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Abstract

Electrical resistivity tomography (ERT) is one of the most commonly used geophysical
methods for imaging the distribution of electrical resistivity in the subsurface. It is often
employed to characterise heterogeneity in karst regions and locate cavities and conduits
below the surface. The resistivity contrast between the host rock and the cavity depends
on the material filling the cavity. Air has a high electrical resistivity and should therefore
produce strong reflections and refractions off cavity walls. However, cavities are not always
easily detectable. A decrease in resistivity contrast at the interface between rock and air
may result from different physical conditions relating to pore saturation, fracturing and
stress near the cavity walls. Our first goal is to understand how extensive fracturing and
hydrogeological conditions in the first subsurface layers can affect electric current flow in
the presence of a karst tunnel. We use the commercial Res2Dmod software 3.0 to simulate
an ERT on several ground models. The results, which are based on hydrogeological models,
are presented for several conditions of a karst conduit: empty; full of water within a
homogeneous background; and below the groundwater level in the presence of extensive
fractures in the shallow layer above it.

Keywords: electrical resistivity tomography (ERT); acquisition; data processing; ground-
penetrating radar (GPR); cavities; karst environment; geologic hazard; numerical study;
inverse problem

1. Introduction

The karst environment is characterised by a complex structure and a unique type of
landscape formed from highly soluble rocks, such as limestone, marble, and gypsum. These
landscapes frequently feature extensive subsurface water systems and caverns [1]. Over ge-
ological time, karst openings changed as water dissolved minerals in cracks. These fissures
grew into channels, some of which eventually widened to form caves [2]. Karst systems are
extremely complex and are often associated with environmental and geological hazards.
The presence of joints, fractures, and cavities leads to a situation of risk of weakness of
the rock mass, reducing stability; therefore, where urban centre infrastructures are present,
they can create a dangerous situation. Consequently, the study and characterization of
these karst elements is important in terms of preventing risks to people and things. Specific
stability charts have recently been proposed in the literature for use at the preliminary
stage of assessing the stability of the cavities [3]. Geophysical methods are often employed
to characterize heterogeneities in karst regions, locating cavities and conduits below the
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surface. These can provide useful subsurface information concerning, for instance, hazard
estimation. Since the 1960s, geophysical methods have been used to investigate and evalu-
ate geotechnical problems mainly related to voids and sinkholes, or epikarst structures [4].
Integrated geophysical methods are often used in karst environments to minimize solution
uncertainty. A geophysical method often used in karst environments to detect cavities is
the ERT method, which is quite resolving and reaches important depths when compared
with, for example, ground-penetrating radar (GPR) in the presence of conductive soils.
Electrical resistivity tomography (ERT) is one of the most commonly used geophysical
methods for imaging the distribution of electrical resistivity in the subsurface, with ap-
plications ranging from geological and hydrogeological investigations to environmental
monitoring, engineering site characterization, and the detection of subsurface cavities
in karst environments e.g., [5-10]. Several methods have been developed for direct cur-
rent (DC) resistivity data interpretation. Barbolla et al. [11] introduced the application
of the continuous wavelet transform to DC resistivity data, developing a method that
does not require a starting model or other a priori information. The most used method
is based on the inversion process and there are stable and fast automatic data inversion
techniques e.g., [12-14].

Of all of the physical properties, the electrical resistivity of geological materials exhibits
one of the largest ranges, with sedimentary rocks generally being the most conductive due
to their high pore fluid content. The electrical properties of the interstitial fluid in sedimen-
tary rocks are probably more important than those of the host rock. The resistivity of saline
groundwater can be as low as 0.05 (dm, whereas the resistivity of some groundwater and
glacial meltwater can exceed 1000 Om [15]. As mentioned by Rashid et al. [16], an increase
in soil moisture from 10% to 20% can reduce resistivity by up to 14 Qm [17,18]; fine-grained
soils, such as clay, have low porosity and permeability, resulting in low resistivity [19];
an increase in the fine fraction of more than 50% reduces resistivity to 5 QOm [20]. The
karst elements can be partially or entirely air- or water-filled and the contrast of electrical
resistivity with the host medium depends on the filling materials. In a fairly homogeneous
medium, the resistivities increase if the cavities are air-filled and decrease if they are filled
with clay or water. The ERT method can detect fractures if the electric resistivity values
are different from those of the host rock [21]. The presence of clay or water within the
cracks of a calcarenitic host rock will satisfy this criterion, as the resistivity of such a rock is
less than 20 Om. This is in contrast with the several thousands of (Om of the calcarenite.
In the case of air-filled fractures, the resistivity is very high. This strong variability in
fracture resistivity can lead to confusion when interpreting the results, especially if the
fractures are close together. Several other factors influence cavity and conduit detection in
karst terrain, such as the depth, the size, the geometry, the orientation, and the distance
to the edge of the cavity or conduit [22]. In the literature, there are many examples of the
application of ERT, in a variety of different geological settings, to the detection of cavities
while evaluating geological contexts other than karst terrains. Maillol et al. [23] applied
surface and downhole resistivity surveys for delineating uncharted mine galleries in West
Bengal, India. The results show that ERT is a reliable tool to image water-filled voids but
that it is not applicable for the detection of dry voids in high resistivity host. Roth and
Nyquist [24] tested ERT at a site located in a corner of an athletic field complex where
around 15 sinkholes form each year. The site is underlain by a formation consisting of
alternating layers of limestone and dolomite. They found that ERT surveys can reveal
the locations of voids if multiple orientations of the test line are used and the lines are
spaced at intervals of 5 m or less. Boucher et al. [25] conducted a survey above a known
water-filled conduit. The results identify a low resistivity anomaly (which was found to
have moved when compared with the actual position of the conduit) that they interpreted
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as induced by a fractured zone and not the conduit. Zhu et al. [26] applied ERT surveys
to locate karst conduits in the Inner Bluegrass Region, in Kentucky. Their results show
undistinguishable differences in the anomaly signals between the water-filled conduit
and other water-bearing features such as water-filled fracture zones. Conversely, Putiska
et al. [27] presented the results of ERT simulations on cavity models containing a thin,
highly conductive layer around an air-filled cavity. An air-filled cavity with very high resis-
tivity appears as conductive on the inverse resistivity section. Martorana and Capizzi [28]
studied the effects of three-dimensional structures present below or near the survey line
on the 2D ERT inversion. They found that these effects can result in interpretative errors,
such as the detection of false cavities or resistive blocks in the vertical direction, or incorrect
estimations of depth and structure dimensions. Even in contexts that are not necessarily
karstic, the ERT method has had difficulty distinguishing between different types of rock.
A study by Guinea et al. [29] revealed that, while the resistivity of macronodular gypsum
was as expected, that of layered gypsum was lower than expected despite its high gypsum
content. The presence of secondary microcrystalline gypsum in the layered units and the
complex lithofacies were identified as the cause of the discrepancy. We focus on karst
environments and ask ourselves some questions: is it always possible to detect a cavity
or a karst tunnel? Are there particular geological and hydrogeological conditions that
physically prevent their detection? If the cavity is detected, can the geometry and depth
be reconstructed?

We focused our study on the Salento peninsula, a sub-region that extends over the
southern part of Apulia, in SE Italy. The region is seriously affected by the development
of sinkholes related to dissolution processes due to the diffuse carbonate outcrops [30].
We consider the Torre Castiglione area in particular, where sinkhole evolution is strongly
influenced by the interaction between fresh and brackish water: this process results in a
strongly enhanced dissolution of soluble rocks and an increase in karstification. In this area
cave divers identified a water-filled karst tunnel which develops at a depth upper to 3 m
at the top. Direct measurements show that the thickness of the vaults is approximately
3.50 m, comparable to the depth of the water table level. In order to physically characterize
this area, geophysical investigations were conducted through the use of GPR and electrical
resistivity tomography (ERT) methods. The GPR results show the presence of groups
of cavities at expected depths. The ERT results detect conductive anomalies but at a
depth greater than the actual depth. This work aims to identify and explain the pitfalls of
possible ERT inversion models in particular karst environments, which can lead to data
misinterpretation. To understand why the cavities are incorrectly positioned, we performed
ERT simulations considering different surface fracture system geometries and resistivity
contrasts. Depending on the type of rock, water-filled cavities are conductive in a relatively
resistive environment. This study presents a case in a karst environment where the depths
of the cavities are known. However, the results of the ERT data inversion overestimate the
depth of the water-filled cavities.

2. Torre Castiglione: Geological Setting

The Apulia carbonate platform was a significant paleogeographic feature along the
southern coastline of the Mesozoic Tethys Ocean. Forming part of the stable and rela-
tively undeformed foreland of the Apennine thrust belt, it is bounded on both sides by
basin deposits. To the west, the margin is buried under Apennine thrust sheets, while
to the east the adjacent paleogeographic domains are the vast Ionian Basin to the south
and the Umbria-Marche Basin to the north. To the west, the Apulia Platform has been
downfaulted beneath the terrigenous sediments of the Apennine foredeep, and to the
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southeast, the Jurassic—Early Cretaceous margin lies 20-30 km from the current coastline of
Apulia [31-33].

Torre Castiglione is located in the north-western Salento peninsula, which is a Mediter-
ranean area between the Adriatic Sea to the NE and the Ionian Sea to the SW (Figure 1a,b).
Slope instability is widespread along the coast of Salento, caused by wave erosion and
sinkhole formation (Figure 1c). These karst landforms are common in Salento and can
produce unexpected damage to the human-made environment, especially when they
occur as catastrophic collapses [34-36]. Salento’s geology is characterised by Jurassic
and Cretaceous limestones and dolostones overlain by Tertiary and Quaternary clastic
carbonates and subordinate clays. The area is a wide horst divided into uplifted and
downthrown blocks with high-angle faults that mostly run from north-west to south-east.
The present form of the Salento peninsula was established during the early Pleistocene, a
time marked by tectonic uplift and a significant drop in sea level, resulting in its present
position [37].

| 100 m

Figure 1. Torre Castiglione (yellow rectangle) is in the Salento area highlighted by white dashed
line (South Apulian region) (a); the investigated area is located to the south of the high-speed test
track in Nardo: the same lithological unit can be seen along the coast from Torre Castiglione (yellow
star) to Torre Lapillo (red star), where the sinkholes were studied (blue rectangle) (b); this area is
characterized by the presence of several sinkholes (red lines) (c). The profile of the ERT and GPR
surveys is marked with the dashed yellow line. The direction of the karst conduit that is accessible
from the sinkhole is marked with the dashed white arrow.

The local geology consists of Cretaceous bedrock formed from limestone and dolomitic
limestone. This is covered by Pliocene and Pleistocene calcarenite and limestone de-
posits [38] (see Figure 2). The latter unit emerges along the coast from Torre Castiglione to
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Torre Lapillo, where the studied sinkholes are located. The geological setting is completed
by sand beaches and recent dunes. The concentration of sinkholes in the proximity of the
coastline is also due to active hyper karst processes [39,40] related to the mixing of saltwater
encroaching from the sea and fresh groundwater from the aquifer, which increases the
aggressiveness and the dissolution capability of water. The study of the distribution of
fractures around the sinkholes reveals three main discontinuity systems [41]. The most fre-
quent is the WNW-ESE system, closely followed by the NNW-SSE system. A wider group
of discontinuities ranging from WSW-ENE to W-E is less frequent but still significant.
These two systems roughly coincide with the main orientation of the elongated sinkholes’

major axes at Torre Castiglione.
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Figure 2. Geological map of the investigated area [42].

The survey area is located south of the Nardo Technical Centre (NTC), a well-known
vehicle development and testing centre (Figure 1b). The investigated area is character-
ized by a sinkhole (Figure 1c) that runs very close to the province road SP 340. Previous
studies conducted by cave divers in this area show the presence of a karst conduit acces-
sible from the sinkhole, which runs parallel to the SP340 road, WNW-ESE oriented, and
which branches out into two channels towards NW, which are at least 50 m long. Both of
the conduits are 5.5 m high with the top about 3 m deep, meaning that their centroid is
about 6 m deep. The brackish water table is about 3.5 m deep, meaning that the conduits
are water-filled. Direct measurements of water salinity and conductivity showed values of
6.16 g/L and 9.630 uS/cm, respectively.



Geosciences 2025, 15, 349

60f17

3. Methods

This study involved carrying out GPR and ERT geophysical surveys on a known karst
system in order to test how geophysical methods respond in the presence of a cavity. As
previously stated, ERT is widely used to study karst environments, though problems in the
interpretation of geophysical models are always present. In this work, we apply the inver-
sion process, using L1 and L2 norm-based optimisation methods, through an iteratively
reweighted least-squares algorithm [43]. This approach can introduce ambiguities due
to the non-uniqueness of the solution to the nonlinear, highly underdetermined problem,
as is typically the case with inverse geoelectrical problems. Thus, the integration between
different methods is necessary to reduce uncertainties, especially when the investigated
medium is strongly heterogeneous and characterized by dense fractures, and in the presence
of seawater intrusion. We used two geophysical methods: electrical resistivity tomography
(ERT) and ground-penetrating radar (GPR). The acquisition profile (Figure 1b) crosses
the karst conduit transversely: this choice was made due to difficulties in accessing the
entire area.

Given that, in karst regions, the shallow layer is generally strongly fractured with
a complex structure and different size voids, to study how some geological structures
could influence the ERT results, we first modelled a karst conduit (empty and full of water)
within a homogeneous background. We then evaluated the case of the same karst conduit
below the groundwater level and the presence of heterogeneities in the shallow layer above
it. We simulated ERT surveys on different models using the 2D finite difference method.
The dipole—dipole array is one of the most commonly used electrode configurations for
detecting subsurface lateral changes. In their study, Doyoro et al. [44] inferred that, despite
being more vulnerable to measurement noise and often producing a low signal-to-noise
ratio, the dipole-dipole array is the most effective for studying subsurface targets like
cavities. Thus, in our study, we chose to use the dipole—dipole array.

3.1. Ground-Penetrating Radar (GPR)

Ground-penetrating radar (GPR) uses high-frequency electromagnetic waves to ex-
plore the subsurface. It is a non-invasive and rapid method for characterising and detecting
the shallow subsurface [45,46]. GPR is widely used in various geological contexts, in-
cluding identifying tectonic structures [47], conducting geotechnical investigations [48],
and for sedimentological, geomorphological, and geoarchaeological applications [49-51].
Short pulses of electromagnetic energy are released by the transmitting antenna of the
GPR system. This energy passes through the material and is then reflected at an interface
between materials with different dielectric properties. Strong reflections from lithological
boundaries are caused by abrupt changes in dielectric properties [52]. However, several
factors, such as differences in sediment moisture and groundwater levels, as well as diffrac-
tions resulting from subsurface and surface infrastructure, can make the measurement
and interpretation of GPR survey results difficult [46,53]. Two-way travel time (TWT)
refers to the time between signal transmission, reflection, and reception, and is commonly
measured in nanoseconds. This is a function of reflector depth and the propagation of
electromagnetic (EM) velocity [46,52]. A continuous profile of the shallow subsurface is
provided by GPR, with horizontal survey distance displayed against vertical TWT. Vertical
TWT can be converted to depth using knowledge of the propagation velocity. The dielectric
coefficient and electrical conductivity of the subsurface strongly impact resolution and
depth penetration [52,54]. Higher water content diminishes propagation velocity, whereas
saline water, clay or differing degrees of peat decay increase electrical conductivity, leading
to rapid signal attenuation [55].
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The GPR data were collected with a 200 MHz antenna with 180 ns, sample/scan 512 by
means of a Sir 3000 GSSI (Figure 3a). All GPR data were acquired in monostatic, continuous
mode, i.e., the antenna was moved continuously along the profile with a constant speed and
at reference marker distance of 2 m. The data were processed by horizontal normalization
and background removal using the ReflexW software v9.5 [56]. We estimated the average
velocity of electromagnetic propagation using the diffraction hyperbola method, obtaining
a velocity of v = 8 cm/ns. Once the average velocity is known, the time scale of the radar
section can be converted to depth.

Figure 3. Images taken during the GPR (a) and ERT (b) surveys.

3.2. Electrical Resistivity Tomography (ERT)

The ERT survey was conducted with a Syscal R1 (Iris), using a dipole—dipole array of
48 electrodes, with a dipole spacing of 2 m (Figure 3b). The inversion process provided a
real resistivity model. This was then interpreted.

RES2DINV software 2024.1 [57] was used for data inversion and to obtain two-
dimensional resistivity models of the subsoil. We used the L2 norm-based optimisation
method, through an iteratively reweighted least-squares algorithm [43].

We used a minimum damping factor equal to 0.02 and an initial damping factor equal
to 0.15. We chose model cells with widths of half the unit spacing.

3.3. Numerical Modeling

We considered a karst conduit and developed several 2D resistivity models to rep-
resent different karstic subsurface structures in limestone terrain. The ERT simulation is
performed using the RES2DMOD software [58], through 48 electrodes with 2 m spacing
(which leads to a 94 m long profile) and the dipole-dipole array with the n factor ranging



Geosciences 2025, 15, 349

8of 17

from 1 to 8. These parameters are fixed for all of the analysed models. The data are in-
verted through the RES2DINV software, using the L1 norm-based least-square optimisation
method, which provides improved results for resistivity models with sharp boundaries,
and the parameters shown in Table 1. We approximate the body section to an ellipse 9 m
wide (along its major axis) and 4 m thick. The centre is located at x = 47 m and its depth top
is z = —3 m. As this work specifically examines the cavities in the karstic environment, the
host medium of the models was considered as dry limestone rock with resistivity values
ranging from 1500 to 100,000 Om to illustrate different degrees of karstification. When the
water table is above the cavity, we used resistivity values of 500 (dm for the limestone rock
under the water table and of 10 OOm for the water-filled cavity. We used the resistivity value
of 1,000,000 Qm for the air-filled cavity and voids. In karst environments, voids are formed
when the rock fractures or fissures, which in turn leads to variations in the electrical resistiv-
ity of the rock. If the rock is dry, its resistivity increases as the degree of fracturing and void
expansion increases. Numerical models always simplify reality. Our aim was to understand
how fracturing influences the location of the cavity. To achieve this, we varied the resistivity
of the surface layer and the unsaturated (vadose) zone. By changing the resistivity, we
analysed different degrees of fracturing. Considering the actual heterogeneity, associat-
ing the variations in resistivity with different degrees of fracturing is a simplification of
the model.

Table 1. Inversion parameters details.

Inversion Parameters

Initial damping factor 0.15
Minimum damping factor 0.03
Value to increase damping factor 1.05
Ratio of the vertical/horizontal filter weight 0.5
Number of nodes 4
Type of forward modeling method Finite-Difference
Model refinement Model cells with normal widths
Ratio of thickness of first layer/unit electrode spacing 0.34
Factor to increase layer thickness with depth 1.1
Factor to increase model depth range 1.1
4. Results

4.1. Geophysical Survey Results

The radar section shows strong signal reflections between about 2.8 m and 3.8 m of
depth. Many anomalies are likely, due to high fracturing, voids and the presence of cavities
(Figure 4a). The strong signal reflections between 4 m and 30 m on the x-axis at about
3 m depth correspond to the top of the gallery explored by cave divers. However, the
detected anomalies highlight a complex structure of the karst system, different from the
strong simplification shown by cave divers.

The image from the ERT survey in Figure 4b, shows a shallow layer with higher
resistivity (about 2600 to 10,000 (dm) and two conductive areas (about 5 (dm) labelled
A and B. Area A is placed between 2 m and 27 m on the x-axis and it extends vertically
from a depth of about 8 m. Considering the x-position of A, we find that it corresponds
to the explored caves area and, in fact, about the same x-positions are highlighted by the
GPR survey, though the depth is strongly increased. The area B result is placed between
51 m and 80 m on the x-axis and it extends vertically from a depth of about 5 m. This
conductive area is detectable in the radar section following the typical black and white
banding of signal which increases in size relative to the time axis. It is clearly visible along
the progressive from x = 30 m to x = 50 m and over, starting from 85 ns. Additionally,
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the estimated depth is greater in this case, when compared with the GPR data. Several
high-resistivity areas are interpreted as fractures. In the middle (between 42 m and 50 m on
the x-axis) there is a shallow area with resistivity of about 8000 (Om that corresponds to
fractures also identified from the GPR. The highest resistivity area (greater than 10,000 (dm)
is located from 8 m to 27 m on the x-axis and corresponds to the centre of the anomalies
found from GPR.

profile (m)

[sujw]go'o=A Je yydep

Depth (m)

Inverse Hodel Resistivity Section

-----I:I----I:I------

uu71

nesistiuity :ln ohm. n

Figure 4. Radar section and ERT model. (a) The interpreted radargram shows several voids (yellow
curves) and large, shallow fractured zones (white dashed rectangles). The red dashed lines indicates
the anomalies due to cavities. The blue dashed line indicates the depth of the water table from direct
measurement. (b) The ERT model shows a high-resistivity shallow layer and the presence of two
conductive anomalies, A and B. The RMS error is 6.5% obtained at the 4th iteration.

4.2. ERT Simulation Results

In this section, we present the results of resistivity synthetic data inversions. In nature,
karst conduits can be air-filled, water-saturated, or sediment-filled. To evaluate the effect
of some possible karst structures we generated different synthetic models, starting from a
simple one: a karst conduit (empty and full of water) within a homogeneous background
(Figure 5). In the model with the water-filled conduit, the resistivity imaging displays an
anomaly centered at x = 47 m with a thicker size than the actual cavity model (Figure 5a).
This anomaly is centered at x = 47 m and the top is z = —3 m deep. The geometry accuracy
is considerably varied for the upper and the lower boundaries: the top of the anomaly is
z = —3 m deep and it coincided with the actual cavity model, while the bottom boundary
extended beyond that of the actual model. Contrariwise, in the model with the empty
conduit (Figure 5b) the inverse resistivity section displays an anomaly exactly coinciding
with the actual conduit position, defining its top and bottom boundaries.We studied how
the measures of electrical potential in the detection of a water-filled karst conduit are
influenced by the following:

- aresistive shallow layer;
- athin void above the cavity with different widths and at several depths.
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Figure 5. Inverse model resistivity sections from synthetic data set for a water-filled cavity (a) and an
empty cavity (b). On the left is the geometry of the synthetic resistivity models. For better illustration,
only a 40 m horizontal section of the models is presented.

We now consider a conduit under the water table and three different degrees of
karstification identifiable with different resistivities of the shallow layer (dry limestone).
As described above, the model is a simplification: the surface resistive layer represents a
fractured, unsaturated zone. The variation in resistivity is used to model different degrees
of fracturing. Figure 6 shows inverse model resistivity sections for a water-filled cavity
under a resistive shallow layer with different electrical resistivities (ps). The presence of the
conductive body is detected in all of the cases: the top depth anomaly coincides with the
actual cavity top boundary in models with ps = 1500 (2m and ps = 4000 Q2m (Figure 6a—c).
The inverse section for the model with a higher resistivity shallow layer (Figure 6d) displays
an overestimated top-depth anomaly and considerable artifact contaminations. In all of the
cases, the anomaly has a thicker size than the actual modelled cavity.

A karst system is often characterized by high-density fracture zones. When such a
phenomenon increases, noticeable voids are formed of different sizes and orientations. Is it
always possible to locate a water-filled conduit when a fracture system develops above it?
We studied the case of a thin horizontal void at different heights above the conduit. We
modelled a void 20 cm thick and evaluated the influence of its width on the results of the
data inversion by considering three different widths: smaller, equal, and longer than the
maximum width of the cavity.

Figure 7 shows the inverse resistivity sections of models in which the void is 90 cm
deep at the top: when its width is smaller than the cavity size (Figure 7a), the inversion
displays a conductive anomaly thicker than the actual cavity, centred at x = 47 m, with the
upper boundary about 3 m deep and the horizontal extension slightly wider than the actual
cavity. A resistive anomaly centred at x = 47 m detects the shallow void with low accuracy
and without allowing one to obtain information about its shape and depth. When the void
width is equal to that of the cavity (Figure 7b), the inverse section shows a resistive anomaly
that extends from the surface to a depth of about z = —4 m and a conductive anomaly
visibly larger and deeper than the modelled conduct. This behaviour is emphasized when
the void width is larger than that of the conduit (Figure 7c) by showing a thicker resistive
anomaly whose width corresponds to that of the void.

By increasing the depth of the void to 2 m and 2.8 m top depth (Figures 8 and 9, re-
spectively) the inverse resistivity sections show the same behaviour, though the conductive
anomaly deepens further than that described previously.
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Figure 6. Inverse model resistivity sections from synthetic data set for a water-filled cavity under
a resistive shallow layer with different electrical resistivities (ps): (a) the geometry of the synthetic
resistivity model: the dashed line marked with a triangle represents the water table; (b) ps = 1500 Qm;
(c) ps = 4000 Qam; (d) ps = 1,000,000 Qm. The black shape indicates the actual conduit boundary.
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Figure 7. Inverse model resistivity sections of synthetic models. A water-filled cavity is under a void
(black solid line) 20 cm thick and 90 cm deep (top) with widths (L,) that are (a) smaller than that of
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the cavity (L¢); (b) equal to that of the cavity; and (c) greater than that of the cavity. On the left is the
geometry of the synthetic resistivity models. For better illustration, only a 40 m horizontal section of
the models is presented. The dashed line marked with a triangle represents the water table.
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Figure 8. Inverse model resistivity sections of synthetic models. A water-filled cavity is under a void
(black solid line) 20 cm thick and 2 m deep (top) with widths (Ly) (a) smaller than that of the cavity
(Lc); (b) equal to that of the cavity; and (c) greater than that of the cavity. On the left is the geometry
of the synthetic resistivity models. For better illustration, only a 40 m horizontal section of the models
is presented. The dashed line marked with a triangle represents the water table.
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Figure 9. Inverse model resistivity sections of synthetic models. A water-filled cavity is under a void
(black solid line) 20 cm thick and 2.80 m deep (top) with widths (Ly) (a) smaller than that of the cavity
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(Lc); (b) equal to that of the cavity; and (c) greater than that of the cavity. On the left is the geometry
of the synthetic resistivity models. For better illustration, only a 40 m horizontal section of the models
is presented. The dashed line marked with a triangle represents the water table.

5. Discussions

The GPR results have detected anomalies that highlight the complex structure of the
karst system in the investigated area. Thus, the image produced by the cave divers’ results
is a strong simplification. We have identified a shallow fractured zone and a group of
cavities at about 3-3.5 m depth in the first meters of the profile. Figure 10 shows the sinkhole
features in the investigated area. Systems of horizontal, subhorizontal and subvertical
fissures are evident on the vault of the sinkhole (Figure 10a). The rocks in the surrounding
area are strongly fractured (Figure 8b). In correspondence with points A and B in Figure 3b,
the ERT resistivity inversion detects two low-resistivity areas, but the estimated depth is
greater than that of the anomalies found by the GPR. The aim of the synthetic models is to
attempt to explain this behaviour.

T

Figure 10. Sinkhole features in the investigated area. Systems of horizontal (red dashed lines),
subhorizontal (red dashed lines) and subvertical (yellow dashed lines) fissures are evident on the
sinkhole’s vault (a). The rocks in the surrounding area are heavily fractured (b).

The presence of complex surface fractures in the rock above a cavity can mask the
cavity filled with water. In order to demonstrate this, we presented several geological cases
starting from simple models with cavities filled with water and air. As seen in Figure 5,
the cavity is visible in both cases. Figure 6 shows more complex models, in which we
considered the presence of an aquifer and the cavity underneath it. By increasing the
resistivity of the surface rocks, artifacts increase, and the inversion identifies the water-
filled cavity at a greater depth than in reality. Thus, the presence of highly fractured rocks
on the shallow layer makes it difficult to resolve the inversion process. We added shallow
fractures with different widths and brought them closer to the water surface (Figures 7-9).
By widening the fractures (when their length is equal to or greater than the width of the
cavity) and increasing their depth until the water surface (from 90 cm to 2.80 m) the inverse
resistivity sections show the conductive anomaly at a greater depth. The results obtained
when considering a void with a horizontal extension greater than that of the cavity at a
depth close to the water table (see Figure 9c) are comparable with those of the experimental
section of the case study presented (see Figure 4b). In this case, the roughness of the top of
the cavity or karst conduit creates voids in the upper part, between the rock surface and
the water table level. The cavity is therefore partially filled with water, with an estimated
filled volume of around 90%. Severe erosion occurs near the cavity’s boundaries and
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the cracks above the water table level could extend well beyond them. In this condition
the electric method is unable to resolve the right shape and position of the cavity. When
the air-filled fracture is close to the water-filled cavity information is lost. The real case
is more geologically complex, so the interference of several cavities makes the situation
even worse.

6. Conclusions

Locating a subsurface cavity or conduit is a challenging task in a karst environment,
and the knowledge of geology and hydrogeology about the studied area is fundamental. A
karst feature is often not easy to detect, mainly due to background complex structures—in
some cases, it is difficult to identify the actual depth of a karst conduit. We studied resistivity
imaging uncertainties in the case of water-filled subsurface cavities using synthetic models.
The obtained results indicate that the anomalous image of the conduit in the inverse section
is highly dependent on horizontal fractures. Specifically, we presented the case of a thin
horizontal empty fracture above a water-filled karst conduit, showing that, when the width
of the fracture is comparable to or greater than that of the cavity, the anomaly related to
the conduit tends to be distorted with respect to its actual depth. The thin void above the
conductive zone creates conditions that enhance the resistivity anomaly in the inversion
section, which leads to the effect that the resistivity of the water-filled cavity appears
underestimated and at a greater depth.

We have demonstrated that, in a karst environment with water-filled or partially
filled cavities, small but extensive shallow fractures can have a significant impact on the
ERT results obtained using this interpretation method. Integrating multiple geophysical
methods is always fundamental. Further studies of the inversion method are required to
determine the most suitable approach for these circumstances in the future.
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