing aquifer. Several springs are fed by
this aquifer along the contact between the carbona-
tic ridge and the alluvial cover of the plain. Below
the plain there is a confined aquifer that recharges
in the Lepini–Ausoni Mounts. Locally, there are
some small perched aquifers fed by direct rainfall
or from the carbonatic ridge through some faults
and fractures. A natural fluvial and artificial

Fig. 8. Simplified geological map of the sinkhole-prone area in the Fucino Plain (Abruzzo) with a borehole data
stratigraphic column.
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drainage network drains toward the Tyrrhenian
shore. Furthermore, a thermal groundwater circula-
tion with two end members (bicarbonatic–calcic
and sulphuric waters) occurs (Colombi et al. 2001).

The Pontina Plain is considered a sinkhole-
prone area with many subcircular ponds. Morpho-
logical, geological and hydrochemical studies
have been conducted on some of these flooded
sinkholes: Vescovo Lakes group, Sprofondi and
Doganella di Ninfa sinkhole.

The Vescovo lakes group (from north to south:
S. Carlo Lake, Vescovo lakes and Mazzocchio
Lake) are aligned along a NW–SE regional fault
where some mineralized springs also occur.

The S. Carlo Lake is circular and is located
about 200 m from the Lepini–Ausoni carbonatic
ridge. The lake is fed by some underwater springs
and shows bubbling phenomena that indicate gas
rising in the water. The origin of the lake from
collapse, according to popular legend, happened
some centuries ago. The lake has been plotted on
geographical maps since 1777.

The Vescovo lakes are located in the area south of
the village of Sezze, close to the carbonatic ridge.
There are five ponds (White Lake, Green Lake,
Black Lake, Bagno pond and one more without a
name) with mineralized and/or opalescent waters
showing high levels of dissolved and free CO2 and
H2S. The Black Lake is the least mineralized of all,

with no presence of sulphurs or sulphate, no opales-
cent water and a pH of greater than 7. On the
shores are outcrops of travertine that should be of
hydrothermal origin, proving the ancient
presence of mineralized warm fluids in the pond.
The Green Lake is characterized by acidic (6.3 ,
pH , 6.6) water with a decreasing pH and increasing
electric conductivity from the surface to the bottom.
Borehole data show the presence of an alluvial
cover (clay and silt) with a thickness of more than
80 m, with some travertine levels at around 50–
60 m. The bedrock is at a depth of 170 m.

All the lakes seem to be formed by more than
one collapse. In particular, the results obtained
by means of a bathymetric survey show that the
Black Lake presents an 8-shaped feature character-
ized by two collapses of 9–10 m depth joined
together and separated by a shallow bank occurring
at a depth of 2 m.

On the map of 1777 all the lakes were rep-
resented with the exception of Bagni pond and the
unamed pond. The same map shows the presence
of another lake, Manello Lake, that now is buried.

The Mazzocchio Lake is located at about 500 m
from the Lepini–Ausoni carbonatic ridge. It is fed
by a channel of a pumping station. The outlet is
an artificial channel linked to the close Uffente
River. This lake has been present for more than
three centuries.

Fig. 9. Simplified geological map of the sinkhole-prone area in the Pontina Plain (Vescovo and Sprofondi lakes sector –
Latium) with a borehole data stratigraphic column.
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The Sprofondi group. These collapses are located in
the municipality of Sermoneta (southern Latium).
There are five subcircular-shaped aligned sinkholes
along the Apennine direction (NW–SE). Two are
now buried. One is close to the Sermoneta–Bassiano
railway station and the second is a few hundred
metres to the SW. The former is mapped on an official
IGM map of 1938 as a depression that hosts a small
pond of surficial water. Buried after the Second
World War, the depression is now not recognizable.
Two more depressions with small lakes are on
private proprieties. The water surface is about 10 m
below the soil level. The regional water table lies
13 m below the soil level. Borehole data show an allu-
vial cover 50 m thick with pyroclastic deposits. The
presence of deep-water supply wells, deeper than
100 m with pressurized water, suggests that the
bedrock lies more than 100 m below the alluvial cover.

The last of the Sprofondi, which is known as
Sprofondo Lake in the official IGM map, is
locally Blue Lake. It is a circular pond. The origin
seems to be a catastrophic collapse of the soil on
St Jake’s day (25 July) of an unknown year, probably
1786. Chemical analyses of the water revealed a
bicarbonate–calcic water with pH . 7 that decreases
from the surface to the bottom with concomitant
increases of conductivity. The water temperature is
always less than the average temperature in the area
and this should be proof of cold underground water
feeding the lake. The lake is used as a fishing facility.
The other cavities formed in the 1800s, the authors
suggest either 1818 or 1870.

Doganella di Ninfa sinkhole. This sinkhole is close
to the small village of Doganella in the NE area of
the Pontina Plain (Fig. 9), a few kilometres from the
city of Latina. On 22 August 1989, after seismic
activity earlier in the month and during a dry
period associated with lowering of the aquifer
owing to water overpumping, there was a collapse
in a field utilized as a kiwi plantation. In just 3
days the diameter of the depression increased
from 1 to 3 m; after 3 years it reached 31–32 m.
Now this sinkhole hosts a subelliptical lake 30 m
deep with a bell-shaped vertical cross-section.
The water chemistry is similar to the chemistry of
Sprofondo Lake.

The carbonatic bedrock lies at a 124 m depth, as
shown from a borehole in the area. Volcanic and vol-
canoclastics deposits crop out in the area, reaching a
thickness of 54 m. Volcanic deposits and travertine
are present to a 100 m depth. Below these deposits,
travertine and sand beds extend to 124 m. At this
depth the borehole ends because of the interception
of a confined and pressurized aquifer.

Other authors (Bono 1995; Di Filippo et al.
2002) correlate the presence of a travertine bed at
around 30–40 m depth with a cave that, after the

collapse of the roof, created the sinkhole. Direct
investigations of the lake by scuba divers revealed
that the sediments are pyroclastic units down to
the bottom (35 m from the soil level) with no sign
of travertine or underwater springs.

Close to the sinkhole there is the Ninfa Spring
with more than 2.000 l s21 flow and a typical
bicarbonate–calcic low mineralized water.

From the collected data is possible to hypothesize
the genetic mechanism of the Pontina Plain sink-
holes. There is a thick alluvial cover (more than
100 m) overlying a deep carbonatic bedrock. The
bedrock hosts a confined pressurized aquifer. In
some cases (Vescovo lakes) high mineralized
springs with a free gas phase (mainly with H2S and
CO2) lie on the bottom of the flooded sinkholes.
The water and gas chemistry indicates a deep origin
of the fluids. There is a clear correlation between
the sinkhole distribution and the fault systems. In
particular, it is possible to identify an alignment of
the sinkholes NW–SE for the Vescovo Lake and
north–south for the Sprofondi group. Subsurface
explorations did not reveal any void that could be
correlated with the genesis of the collapses. This
geological scenario strongly supports the hypothesis
of the presence of conduits in the cover that link
the bedrock with the surface. The enlargement of
the cylindrical conduits owing to the upward
erosion causes the collapse of the soil surface. The
collapses should be defined as deep piping sinkholes.

Discussion

In Italy, sinkholes have been recognized since the
Roman age. In fact, the presence of catastrophic
collapses has been widely reported throughout
Italian history. More than 50% of the studied sink-
holes are of unknown age. Nevertheless, since
1960 an increase of the phenomena has been noted.

The collapses occur in different geological
scenarios and in the same areas with gaps lasting
centuries, during which time they could fill
through natural or artificial means. Sinkhole extinc-
tion, coupled with the long gap between events,
causes a lack of attention to this hazard.

In central Italy, sinkholes are mainly located in
the Latium, Tuscany and Campania regions along
the Tyrrhenian tectonic plains and/or thermal
areas. Some collapses have been identified in
other regions, but the periadriatic zone, with the
exception of a few cases in the Puglia region,
does not seem to be affected by sinkhole hazard.

The overall scenario obtained by the analysis of
more than 550 cases suggests a specific geological
setting that causes a high probability of sinkhole
hazard. Field investigations provide a conceptual
model for sinkhole genesis. This model could be
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extended to many other similar cases occurring in
other intermountain basins (more than 40% of
studied cases) in Tuscany (in the plains of Camaiore
and Massa Marittima, and Capalbio towns), in
Abruzzo (in the Fucino and Sulmona plains) and
in Latium (Pontinia Plain and near Tivoli village).

The case studies demonstrate that sinkholes
also occur in alluvial and coastal plains, along pede-
mountains zones, in small valleys in the immediate
vicinity of carbonate ridges, and in complex
geological–structural and hydrogeological settings.
The observed sinkholes are mainly single collapse fea-
tures (90%), with diameters ranging from 30 to 100 m,
and depths ranging from 5 to 10 m. The following
common features have been recognized in these areas.

† A deep carbonate bedrock (5% of cases between
30 and 50 m, 6% between 50 and 100 m, 30%
deeper than 100 m and 59% have no data avail-
able) overlain by a thick sequence of unconsoli-
dated sediments (predominantly silt and clay).
Travertine lenses may be present. In some
locations, the geological setting is characterized
by the presence of permeable (i.e. sands) or
impermeable (i.e. marine clays) covers overlying
evaporitic sediments (i.e. gypsum).

† The presence of active faults of local and regional
importance. The main direction of the faults are
NW–SE and north–south. These faults act as
paths for mineralized and/or geothermal fluids
enriched in acidic gases (i.e. CO2 and H2S) that
dissolve and/or pass into the groundwater and
cause consumption of the carbonate matrix of
shallow sediments and weakening of the support-
ing geological structure. In this context, the upris-
ing of deep fluids seems to play an important role
in the sinkhole formation mechanism. Flooded
sinkholes account for 30% of the total; 5% of
which are affected by gas emission (38% are
dry or buried).

† The presence of confined or unconfined aquifers
with high underground water flows and minera-
lized springs. The small lakes hosted in the sink-
holes are usually fed by underwater springs
(i.e. S. Vittorino Plain) or represent the outcrop-
ping of the water table (i.e. Pontina Plain). In
some cases the presence of inlet streams
causes a mixing between the low mineralized
surficial water and the water inside the sinkholes
with a reduction of total dissolved solids
concentration.

From a chemical point of view the sinkhole
waters may be divided into three main groups
(Fig. 10).

† The first group (19% of studied cases) is rep-
resented by very shallow aquifers or surficial

waters and is distinguished by low values of
total dissolved solids (TDS around 300 mg l21)
and pH around 7 or less for the influence of
acidic soils (i.e. peat layers). Little increments
of TDS are due to the presence of mineral-rich
sediment covers (i.e. sinkholes hosted in
pyroclastic deposits).

† The second group (19% of studied cases) clus-
ters karst waters characterized by a medium
TDS (500 mg l21), and pH values that are
neutral or basic. The main ion concentration
is HCO3

22 and Ca2þ for the dissolution of the
calcareous bedrock by the circulating water.

† The third group (28% of studied cases) collects
mineralized waters derived from the mixing of
karst waters with fluids (CO2 and H2S) of deep
origin raised through faults and tectonic displa-
cements. The waters could become very acidic
owing to the high level of CO2 as dissolved
and free gas enhancing the chemical dissolution
of the carbonatic fraction of the sediments and
rocks causing a quick sinkhole development
and enlargement. In these last cases mineralized
springs are usually located close to the sinkholes
and are aligned along tectonic displacements.
High values of TDS have also been measured
in the ponds hosted in evaporitic sediments.
These values are not related to deep fluids
mixing but only to the evaporitic rocks dissol-
ution (i.e. some gypsum collapses in Sicily).

There are both natural and artificial triggering
processes. Seismic activity, flooding or anthropic
activities may cause catastrophic collapses. Earth-
quakes are associated with some collapses (24%);
specific investigations concerning the correlation
between earthquake and sinkholes have been
conducted on 104 cases. The average distance
between the collapses and the epicentre varies
from 30 to 50 km. The maximum distance is
130 km. The gap between the seismic event and
the sinkhole collapse is usually from 1 to 10 days.
The maximum registered gap is 23 days.

Strong oscillation in the water-table level is
another triggering effect. Human activity, like
strong vibrations caused by heavy working
machines, could also cause the sinkhole formation.
All of the abovementioned triggering factors act
like external forces increasing the stress on the
structures.

In some cases, results obtained from structural
field surveys indicate the presence of minor exten-
sional fault systems causing the formation of a
block mosaic characterized by different uplifting
rate (e.g. San Vittorino Plain). The extensive move-
ment of these blocks could be responsible for reju-
venating and reactivating older sinkholes and/or
forming other new ones.
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Conclusions

Sinkholes sensu stricto in Italy are mainly con-
centrated in alluvial and intermountain plains,
close to carbonate ridges and/or in complex

geological–structural and hydrogeological settings.
In central-southern Italy, sinkhole-prone areas are
characterized by the presence of a deep calcareous
bedrock overlain by a thick sequence (100–200 m)
of unconsolidated sediments (predominantly silt

Fig. 10. Most of the sinkholes host alkaline-earth/alkaline bicarbonate waters. The presence of low pH values is
related to acidic gas rising in faulted areas. Waters with high salt contents (alkaline-sulphate-chloride waters) are due to
the presence of evaporitic bedrock (samples 40–41).
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and clay) with weak physical and/or mechanical
characteristics. Pressurized confined aquifers
within the bedrock are often recognized.

The widespread occurrence of various faults or
fracture systems has been observed in many of the
studied areas; faults could act as paths for acidic
gases (i.e. CO2 and H2S) migration. These gases
increase the chemical aggressiveness of the ground-
water on the soluble bedrock (i.e. limestone, traver-
tine, gypsum, etc.). Some mineralized water springs
with dissolved and free gas are aligned along the
main faults close to the sinkholes (i.e. S. Vittorino
Plain, Pontina Plain). The water chemistry of the
ponds hosted by the sinkholes is not always affected
by mineralized fluids. This, in many cases, could be
explained by the migration of the springs. Traver-
tine deposits, both as outcrops and in boreholes
close to the cavities (i.e. Black Lake in the
Pontina Plain), provide clues to the presence of
warm mineralized waters.

The morphology of the investigated cavities
is usually represented by steep walls and flat
bottoms in a bowl or subcylindrical shape. In the
flooded sinkholes, echo-sounder surveys show
the presence of thick soft silt and clay strata on
the bottom; this is also confirmed by direct investi-
gations (i.e. Doganella di Ninfa sinkhole). The
cavity is supposed to enlarge by step collapses of
the rim. If the debris is not removed by an outlet
stream, the depression will fill with sediment and
become an ‘extinct’ (buried) sinkhole.

The main factor associated with the collapse
seems to be a deep piping effect. The upwelling of
groundwater results in the erosion of sediments and
the formation of conduits within the unconsolidated
sediments cover; the following loss of strength
causes the collapse of the overlaying terrain.

Sinkhole formation could be triggered by various
natural causes (seismicity, drought, flood, etc.) and
human activity (water over pumping, mines, quar-
ries, drilling operations). In several of the studied
cases seismic activity was detected days before the
collapse. This suggests that earthquakes could be
responsible, in part, for sinkhole genesis.

Preliminary statistic data elaborations on some
parameters have been conducted on over 500
cases; other data are still being analysed. The
census is still ongoing with more than new 200
cases of possible sinkholes.

The construction of an updatable relational
database that includes topographical, geological,
hydrogeological, geochemical and other environ-
mental data of the studied sinkhole cases in Italy,
coupled with the GIS capabilities, allows analysis
of the collected data to define genesis of features
in sinkhole-prone areas. This may help the national
and regional authorities in the assessment of the
sinkhole hazard.
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