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Abstract

:

The integration of various geophysical methodologies is considered a fundamental tool for accurately reconstructing the extent and shape of a groundwater body and for estimating the physical parameters that characterize it. This is often essential for the management of water resources in areas affected by geological and environmental hazards. This work aims to reconstruct the pattern and extent of two groundwater bodies, located in the coastal sectors of the North-Eastern Sicily, through the integrated analysis and interpretation of several geoelectrical, seismic and geological data. These are the Sant’Agata-Capo D’Orlando (SCGWB) and the Barcelona-Milazzo (BMGWB) Groundwater Bodies, located at the two ends of the northern sector of the Peloritani geological complex. These two studied coastal plains represent densely populated and industrialized areas, in which the quantity and quality of the groundwater bodies are under constant threat. At first, the resistivity models of the two groundwater bodies were realized through the inversion of a dataset of Vertical Electrical Soundings (VES), constrained by stratigraphic well logs data and other geophysical data. The 3D resistivity models obtained by spatially interpolating 1D inverse VES models have allowed for an initial recognition of the distribution of groundwater, as well as a rough geological framework of the subsoil. Subsequently, these models were implemented by integrating results from active and passive seismic data to determine the seismic P and S wave velocities of the main lithotypes. Simultaneous acquisition and interpretation of seismic and electrical tomographies along identical profiles allowed to determine the specific values of seismic velocity, electrical resistivity and chargeability of the alluvial sediments, and to use these values to constrain the HVSR inversion. All this allowed us to recognize the areal extension and thickness of the various lithotypes in the two investigated areas and, finally, to define the depth and the morphology of the base of the groundwater bodies and the thickness of the filling deposits.
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1. Introduction


The integration of geological and geophysical data for the reconstruction of subsurface models is a widespread practice nowadays. In numerous research fields, direct investigations, such as trenches and boreholes, are associated with data obtained by geophysical acquisitions to expand the available dataset and improve the subsurface characterization. Furthermore, the net of the actual cost of geophysical instrumentation, the relationship between the amount of data acquired and the economic evaluation of a geophysical survey make geophysical methodologies quite economical when compared to direct investigations. This approach had been often used in many studies regarding stratigraphic [1,2,3] and structural geology [4,5,6,7], the analysis of depositional sequences [8,9,10], archaeological [11,12,13] and civil engineering research [14,15,16]. In these studies, acquired geophysical data constrained by the information derived from direct investigation provide a fundamental tool for the integration and definition of subsurface models. Even hydrogeology research exploits this workflow for numerous purposes: the description of groundwater depth and thickness [17,18,19], definition of the physical–chemical characteristics of an aquifer [20,21,22], assessment of marine ingression in coastal areas [23,24,25] and evaluation of water quality and degree of pollution [26,27,28].



In recent years, several studies based on integrated approaches of geological and geophysical datasets have focused on coastal areas that host floodplains [29,30,31]. These flat areas are often critically important for different reasons. They are usually densely populated and, considering their proximity to the sea, host strategic harbors; seaside tourism causes a clear increase in the population during the warm months. Moreover, the gentle morphology favors the development of numerous road and railway communication routes and, consequently, of industrialized areas adjacent to the main towns.



Unfortunately, coastal alluvial plains are often subjected to various risks, both natural, such as floods and paroxysmal events linked to wave motion, and those linked to the development of anthropic activities. Furthermore, the human impact on these areas causes excessive exploitation and contamination of aquifers. All this can lead to serious damage to infrastructure, negatively affecting industrial, tourism, fishing, and agricultural activities. Knowledge of the subsoil is, therefore, fundamental to effectively addressing all these problems.



This work presents the 2D modelling of two coastal alluvial plains, present in North-Eastern Sicily, hosting groundwater bodies: the Barcellona–Milazzo (BMGWB) and the S. Agata–Capo D’Orlando plain (SCGWB). The characterization of the alluvial geometries present in these two sectors have been defined by combining the boreholes data and several data collected by geophysical acquisition campaigns carried out at different times. Firstly, Vertical Electrical Soundings (VES) and Seismic Refraction (SR) profiles were realized in the 1970s by a project sponsored by a public entity named “Cassa per il Mezzogiorno” (CASMEZ), created by the Italian government to finance industrial initiatives aimed at the economic development of Southern Italy [32]. Subsequently, in 2019, these data were partly reinterpreted and integrated by other both active and passive seismic methods as part of a project conducted by the INGV (National Institute of Geophysics and Volcanology—Palermo Section) and DAR (Regional Water and Waste Department) [33]. Through the integration of all the data, the thickness of the alluvial deposit and the depth of the bottom were defined.



The subsoil models produced are a basic tool for evaluating the water resources of the area and the possibilities of exploiting them. Moreover, these study results should be a useful tool to define the geological hazards of the two sectors analyzed and to identify any areas that may be subject to environmental pollution. In conclusion, for all these reasons, the models created can also be considered fundamental to follow for basic studies in defining the city’s master plans.




2. Geology and Hydrogeology


2.1. Geomorphological and Geological Setting


The Sant’Agata–Capo D’Orlando and Barcellona–Milazzo plains are in the Tyrrhenian coastal sector of the Peloritani Mountains (North-Eastern Sicily). In particular, the two areas studied are spread over an area of about 40.70 km2 for the Sant’Agata–Capo D’Orlando plain and of about 1319 km2 for the Barcellona–Milazzo one.



Several towns and villages lie in these two coastal plains, among which Sant’Agata di Militello, Capo D’Orlando, Barcellona Pozzo di Gotto and Milazzo are the main municipalities. Strategical infrastructures like harbors, highways, and railway lines, as well as industrial plants and several farms, are present in these sectors. Noteworthy is the site of national interest (SIN) represented by the petroleum refinery and chemical industries located east of Milazzo, at the mouth of the Corriolo Stream.



From a geo-structural point of view, the North-Eastern Sicily lies in a crucial sector of the central Mediterranean region in correspondence of the African and European plates boundary, characterizing the Sicilian foreland–foredeep–chain system (Figure 1c) [34,35,36]. The Peloritani Mountains’ geological complex (hereafter, Peloritani Complex; PC) constitutes the innermost and structurally highest sector of the Sicilian Fold and Thrust Belt (SFTB) [36,37,38], (Figure 1b). In particular, the PC represents the southern termination of the Calabrian–Peloritan Arc (CPA), as well as the linking element between the Southern Appennines and the Sicilian Maghrebian Chain [39]. The PC is formed by different south-verging tectonic units (nappes), mainly composed by high-to-low-grade metamorphites, deriving from the deformation of an ancient Hercynian basement (Kabilo-Calabride Units) and related carbonate–clastic Meso-Cenozoic sedimentary covers [35,40,41,42,43,44]. The piling up of the tectonic units belonging to the PC and its incorporation into the SFTB began in the upper Oligocene and continued up to the Upper Miocene [45]. During the Plio-Pleistocene, extensional and transcurrent tectonic regimes affected the PC, producing an articulate dip-slip and strike-slip faults pattern, with NW-SE/W-E and NE-SW/N-S orientation [35,46,47,48,49,50]. Lastly, one of the most important tectonic structures of North-Eastern Sicily is represented by the fault zone known as “Taormina line”, constituting the outer front of the PC [35,51]. Furthermore, through this latter tectonic structure, the PC overlaps on the Apennine–Maghrebidi Units (Figure 1c); more precisely, on those deriving from the deformation of the Sicilide complex, widely outcropping in the Nebrodi Mountains [40,41,42,43,44].



The tectono-stratigraphic sequence outcropping in the investigated sectors is composed, from the bottom to the top, by the Numidian Flysch, Sicilide and Kabilo–Calabride Units, unconformably covered by syn- and post-orogenic sedimentary sequences [40,44].



In particular, the Numidian Flysch and Sicilide (Figure 1a) complexes are composed of the following:




	
the Upper Oligocene–Lower Miocene clays and quartzarenites of the Mt. Maragone and Mt. Salici Units;



	
the clays and quartzarenites of the Monte Soro and the marly clays unit, Lower Cretaceous in age.








Tectonically superimposed to the Numidian Flysch and Sicilide Units, the Kabilo–Calabride Units and related Meso-Cenozoic sedimentary covers (Figure 1b) are present [40,44]. This latter sequence is composed of the following, from the bottom to the top:




	
Capo Sant’Andrea, Longi-Taormina and San Marco d’Alunzio Units, comprising epimetamorphites deriving from an ancient Hercynian basement and Meso-Cenozoic carbonate covers;



	
low- to high-grade metamorphic rocks belonging to the Mandanici and Aspromonte Units, derived from the deformation of the innermost sectors of the Kabilo–Calabride domain (Paleozoic);



	
the Upper Oligocene–Lower Miocene syntectonic terrigenous deposit of the Capo d’Orlando Flysch;



	
the Upper Cretaceous clays and quartzarenites of the Antisicilide Unit, overthrusting the Capo d’Orlando Flysch;



	
the Lower-Middle Miocene Floresta calcarenites and the Mt. Pitò marls, unconformably lying on the deposits of the Antisicilide Unit;



	
the Middle-Upper Miocene post-orogenic deposits belonging to the San Pier Niceto Fm. and to the evaporitic series upward.








The tectono-stratigraphic units described are unconformably covered by the Plio-Quaternary marine, fluvio-deltaic and alluvial sequences. These marine deposits, mainly outcropping toward the Tyrrhenian and Ionian coastal sectors, are composed of the Trubi unit (Lower Pliocene), the Upper Pliocene marls and sands, and the Rometta Fm. deposits (Upper Pliocene–Lower Pleistocene), passing laterally and upward to the conglomerates, sands and marly clays of Lower–Middle Pleistocene age. This sedimentary sequence ends with late Quaternary fluvio-deltaic (“Conglomerati di Allume” and “Ghiaie e sabbie di Messina”), marine and alluvial terrace, and alluvial and coastal plain deposits.



The Sant’Agata-Capo d’Orlando and Barcellona-Milazzo plains arise in two wide coastal sectors with peculiar NE-SW orientation. Several rivers and streams, arising further south in the central mountain areas of the PC, are characterized by articulated hydrographic patterns with predominant NW-SE and N-S direction of the river courses [41,42,43]. Furthermore, the orientation and development of the drainage direction of these streams appears orthogonal to the strike of the belts from which they arise [54]. Their northward flowing into the Sant’Agata-Capo d’Orlando and Barcellona-Milazzo coastal plains guarantees a considerable contribution in terms of freshwater recharge and sediments supply to these sectors.



Therefore, both the rivers and stream drainage patterns and the geometry and orientation of the two coastal plains appear directly controlled by the tectonic setting of these sectors of the PC. Normal and transtensional faults with predominant NW-SE and NE-SW trends characterize the geometry of the Sant’Agata-Capo d’Orlando and Barcellona-Milazzo coastal plains and the thickness of the sedimentary infill. The coastal plains infill is composed by the Middle-Late Pleistocene to Holocene fluvio-deltaic, marine and alluvial terrace deposits, recent alluvial and coastal deposits, reaching the thickness of even more than 100 m, as in the case of the central portion of the Barcellona-Milazzo plain [41,55,56,57].




2.2. Hydrogeological Setting


The lithology and stratigraphic setting of the sedimentary infill directly influence the groundwater circulation and its storage in the SCGWB and BMGWB. The Potential Infiltration Coefficient (CIP [19,58,59]) can be considered as the parameter through which the permeability of rocks and sedimentary deposits is quantified. As regards the Groundwater Bodies characterising the Sant’Agata-Capo d’Orlando and Barcellona-Milazzo coastal plains and related rivers and all tributaries, the CIP reaches the highest values (0.8–0.9%) estimated in the PC [33]. In these coastal sectors the groundwater bodies are composed by different Middle-Late Quaternary geological units mainly consisting of alternations of gravels, sands and clayey-silts, which are characterized by high permeability for primary porosity [60,61]. Therefore, due to the high porosity and thickness, generally increasing in correspondence of the river and stream mouths, and to the shoreline, SCGWB and BMGWB host significant unconfined aquifers [55,62,63]. The freshwater input on the SCGWB and BMGWB occurs with direct charging or, locally, through exchanges with the adjacent groundwater bodies and aquifers.



In particular, the SCGWB consists of the “Ghiaie e sabbie di Messina”, marine and alluvial terrace deposits, alluvial and coastal plain [40,42,43], characterized by high-to-very high permeability for porosity. The SCGWB lower boundary is characterized by the presence of the flyschoid deposits of the Numidian Flysch and Monte Soro Flysch Units in the westernmost portion, the epimetamorphites and limestones of the San Marco d’Alunzio and Longi-Taormina Units in the central sector, and the Aspromonte Unit and Capo d’Orlando Flysch deposits in the north-easternmost portion. All these lithologies are characterized by medium-low-to-low fracture permeability [61].



The BMGWB is formed by the “Ghiaie e sabbie di Messina”, marine and alluvial terrace deposits, alluvial and coastal plain [40,41,56,57], characterized by high-to-very high permeability for porosity. The BMGWB is superimposed on the Upper Pliocene–Pleistocene marly sandy sequences, the post- and syn-orogenic deposits in the western and central portion and the metamorphites of the Aspromonte Unit in the north-easternmost part of it. All the described units are characterized by medium-low-to-low permeability for porosity and fracturing [61].





3. Materials and Methods


3.1. Previous Geognostic and Geophysical Investigation


Litho-stratigraphic logs of several boreholes, lying in the two study areas, have been collected and analyzed to obtain information about the main sedimentological and stratigraphic features of the deposits. In total, 151 boreholes, lying in the two investigated sectors, were collected. In particular, as shown in Figure 2, 11 of these boreholes were located in the area of the SCGWB and 140 in the BMGWB one.



Most of the analyzed boreholes were drilled using the non-coring drilling method, mainly for groundwater research, while the remaining were drilled using the continuous coring method. The data obtained through the analysis of the boreholes have been reinterpreted and validated, homogenizing the lithologies described with those related to the litho-stratigraphic units present in the geological cartography [53] and the related explanatory notes [40] used for this work. The litho-stratigraphic information provided by these surveys has been used to constrain the inversion of the available geophysical data.



Both the previous SR and VES surveys, as shown in Figure 2, were carried out in the seventies in the two coastal plains for water research activities foreseen by a CASMEZ project [32]. In total, 90 VES and 12 SR profiles were selected within SCGWB, while BMGWB hosted 376 VES and 69 SR. The latter were carried out perpendicular to the axes of rivers present within the two alluvial plains.




3.2. New Processing and Interpretation of Vertical Electrical Soundings


Vertical Electrical Soundings (VES) are a geophysical methodology that usually provides a one-dimensional electrical resistivity model [64]. VES have often been used with good results for studying the physical properties of aquifers and their geometric characterization [65,66]. Despite all this, these surveys can also be useful to describe three-dimensional resistivity models. Indeed, within a studied area, several 1D resistivity data close to each other can be used to constrain the values of each VES. This approach, suitable when the studied area is characterized by a not-too-high resistivity gradient, is useful when large sectors need to be investigated, considering that electrical resistivity tomography appears impractical and expensive.



All vertical electrical soundings considered were performed using the Schlumberger array, with AB current dipole lengths increasing exponentially, so as to obtain roughly equally spaced values in a graph with logarithmic axes. Generally, 10 measurements were performed per logarithmic decade, with maximum AB/2 lengths ranging from 300 m for the shortest soundings up to 500 m for the longest ones, allowing maximum depths of investigation of about 250 m. Among all the VES carried out in the two groundwater bodies, we chose only those whose apparent resistivity vs. AB/2 curves presented a trend compatible with a one-dimensional layered modeling so as to be able to obtain from them 1D layered inverse models with a misfit not exceeding 5%.



For each VES, starting from analog data, the plot of the measured apparent resistivity ρa as a function of the half-distance AB/2 between the current electrodes has been digitalized and saved in ASCII files also containing topographic information and the array type.



The digitalized VES were inverted by ZondIP1D (v. 5.2), provided by Zond Software Ltd., Republic of Cyprus (EU) using the least squares method to constrain the inverse models with boreholes data where available. Considering that the studied areas present a fairly regular stratigraphy, a 1.5D inversion algorithm was used, according to which the deepest layer of the resistivity section is considered almost horizontal, while the more superficial layers may be affected by lateral variations in resistivity, albeit slight [67]. Therefore, given these assumptions, inverse models from contiguous VES are mutually constrained (Figure 3a). Consequently, the data were inverted by considering some VES alignments within the study areas, based on the mutual distance between VES points and the alleged geometric features of the geological bodies present in the substrate. The mutually constrained inverse models were laterally interpolated in order to construct two-dimensional electrical resistivity sections along the chosen alignments (Figure 3b). These vertical sections proved useful for providing an initial geological characterization of the two water bodies and as starting data for the subsequent creation of 3D electrical resistivity models.




3.3. New Geophysical Surveys


A new geophysical acquisition campaign was realized during the DAR project to better describe the geometrical features of SCGWB and BMGWB. For these reasons, both passive and active seismic surveys were performed with the aim of describing the volumes of deposits that could host groundwater.



In detail, 13 recordings of microtremor were acquired for the SCGWB and 50 for the BMGWB, as shown in Figure 2. The environmental noise records were acquired by a 3D velocimeter along the two plains and analyzed according to the HVSR (Horizontal-to-Vertical Spectral Ratio) methodology [68,69].



The inversion of an HVSR curve is subject to significant equivalence limitations and, thus, must be constrained by other geophysical data, mainly for shallower layers, to be considered reliable [70,71]. To this end, it was beneficial to consider the obtained 3D electrical resistivity models and the results of refraction seismic profiles. However, for a more detailed characterization of the vp and vs. values of lithotypes and the correlation with other observed geophysical parameters, a joint survey Seismic Refraction Tomography (SRT), Electrical Resistivity Tomography (ERT), and Induced Polarization Tomography (IPT) were carried out in coincident position [13]. Furthermore, a Transient Electromagnetic (TEM) survey was performed nearby. Finally, a Multichannel Analysis of Surveys Waves (MASW) survey [72] was performed in SCGWB, close to the Acquedolci Town. These surveys were situated in areas where geological knowledge allowed for their joint and detailed interpretation. The geophysical models derived from such surveys, along with other available geophysical models, were used to better constrain HVSR curve inversions, thereby obtaining layered models of seismic velocities. The latter, together with electrical resistivity models and seismic refraction sections, were crucial for determining the thickness of the affected alluvial sediments and the aquifer base.



The ERT, IPT and SRT surveys were carried out in coincident position within the Termini Stream (see Array Termini in Figure 2b). The SRT technique uses a series of aligned and equidistant geophones and a high number of shot records in order to obtain detailed sections of the trend of P-wave velocity in the subsurface [73]. Analogously, ERT and IPT methodologies allow us to obtain detailed 2D sections of electrical resistivity and chargeability using several aligned and equally spaced electrodes, and are often utilized in hydrogeological applications [74,75,76]. The aim of performing seismic and electrical tomographies along the same alignment in a noticeably area is to characterize the main lithologies in detail from a geophysical point of view, through the joint interpretation of the tomographic sections.



TEM is based on the study of a transient electromagnetic field artificially induced underground in order to reconstruct the trend of electrical conductivity in the investigated volumes. In addition to the mapping of aquifers, this methodology had been used for several applications and studies, such as the characterization of the thickness of volcanic covers [77], the identification of hydrocarbon reservoirs [78] and the identification of geothermal areas [79].



The MASW survey was performed close to the Acquedolci Town. A multichannel seismograph was used to acquire the data, using 48 vertical geophones (central frequency of 16 Hz) for the SRT and 24 vertical geophones (4.5 Hz frequency) for MASW.





4. Results and Discussion


4.1. Litho-Stratigraphic Interpretation of the Boreholes


The analysis of all the boreholes data for the SCGWB has allowed us to distinguish different kinds of geological substrates, characterized by different lithofacies and units, covered by the recent alluvial deposits. In the western part of the SCGWB, the alluvial deposits cover predominantly clayey–marly layers belonging to the Monte Maragone (OMi) and Monte Soro Flysch (Car) or the limestones and marly limestones of the San Marco (US) and Longi-Taormina Units (UTs). In the eastern part of the SCGWB, however, the geological substrate consists of the metamorphic lithofacies of the San Marco (m3), Longi-Taormina (m2) and Aspromonte Units (UA). Finally, in the North-Eastern sector of the SCGWB, under the coastal plain and alluvial deposits, the arkoses (OMar) and clays (OMa) of the Capo D’Orlando Flysch unit are present.



As regards the boreholes falling in the BMGWB, below the coastal plain and alluvial deposits, gray-blue clays (Qa), the calcarenites of the Rometta Fm. (PQ) and the clays (Maa), arenites (Mar) and conglomerates (Mac) belonging to the San Pier Niceto Fm. are present.




4.2. Results from SR Profiles and New Geophysical Surveys


As regards the SR profiles carried out during the CASMEZ project [32], although the original dataset is no longer available, several interpretative models have been evaluated. According to these models, the P-wave velocities in the SCGWB show values of about 2200–3000 m/s for the substrate; beneath the alluvial materials and altered portions of the substrate, the velocities are characterized by values of about 500 and 1300 m/s. The seismic velocity model concerning BMGWB describes a lower substrate and alluvial covers above characterized by 2200–3000 and 1000–1300 m/s, respectively.



The results of the joint-acquired SRT, ERT and IPT (Array Termini) carried out within the BMGWB are shown in Figure 4 and Figure 5. SRT (Figure 4) shows a constant increase in velocities from the top to the bottom of the tomography. Values that characterize the upper 15–18 m vary from 400 to 1000 m/s. Velocities increasing from 1000 m/s to 3000 m/s are described from 20 to 40 m of depth. The deepest part of the section shows the highest P-wave velocity values by a maximum of 4500 m/s found at 60 m depth. Considering the data from the geologic map and from the boreholes located near the SRT, the lower velocities were attributed to recent alluvial sediments; the increase in the velocities of the intermediate layers could be related to the saturated part of these deposits. The highest values have been attributed to the metamorphic rocks of the Aspromonte Unit (UA) that constitute the substrate of this portion of the stream course, also outcropping at the banks.



Results of ERT and IPT are shown in Figure 5. The highest values of resistivity and chargeability have been identified mainly in the lower sections of the profile and are associated with the metamorphic basement. Low values in chargeability are, instead, present in the subsurface. These values, associated with medium-low resistivity values, should indicate the presence of alluvial deposits. These superficial deposits present lower values of resistivity where they are affected by the fluid presence.



The 1D resistivity model obtained by inverting the TEM survey provided a vertical model of resistivity values comparable with those derived from ERT near-realized. The TEM model shows resistivity values ranging from about 100 Ωm to 500 Ωm, according to the layers described in ERT as water-saturated.



The simultaneous acquisition and interpretation of SRT, ERT and IPT allowed for characterizing the alluvial deposits for their typical values of P-wave velocity, electrical resistivity and chargeability. These values were used for lithotype recognition and the identification of their thickness in both 3D resistivity models and HVSR inverse models.



The MASW realized close to Acquedolci Town, within the SCGWB, provides a seismic–stratigraphic model (Figure 6) composed of a 250 m/s upper superficial cover followed by a 6 m thick layer characterized by a shear waves velocity of 480 m/s. Based on the outcropping rock and information taken from lithologic logs, these values are correlated to the alluvial deposits overlying the “Ghiaie e sabbie di Messina” (Qg) unit.



All the HVSR curves have been inverted, providing inverse shear wave velocity models constrained by all the geophysical and geological data discussed above [80]. Some example results are shown in Figure 7 and Figure 8.



The HVSR inverse models regarding the SCGWB (Figure 7) are generally subdivided into layers varying from two to four. The shallower layers, characterized by an average value of 350 m/s and thickness varying from 5 to 30 m, should represent the alluvial and coastal deposits that predominantly outcrop along the plain. Several previous studies [19,81,82] attributed these velocities to sediments from coarse- to fine-size that usually fill the alluvial plains. The layers, with an average value of 600 m/s, correspond to the intermediate portions of the Vs-profiles. These show a maximum thickness of about 60 m and are associated with “Ghiaie e sabbie di Messina” (Qg). The deeper sections of the models represent high velocities, ranging from 800 to 1100 m/s. These values should describe the presence of different units that do not outcrop in the plain. In the west area of the SCGWB, the flyschoid deposits of Mt. Salici Unit (OM) and the limestones of San Marco d’Aluzio Unit (US) should cause these velocities. High values are, instead, attributed to the Frazzanò Flysch unit (UTf) and to the epimetamorphic rocks of the Longi-Taormina Unit (m2) for the easter sector. Finally, in the subsoil present between the Inganno and Rosmarino Streams, the overlapping of layers of the Marly clays (Cc) and the Flsych of Monte Soro Unit (Cm and Car) could be responsible for these elevated velocities computed.



The HVSR surveys realized in the BMGWB, shown in Figure 8, provide similar results about the near surface layers; inside also this waterbody, the superficial alluvial cover shows average Vs values of 300 m/s. Analyzing several single models, the increase of Vs within these first layers is noted, reaching values of 450 m/s, where alluvial deposits present the maximum thickness. This occurs, for example, south of the Milazzo Cape where 80 m of the alluvial deposits are described. Going deeper in the models, a Vs value from 500 to 700 m/s is often present; these values could both be referred to the following formation: “Ghiaie e sabbie di Messina” (Qg), Grey-blue clays (Qa), Rometta (PQ), Trubi (Pi), San Pier Niceto (Maa; Mar; Mac) and Capo d’Orlando Flysch (OMar; OMc). The highest values are found, also for BMGWB, at the base of the HVSR models. The Antisicilide Unit (AS) clays and the metamorphic rocks of the Peloritani Mountains, such as those from the Aspromonte units (UA), have been linked to velocities that exceed 800 m/s.




4.3. Tridimensional Models of the Electrical Resistivity


Three-dimensional models related to the variation of electrical resistivity were realized for SCGWB and BMGWB. These models were produced through the Voxler software v.4, provided by Golden Software (Golden Software, LLC, Golden, CO, USA), LLC, that allowed to laterally interpolate the inverse models of electrical resistivity, obtained from the new reanalyzes of the VES. The lower boundary of the models is given by the depth of investigation of VES while the lateral confinement is provided by the perimeters of the two groundwater bodies examined. The logarithm of electrical resistivity was chosen to be represented due to the high parameter contrasts found in the two areas.



The model realized for SCGWB, represented in Figure 9, shows areas characterized by different resistivity patterns. In the eastern side of the plain, higher values (200–500 Ω m) have been observed. Within the Furiano water stream, these values should be attributed to the presence of Monte Soro Flysch (Car) and Mt. Maragone Unit (OMia) at shallow depth, below the deposits of SCGWB. The alluvial deposits are, indeed, thin in this area and cover the aforementioned units, mainly composed of the alternations of quartzarenites and clays. Eastwards, in the mouth sector of the Rosmarino River, the resistivity values are high, probably due to the amount of fresh water flowing within alluvial deposits. Furthermore, in this sector of the Rosmarino River, these deposits reach the highest thickness. Lastly, around the Zappula River, the high values of resistivity can be linked to the presence of phyllades and metamorphosed arenites, rich in quartz. These deposits belong to the Longi-Taormina Unit (m2) and are covered by thin alluvial bodies.



Medium resistivity values, comprising between 35 and 70 Ω m, are present in several areas of the SCGWB floodplain. In the area between the Furiano and Inganno streams, the abovementioned resistivity values are related to sands, silt and sandy matrix conglomerates, largely outcropping in this sector and also found in the borelogs. These latter sediments are ascribed to the “Ghiaie e sabbie di Messina” (Qg) unit and to the marine terrace deposits (tm). Moreover, the presence of gravels, pebbles and sands in a clayey matrix, identifying recent alluvial (ar), coastal, and stream deposits (a), may be the cause of the not elevated resistivity recognized along the coastline.



Low resistivity values (5–20 Ω m) are observable in the eastern sector of the SCGWB 3D model. The sea water intrusion could be considered one of the causes that produce this decrease in resistivity. Alluvial (ar) and coastal sediments (a) are partly composed of coarser deposits such as polygenic blocks, gravel, and coarse sands. An increase in grain size is often present in the lower portions of these deposits. Due to the sedimentological features, these deposits can be affected by strong sea water intrusion and the formation of a salt wedge below the plain. Moreover, not outcropping conductive rocks, such as those of the Marly clays (Cc) unit and the fractured limestones of the San Marco d’Alunzio Unit (US), should be responsible for the decrease in the resistivity values, as observed in the deeper part of the model.



The 3D resistivity model of the BMGWB, shown in Figure 10, describes different resistivity trends. Resistivity values from 80 Ω m to 1000 Ω m are represented in different sectors of the BMGWB; most of the river arms, the central sector of the plain and the area of the Cape Milazzo promontory are characterized by these high values. The highest values, represented in white in Figure 10, are generally located in some sectors of the river arms in which the presence of fresh water causes an increase in resistivity, such as along the Termini and Niceto Streams. Resistivity values of about 80 Ω m are widely present in all river courses, both along the plain and in the areas located to the south, closer to the reliefs. In several areas around the mouths of the watercourses, these values are probably linked to the presence of thick alluvial deposits, such as in the coastal sectors of the Termini, Mela, Corriolo and Niceto Streams. Lastly, in the Cape Milazzo promontory, the outcropping metamorphic rocks of the Aspromonte Unit (UA; UAg) induce these medium-high values of resistivity.



Other areas of the BMGWB are affected by mean resistivity values of about 10–30 Ωm; these resistivities characterize the westernmost sector of the coastal plain, along some stream courses and in some areas between them. These values could be linked to portions of the BMGWB hosting alluvial sediments with less thickness. The lowest values described by the model are visible in the deepest parts of the plain, at depths between 40 and 120 m. As an example, the area between the towns of Barcelona P.G. and Milazzo, where the plain presents its greatest extension in N-S direction, is characterized by values less than 10 Ω m. This feature should be attributed to the presence of clays in the subsurface, as described by other studies performed in this area [57]. Moreover, for the lower values that appear quite shallow and close to the coast, marine ingression phenomena should not be excluded.



By analyzing the two resistivity models, we can notice the different contributions made by the floods and deposits that make up the water body. In the coastal plain areas, the resistivity model is, in fact, more influenced by the deposits of the SCGWB and BMGWB. In these areas, these deposits reach higher volumes. Within the mountain sector, represented in the models by the several arms of the rivers, the variation of resistivity is more linked to the characteristics of the rocks of the substrate, considering the thin thickness of the alluvial cover.




4.4. Estimate of the Bottom of the SCGWB and BMGWB


The thickness of the deposits that constituted SCGWB and BMGWB has been computed by a two-step workflow. Firstly, the deposits’ thickness and depth were estimated at several points of the groundwater bodies, considering the results of HVSR inverse models. These were compared with 3D electrical resistivity models and other available geophysical data; additionally, this information was integrated, compiled and interpreted using data from several available boreholes in order to identify the main lithotypes and their thicknesses, as appropriate. Subsequently, all punctual thickness and depth data were spatially interpolated using a kriging algorithm available in the Surfer software v.16, provided by Golden Software, LCC (Golden Software, LLC, Golden, CO, USA). In this way, maps of both the bottom of the two water bodies and the thicknesses of the deposits were created (Figure 11 and Figure 12).



Significant deposit volume variation in the different sectors of SCGWB and BMGWB can be noticed by analyzing the two thickness maps.



With regard to SCGWB (Figure 11a), the largest thicknesses are found in the coastal sector. A maximum depth of about 70 m b.s.l. is noted at the mouth of the Rosmarino river. Other large thicknesses are defined at the mouth of the Furiano Stream. About 30–40 m of floods are, instead, described on the left of the Inganno Stream, in a position slightly decentralized from the current estuary. In the eastern part of the SCGWB, the thicknesses are not large, as seen on the sides of the Zappula Stream. Along the mountain river paths of the SCGWB streams, the floods have been described with thicknesses that generally do not exceed 4–8 m. The same values are present in the plain areas close to the hilly and mountainous areas.



The area described within the BMGWB, shown in Figure 12a, shows the highest flood thicknesses in the northern parts of the plain. In particular, proceeding from West to East, a thickness of the surface coulters of more than 100 m and maximum values of about 120–130 m were obtained for these areas: near the mouth of the Termini Stream, in a coastal area close to the Mela Stream, inside the sector situated in the south of Milazzo Cape, in the area of the mouth of the Niceto stream. Moreover, 70–80 m of deposits were found within the central section of the plain, between Barcelona P.G. and Milazzo towns and in some small areas along the mountain river rods. This occurs, for example, along the Termini stream and along other river courses situated in the east sector of the coastal plain. Thicknesses of 30–50 m are widely present in the coastal areas of the plain, as well as in some small parts of the mountain arms of the rivers. These higher sectors of the BMGWB are mainly characterized by minimum thicknesses, which do not exceed 10 m.





5. Conclusions


The integrated analysis of geological and geophysical data allowed us to reconstruct the thickness of the alluvial deposits present in the two water bodies of the North-Eastern sector of Sicily, exploiting all the stratigraphic and geophysical data available for the two coastal floodplains. In particular, VES data were re-interpreted using a laterally constrained joint inversion algorithm and a 3D interpolation of the inverse models to provide 3D models of the electrical resistivity for the studied areas. Further active and passive seismic surveys, distributed in the study areas, allowed us to characterize the water bodies also with regard to the seismic P- and S-wave velocity of the different lithotypes and alluvial sediments.



The joint performing and interpretation of seismic and electrical tomographies along the same alignment helped to identify, in detail, the seismic velocity, electrical resistivity and chargeability values for the most common lithotypes.



Using all stratigraphic data collected and the geophysical models achieved, maps of the bottom and of the thickness of the deposits filling SCGWB and BMGWB were reconstructed.



These maps are tools that can be used to quantify the water flow rates possibly present in the subsoil. With an appropriate monitoring network, the hydrogeological flow model for these coastal plains could be indeed defined. The latter is a useful elaboration to indicate the opportunity for aquifer exploitation and to individuate the possible causes that could deplete the wealth of the aquifer by forced emulation or pollution.



Furthermore, the geophysical models obtained can be used for stratigraphic studies since the geometric characteristics of deposits can be better defined. Moreover, the variation of the thickness of the alluvial sediments can be correlated with the recent tectonic activity and the rates of uplift experienced by the northern coast of Sicily.



Finally, using such detailed subsurface models is of great interest for studies addressing the characterization of the geological hazards of the two areas that were often affected, in the past, by floods and earthquakes. Furthermore, the models and maps obtained can be a valid aid for identifying and analyzing areas subject to flooding or liquefaction phenomena, and can constitute the starting models for local seismic response studies.



The illustrated research approach, conducted on the North-Eastern coast of Sicily, can be used in similar hydrogeological contexts with a shallow groundwater body, mainly constituted by alluvial deposits. The study shows that the integration of the results of multiple geophysical surveys, supported by the constraint of boreholes, is a useful instrument to define more detailed and accurate subsoil models. Therefore, the different geophysical techniques adopted allow us to reduce the uncertainties related to the results and models derived from the use of geophysical individual surveys.
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Figure 1. Geological sketch maps of the two investigated areas: the SCGWB on the left (a) and the BMGWB on the right (b). In the bottom left, (c) the structural map of Sicily, illustrating the main elements of the foreland–foredeep–chain system, is shown (modified from [52]). The location of the study areas of SCGWB (red dashed line) and BMGWB (blue dashed line) is highlighted in this latter map. The geological sketch maps (a,b) were drawn with the QuantumGIS 3.16 software, provided by Open Source Geospatial Foundation (OSGeo), adopting a DEM image as a topographic base. Polygons and lines present in these two maps are referred to the outcropping geological units and tectonic structures, based on geological chart [53] and explanatory notes [40]. The description of the geological units and tectonic structures of the two geological sketch maps is shown in the bottom-right panel. 
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Figure 2. Charts illustrating the location of the boreholes and geophysical surveys analyzed for the study areas. DEM images were used as a topographic base. On the map at the top (a), the data available for the SCGWB are shown, while on the map at the bottom (b), the dataset for the BMGWB is described. As regards the (b) map, in the bottom-right satellite image, the location of the array (yellow line) carried out in the Termini Stream is shown. This array is referred to as the ERT and the SRT realized in this portion of the stream valley. 
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Figure 3. (a) Example of aligned 1D inverse electrical resistivity models obtained from the VES soundings; (b) corresponding 2D resistivity section by lateral interpolation. 
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Figure 4. Results of seismic refraction tomography carried out inside the Barcelona–Milazzo Plain, within Termini Stream. 
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Figure 5. 2D models of resistivity (above) and chargeability (below) derived from the ERT and IPT carried out in the Plain of Barcelona–Milazzo, within Termini Stream (Array Termini). 
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Figure 6. Inverse model resulting from the MASW survey performed in the S. Agata–Capo D’Orlando plain. 
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Figure 7. Examples of inverse models related to the HVSR carried out within the Sant’Agata–Capo D’Orlando Plain. 






Figure 7. Examples of inverse models related to the HVSR carried out within the Sant’Agata–Capo D’Orlando Plain.



[image: Water 16 01048 g007]







[image: Water 16 01048 g008] 





Figure 8. Examples of inverse models related to the HVSR carried out in the BMGWB. 
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Figure 9. 3D model of the distribution of the logarithm of the electrical resistivity of the water body of the Sant’Agata–Capo D’Orlando Plain (SCGWB). 
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Figure 10. 3D model of the distribution of the logarithm of the electrical resistivity of the BMGWB. 
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Figure 11. Maps of the thickness of the floods (a) and the depth of the flood bed (b) reconstructed through the integration of geophysical and geological data available within the water body of Sant’Agata–Capo D’Orlando (SCGWB). 
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Figure 12. Maps of the thickness of the floods (a) and the depth of the flood bed (b) reconstructed through the integration of geophysical and geological data available within the water body of Barcellona P.G.–Milazzo (BMGWB). 
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