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ARTICLE INFO ABSTRACT

Keywords: Detection, forecasting, early warning, and effective monitoring are key aspects for the delimitation of sinkhole-
Microgravity prone areas and for susceptibility assessment and risk mitigation. To attain these goals, direct and indirect
3D electrical tomography techniques can be employed, and the integration of different indirect/non-invasive geophysical methods in-
H/V method

cluding 2D- and 3D-electrical resistivity tomography, microgravity, and single-station seismic noise measures
was carried out at “Il Piano” (Elba Island - Italy), where at least nine sinkholes occurred between 2008 and 2014.
The most likely origin for these sinkholes had been considered related to net erosion of sediment from the
alluvium, caused by downward water circulation between the aquifer hosted in the upper layer (Quaternary
alluvial deposits) and that in the lower (Triassic brecciated dolomitic limestone and Cretaceous slate). The
integrated geophysical survey, therefore, was carried out a) to differentiate shallower from deeper geological
layers, b) to detect possible cavities that could evolve into sinkholes, c) to suggest possible triggers, and d) to
delimit the sinkhole-prone area. The results of the integrated geophysical surveys suggest that the study area is
mainly characterised by paleochannels, and that the sinkhole-prone area boundaries correspond to these pa-
leochannels.

Integrated geophysical approach
Sinkhole hazard

superficial drainage of water infiltrating into the soil; and iii) con-
current causes, such as the anthropic effect on the continuity of the

1. Introduction

The term “sinkhole” was first introduced in the late sixties to in-
dicate the subcircular surface depressions or collapse structures formed
by the collapse of small subterranean karst cavities. Currently, sink-
holes are related to subterranean cavities propagating up to the surface,
regardless of their trigger and shape. According to the USGS (http://
water.usgs.gov/edu/sinkholes.html) and the scientific literature
(Guerrero et al.,, 2004; Waltham et al., 2005; Kaufmann, 2014;
Argentieri et al., 2015; Sevil et al., 2017), sinkholes can be classified
according to a large variety of schemes depending on the dominant
process of formation and on the geological scenario behind the devel-
opment of the phenomenon. Specifically, three main factors can be
identified: i) predisposing causes, such as the nature of the sub-super-
ficial geology and the bedrock and the presence of sub-superficial an-
thropogenic structures; ii) triggering causes, such as rain or the
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superficial drainage network and the extraction of superficial water.
Sinkholes can cause spatially dispersed damage. In particular, re-
lated losses are direct (e.g., human casualties and damage to property),
indirect (e.g., interruption to businesses, transport infrastructure and
communication networks) and intangible, especially if they occur in
urban areas (Galve et al., 2012; Intrieri et al., 2015; Sevil et al., 2017).
Knowing the formation mechanism, some general actions may be
identified as countermeasures to mitigate the sinkhole susceptibility of
the area and to overcome the environmental and infrastructure pro-
blems. In addition, considering that in general, sinkholes are densely
clustered in “sinkhole-prone areas” while completely absent in others,
key aspects of sinkhole risk mitigation are setting up early warning
systems on the basis of effective monitoring programmes (to predict
where and when new phenomena will occur) and assessing how
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existing systems will evolve (Guerrero et al., 2004; Kaufmann, 2014).
However, techniques developed specifically for sinkhole detection,
forecasting and monitoring are missing, probably because of a general
lack of sinkhole risk awareness and of the intrinsic difficulties involved
in detecting precursory sinkhole deformations before collapse (Intrieri
et al., 2015). Therefore, direct and indirect techniques able at least to
detect existing subterranean cavities are important. Among the direct
methods, blind drillings in sinkhole-prone areas and electric cone pe-
netration tests (CPT) are common applications; nevertheless, these
methods puncture the surface, may be disadvantageous in urban areas
and may exacerbate sinkhole development (Zhou et al., 2002; Krawczyk
et al., 2012; Samyn et al., 2014; Lee et al., 2016; Sevil et al., 2017). On
the other hand, indirect techniques allow for the extrapolation of data
concerning sinkhole location and risk by means of a) the back-analysis
of past events, b) the stratigraphy of the sediments filling existing
sinkholes, and c) the susceptibility models generated by analysing the
statistical relationship between the spatial distribution of sinkholes and
that of specific conditioning factors (Pueyo Anchuela et al., 2013;
Kaufmann, 2014; Zini et al., 2015).

Currently, non-invasive high-resolution geophysical methods for
shallow exploration and imaging of local subsurface heterogeneities are
recognised as the best practice approaches to identify and map sink-
holes, especially if they are actively developing (Smith, 1986; Zhou
et al., 2002; Ezersky, 2008; Krawczyk et al., 2012; Martinez-Moreno
et al.,, 2013; Pueyo Anchuela et al., 2013; Cardarelli et al., 2014;
Kaufmann, 2014; Samyn et al., 2014; Argentieri et al., 2015; Zini et al.,
2015). Natural cavities, in fact, can be filled with air, water, or col-
lapsed/unconsolidated material, resulting in variations in the ground
physical properties and therefore providing fairly distinct geophysical
contrasts, which may be detected (Bishop et al., 1997). Moreover, since
the rock surrounding the cavity is often disturbed, the associated frac-
turing may extend up to two or more diameters away from the cavity.

In this paper, we present the results of an integrated geophysical
survey at “Il Piano” (meaning “Flat” in Italian, Elba Island - Italy),
where at least nine sinkholes occurred between 2008 and 2014 (Intrieri
et al., 2015), with the aims of a) obtaining a suitable geological and
hydrogeological model of the area, b) detecting possible cavities that
could evolve in sinkholes, ¢) suggesting possible triggers, and d) deli-
miting the sinkhole-prone area. The most likely origin for these sink-
holes has been considered related to net erosion of sediment from the
alluvium caused by downward water circulation between the super-
ficial aquifer and the main karst aquifer represented by the local rock
substratum (Intrieri et al., 2015). Therefore, to differentiate shallower
(Quaternary alluvial deposits) from deeper (Triassic brecciated dolo-
mitic limestone and Cretaceous slate) geological layers and to detect
possible cavities in the karst bedrock, investigations by means of 2D-
and 3D-electrical resistivity tomography (ERT), microgravity, and
single-station seismic noise measurements (H/V) were carried out. This
integrated geophysical approach is included in a wider project (Fig. 1)
aimed at characterising the geomorphology and hydrogeology of the
area (Intrieri et al., 2018). The key result of this study is that the ha-
zards of the area are ascribable to shallow causes (i.e., water infiltrating
into the soil and related fine material transport) instead of deeper ones
(i.e., karst caves).

The paper is structured as follows: Section 2 provides a geological
and geomorphological description of the study area; Section 3 details a
brief overview of the employed techniques and methodology; Section 4
presents the results of the geophysical survey independently for each
technique, while in Section 5, the overall data are integrated and dis-
cussed.

2. Study area
The complex Elba Island stack of nappes is identified as the wes-

ternmost part of the Northern Apennine chain (Bortolotti et al., 2001).
From a geological point of view, the western part of the island is
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dominated by a large granodiorite pluton (Monte Capanne), whereas
the eastern part is composed of a set of Ligurian and Tuscan tectonic
units, mostly composed of sedimentary formations and Messinian-
Pliocene intrusive magmatic bodies (Ferrara and Tonarini, 1985;
Rocchi et al., 2002; Maineri et al., 2003). Bortolotti et al. (2001) pro-
vided an updated model of the structure of central and eastern Elba
Island and defined nine, generally east-vergent, different tectonic
complexes.

The study area is located in the northeastern part of the island
(Fig. 2a) and corresponds to the mostly flat terrain separating the
municipalities of Rio nell'Elba and Rio Marina. The most recent 1:25000
geologic map by ISPRA (http://sgil.isprambiente.it/website/
isolaelbageo/carta_geologica_isola_elba.htm) is dated 2015 and shows
that the Cavo Formation (FCV in Fig. 2¢, d) and the Rialbano Breccia
(RBC in Fig. 2¢, d), previously known as Calcare Cavernoso (Bortolotti
et al., 2001; Intrieri et al., 2015), constitute the rock substrata herein.
The Cavo Formation, a metamorphosed siltstone characterised by
polyschistose calc-schists and varicoloured slates, tectonically overlies,
by means of a N—S oriented, W-dipping fault, the Rialbano Breccia, a
brecciated dolomitic limestone (Bortolotti et al., 2001). In the east-
ernmost portion of the study area, the substratum consists of the Ver-
rucano sequence, a HP-LT metamorphic sedimentary sequence. This
substratum is extensively covered by approximately 20-30 m of alluvial
(b in Fig. 2¢, d) and erosional (a in Fig. 2c) deposits (Quaternary al-
luvium) composed of lenticular gravel and sand bodies within a sandy
silt matrix. For a detailed lithologic description of these formations, see
Bortolotti et al. (2001).

From a hydrogeological point of view, the outcropping formations
are quite different: the Rialbano Breccia shows high permeability,
mainly owing to tectonic fracturing and karst phenomena, while the
permeability of the Cavo Formation metasiltstone is very low. The
hydrographic basin is characterised by a narrow topography that se-
parates “Il Piano” by means of the downhill end section from the outlet
into the sea. This topography is the result of the geological and geo-
morphological evolution of the area, which reached its present ap-
pearance because of the fluctuations in sea level and the alternation of
depositional and erosional events that occurred in the late Pleistocene
and Holocene epochs (Bortolotti et al., 2001). Consequently, the area
was gradually filled with continental deposits (i.e., of lacustrine, fluvial,
hillslope, and mass transport origin). In the study area, two main
aquifers can be recognised: a superficial one hosted by the Quaternary
alluvium and the main one of karst origin hosted in the fractured
limestone and deeply exploited for industrial, agricultural, and drinking
purposes (Intrieri et al., 2015). The presence of water in the area is also
witnessed by the past presence of at least 22 watermills, many mill-
ponds, and ditches for their hydraulic energy supply, the ruins of which
are still largely visible (although in different states of preservation).

3. Material and methods

To detect caves, gravity and/or electrical methods were mainly
employed and combined with other techniques (Martinez-Moreno et al.,
2013). The integration of microgravity, ERT, and H/V technique was
performed to characterise the study area and delineate the sinkhole-
prone area (Fig. 3). Direct information about the subsoil properties was
obtained from the Lefranc permeability test, SPTs, and stratigraphy
boreholes carried out along the road SP26 (Fig. 2b, c) after the sink-
holes developed in 2013. The microgravity surveys were conducted
mostly in the inhabited areas around houses and along the two main
roadways (Fig. 3). On the other hand, H/V measurements and ERT were
carried out to characterise a wider area, although their distribution was
influenced by field accessibility.

3.1. 2D- and 3D-ERT

To achieve the aims of this work, eight 2D- and seventeen 3D-ERT
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Fig. 1. Flow chart of the whole project: in black are the steps described in this paper; in grey are the steps that aim to characterise the geomorphology and
hydrogeology of the area illustrated in detail in Intrieri et al., 2018.
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Fig. 2. a) Location of the study area with respect to the Tuscany Region and the municipalities of Rio nell'’Elba and Rio Marina; b) satellite view of the study area; c)
detailed geologic map (modified after Intrieri et al., 2015): the AA’ section, which follows the borehole locations, is shown in d); d) geological section (AA’ in c)
derived from borehole surveys. In b) and c), the red line delimits the study area, the red and blue dots are verified and supposed sinkholes, respectively, and the white
line marks the provincial road “SP26”. In c), the black dots identify the boreholes while the blue lines denote the drainage network. Moreover, in c), “a” represents
terraced alluvial sediments; “b”, recent alluvial sediments; and “d”, eluvial and colluvial debris. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 3. Details of the geophysical campaign at “Il Piano”: H/V single-station seismic noise measures (red triangles), microgravity measures (blue squares), 2D-ERT
(green lines), and 3D-ERT (the green dots mark the location of the electrodes, while the light green areas delimit the extension of the areas effectively investigated).
In a) is shown, as an example, the 3D distribution of the acquired quadripoles (blue dots) for the 3D-ERT11 survey (the green dots mark the location of the
electrodes). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

were carried out at “Il Piano” (Fig. 3). The spatial distribution of the
underground electrical resistivity, in fact, can provide useful informa-
tion to characterise subsoil anomalies of both geological and human-
made origin (Smith, 1986; Zhou et al., 2002; Santarato et al., 2011;
Pazzi et al.,, 2016c). These ERT data were collected by means of a
SyscalPro georesistivimeter (IRIS Instrument), coupled with either two
or three multichannel cables with 24 channels (i.e., forty-eight or

seventy-two electrodes, respectively), with a maximum electrode spa-
cing of 5m (Table 1). The electrodes were standard stainless-steel
stakes. The pole-dipole array was employed for both 2D- and 3D-ERT
measurements, as it combines consistent signal strength with good re-
solution and depth of investigation (Smith, 1986; Zhou et al., 2002;
Samyn et al., 2014). Moreover, to collect 2D-ERT data as well, the di-
pole-dipole and Wenner-Schlumberger reciprocal arrays were used, the
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Table 1

2D- and 3D-ERT: ERT name, inter-electrode distance, 2D-ERT total length or
3D-ERT area investigated, total number of acquired measures, percentage of
removed data, and total number of iterations needed to obtain a converging
model (a model with a small enough misfit between field and modelled data,
Santarato et al., 2011).

Name Electrode 2D-total Acquired Removed  Iteration
spacing length data data [%] number
[m] [m]/3D- [adim] [adim]
total area
[m?]

2D-ERT  02a 1.5 70.50 3054 6.4 5

02b 1.5 70.50 3054 4.9 3

03 5.0 235.00 3054 37.0 6

05 3.0 141.00 3054 10.9 3

07 2.5 117.50 3054 21.2 3

08 1.5 70.50 3054 11.0 4

10 1.0 47.00 3054 21.0 4

18 2.2 103.40 3054 3.9 3
3D-ERT 01 5.0 6024.60 9616 17.3 8

04 5.0 5707.43 9507 16.2 8

04b 5.0 822.90 2058 7.0 7

05a 4.0 585.90 2058 8.2 4

05b 4.0 377.20 2058 8.2 4

05¢ 2.0 140.30 2058 5.9 4

06 2.5 819.10 3160 9.2 7

06b 5.0 5321.80 8889 25.3 7

07 2.5 2010.10 3770 8.5 6

08 5.0 10,188.90 11,303 19.0 7

09 5.0 5817.60 11,303 14.7 6

10 5.0 6852.30 6868 23.4 7

11 5.0 3123.20 8828 11.1 7

13a 2.0 141.70 2058 7.8 4

13b 2.0 152.70 2058 7.8 4

14 3.5 8051.50 8281 11.2 8

15 5.0 4135.70 8206 16.1 4

first to enhance the lateral resolution at shallow depth and the second
to increase the depth of investigation and to take advantage of the in-
strument multichannel acquisition system (Santarato et al., 2011). The
3D-ERT acquisition sequences, which allow collecting data not only
above the electrodes but also in the volume surrounded by the elec-
trodes (Fig. 3a), were optimised for each ERT on the basis of the elec-
trode geometry (Santarato et al., 2011; Viero et al., 2015): this proce-
dure resulted in a variable number of acquired data during each
measurement campaign (Table 1). All the electrodes were georeferred
using a Leica 1200 differential GPS (mean 3D coordinate quality of
2.0 cm) in Real Time Kinematic mode (Pazzi et al., 2016b), and detailed
terrestrial topographic surveys of the surrounding areas were per-
formed to optimise the inversion procedure.

ERT inversions were carried out by the commercial software
ErtLab© (Geostudi Astier S.r.l., Multi-Phase Technologies LLC) that
implements Occam's regularisation to optimally manage data noise
(Santarato et al., 2011; Viero et al., 2015). To remove outliers, i) the
measures quality, ii) the voltage, iii) the current intensity, iv) the
geometric factor, and v) the apparent resistivity distribution of each
dataset was statistically analysed (i.e., the software calculated the fre-
quency distribution of the analysed parameters), and the extreme tails
of each distribution were thus removed. The iterative procedure needed
to solve the inverse problem necessitated having an initial hypothesis,
i.e., an apparent resistivity value for the starting homogeneous half-
space. This initial value was chosen as the mean apparent resistivity
value, or the value with the highest count in the histogram distribution
(Viero et al., 2015). All the ERT inversions converged, meaning that the
resistivity models of the last inversion had a residual value lower than
the misfit function between the field and modelled data, as defined in
Santarato et al. (2011).
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3.2. Microgravity

The microgravity technique is effective to detect areas of con-
trasting or anomalous density by measuring the variation of the grav-
itational acceleration of the Earth. Currently, this method is still em-
ployed even though it is not cost-effective as a result of the large
amount of fieldwork and number of post-processing corrections re-
quired. A LaCoste & Romberg model D gravimeter with a sensitivity of 5
uGal was used for microgravity observations in the study area. The
station elevations were measured with a total station model Pentax
R125N reflector Rless with an accuracy of 5-10 mm in horizontal and
vertical coordinates. The gravity was estimated with respect to the
gravity branch of Santa Barbara church in Rio Marina village and the
elevation measurements of IGM (Italian Military Geographic Institute)
benchmark n. 126,902 of San Pietro church in Rio nell'Elba. Gravity
readings repeated on four control stations provided a root-mean-square
error of < 5 pGal. The Santa Barbara Church base point was selected in
the area, and all the gravity measurements were referenced to this
point. This local microgravity network was linked to the S. Angelo
Romano Absolute Gravity Station (D'Agostino et al., 2008) located on
Meso-Cenozoic carbonate rocks of Mt. Cornicolani close to Rome. The
microgravity survey consisted of 964 measurement points spaced in a
grid of 6m to 8 m. The observed gravity data are the sum of gravity
fields produced by all underground sources. The targets for these spe-
cific surveys are often small-scale structures buried at shallow depths,
and these targets are embedded in a regional field that arises from re-
sidual sources that are usually larger or deeper than the targets or are
located farther away. Correct estimation and removal of the regional
field from the initial field observations yields the residual field pro-
duced by the target sources. Therefore, to detect the deeper regional
geological trend, to improve the coverage, and to obtain more precise
contours in the eastern part of the island, an additional gravity survey
was conducted. Sixty gravity stations were established and used to
compute the Bouguer anomalies. The locations of the stations were
obtained using differential GPS measurements.

The microgravity and gravity anomalies were computed with re-
ference to the 1980 ellipsoid (Moritz, 1984). Density values of 2150 kg/
m?® (Quaternary alluvial deposits) and 2650 kg/m> (deeper geological
bedrock: Cavo Formation and Rialbano Breccia) were used for the
Bouguer anomaly computation and the terrain effects, respectively.
These density values were estimated by laboratory measurements on
rocks sampled in the study area and by means of analytical or graphical
methods such as those proposed by Nettleton (1942). The terrain cor-
rection was the most sensitive stage among the different gravity re-
ductions because of the rough topography of the study area (Regional
Technical Map, CTR 1:10000; bathymetric survey). After applying
Earth tide, free-air and Bouguer corrections, the Bouguer gravity
anomalies were computed. The evaluation of the accuracy of gravity
anomalies included estimation of measurement precision and of the
errors in anomaly calculations. Most of the uncertainty components in
the Bouguer anomaly accuracy estimations were negligible in com-
parison with the terrain correction component. The final microgravity
and gravity Bouguer anomaly accuracies were here estimated
at = 0.005 mGal and + 0.05 mGal, respectively.

The separation of the Bouguer gravity anomaly, i.e., the process of
discerning local structures (residual gravity anomalies) from the re-
gional gravity trend, was carried out using both the polynomial fitting
approach and Griffin (1949). In the radial weights method (Griffin,
1949), the averaged values are those on the circumference of a circle
centred at the station. Usually, the values are obtained by interpolation
from the gravity map contours. The result slightly depends on the
number of selected points, and even more on the radius of the circle.
The radius is usually of the same order of magnitude as the depth of the
anomaly to be emphasised, but both shallower and deeper anomalies
still contribute to the results. The acquisition grid is generally ap-
proximately half the radius used for averaging. Six circles with different
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radii were used: 10m, 15m, 20 m, 30m, 40 m, and 50 m. Finally, a
three-dimensional model of the spatial distribution of the gravity
anomalies was computed. This final model was a range of elementary
gravity distributions used as the source of the anomalies (methods of
Griffin, 1949).

3.3. H/V measurement

Passive seismic methods (Sgarlato et al., 2011; Samyn et al., 2014)
are commonly employed to detect sinkholes. Among these, the hor-
izontal to vertical spectral ratio (H/V) technique (Nakamura, 1989;
SESAME, 2004; Del Gaudio et al., 2014) has proven to be one of the
most appropriate methods to estimate the fundamental/resonance fre-
quency of soft deposits, as well as to study the interactions between soil
and buildings (Pazzi et al., 2016a, 2017a). Nowadays, the application of
H/V measurement is also a challenge issue in mountainous areas (Pazzi
et al., 2017b). The spectral features and polarisation of seismic noise, in
fact, show strong correlations with the site geological setting (Lotti
et al., 2015, 2017). To achieve the aims of this project, H/V measure-
ments were carried out to characterise the alluvial sediment cover (Del
Soldato et al., 2018). One hundred twenty single-station seismic noise
traces were recorded at “Il Piano” by means of five Tromino®, the all-in-
one compact 3-directional 24-bit digital tromometer developed by
MoHo S.r.l. (1 dm® volume and 1 kg weight). The instrument-soil cou-
pling was obtained by the pin set supplied with these instruments. Each
acquisition was run for 30 min at 256 Hz. These instruments were
chosen according to the SESAME (2004) owing to their i) simplicity of
use, ii) compact size, and iii) absence of connection cables between
geophones, seismographs and dataloggers, considerably reducing the
noise induced by instrumentation on measures of seismic noise. For the
ERT, all the single-station measures were georeferred using a Leica
1200 differential GPS (mean 3D coordinate quality of 2.0 cm) in Real
Time Kinematic mode (Pazzi et al., 2016b).

The Grilla® software program (by MoHo S.r.1.) was used a) to ana-
lyse and process each single-station seismic noise acquisition, since it
applies the SESAME (2004) standards and guidelines for processing
ambient vibration data; b) to evaluate the directionality of each spectral
peak; and c) to reconstruct the local seismic velocity profiles, con-
straining each acquisition with soil density and porosity values derived
from the literature, and first-layer velocity measured as explained in
Pazzi et al. (2017b). It is known, in fact, that the sedimentary layer
thickness (h) and the layer shear velocity (Vs) in a single-layer strati-
graphy are related to the H/V peak frequency (f) by means of the
equation f = Vs/4 h. When no constraints are imposed, each H/V curve
can be fitted by infinite synthetic models. In contrast, constraining the
shallow subsoil stratigraphy or the first-layer Vs, it is possible to re-
construct the Vs profile, obtaining the thicknesses and velocity values of
each layer (Castellaro, 2016). Finally, some alignments across the study
area were defined, and single-station seismic noise acquisitions, ac-
quired along each alignment, were elaborated to generate synthetic
contour maps of the H/V (Pazzi et al., 2017b).

4. Results
4.1. Geoelectrical results

The 2D-ERT reached a mean depth of 20 m (minimum depth value:
8 m, 2D-ERT10; maximum depth value: 40 m, 2D-ERT03), while the
mean depth of the 3D-ERT was approximately 30 m (minimum depth
value: 3 m, 3D-ERT05¢c; maximum depth value: 40 m, 3D-ERT01). As
already mentioned in Section 3, the ERT results were calibrated by
means of the subsoil stratigraphies obtained from borehole logs carried
out along the road SP26 (Fig. 2b, c). Fig. 2d shows the geological sec-
tion, which follows the borehole locations, gathered from the boreholes
themselves and employed to interpret the geophysical results. The area
has a resistivity mean value in the range of 50-100 Qm (green in
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Fig. 4), according to the resistivity range of the Quaternary alluvial
deposits (b in Fig. 2). Saturated loose sand and/or clay levels, whose
presence was found up to a depth of 30 m, appear as low-resistivity
zones, characterised by resistivity values < 50 Qm (cool colours, from
dark to violet/white in Fig. 4). Gravel, dry sand or high-porosity ma-
terials containing voids appear to have high resistivity values, > 100
Qm (green and yellow in Fig. 4) (Ezersky, 2008). Brecciated dolomitic
limestones (Rialbano Breccia, 3DERT06-06b; RBC in Fig. 2) and very
weathered metamorphosed siltstones (Cavo Formation, 3DERT15; FCV
in Fig. 2) have resistivities > 150 Qm (red in Fig. 4).

4.2. Microgravity results

Minima (negative anomalies) in microgravity data are caused by
shallow low-density zones, such as cavities or soils with low compact-
ness or high void ratios. The effective size of a gravity anomaly caused
by a cavity is also dependent on the connectivity of cracks in its sur-
roundings and on the genesis of the cavity in its host rock (Bishop et al.,
1997). The Bouguer anomaly map (Fig. 5a) shows that the regional
anomalies are quite dominant, especially in the west sector (Fig. 5a). In
particular, the “Il Piano” study area (red line in Fig. 5a, enlarged in
Fig. 5b) is characterised by an increasing trend from SW to NE (from
33.60 to 35.75 mGal, Fig. 5b). In this sector of the island, a strong
gradient borders the area of microgravity surveying. The regional
anomalies reflect the density, geometry and thickness variations of the
regional basement and the lower crust. These anomalies have been
computed using the third-order polynomial fitting method and removed
from the Bouguer data to obtain residual anomalies to highlight local
anomalies. The results are shown in Fig. 5c. Several relative negative
anomalies (from green to dark blue/violet in Fig. 5c) are detected,
mainly located in the eastern part of the microgravity survey area. A
prevalently negative, oval-shaped residual anomaly characterised by a
NE-SW trend is located in the northeast sector of the figure. Its
minimum ranges from approximately —0.050 mGal to —0.100 mGal
and is flanked by a positive anomaly of approximately +0.100 mGal
(from yellow to red in Fig. 5c). The SP26 road (white dashed line in
Fig. 5), which splits the surveyed area, is characterised in the western
section by the alternation of negative and positive anomalies. More-
over, in correspondence with the dwellings of Villaggio Togliatti
overlooking the road, there is a large subcircular negative gravity area
up to —0.100 mGal. To estimate the maximum depth of these
anomalies (Fig. 5c), the second-derivative Griffin (1949) with a 30-m
radius has been calculated. In this method, the half-distance of upward
continuation is considered as the depth of the downward continuation.
Fig. 5d shows the results: several other negative anomalies are distin-
guishable, and they seem to branch from the main channel of negative
anomalies.

4.3. H/V results

The distribution of the seismic noise single-station measures is
shown in Fig. 3. It is well known that high-frequency peaks in the mean
H/V curve are related to shallow depth interfaces and low-frequency H/
V peaks to deep interfaces (Castellaro, 2016). In the whole dataset, at
most three natural peaks may be identified (Fig. 6) that correspond to
three different interfaces for which depths could be calculated as de-
scribed in Section 3.3. These depths were obtained starting from a first-
layer shear velocity value ranging from 100 m/s up to 250 m/s. The
shallowest natural peak is in the range of 60-90 Hz and corresponds to
the first discontinuity located at a depth of approximately 0.2-1.5m,
the second is in the frequency range of 12-30 Hz that corresponds to a
discontinuity located at a depth of approximately 1.5-7.6 m, and the
deepest is in the frequency range of 3.5-7.8 Hz that corresponds to a
depth of approximately 10.5-35 m. These last values could also be in-
terpreted as the thickness range of the valley replenishment material.

Since it is not possible to show here all the acquired traces, a
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selection of the most significant results is displayed in Fig. 6 as follows: 4-7 Hz, A in Fig. 6b); ii) the flat traces RMA75, RMA 76 and RMA108
i) the RMA23, RMA43, RMA44, RMA45, RMA79, RMA94, and RMA100 (Fig. 6¢), acquired on outcropping seismic bedrock (Castellaro, 2016;
traces (Fig. 6b), clearly showing the natural peaks (range 20-30 Hz) Pazzi et al., 2017b); iii) the RMA69 and RMA74 traces (Fig. 6d), ac-
corresponding to the second (B in Fig. 6) and third interfaces (range quired on nearly outcropping bedrock and depicting an
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amplification < 2 because of the very low seismic impedance contrast;
iv) the RMAO1 and RMA114 traces (Fig. 6e), showing a velocity in-
version in the upper layers: the first (D in Fig. 6e) because it was ac-
quired on asphalt (Castellaro, 2016) and the second (C in Fig. 6e) be-
cause of unspecified geological causes; and v) the H/V mean curves of
the seismic noise traces acquired on or in proximity of the verified
(RMAO1, RMA10-17, RMA77, RMAS80) or supposed (RMA61) sinkholes
(Fig. 6f, g).

5. Discussion

The sinkholes at “Il Piano” (Elba Island, Italy) have represented a
serious problem in the past years: at least nine sinkholes affected the
area between 2008 and 2014 without any apparent triggering factor.
Geophysical integrated investigations (2D- and 3D-electrical tomo-
graphy, microgravity and H/V measurements) were performed in the
area together with an accurate historical and hydrogeological re-
construction (Intrieri et al., 2018). The great amount of collected data
was employed to extensively reconstruct the subsurface stratigraphy
and to draw the boundaries of the sinkhole-prone area.

First, the information derived from the boreholes drilled after the
2013 sinkhole along the SP26 road was employed to qualitatively
evaluate the microgravity anomalies, the resistivity values, and the Vs
profiles derived from the fitting of the H/V curves (Fig. 7). Even
thought the huge amount of acquired data and the high sensitivity of
the whole dataset, the evaluation was qualitative and not quantitative
because of the different precision in measuring data of each employed
techniques. From the comparison between the boreholes (black dots in
Fig. 7a) and the Vs profiles (red dots in Fig. 7a), a) the first dis-
continuity (frequency range of 60-90Hz, depth of approximately
0.2-1.5m) is between the anthropogenic altered layer and the Qua-
ternary alluvial deposits; b) the second interface (frequency range of
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12-30 Hz, depth of approximately 1.5-7.6 m) is between the alluvium
and the locally weathered siltstones; and c) the deepest impedance
contrast (frequency range of 3.5-7.8Hz, depth of approximately
10.5-35m) is between siltstones and brecciated dolomitic limestones
(Rialbano Breccia). In Fig. 7c, the boreholes are compared with an
electrical resistivity section extracted from 3DERT-4 (light blue line in
Fig. 7a). It is possible to observe that the resistivity of the first layer
(alluvial deposits) varies widely because of the extreme heterogeneity
of the detrital material (Quaternary alluvium deposits) and also the
saturation status. It is well known, in fact, that the resistivity is affected
by the soil water content. According to Intrieri et al. (2018) the period
October 2015 — June 2016 was quite dry, with respect to the rainfall
seasonal mean values, and the piezometric level was constant. There-
fore, the resistivity anomalies can be interpreted as an alternation of
variable grain size deposits, characterised by heteropic facies, inter-
digitations and lenticular bodies of gravel and sand within a horizontal
medium- to fine-grained layer with particle size increasing upwards. In
the recent and Holocene epochs, in fact, the superficial streams de-
ployed depositional and erosional material. These bodies and elements
are highlighted at different depths by the geognostic and geophysical
analysis as contrasts in the physical parameters, which may result in
different rheological behaviour depending on various aspects (geo-
technical, hydrological, hydraulic). Moreover, low-resistivity zones
(< 50 Qm, Fig. 4), located up to 30 m in depth and having a sinuous
morphology, have been interpreted as old channels, mainly composed
of saturated loose sand and clay levels.

Fig. 7 also shows the comparison between the alignment RMA21-28
(black dots in Fig. 6) and a parallel 2D section obtained from 3DERT-4b.
In the H/V contour map (Fig. 7d), warm colours (from yellow to red)
are associated with positive impedance contrasts (log;o H/V > 0), such
as the contrast between the less saturated lenticular sand/gravel bodies
(resistivity higher than 80 Qm in Fig. 7e) and the sand/clay deposits
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tribution.

(resistivity lower than 80 Qm in Fig. 7e). Cold colours (from light to
dark blue in Fig. 7d) are associated with negative impedance contrasts
(log1o H/V < 0) corresponding to velocity inversion in the uppermost
layers. Green areas correspond to an absence of impedance contrast
(log10 H/V = 0 in Fig. 7d) and therefore to an absence of seismic ve-
locity variations between layers. Both electrical investigations and mi-
crogravity analyses reached a depth that was at least enough to identify
the bedrock, while H/V measures allowed obtaining this information
(the third interface, associated with the lowest natural peaks, located at
a maximum depth of 35 m). In contrast, the H/V traces were not useful
to identify sinkholes since the traces performed near verified sinkholes
look qualitatively similar to the others as shown in Fig. 6b, f, and g.

The spatial distribution of gravity anomalies shows a complex
geological setting; as the sources of microgravity anomalies are shallow
minor geological structures, their effects are commonly between 0.010
and 0.040 mGal (from yellow to red in Fig. 5b). The main negative
anomalies (dark blue/violet in Fig. 5b) correspond to the collapsed
areas and expand towards the east. Negative anomaly zones indicate a
mass depletion region, which may be associated with Quaternary al-
luvial deposits affected by sinkhole risk. The relative positive anomalies
are associated with high density values (Cavo Formation, Rialbano
Breccia). Finally, the negative zones are connected to each other by
persistent subterranean channels within deposits of higher compactness
(conglomerates). The negative anomalies are mainly located on or
along riverbeds or near the pools of water accumulation when the
various mills were active. Generally, the negative anomalies are in
agreement with the hydraulic system of old natural waterways. How-
ever, these streams are superimposed upon another older hydrological
system, which has been covered on the surface by the construction of
the SP26 road. This hydrological system is still visible based on the
location of the negative anomalies.

The overlapping between electrical tomographies and microgravity
surveys (Fig. 8a) reveals that in correspondence with zones char-
acterised by low resistivity values, the microgravity detected negative
anomalies (dark blue/violet in Fig. 8a). These anomalies mainly cor-
respond to old channels and pools that have been used in the past to
provide water to mills. These mills have been progressively abandoned
since the second half of the XX century and completely fallen into

disuse in the first half of the 1990s; consequently, these channels have
been abandoned. Indeed, sinkholes mainly occurred along these pa-
leochannels. Nevertheless, an accurate 3D-delimitation of the pa-
leochannel boundaries is not feasible. Fig. 8b shows the 2D projection
on the surface of the maximum lateral extension of these 3D bodies,
without considering their distribution in depth. This delimitation was
qualitatively performed in a GIS environment. The horizontal 2D maps
of the resistivity and microgravity anomalies at intervals of 1.0 m were
imported. For each map, all the areas characterised by low resistivity
values (< 50 Qm) or a negative microgravity values were delimited. At
the end, the maximum extensions of all these delimited areas were
taken into account. This heterogeneity may be more marked in the
easternmost portion of “Il Piano”, where the slope angle is reduced to
zero and the water drained from the largest part of the whole “Il Piano”
catchment basin converges.

This study represents an advancement with respect to the previous
conceptual triggering model, according to which sinkholes were caused
by the high hydraulic gradient in the first aquifer (possibly due to
pumping), which produced erosion of fine particles (suffusion) that
were drained within pre-existing subterranean cavities (Intrieri et al.,
2015). Therefore, the first perimeter of the area susceptible to sinkholes
was mostly based on the geology of the karst bedrock. Even though this
trigger phenomenon cannot be completely excluded, the results of the
integrated geophysical surveys indicate that no cavities are expected to
be present in the bedrock. The microgravity survey, in fact, reveals no
anomalies linkable to cavities of significant dimensions. The results of
the hydrogeological survey evidence the presence of several ephemeral
or intermittent streams, shallow water flows, and infiltrations (Intrieri
et al., 2018). Moreover, they highlight that the sinkholes are mainly
concentrated in a small area downstream and in the northern portion of
the catchment basin (Intrieri et al., 2018). Therefore, the main cause of
sinkhole formation in this area is not the dissolution of the karst bed-
rock but the sub-superficial water circulation in the aquifer hosted in
the upper layer. This shallow circulation, in fact, during heavy rain
events could be responsible to erode and transport fine sediments which
removal produce macroscopic voids.



V. Pazzi et al.

6. Conclusions

In an area where the most likely origin of sinkholes had been con-
sidered related to the erosion of sediments from the alluvium, the
combined application of 2D- and 3D-ERT, microgravity, and H/V
techniques was aimed at detecting possible cavities in the brecciated
dolomite limestones, which could evolve into sinkholes, and therefore
delimit the sinkhole-prone area. Among the results of the integrated
geophysical survey are the following: a) the H/V method allows esti-
mating the mean thickness of the alluvium, b) the 2D- and 3D-ERT
permits characterising the electrical behaviour of the materials, and c)
the microgravity provides suitable information on the spatial distribu-
tion of lower-density materials and does not detect significant cavities
in the karst bedrock.

Overlapping the spatial distribution of the microgravity negative
anomalies with the ERT values, it is possible to demonstrate that the
lower-density masses are located in correspondence of the paleo-
channels that are mainly characterised by lenticular sand and gravel
bodies within a sandy silt layer. It is also possible to draw the 2D
projection of their maximum lateral extension on the surface, without
considering their 3D distribution at depth. Despite the presence of karst
bedrock, typically related to sinkhole formation, the integrated geo-
physical survey carried out in the study area permits dismissing the
presence of cavities in the bedrock as the cause of the frequent col-
lapses, and the main hazards of the area are ascribable to shallow
causes (i.e., water infiltrating into the soil and related fine material
transport).
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