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Introduction: Sinkholes are ground collapses that can cause significant damage to
infrastructure and buildings. Part of the risk represented by sinkholes is related to
their abruptness and the difficulty in spotting in advance their exact location within
a sinkhole-prone area. For this reason, urban planning informed by an accurate
risk mapping and monitoring is one of the most effective ways to reduce the risk.

Methods: In this study, we propose a two-folded procedure based on the
examination of ground displacement data measured by a ground-based
interferometric radar and on the generation of a sinkhole risk zonation map.
We examined 11 years’ worth of ground displacement data measured by a ground-
based interferometric radar to search for sinkhole precursors. The analysis was
based on averaged displacement time series retrieved from high-coherence pixels
scattered around Camaiore, ltaly, a test site where a catastrophic sinkhole
occurred in 1995. To generate a sinkhole risk map, we evaluated the
susceptibility map as derived from a set of predisposing environmental
parameters, the vulnerability derived from the thickness of the sedimentary
cover that can be linked to the abruptness of the collapse, and the value of
the elements at risk from the Italian Real Estate Market Observatory integrated with
land cover information for the non-built up areas.

Results: The analysis of ground displacement data revealed that Camaiore had not
experienced subsidence relatable to incoming sinkholes in the monitored period.
However, few cm of vertical movements, which are well correlated with water
table oscillations, have been measured and are expected to be of the same order
of magnitude of sinkhole precursor deformations. This implies that a
phenomenon of the size and velocity of the 1995 event could have likely been
detected before its final collapse. The sinkhole risk map identified specific areas
that should be closely monitored using in situ and remote sensing
instrumentation.

Discussion: The sinkhole risk zonation map generated in this study can be used to
inform urban planning and risk management strategies. The study also shows the
potential of ground-based interferometric radar to detect sinkhole precursors and
the importance of integrating different mitigation approaches. Overall, this study
can provide insights for sinkhole risk assessment and management in sinkhole-
prone areas.
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1 Introduction
1.1 Rationale for the study

The occurrence of sinkholes in sinkhole-prone areas is a serious
threat for human lives, structures, infrastructures, and human
activities in general, as sinkholes can develop suddenly and cause
extensive damage to anything upon them.

The underground origin and the abruptness of these phenomena
represent the most critical issues when it comes to risk mitigation
and urban planning, since the time and the exact location of a
sinkhole are extremely difficult, if not impossible, to forecast. While
there are some factors that predispose, with different degrees, the
occurrence of a sinkhole (like the presence of karst bedrock and
circulating groundwater, especially if acidic), the actual early
warning and prediction of an imminent collapse is still a matter
of few isolated cases (Intrieri et al., 2015; Nof et al., 2019). Therefore,
the aim of this work is to present an integrated approach to deal with
these issues in order to provide the early warning and risk mapping
of sinkholes. This methodology includes the monitoring of ground
displacements performed with a ground-based interferometric
synthetic aperture radar (GBInSAR; see Section 3.1) and a risk
mapping produced using a scores-and-weights parametric method
to assess the susceptibility, a method that links the landcover depth
to the abruptness of the collapse for the vulnerability and a land
cover and real estate market mapping for the value of the elements
at risk.

1.2 Sinkhole definition

A broad, integrated definition of sinkholes includes all those
(sub-circular) surfacing depressions or collapse structures initiated
from pre-existing natural or anthropic underground cavities (like
karst caves, fractures, cellars, catacombs, and artificial cavities in
general) (Fairbridge, 1968; Brinkmann et al., 2008; Caramanna et al.,
2008). Several sinkhole classifications have been proposed based on
the difference between the type of material affected by downward
gravitational movement (bedrock, caprock and unconsolidated
cover), the mechanism (solution, collapse, suffusion, deep-piping,
sagging), the origin (karst, anthropogenic, raveling/evorsion), the
evolution (buried sinkholes) (Waltham et al., 2005; Caramanna
et al, 2008; Gutiérrez et al, 2008; Gutiérrez et al, 2014).
Concerning collapse sinkholes, they are generally associated with
an abrupt failure, possibly following a period of slower subsidence
(Jones and Blom, 2014; Intrieri et al., 2015; Baer et al., 2018), linked
to the progression of the cavity from the deep up to the surface. The
diameter of a sinkhole is largely variable as it can range from a few
tens of cm to a few hundred meters.

Due to these characteristics, regions affected by sinkholes can
experience serious and prolonged damage. For example, in the
United States, where 18% of the ground surface is underlain by
soluble rocks and sediments with the potential for sinkhole
development (Weary and Doctor, 2014), a very conservative
estimate of the annual damage related to sinkhole subsidence and
collapse on buildings, roads and infrastructures is of at least
300 million USD (Weary, 2015). Other very localized
predisposing factors are not related to the type of underground
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rock but to the presence of artificial (anthropogenic) cavities, like
mining tunnels from different epochs (De Bruyn and Bell, 2001;
Pellicani et al., 2017) or catacombs (Tufano et al., 2022). Although
theoretically such cavities could be explored and mapped, in practice
their exact location is often unknown or forgotten and accessing
them can be dangerous if not impossible.

1.3 Sinkhole early warning

Providing a sinkhole early warning implies the capability of
monitoring ground subsidence with a frequency, accuracy and
spatial precision compatible with the actions needed to evacuate
one or more buildings and restrict the access to an area.
Topographical instruments like total stations and Global
Navigation Satellite System (GNSS) antennas can satisfy these
requirements but their installation can realistically cover just
some elements at risk within the sinkhole-prone area (for
example, some buildings or strategic roads) or smaller areas that
are known to be subject to the highest probability of occurrence. In
fact, another major issue in providing early warnings is that, even if
the boundaries of the sinkhole-prone area are known, the location of
the next sinkhole can be anywhere within that area.

Therefore, instruments that can monitor over wide areas are
more likely to detect precursory ground deformations. Novel
instruments like drones are helpful in the detection phase (Lee
et al,, 2016) but are not suitable for the high frequency monitoring
needed for an early warning, mostly due to the time needed to
process data. Instead, a commonly used technique to measure
ground subsidence is satellite interferometry (Solari et al., 2018),
which makes it an obvious candidate for sinkhole early detection as
well. The major limitations of satellite interferometry for this
application are the temporal resolution (typically in the order of
a few days) and the spatial resolution (typically in the order of a few
m), which makes this technique suitable for the largest sinkholes.

In most cases, satellite interferometry has proved capable of
measuring precursory deformation anticipating the occurrence of
sinkholes in areas with a high density of sinkholes, like along the
Dead Sea in Israel (Baer et al., 2018; Nof et al., 2019), in the Ebro
Valley in Spain (Guerrero et al,, 2021) or in underground mining
districts (Malinowska et al., 2019; Ferentinou et al., 2020).

Guerrero et al. (2021), using C-band Sentinel-1 satellite data,
managed to detect up to 6.5% of the sinkhole population in a
135km” sector of the Ebro Valley (23 out of 349), the main
bottleneck being the limited spatial resolution of the C-band;
algorithms enabled to process
interferometric in order to obtain a 40m pixel resolution,

one of the used them
which made it impossible to individuate sinkholes with a
diameter smaller than 55m (171 out of 349; 48%). Guerrero
et al. (2021) also describe the application of airborne LiDAR
(light detection and ranging), that permitted to detect
21 sinkholes out of 38 (success rate of 57%) and to identify
2 new non-inventoried active sinkholes; however,
LiDAR this

monitoring aimed at early warning and only allows for the

airborne
technique is not suitable for a continued
vertical
displacement precision of +25cm. On the other hand,
Malinowska et al. (2019), with C-band ENVISAT data, detected

detection of fast-moving sinkholes due to a
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sinkholes with dimensions smaller than 25 m, which caused
accelerated ground movements within 100 m of their centers.
Jones (2021) suggests that NISAR satellite, operating in L-band
with a revisit interval of 12 days with a maximum resolution of 6 m,
is expected to be capable of identify features as small as 30-m in
diameter. Baer et al. (2018) used COSMO-SkyMed (X-band) to
measure ground subsidence along the shorelines of the Dead Sea
(Israel) where thousands of sinkholes caused by the dissolution of
subsurface salt by undersaturated groundwater have been formed
since the early 1980s; using this high-resolution satellite (3-m
pixels), they found that sinkholes are associated with gradual
subsidence preceding their collapse by periods ranging from a
few days to almost 5 years, with longer periods directly related to
the karst bedrock depth and the gravel fraction of the cover.
Similarly, Nof et al. (2019), using the same satellites, were able
to detect sinkholes as they were clustered in areas showing
subsidence ranging in length and width from less than 100 m to
more than 1 km, although the sinkholes themselves ranged from
less than a meter to ~40 m. Theron et al. (2017) individuated the
ongoing ground deformation related to a 60-m wide feature
interpreted as an evolving sinkhole using TerraSAR-X (X-band)
images with a 2.7 m spatial resolution and 11 days revisit time. This
area corresponded to only some 20 pixels and the authors stated
that deformations smaller than 10 pixels would be hard to identify,
thus pointing out that other events (some of unknown width, the
other up to 20 m) occurred undetected. Using TerraSAR-X at even
higher resolution (0.25 by 0.60 m pixels) Oliver-Cabrera et al.
(2020)
roughly 20 m.

captured circular subsidence with diameters of
All these studies show that sinkholes can be anticipated with radar
interferometry, but spatial resolution is a major limitation, although a
subsiding area can sometimes be considerably larger than the actual
sinkhole diameter; 100-m diameter sinkholes have been shown to be
detectable with reasonable confidence using resolutions of few tens of
m, while high-resolution satellites (3 m or less) can spot sinkholes with
a diameter of 20-30 m. Another problem with satellite interferometry is
the decorrelation, that prevents the measurement of displacement in
vegetated areas and agricultural terrains. Finally, when the aim is not
just detection but early warning, another conceivable limitation lies in
the revisit time of the satellites, which makes it difficult to spot
precursory deformations lasting for just few days unless the latest
acquisition incidentally occurs at the beginning of the deformation.
Both abovementioned drawbacks are reduced using GBInSAR,
although the line of sight (LOS), along which the movement can be
measured, is more unfavorable. In fact, while the application of
GBInSAR (and ground-based interferometry in general; Osasan and
Afeni, 2010) to slope-stability-related studies is now a state-of-the-
art practice (Casagli et al., 2023), applications to sinkholes are
pioneering. Intrieri et al. (2015), for example, describe a sinkhole
forecasting done using a GBInSAR by detecting a less than 3 cm
downward displacement of a street located in Elba Island (Italy) that
allowed the local authorities to close the road and ascertain the
presence of a 4-m wide cavity just beneath the tar level, in an area
already affected by several sinkholes (Intrieri et al., 2018). Despite
these, due to the
aforementioned difficulties and to the fact that some collapse

some successful experiences such as
sinkholes do not exhibit precursory subsidence and not all

deformation events lead to a collapse (Rucker et al, 2013),
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sinkhole monitoring and early warning are not the most
common mitigation practice (Intrieri et al., 2015).

1.4 Sinkhole hazard and risk mapping

Early warning reduces the risk by aiming at removing the
elements at risk, thus reducing the exposure. This approach can
only work with people and movable elements. Reducing the
exposure of structures and infrastructures requires a long-term
planning and is a more customary approach which consists in
mapping the predisposing factors and identifying the possible
triggers to draft a susceptibility or even a risk map. Mapping
enables to identify the sinkhole-prone areas mostly based on
geological, geophysical, hydrogeological data and, when available,
on the record of past sinkholes (Intrieri et al., 2018; Pazzi et al., 2018;
Kim et al., 2020; Bianchini et al., 2022).

The methods used to fit such parameters into a model can be
very different, though. For example, Gao and Alexander (2003)
implemented a decision tree model where different features (such as
the depth to bedrock or the sinkhole thresholds) are compared with
empirical thresholds; if a parameter’s threshold is exceeded, another
parameter is compared, and so forth, and a qualitative susceptibility
assessment is obtained depending on what thresholds have been
passed. A decision tree model is a fast and simple method that can
easily be applied to a multitude of contexts, although it needs to be
circumstantiated to a specific site, since it struggles to model
variants,  exceptions, multiple outcomes, or different
combinations of predisposing parameters.

Other approaches involve probabilistic methods which correlate
the distribution of a particular phenomenon with its contributing
factors, assuming that a future sinkhole event is likely to occur
under the same conditions as past sinkholes. Kim et al. (2020) used
the frequency ratio method, which is based on the calculation of how
many sinkholes occurred in an area where a certain parameter assumed
a value within a certain range, which is a method that requires a high
amount of past events to train the model. Probabilistic approaches can
also take advantage of machine learning algorithms; for example,
Bianchini et al. (2022) used MaxEnt algorithm which is based on
the principle of maximum entropy for the best approximation of a
probability distribution (Jaynes, 1957). Such models have the advantage
of making hundreds or thousands of iterations to obtain the best
validation and can provide statistical parameters to evaluate the
reliability of the results but, like the frequency ratio method,
have the limitation of requiring large amounts of known past events.

While early warning works in a short-term time frame, hazard
mapping is a tool helpful in a long-term planning action, even
more so risk mapping, especially from an operational and
administrative (not just scientific) point of view. Considering
this, in the present paper we apply both mitigation strategies to
the case of Camaiore city (Lucca, Italy), where a catastrophic
sinkhole occurred in 1995 (Buchignani et al., 2008): firstly, we
examined 11 years’ worth of GBInSAR monitoring; in fact, a
radar was installed by the local authority to monitor the city and
the resulting data has been analyzed to spot possible sinkhole-
related movements and in any case to assess the suitability of this
technique for such a purpose; then we proposed a method to map
the total sinkhole risk, starting from the susceptibility mapping
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FIGURE 1
Geological framing of Camaiore plain (shown as a red square in the framed picture). VEU and VEUa, Verruca formation (quartzite and phyllite); STO
and STO3, Scaglia Toscana formation (calcarenites); MAI, Maiolica formation (micritic limestone); MAC, Macigno formation (flysch); CCA, Calcare
Cavernoso formation (dolomite and limestone); b, gravel; h3, limestone cave breakdown deposits. In the top-right inset, in grey the boundaries of
Tuscany region.

developed by Buchignani et al. (2015). Even though no other
apparent sinkholes occurred during the investigated period, the
results show how the GBInSAR is capable of capturing vertical
deformations comparable with sinkhole precursory subsidence,
despite the unfavorable line of sight. A limitation appears to be
the spatial resolution, that prevents or at least hinders the
detection of events smaller than some 10 m; in this regard, a
risk map can isolate those high-risk areas that deserve a more
careful data check, in order to reduce the possibility of missing an
event.

2 Case study

Camaiore (Lucca Province, Italy) is located in the NW part of
Tuscany region (Figure 1), about 8 km from the sea, SW of the
Apuan Alps. The inhabited area rises in a small plain, stretching in
the NW-SE direction with a length of about 3km and a width
varying between 0.5 and 1.2 km.

Frontiers in Earth Science

2.1 Geological and geomorphological
setting

Tectonically, the evolution of the area is related to that of the
Northern Apennines, a complex fold-and-thrust chain that has been
characterized by compressive stresses from the Upper Cretaceous to
the Upper Miocene, giving rise to the stacking of several tectonic
units, and then by extension, producing several basins subsequently
filled by marine and continental sediments (Elter et al., 1975; Conti
et al., 2004; Conti and Lazzarotto, 2004).

The basin is tectonically active, as witnessed by the
occurrence of generally weak earthquakes centered in the
area. Three sets of direct faults exist, with NW-SE, NW-SW
and EO strike directions, respectively. These intersections
locally cause the lowering of the bedrock, whose maximum
depth corresponds with the center of Camaiore. In particular,
the plain matches with a tectonic depression (graben) connected
to the tensional phase started in the Upper Miocene. To the NE,
the graben is bounded by a W-dipping normal fault, and to the
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FIGURE 2
Photographs of the 1995 sinkhole in Camaiore (from D'’Amato Avanti et al., 2004; and from Buchignani et al., 2015; photograph by Luigi Micheli).

SW by an E-dipping normal fault, producing a listric-type
geometry (D’Amato Avanzi et al, 2004). This tectonic
evolution has favored the deposition of alluvial and colluvial
sediments coming from the surrounding hills, whose heights are
around 500-600 m a.s.l. The presence of faults also affects the
geometry of the hydrographical network.

The city of Camaiore is mostly built on the already mentioned
Quarternary alluvial deposits, consisting of silt, sand and gravel, with
a variable thickness that can reach a few tens of m (Figure 1).
Underneath lies the Middle-Upper Triassic formation called Calcare
Cavernoso (literally “cavernous limestone”), which owes its name to
its typical sponge-like texture and to the presence of karst
phenomena, being constituted of dolomite and limestone. This
formation is a valuable hydrogeological asset, due to its high
porosity and permeability and an estimated thickness of
500-700 m, and in fact feeds the alluvial aquifer, which is
extensively exploited by wells.

2.2 1995 sinkhole event

Reportedly, during the night between October 14th and 15th
1995, a young man coming back home from a nightclub was alerted
by smelling a gas leak in the area NW of the city center (near Fratelli
Cervi Street and Antonio Gramsci Street) and called the firefighters.
Shortly after it was apparent that the leak was owing to a larger
phenomenon. During the night, a 2m-deep funnel-shaped
subsidence took place until the sinkhole opened at 7 a.m., with a
15-20 m diameter and groundwater rising to just 2-3 m below the
ground surface. Then, a few hours later, the sinkhole further
enlarged until reaching a diameter of 30 m and a depth of about
18 m, with the water table that stabilized at 4-5 m below the surface
(Buchignani et al., 2008) (Figure 2).

The event caused the partial collapse of two residential buildings;
other buildings were damaged and subsequently demolished. Since
the first serious deformations started around 6 h before the final
collapse, this allowed the evacuation of the interested area and no
injuries or fatalities occurred.

Frontiers in Earth Science

Although the cause of the sinkhole has never been solidly
proven, Buchignani et al. (2008) blame a combination between
the aftermaths of the 10 October 1995 earthquake (M 4.8,
epicenter 50 km from Camaiore) and the high concentration
of CO, coming through tectonic fractures that could have
enhanced the dissolution processes in the bedrock. Supporting
the earthquake theory, misalignments of the house gates and
small fractures in house walls were observed by some of the
inhabitants of the collapse area after the seismic event but before
the sinkhole occurrence, suggesting the possible failure of an
underground cavity. At the same time, any trigger related to a
possible overexploitation of the groundwater seems unlikely,
since the pumping was carried out from within the alluvial
deposits and it was compatible with the recharge capacity of
the aquifer (Buchignani et al., 2008).

Right after the event, the cavity was filled with rocks taken from
the near marble caves in the Apuan Alps. Furthermore, to check the
existence of the same sinkhole predisposing conditions elsewhere in
the Camaiore plain, a detailed study involving borehole surveys,
seismic tomographies, an endogenetic-gas analysis (Buchignani
et al,, 2008), a microgravimetric campaign (Di Filippo and Toro,
2004), and electrical tomographies (D’Amato Avanzi et al., 2002)
was carried out, and a monitoring network had been installed in the
attempt to prevent possible human injuries (since this system is no
longer in place since several years, the Authors were unable to
recover information about the exact location of the instruments).
The system included:

o A GBInSAR to measure the displacements in the plain of
Camaiore.

« A Global Positioning System (GPS) network to continually
measure ground displacements in the areas indicated as
potentially hosting ground cavities, as resulting from the
microgravimetric and geoelectric campaigns.

o A network of 3 geophones to measure seismic signals which
might be related to underground spalling.

o Two stations for the measurement of CO, concentration in
groundwater.
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FIGURE 3

(A) localized subsidence spotted in 2015, 300 m from the 1995 event (see Figure 4); (B) small cavities occurred in Camaiore.

o An inclinometer to measure ground displacement.
o A settlement gauge to measure ground displacement.

This network constituted one of the most advanced monitoring
systems in the world regarding sinkhole risk. However, over the
years, due to funding problems and to a diminished risk perception
thanks to the fortunate lack of further catastrophic events, it has
been gradually dismantled, the longest-lasting instrument being the
GBInSAR.

Indeed, a survey performed by the Authors in February
2015 revealed a 2.5 m wide, 0.3 m deep circular depression which
appeared in a sports field near the city center, in the same location
where a stump was removed (Figure 3A), at the opposite end of
Cervi street where the 1995 sinkhole occurred. Whether this local
subsidence could be due to the settlement following the stump
eradication or if it had a deeper origin connected with the karst
bedrock is uncertain and the GBInSAR was not able to provide
further clues since the location was concealed by a building. Around
the same period, a series of smaller (few tens of cm wide, far too
small to be possibly detected by the GBInSAR) cavities have been
reported in private courtyards of an undisclosed location
(Figure 3B).

3 Materials and methods

3.1 Early warning: GBInSAR

GB-InSAR instruments are based on the interferometric
principle, originally developed for satellite platforms, by which
two electromagnetic waves are sent at different times towards a
target and their echoes are registered. If the two backscattered waves
come back with a phase shift between each other, this phase
difference, under certain circumstances (mostly involving stable
atmospheric conditions and absence of fast, chaotic movements
of the scenario, and identical starting point of the waves), is linearly
dependent on the displacement experienced by the target in the
elapsed time between the two acquisitions. To measure ground
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deformation, the microwave spectrum is used, although different
wavelengths can be employed depending on the specific band
adopted, typically L-band (~23.5 cm), C-band (~5.6 cm), X-band
(~3.1 cm), Ku-band (~1.7 cm). Shorter wavelengths allow for higher
accuracy, sensitivity, and resolution but can experience phase
ambiguity more easily in case of relatively fast movements. To
avoid the use of large antennas to improve the resolution, the
synthetic aperture technique (SAR) can be employed, which
consists in moving the sensor, equipped with small antennas,
along a path (for example, along a rail in the case of ground-
based apparatuses) while making the acquisitions, in order to
achieve a resolution equal to that obtainable with an antenna as
large as the whole distance travelled. The difference between the
synthetic aperture and the actual size of the antennas could be
several orders of magnitude.

Some of the first ground-based applications have been made to
monitor the displacement of human-made structures, such as
viaducts and dams—very reflective targets (high signal-to-noise
ratio) typically experiencing very small deformations (Tarchi
et al., 1999; Pieraccini et al., 2000)—for which the Ku-band was
optimal. In a matter of few years GBInSAR applications almost
entirely transitioned to the monitoring of slope stability (Tarchi
et al.,, 2003; Del Ventisette et al., 2011; Ferrigno et al., 2017), but the
Ku band was customarily maintained (Luzi, 2022) and certified by
public authorities.

GBInSAR produces 2d displacement maps of the observed
scenario. Each pixel of the map is defined by two resolutions: the
range resolution (Ar; Eq. 1), parallel to the LOS, and the azimuth
resolution (Aa; Eq. 2), perpendicular to the LOS and worsening as
the distance increases:

c

Ar = ﬁ (1)
cR
Aa = 2T (2)

where ¢ is the speed of light, B the bandwidth used, R the
distance (range) between the sensor and the pixel, L the
length of the synthetic aperture, f. the central frequency of
the signal.
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TABLE 1 Technical parameters of the GBInSAR installed in Camaiore and used
in this paper.

Central frequency f 16.43 GHz

Bandwidth B 60 MHz
Synthetic aperture L 3.6 m

Range max Ry« 2,500 m
Range minimum Ry, 500 m

Range resolution Ar Around 2.5 m
Azimuthal resolution Aa (at 500 m) Around 1.3 m
Azimuthal resolution Aa (at 2,500 m) Around 6.3 m
Revisiting time 12'18"

An intrinsic limitation of every interferometric technique is
that the measured displacement can only be referred to the
component of the movement that is parallel to the LOS of the
sensor. This means that movements perpendicular to the LOS
cannot be detected.

The radar employed in Camaiore whose data are studied in this
paper was a LiSALab apparatus, continuously operating from
1 February 2007 to 30 April 2018 (Table 1).

The installation point of the GBInSAR was chosen assuming
future events with similar characteristics to the 1995 sinkhole,
such as:

o A subsidence of a few centimeters.

o A subsidence area larger than the actual sinkhole, reaching a
diameter of several tens or even a few hundred meters.

o The frequency of occurrence (one every few years).

o The presence of precursory displacements lasting for a few
days before the collapse.

Therefore, the location of the monitoring system required:
o A good coverage (field of view) over Camaiore.

o To be stable and not affected by slope movements or
subsidence.

An average distance not too far from the city in order not to
lose resolution (ideally within 1 km, preferably within 2 km).
The best possible line of sight, that is, since subsidence is

vertical, the GBInSAR needs to observe the ground as
vertically as possible.

All considered, the system was installed using antennas
with a main lobe at —3 dB (equal to about 45° field of view in the
horizontal plane and about 20° in the vertical plane) to ensure
a sufficient coverage over the area and the location was chosen
along the road connecting Camaiore to Greppolungo, inside a
specifically constructed building located about 285 m above
sea level (Figure 4). In this way, the GBInSAR is placed about
250 m above Camaiore plain, is about 1,175 m away from the
location of the 1995 sinkhole and about 1,335 m from the
center of the city. The cosine function of the angle between the
sensor LOS and the vertical direction (assuming that the
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FIGURE 4

Location of the measurement points selected from the entire

field of view of the GBINSAR, whose position is also represented, along
with the piezometer the 1995 sinkhole and the localized subsidence
visible in Figure 3A. Photo from Google Earth.

ground deformation is only subsidence) can be used to
calculate, as a percentage, the component of the vertical
movement vector parallel to the LOS; as a consequence, as
the targets are farther from the sensor the LOS becomes more
horizontal and less favorable to detect vertical movements,
therefore the sensitivity to subsidence ranges from 45% (range
500 m, azimuth 0 m)—meaning that a 1 cm vertical movement
0.45cm—to 9% (range 2,500 m,
azimuth +1,000 m), with a percentage around 15%-22% in

is measured as

the middle of the scene. This phenomenon can affect the
detecting capability; in fact, small displacements measured
with unfavorable LOS angles can end up below the precision of
the instrument unless they are cumulated over longer time
periods.

Atmospheric noise, vegetation and urban traffic can significantly
reduce the quality of radar data, so to increase the signal-to-noise
ratio, sets of acquisitions have been averaged over a fixed time
window. Since the movements measured in this area were very
small, in this paper monthly averages are used to maximize the data
quality and provide a better reconstruction of the deformations
detected over Camaiore.

From the monitored scenario a set of significant monitoring
points with their respective displacement time series has been
selected following these criteria:

« High radar coherence of the pixels.

« Spatial representativity of the point (that is the displacement
time series is indicative of a broad area and it is not an isolated,
anomalous point).

« High signal-to-noise ration of the time series.
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3.2 Risk mapping: sinkhole risk zonation

The sinkhole risk of Camaiore area was elaborated in a GIS
environment starting from different layers representing the
susceptibility (i.e., the spatial probability), the vulnerability (the
degree of damage) and the value of the elements at risk.

The susceptibility is derived from a previous work by
Buchignani et al. (2015) meant as support to the urban
planning of Camaiore (see Section 4.2). They developed a
heuristic parametric method based on the attribution of scores
and weights, according to an expert-judgment approach, to a set of
predisposing factors, which are seismicity (distance from past
hypocenters), the presence of a limestone bedrock, the distance
from fault intersections, the presence of endogenous CO, and
Radon (linkable to earthquake activity or to possible hypogenic
speleogenesis of the sinkhole; Klimchouk, 2009), the presence of
anomalies in geoelectrical tomographies (relatable to underground
cavities), microgravimetric values (also relatable to underground
cavities), cumulated subsidence measured by the GBInSAR. Since
the considered factors are all spatial variables, they can be
in a GIS
environment. Buchignani et al. (2015) empirically assigned a

represented as matrix layers and elaborated
weight to each factor reflecting their respective importance in
terms of favoring the occurrence of sinkholes, then each pixel
was assigned a score representing the value for that factor in that
point. In this way, each pixel has a final score obtained by the sum
of each score multiplied by each respective weight. This final score
has been used to classify the area into susceptibility classes. This
map has been used in conjunction with the vulnerability and the
elements at risk maps (see Section 4.2), whose values have been
rescaled from 0 to 1 and then multiplied to obtain the total risk

zonation map.

4 Results
4.1 GBInSAR monitoring

Since the GBInSAR is capable of measuring only a percentage of
the vertical movements due to its LOS limitation (see Section 3.1).

An overview of the cumulated displacement measured over the
whole city highlights the areas showing the most relevant trends
(Figure 4). Isolated pixels displaying some movements are scarcely
significant and typically represent residual noise or structural
movements concerning individual buildings.

Within each investigated area, a set of pixels has been selected to
carry out a specific analysis of the displacement time series. To
improve the readability of data (that are originally referred to the
LOS direction), these have been reprojected along the vertical
direction, dividing the cumulated displacement measured for a
pixel by the respective LOS sensitivity (which is the cosine of the
angle between the LOS and the expected direction of movement,
i.e., vertical); in this way, every displacement value is referred to the
vertical direction. This LOS sensitivity correction factor has been
applied using a minus sign, so that downward movements
conventionally result as negative, while upward movements are
positive (Table 2). A higher absolute value of the correction
factor means a less favorable LOS.
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Points P1-P5 share a very similar, almost overlapping, behavior
characterized by a cyclic trend with a yearly period (Figure 5) and
they are strikingly related to the water table oscillations; positive
peaks generally occur at the end of the winter season (January-
February, although sometimes they are slightly delayed, such as the
positive peak in 2013 occurring in April) after the recharge period of
the aquifer, while negative peaks at the end of the summer (dry)
The total of the
displacement time series is around 15-20 mm for P1, P2, and
P4 and 10-15 mm for P3 and P5.

Points P6-P8 are close to the 1995 sinkhole area (Figure 4). In
particular, point P7 displays a clear sinking trend marking a total

season  (September-October). excursion

cumulated displacement of —114 mm (Figure 6). The trend is
broadly linear, however, it displays several accelerating and
decelerating phases; in fact, this point experiences relatively fast
subsidence until October 2011, albeit interrupted by an uplift period
spanning from February 2010 to October 2010. Then an oscillatory
but overall stable trend occurs from October 2011 until December
2014, which gives way to a new subsiding trend; eventually, since
December 2015, subsidence takes place at a slower rate. Points
P6 and P8 share with P7 most of the positive peaks and display
similar general subsidence, although less intense (49 and —36 mm,
respectively) and of shorter duration, since both points display a
cyclical but on average stable trend since June 2013.

Points P9 and P10 share some similarities with P1-P5, as they
display clear yearly cycles except for a lower excursion (less than
10 mm for P9) and, concerning P10, a superimposing lowering trend
of 10-15 mm (Figure 7).

Points P11-P14 are those located in the historical city center of
Camaiore (Figure 4). P11 is characterized by very small vertical
oscillations, in the order of 5 mm (Figure 8). The positive peaks tend
to occur around July-September, instead of January-February as for
most of the other points. This averagely stable behavior was only
interrupted by a relatively fast downward deformation (-18 mm)
taking place from June 2009 to January 2010. On the other hand,
P12 shows an apparent upward trend reaching around 30 mm
Cyclic
superimposed and are generally phased with P11. Finally,

during the whole monitoring time. peaks are
P13 and P14 display a moderate seasonal periodicity roughly

synched with P1-P9 and also a slight downward trend.

4.2 Risk mapping

Since the susceptibility was already available (Buchignani et al.,
2015) Figure 9A, the vulnerability and the elements at risk have been
mapped to obtain the total risk.

The vulnerability indicates the degree of loss; in the case of
landslides, for example, it is generally a function of the velocity and
volume or mass of the considered landslide, which can be translated
into the diameter and suddenness of the expected sinkholes. A
sinkhole’s diameter is related to the stratigraphy, geotechnical
properties of the cover and the depth of the cavity (Parise and
Lollino, 2011). In Camaiore plain the stratigraphy and geotechnical
properties are considered approximately homogeneous with respect
to the thickness of the sedimentary cover (determining the depth of
the cavity), which is not uniform. However, apart from the
1995 event, no other sinkhole occurrence allowed us to calibrate
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TABLE 2 Correction factors for the LOS sensitivity used for the pixels chosen from the investigated areas as measurement points.

Measurement point LOS sensitivity correction factor

P1-P5 -4.9
P6-P8 -4.6
P9 -4.0
P10 7.6
P11 6.0
P12 —6.2
P13 =73
P14 -7.0

The analysis of the different time series provides important clues on the nature of these deformations.
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FIGURE 5

Displacement time series of points P1-P5 reprojected along the vertical direction and compared with the piezometric level.

the diameter variability of future phenomena that could take place in
different parts of the city; therefore, to map the vulnerability, the
sinkhole size has not been considered as a spatial variable, which
means that the resulting map considers the scenario of sinkholes the
size of the 1995 phenomenon.

Vulnerability is usually also a function of the elements at risk
and their resistance to damage. In Camaiore, the elements at risk are
livelihood and structures. Regarding structures and taking into
account the size and abruptness of the 1995 event as a
benchmark, it was our assessment that any event of similar
magnitude occurring beneath a structure (whether residential or
strategic buildings, road, or field) would result in the destruction or
render it unusable for security reasons. As a result, we consider that
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all structures in the Camaiore territory are vulnerable to sinkholes of
that size and velocity, scoring a vulnerability rating of 1. On the other
hand, for livelihood the vulnerability is influenced by the velocity of
occurrence of the event, which has not been considered the same
across all the plain. In fact, a relationship developed in volcanic
environments for vertical collapses due to deeper magma
withdrawal has been adopted, building upon past studies
highlighting the structural and kinematic consistency of calderas
or pit-craters and non-volcanic sinkholes (Roche et al., 2001). Ruch
etal. (2012) proposed a model where both calderas and non-volcanic
sinkholes occur as sudden collapses when the depth of the original
cavity is at least twice the diameter of the final sinkhole; on the other
hand, they experience a continuous collapse (i.e., the velocity during
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consistent with the observed event, which occurred suddenly and in
a location with a >60 m-thick alluvial cover. Sudden sinkholes

other mobile elements at risk) and are therefore associated with a

reduce the possibility to evacuate people (and, to a certain extent,
higher vulnerability.

place where the bedrock is deeper than 60 m (Figure 9B). This is

P10 reprojected along the vertical direction and compared with the piezometric level.
10

Since, by definition, the risk is defined with respect to a given
event of a given magnitude, a diameter similar to the 1995 event

Displacement time series of points P9

FIGURE 7

collapse is similar to the subsidence velocity) when the ratio between
(30 m) was considered as the worst-case scenario for future possible
collapses. This means that sudden collapses are expected to take

depth and diameter is smaller than 2.
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Displacement time series of points P11-P14 reprojected along the vertical direction and compared with the piezometric level.

FIGURE 9

(A) sinkhole susceptibility map of Camaiore from Buchignani et al. (2015); (B) vulnerability obtained as an estimation of the abruptness of the
expected sinkhole based on the depth of the bedrock; (C) real estate market values of Camaiore; (D) integration of the real estate market values with land
cover map.

For the definition of the elements at risk in Camaiore an  Estate Market Observatory) values of the area as of the first semester
integration between two thematic maps was made. The first one  of 2022 (Figure 9C). OMI is a branch of the Revenue Agency which
represents the OMI (Osservatorio del Mercato Immobiliare—Real  takes care of the collection and processing of economic information
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TABLE 3 Classes used for the elements at risk thematic map.

Class Name of the class CORINE classification
1 Densely urbanized area 1.1.1

2 Intermediately urbanized area 1.1.2

3 Scarcely urbanized area Not existing

4 Main roads 122

5 Permanent crops 2.2

6 Non-permanent crops 2.1

7 Woods, semi-natural areas 3

relating to real estate values and the rental market; real estate
quotations are semi-annual and referred to homogeneous
territorial areas (OMI areas), represented as average values per
unit of surface area expressed in €/m” or in an arbitrary scale
ranging from 0 to 255. In the territory of Camaiore, 4 different
OMI areas exist, with the historical center being the most valuable
(1,823 €/m?®), and the others having a value of 1,775 €/m?, 1,419
€/m?, and 1,200 €/m? in decreasing order.

Similar to the procedure followed by Bianchini et al. (2022), the
OMI values have then been integrated with information from the
2019 update of the CORINE land cover (CLC) map (Heyman et al.,
1994) to have a better estimation of the values of the green areas
(woods, crops, courtyards) that the OMI classification does not
discriminate. CLC products are based on the photointerpretation of
satellite images and adopt a standard nomenclature to define
44 different types of land cover among artificial surfaces,
agricultural areas, forest and seminatural areas, wetlands and
water bodies.

The integration of these two maps has produced a map
(Figure 9D) that has been classified into the following classes

I low
mid-low

1 mid-high

FIGURE 10
Sinkhole risk map of Camaiore.
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(with decreasing values), reflecting the territory of Camaiore
(Table 3).

The resulting risk map (Figure 10), obtained from the pixel-by-
pixel multiplication of the values of susceptibility, vulnerability and
elements at risk rasters normalized from 0 to 1, has been classified
into 4 semi-quantitative classes obtained with the Jenks (1977)
natural breaks classification method to reduce the variance within
classes and maximize the variance between classes, with risk
increasing from green (class 1) to red (class 4).

5 Discussion

The two highest risk classes are all located within densely or
intermediately urbanized area, where the density of buildings
reflects the probability for a single sinkhole to hit one or more
edifices in that area.

Focusing on the class 4 areas only, the two areas N and S of the
historical sinkhole correspond to areas identified by Buchignani
et al. (2015) as being characterized by microgravimetric anomalies
and endogenous gases. The surroundings of the 1995 sinkhole fall in
class 4 due to a combination of all factors, including the presence of
the intersection of faults which increases the susceptibility; on the
other hand, the precise location of the sinkhole is in class 3 since it
has been left unbuilt, which effectively reduces the exposure of the
elements at risk, and thus the risk. The most extensive class 4 area is
influenced by a high vulnerability and the presence of
microgravimetric anomalies and fault intersections (Buchignani
et al., 2015) increasing the susceptibility. The city center, despite
having the highest vulnerability and value, has a relatively low total
risk due to the scarcity of predisposing factors (low susceptibility).

This result provides information on possible expansion and land
use, helpful for the long-term planning. The displacement
monitoring can give insight into the short-term hazard. The
displacement data analyzed in this work are a rare example
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(Intrieri et al., 2015) of a GBInSAR used to monitor subsidence. In
fact, if the aim is just subsidence monitoring, other techniques are
more suitable for this task (for example, satellite interferometry or
topographic instruments); however, if the scope is sinkhole early
warning, GBInSAR can both cover large areas and provide frequent
acquisitions. Therefore, it is important to understand whether the
data gathered in Camaiore are significant for a possible detection of
sinkhole precursors.

Since all the displacement data display—with different
degrees—seasonality, a comparison with the water table variation
has been performed (from Figures 5-8). Possible correlations have
been assessed using the piezometer made available by the
Hydrological and Geological Service of Tuscany, which is
installed 200 m-E of the sinkhole area (Figure 4) and monitors
the alluvial aquifer. The maximum recharge is generally reached
in January-February (typically coinciding with the period of
maximum upward displacement), while the minimum is in
September-October (usually coinciding with the periods of
maximum subsidence), with a total excursion of up to 4m.
These variations are synched with most of the peaks of the
displacement time series measured by the GBInSAR; the clearest
overlapping occurs with P1-P5 (Figure 5), where even the sub-
seasonal variations of the water table are reflected in the ground
movements. The weaker correlation with P9, P10 (Figure 7), P13,
and P14 (Figure 8) is probably due to the greater distance between
these pixels and the piezometer (300, 450, 540, and 620 m,
respectively). Therefore, the GBInSAR has proved able to
measure the ground subsidence and uplift due to the seasonal
recharge and depletion of the alluvial aquifer.

P6-P8 (Figure 6) are located in the sinkhole area and show a
clear subsidence trend superimposed with seasonal oscillations.
Since the 1995 sinkhole was filled with boulders, the measured
subsidence is likely due to the ground settlement, especially
concerning P7, the closest to the center of the collapse area. The
effects of the water table variations are still visible but are partially
concealed by the strong downward trend.

The seeming upward movement of P12 cannot be explained as an
actual uplift, but rather as a horizontal movement toward the
GBInSAR due to structural deformations of one or more buildings;
in fact, the reprojection along the vertical direction of the measured
displacements occurred under the assumption of vertical movements,
since interferometry does not enable the reconstruction of the
complete movement vector. Under the conditions where all
movements are assumed to be vertical, movements toward the
sensor can only be interpreted as uplift. This assumption is
generally valid for plain non-urbanized areas but does not account
for structural displacements affecting the buildings (e.g., differential
settlements causing tilting) that can produce movements with a
horizontal component.

Notably, the LOS correction factors may introduce an error in
the entity of displacements, especially for higher correction values,
since this multiplication factor also increases noise and errors.
Moreover, whenever the direction of movement is not completely
vertical (as in the case of structural settlements of buildings or when
the areas surrounding a sinkhole are sucked in toward its center), the
correction factor calculated assuming vertical movements is
incorrect, as it depends on the angle between the LOS and the
(unknown) direction of movement.
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All considered, the 11 years old interferometric campaign did
not highlight deformations linkable to sinkhole events, although it
proved the capability of the GBInSAR to measure small vertical
displacements (validated by piezometric measurements) despite the
unfavorable LOS and the distance. While at least two small
deformations or collapses occurred in 2015, these were either
shadowed by buildings or too small in size to be detected
(Figure 3). Other events similar or at least of the same order of
magnitude of the 1995 collapse did not take place but would have
likely been detectable. However, experienced operators would be
needed to be able to identify a cluster possibly consisting of a few
tens of pixels, in an area affected by seasonal deformation.

Therefore, a complementary approach represented by mapping
the areas at risk has been proposed. This mapping compensates for
the lack of events (after the one in 1995), that could have helped
training a machine learning-based susceptibility map, with an in-
depth study of the territory encompassing many surveys in the
geophysical, geochemical, geological, kinematical and economical
fields.

The points used to monitor the displacements do not fall in the
two highest risk classes, except for points P6, P7, P8, confirming that
all the movements detected are not related to sinkhole processes
apart for the points located in the 1995 sinkhole area.

The circular depression observed in 2015 (Figure 3A) falls in the
minimum risk area since there are no valuable elements at risk,
however, concerning the susceptibility, it is located at the boundary
between the high and intermediate classes. This can provide clues on
the origin of the depression, which could indeed be related to a
sinkhole.

Opverall, this experience suggests the adoption of a best practice
for sinkhole risk management based on a combination of early
warning, obtained through the monitoring of ground displacement,
and risk mapping, to obtain a zonation of sinkhole-prone areas
useful for urban planning.

6 Conclusion

An integrated approach to address sinkhole risk has been
described using the case history of Camaiore territory, where a
30 m wide sinkhole occurred in 1995 destroying several buildings
but causing no victims, thanks to precursor deformations that
revealed the incoming collapse.

Such precursors set the premise for the installation of a
GBInSAR to monitor the plain and provide early warning. The
application of GBInSAR to sinkholes is remarkable as it only has few
precedents in literature. This is probably because of some inherent
issues of this methodology (especially the difficulty in measuring
vertical movements of a flat area). On the other hand, GBInSAR
grants the possibility to perform rapid mapping, that is to provide
spatially continuous information with an acquisition frequency
compatible with sinkhole early warning. Indeed, the ability to
produce 2D displacement maps is necessary when the area to be
monitored is too wide to allow for the installation of individual
measurement devices (such as GNSS antennae or total station
prisms).

Although no deformations linkable to developing sinkholes have
been observed during the 11 years of interferometric campaign, the
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radar has proved its ability to catch centimetric vertical ground
movements with comparable magnitude and extension of an
expected sinkhole. Such measurements have been validated
thanks to the comparison with piezometric monitoring, which
allowed us to attribute such subsidence and upheave to the
oscillations of the water table level.

Detecting precursor displacements for relatively small sinkholes
(from decimeters to few meters), like the one occurred in 2015
(Figure 3A), is at best difficult over large areas like Camaiore city,
since the distance does not allow for high resolution and the presence of
buildings and vegetated areas can cause shadowing or decorrelation
effects, respectively. In such cases, the convenience of a permanent
monitoring system like a GBInSAR also depends on the expected
frequency of the events, assuming that a percentage of the phenomena
would be detected, or on a risk mapping highlighting large high-risk
areas that could justify the investment on monitoring instrumentation.
Notably, precursors of large sinkholes (like the 1995 event) presumably
have an area of effect at least as large as the anomalies described in this
paper and are likely to occur days before the collapse, thus allowing for a
timely recognition, interpretation, warning and response.

While the GBInSAR fits within an early warning perspective,
mapping the risk is a solution for a long-term urban planning with
implications on the risk mitigation interventions and on the
preparation of emergency plans.

It should be that other sinkhole
countermeasures to help long-term planning exist and rely on

noted mitigation

attempting deterministic models to make
of the stability

anthropogenic cavity, based on the representation of a physical

a  preliminary

assessment conditions of a natural or
behavior using dimensionless ratios, which is a common
engineering approach that was first adapted to sinkholes by
Abdulla and Goodings (1996). To obtain information about the
cavity stability, a collection of geometrical and geotechnical data
concerning occurred sinkhole is necessary. By plotting such
parameters, a sinkhole stability chart can be produced to estimate
the threshold between safe and unsafe conditions. However, in cases
like Camaiore, where the geometrical features of the underground
cavity are unknown and past sinkholes are not recorded, these
methods are not usable.

Therefore, complementary to early warning, risk mapping
remains a more standard solution to cope with sinkhole hazard.
However, in the case of Camaiore, the lack of a sufficient number of
past events made it impossible to adopt methods based on past
occurrences, so we relied on a set of geophysical and geological data
integrated with the estimation of the effects of a sinkhole similar to
the 1995 event. The vulnerability was expressed in terms of the
abruptness of the collapse, which relates to the warning lead time left
by sudden events; this estimation has been done using the model
adopted by Ruch et al. (2012), which establishes that sinkholes occur
suddenly when the ratio between their depth and their final diameter
(assumed equal to the 1995 event) is higher than 2. The value of the
elements at risk has been derived by an integration of the real market
estate values (for the building areas) with the land cover (for crops
and vegetated areas). The resulting map is an urban planning tool
inclusive of all the knowledge available for the site. While the
geological framework of Camaiore (karst bedrock covered by tens
of m of alluvial sediment in a seismically and hydrogeologically
active area) is not uncommon for sinkhole-prone areas, the
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application of this methodology to other sites needs to take into
account possible changes; the same goes if the investigated site
internally presents significant geological variations, which is not the
case for Camaiore.

A synergic use of the risk map with the monitoring and early
warning system would enable to mark and narrow down hotspots or
areas of interest which should be monitored with in situ instrumentation,
thus making the installation of instruments like GPS antennae or total
station prisms more feasible, or kept under a closer vigilance with
GBInSAR, thus facilitating the detection of anomalies.
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