AREA RICERCA E TRASFERIMENTO TECNOLOGICO
SETTORE DOTTORATI E CONTRATTI PER LA RICERCA
U. 0. DOTTORATI DI RICERCA

PhD in Earth and Marine Sciences
Department of Earth and Marine Sciences (DiSTeM)
Scientific Sector GEOS 04/B

3D GEOLOGICAL AND GEOPHYSICAL MODELS OF THE
SUBSOIL

PhD STUDENT COORDINATOR

Alessandro Canzoneri Pl%j%stian Z:;)tj/ti

TUTOR CO TUTOR
Prof. Raffaele Martorana Prof. Mauro Agate
W M%—&
XXXVII CICLO

A.A. 2023/2024






ABSTRACT (pg.1)
INTRODUCTION (pg.2)

CHAPTER I - GEOPHYSICAL METHODOLOGIES (pg.6)

1.1 Seismic Refraction Tomography (SRT) (pg.6)

1.2 Multichannel Analysis of Surfaces waves (MASW) (pg.8)

1.3 Horizontal to Vertical Spectral Ratio method (HVSR) (pg.11)

1.4 Vertical electrical sounding (VES) (pg.15)

1.5 Electrical Resistivity Tomography (ERT) and Induced polarization tomography (IPT) (pg.17)
1.6 Transient Electromagnetic (TEM) (pg.19)

CHAPTER Il — MULTIDISCIPLINARY STUDY TO RECONSTRUCT 3D SUBSOIL MODEL
IN URBAN AREAS (pg.20)

2.1 Description of the Case Study of the Palermo Plain: Objectives, Studied Areas, Data Used, Results
Obtained (pg.20)

2.2 Previous geological and geophysical data (pg.22)

2.3 Geological and geomorphological setting (pg.23)

2.4 Geological data collected (pg.26)

2.4.1 City GIS database (pg.26)

2.4.2 Stratigraphic reconstructions derived from boreholes analysis (pg.29)

2.4.3 Stratigraphic reconstructions derived from well cutting, trenches and outcrops

analysis (pg.31)

2.5 Geophysical data collected (pg.40)

2.5.1 SRT and MASW surveys (pg.40)

2.5.2 HVSR surveys (pg.52)

2.6 Reconstruction of the 3D model of the Palermo, close to the Oreto River (pg.59)

2.7 Discussion on the model produced and conclusion about the case study (pg.64)

CHAPTER IIl — MULTIDISCIPLINARY STUDY TO CHARACTERIZE THE SURFACE
WATER BODIES THROUGH THE CONSTRUCTION OF GEOPHYSICAL
AND GEOLOGICAL 2D AND 3D MODELS (pg.66)

3.1 Description of the cases study of the Caronia (CGWB), Sant’Agata -Capo d’Orlando
(SCGWB) and Barcellona P.G. -Milazzo (BMGWB) Groundwater bodies,; Objectives, Studied
Areas, Data Used, Results Obtained (pg.66)
3.2“Geophysical Constraints to Reconstructing the Geometry of a Shallow Groundwater
Body in Caronia (Sicily)” (pg.67)
3.3“Coastal Groundwater Bodies Modelling Using Geophysical Surveys: The Reconstruction of the
Geometry of Alluvial Plains in the North-Eastern Sicily (Italy)” (pg.89)

CHAPTER 1V - MULTIDISCIPLINARY STUDY TO PRODUCE A SUBSOIL MODEL
USEFULL FOR THE SEISMIC CHARACTERIZATION OF AN AREA (pg.111)

4.1 Description of the case study of the plains of San Vito Lo Capo, Macari and
Castelluzzo; Objectives, Studied Areas, Data Used, Results Obtained (pg.111)

4.2 “Near Surface Geophysics Contribution for First Level Seismic Microzonation Studies
For The Municipality Of san Vito Lo Capo, Western Sicily, Italy.” (pg.112)

CHAPTER V — CONCLUSIONS (pg.122)
REFERENCES (pg.123)

ACKNOLEDGMENTS (pg.130)






ABSTRACT

This work has been developed to highlight the importance of an integrated approach between
geological and geophysical data in the construction of 2D and 3D subsoil models. This approach
allows the best of the information available from both datasets for different research areas and in the
new field of engineering applications. In this work several case studies will be presented, in which
the implementation of pre-existing datasets through geophysical methodologies has been aimed at a
more detailed definition of the subsoil in areas of alluvial and coastal plain of Sicily. First is presented
the case study of the plain of Palermo in which a 3D model of the area near the Oreto river is
reconstructed. This first case is presented to show how the integrated geological and geophysical
approach can be used in urban contexts by better describing paleo morphologies masked by the urban
network. A second part of the work is focused on the construction of water bodies in the province of
Messina; also, in this case the geological data were coupled with geophysical data. In the specific
case of soil 3D-models of soil resistance, after integration with other geological and geophysical data,
it was possible to define the thicknesses of alluvial coverings. A third part of the work is devoted to
the case study of the coastal plains of the peninsula of San Vito Lo Capo, in the province of Trapani.
In this field, geological and geophysical data were interpreted and processed together to define a
preliminary study for the computing of the local seismic response.



INTRODUCTION

The project entitled "3D Geological and Geophysical Models of the Subsoil" aims at constructing
accurate geological and geophysical models of the subsoil. Within the project underground modelling
of several urban and rural areas of Sicily, represented in figure 1, was carried out. These models were
mainly constructed by a joint interpretation of data derived from different geophysical methods and
stratigraphic data.

The main goal of this work is to highlight the importance of multidisciplinary geophysics and
stratigraphic approach to define bidimensional and tridimensional models of the subsoil. Within the
profession of a geologist this kind of approach is translated into a multidisciplinary study of an area
and its physical environment to produce correct and accurate geological modelling that serves to
monitor, plan, secure and protect human and productive activities.
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Figure 1: Study areas circled in red; proceeding from west to east: area of the municipality of San
Vito, province of Trapani, area of the plain of Palermo,; exanimated areas of the province of Messina
(Caronia, Sant ‘Agata, Capo D'Orlando, Barcelona Pozzo di Gotto, Milazzo).

For this reason, the several case studies presented in this work are indeed mainly focused on the
importance of the joint interpretation of data acquired by geophysical surveys and geologic data to
better define the subsoil features. The geophysical data acquired had been constrained by the
information derived from direct investigation to provide a fundamental tool for the integration and
definition of subsurface models and to emphasize the main risks that could affect a studied area. This
practice is well known to be widely used and is useful to increase the robustness, precision and
accuracy of subsurface models. The kind of work carried out in this study is summarized in a
workflow model shown in figure 2.

The multidisciplinary and integrated building of these models proves extremely useful in urban and
touristic and industrialized areas. In these highly populated areas, it is not always possible to carry



out direct surveys that provide information on the subsoil. Therefore, it appears extremely helpful to
reconstruct the geological model of the subsoil based on data derived from previous direct
investigation, integrating them by geophysical surveys. This is one of the main topics for urban area
2D and 3D subsoil reconstruction considering the actual cost of geophysical instrumentation; the
relationship between the amount of data acquired and the economic evaluation of a geophysical
survey makes geophysical methodologies quite economical compared to direct investigations to
produce accurate subsoil models.

The multidisciplinary approach, presented in this work, had often been used in several application
fields like geological surveys (Smallwood & Maresh, 2002, Martelet et al.2004, Zhang et al.2022),
archaeological research (Cardarelli & Di Filippo, 2009, De Beer et al., 2012, Moscatelli et 1., 2014),
studies about local seismic site effects and engineering works (Shaffner et. al 2009, Panzera et al.,
2022). During the past these kinds of models, realized integrating geological and geophysical data
have also been used for hydrogeological research for various purposes, from the protection of aquifers
to the definition of groundwater volumes (Martorana et al. 2014, Panagopoulos et. al. 2021, Tarallo
et al. 2023) Moreover, this workflow had also been helpful to reconstruct the geological model of the
subsoil in urban areas (Andersen 2020, Gutierrez et al. 2023).

The geological and geophysical models described in this work, both two-dimensional and three-
dimensional, have been realized for the subsoil of the Northern Sicily coast (figure 1). The activity of
acquisition of geophysical and stratigraphic data has concerned coastal and alluvial plains and river
valleys located in the provinces of Trapani (San Vito Lo Capo, Macari, Custonaci), Messina (Caronia,
Sant'Agata-Capo D'Orlando, Barcelona-Milazzo) and Palermo. For the latter sector in particular,
many mechanical surveys were considered useful to calibrate geophysical surveys.

The choice of study areas stems from the fact that Sicily is a geologically complex area. Increasing
knowledge of the geological and geophysical model is a very problematic subject. In this sector, in
fact, to the geological complexity resulting from the overlapping of different geological environments
and tectonic phases of various kinds is added an important seismic activity.

In particular, the sectors studied are alluvial and coastal plains that are areas 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.

Moreover, in these areas’ new direct surveys, which are very expensive, are hampered by the presence
of a dense urban network that also masks the original morphologies.

For these reasons, geological and structural characterization, through geophysical methodologies and
already collected geological data, could lead to an increase in knowledge useful to model and manage
water resources, anthropic activities and natural hazards in urbanized coastal plain.

Firstly, this workflow can be used for the reconstruction of the geological model of the subsoil in
urban areas. Defining the geometry and extension of the lithotypes is indeed useful for the definition
and implementation of urbanistic plans but as often happens in highly populated areas, it is not always
possible to carry out direct surveys that provide information on the subsoil. Therefore, it appears
extremely helpful, in an urban context, constructing geological models defined based on geophysical
surveys integrate with available subsoil information derived from previous direct surveys. For the
urban area these reconstructions allows us to identify the original natural constraints, such as the
presence of watercourses, which influenced the primary anthropized landscape evolution and to
understand which urban areas are nowadays subjected to geological hazards.



In addition, describing the lithology and geometry of the sedimentary bodies could be useful to
circumscribe and quantify water bodies, allowing their hydrogeological study, monitoring and
assessment of possible exploitation.

Finally, this study is extremely handy to implement information on the areas under consideration,
thus providing indications on peculiar elements (sediment thickness, presence of faults, uplift
estimation) caused by seismic activity and that are involved in the development of the latter.

To summarize, the 2D and 3D modelling of the subsoil, based on the integration of geological and
geophysical data, can be considered a fundamental instrument to investigate and detail the
characteristics of the subsoil. This approach can be used for different study sectors like urban subsoil
reconstruction, the quantification of water bodies extent and the seismic risk analysis, to obtain a
clearer understanding of the features of a studied area.

The research activity described in the work is essentially based on the processing of active and passive
seismic, geoelectric and electromagnetic data the interpretation of the data previously collected
geophysical data, correlating them with geological and geotechnical data obtained from mechanical
surveys, field surveys or bibliographical studies or previous work. The geophysical data acquired in
this work are derived from the following geophysical techniques: Seismic Refraction Tomography
(SRT) (Rawlinson et al., 2010); Multichannel Analysis of the Surface Waves (MASW) (Park et al.
2000); analysis of seismic noise with the Horizontal to Vertical Spectral Ratio (HVSR) (Nakamura
1989, 1996, 2000) Vertical Electrical Sounding (VES) (Kosinski & Kelly, 1981); Electrical
Resistivity Tomography (ERT) (Loke et al. 2015); Induced Polarization Tomography (IPT) (Seigel,
1959); Transient Electromagnetic (TEM)( Mejy 2005, Goldman et al.,1994 ).

The inversions of geophysical data and their interpretation were constrained by geological and
geotechnical data obtained from wells stratigraphy. Moreover, the combined and integrated use of
different geophysical methods has long been considered extremely useful for the definition of
subsurface characteristics (Carollo et al. 2020, Cafiso et, al 2023) and for the subsequent elaboration
of 2D and 3D models. Following this approach, the inversions of several acquired data had been
limited by data obtained with other geophysical techniques. For example, some subsurface models
Vs have been obtained by forcing the inversion of HVSR curves from velocity Vs derived from
MASW surveys carried out (Castellaro & Mulargia 2009, Dal Moro 2024, Castellaro 2016).

The geophysical data analyzed mainly describe the seismic waves velocity pattern and electrical
resistivity with depth. These had been used to estimate the depth of the seismic bedrock and the
thickness and seismic velocity features of the overlying deposits.

The project is part of the PON (Programma Operativo Nazionale)""Research and Innovation" 2014-
2020 Asse 1V "Education and research for recovery" Action IV.4 "Doctoral degrees and research
contracts on innovation themes". In particular, the project is part of the thematic area "Digital Agenda,
Smart Communities, intelligent mobility systems: technological development paths to national
priority" of the SNSI (Strategia Nazionale di Specializzazione Intelligente ), particularly in the
trajectory "Systems for the safety of the urban environment, environmental monitoring and
prevention of critical events or risks" and in the large PNR (Programma Nazionale per la Ricerca )
area "Security for social systems", under "Security natural systems".

For this reason, a six-month long stage was performed at SERING S.r.1. The company is responsible
for several projects related to various infrastructures in the areas of Palermo; this allowed continuous
and indispensable access to the site that facilitated data acquisition operations and analysis. The firm
also provided access to its archives, from which further data were extracted to deepen knowledge of
the areas studied.

In this work, the first chapter will briefly present the geophysical methodologies used to collect data
on the models produced.

The following chapters present the different case studies in the areas of northern Sicily highlighting
the importance of a multidisciplinary approach to 2D and 3D underground modelling for specific
research topics.



In this way the second chapter shows the workflow applied for the reconstruction of a 3D model of
the subsoil in urban areas representing the case study of the Palermo plain. The sector of the plain
closer to the Oreto River has been analyzed, collecting geophysical and geological data, in an effort
to reconstruct the features of the pre-anthropic landscape (Canzoneri et al 2024).

In the third chapter the importance of the integration of geological and geophysical surveys to define
2D and 3D models of the subsoil within alluvial plains is shown. In this chapter the case studies
regarding several water bodies of the north coast of Sicily are reported: the Caronia Water Body
(CGWB), the Sant ‘Agata di Militello — Capo D’Orlando water body (SCGWB) and the Barcellona
Pozzo di Gotto — Milazzo water body (BMGWB). These studies have been conducted to characterize
the thickness of the deposits consisting the three groundwater bodies and to identify the depth of the
bedrock by the integration of geological and several geophysical surveys. These studies were
published in two papers submitted to the journal Water in September 2023 and April 2024 (Canzoneri
et al 2023 b, Capizzi et al 2024).

The fourth chapter regards the case study about the San Vito, Macari, Castelluzzo plains. This shows
the work made, integrating geophysical and geological data, to realize subsoil models useful to define
the seismic risk that could affect an area. These studies were conducted to define the first level seismic
microzonation of the Municipality of San Vito lo Capo. This work is presented in a long abstract
submitted to the 41st National Conference of the GNGTS (National Group of Solid Earth
Geophysics). The conference took place in Bologna from 7 to 9 February 2023 and an oral
presentation about the work was provided. (Canzoneri et al.2023 a).

The final chapter will be a short and conclusive evaluation and review of results obtained in each
study area.
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Figure 2: workflow followed for the cases study analyzed in the different application fields



CHAPTER1
GEOPHYSICAL METHODOLOGIES

This chapter will briefly list the geophysical methodologies used in the field or related to data acquired
from previous work. The principles of each technique and their main characteristics will be described.
The methodologies presented are: Seismic Refraction Tomography (SRT); Multichannel Analysis of
the Surface Waves (MASW); Horizontal to Vertical Spectral Ratio (HVSR); Vertical electrical
sounding (VES); Electrical Resistivity Tomography (ERT); Transient electromagnetics (TEM).

1.1 Seismic Refraction Tomography (SRT).

Seismic Refraction Tomography (SRT) allows the reconstruction of an image of the subsoil
distribution of seismic wave velocity and its anomalies with high resolving power. This technique is
an indirect, active seismic survey that uses refracted waves generated by contrasts of waves velocity
to reconstruct subsurface characteristics.

The SRT technique allows the acquisition of two-dimensional sections of the seismic velocity of P
and S waves. This seismic survey technique is based on the analysis of the propagation times of
seismic waves. The direction of propagation of the waves in depth follows Snell’s law and at each
interface there are phenomena of refraction, reflection and diffraction. In refraction surveys, as the
name implies, only refracted waves will be considered.

By observing the propagation of elastic waves, this technique allows us to study the behavior of rocks
by detecting their routes and the velocities at which they propagate. By analyzing wave propagation,
information is obtained on the nature and geometry of the subsoil, and the presence of elastic
discontinuities which make the wave propagation paths vary. The velocity of seismic waves depends
on the density and elastic properties of the material crosses. These properties are attributable to the
lithological characteristics of the substrate investigated.

The main objective of the SRT technique is to detect the path of the seismic beam and the shortest
travel time, usually referred to as the first arrival of the seismic waves, between the source and the
receivers (figure 3). Data acquisition is conducted in the field according to a precise configuration of
source and receivers. The source is usually a swinging mass, usually a hammer, of various sizes. This
strikes a plate located at a known distance from the receivers and generates a seismic signal that is
detected by a group of receivers called geophones, which are arranged according to an appropriate
configuration called array. Geophones detect the generated signal and transform it into electrical
pulses. These travel within a multichannel cable that transfers the data to the capture and storage
system named seismograph.
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Figure 3: Schematic representation of a seismic refractive survey (from Dangeard et al., 2018)



The acquisition system is based on the connection of the plate and the hammer respectively to the
opposite poles of the multichannel cable. When the hammer strikes the plate the circuit closes. This
generates the trigger signal corresponding to the signal that triggers the recording. In this way, the
initial instant of recording at the geophones coincides with the energization by the battery, called the
shot, which generates the elastic waves at an instant t0. To reconstruct the velocity variation of the
generated waves in the subsurface, it is necessary to perform several energizations in different
positions along the array.

The data are recorded and shown on a seismogram for each shot taken. The experimental data
analyzed are the times of first arrival of wave trains at different recording points where the geophones
are located. This operation is carried out by picking the first arrival times. The trace picking allows
us to identify the exact position of first arrival of a P or S wave relative to each individual geophone
within the seismogram produced by any single shot (figure 4).

Station Number

Time (ms)
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Figure 4: An example of picking a seismic trace from Rayfract (™) Userguide Manual)

After picking each trace of a seismograph, the so-called dromochrone are obtained. The dromochrone,
also kwon as travel-time curves, represents the arrival times of seismic waves as a function of distance
from the source. The dromochrone graph (figure 5) is a diagram in which one axis reports the position
of the receivers (or the distance from the source) while the other axis indicates the time taken to reach
the receivers by a given type of seismic wave. In a model with two uniform layers in which the
underlying layer has a velocity V2 > V1 the dromochrone graph is represented by two straight
segments.
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Figure 5: An example of dromochrones acquired by a seismic refraction survey from Belmonte-
Jimenez et. al.2012.



Starting from dromochrones, refraction seismic tomography allows us to obtain a picture of the
velocity distribution in the subsurface highlighting the continuous changes in velocity rather than a
layered model, which is typical of the other refraction survey methodologies like intercept time
(Willmore & Bancroft, 1960), delay-time (Barry, 1967), plus-minus (Hagedoorn, 1959) and
generalized reciprocal (Palmer, 1980) methodologies.

The tomographic technique involves the creation of an initial synthetic model of the subsurface. This
initial model is the basis for several inversions realized in search of the minimum deviation between
the data acquired on the ground and the measurement recorded on the synthetic model. This analysis,
, performed through interactive procedure described by Kirsch (2006), can be summarized as the
solution of a large inverse problem to obtain a heterogeneous seismic model (figure 6) that is
consistent with observations (Rawlinson et al., 2010, Cafiso et al., 2023).

In this work, field-acquired refractive seismic data were analyzed with the Rayfract™ software”. This
software allows data inversion to be carried out by following different steps and inversion algorithms:
specifically, the Delta-tV method was first used (Gibson et al., 1979) to generate an initial one-
dimensional model (Gebrande & Miller, 1985; Rohdewald, 2011). Subsequently, based on the initial
models obtained from Delta-tV, further iterations were made using the eikonal travel time method
(WET) (Schuster & Quintus-Bosz, 1993) which also models the multiple paths of signal propagation
and wave diffraction. Working with this algorithm, numerous iterations were made to produce models
that present a root mean square error equal to or lower than 5 % or a good correlation with the
available geological data.
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Figure 6: An example of seismic refraction tomography from Cafiso et. al.2023.

1.2 Multichannel Analysis of Surfaces waves (MASW)

The Multichannel Analysis of Surface Waves (MASW) method (Park et al. 2000) has represented an
important advancement in surface wave analysis due to the integration of spectral analysis and
multichannel recording systems. The MASW method provides the evaluation of important
mechanical characteristics of the soil through the analysis of the geometric dispersion of surface
waves.

The dispersion phenomenon is observed in a subsoil composed by some heterogeneous strata or
geological units (figure 7). In these conditions, where layers with different mechanical properties are
present, the behavior of surface waves becomes dispersive: different frequencies correspond to
different phases of velocities. Therefore, in the case of heterogeneous strata or geological units,
surface waves exhibit multiple phase velocities at different frequencies: this phenomenon depends on
the spatial distribution of the seismic properties of the subsoil.
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Figure 7: The dispersive behavior of Rayleigh waves in a stratified subsoil.

The MASW method is an active survey technique. The acquisition phase involves recording surface
waves generated by a source with vertical or horizontal impact using a striking mass. The signal
produced is recorded using a set of geophones with either vertical or horizontal components, placed
on the ground surface. The signal acquired from the geophones is transmitted via a multichannel cable
and recorded by a datalogger, known as a seismograph. The configuration normally used for MASW
measurements as shown in figure 8 (Jafri et al., 2018).
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Figure 8: Schematic representation of a MASW survey from Jafri et al., 2018.

The main objective in the MASW data processing phase is to extract information on different
velocities (phase velocities) that characterize the dispersion cone from the seismic section recorded.
The analysis of the recorded signal dispersion is usually realized in the frequency - phase velocity
domain that allows to easily detect the properties of the recorded signal.

In the processing phase indeed, firstly is realized the transition of the recorded signal from the time-
distance domain to the frequency- number of waves domain by applying the Fourier transform. The
acquired data is then translated into the frequency- phase velocity domain using the following
equation:

V=2nf/k (1)

In this equation V is the phase velocity, f the frequency and k the wave number.

In the frequency-velocity phase domain, the values of the oscillation amplitude are represented with
a color scale. They are proportional to the amount of energy propagating, for a given frequency, with
different wave numbers, as shown in figure 9. By sampling the maximum amplitude values for each
frequency, curves are obtained which relate to each vibratory mode the frequency, wave number and
phase velocity. By means of this operation, called picking (figure 9a), an experimental dispersion
curve is defined.
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Figure 9: Dispersion curve picking in the frequency-phase velocity domain (4) and Vs vertical profile
(B) obtained from the analysis of a MASW survey from Cafiso et. al.2023.

The inversion step allows a vertical profile of the S-wave velocity to be defined from the dispersion
curve obtained from picking the velocity spectrum (figure 9b). The software used for the analysis and
inversion of the MASW data is winMASWT™™; This software allows the inversion process develops
into three main phases.

The first involves the definition of an initial model of the subsoil characterized by several layers in
which the underground could be hypothetically subdivided based on previous knowledge; to each
layer is attributed a value of thickness, Vs, p (density) and v (Poisson ratio) that reconstruct a synthetic
dispersion curve.

In the second stage, the initial synthetic model produced is modified by a Genetic algorithm (Eliosoft
2010) which is used to minimize the distance between the experimental computed dispersion curve
and the theoretical dispersion curves produced by the synthetic model reconstructed; The result of
inversion is a vertical profile consisting in several seismic strata with thickness and values of Vs, p
(density) and v (Poisson ratio) that varying for each layer. A root mean square error value, due to the
discrepancy between experimental and synthetic curve, is attributed to the inversion.

The third phase involves an assessment of the mathematical and geological reliability of the inversion
process. This assessment is carried out by analyzing both the geological knowledge acquired, as an
example from a borehole carried out near the MASW surveys, and by evaluating the misfit between
the experimental dispersion curve obtained from picking and the synthetic curve produced by the
velocity model defined by the inversion. Following this approach, the inversion algorithm is once
again applied to the synthetic curve produced by the previous inversion to reduce the root mean square
values that quantify the misfit range; this iterative process, in which the initial synthetic model is
constantly modified to reach a good compromise between experimental and synthetic data, is repeated
several times.

Usually when the root mean square value is equal or close to 0 the inversion phase can stop; the final
model produced, derived from the data inversion, should be the most reliable consider both the
geophysical and geological characteristics of the studied area.

The MASW method has many advantages over other survey techniques in that it allows the Vs profile
to be detected even when there are inversions of velocities in the underground. The MASW method,
on the other hand, gives information only on the most superficial part of the soil (30m-50m),
depending on the nature of the source. Other disadvantages are the limitations imposed by the
theoretical foundations of the MASW method. In fact, the basic hypothesis refers to a stratified half-
space with parallel and horizontal layers, so a limitation of its applicability could be represented by
the presence of significant slopes. In practice it has been observed that if the test is carried out on a
steep slope, it involves a translation of the experimental dispersion curve. This problem can be solved
by measuring in a direction perpendicular to the maximum slope.
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1.3 Horizontal to Vertical Spectral Ratio method (HVSR)

The Horizontal to Vertical Spectral Ratio method (Nakamura 1989, 1996, 2000) is a key tool for site
amplification estimation using seismic noise recordings.
Seismic noise is made up of ubiquitous ground oscillations ranging in amplitude from a few microns
to several tens of microns. These imperceptible movements of the ground are generated both by
natural vibrations, such as wind and rain, and by anthropic sources; these oscillations are formed by
the overlapping of waves of surface and volume.
The HVSR method allows the estimation of the site resonance frequency through the ratio of the
average of the two horizontal components (H) of the spectrum and the vertical component (V) of the
spectrum of the background noise recorded at a site. The H/V functions can be inverted, if
appropriately constrained, to derive a model of velocity distribution of S-waves in sedimentary cover.
For the definition of the HVSR methodology, Nakamura based his research on several assumptions
and evaluated studies and reports produced from previous research on ambient noise and the
relationships between this one and seismic amplifications. Moreover, Nakamura exposed also several
considerations about the subsoil transfer function; the function describing how the subsoil transforms
a seismic oscillation that travel through it. A detailed explanation of Nakamura’s assumptions and the
application of the HVSR technique and its developments is described by Xu, R., & Wang, L. (2021)
that also provided the useful scheme represented in figure 10; basing on this scheme the principles of
this methodology are briefly illustrated.
According to Nakamura, movements recorded by a sensor installed on a free surface can be analysed
in the form of HVSR spectral ratio between the horizontal (Hs) and the vertical (Vs) components of
motions; In this way HVSR value can be expressed as follows:

Hg
HVSRs = 7
A first assumption of this methodology requires that an HVSRg values computed for a seismic sensor
hypothetically installed in the underground on a bedrock is equal to 1 considering that both horizontal
and vertical waves travel equally on bedrock:

Hg
HVSRg =—=1

Vg
The method moreover assumes that when a seismic wave travels from the bedrock to the surface, the
vertical transfer function TFyv computed by a sensor positioned on the surface deposits should be
equal to 1 due to the vertical component of that should not increase its oscillation like show in the
following relation where Vg and Vs represent the amplitude spectra of the vertical component at
bedrock and free surface respectively:
TF, = E =1

vEY T

Considering the same model, the relation reported below show the transfer function that describe the

transverse component of the oscillation:
H;
TFH =
Hg
This latest formula can also rewrite as follow considering the assumptions and the relations before

presented:
rp B Hs Vo Vo Hs

Hg Vg Vg Hg Vs
According to Nakamura, the relationship between HVSRs and TFy, illustrated in the following
formula, allow to understand how local seismic features of an investigated sector can be detected by
the spectral ratio between horizontal and vertical components of a recorded ambient noise.
HVSRs = TFy
To summarize the Nakamura assumptions, base of the exposed formulations , can be listed as follows:
Ambient noise is mainly made up of volume waves and a little account can be taken of the
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contribution of surface waves ; the vertical component of the amplification of volume waves is
minimal when this wave moving from bedrock to upper deposits characterized by low velocities; the
ratio between horizontal and vertical components of an oscillation recorded in the top of a bedrock
surface is about 1. Thus, the TF transfer function is mainly influenced by horizontal wave
amplifications at the transition from bedrock to sedimentary cover. The ratio between horizontal and
vertical component of a recorded signal provides some peaks that are related to the passage of an
oscillation from layers characterized by high velocities to layers presenting lower velocities during
its travel to the surface; within this passage an amplification of the horizontal components of the
oscillation happened that produce an increasing of the values of the horizontal spectral components
of a recorded signal and the presence of a peak in the spectral ratio curve (figure 11).Nakamura’s
multiple assumptions and the principles of HVSR theory were often contested and discussed and were
the subject of numerous works and reviews on this methodology (Mucciarelli & Gallipoli., 2001,
Molnar et al., 2018); these studies are relevant considering that this methodology is often used in
public work and in the base of several studies focused on the seismic characterization of a region.

Soil Station (Hs, V) Rock Station (Hg, V;)
= o =g ,
@
[ ) / Bedrock
o Soil
)
@

Bedrock Station (Hg, V;)
Bedrock

Figure 10: A schematic representation provided by Xu, R., & Wang, L. (2021) to explain the HVSR
methodology principles.

The HVSR methodology requires the acquisition of environmental seismic noise measurements
through a tri-directional acquisition system with sufficient sensitivity. Due to the stochastic nature of
ambient noise and the need for an average spectral ratio, the measurement must be carried out over a
sufficiently long interval to ensure statistically adequate sampling (Piccozzi et al. 2005).

The spectral curves (figure 11) are obtained by calculating the H/V ratio by dividing the acquired
signal into windows of equal duration. For each window, the signal amplitude spectrum in the three
components is estimated and the final curve produced is the results of the H/V ratio computed by the
average of all values computed in each window for each frequency. Recording a given ambient noise
for a long time and the analysis of this signal subdividing the data acquired into windows increases
the statistical value of the curve and allows individualize and eliminate portions of seismograms
containing environmental disturbances. Ambient noise recorded during a not sufficiently long-time
acquisition, less than 10 minutes, may be affected by abnormal amplifications that would not be
present if we repeated the measurement even after a short time in the same position. These outliers
are often related to anthropic environmental disturbances (vehicles, machinery oscillations) that alter
the average of values recorded during an acquisition, especially if short-lived. A longer acquisition
would allow us to identify and eliminate these possible disturbances, easily recognizable as they are
present in some time windows and not equally throughout the entire duration of the recording.
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This type of acquisition and subdivision, then, has many advantages: it is reduced or cancelled the
elements of disturbance that can affect the quality of the measurement, also increasing the stability,
representativeness and veracity of the signal.

frequency (Hz)

Figure 11: Representation of the horizontal-to-vertical spectral ratio (HVSR) curves obtained from
several microtremor acquisitions from Cafiso et al., 2023.

The basic hypothesis of this technique refers to a strictly one-dimensional model with homogeneous
and parallel horizontal layers with strong impedance contrast compared to the rigid base. This means
that only a mechanically remarkable contrast between different lithotypes generates a net peak in the
HVSR function. In contrast, when there are regular velocity gradients without significant impedance
contrasts, the HVSR methodology generally fails to show a clear amplification peak.

e — 5= MY stabibty, L'Aguila @umarcantoaie), Usiversits... - (O | X |

DER: | mm

fequincy 1)

Figure 12: Working screen of the software Grilla ™

To fully evaluate the response of the site the acquired microtremors data were processed using Grilla
™ by Micromed S.P.A., which enables spectral analysis of the H/V ratio from ambient noise
recordings. This software allows a full analysis of processed traces and the resulting H/V ratio.
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Firstly, the spectral ratio calculated as a function of frequency can be observed as shown in figure
12a; from this representation the resonance frequency for the site under consideration can be
identified.

Secondly, the amplitude spectra of the three components NS, EW, UD can be displayed (figure 12b).
This graph can distinguish whether the peak in the HVSR function is of natural or anthropogenic
origin: for a natural peak, the vertical component will show a minimum amplitude and the horizontal
components a maximum, or vice versa in cases of velocity inversion in the subsoil. In the case of an
anthropogenic peak there will be a maximum amplitude in all components at a given frequency
instead.

Grilla also allows us to make considerations on the H/V Stability, and therefore on the natural or
anthropogenic origin of the signal, observing the spectrogram of the HVSR function (figure 12c¢). If
this shows, for a given frequency, a spectral ratio that is kept constant over time, the source of the
acquired signal can be defined as natural. If a frequency shows an isolated peak over time, it is likely
anthropogenic and time windows with isolated frequency peaks not consistent over time should be
removed.

Finally, Grilla allows a directional analysis of the HVSR signal. Considering the orientation of the
instrument set at 0° North, the prevailing direction of ambient noise recorded for the different
frequencies is analyzed. Based on the shape of this graph (Figure 12d), it is possible to interpret
polarization of horizontal components, indicating unnatural transients or complex structures
inconsistent with a one-dimensional model. The HVSR signal directionality analysis can also be used
to determine certain natural phenomena, such as strong atmospheric disturbances or even the presence
of linear or planar elements such as faults (Panzera et al. 2020) and landslide triggering surfaces
(Panzera et al. 2013, Maresca et al. 2022). In these cases, the presence of these elements amplifies
the signal along a certain angle with respect to the point of acquisition.

The Grilla software allows the inversion of HVSR curves to obtain a one-dimensional model of the
subsoil based mainly, but not exclusively, on the distribution of the Vs in depth (figure13b). The Vs
subsoil model inversion generates a synthetic model (blue curve in Figure 13a) aligned more closely
with the experimental curve model (red curve in Figure 13a). The characteristic parameters of each
layer described in the model are thickness, Vs, Vp and Poisson ratio. The modeling process is
constrained by data from previous surveys, such as borehole stratigraphy, penetrometric tests, or
MASW near the HVSR recording point. Without this kind of constraint there would be infinite sets
of parameters that can fit to the same curve.
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Figure 13: A) An example of a theoretical curve (blue) superimposed on the experimental HVSR curve
function (red). B) Vs velocity model of the subsoil provided by the HVSR inversion.
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1.4 Vertical electrical sounding (VES)

Vertical Electrical Sounding is part of the geoelectric methods. This method studies the distribution
of electrical resistivity in the subsoil. Electrical resistivity is inversely proportional to conductivity.
The law of Archie, refined by later studies, explains the dependence of conductivity on other natural
factors:

02 = OwX P40 clays (2)

According to this, the conductivity of a water-saturated rock (ca) depends on both the conductivity
of the liquid filling the rock (ow) and the porosity of the rock (¢). In addition, the soil conductivity
is also influenced by parameters like soil temperature and clay content (o cays), Which is often
considered as an addition to the electrical conductivity, depending on the cations present and their
exchange capacity (Keller and Frischknecht, 1970). In formula “m” is a factor between 1.2 and 1.9.
Electrical resistivity is the inverse of conductivity and represents the property of a material to resist
the flow of electric current. It is a specific physical quantity and therefore cannot be directly
investigated and apparent resistivity (pa.) measurements are carried out. The apparent resistivity can
be considered as a "mean" of the resistivity of the elementary volumes of the subsoil, whose
contribution is "weighed" in relation to their position with respect to the measuring electrodes and the
current passing through them.

Geoelectric methods are based on the relationships between electrical resistivity, current and
potential, described by the Ohm laws. According to these the electrical potential due to a point current

source located in xs is given by:
1 /3
Vs ety )] = 28 Gs) (3)

in this formulation p is the resistivity, ¢ is the potential and jc is the charge density. The solution of
this equation solves the direct problem, that allows us to calculate the potential at any point on the
surface or inside the medium if the resistivity distribution is known.

Apparent resistivity measurements can be made with various types of electrodes configuration: four
electrodes are sufficient for all the configuration: two to input current (a current dipole in which the
electrodes are generally called A and B) and two to measure the potential difference (a potential dipole
in which electrodes are generally called M and N).

An apparent resistivity measurement is then carried out by measuring the current input (I) between
the current electrodes, A and B, and the potential difference AV generated by the above-mentioned
current between the electrodes of potential, M and N. To calculate the apparent resistivity (pa) the
"measured resistance" R, that is the ratio of potential difference to input current, is multiplied by the
geometrical coefficient K.

pa=KR=K AVMN/IAB (4)

The K factor depends on the geometry of the body in which the apparent resistivity measure is
performed and is also related to the electrode distribution used for the measurement. The K factor
serves to return an apparent resistivity value, which corresponds to the real resistivity of the subsoil
only in the simplifying hypothesis that it is homogeneous and isotropic.

Vertical Electrical Surveys (VES) are one-dimensional (1D) electrical surveys that reconstruct the
trend of resistivity along a vertical. They consist of a series of apparent resistivity measurements
aimed at an interpretation with horizontal flat layer models characterized by the same electrical
resistivity values for each identified layer. VES surveys consist of successive measurements of
apparent resistivity, these are performed extending progressively the distance AB between the current
electrodes keeping the potential electrodes MN fixed or spacing ranging those latter in such a way as
to leave the projection to the surface of the center of the array inside the center of gravity of the
presumed volume investigated. For small interelectrode distances only small and shallower portions
of the soil will be affected and as the electrodes A and B move further apart, deeper subsoil layers
will be investigated

The Schlumberger configuration is the most well-known and widely used array. In a Schlumberger
alignment the current electrodes are external while the potential electrodes are positioned in the
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internal sector of the array; these latter are located at the center of the array and the distance between
them is very small relative to the total length of the alignment, practically less than 1/5 of AB. The
mesurement is carried out by progressively increasing the distance between A and B (figure 14a).
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Figure 14: A) Schematic diagram of a Schlumberger survey experienced on flat horizontal soil. B)
The representation of the apparent resistivity data acquired by the survey.

The experimental data are given on a bi-logarithmic graph, where the half-electrode spacing AB/2 is
represented on the x-axis and the apparent resistivity in the y-axis (Figure,14b).

After data acquisition and processing, the compatibility with one dimensional modeling is checked.
If compatibility with the parallel stratification model is confirmed, interpretation can begin. This
process consists in searching for a theoretical model of distribution of electrical resistivity that
represents a theoretical curve (figure 15a) that shows the best fit with experimental data curves. The
interpretative process enables identification of a one-dimensional electro-stratigraphic model
representing resistivity values as a function of depth. (figure 15b); this model is referred to the center
of the alignment realized. For this reason, the SEV technique has obvious limitations in describing
lateral variations of the subsoil of an investigated area, especially if a single acquisition is made. For
this reason, dense SEV networks are often realized (CASMEZ 1978) to derive a series of point values
which can be interpolated successively with each other to obtain 2D sections or 3D models. The limit
in depth of survey varies in connection with the length of the array from 1/3 in the most favorable
cases to about 1/10 in the most unfavorable cases; on average it is between 1/5 and 1/6. To better
interpretate the model, it is necessary to associate a compatible lithostratigraphic model. This model
is chosen based on the resistivity values of the rocks, obtained from calibration surveys and/or
detailed geological knowledge of the area investigated (Rusydy et al. 2020).
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Figure 15: Example of an interpretative model of a VES elaborated by the ZOND 1D software
A) The experimental data (dots) and the theoretical apparent resistivity curve are shown in the graph,
as is the electro stratigraphic model. B) table showing parameters of the interpretative model.
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The software has produced some preliminary resistivity sections which have proved useful for the
construction of geological sections of river basins (figure 16). In addition, the inverted electrical
resistivity models have been interpolated using Voxler software, provided by Goldens Software, to
obtain three-dimensional representations of electrical resistivity.
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Figure 16: Example of electrostratigraphic cross-section obtained by laterally interpolating inverse
models relative to several SEV aligned along a profile.

1.5 Electrical Resistivity Tomography (ERT) and Induced Polarization tomography (IPT)

The Electrical Resistivity Tomography (ERT) and Induced Polarization tomography (IPT), Seigel
(1959), are geo-electrical techniques to analyze subsoil features by the passage of electric current in
the subsoil and the resistance of the ground in the release of the residual charge remaining in the soil
after the interruption of the current flow.

ERT surveys give the trend of electrical resistivity, related to porosity, water saturation and clay
content, similar to other geoelectrical method, while IPT investigates the capacitive properties of the
subsoil.

IPT provides distributions of chargeability, related to clay content or fluids with metal salts. Induced
polarization exploits the capacitive properties of some geological materials which function as
capacitors, charging during the introduction of electric current into the soil and discharging when this
is interrupted. Energy storage mainly occurs as chemical energy, due to ion mobility changes within
the porous structure (membrane polarization) and changes in the current conduction mechanism
(electrode polarization).

ERT and IPT methodologies allow us to obtain detailed 2D sections of electrical resistivity and
chargeability using several aligned and equally spaced electrodes. For this kind of survey,
multielectrode instrumentation is usually used (figure 17). This permits the simultaneous acquisition
of all voltage measurements relating to a determined current dipole, so allowing, with an appropriate
array sequence, a high surveying speed.

Recent advances in instrumentation and inversion algorithms have improved geoelectrical methods,
enabling subsoil discretization into a grid of cells to represent resistivity and chargeability trends
(Loke et al. 2003). The inverse problem is non-linear and must be addressed by iteratively solving
the forward problem and trying to minimize the misfit between the observed and predicted data. The
inversion and interpretation of resistivity and induced polarization data, within this work were
performed using the RES2DINVx64© software from Geotomo Software. This software implements
finite element calculation methods for direct modelling and iterative least squares nonlinear
algorithms for solving the inverse problem. In both topographies, the inversion process stopped after
several iterations, reducing misfit to acceptable levels despite high contact resistance noise and large
data volume (Cafiso et al., 2023).
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The results of electrical resistivity tomography and induced polarization tomography are two-
dimensional sections showing models derived from field data inversion. In these, the depth and lateral
variation of electrical resistivity (figure 18a) and chargeability (figure 18b) can be observed.
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Figure 17: Basic representation of an ERT survey with four multi-core cables each fitted with 16
electrodes from Rai et al.2013.
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Figure 18: Example of electrical resistivity tomography (A) and an Induced polarization tomography
(B) from Cafiso et al.2023.
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1.6 Transient Electromagnetic (TEM)

The TEM method is an electromagnetic induction technique (Meju 2005, Goldman et al.,1994) which
measures the earth's response to an electromagnetic impulse in the time domain to reconstruct the
conductivity of affected volumes (Jorgensen et al., 2003). This method infers underground rocks and
ore bodies based on differences in conductivity and polarizability.

During TEM surveys an electromagnetic field, defined as primary, is generated in the field and
propagates into the ground via alternating current in the subsoil. Usually, the pulse is generated by a
transmitter that imparts current in a coil placed on the ground with respect to a given geometry and
extension of its sides. The geological bodies in the subsoil are hit by the electromagnetic field
generated by the electromagnetic pulse and produce a secondary field in the form of eddy currents.
When current input stops, eddy currents gradually fade instead of disappearing immediately. The
secondary electromagnetic magnetic field gradually generated by the eddy currents propagates to the
earth’s surface where it is recorded by an antenna or other coil linked to a receiver (figure 19). The
electric data recorded by the receiver is used to determine the electrical distribution of the
underground bodies. The standard configuration is usually composed of a single-turn transmitter loop
with the receiver antenna or coil positioned in the center of the loop (Xue et al, .2020). The
configuration represents a compromise between resolution and field efficiency (Jorgensen et al.,
2003). The estimated penetration depth of investigation for this kind of survey is usually not greater
than about 100 m. It generally depends on the size of the transmitting coil and from environmental
parameters like the average resistivity of the ground and on the natural background noise (Spies,
1989).
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Figure 19: Example of TEM array configuration provided by Jorgensen et al. 2003

To invert TEM data, a synthetic resistivity-depth model of the subsoil is used. This is usually a simple
model to approximate the real geological structure. This model, proceeding with the inversion, is
modified by changing its parameters looking for the best fitness between forward synthetic modeling
and recorded data. Responses for synthetic models can be computed numerically using finite
difference, finite element, or finite volume methods (Joung et al., 2022). The TEM technique had
been used in several fields of application like hydrogeological research investigations ( Meju et al.,
1999), the detection of sedimentary and structural elements (Jorgensen et al., 2003, Serensen et al.,
2005).
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CHAPTER 11

MULTIDISCIPLINARY STUDY TO RECONSTRUCT 3D SUBSOIL MODEL IN URBAN
AREAS.

2.1Description of the Case Study of the Palermo Plain: Objectives, Studied Areas, Data Used,
Results Obtained.

The case study of Palermo plain is shown below to highlight the contribution of various kinds of data,
both geological and geophysical, to create a 3D subsoil model in urban areas. This kind of approach
is useful for modeling areas covered by an anthropic layer, which almost completely masks their
geomorphological and geological features (Figure 20). In that area, the management of previous
geological data and the application of geophysical techniques are becoming increasingly important
considering that new direct investigations are strongly invasive due to possible interference with the
subservices of the urban networks. Moreover, carrying out a direct investigation, such as drilling or
trenching, requires several permits and complex and costly management of the yard.

The plain of Palermo, located along the coastal belt of North-West Sicily, hosts one of the largest and
most populous Italian cities (figure 21). The city experienced continuous expansion from the 8th
century BC, increasing, over time, its population and extent under the control of different
dominations; the expansion took place firstly within the historic walls, subsequently outside them
affecting different parts of the plain over time. The succession of different dominations has produced
a clear mutation of the original urban landscape. Numerous streams that once dominated the plain
have undergone changes in path, reduced flow, or have been partially embedded or drained. In
addition, after the Second World War, many ruins were accumulated in areas close to the sea causing
a deep morphological variation of the coast. Considering that it was only in 1962 that the city had a
master plan, the urban expansion continued to develop uncontrollably for several decades, even
during the 20th century (Canzoneri et al., 2024).
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Figure 20: Extract from the national geological sheet 595 describing the area of Palermo, the
geology of the outcrops is completely masked by the cover of the urban network.
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Both because of this uncontrolled urbanization and the geomorphological and geological features of
the plain, characterized by important lateral variations of facies, many residential buildings and
infrastructure are in areas subject to several natural hazards.

Considering all these items, the plain of Palermo is a natural laboratory and can be taken as a reference
for the construction of 3D subsoil model reconstruction of urban undergrounds according to the great
amount of stratigraphic data, more than 2000 cores, collected by the Department of Earth and Sea
Sciences of the University of Palermo (Gimmarinaro et al.,2002).

A model had been created for the area of the plain near the Oreto river, by integrating the numerous
borehole data collected and having been integrated using non-invasive geophysical methodologies:
recordings of seismic microtremors analyzed according to the Horizontal to Vertical Spectral Ratio
technique (HVSR) and Multichannel Analysis of Surface Waves (MASW). These techniques allow
us to estimate important physical parameters of the subsoil detailing the model without necessarily
having to use new drilling and excavations. Indeed, the HVSR data have been inverted in
seismographic columns constraining the inversion by means of the stratigraphic data, provided by the
closest boreholes, and by Vs parameters obtained by MASW carried out for the main lithologies
outcropping in the plain. The integration of stratigraphic and geophysical data has provided a 3D
useful geological model that allows the reconstruction of geomorphology and shoreline, the geometry
of the geological bodies of the subsoil and the definition of ancient, pre-anthropic, morphology and
shole line. The model highlighting areas possibly subject to geological risk.
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Figure 21: Area studied within the Palermo plain in the red circle.
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2.2 Previous geological and geophysical studies.

Considering the importance and centrality that the city of Palermo has always had in various aspects
(historical, civil, strategic, economic and tourism-related), this sector of northwestern Sicily has been
the subject of numerous studies, both geological and geophysical, aimed at describing and
characterizing both the subsoil and the morphology of the urban area. These works have highlighted
the importance of representing the hidden features of the territory to highlight areas more exposed to
natural risks and define the natural landscapes that characterized the area before urban development.
The studies carried out in the purely geological — stratigraphic (Catalano et al., 2013a, Incarbona et
al., 2016, Agate et al., 2017) and geomorphological field (Agnesi 2021, Parrino et. Al., 2023) defined
the rocky sequences that only partially emerge in the plain, in the surrounding mountains and in the
marine areas of the Gulf of Palermo (Lo Iacono 2013). Gimmarinaro et al. (1999) created a detailed
collection of lithostratigraphic data, subsequently inserted into GIS database (Gimmarinaro et al.,
2002). Some research related to these topics has partly focused on the possible paleo-environmental
reconstructions of the area of the plain. These studies have often placed emphasis on the presence of
paleo-morphologies hidden by the urban network: Columba (1910) created a simplified geological
map that highlights the connection between the historic city center and the rivers, as shown in figure
22. Subsequently, Cappadonia et al. (2020) produced a map of the original landforms present within
the plain.

Figure 22: Historical Map of Palermo (from Columba, 1910).

Moreover, several other studies had focused on modifications that occurred in ancient times on
outcropping and underground morphologies resulting from human activities: Todaro (2000) collected
a great amount of studies about human exploitation and uses of the city subsoil; Lofrano et al. (2013)
described the historical morphological aspects of the plain water collection and distribution system
in the Middle Ages; Brandolini et al. (2020) analyzed how the coastal sector of the plain was affected
by atrophic activities; Todaro (2019) and Agnesi (2021) report on the reclamation of ancient wetlands;
Cafiso et al. (2023) illustrate the characteristics of the geological substrate in an artificial lake created
during the Arab domination of the city.; a study on the urban subsidence, induced by natural and
human factors was provided by Famiglietti et al. (2023).

Other research has been carried out on the geophysical characterization of the territory defining Vs
values (Bosco 1996, Martorana et al., 2018) derived by active seismic surveys. Several studies
focused on areas more susceptible to seismic shaking (Todaro 2006), analyzing the damaging effects
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which some historical earthquakes have produced on buildings in the city: Contino et al. (2006),
Gimmarinaro et al. (2001), Giammarinaro et al. (2003), Giammarinaro et al. (2006), provided an
initial model of geological surfaces and a characterization of physical-mechanical properties that
controlled the seismic response.

A large amount of information from these studies has been the basis for the subsoil modelling of the
plain area, close to the Oreto river, described in this chapter.

2.3 Geological and geomorphological setting.

The Palermo plain displays a maximum extension of about 6 km and an altitude between 0 m and
150 m. s..m. This area is located between the Tyrrhenian Sea and the Meso-Cenozoic carbonate
reliefs. These mountains develop their structure mainly along a N-S alignment, in the western sector,
and along a NW-SE trend in the eastern corner of the plain.

From a structural point of view, the Palermo plain is set on a composite half graben structure (figure
23b; from D1 Maggio et al., 2017) situated within the northern margin of Western Sicily sector that
belongs to the SE-verging Alpine orogenic belt. The already mentioned mountains surrounding the
Palermo plain are the topographical expression of this belt, named Sicilia Apennines (Catalano et al.,
2013 b). Inside the examinate area, particularly the tectonic belt units forming the structural building
of the Palermo - Belmonte Mezzagno -Trabia mountainous reliefs (see figure 23a). These are made
up of both Upper Triassic—Oligocene mainly carbonate successions and Oligocene Lower Miocene
terrigenous successions (Numidian flysch). Among the Mesozoic deposits, shallow water limestones
of the ancient Panormide carbonate platform crop out in the northern and central areas of the Palermo
Mountains and deep water calcilutites, dolomites, and siliceous rocks of the ancient the Imerese basin
crop out in the southernmost areas of the Palermo Mountains and in the Belmonte Mezzagno-Trabia
Mountains. The flyschoid deposits consist of fore-deep clayey, marly-clayey, and sandy-clayey and
are partly located above the Mesozoic units due to the present of thrusts. (figure 23b). The meso-
Cenozoic carbonate rocks and Cenozoic flyschoid deposits composing the mountains surrounding
Palermo town have been intercepted and recognized by some boreholes at depths over a hundred
meters beneath the Palermo plain (Cappadonia et al., 2020). A continuous strip of flood fans is the
link between the mountains and the plain

Within the plain, older lithologies are covered by 1.5-0.8 Ma aged, mostly carbonates arenitic and
sandy, deposits from a few to tens of meters thick that outcrop in a large area of the plain (Incarbona
et al., 2016). This stratigraphic setting is the results of a marine transgression that affected the area
starting from the Pleistocene. These covering deposits, describable as a shallowing upward
succession, are assembled in the Marsala synthem, and lie on the older Meso—Cenozoic units with
strong angular unconformities. (Agate et al., 2017; Basilone & Di Maggio, 2016; Di Maggio et al.,
2009; ISPA 2013b). These rocks are composed by conglomerates, sands, blue clays (“Ficarazzi
clays”; Ruggieri et al., 1975) and variously cemented sandy and bioconstructed deposits of the
“Palermo Calcarenites”. The rocks of the Marsala system form an extended sedimentary prism whose
thickness reaches a hundred meters along the coast. Proceedings inward, they reduce in thickness and
are all tapered at the foot of the mountains where they have a thickness close to 0 m. This prism is
stratified, with layers inclined on average by 5° towards the sea and overlaps directly on the Mesozoic
and Cenozoic rocks (Agnesi 2021). Above these marine rocks, the coastal conglomerates and sands
of “Sintema of Buonfornello- Campofelice” (middle Pleistocene) and of the “Sintema of Barcarello”
(upper Pleistocene) may also outcrop. These latter consist of conglomerates and variously cemented
sandstones and colluvial deposits of coastal environment (Cappadonia et al., 2020). The Holocene
deposits, along the coast and within the current hydrographic network completes the deposits
succession. These latter are inscribed into recent synthems reported in figure 24 (Agate et al., 2017)
where a schematic and synthetic representation of a common stratigraphic deposit present in the
Palermo plain is shown.
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Figure 23; A) Geological sketch of Palermo-Belmonte Mezzagno-Trabia Mountains from ISPRA 2013
b::1 - Marine conglomerate and arenite, continental breccia, arenite, and silt (Quaternary), 2 - Clay
and quartz sandstone— Numidian flysh (Oligocene Lower Miocene); 3 - Limestone, marl, dolostone,
and cherty limestone— Imerese basin successions (Upper Triassic— Oligocene),; 4 - Limestone and
dolostone— Panormide platform successions (Upper Triassic— Oligocene); 5 - Main thrust; 6. Track
of the geological section shown in b. B) In the section (Di Maggio et al., 2017) : I- Slope deposit
(Middle Pleistocene— Holo cene); 2 - Coastal/marine deposit— Marsala synthem (Calabrian-Ionian);
3 - Clay and quartz sandstone— Numidian flysh (Oligocene Lower Miocene); 4 - Limestone—
Panormide succession of the upper tectonic units (Upper Triassic— Oligocene); 5 - Limestone
Panormide succession of the lower tectonic units (Upper Triassic— Oligocene),; 6 - Fault or thrust.
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Figure 24: Stratigraphy of the Quaternary deposits in the Palermo area (Agate et al., 2017). BLT -
Polisano synthem, SIT - Barcarello synthem; RFR - Raffo Rosso synthem; AFL - Capo Plaia synthem;
1 - carbon ate and terrigenous rocks; 2 - conglomerates, 3 - marine sands; 4 - grayish clayey silts; 5
- bioclastic calcarenites and sands, 6 - coastal conglomerates, 7 - aeolian arenites (BLT), 8 - coastal
conglomerates, arenites and colluvial cemented deposits (SIT); 9 - cemented clast-supported breccias
(RFR); 10 - colluvial, river, littoral and land slide deposit (AFL).

The main course of the Oreto River is about 20 km long and originates approximately from the above-
describe zone of Palermo Mounts, up to its outflow located in the Gulf of Palermo. In the Palermo
plain the river path is confined within a valley carved in the Oligo-Miocene deposits of the Numidian
Flysch.

In the stretch of the river flowing in the urban area, watercourse has a meandering trend with recessed
forms and several meters high banks consisting of Pleistocene deposits. The final stretch of the
watercourse, modified by hydraulic structures built in the early 1900s, was originally characterized
by a meandering morphology and divided into several free branches before its mouth (Agnesi, 2021).
In a stretch of the geomorphological map provided by Cappadonia et al. (2020), reported in figure25,
a reconstruction of the original landforms due to natural processes of the Palermo area is described.
The presence of many ancient rivers is noticeable; over time, these watercourse shaped valleys within
the plain (pale green areas) that are characterized by different degrees of the slope. Moreover, alluvial
plain areas close to the coastline are reconstructed (dark green).
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Figure 25: Geomorphological chart provided by Cappadonia et al., 2022: in red alluvial fan; in
vellow coastal terrace surface, in pale green presenting integer lines degraded fluvial erosion scarp
with inclination of the slod < 35° inclined; in pale green presenting interrupted lines fluvial erosion
scarp > 45° inclined; in dark green alluvial plain areas.

2.4 Geological data collected.

2.4.1 City GIS database.

The City -GIS is a database that collects different types of data, including a vast collection of survey
stratigraphies. The database, developed in a GIS environment, is the property of the Department of
Earth and Sea Sciences of the University of Palermo (DISTEM). It has been designed to be
continuously growing, dynamic and easily accessible through software with an easy-to-consult
multimedia interface (Giammarinaro et al., 2001). This software allows the execution of numerous
operations and in particular the processing and export of data contained in the database. The City-
GIS has promoted and supported the execution of numerous researches, some focused on studying
and understanding the Palermo area (Giammarinaro et al., 2003; Giammarinaro et al., 2006) and has
been used by different territorial Administrations that in the project phases related to important public
works. The City-GIS module called «Surveysy, dedicated to stratigraphic and geotechnical themes,
was used in this study. This section of the database collects more than 2500 boreholes stratigraphies
provided by public bodies, research institutes and private companies. The position of the boreholes
present within the database is shown in figure 26b.
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Figure 26: A) Satellite view of the area of the plain of Palermo affected by the presence of data from
the City GIS; B) Location of surveys within the City GIS (blue points); C) An enlargement of the
interface of the City GIS related to a sector of the historic center of Palermo (red circle in B). The
vellow star represents the position of the survey shown in figure 27.

Each borehole collected presents the following data: location, lithologies, depth, lithotypes thickness,
depth of the aquifer; an example of one borehole, related to position indicated by the yellow star in
figure 26¢, is presented in figure 27.
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Figure 27: An example of the data for a borehole survey contained within the City GIS. The example
is related to a survey carried out around Sant'Anna Square, in the historic center of Palermo. The
position is represented by the yellow star in figure 26¢.
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As observed in figure 27, the descriptions of the lithology of deposits in the surveys are given as
abbreviations. Within the City GIS, 87 abbreviations have been defined for the different lithological
facies covered in the surveys, including the presence of the abbreviation “Sea" for offshore surveys
and the presence of the “Ipo” and “Cav” categories where anthropic or natural cavities are described
in surveys. To show the remarkable variety of facies, the example concerning facies classified as
"vellow calcarenite of the south" in the City GIS is reported in figure 28; A total of 15 different types
of facies have been described for this type of deposit alone.

CG Quaternary marine detrital organogen complex, with silt to gravel grain size

CGt Altered surface area with pockets of erosion filled with red soils

CGr Calcirudites in decimetric leyers, places are very cemented. In the highest part of the succession
CGc | Calcarenites in banks and centimetric and decimetric layers with present fine sandy levels
CGfc | Calcarenites with low cementation alternating with more cemented

CGf Calcarenites with low cementation

Cqi Sand with rare interlayer cemented layers

Cga Alternation of calcarenites and calcareous sands

CGn Calcarenites and pseudonodal calcilutitis

Cgo Alternation of calcarenites pseudonodulars and fine calcareous sands

CGp Fine calcareous sands with scattered nodules of calcarenites and calcilutites

CGs Calcareous sands

CGg Coarse sands and calcareous gravel

CGlI Fine sand and silt with rare calcareous elements

CGv Fine calcareous sands and silt of greenish or brown colour

Figure 28: List of facies reported in the City GIS database concerning deposits defined as “Yellow
calcarenite of the south”.

The deposits described within the database can be grouped into the following 23 macro-categories of
soils and materials according to their age, composition and genesis. A schematic chart of this
subdivision is represented in figure 29.

AAT Ficarazzi Clays LA Lake deposits

ALL Alluvial seils PAL Paleosols

DC Dolomiric limestone R Depasits of anthropic genesis
cC Palermeo Calcarenites RRL Radiolarites

co Eluvial and Colluvial soils SCLL Scillare Fm.

CG Conglomerates SEA Sea

DOL Dolostone SMA Holocenic marine deposits
DM Lpper Fleistocene marine deposits | |TO Peat

DT Rock Debris TRS Red beds

EL Aeolian deposits v Topsoils

FN Numidie Flysch VR Travertine

PO Cavities (natural and antropic)

Figure 29: List of 23 macro-categories of soils and materials defined analyzing City GIS database
descriptions.

From the City GIS database, a total of 1404 stratigraphy surveys (figure 30), presenting a varying
depth between 2 and 170 m, and falling in the exanimated sector of this case study, the area closest
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to the urban stretch of the Oreto river, were extracted. This area corresponds to the land between the
eastern coastline and a western sector, enclosed between the Altofonte and Monreale towns, where
the major road SS624 intersects the Oreto river that is crossed by a bridge. The northern border of the
studied area is represented by the axis defined from the connection “Via Amari -Corso Finocchiaro
Aprile - Via degli Emiri” while the southern border is the "Acqua dei Corsari” sector”.
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Figure 30: Location of the surveys extracted from the City Gis catalogue (orange rectangles) within
the study area (red line).

2.4.2 Stratigraphic reconstructions derived from boreholes analysis.

Another 126 boreholes (Figura 31) were collected to obtain more information on the area under
consideration. These surveys, not present in the City GIS database, have different origins: some of
them were carried out in the last ten years during project phases for the construction of a tram line,
others were conducted to characterize the harbor area for modernization as a tourist destination. Other
data come from previous studies carried out in areas of the sector examined where there was a lack
of documentation within the City GIS such as the areas near and within the Civico and Policlinico
hospitals. Finally, several have been collected by direct analysis of samples from drillings related to
the current construction of an urban. Almost all these surveys were carried out by the continuous core-
drilling method, which provided detailed information, even on individual sites, on the successions in
the subsoil.

The depth reached by these wells varies between 5 m and 50 m. The identified sediments mostly
belong to the Marsala Synthem (Palermo Calcarenites and Ficarazzi Clays), but other types of
deposits were also found, including late Pleistocene and Holocene marine and coastal deposits, red
beds, travertines and alluvial deposits. Only for the deeper boreholes the oligogenic deposits of
Numidic Flysch had been found and described. Due to the varied and heterogeneous origins of these
data (figure 32), a standardization and homogenization process was applied in the description of the
deposits. For this reason, all the sediments described in the stratigraphies have been defined and
classified following the lithological subdivision in macro categories exposed in figure 29. This kind
of process allows us to realize a better interpretation of all the data available from boreholes.
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Figure 32: One of the boreholes analyzed and not already collected in the City GIS database.
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2.4.3 Stratigraphic reconstructions derived from well cutting, trenches and outcrops analysis.

The excavation of wells for the subsequent installation of series of poles within the works related to
the construction of the sewer collector has allowed to acquire more data in 6 sites within the area
under consideration. In each site, about 30 wells per sector were dug, each about 20 meters deep.

This allowed us to observe the sediments extracted with bucket (figure 35) or core-destroying drilling
(figure 34). The analysis of the cuts of the excavations carried out for the wells and the successive
trenches, as well as the existing outcrops, made it possible to figure out the subsoil model of the 8
sectors under study, based on information applicable to a broader area rather than isolated boreholes.

Figure 33: Location of the areas where geological field surveys have been carried out.

For each site, visible in figure 33, a typical geological sequence has been described. These are listed
below. For some of the 8 sites multiple stratigraphic patterns were identified and documented.

Site 1 - Brasa

0 m - 0.3 m: Soil and vegetation.

0.3 - I m: Red beds (figure 37a).

I m - 3 m: Red altered calcarenites, weakly cemented. (figure 37b).

2m - 6 m: Calcarenites without fossil content from average to well cemented. There are
stratifications of different colors, whitish and yellowish. This stratified material is extracted
as prismatic benches with a thickness of between 4 and 10 cm and a maximum length of 50
cm. (figure 37c and 37d).
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6 m - 13 m: Nodular calcarenites extracted as silty sandy gravel with calcareous elements of
size even greater to 5 cm; these elements have sub-angular edges and a generally elongated
shape. The aquifer was found in these deposits at a depth of about 12 m. (figure 37f).

13 m - 20 m: Blue clay in silty sand facies with presence of grey nodular structures and fossils.
From 14.50 m to 15 m, the samples are more plastic. In some sections, there were centimetric
thickness smelling levels of blackish (peat). The blue-colored clays were extracted from the
bucket as cylinders of even one meter length seen at the Wn near the Wp (Figure 37¢).

Figure 34: core-destroying drilling.

Site 2 - Tukory:

0 m - 1.2 m. Anthropic cover with presence of bricks. (figure 38a).

1.2 m -2.2 m: Conglomerates composed of polygenic centimetric elements rounded strongly
cemented by a whitish carbonate matrix with. (figure 38b).

2.2 m - 3.5 m: Fossiliferous reddish altered calcarenite from weakly to well cemented.
(figure 38c).

3.5m - 13 m Yellowish white fine-grained calcareous sands (figure 38d) These materials are
extracted from the bucket as centimeter-sized calcareous blocks with edges from angular to
sub-rounded. In different sections there are well cemented calcarenite levels of more than 10
cm thickness showing color from yellow to reddish and laminated structure.

13 m - 17m: Nodular Calcarenites extracted as silty sandy gravel with calcareous elements of
size even greater than 5 cm; these elements have sub-angular edges and a generally elongated
shape. (figure 38e).

17 m — 20 m: Black clays. (figure 38f)

Site 3 -Indipendenza

0 m — 2 m Anthropic over
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2 m to 8 m: Calcarenites strongly cemented in several levels; Around 6.5 meters change
from grey to yellowish how seen both between the cuttings and inside cavities (figure
39a,b).

8 m to 14 m: Fossiliferous calcarenites, weakly cemented; centimetric calcareous nodules in
yellowish sandy matrix (figure 39¢c). At a depth of about 13 meters, the interdigitation with
the blue-colored clay below is observed (figure 39d).

14 m — 20 m: Blue clay with nodules from 16 m; more clayey levels from 16 m fFigure
39e,1).

Site 4 - Criscione — Section 1

0 m -1.5 m: Brown anthropic cover with stone elements of various nature and fragments of
pottery and bricks (figure 40a)

1.5 m - 2.5m Reddish altered calcarenites (figure 40b)

2.5 m - 9 m: Fossiliferous calcarenites strongly cemented in several sections of maximum
thickness 50 cm (figure 40c¢). Inside, at a depth of 7 m, there are sandy mudflats of reddish-
brown color that have Wn greater than Wp. These deposits are between 1 and 2 m thick (figure
40d).

9 m - 13.50 m: Nodular calcarenites. (figure 40e,f)

13.50 m -20 m: Blue-colored clay, with nodules from 16 m; more clayey levels are present
at 16 m.

Site 4 - Criscione — Section 2

0 m - 2m: Anthropic coverage (figure 41a).

2m - 20 m: Travertine deposits with greyish and reddish color. These are porous, with print
of plant remains. These materials had been extracted like blocks of 60 cm diameter up to 1.5
m height (figure 41b,c,d,e.f).

Figure 35: Bucket used to extract soft materials.

Site 5 — Sacro cuore -Section 2

0 m -0.8 m: Anthropogenic carry-over



0.8 m - 6 m: Low-cemented vacuolar calcarenites in yellowish sandy matrix and hard-
cemented calcarenite.

6 m - 14.15 m: Calcarenites sand with decimetric levels of silty sands.

24.50 m - 15.20 m: Polygenic conglomerate.

15.20 m - 20 m: Numidc flysch, altered in the first 2.5 meters.

Site 5 — Sacro cuore -Section 2

e 0 m-0.5 m: Anthropogenic carry-over.

0.5 m - 6.50 m: Alternance of low-cemented vacuolar calcarenite in yellowish sandy matrix
and calcarenites, strongly cemented.

6.50 m -7.50 m: Calcareous sand and weak.

7.50 m -16 m: Nodular calcarenite.

16- 17.20 m: Basic conglomerates.

17.20 - 20 m: Numidian Flysch altered in the first 0,8 meter.

Site 6 - Ascoli

e 0 m—5 m: brown clay with polygenic elements.
e 5 m—20 m: Calcarenites and sandy limes.

Calcarenites bedding

Erosion surface

Surfaces recognised inside fluvial conglomerates
Imbricated geometries

Marine deposits

O Samples position

Figure 36: Reconstruction of the vertical outcrop detected with drone in the site Ascoli. The
recognized sedimentary structures and the location of the samples are represented on the outcrops
surface. The microscope images of the samples examined are shown on the table on the lefft.

At the Ascoli site, moreover a collection of images was also made by drones (figure 36) to describe
the compositional characteristics and sedimentary geometries characterizing an outcrop that had been
successively covered with benthic spritz coverage. The photos were combined, and they were to
highlight the presence of two levels related to calcarenites, in the lower part, and possible fluvial
deposits in the middle section of the outcrop and marine in the upper part. To support this thesis,
samples were collected and observed under a microscope for a sedimentary characterization. The
analysis confirms the hypothesis of a river system in view of the absence of organisms for the central
area of the outcrop.
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For all the site analyzed the same workflow focused on homogenizing and standardizing lithologies
had been done; this operation has further increased the geological database available.

Figure 37: Characteristics of the deposits analyzed at Brasa site.
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Figure 38: Characteristics of the deposits analyzed at Tukory site
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Figure 39:

Characteristics of the deposits analyzed at Indipendenza site.
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Figure 40: Characteristics of the deposits analyzed at Criscione site., section 1
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Figure 41: Characteristics of the deposits analyzed at Criscione site, section 2.
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2.5 Geophysical data collected.

To expand the available dataset many geophysical data were considered. Data include active (SRT
and MASW) and passive (HVSR) seismic measurements. These have been acquired in the field at
different sites in the city, within the study area or in neighboring sectors. Much of these data was
acquired specifically for this work; other acquisitions were carried out within an agreement between
DISTEM, CURSA (University Consortium for Socio-economic Research and the Environment) and
the Department TERIN (Energy Technologies and Renewable Sources Department) of ENEA
(National Agency for New Energy Technologies and Renewable Sources) on the project "MOD-
Energy"  "Application and dissemination of application models in the field of smart
lighting/street/building for the containment of energy consumption in Metropolitan Cities".
Other data have been reworked: several HVSR acquired by the Municipality of Palermo for the
implementation of the city’s master plan were provided to DISTEM as raw data, given the
collaboration of the Department in the planning phase of these surveys.

2.5.1 SRT and MASW surveys.

Five active seismic surveys (SRT) had benne realized according to the seismic refraction tomography
methodology. These were carried out in areas adjacent to the Oreto river (figure 44). The seismic
arrays were made using 24 geophones according to the following two configurations: intergeophonic
distance was 2 meters for the acquisitions “Oreto mouth West” and “Buonriposo”; for these sites 8
shots had been realized, two of which were made externally with at 5 m offset. In the sites "Bennici"
and " Ponte Rotto West" inter-geophone distance was set to 3 meters and 9 shots were performed. In
this case too, two external shots were carried out at the ends of the spread with an offset of 5 m.
In the same sites, MASW were conducted using the same array configuration changing the acquisition
parameters.
In addition, only MASW surveys were carried out in other 4 sites according to the following
configurations:

e "Ascoli" surveys: 12 geophones spaced 2 m with an offset of co5 m.

e “Oreto mouth East”, "Oreto bridge" surveys: 24 geophones spaced 2 m, offset equal to 5 m.

e "Stend Florio" survey: 16 geophones spaced 2 meters, offset equal to Sm.
In other 8 sites, (Agostino, Alagna, Di Vittorio, Kolbe, Natoli, Sacco -Vanzetti, San Ciro, Salgari)
MASW surveys were carried out for the above-mentioned MOD-Energy project: for all these the
array configuration used as follows: 12 geophones spaced 2 m, offset equal to 5 m.
The data inversion process was carried out considering data of Vp and Vs derived from previous
works and was constrained, when possible, by the stratigraphic data collected within the City Gis and
in the extra boreholes database mentioned in paragraphs 2.4.3 and 2.4.4. A map collecting all the
studied sites is shown in figure 42.

Oreto mouth West surveys.

The position of Oresto mouth West surveys is represented in figure 45a; Vp values computed by STR
performed (figure 45b) show a low velocity layer in which the velocity does not exceed 900 m/s. This
layer extends to a maximum depth of about 10 m and is followed by a continuous increase in Vp
values reaching a maximum value slightly above 2000 m/s between 15 m and 20 m on the left side
of the section. The Vs model provided by MASW (figure 45¢) shows several layers from 0 to of about
15 m with Vs characterized by velocity ranging from 300 to 350 m/s. Considering boreholes 429 and
854 of the City GIS database as shown in figure 43, the low velocities recognized in both surveys
should be attributed to the presence of cover anthropic material (MR) for the first 5 — 8 meters. Going
deeper, the increase in velocities could be related to the presence of alluvial (AL) deposits (Vp = 1500
and Vs = 350). The highest velocities could be linked with a calcarenites substratum.
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Figure 42: Map of sites where active seismic surveys had been realized.
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Figure 43: lithological log of boreholes 429 and 854 of City Gis database.
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Buonriposo site surveys.

The position of Buonriposo surveys is represented in (figure 46b); Vp values showed are equal to a
value not higher than 900 m/s until a depth of 6 m. A second Vp pattern is present until the down
bottom of the section where values reach 2200 m/s around 15 m. Equally low Vs velocities, from 250
to 400 m/s are described for the first 10 meters of the MASW model (figure 46¢) and increase until
600 m/s proceeding down stare. Considering the position of the survey (figure 46 a) carried out within
a river bend, the low Vp and Vs superficial velocities of the two models are attributed to alluvial
deposits that should range a thickness of approximately 8 m. Calcarenite should represent the higher
Vp and Vs values of the lower parts of the two models.

Bennici site surveys.

The position of Bennici site is shown in figure 47a; the area examined is situated on the right side of
the Oreto river, close to the watercourse. The borehole (figure 47b) is characterized by a huge
succession of alluvial deposits positioned above 5 meters of anthropic coverage. Considering these
geological features, the velocities, present in SRT model carried out (figure 47c), are lower or equal
to 500 m/s and describe the upper coverage while the higher values of Vp should be referred to
alluvial. In the same way the Vs computed by the MASW (figure 47d) shows Vs around 250 m/s for
the upper 5-meter-thick layer, that is considered as a human filling; the Vs that are characterized by
medium values of 400 m/s are attributed to the alluvial deposits.

Ponte Rotto West site surveys

The SRT carried out in Ponte Rotto West (figure 48a) has maximum Vp values ranging from 300 and
about 1200 m/s for a surface layer extending up to 5 m in the underground (Figure 48c). Below these
layers the values increase considerably to more than 2000 m/s, like at 15 m depth. A similar trend has
been calculated for model Vs (Figure 48d) in which a sharp increase in velocity from 400 to 600 m/s
is recorded at about 10 m of depth. The highest velocities, recognized from 10 meters of depth, are
related to the calcarenites (CC) described by survey 1722 (figure48 b); the slowest ones are probably
associated with old watercourse deposits due to their proximity to the Oreto River.

Ascoli site survey

The active seismic acquisition for the definition of the Vs was carried out at the Ascoli site very close
to the Oreto river (figure 49a); the data relating to the Vs was obtained by linking the values of the
shear waves to the stratigraphic sedimentary that is described by survey S2 (figure 49¢). The seismic
- stratigraphic model (figure 49b) shows values below 200 m/s for the first 2.5 meters; later the values
reach 350 m/s up to 15 m. These surface conditions are related to alluvial material described in S2.
The further increase of values Vs, which deeper show a velocity equal to 550 m/s is due to the
presence of calcarenites.

Stand Florio site survey.

The model Vs (figure 50c) defined for the site Stand Florio (figure 50a) was realized by linking the
inversion of the MASW data with the survey 1601 of the City GIS database (figure 50b); the first
meters have Vs equal to about 200 m/s and should describe either the anthropic filling material
materials (MR) or the sands of recent beach (SM), given the proximity to the coast. The increase in
velocities is to be related to the presence of older marine deposits (DM). At a depth where Vs reaches
550 m/s, the values are likely due to calcarenites.

Oreto mouth East site survey.
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The model Vs (figure 51c) for the site under study (figure 51a) can be essentially divided into three
layers: the first one has low values (200 m/s) and is linked to the presence of anthropogenic cover; as
described in the City GIS borehole number 855 (figure 51b); follows a seismic layer of about 10 m
thickness, which can be attested to alluvial at a velocity of 250 m/s. The highest values, more than
400 m/s, are to be linked to calcarenites described in survey 855.

Oreto bridge site survey.

The low velocities described by the Vs model (figure 52d) had been computed by means of the Masw
survey and are to be attributed, on this site, to the presence of river deposits due to the survey’s
location near the river Oreto (figure 52a), These alluvial deposits are described in surveys 1471 and
1472 (figure 52 b,c) and reach a depth of at least 15 m. The increase in velocity should be attributable
to the presence of deep calcarenites but there is no stratigraphic data that give indications about this.

Figure 44: Active seismic data acquisition phase: at the top, the instrumentation used, at the
bottom, the preparation phases of an array.
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Figure 45: Surveys carried out at the Oreto mouth West site
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The data derived from Masw surveys carried out for the MOD Energy project provided Vs ranges
that were associated with the lithologies described in the City GIS boreholes situated closer to the
examined areas. Analyzing these acquired datasets, the superficial covers should present values
ranging from 180 and 250 m/s while red beds show values varying between 200 and 300 m/s. Deposits
linked to the numerous facies of calcarenites have been linked to Vs ranging between 300 and 750
m/s. Finally, data computed within this project for the Ficarazzi clays vary from 370 to 650 m/s.
The data collected from the survey campaigns carried out in this study have been combined with
previous data from works already mentioned in paragraph 2.2. This work had been realized to assign
to each lithological unit present in the subsoil of the plain, listed in figure 29 of paragraph 2.4.1, a
range of values Vp and Vs. Obviously, the data on "Sea" and "Ipo" layers has been excluded in this
correlation between velocities and soils. Figure 53 shows the defined ranges for Vp and Vs. These
values, integrated with the geological information derived by boreholes, have been used to constrain
the inversion of HVSR data as described in the following paragraph.

Lithologies Vs (mis)

Deposits of anthropic genesis (R) ; Topsoils (TV) 90 -300

Recent deposits and soils: Alluvial soils (ALL); Eluvial and

Colluvial soils (CO); Upper Pleistocene marine deposits
(DM); Rock Debris (DT); Aeolian deposits (EL); Lake 250 -800

deposits (LA); Paleosols (PAL); Holcenic marine deposits
(SMA); Peat (TO); Bed beds (TRS); Travertine (TVR).

Calcarenites: Palermo Calcarenites (CC) A450- 1200
Ficarazzi Calys (AZZ) and Conglometates (CG) 200-750
Mumidic Flysch (DN) 450-1900

Mesozoic deposits: Dolomitic limestone (DC); Dolostone

(DOL) Radiolarites (RRL); Scillato Fm. (SCLL) >750-2500

Figure 53: Different ranges of Vs for each of the 21 lithological units, where the nomenclature of the
deposits present in the subsoil of Palermo has been simplified, standardized and homogenized. The
ranges are defined from past data and from data processed as a results of field activities during this
in this study.

2.5.2 HVSR surveys

To further detail the subsoil model of the Palermo plain, 55 HVSR surveys (green triangle in figure
54) were considered. This data set, commissioned by the Municipality of Palermo in 2016, was
created for the entire plain of Palermo for the preparation of the “General Town Plan - Palermo 2025
(PRG 2.0. The original set includes 250 environmental noise recordings. Of these, only a portion has
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been selected for the work presented here. The data were acquired using the seismometer named
Tromino, produced by MoHo s.r.l. As shown in figure 54, the passive seismic data examined are those
that fall within the urban section of the Oreto river and surrounding areas; to better identity the HVSR
selected area,which corresponds to the zone enclosed between the coastline at east and a western
sector where the town ring road intersects the river path. Northern and southern limits of the area are
represented by two of the main road axes of Palermo; respectively the northern axis of “Via Lincoln-
Corso Tukory-Via Ernesto Basile” and the southern axis of Via Giafar.
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Figure 54: Location of HVSR surveys, green triangles.

The data were analyzed using Grilla software, which allows for the definition of the H/V curve. The
raw data of each measurement, relating to a 30-minute acquisition, has been processed to detect any
external disturbances which might compromise the validity of the H/V curve. Before processing,
these data were filtered to exclude time windows likely affected by transient anthropogenic noise
(figure 55).

The analysis of the whole set of HVSR curves (figure 56a) allowed us to recognize a general trend
characterized by the presence of a main peak between about 0.8 Hz and 2.5 Hz and by other secondary
peaks at higher frequencies, generally between 15 Hz and 35 Hz. Furthermore, a sharp velocity
inversion, defined by the H/V ratio lower than 1, has been recognized for a frequency range between
2.5-3 Hz and 15-20 Hz.

A preliminary joint qualitative analysis of the available boreholes and microtremor was conducted.
The analysis has been indeed implemented by the geological data provided during this study and
collected from the already mentioned studies on the plain. (Giammarinaro et al., 1999; Contino et al.,
2005, Martorana et al., 2018; Cappadonia et al., 2020; Agnesi, 2021). Based on the analysis of the
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HVSR curves trend (figure 56a), several correlations between the peaks in the H/V curve and the
main stratigraphic boundaries within the Palermo plain subsoil (Agate et al., 2017) (figure 56b). had
been found.
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Figure 55: An example of data processing environment noise recording. During the processing
phase, some recording windows have been removed to improve the definition of the Horizontal to
vertical spectral ratio curve.
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Figure 56: Comparison of HV curve peaks and stratigraphy of the Palermo plain. A) representation
of the whole HVSR curves dataset; the green, red and yellow boxes represent the different cluster of
peaks recognized and attributed to the presence of lithological boundaries that characterize the
Palermo plain subsoil (B).

According to this analysis, low frequency main peaks (0,8 -2.5 Hz) are probably generated by the
contact between the Pleistocene clays and the higher portions of the Numidian Flysch. The blunt
shape of the peaks also suggests that these are probably caused by the contact between the Oligo-
Miocene Flysch deposits and the underlying Meso-Cenozoic carbonate basement (Martorana et al
2018). The reversal of velocity, that is evident at higher frequencies in almost all the H/V curves,
could be attributed to the contact between calcarenite deposits and the underlying Pleistocene clays.
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For even higher frequencies, the further increase in the spectral ratio and the presence of additional
secondary peaks could be attributed to the boundary between alluvial, colluvial and coastal Holocene
surface soils and the more cemented underlying portions of the “Sintema di Barcarello” and “Sintema
Buonfornello-Campofelice”, as well as to the presence of the Calabrian calcarenites in this area, well
recognizable along the outcrops that border the Oreto River. As can be observed for example within
the range described by the red box in figure 56b , which indicates the inversion of velocities due to
the passage Palermo calcarenite - Ficarazzi Clays, within these rather wide ranges some H/V peaks
that result as outliers can been observed; These are related to a considerable variability of the
stratigraphy and cannot be likely correlated to the lithological contact just mentioned and are more
probably due the others boundaries the generally are described in lower or higher frequencies ranges.

Range 0.8 — 2.5 Hz

.\, ® Boreholes intercepting
 '= 2 Numidian Flysch

Figure 57: Comparison of peaks recognized in the 0.8 -2.5 Hz range described in some of the analyzed
HVSR (A) and the depth of Numidian Flysch described by Giammarinaro et al., 2003 (B). The blue
dotted shape highlights an area with higher frequency of the HVSR curves in A that has been
correlated to areas in which Numidian Flysch present lower depth according to the iso-depth
reconstruction described in B. In A the color scale represents the relative peaks values defined by the
interpolation of the peaks data: reddish areas are correlated to sectors with peaks that show higher
values; otherwise for the areas described in blue.

The validity of the approach followed for this reconstruction has been confirmed by correlation found
between HVSR data analysis and previous studies results, as shown in figure 57. In this example, for
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the area closer to the Oreto River, a correlation was found between the reconstruction of maps of the
Numidian Flysch depth (figura57b), that represents the bedrock for the Palermo plain (Grassi
1996,Martorna et al., 2018), defined by boreholes data (Gimmarinaro et al., 2003) and the distribution
of peaks belonging to the lower frequency range (0.8 -2.5 Hz) recognized in HVSR curves. In
figure57a are also represents the iso-frequency line defined by the interpolation of these peaks. This
correlation indicates that high peaks correspond to shallower Flysch portions, while lower peaks
correspond to areas with deeper Flysch.

The HVSR curves were subsequently inverted to produce Vs - depth models. Considering the
possibility of inverting an HVSR curve with infinite equivalent models (Castellaro & Mulargia 2009,
Dal Moro 2024, Castellaro 2016) the inversions were constrained by the closest stratigraphic data and
the described velocities Vs defined in figure 53 for lithologies present in the study area. An example
of inversion with the corresponding Vs-depth models is shown in figure 58. One of the lithological
denominations chosen to subdivide the subsoil of the plain was assigned to each seismic-stragraphic
layer of these models, or alternatively to several layers with similar characteristics such that they can
be included in one of the 23 macro groups described in figure 29
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Figure 58: A) Position of the HVSR measurement and a survey used to constrain data inversion. B)
experimental HVSR curve (in red) and synthetic model (in blue) related to the Vs model described in
figure D. In C, the stratigraphy of the site and the nomenclature chosen to simplify and homogenize
all stratigraphic data is reported; This designation, with reference to figure 29, has also been
attributed to the seismic layers described in D.
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2.6 Reconstruction of the 3D model of the Palermo, near the Oreto River.

All the data collected, with the primary objective of the study being to describe the original geological
structure and ancient paleo-morphology beneath the anthropogenic covers, has been homogenized
and standardized as defined in figure 29 as already described. A qualitative and quantitative analysis
was carried out on the available dataset.

All available stratigraphic columns, derived from both geological surveys and the inversion of HVSR
data into geological features, have been rearranged as follows: For each data point, the transitions
between the described lithologies were considered, using the top level for each layer as a reference.
According to this approach, a total database was created in which every data point present in the study
area is represented as shown in figure 59: for each point, in addition to latitude and longitude, data
about the lithologies present along the vertical and the elevations of top of each lithology has also
been inserted. At this stage, it was also decided to eliminate the layers of anthropic cover and topsoil,
considering the study’s aim.
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Figure 59: Two examples of the operation of synthesis of geological data collected: for each point,
starting from a heterogeneous geological dataset, the data on the present lithologies has been
standardized and digitized with latitude, longitude, lithology type and the altitude of the top of each
lithologic layer indicated.
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Using this data subdivision, an analysis was subsequently carried out on the number of available
points for each lithology in the dataset; This analysis was conducted to assess the quality of data
available for 3D modeling of lithology top surfaces. Following this review, it was decided not to
exclude from the modeling any lithologies with few data points in the database: Aeolian deposits
(EL); Lake deposits (LA) Peat (TO); Travertine (TVR); Dolomitic limestone (DC).

The data selected after this screening was entered and processed into Move software to produce initial
interpolation surfaces of the data. The data were inserted as in figure 60. This allowed the software
to display each top relative to individual stratigraphic data.

o _| Upper marine deposits (DM)

. , : | Calcarenites (CO)
{ "w

\ i \
\

"

Borehole |Longitude| Latitude | Altitude Layer
77 356706.7 | 4220385 1.3
77 356706.7 | 4220385 -0.4
77 356706.7 | 4220385 | -16.7

Figure 60: Import of the data into Move software. On the left, view of the top layers projected on the
DEM of the study area; each color indicates a different lithology present in the dataset. On the right
the relative three-dimensional representation from a single set point: each square represents the top
of a layer described by the table (visible at the bottom) inserted in the software.

Data relative to the top points of each lithology were interpolated to draw the upper surfaces of the
geologic layers. The interpolation method was different for each surface produced; the choice was
made by carrying out numerous tests, with respect to the number of points available, the reciprocal
distance between the points and the nature and genesis of the deposit to be modelled. To summarize,
the interpolation algorithms have been chosen following the Delaunay triangulation or Inverse
distance weight method, modifying time by time the parameters of the two methods of interpolation.
The Delaunay interpolation method was chosen in cases of high point density over large areas; for
example, this was applied to surfaces related to the Palermo Calcarenites, Ficarazzi Clays (Figure
61a) and Numidian Flysch. The interpolation algorithm based on inverse distance weight method was
used when surfaces were modelled according to a network of points not equally spaced but distributed
in more restricted areas, where they nevertheless have a good density of data (figure 61 b).
Following this approach, the 14 surfaces within the 3D model were modelled in a preliminary way.
This preliminary model had several errors and inaccuracies regarding the failure to respect
topography and the regular succession of deposits extensively described in the literature about the
plain of Palermo.
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Figure 61: A) Example of a surface created by interpolation of data following the Delauney
triangulation method for Ficarazzi Clays, b) Surface created for the red beds by interpolation data
according to the inverse distance weighting method.

These errors, visible in Figure 62, are attributed to the lack of surface morphology constraining to
bind and confine data interpolation. Moreover, these are also due to the interaction of surfaces
modelled according to a very heterogeneous set of data in number.
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Figure 62: Two-dimensional section showing some preliminary surfaces produced. Modelling errors
from the preliminary processing can be observed: several surfaces intersect and extend beyond the
DEM-projected surface.

To correct the inaccuracies in the preliminary model, it was decided to adjust point data and surfaces
using sections through the model. A regular grid of 70 sections (figure 63a), with 40 oriented West -
East and 30 North - South, was inserted into the model. All the data relating to the previously produced
surfaces and the points of the stratigraphic data, present within a buffer of 200 m distance from the
line section, were projected on each 2D representation (figure 63b).

Within these sections, the surfaces were modified to better align with the projected wells and avoid
exceeding the topography (figure 63c).

After this operation, the surfaces were re-projected, generating the final 3d model shown in figure 64.

AN EEEEEERREREsSSSSS AN S

Figure 63: A) Grid of section B) Buffer (green walls) showing the projection area of data points onto
a section C) Example of a section with modified surfaces to achieve a more accurate representation
of the subsoil of the plain.
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The model shows the 14 types of deposits present in the Palermo plain, with tops modeled to represent
the pre-anthropogenic structure of the area under consideration (figure 64).

[] Holocenic marine deposits [ Atuvium [l Conglomerates
: Numidic Flysch

. Ackoehis DUpper Pleistocene marine- ¥

Paleosols deposits - Radiolarite

[C] Etwvial and coliuvial soits [ Jpalermo calcarenites I Dolomite

I Red soils [CIFicarazzi Clays M scitlato Fm.

Figure 64: Two views of the 3D model produced for the Palermo plain; A) model representation
seen from above B) model seen from a North-East perspective.



2.7 Discussion on the model produced and conclusion about the case study.

The analysis of the 3D model allows us to make some important observations regarding the outcrops
within the study area. This can also highlight areas potentially subject to geological risks or that have
have experienced such risk in the past. Firstly, from the reconstruction, it can be observed that
calcarenite is the main lithology present in the plain, forming a plateau crossed by; most of them are
no longer visible and have been identified in the model by the presence of numerous areas where
alluvial deposits are present. This is the case of the rivers "Papireto" and "Kemonia" currently covered
by the urban network; in the area within these two ancient watercourses the first Phoenician urban
settlements initially developed (figure 65).

Figure 65: Representation of the area of the plain former between the two rivers Kemonia and
Papireto; the presence of the two, nowadays invisibles, rivers is indicated by the alluvial in blue. On
the right a reconstruction of the Phoenician Palermo (VIII th century BC).

Other areas not currently affected by rivers are also described in the model as being covered by
alluvial deosits. This is the case of the "Ponte dell’ Ammiraglio" sector (figure 66a) which was in the
past affected by the presence of a river bend of the Oreto. Currently, however, the area is densely
populated since it was deprived of water flow following the rectification of the last section of the
river performed at the beginning of the twentieth century. Defining areas with alluvial deposits is also
useful to identifying possible hydraulic hazards scenarios, due to the potential for floods development
that, as often happened, several times affected the plain (Cusimano 1989).

Another important consideration can be made in advance of the line to coast. Following the massive
discharge of anthropogenic material, mainly after the Second World War, the coastline has advanced
by almost 100 meters compared to its original configuration. Figure 66¢ shows the morphology of
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the present coastline, and the paleo-coastline reconstructed by modelling coastal sediments,
represented in orange in figure 66b.

Current coastline

Figure 66: A) Area of the "Ponte dell’Ammiraglio" in C marked by a green star; B) Nowadays
coastal area whose genesis is linked to the discharge cover, the location of the site is represented by
a red star within the 3D model. C) Representation of the current (black line) and original (orange
line) coastlines.

Aside from historical observations, the model is important as it provides general knowledge of the
subsoil and the deposits that would likely be encountered during excavation work, for example. In
this view, the model can be useful for urban planning and for planning of survey plans related to
works of relevance to the city. This assistance can be provided, for example, by defining volumes, as
shown in the case of Ficarazzi clay; Figure 67 shows the volume of blue clay (green prisms) in contact
with the top layer of the Numidian Flysch, represented in brown. Defining the thickness of lithologies
is also a very effective tool for assessing potential seismic amplification effects that could occur, as
they have in the Palermo plain (Giammarinaro et al., 2006)

Figure 67: In both figures the volume of deposits of Ficarazzi Clays, present above the Numidic
Flysch is represented in green
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CHAPTER III

MULTIDISCIPLINARY STUDY TO CHARACTERIZE THE SURFACE WATER BODIES
THROUGH THE CONSTRUCTION OF GEOPHYSICAL AND GEOLOGICAL 2D AND 3D
MODELS.

3.1 Description of the cases study of the Caronia (CGWB), Sant ‘Agata -Capo d’ Orlando
(SCGWB) and Barcellona P.G. -Milazzo (BMGWB) Groundwater bodies: Objectives, Studied
Areas, Data Used, Results Obtained.

The case studies concerning the alluvial plains of Caronia, Sant ‘Agata di Militello - Capo d' Orlando
and Barcellona Pozzo di Gotto - Milazzo can be considered a remarkable example of integrating
diverse data types to define surface aquifer areas and volumes in flood plains adjacent to the coast.
of different nature for the definition of surface aquifers area and volume in flood plains adjacent to
the cost. This approach is fundamental for defining the potential to safeguard coastal aquifers,
providing a useful tool to implement good management and conservation plans for the aquifers.

The study areas are located on the north-east coast of Sicily (figure 68) and are within the province
of Messina. Specifically, an area within the municipality of Caronia was analyzed in the first study;
in the second study, the territories between the municipalities of Sant ‘Agata di Militello and Capo d'
Orlando on one side and Barcelona Pozzo di Gotto and Milazzo on the other, were characterized.
Three groundwater bodies were identified for the three areas examined through joint interpretation of
geophysical and geological data: The Caronia Groundwater Body (CGWB) (Canzoneri et. al 2024),
the Sant ‘Agata -Capo D’Orlando Groundwater Body (SCGWB) and the Barcellona P.G. -Milazzo
Groundwater body (BMGWB).

The data used were partially provided by a 1970 CASMEZ (Cassa del Mezzogiorno) (CASMEZ
1978) project and were supplemented by several surveys conducted within an INGV-DAR project
(Granata et al.) focused on the characterizations of groundwater bodies. Seismic refraction (SRT),
Vertical Electrical Sounding (VES) data acquired from the CASMEZ project were qualitatively
analyzed and partially re-interpreted to build 3D resistivity models describing each superficial
groundwater. Subsequently the data collected during the acquisition campaigns of DAR-INGV
(boreholes, SRT, HVSR, ERT and TEM) were analyzed jointly in detail, starting from the evidence
derived from the 3D resistivity model to understand the subsurface extent of the examined areas.
For the three water bodies, models describing the thickness of deposits within the flood plains were
developed following the above-mentioned approach. In the case of CGWB, a preliminary flow model
was also developed.

* Caronia

Groundwater
Body (CGWB)

Figure 68: Location of the three water bodies examined along the north-east coast of Sicily: In red is
the CGWB area, in light blue the SCGWB, in green the BMGW.
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3.2 “Geophysical Constraints to Reconstructing the Geometry of a Shallow Groundwater Body in
Caronia (Sicily)”

In this paragraph, the paper published in internation journal Water in 2023 (Canzoneri et al.2023 b)
is annexed.
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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]:

e  Present and recent alluvial hydrogeological complex (Holocene): deposits with high
permeability (1072 m/s > k > 10~* m/s) which form the main part of the CGWB,
extending in length for about 6 km and just under a kilometer wide.

e Hydrogeological complex constituted by river and marine terrace deposits (middle-
late Pleistocene) and “Ghiaie e sabbie di Messina” (middle Pleistocene): it does not

70



Water 2023, 15, 3206

40f21

outcrop as it is covered by recent alluvial deposits. These deposits have high perme-
ability (1072 m/s > k > 10~% 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 (107* m/s > k > 107> m/s) to semi-permeable
(107 m/s >k > 1077 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~? 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; Id = 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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Figure 3. DEM image of the area adjacent to the CGWB (solid red line), illustrating the location of
the geophysical surveys, boreholes, and wells analyzed for this study. In particular, the positions of
horizontal-to-vertical spectral ratio (HVSR), Multichannel Analysis of Surface Waves (MASW), verti-
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).
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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.

Max H/V at 4 19 + 0.86 Hz (in the range 0.0 - 20 0 Hz)

HVSR 13 —— ety

HVSR 15

A ,

frequency H2)

Max H/V at 5.0 4 0.45 Hz (in the range 0.0 - 20 0 Hz)

1 [HVSR 14

01 1 10 100
ne

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
the standard deviation of the observed curve.

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
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with permeable non-surfacing alluvial deposits. These would constitute the largest volume
of the CWB.
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Figure 7. Inverse models related to the HVSR curves shown in Figure 6.

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.

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.1.

The tridimensional model describes the presence of a resistive overburden (60-80 (dm),
interpreted as alluvial materials, above a conductive substrate (7-20 (dm), 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.1. (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 (dm (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 Om, 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 ()m), 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 (2 m) could represent thicker clayey portions
of the Miocene lithological unit. The highest resistivity value portions (200-500 () 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 () m) observed in both sections, named layer ¢, 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 (dm), 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.

}4211000

J+210000

}4209000

li207000

J1208000 —

447000

Thickness of the CGWB

448000

Bottom of the CGWB

4211000

4210000
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4208000

4207000 ™

449000 450000 451000 447000 448000 449000 450000 451000

(a) (b)

Figure 10. (a) Thickness of the Caronia Groundwater Body; (b) altitude of the bottom of the Caronia
Groundwater Body (m a.s.1.).

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
CGWSB, 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 x 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 x 107> m/s,
Ky =3.5 x 107> m/s,and Kz = 3.5 x 10~° 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].

—— CGWB boundary

Constantload
Top-up Refill
Zero flow area

Observation wells

50
a:)i

Figure 11. Horizontal discretization of the modeled area subdivided using a mesh of 50 x 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.

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.

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.

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

(B)

©

(D)

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.

O=_2NWAOON®O O

Figure 12. Results of the mathematical flow model with relative values of simulated piezometry.

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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Figure 13. Calculated vs. observed piezometric values.
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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.
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3.3 “Coastal Groundwater Bodies Modelling Using Geophysical Surveys: The Reconstruction of
the Geometry of Alluvial Plains in the North-Eastern Sicily (Italy)”

In this paragraph, the paper published in internation journal Water in the 2024 (Capizzi et al.2024) is
annexed.
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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.

Keywords: Vertical Electrical Soundings; active and passive seismics; well log; groundwater body;
coastal alluvial plain; 3D resistivity model

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 investiga-
tions, 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.
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This approach had been often used in many studies regarding stratigraphic [1-3] and struc-
tural geology [4-7], the analysis of depositional sequences [8-10], archaeological [11-13]
and civil engineering research [14-16]. In these studies, acquired geophysical data con-
strained by the information derived from direct investigation provide a fundamental tool
for the integration and definition of subsurface models. Even hydrogeology research ex-
ploits this workflow for numerous purposes: the description of groundwater depth and
thickness [17-19], definition of the physical-chemical characteristics of an aquifer [20-22],
assessment of marine ingression in coastal areas [23-25] and evaluation of water quality
and degree of pollution [26-28].

In recent years, several studies based on integrated approaches of geological and
geophysical datasets have focused on coastal areas that host floodplains [29-31]. 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 nat-
ural, 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 km? for the Sant’Agata—Capo D’Orlando
plain and of about 1319 km? 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 munic-
ipalities. 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
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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) [34-36].
The Peloritani Mountains” geological complex (hereafter, Peloritani Complex; PC) consti-
tutes the innermost and structurally highest sector of the Sicilian Fold and Thrust Belt
(SFTB) [36-38], (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 [35,40-44]. 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 ori-
entation [35,46-50]. 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 [40-44].
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Figure 1. Geological sketch maps of the two investigated areas: the SCGWB on the left (a) and the
BMGWSB on the right (b). In the bottom left, (c) the structural map of Sicily, illustrating the main
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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.

The tectono-stratigraphic sequence outcropping in the investigated sectors is com-
posed, 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:

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

e 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:

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

e 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);

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

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

e the Lower-Middle Miocene Floresta calcarenites and the Mt. Pitdo marls, uncon-
formably lying on the deposits of the Antisicilide Unit;

e 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 hydro-
graphic patterns with predominant NW-SE and N-S direction of the river courses [41-43].
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 guaran-
tees a considerable contribution in terms of freshwater recharge and sediments supply to
these sectors.
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Therefore, both the rivers and stream drainage patterns and the geometry and ori-
entation 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 [41,55-57].

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 Ground-
water 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
BMGWRB 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 strati-
graphic 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.
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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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Most of the analyzed boreholes were drilled using the non-coring drilling method,
mainly for groundwater research, while the remaining were drilled using the continu-
ous 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 pro-
vides 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 char-
acterization [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 p,
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.
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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.

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
BMGWSB, 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 [74-76]. 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
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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 (m?®), Longi-Taormina
(m?) 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 Figures 4 and 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 Qm to 500 (Om, according to
the layers described in ERT as water-saturated.

98



Water 2024, 16, 1048

10 of 21

200 -
£ 180 1500 L
g 1500
2
= 2500

160 -

T T T T T T T T
0 20 40 60 80 100 120 140

distance (m)

P-wave velocity (m/s)

T T T T T
400 800 1200 1600 2000 2400 2800 3200 3600 4000

Figure 4. Results of seismic refraction tomography carried out inside the Barcelona-Milazzo Plain,
within Termini Stream.

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 Figures 7 and 8.

The HVSR inverse models regarding the SCGWB (Figure 7) are generally subdi-
vided 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 SCGWSB, 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 Frazzano 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.
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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.
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Figure 8. Examples of inverse models related to the HVSR carried out in the BMGWB.

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 BMGWSB, 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
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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 (2 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 (m?) and are covered by thin alluvial bodies.

Log Resistivity (Ohm*m)

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).

Medium resistivity values, comprising between 35 and 70 () 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 (2 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
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(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 (0 m to 1000 (2 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 () 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.

Electrical resistivity (Log)
3

535000 540000 DA

4215000 \—=-om 510000 515000 520000 525000 530000

Figure 10. 3D model of the distribution of the logarithm of the electrical resistivity of the BMGWB.

Other areas of the BMGWB are affected by mean resistivity values of about 10-30 (0m;
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 () 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 com-
puted 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 thick-
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nesses, 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
(Figures 11 and 12).
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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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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 3040 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.
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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 con-
stituted 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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CHAPTER 1V

MULTIDISCIPLINARY STUDY TO PRODUCE A SUBSOIL MODEL USEFULL FOR THE
SEISMIC CHARACTERIZATION OF AN AREA.

4.1 Description of the case study of the plains of San Vito Lo Capo, Macari and Castelluzzo; :
Objectives, Studied Areas, Data Used, Results Obtained.

The case study of the municipality of San Vito Lo Capo, which includes the three coastal plains
studied, is presented to highlight the importance of a multidisciplinary approach, geological and
geophysical, to develop usable subsurface models by defining the geomorphological and subsurface
characteristics that may cause site effects. In the study, in particular, the surveys carried out and the
models developed to deliver a first-level seismic micro-zonation study for the Municipality of San
Vito lo Capo are shown. This analysis is fundamental to the editing of future General Town Plan of
the Municipality of San Vito Lo Capo

The study area lies in northwestern Sicily and is part of the province of Trapani (figure 69). In
particular, the work is divided into the analysis of each individual plain within the municipality of
San Vito Lo Capo where urban agglomeration are present; San Vito Lo Capo, Macari and Castelluzzo.

Figure 69: Localization of the municipal territory of San Vito within Sicily (above). Map of the three
areas studied within the sector considered: A) San Vito Lo Capo B) Macari C) Castelluzzo(down).
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The data used were provided by the municipality of San Vito Lo Capo and include several geophysical
surveys and borehole: Seismic refraction (SRT), Vertical Electrical Sounding (VES), Electrical
Resistivity Tomography (ERT). These data, for which the San Vito Lo Capo Municipality has
provided only the results of previous acquisitions, were qualitatively interpreted to provide a
preliminary characterization of the local stratigraphy. The municipality also provided many raw data
concerning noise seismic data elaborated using the Horizontal to Vertical Spectral Ratio (HVSR)
method. The H/V curves had been analyzed and inverted in 1D seismic-stratigraphic models
constraining the inversion of the data to information derived from previous geological and
geophysical data (figure 70).
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Figure 70: Example of a one-dimensional layered model of the shear wave velocity (bottom)
obtained from the inversion of the data provided by an HVSR survey (upper).

By means of a joint interpretation of all the available data, the results obtained were the definition of
a bedrock depth map for each area under investigation. Moreover, basing on the available geological,
geomorphological and geophysical observations a Map of Homogeneous Microzones in Seismic
perspective (MOPS) was created.

2.2 “Near Surface Geophysics Contribution for First Level Seismic Microzonation Studies for The
Municipality Of san Vito Lo Capo, Western Sicily, Italy.”

This paragraph includes the work presented at the 41st National Conference of the GNGTS (National
Group of Solid Earth Geophysics). The conference took place in Bologna from 7 to 9 February 2023,
during which an oral presentation of the work was given (Canzoneri et al.2023 a).
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Near Surface Geophysics Contribution For First
Level Seismic Microzonation Studies For The
Municipality Of san Vito Lo Capo, Western
Sicily, Italy

A. Canzoneri, A. Bonfardeci, P. Capizzi, R. Martorana

Universita di Palermo, Dipartimento di Scienze della Terra e del Mare, Palermo, Italy

Introduction

Recent studies, carried out by the University of Palermo, allowed to define different seismic
aspects of the area of San Vito Lo Capo, located in the north-western Sicily, Italy.

These investigations were helpful to recognize and highlight, on a sufficiently detailed scale, the
lithostratigraphic and morphological characteristics of the study area. Moreover, this approach
has a particular importance in understanding which features could induce seismic shaking
amplification episodes, instability phenomena and earthquake-triggered permanent deformation.

These analyses underlie the Seismic microzonation (SM) of an area, which represents a useful
tool for seismic prevention and risk assessment. The first level SM studies, applied to the
Municipality of San Vito Lo Capo, has been based on the collection and analysis of pre-existing
data and integrated by new in situ investigations. Finally, the interpretation and correlation of
these data allowed to identify seismic bedrock depth and the homogeneous microzones from a
seismic perspective (MOPS).

Geological and geomorphological setting

The area belonging to the Municipality of San Vito Lo Capo is located on the north-western coast
of Sicily and extends from the promontory of Capo San Vito, to the north, to the village of
Castelluzzo and the Zingaro natural reserve to the west and east respectively. The geological
lithotypes that characterize the area are limestone and recent clastic-terrigenous terrains.
Morphologically the area is characterized by a main contrast between mountains (Monte Monaco
- Pizzo di Sella ridge) and flat and tabular areas hosting San Vito town and Macari and Castelluzzo
villages. The mountain reliefs are characterized by several slope breaks, steep slopes and
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detachment niches, while the flat sectors present extensive terraced surfaces and debris
deposits.

The perimeter of the area subjected to first-level SM corresponds to the main urban center of
San Vito Lo Capo and the areas of Macari and Castelluzzo fractions.

Definition of the basic hazard for seismic classification

Through the reconstruction of the seismic history of an area it is possible to evaluate the danger
of the site and consider the possible impacts of an earthquake on the territory in time. The
seismic events that characterized the area were chosen by consulting the Italian Macroseismic
Database (DBMI15, Locati et al., 2022), the Italian Earthquake Parametric Catalogue (CPTI15 v3.0)
(Rovida et al., 2021), the Italian Macroseismic Historical Archive (ASMI; Rovida et al., 2017) and
the Catalogue of Strong Earthquakes in Italy (461 BC-1997) and in the Mediterranean area (760
BC-1500) (CFTI5Med; Guidoboni et al., 2018).

The main historical earthquakes that from the 4th century BC had significant macroseismic
effects in Western Sicily and those that, starting from the 1900 have recorded significant effects
in the municipality of San Vito Lo Capo include the Mw 6.41earthquake in the Belice Valley, dated
1968, and the Mw 4.79 earthquake of 29.05.1988 with epicenter near the Egadi islands.

To reduce the effects of the seismic shaking expected on the national territory, with a view to
safeguarding human life, Italian legislation has made a reclassification of the seismic hazard of
the entire country. This classification is based both on the intensity and frequency of past
earthquakes and on the application of technical standards for constructions in seismic classified
areas.

According to the latest seismic classification of the Region, dated 24.02.2022, the municipality of
San Vito Lo Capo falls in an area characterized by a medium basic seismic hazard since it has
maximum acceleration values to the ground (ag) between 0.15 g and 0.25 g.

For the evaluation of the basic seismic hazard of an area an important element is the seismogenic
zonation of the Italian territory. The recent seismogenic zonation ZS9 (Meletti and Valensise,
2004) divides the entire Italian territory into 36 zones. According to this the study areas do not
fall into any seismogenic zone.

As regards the definition of the seismic hazard of the area, reference was made to the data
published on the web database of the National Institute of Geophysics and Volcanology (INGV)
(http://essel.mi.ingv.it) described by Meletti et al. (2006). In this dataset was researched the
values of maximum horizontal acceleration to the ground, named ag, with probability of excess of
10% in 50 years. The examined area presents ag values between 0.050 < ag < 0.075 g.

Finally, a fundamental element for the classification of the seismicity of an area is the recognition
of active and capable faults. For this purpose we consulted the ISPRA online database which is
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based on the development of the project ITHACA (2019). In particular this project was realized to
research and describe the capable faults, defined as faults that potentially can create permanent
coseismic deformation on the surface. According to this catalogue the area does not present
active and capable faults. Moreover, by analyzing the DISS (Database of Individual Seismogenic
Sources) catalog, published by INGV (2021), the territory of the Municipality of San Vito Lo Capo
does not result affected by any seismogenic element and the presence of active and capable
faults is not reported.

Nevertheless, a fault located in the western part of San Vito Lo Capo and indicated in pre-existing
geological cartography, results poorly investigated and for this reason it was not possible to
clearly identify deformation or morphostructural evidence of recent movements. Therefore, on
the basis of the available data it was not possible to reconstruct the extent of the fault
displacement and the age of the movement.

Data collection

As required by the SM guidelines for the study of first level, a collection of pre-existing geognostic
and geophysical data has been used. These was appropriately selected basing on the reliability of
the results that is linked to the methodology data acquisition and processing.

As regards geognostic surveys, ten pre-existing continuous core drilling were used to improve the
information about the subsoil and to calibrate the depth of the seismic bedrock since five of them
reach the geological substrate.

Geophysical data analyzed included Seismic Refraction surveys (SR), Vertical Electrical Soundings
(VES), Electrical Resistivity Tomography (ERT) and noise seismic data elaborated using the
Horizontal to Vertical Spectral Ratio (HVSR) method.

52 SR investigations were carried out during public or private professional studies for the
determination of the compression waves velocity useful to define the bedrock depth. These
surveys were realized both in San Vito Lo Capo, Macari and Castelluzzo. The depth of
investigation of almost all surveys did not exceed ten meters due to the detection of the seismic
bedrock within this depth in all investigated areas.

In a large area upstream of the village of Castelluzzo seven VES were performed, whose
interpretation allowed to reconstruct the local stratigraphy up to depths of about 100 m below
ground level. The results of these surveys cannot be fully validated because due to the lack of
fundamental information concerning the acquisition parameters and the resistivity curves
obtained from the measured values.

In addition, other information was provided by five ERT carried out in the town of San Vito Lo
Capo.
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The 47 HVSR surveys considered include 32 measures carried out in the 2012 and 15 measures
carried out in February 2022. These latter were realized for the geological study preparatory to
the editing of the General Town Plan of the Municipality of San Vito Lo Capo. In particular 21
surveys were located within San Vito Lo Capo, 12 in Macari and 14 in Castelluzzo. The HVSR
surveys were located in an almost homogeneous distribution on the most urbanized territory. All
HVSR measurements, acquired with 3D seismic velocimetric sensors, were reworked and
reinterpreted in the light of the available data.

Data analysis and definition of the subsoil model

The HVSR surveys were interpreted trying to identify the mean frequency peak within the
frequency window of 0,1-20 Hz, as well as secondary peaks that may be present. In almost all
HVSR measurements low frequency peaks were recognized, generally between 1 Hz and 3 Hz and
other peaks at higher frequencies, around 20 Hz.

The recognized peak frequencies were used to realize the frequency maps for each area, in which
the spatial distribution of the HVSR surveys is reported together with peak values recognized.
HVSR curves that presented stratigraphic peaks were interpreted with seismic velocity models,
constraining the inversion and interpretation with the available geological and geophysical data
to compute the depth of the seismic bedrock.

Based on the results of the seismic tomography, which show seismic velocities greater than 800
m/s already in layers a few meters deep, the low-frequency peaks (1-3 Hz) of the HVSR curves
have been considered as caused by very deep stratigraphic interfaces. Conversely the
cover/bedrock interface could be responsible for the higher frequency peaks (around 20 Hz). The
bedrock depth model, represented in Fig. 1, shows that investigated areas are characterized by
limestone rocks that constitute the shallow seismic bedrock. Above these rocks a coverage of a
few meters is present. In particular, the area of the town of San Vito Lo Capo shows very shallow
seismic bedrock, excluding a restricted area characterized by the presence of an ancient quarry
filled by heterogeneous material. Even the area of Castelluzzo shows few meters of coverage
above the seismic bedrock. Finally, the Macari area shows greater depth variations of the seismic
bedrock, reaching maximum value of 12 m b.g.l..
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Map legend
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Fig. 1: Maps of the bedrock depth (Vs>800 m/s) for San Vito Lo Capo (A), Macari (B), Castelluzzo (C) areas.

Map of homogeneous microzones in seismic perspective based on first level studies

The processing of the map of homogeneous microzones in seismic perspective (MOPS) is based
on the criteria defined by “Gruppo di lavoro MS” (2008). Basing on the available geological,
geomorphological and geophysical observations three different categories were identified:

A first category is that of stable zones, where no local effects of amplification of the seismic
shaking are hypothesized. These zones present an outcropping geological and seismic substrate
(Vs > 800 m/s), characterized by flat morphology or inclined less than 15°; stable areas can
present a thickness of cover deposits less than 3 m. According to these features two stable zone,
1012 and 1022, were defined.

A second category is constituted by stable zones susceptible of local seismic amplification. In
these areas the amplification of the seismic input is connected to the presence of a rigid ground
(Vs < 800 m/s) outcropping or covered by non-cohesive soils with thickness less than 3 m. Belong
furthermore to this category outcrops anthropogenic, eluvial, colluvial and debris deposits
characterized by thickness greater than 3 m and Vs less than 800 m/s.

In particular, the 2099 zone presents heavily weathered and fractured limestone on the top and
silico-clastic deposits up to a maximum of about 12 m. A debris cover characterizes the 2001
zone, while the 2002 and 2003 zones are characterized by alluvial soils and beach deposits
respectively. A cover of anthropogenic origin, characterized by the presence of heterogeneous
and heterometric material, defines the 2004 zone.

Finally, two zones of attention for instability were defined, on the basis of the type of movement
and the state of activity (landslides): the 30112001 zone that presents active rockfall and rock
topple and the 30152099 zone characterized by widespread erosion processes. All the described
MOPS for the three examined areas are shown in Fig. 2. As regards the poorly investigated fault
located in the western sector of the San Vito town, reported in the pre-existing cartography, a
buffer zone was mapped.
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Map legend
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Fig. 2: Maps of the mops for San Vito Lo Capo (A), Macari (B), Castelluzzo (C) areas.
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CHAPTER YV - CONCLUSIONS

5.1: Synthesis of results and models obtained from the multi-disciplinary approach

The case studies presented in this work demonstrate the potential to produce two-dimensional and
three-dimensional subsoil models through an integrated approach combining geological and
geophysical data and methodologies.

The workflow presented in the three experiments consistently emphasized how geological data can
constrain geophysical data and models. This makes the geophysical models more robust by
maximizing the advantages of this type of acquisition, particularly its speed and cost-effectiveness
compared to geological surveys (e.g., wells, trenches). Similarly, geophysical data can effectively
guide the often-indispensable geological surveys. The models built by combining these two
methodologies are certainly very effective in different areas of research and design of engineering
works as shown in the various cases presented.

In addition, the three case studies highlighted the importance of the constraint in the inversion of
geophysical data according to physical parameters acquired by other non-direct surveys as
demonstrated in the case of the inversion of HVSR data constrained by Vs values derived from
MASW.

The case study of the Palermo plain showed how a 3D model can be developed by integrating
extensive preexisting geological data and using it as a foundation to appropriately enhance the
information available through geophysical methodologies, linking physical parameters to a
comprehensive geological dataset. The 3D model produced for Palermo can be used as a reference
model for subsoil construction in urban environments. This analysis identifies the ancient
characteristics of the territory, often obscured by urban infrastructure and highlights areas highly
susceptible to geological hazards, such as local seismic effects and floods.

The third case study provided similar findings. In this work several previous geophysical surveys
were qualitatively analyzed and integrated into a relatively simple geological model to develop a
preliminary evaluation of the local seismic response. The subsoil model was produced while
minimizing the costs of geological surveys.

The case study of the alluvial plains in the province of Messina has shown how 3D models can guide
the development of effective subsurface models in hydrogeology. The integration of geological and
geophysical data in this case produced models of water bodies that can be utilized for safeguarding
and monitoring coastal aquifers.

In this case, the underground model was also used to describe subsurface water flow. as illustrated by
the CGWB. This approach can serve as a valuable guideline for similar studies.
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