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Abstract: The characterization of a groundwater body involves the construction of a conceptual
model that constitutes the base knowledge for monitoring programs, hydrogeological risk assessment,
and correct management of water resources. In particular, a detailed geological and geophysical
approach was applied to define the alluvial Caronia Groundwater Body (CGWB) and to reconstruct
a hydrogeological flow model. The analysis of the CGWB, located in north-eastern Sicily, was
initially approached through a reanalysis of previous stratigraphic (boreholes) and geophysical
(vertical electrical soundings and seismic refraction profiles) data, subsequently integrated by new
seismic acquisitions, such as Multichannel Analysis of Surface Waves (MASW) and horizontal-
to-vertical seismic ratio (HVSR). The analysis and reinterpretation of geoelectrical data allowed
the construction of a preliminary 3D resistivity model. This initial modeling was subsequently
integrated by a geophysical data campaign in order to define the depth of the bottom of the shallow
CGWB and the thickness of alluvial deposits. Finally, a preliminary mathematical model flow
was generated in order to reconstruct the dynamics of underground water. The results show that
integration of multidisciplinary data represent an indispensable tool for the characterization of
complex physical systems.

Keywords: groundwater body; VES; HVSR; MASW; 3D model; hydrogeological flow model

1. Introduction

The definition of the hydrogeological features of a specific territory represents an
important topic because the protection and management of water resources are matters
of public interest, and there is growing concern about underground water resources qual-
ity and quantity [1–3]. Until a few decades ago, the study of hydrogeological structures
was carried out mainly using stratigraphic data derived from field geology, drilling, and
logging [4,5] as well as from aquifer test methods [6,7]. Many authors instead used geo-
chemical information, obtained from sampling of wells or springs, indicating the origin
and the path followed by the groundwaters, to study the hydrogeological features of a
natural system [8–10].

Moreover, the integration of stratigraphic logs and geophysical surveys allows charac-
terization and description of heterogeneity of surface and subsurface sediments, over large
areas [11,12], especially in alluvial environments where deposits can be characterized by
strong lateral and vertical variations, linked to fluvial dynamics [13,14]. The non-invasive
geophysical techniques, initially limited to vertical electric sounding [15–20] and seismic
refraction methods [21–23], have always represented an important tool in hydrogeological
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research. In the past few decades, geophysical investigation applied to hydrology and hy-
drogeology added quantitative analysis to a simple qualitative approach, aimed at defining
the general architecture and geometry of underground aquifers [24,25].

Furthermore, with the development of new methods of investigation and with the
improvement in the pre-existing techniques and instrumentation, geophysical investiga-
tions have acquired a crucial role for the knowledge and characterization of underground
coastal aquifers [26–33], especially regarding water pollution detection [34,35] and seawater
intrusion [15,28,36–40]. Different seismic methodologies have been used to improve the
definition of geometric features of the underground aquifers, also resolving some ambigui-
ties about the subsurface geological structures deduced from geoelectrical investigation
in particular environments, such as coastal areas [41,42]. In particular, the Multichan-
nel Analysis of Surface Waves (MASW) method [43] helps to recognize some properties
of subsurface materials and the depth of important buried interfaces, analyzing seismic
shear-wave velocity (Vs) variations [40,44].

An alternative approach to estimate the depth of the seismic bedrock and thickness of
surface deposits involves the use of the horizontal-to-vertical spectral ratio (HVSR) method-
ology [45–47], which is also applied to the groundwater exploration and aquifer geometry
characterization [12,41,48]. Many authors demonstrated that reliable S-wave-velocity mod-
els can be obtained by inverting HVSR data with other stratigraphic and geophysical
constraints [47,49–52]. In particular, the uncertainty about the HVSR stratigraphic interpre-
tation [53] can be addressed or at least limited using S-wave velocity models obtained by
MASW as constraints [46,47,54].

The correct definition of the advanced and refined flow model, which helps in the
management of water resources, also represents a powerful tool for governments and public
administrations. Different guidelines have been developed in order to control, protect,
and manage water resources following a quantitative and qualitative approach [8,55].
In particular, for the study of groundwater bodies and monitoring of their quantitative
status, the definition of a conceptual model is required [56]. This approach also requires
the definition of a surface map of the aquifer, together with an evaluation of hydraulic
connectivity between adjacent groundwater bodies and the underground waters’ flow
rate and direction [57]. Moreover, all these elements are extremely useful for realizing a
synthetic scheme of hydrogeological basin balance.

In this view, in 2018/2019 the INGV (National Institute of Geophysics and Volcanology—
Palermo Section) in collaboration with the Sicilian Regional Water and Waste Department
(DAR) carried out a study (hereafter INGV-DAR 2019), with the aim of analyzing the
groundwater bodies of Eastern Sicily [58]. Part of this study was focused on the characteri-
zation of coastal alluvial aquifers and relative groundwater bodies of this Sicilian sector,
such as that related to the Caronia area [59].

The aim of this work is to analyze the Caronia Groundwater Body (CGWB), inte-
grating stratigraphic, geophysical, and hydrogeological data, in order to quantitatively
reconstruct the pattern of this underground structure and obtain a numerical flow model.
Furthermore, the multidisciplinary approach adopted can allow the correct definition and
future management of the water resources in the study area.

2. Geology and Hydrogeology
2.1. Geomorphological and Geological Setting

The Caronia Groundwater Body (CGWB) is located on the northern Sicilian coast, near
the Caronia village. The CGWB falls in the north-eastern sector of the Nebrodi Mounts,
representing a morphologically and geologically important area, adjacent to the orographic
boundary between the Nebrodi and Peloritani Mounts.

Sicily is located in the central-western Mediterranean region, at the boundary between
the African and European plates, and represents the connecting element between the
African Maghrebian and the Southern Apennine Chains [60–63]. As part of the Appennine-
Tyrrhenian System, the geological setting of Sicily (Figure 1a) is characterized by very
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articulate “collisional” complex (Figure 1a), which presents the typical configuration of a
foreland–foredeep–chain system [63–66]. The growth of this complex, led by the conver-
gence between African and European plates and the coeval roll-back of the subduction
hinge of the Ionian Slab (Figure 1a), started in the late Oligocene-early Miocene and per-
sisted through different tectonic phases (compressional, extensional, and transcurrent) until
the late Quaternary [60,62,67,68].

The upstream sector of the CGWB area is characterized by smoothed outline hills,
formed in the flyschoid sedimentary sequences and dissected by a narrow streambed,
which gradually widens towards the mouth area. The river presents a characteristic delta
shape, on which a wide coastal and alluvial plain rises.

The Nebrodi Mountains, together with the Peloritani Mountains, occupy the central-
eastern sector of the Sicilian Maghrebian Chain (SMC), which represents the orogenic
domain of the so-called “collisional” complex of Sicily [60,62,67–74]. In particular, the Sicil-
ian orogen presents the maximum axial depression in the north-eastern sector [68], through
a first-order thrust surface. This important structure, known as “Taormina Line” [75,76],
outcrops along the San Fratello-Alcantara alignment, where the overlap of the Peloritani
Tectonic Units on the Nebrodi ones occurs [61].

Furthermore, the SMC is also displaced and fragmented by a complex strike- and
dip-slip “Neotectonic” fault grid (Plio-Quaternary), expressed by right-lateral, synthetic,
NW–SE and W–E oriented, and left-lateral, antithetic, NE–SW and N–S oriented struc-
tures [68,77–80]. This complicated structural setting is well observable in the Caronia area
(Figure 1b) [72], where recent high-angle normal and transcurrent faults are present, often
reactivating and re-orienting older fault surfaces [61,68,72,76].

The tectono-stratigraphic sequence outcropping in the area adjacent to the CGWB
(Nebrodi Mts.) consists of units derived from the deformation of the so-called Sicilide [81]
and Numidian domains [82–84], generally detached from their original substrate and
dismembered in first-order tectonic units, unconformably covered by early-middle Miocene
thrust-top basin deposits and by Plio-Quaternary marine, transitional, and continental
successions, as shown in Figure 1b [61,72,76,85,86].

2.2. Hydrogeological Setting

Starting from the analysis of the Potential Infiltration Coefficients [8,41,87], it is ob-
served that the lithotypes with higher permeability are concentrated along the coastal
plain and the Caronia stream. These sectors are entirely characterized by recent alluvial
deposits and middle-late Quaternary deposits, mainly consisting of gravels, sands, and
silts (Figure 1b) [61,76]. These lithotypes are characterized by a high permeability due to
primary porosity and generally host unconfined aquifers, with transmissivity increasing in
the direction of the outlet of the rivers and on the coastal plains, proportionally with the
increase in the thickness of the aquifer [15,88]. These types of aquifers are generically in
hydraulic connection with the recharging areas to the coastal plains [3,15,89,90]. Despite
having a low capacitive role, due to its limited extension, the CGWB has been considered
to be able to satisfy the local water needs (INGV-DAR 2019).

The CGWB is hydrogeologically superimposed on flyschoid lithotypes with lower
permeability [91]. Laterally, with the exception of the northern margin represented by
the sea, the CGWB is delimited by boundaries with no or very low flow, represented
by the flyschoid lithotypes of the Reitano-Monte Castellaci and Pizzo Michele-Monte
Castelli [41,59]. Regarding the hydrogeological characteristics of the lithotypes outcrop-
ping in the CGWB [92–94], the following hydrogeological complexes have been distin-
guished [41,91,95,96]:

• Present and recent alluvial hydrogeological complex (Holocene): deposits with high
permeability (10−2 m/s > k > 10−4 m/s) which form the main part of the CGWB,
extending in length for about 6 km and just under a kilometer wide.

• Hydrogeological complex constituted by river and marine terrace deposits (middle-
late Pleistocene) and “Ghiaie e sabbie di Messina” (middle Pleistocene): it does not
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outcrop as it is covered by recent alluvial deposits. These deposits have high perme-
ability (10−2 m/s > k > 10−4 m/s) due to primary porosity, even if very heterogeneous.

• Hydrogeological complex of the Reitano Flysch (early-middle Miocene): it presents
localized and variable permeability, mainly due to fracturing. It is composed of mica-
ceous sandstone and lithic arkoses with medium-large grain, lightly cemented, with
decimetric intercalations of silty-clays. In the upper part of this complex, decametric
conglomeratic bodies relative to the so-called “Conglomerati di Caronia”, intercalated
with the arenaceous deposits of Reitano Flysch, are often present. These lithotypes
vary from moderately permeable (10−4 m/s > k > 10−5 m/s) to semi-permeable
(10−6 m/s > k > 10−7 m/s) and constitute the main substrate of the CGWB.

• Hydrogeological complex of the Numidian Flysch belonging to the Monte Maragone
Unit (Late Oligocene-early Miocene): it consists of argillites alternated with silty-
clays, followed upwards by quartzarenites and quartzosiltites in large banks. These
lithotypes have low and very low permeability (10−7 m/s > k> 10−9 m/s). For these
characteristics, the Numidian Flysch deposits constitute the impermeable substrate of
the southernmost part of CGWB.
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Figure 1. Geological sketch map of the area adjacent to the CGWB (blue dashed line). Inside (a), the
tectonic map illustrating the main elements of the “collisional” complex of Sicily. The geological
sketch map (b) was elaborated with GIS software (QGIS 3.16), using a DEM image as topographic
support. The stratigraphic and tectonic information for this map are derived from previous work [85]
and from the official geological map [86], as well as from the accompanying explanatory notes [61,76].
Moreover, the tectonic structures described by previous authors [76,85] are reported as I in this map,
while those derived from the official geological chart [86] are indicated as II. OMi-Omia = Numidian
Flysch-Monte Maragone Tectonic Unit; OM = Numidian Flysch-Monte Salici-Monte Castelli Tectonic
Unit; Cc = “Argille Scagliose Superiori” Tectonic Unit; Ma = Reitano Flysch; Mas = Reitano Flysch
“Conglomerati di Caronia” Member; Qg = “Ghiaie e sabbie di Messina”; tf = stream terrace deposits;
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tm = marine terrace deposits; ar = recent alluvial deposits; a = present alluvial deposits; ld = landslide
deposits; sd = slope deposits.

3. Materials and Methods
3.1. Previous Geognostic and Geophysical Investigation

Six boreholes, falling within the studied area, were analyzed in order to better char-
acterize the alluvial deposits and geological substrate features and thickness (Figure 2).
Four of these boreholes (BH1, BH2, BH3, and BH6) were drilled using the core destruction
method, in relation to the geological and hydrogeological surveys for the construction of an
aqueduct between the villages of Santo Stefano di Camastra and Caronia. The remaining
two boreholes (BH4 and BH5) were instead drilled using the continuous coring method,
during the geological surveys for the construction of the A20 highway (Palermo-Messina).
Similar stratigraphic succession was found in the analyzed boreholes, except for the BH2
entirely drilled in the alluvial deposits of the Caronia River (up to 25 m depth). In the other
boreholes, the cumulative thickness of the alluvial deposits ranges from a minimum of 9 m
up to a maximum of 15 m (Figure 2). Below the alluvial deposits, arkoses interbedded with
silty clays are present. These latter deposits, ascribed to the Reitano Flysch, often present
a surface-deteriorated and -fractured cap, the thickness of which varies between 4 and
5 m. In general, the maximum thickness of the Reitano Flysch deposits, observed in the
analyzed boreholes, ranges between 8 and 29 m (Figure 2).

Geoelectric surveys and seismic refraction surveys (Figure 3) were realized within the
Caronia water body in the 1970s in order to describe the aquifer present in the Caronia
area. These acquisitions were made as part of a project sponsored by [97] CASMEZ
(1978). This project produced maps concerning the geophysical (geoelectric and seismic)
characterization of the area. In particular, 17 vertical electrical sounding (VES) and three
refraction seismic lines were carried out inside the CGWB. Each line consists of several
segments of measurements arranged in continuity.

The seismic lines were positioned, distancing them from each other by about 200 m,
along a direction almost perpendicular to the axis of the Caronia stream so as to intercept
increasing volumes of alluvial deposits proceeding from upstream to downstream. The
seismic refraction data show a two-layer model, with the thickness of the first layer varying
from a few meters up to a maximum of 30 m in the northernmost area. However, original
data were not available and only interpretive models could be evaluated.

3.2. New Processing and Interpretation of Vertical Electrical Soundings

Although the vertical electrical sounding (VES) technique allows, in theory, the so-
lution of the inverse problem for electrical resistivity one-dimensional models, in many
cases this method is applied to reconstruct 3D resistivity models in the subsoil, through the
interpolation of 1D models which are mutually constrained, each with the adjacent models,
compatibly with the tectonic structures present in the studied area. Practically, during the
interpolation phase, optimization criteria must be followed to guarantee the acceptability
of the model from a geological point of view. In fact, especially for large-scale geoelectric
investigations, the application of 2D and 3D techniques is often impractical, for economic
or logistical reasons, as the data acquisition would be impracticable or at least considerably
difficult to carry out.

The use of this method of reconstruction is advisable only when the resistivity gradient
is small along the directions parallel to the ground surface. In these cases, therefore, 2D
or 3D resistivity models can be made by performing VES surveys on more or less regular
meshes or along profiles, possibly reserving the application of 2D and 3D acquisition
techniques to sectors of limited extension within the investigation area, when the resistivity
varies with high horizontal gradients.
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Figure 2. Stratigraphic successions of the six boreholes analyzed for this study. In the map on the top
of the figure, the location of each borehole within the CGWB area is shown. Stratigraphic logs in this
scheme are positioned with respect to their altitude above sea level, even if the horizontal distance
among them is not to scale.

All the VESs collected were available only in paper format, given only by the graph of
the apparent resistivity curves as a function of the half-distance AB/2 between the current
electrodes. For each VES, an ASCII file was created containing the geographic coordinates
and the altitude of the center of the survey, the array type, the number of measurements
considered for each curve (corresponding to the number of points picked on the graph),
and, for each measurement, the value of AB/2 and apparent resistivity.

Subsequently, using a MATLAB script, data were imported into the ZondIP1D software
(v. 5.2) and converted into the proprietary format. By grouping them into a single database,
all the VESs were carried out within the water body of the Caronia torrent.
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cal electrical sounding (VES), seismic refraction (SR), electrical resistivity sections (ERS), boreholes
(BH), and observation wells (OW) are shown.

ZondIP1D software allowed inversions with the least squares method. The inversions
were carried out taking care to limit the lateral heterogeneities and constraining the inver-
sions, where possible, with coring stratigraphic data. In the areas characterized by quite
regular geological structures, a 1.5D inversion algorithm was used, in which the deeper
layer of the resistivity section is considered almost horizontal, while the most superficial
layers of the section can have sharper lateral variations. In consideration of this, a window
comprising three or more adjacent VESs is inverted simultaneously, giving greater weight
to the points of the central curve for the poorly fitting calculation.

The 1D inverse models obtained were therefore interpolated with each other to derive
the electrical resistivity sections (Figure 4). The choice of the section traces was made
considering the VES areal distribution and, at the same time, the shape of the geologi-
cal structures.

The preliminary resistivity sections were useful for the making of the geological
sections of the river basin. In fact, from the analysis of these resistivity sections, a first
description of the characteristics of the subsoil was obtained within the Caronia water body.
A preliminary geological interpretation was given to each “resistivity pattern” recognized
in the sections, based on the mapped lithology and the geometry of the sedimentary bodies
expected, given the structural and geomorphological asset of the area.

3.3. New Geophysical Surveys

Previous geophysical studies were improved with new geophysical measurements
to define with greater precision the depth of the substrate of the groundwater body and
the thicknesses of the lithologies present in the subsoil. The new geophysical data were
acquired with active seismic techniques using the Multichannel Analysis of the Surface
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Waves (MASW) technique and microtremor recordings elaborated with the horizontal-to-
vertical spectral ratio (HVSR) technique. The location of seismic investigations was based
on the position of previous investigations, with the aim of integrating the available data
mesh (Figure 3). The HVSR (horizontal-to-vertical spectral ratio) methodology [45,98] is a
useful technique for the analysis of seismic noise. This methodology consists of calculating
the ratio between the horizontal components with respect to the vertical component of the
spectrum of seismic ambient noise. A 3D velocimeter records microtremor signals along
the three directions and the H/V spectral ratio is calculated. The inversion of this curve
returns an S-wave velocity profile and can be used to recover stratigraphical information if
the inversion process is constrained by some other variable and soil features.
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Figure 4. Example of the inversion of a series of aligned VESs and construction of the electrical
resistivity section, using the ZondIP1D software: (top) pseudo-section of apparent resistivity, (middle)
preliminary section obtained by aligning the inverse models relating to each VES, (bottom) apparent
resistivity curves and related inverse models.

An total of 15 seismic microtremor acquisitions were made using a 3D velocimeter
specially designed for ambient noise studies. This instrument provides good accuracy
in the frequency range from 0.1 to about 30 Hz. The location of the seismic microtremor
measures concerned not only the main arm of the water body but also the area of the flood
plain, where other acquisitions were realized both on the left hydrographic and on the right
hydrographic of the Caronia torrent. The duration of each ambient noise recording was
18 min.

MASW methodology [43] is based on the analysis of the surface waves dispersion
curve. This is derived by picking the maximum oscillation on the phase velocity vs.
frequency graph, derived by applying a Fourier transform to seismic signals registered at
the geophones. The seismic source is generated by a heavy sledgehammer, which hits the
ground at a determined offset from the geophone spread. The dispersion curve obtained
is inverted by starting from an initial conceivable S-wave velocity model and solving the
inverse problem via the Gauss–Newton least squares inversion algorithm.

Four MASW surveys were carried out to obtain more detailed information on the
trend of Vs near surface and to constrain the inversion of the HVSR curves [53]. Indeed,
constraining the HVSR inversion with independent parameters, such as shear wave velocity
or the thickness of upper layers derived from MASW inversion, is useful for reducing the
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number of equivalent inverse HVSR models. In this way, four active seismic measurements
were selected in correspondence with the same number of HVSR measurements chosen in
different positions of the Caronia water body, and their inverse models served to constrain
the most superficial part of the corresponding inverse HVSR models.

MASW surveys were carried out along the road of the Caronia stream and in the
coastal plain, at four points distant from each other in an attempt to better describe the
changes in S-wave velocity and in flood thickness along the river path (Figure 5).

Water 2023, 15, x FOR PEER REVIEW 10 of 23 
 

 

 

Figure 5. Inverse models resulting from the four MASW surveys performed to study the CWGB. 

Top left, location of the MASW surveys (green dot) and of the HVSR recordings (red dot). 

4. Results and Discussion 

4.1. MASW and HVSR Results 

MASW results show the velocity of the S-wave compatible with the outcropping suc-

cession present in the investigated sites (Figure 5). MASW 2, 3, and 4, carried out along 

the main axis of the Caronia torrent from the southern sector towards the north, show an 

average velocity value equal to 259 m/s, attributed to the current alluvial deposits. 

Results of 15 seismic passive measurements (HVSR), constrained by four MASW ac-

quisitions, allowed reconstruction of seismostratigraphic patterns. Figure 6 shows the 

HVSR curves related to those measures carried out near the four MASW surveys, whereas 

their inverse 1D models, constrained by the corresponding MASW models, are presented 

in Figure 7. 

Figure 5. Inverse models resulting from the four MASW surveys performed to study the CWGB. Top
left, location of the MASW surveys (green dot) and of the HVSR recordings (red dot).

All acquisitions were realized using a high-resolution multichannel seismograph. The
MASW array generally consisted of twelve 4.5 Hz vertical geophones, 2 m spaced and
at an offset of 5 m. A single measurement (MASW 3) was carried out using 24 vertical
geophones spaced 2 m and at an offset of 8 m. HVSR surveys carried out in the water body
were divided into clusters on the basis of their geographical proximity and lithological
similarity to the nearest MASW survey, whose inverse model was used as a constraint.

4. Results and Discussion
4.1. MASW and HVSR Results

MASW results show the velocity of the S-wave compatible with the outcropping
succession present in the investigated sites (Figure 5). MASW 2, 3, and 4, carried out along
the main axis of the Caronia torrent from the southern sector towards the north, show an
average velocity value equal to 259 m/s, attributed to the current alluvial deposits.
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Results of 15 seismic passive measurements (HVSR), constrained by four MASW
acquisitions, allowed reconstruction of seismostratigraphic patterns. Figure 6 shows the
HVSR curves related to those measures carried out near the four MASW surveys, whereas
their inverse 1D models, constrained by the corresponding MASW models, are presented
in Figure 7.
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Figure 6. Comparison between the observed (red) and predicted (blue) HVSR curves, relating to the
four microtremor recordings performed in proximity to the MASW surveys. The gray lines indicate
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Referring to these models, a seismostratigraphic level is shown with an average value
of 272 m/s for the top of the sedimentary deposits. The thickness of this upper layer
varies from 1.5 m to 4 m. Based on the geological survey, these Vs characteristics can be
associated with the alluvial deposits located near the current river for HVSR 12, HVSR 14,
and HVSR 15. Very similar Vs features have been described in previous works: similar
values, slightly higher and confirmed to 300 m/s, have been reported for conglomerates,
gravels, and sands from alluvial deposits [99]. The lowest shear wave velocity calculated
for this upper layer corresponds to values close to 180 m/s, as shown for HVSR 13. This
latter value is attributable to the recent alluvial plain deposits present in the wide plain
next to the sea. A second deeper seismostratigraphic level is recognized for each of the
four HVSR models shown in Figure 7. For this layer, Vs varies from 300 to 500 m/s. Its
thickness varies from 10 m in HVSR 15 to 25 m in HVSR 12. This layer could be associated



Water 2023, 15, 3206 11 of 21

with permeable non-surfacing alluvial deposits. These would constitute the largest volume
of the CWB.
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A third layer is characterized by a higher S-wave velocity, ranging from 400 m/s to
800 m/s. The thickness of this layer is greater in HVSR 13, where it is equal to 30 m. The
Vs values are attributable to the Reitano Flysch. The wide range of velocities of this layer
is due to the heterogeneous nature of these deposits, which are more altered in the upper
part and more compact in depth.

A last seismic stratigraphic layer is present in all velocity models except HVSR 13.
Resulting velocities between 900 and 1000 m/s could be associated with clayey deposits of
varicolored clays.

4.2. A Tridimensional Model of the Electrical Resistivity

The inverse models of electrical resistivity, obtained by the above-discussed re-inversion
of the available VES in the area, were interpolated using Voxler software (Golden Software,
v. 4.0), to obtain a 3D graphic representation of the trend of electrical resistivity. This is
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limited at the top by the Digital Elevation Model of the area, at the sides by the boundaries
of the water body, and at the base by the depths of the investigation reached by each
VES (Figure 8). To take into account the high contrasts of the geophysical parameter, the
logarithm of electrical resistivity was preferred.
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Figure 8. (a) Three-dimensional resistivity model obtained by the interpolation of the 1D inverse
models related to the VES surveys in the Caronia water body and horizontal slides of the model at
altitude of (b) 25 m b.s.l. and (c) 80 m b.s.l.

The tridimensional model describes the presence of a resistive overburden (60–80 Ωm),
interpreted as alluvial materials, above a conductive substrate (7–20 Ωm), corresponding to
the clayey-marly matrix soils of the Reitano Flysch surfacing near the river. In order to have
a clearer view of the electrical resistivity trend within the model, horizontal slices were
extracted at predefined levels below sea level. Two of them are presented and discussed
here as examples. The first horizontal slice at 25 m b.s.l. (Figure 8b) shows high values
of resistivity at the possible marine intrusion (therefore located in the most superficial
portion) and a strong contrast of resistivity located at a transcurrent fault in evidence in the
mountain zone. The second slice at 80 m b.s.l. (Figure 8c) instead shows very low resistivity
values in the north-eastern part. This could be indicative of a marine intrusion phenomenon,
probably located in the most porous portion of the alluvial material of the plain.

Starting from the 3D model, two vertical sections are also presented, useful for geolog-
ical interpretation. The first section (A-A’) extends for 4400 m along the coastal strip, in
a direction subparallel to the coastline. The second section (B-B’) extends along the axis
of the stream for a length of 2300 m (Figure 9). The location of the two sections is shown
in Figure 3.

The electrical resistivity features of the sedimentary deposits observable in sections
A-A’ and B-B’ show horizontal and vertical variations, ranging from 20 to 500 Ωm (Figure 9).
In particular, these electrical resistivity variations allowed different horizons and layers to
be distinguished (Figure 9). These latter features, characterized by precise resistivity values,
were attributed to the geological deposits outcropping around the Caronia area (Figure 1)
and used to reconstruct the stratigraphic and structural setting.
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Figure 9. Vertical sections of electrical resistivity obtained from the 3D model: (top) section A-A’
subparallel to the coastline; (bottom) section B-B’ along the axis of the Caronia stream. Letters a to f
indicate the different layers, bounded above and below by relative dashed lines, identified on the
basis of the electrical resistivity variations. Red dashed lines indicate the presence of normal and
transtensional faults. BH1 and BH3 are relative to the boreholes located along the B-B’ section (for
further details see Figures 2 and 3).

From the bottom to the top of the two sections, layer f, with resistivity values of
about 40 Ωm, could refer to the clays and marls of the “Argille Scagliose Superiori” unit,
outcropping to the east of the Caronia area. This layer has been continuously recognized in
section A-A’ and only in the northernmost part of section B-B’. Above these deposits, the
increasing resistivity values, here identified by the layer d (60–100 Ωm), can be associated
with the arenaceous facies with intercalations of silty-clays belonging to the Reitano Flysch
formation. In this view, layers labeled e (50–60 Ω m) could represent thicker clayey portions
of the Miocene lithological unit. The highest resistivity value portions (200–500 Ω m)
observed in both sections, named layer b, can be related to the “Conglomerati di Caronia”
member deposits and/or to conglomeratic channeled structures in correspondence with
the central sector of the streambed. From another point of view, these high resistivity
values, coinciding with the mouth sector of the Caronia stream, could also indicate the
presence of freshwaters flowing below the streambed. The low resistivity lenticular and
cuneiform bodies (20–40 Ω m) observed in both sections, named layer c, probably describe
the seawater intrusion in the Caronia sedimentary succession, in correspondence with
sectors with high porosity and/or minor freshwater hydraulic load. Finally, observing
the BH1 and BH3 stratigraphic logs and the resistivity values (40–70 Ωm), the uppermost
layer a was ascribed to the alluvial deposits, filling the Caronia streambed and the relative
coastal plain.

The three stepped forms recognized in the sections (Figure 6), indicated by red dashed
lines, could represent normal tectonic structures. These faults are compatible in terms of
location, shape, and type of dislocation with those recognized and already mapped [86]
(APAT, 2013) in the hills immediately west and east to the terminal part of the Caronia
stream valley, and with the inferred transtensional structure where the streambed develops
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(Figure 1). Moreover, this latter structure could also be responsible for the thickening
of the succession, especially as regard to layers a and b, in correspondence with the
central sector of the Caronia stream mouth (Figure 9). In this view, space created by
the net-slip movement linked to this fault may have been gradually filled by Reitano
Flysch conglomeratic bodies (i.e., “Conglomerati di Caronia” member and/or channeled
structures) and by Quaternary deposits.

4.3. Estimate of the Bottom of the CGWB

All the geophysical surveys performed (VES, SR, HVSR, and MASW) were geologically
interpreted using the stratigraphic logs (from BH1 to BH6) as calibration. This made
it possible to transform the information of the geophysical parameters in terms of the
thickness of the water body in the investigated points. These values were interpolated by
applying a kriging-type algorithm using the Surfer software (v. 18). In correspondence with
the water body superficial limit, the thickness of the groundwater body was set equal to
zero. The resulting thickness map (Figure 10a) shows two areas with significant thicknesses:
the smallest is located in the extreme eastern portion, where 30 m thicknesses are reached;
the largest is located west of the current delta, where thicknesses reach about 40 m. This part
coincides with the area already identified as a transcurrent fault in the 3D resistivity model.
The thicknesses of the CGWB are larger in the eastern part of this probable fault area.
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Figure 10. (a) Thickness of the Caronia Groundwater Body; (b) altitude of the bottom of the Caronia
Groundwater Body (m a.s.l.).

Furthermore, the bottom of the water body was rebuilt (Figure 10b) because it is
needed as an input for the construction of a mathematical flow model.

4.4. Numerical Flow Model for the CGWB

The reconstruction of the lower boundary of the water body plays a key role in the
construction of the mathematical model of static flow. This was carried out to implement
the hydrogeological model of the CGWB. The finite difference calculation code MOD-
FLOW [100] in steady state was used to create the flow model. This kind of analysis solves
the groundwater flow differential equation using the finite difference approach within the
groundwater systems through a gridded spatial discretization [101]. In order to create a
numerical model, which describes the hypothetical trend of flow within a groundwater
body, it is necessary to define the model in the spatial domain. This must be divided
into cells, to each of which is assigned both the initial and boundary conditions and the
physical and hydrogeological properties. These conditions and properties are considered
homogeneous within the cell itself, and attributed to the center of the cell [102].
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The sectors considered by the numerical flow model correspond to the coastal plain
and the Caronia stream mouth. In the first phase, the top and bottom levels were defined.
For the top, corresponding to the topographic surface, altitudes derived from the DEM of
Sicily were assumed. The hydrogeological substrate, defined in the digital model of the
CGWB, was adopted as the bottom of the flow model. For the horizontal discretization,
the modeled area (coastal plain) was subdivided using a mesh of 50 × 50 m cells, while
12 layers were identified for the vertical subdivision (Figure 11). Subsequently, the hy-
drogeological properties were defined to be assigned to the various sectors of the model.
Hydraulic conductivity values along the three spatial directions (Kx = 3.5 × 10−5 m/s,
Ky = 3.5 × 10−5 m/s, and Kz = 3.5 × 10−6 m/s) were attributed to layers 1 to 11, describing
the part of the succession in which the groundwater flows. Finally, layer 12, corresponding
to the bottom, was defined as null flow. A further step for the realization of a flow model is
related to the definition of the boundary conditions [103].
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Figure 11. Horizontal discretization of the modeled area subdivided using a mesh of 50 × 50 m cells
and boundary conditions used for the numerical flow model.

These features define the physical constraints in the perimeter cells that are im-
posed on the flow model (Figure 11). As boundary conditions, the following parameters
were adopted:

(A) Refill value: 161 mm/year for 365 days. This refill was applied only to layer 1, which
defines the portion of the model identifiable with the topographic surface.

(B) Constant load: An area representing the portion of the model (red cells in Figure 11)
where the flow stops being considered as having a constant hydraulic load. It was
defined by assigning the value 0 to the coastline downstream of the domain.

(C) Top-up refill: This parameter represents the sub-alveal contributions. This feature
describes the direct contributions provided by the upstream hydrological basin. These
values were assigned, as saturated cells (green cells in Figure 11), corresponding to
the groundwater depth measured in the observation well n.5.

(D) The area outside the modeled area was considered to be zero flow (gray sectors
in Figure 11).

The mathematical model obtained was finally calibrated and validated thanks to the
piezometric values detected during the field activities performed in the area under study.
Four wells were considered, one of which (OW 5) was inside the Caronia streambed. These
wells have an undisturbed piezometric level and are sufficiently far from other wells in
use. The simulation results are shown in Figure 12. The trend of the simulated piezometry
shows how the aquifer is fed by the inputs coming from the mountain. Furthermore, the
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stream portion considered in this model provides an important contribution to feed the
coastal plain aquifer.
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Finally, the calculated vs. observed piezometric values are shown in Figure 13. A
normalized RMS of 7.49% is obtained, with an average square deviation of 0.63 m. This is
considered to be an acceptable value considering the width of the simulated area.
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5. Conclusions

The characterization of the Caronia Groundwater Body (CGWB), in north-eastern
Sicily, was realized thanks to the construction of a conceptual physical model and the
related hydrogeological flow model, which is fundamental for the definition of monitoring
programs, hydrogeological risk assessment, and correct water resources management.

A series of previous geophysical data (vertical electrical sounding surveys and re-
fraction seismic profiles) were re-inverted using constraints obtained from stratigraphic
data. The new geophysical models obtained, together with the information obtained from
new surveys with surface wave and microtremor techniques (MASW and HVSR), made it
possible to obtain three-dimensional models of physical parameters of the subsoil (electrical
resistivity, seismic velocity of pressure, and shear waves). These models were used to
define the depth of the bottom of the CGWB and the thickness of the alluvial deposits that
characterize the streambed. This allowed shape, volume, and physical characteristics of
the CGWB to be defined in sufficient detail. This numerical information served as a basis
to generate a mathematical model of groundwater flow in order to simulate the spatial
and temporal variability of the flow and, consequently, to make forecast estimates of the
water supplies to the coastal plain. The underground flow model was preliminarily tested
by comparing the theoretical results with some piezometric measurements performed.
The main result of the calibration of the model was the refinement and validation of the
assignment of the average hydrodynamic parameters of the modeled aquifer. In this way, it
was possible to carry out realistic and reliable simulations of the underground flow in the
CGWB. The results showed a good correspondence between predicted and observed data,
confirming the reliability of the model obtained for the description of the aquifer dynamics.

Author Contributions: Conceptualization, P.C., R.M. and R.F.; Methodology, A.C., P.C., R.M. and
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