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Abstract

This work pursues the hydro-geochemical and isotopic characterization of the complex groundwater system of the Gioia
Tauro Plain, one of the most important industrialized and agricultural coastal areas of southern Italy. The anthropic
pressure exposes the water resources at risk of depletion and quality degradation making the plain groundwater a system
of high scientific and social interest.

The plain is characterised by a shallow aquifer, mostly recharged by local rains and a deep aquifer apparently less
influenced by local precipitation. Both aquifers are mainly Ca-HCOj3 waters except for localized sectors where Na-HCOs,
Na-Cl and Ca-SO4 waters are present. In deep aquifer, both prolonged interaction with sedimentary rocks, mainly deriving
from the erosion of crystalline rocks, and direct cation exchange represent the primary factors controlling the formation
of Na-HCO; waters. Mixing processes between these waters and either connate brine and/or deep thermal waters
contribute to the formation of isolated high salinity Na-Cl-rich waters. In shallow aquifer, inputs of N-rich sewage and
agriculture-related contaminants, and SOx emissions in proximity of the harbour are responsible of the increasing nitrate
and sulphate concentrations, respectively. The CI/Br and NO3/Cl ratios highlight contamination mainly linked to
agricultural activities and contribution of wastewater.

Along the northern boundary, the warmest groundwater (Na-CI[SO4]) were found close to a bend of the main strike-slip
fault system, locally favouring the rising of B- and Li-rich deep waters, testifying the influence of geological-structural
features on deep water circulation.

Despite the high-water demand, a direct marine intrusion is localized in a very restricted area, where we observed an
incipient groundwater-seawater mixing (seawater contribution < 7%). The qualitative and quantitative conditions of the
shallow aquifer still have acceptable levels because of the relatively high recharge inflow. A reliable hydrogeochemical

conceptual model, able to explain the compositional variability of the studied waters, is proposed.

Keywords: Coastal aquifers - hydrogeochemistry - water isotopes — conceptual hydrogeochemical model — Calabria — Southern Italy

1. Introduction

During the last years, the sustainable management of coastal plains have received significant attention worldwide (e.g.,
Boughriba & Jilali, 2018; Matiatos et al., 2018; Vespasiano et al., 2015a, 2019; Mastrocicco & Colombani, 2020; Polemio
& Zuffiano, 2020; Cianflone et al., 2021; Sarker et al., 2021; Nisi et al., 2022). Coastal plains show an important
economic, social, and biological value as they represent the link between marine and terrestrial environments (Martinez
etal., 2007). In response to this, coastal plains have always been considered strategic sectors for human settlement hosting
most of the world’s megacities with the relative issues due to the intensive use of the territory (McGranahan et al., 2007).
In these areas, the intensive exploitation of groundwater reduces freshwater outflow to the sea, forming a local water table
depression and inland seawater migration (Masciopinto et al., 2006; Mjemabh et al., 2009; Van Camp et al., 2014). This
phenomenon, named seawater intrusion, is a global concern and represents one of the most widespread processes that
degrade groundwater quality and limit its utilization (Nisti et al., 2013; Alfarrah and Walraevens, 2018; Vespasiano et al.,
2019; Boumaiza et al., 2020; Han et al., 2021; Kammoun et al., 2021). Coupled with a continuing sea level rise due to
global warming, coastal aquifers are expected to be threatened in a relatively near future (Alfarrah and Walraevens, 2018).
Consequently, there has been an increasing interest in evaluating the extent of seawater intrusion in response to
overexploitation and sea level rise (Barlow and Reichard, 2010; Custodio, 2010; Polemio and Walraevens, 2019).
Seawater intrusion phenomena have been reported in many coastal areas of the United States of America (Barlow, 2003;

Langman and Ellis, 2010), Africa (El Halimi et al., 2001; Steyl and Dennis, 2010; Van Camp et al., 2013; Walraevens et
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al., 2015; Alfarrah and Walraevens, 2018) and, to a lesser extent, of Mexico (Cardoso, 1993), South America (Bocanegra
et al., 2010), Saudi Arabia (Alshehri et al., 2021) and Australia (Werner, 2010). Also in Italy, studies focused on the
sustainable management and characterization of the main processes linked to marine intrusion have undergone a
considerable increase (e.g., Capaccioni et al., 2005). From the northern-central to the southernmost coasts of the Adriatic
and Tyrrhenian Seas, as well as in Sardinia and Sicily, several areas were recognized to be at risk of salinization (e.g.,
Barrocu, 2003; Grassi et al. 2007; Brozzo et al., 2011; Mollema et al., 2013; Felisa et al., 2013; Iyalomhe et al., 2015;
Franceschini and Signorini, 2016; Vespasiano et al., 2016; Vespasiano et al., 2019; Muzzillo et al., 2020; Bellafiore et
al., 2021; Giambastiani et al., 2021; Mastrocicco et al., 2021; Cianflone et al., 2021, 2022), similarly to what is occurring
in other coastal areas of the Mediterrancan Sea (e.g., Alcala and Custodio, 2008; De Montety ct al., 2008; Custodio, 2010;
Mastrocicco and Colombani, 2020).

Complex geological setting, mixing between marine and connate waters, ion exchange processes and natural and/or
human-induced inputs (due to industrial and agricultural activities) represent other conditions that can modify
groundwater composition of coastal plains (Mollema et al., 2013; Mtoni et al., 2013; Carreira et al., 2014; Corniello et al.
2015; Abu Al Nacem et al., 2019; Vespasiano et al., 2019; Mastrocicco et al., 2021). In these contexts, sources and driving
mechanisms are to be identified and characterized by a multidisciplinary approach (including geological, hydrogeological,
geochemical, and geophysical investigations), to produce reliable conceptual and numerical models whose results can be
used for steering suitable preventive actions. Water geochemistry and isotopes (e.g., '*0/1°O and H/'H ratios) are uscful
to: 1) identify the main ongoing water-rock interaction processes, leading to the formation of the different geochemical
facies (Vespasiano et al., 2019); ii) evaluate freshwater-saltwater interactions as well as consequent ion exchange and
oxidation—reduction reactions (e.g., Zarei et al., 2012; Sudaryanto and Naily, 2018); iii) contribute to the management of
the groundwater resource (e.g., Menichini and Doveri, 2020; Carrion-Mero et al., 2021); iv) model transport pathways
and fate of saline water (e.g., Ganyaglo ct al., 2017; Wua ct al., 2020); v) evaluate the environmental impact induced by
human activities, if any, and vi) assess groundwater quality (e.g., Apollaro et al., 2019; Varde et al., 2019; Apollaro et
al., 2020; Figoli et al., 2020; Alshehri et al., 2021; Mastrocicco et al., 2021; Apollaro et al., 2022). In coastal plains, a
detailed geochemical characterization of the aforementioned processes represents the primary objective to promote
sustainable management and intervene purposefully for the resolution and/or mitigation of possible problems (Fehdi et
al., 2009; Bompoti ct al., 2015; Mallick et al., 2018).

This work is aimed at investigating the Gioia Tauro Plain (GTP) groundwater system. GTP is located along the south-
western coast of the Calabria Region and is one of the most important industrialized and coastal agricultural areas of
southern Italy, with an extension of about 500 km?. The plain is inhabited by about 160,000 people distributed in towns,
villages, and rural areas. It is characterized by a highly developed agricultural sector and two thermoelectric industries
(waste-to-energy and thermoelectric power plants). Furthermore, GTP hosts two strategic infrastructures such as the Gioia
Tauro Harbor (the largest transhipment terminal of Italy and one of the most important container traffic hubs in the
Mediterranean basin) and the A2 “Mediterranea” highway (the main road line of the Region).

Despite the crucial role and the presence of relevant infrastructures, GTP still presents portions completely devoid of
basic services, such as sewers or connections to aqueducts for domestic use. The lack of such services and the well-
developed anthropic activities expose the GTP groundwater resources at risk of depletion and quality degradation.
Furthermore, GTP shows a very articulated geological and structural framework that locally favour the development of
waters with chemical characteristics not fully explainable by typical water-rock interaction processes occurring in the

sedimentary aquifers and/or seawater intrusion (Pizzino et al., 2004; Cianflone et al., 2021). In addition to the ongoing
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anthropic pressure (mainly due to intensive farming), this issue makes the GTP groundwater a system of high scientific
and social interest.

This work has as main target that to improve the hydrogeological and geochemical knowledge of the GTP groundwater
systems by providing new geochemical and isotopic data to 1) assess the main processes affecting the main GTP aquifers
and 11) establish the relationship between natural and anthropogenic sources that concur to the observed water chemistry

variability and iii) propose a conceptual model of fluid circulation.

2. Geological, structural, and hydrogeological settings

GTP is a NNE-SSW oriented half-graben (Figure 1a) of Upper Pliocene-Pleistocene age (Monaco and Tortorici, 2000),
bounded to the cast by the NNE-SSW Cittanova Fault (CF_NNE-SSW_W) [fault acronym_strike dip] (Figure 1a and
Figure 1Sa), a high-angle, west-dipping, master normal fault and juxtaposing the crystalline bedrock and the GTP
sedimentary infill (Jacques et al., 2001; Tripodi ct al., 2018). CF was responsible for both the 1783 catastrophic earthquake
(Mw = 7.0) and the seismic event that occurred in the 4" century AD (Galli and Peronace, 2015; Galli and Bosi, 2002).
Other three faults parallel to CF occur in the study area: the west dipping Sant’Eufemia-Laureana Fault (SLF_NNE-
SSW_W) and the Palmi-Gioia Tauro Fault (PGF_NNE-SSW_W) and an east dipping tectonic structure occupying an
intermediate position between SLF and PGF: the Rosarno-Palmi Fault (RPF_NNE-SSW_E) (Tripodi et al., 2018).
Furthermore, two other faults, orthogonal to CF, occur: (i) to the North, the Nicotera-Gioiosa Fault Zone (NGFZ_NW-
SE_S), NW-SE striking and with right strike-slip kinematics, (ii) to the South, the Palmi-Locri Fault Zone (PLFZ_NW-
SE_N), of NW-SE direction and a main left strike-slip kinematics (Tripodi et al., 2018 and references therein). According
to Loreto et al. (2019), the GTP depression represents the emerged portion of the Gioia Tauro Basin, extending offshore
in the Tyrrhenian Sea, while NGFZ is the subaerial part of an important tectonic structure continuing for some tens of km
in the Tyrrhenian Sea and delimiting to the south the Capo Vaticano Ridge.

The eastern and northern sides of the plain are bounded by the Serre Massif, a complete continental crustal section made
up of Variscan metamorphic and plutonic rocks (Cirrincione et al., 2015). The Serre Batholith crops out along the eastern
boundary and includes two-mica porphyritic granodiorites and granites, two-mica granodiorites and granites, and biotite
granodiorites (Figure 1a). The Capo Vaticano Promontory is a sector of the Serre Massif separated from the main body
by the Mesima graben. It bounds the NW-sector of the plain and is made up of qz-diorites and tonalites, and a migmatitic
border zone. To the south of Cittanova town, PLFZ NW-SE_N separates the Serre Massif from the Aspromonte Massif
(Cirrincione et al., 2015). In this sector, the latter consists of migmatitic paragneisses, which outcrop in the catchment of
the Petrace River. The GTP southwestern side is bounded by the Palmi High, characterized by crystalline rocks
(migmatitic paragneiss, foliated tonalite and augen gneiss) covered by Tortonian-Messinian siliciclastic and carbonate
deposits (Cirrincione et al., 2015).

The GTP basin is filled by a sedimentary succession starting with upper Miocene siliciclastic and carbonate deposits,
which unconformably cover the crystalline bedrock (Figure 1a). The succession passes upward to thick (~600 m) Plio-
Pleistocene marine sediments (Jacques et al., 2001), which include, at their bottom, Pliocene clayey and silty deposits,
hundred meters thick (Jacques et al., 2001), called “Trubi Formation” (ISPRA, 2016), and characterized in the upper part
by the presence of a pumice-rich horizon (De Rosa et al., 2008). The Trubi Formation is covered, through a slight angular
unconformity, by the Late Pliocene-Pleistocene Calcareniti di Vinco, consisting of cross-bedded sands and calcarenites
(Jacques et al., 2001; ISPRA, 2016), which are considered as the infilling of the Siderno paleo-strait (Longhitano et al.,
2012). The Late Pleistocene gravel and sand alluvial fan deposits of the Taurianova Synthem cover the Calcareniti di

Vinco through an erosive contact, in the eastern side of the plain (ISPRA, 2016). The sedimentary infill of the GTP is



150 closed by Late Pleistocene—Holocene sand- to gravel-terraced marine deposits (up to 20 m thick) and Holocene terrains
151 where ancient acolian inland dunes, recent alluvial deposits (in the eastern and middle sectors), and coastal deposits (in
152 the western sector) were recognized.
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From a hydrogeological point of view, the GTP sub-surface hosts (i) a deep aquifer hosted in the Late Miocene succession
(HU1) and characterised by artesian condition, (ii) an aquitard (HU2) made up of Pliocene clayey and silty deposits and
(ii1) a shallow phreatic aquifer corresponding to the Late Pleistocene and Holocene marine and alluvial sediments, with
hydraulic conductivity ranging from 10 to 10~ m/s, somewhere with peaks of 103 m/s (HU3) (Figure 1b). A peculiar
hydrogeological setting characterizes the Scina area (Figure 1a) where the shallow aquifer (HU3), consisting of fluvial
and deltaic sediments of the Petrace River and coastal deposits, lies directly over the metamorphic basement (Cianflone
et al., 2021). The occurrence of deeper water circuits within the crystalline basement is indicated by both the Galatro
thermal springs (Apollaro et al., 2019; Randazzo et al., 2022), in the north-eastern border of the study area (Figure 1a),
and B- and Li-rich waters along the NGFZ_NW-SE _S (Pizzino et al., 2004). The groundwater flow in the shallow aquifer
(Figure 2Sa) has a prevalent SE-NW direction.

The GTP comprises four main catchments (Figures 2Sb): (i) the Mesima basin (extension of about 815 km?), in the
northern sector with a SW, W and, subordinately, NW drainage. The basin drains the Serre Massif and, partially, the
Aspromonte Massif with the tributary Metramo River; (ii) the Budello basin, in the central portion, showing a W-NW
drainage, a small catchment and a torrential watercourse; (iii) the Petrace basin, located in the southern sector, showing a
N and NW drainage direction from the Aspromonte Massif (extension of about 420 km?) and iv) the small (about 20 km?)
San Giovanni basin, in the northernmost side of the plain with a main NS flow direction draining the Capo Vaticano
promontory.

The mean annual rainfall distribution was analysed according to Cianflone et al. (2015a). Data from 26 rain gauges
(Regione Calabria — ARPACAL - https://www.cfd.calabria.it) were used to define the correlation between the Average
Annual Rainfall (AAR) and Altitude (ALT) (AAR=1.0409xALT+846.08, R>=0.7). Then, we converted a DTM 20x20 m
(Geo-portale Nazionale - http://www.pcn.minambiente.it/mattm) from raster to a point shapefile (one point for each cell)
with associated altitude data. For each point, the previously obtained correlation was applied. Finally, the punctual data
were processed using the ordinary kriging as interpolation technique to obtain a continuous spatial reconstruction of the

average annual rainfall (Figure 2Sb), which is characterized by a mean annual value of 1274 mm.

3. Methods

3.1. Sampling and analytical methods
The hydrogeochemical survey at GTP was carried out from March to October 2021. A total of 114 water points, including
wells, rivers, and springs were selected for water level measurement, physicochemical field measurements and
geochemical (major and trace solutes) and isotopic (§'%0 and 8%H) laboratory analyses (Table 1S). The water samples
were identified with a progressive number preceded by a subfix: PG: well; FG: river and SG: spring (Figure 1Sa). The
well groundwater samples were collected during pumping and the water level measurements were performed beforehand
pumping (for the claboration of groundwater levels see Cianflone et al., 2021). Wells were previously purged with
international standard criteria (generally low flow and pumping of 3-4 volumes of well water column); and the samples
were collected once the physicochemical parameters stabilized. The 114 samples included: 78 samples of the shallow
aquifer (using wells from 5 to 100 m depth), 21 samples from the deep confined aquifer (using artesian wells from 90 to
436 m depth), 9 samples from rivers (FG1, FG2, and FG3 of Budello River; FG4, FGS5, and FG6 of Mesima River; FG7
of Metramo River; FG8 and FG9 Petrace River). Furthermore, 6 samples (5 from wells drilled in the metamorphic-
crystalline basement and 1 from a spring), representative of the main recharge areas, were collected: Palmi High (PG94),

Aspromonte massif (PG36) and Capo Vaticano High (PG16, PG17, SG4 and PG71) (Figure 1Sa). The three recharge
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arcas were treated separately, given the compositional differences of the outcropping lithotypes that could affect the
composition of the recharge waters.

The assignment of each well to the shallow (HU3) or deep aquifer (HU1) was carried out by comparing the well depth
with the reconstructed stratigraphy, considering artesian or phreatic evidence.

It was generally assumed that groundwater samples are mainly representative of the deepest part of wells, if they were
bored to tap groundwater and not for monitoring purposes (boring local companies usually are paid drill up to find enough
groundwater).

Intrinsically unstable parameters (total alkalinity, temperature, pH, and Eh) and electrical conductivity (EC) were
measured in the field by means of portable instruments (Hanna instruments - H/9829). Two pH buffers, with nominal pH
values 0f 4.01 and 7.01 at 25 °C, were used for pH calibration at each sampling site. The ZoBell’s solution (Nordstrom,
1997) was utilized to calibrate the mV-meter for Eh measurement. Total alkalinity was determined by acidimetric titration,
using HC1 0.05N as titrating agent and methyl-orange as indicator (Nisi et al., 2019; Vaselli et al., 2021). All water
samples were filtered in situ through a membrane with a 0.45 um pore (e.g., Kennedy and Zellweger, 1974; Laxen and
Chandler, 1982). Water samples for the determination of anions were stored without additional treatments, whereas
samples for the determination of cations, trace (B, Li, Al, Fe and Mn) elements, and SiO, were acidified by adding
suprapur acid (1% HNO3). All the samples were stored in polyethylene bottles, previously washed with dilute HNO; and
rinsed with Milli-Q demineralized water. Blank solutions were prepared in the field using demineralized water and
following the same procedure. All the water samples were kept at 4 °C and dark conditions before analysis. To measure
the 8’H and 8'%0 values, 50 ml of water was transferred into tightly sealed screw-cap bottles without filtering. Waterproof
tape was bound around the cap to ensure that no evaporation took place.

The main solutes were determined by High Performance Liquid Chromatography (HPLC) by using a Thermo Scientific
Dionex™ ICS-1100 equipped with Dionex IOnPac AS23 and Dionex lonPac CS12A columns for the determination of
anionic (F, Cl, Br, SO42~ and NOj5°) and cation (K*, Na™, Li*, Ca?*, NH," and Mg?") species, respectively, whereas, trace
elements (B, Al, Fe and Mn) were determined with a quadrupole inductively coupled plasma-mass spectrometer which
utilizes a dynamic reaction cell for interference removal (ICP-MS, PerkinElmer/SCIEX, ELAN DRC-¢). On the same
day of collection, dissolved reactive SiO, was measured by VIS spectrophotometry upon reaction with ammonium
molybdate in acid media (and treatment with oxalic acid) to form a yellow silicomolybdate complex, whose absorbance
was read at 410 nm (see Nollet and De Gelder, 2007 for further details). Data quality for major components was evaluated

by calculating the electroneutrality parameter (EP; Appelo and Postma, 2005) charge balance, as follows:

EP = [(Zcat-Zan)/(Zcat+Zan)]*100

The sum of cations (Zcat) and anions (Xan) are in meq/L. The EP was always less than +5 %. Precision and accuracy for
minor and trace elements was checked against the NIST1643f standard reference solution. Deviations from the certified
concentrations resulted to be lower than 5%. The &°H and 3'0 (both in %0 V-SMOW) values were measured in the
Laboratories of the Stable Isotopes at the University of Florence by a Picarro L2130-i isotope analyzer, which utilise a
cavity ring-down spectroscopy (CRDS) technology. The internal standards are originally inter-calibrated by using the
IAEA international standards. During the instrumental setup, the possible “salinity” effects were verified. In particular,
at MilliQ water increasing amounts of suprapur (dried) NaCl were added up to salinity similar or even higher than that of
seawater were achieved. During these tests no significant differences were recorded. The vaporization system indeed uses

a protective septum to reduce the deposition of salt in the vaporization chamber. Additionally, when dealing with saline
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samples we test the accuracy of our instrument with an internal seawater from the Mediterrancan Sea that has been cross-
analyzed with other isotopic labs, e.g. the INGV Vesuvian Observatory. It is also to mention that Picarro L2130-1 has 7
positions for each line, in each line one position is dedicated to MilliQ water to control any drifts. Before each run, the
internal standards are analyzed 3 to 4 times and then, every 12 samples and at the end of the any analytical session to
verify and optimize the calibration. Each sample is analyzed seven times and the first 3 measurements are excluded from
the post-process program to avoid any memory effects. Measurement precision, based on the repeated analysis of in-
house standards, was found to be £0.67%o for 3*H and £0.09%o for 3'%0. In terms of accuracy, the error is +£0.34%o for

8*H and +0.055%o for 5'20.

3.2. Data processing
The final aim of the data interpretation is to elaborate a site-specific conceptual model of GTP based on
geochemical/isotopic data as well as on geological and hydrogeological evidence. Thus, the study area was divided in 6
main sectors (Figure 1Sb), as a function of the lithological-structural framework: Sector A (eastern portion-recharge area),
B (northern portion across the NGFZ_NW-SE_S), C (north-central portion), D (south-central portion), E (Scina Area)
and F (southern portion across the PLFZ NW-SE_N).
The geochemical data collected during this work were also compared with those of the Galatro thermal waters (Pizzino
et al., 2004; Apollaro et al., 2019) since the latter likely represent the discharge at surface of the main deep thermal system
present in the study area.
The geochemical data were interpreted according to consolidated procedures, such as: (i) the Durov diagram (Durov 1948
— Figure 2); (ii) the Total Ionic Salinity (TIS) diagram of (Ca**+Mg?") vs. (Na*+K") (Figure 3a and 3b), in which the iso-
TIS lines are drawn for reference (Apollaro, 2019; Vespasiano et al., 2021a; Vespasiano et al., 2021b); (iii) binary plots
between mobile and conservative components. Saturation indexes (SI) were calculated for selected mineral phases using
the PHREEQC interactive software, version 3.1.1 (Parkhurst and Appelo, 2013) and the LLNL thermodynamic database
(Table 1S).
In the Durov diagram, the result is a representation of nine fields (from @ to @ in figure 2) that allows to separate properly
the four main chemical facies generally recognized in coastal areas [Na-HCO5®, Na—C1®, Ca—HCO;® and Ca—Cl1®] as
well as the mixed chemical types occupying intermediate positions (Petalas et al., 2009).
A complete description of the GTP waters was performed according to their chemical and physical features by adopting
a simplified version of the classification approach proposed by Stuyfzand (1989). Water classification by Stuyfzand
(1989) is commonly applied to ground and surface waters occurring in coastal areas and used to identify cation exchange
reactions and specific geochemical processes, which possibly control their water chemistry (e.g., Giménez-Forcada et al.,
2010; Marconi et al., 2011; Vandenbohede and Lebbe, 2012; Mendizabal et al., 2012; Mollema et al., 2013; Sarker et al.,
2021; Alfarrah and Walraevens, 2018).
The approach of Stuyfzand (1989) implies the step-by-step determination of the main type, type, subtype, and class (Base
Exchange Index - BEX) of each water sample. Each of these four levels of classification is recorded in the total code (and
name) of the water type. The main type of water is based on CI- concentration (in mg L!). These are G = very oligohaline:
<§; g = oligohaline: 5-30; F = fresh: 30-150; f = fresh-brackish: 150-300; B = brackish: 300-1000; b = brackish-salt:
1000-10,000; S = salt: 10,000-20,000 and H = hyperhaline: >20,000 (Table 1S).
Alkalinity (in meq/L) determines the type and may vary from very low (<0.5 meq L) to extremely high (>256 meq L™").
The type includes a total of 10 “classes” of values coded from * to 9 (see Table 2S). In most natural waters with 4.5 < pH

< 9.5 (at 25 °C, 1 bar), alkalinity is equal to the sum of HCO3 and CO5* (Stuyfzand, 1989) or only HCO5™ ion for pH <
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8.3 (at 25°C, 1 bar), as is the case for the GTP waters. Nevertheless, it must be kept in mind that alkalinity is defined as
the sum of all the bases dissolved in the aqueous solution and, therefore, it receives the contributions of several other
dissolved anions (e.g., phosphate anions, namely PO4* and HPO,> entirely and HoPOy4 in part, OH", H3Si047, H,BOs,
HS", CH3COO" and other organic acid anions) and neutral species (e.g., NH3), which may become even more important
than HCOs and COs* for high-pH Ca(Mg)-OH waters (e.g., Bruni et al., 2002; Cipolli et al., 2004), formation waters
(Palandri and Reed, 2001), and geothermal brines affected by boiling (Cioni and Marini, 2020).

The identification of subtypes is based on the dominant cations and anions, by using the triangular diagrams of
(Ca?+Mg?") — (Na'+K'+NH;") — (AP*+H'+ Fe?'+ Mn?") and (HCO5+CO;3%) — (CI)) — (SO42+NO;” +NOy") both prepared
adopting the concentrations in meq L.

Finally, BEX defines the class and identifies the cation exchange reactions occurring during the infiltration of either saline
water in a fresh-water aquifer or freshwater into a saline/brackish aquifer containing several exchangers (e.g., including
clay minerals, organic matter, and metal oxyhydroxides), as typically found in coastal areas. Indeed, during marine

intrusion, a salinity increase affects the aquifer, and the following exchange reaction takes place:

Na® + 0.5Ca-X; — Na-X + 0.5Ca?* (1)

where X indicates the cation exchanger. In the reaction, Na' is taken up by the exchanger, while Ca?" is released to the
aqueous solution. Since no reaction involves Cl°, water composition changes from Na-Cl to Ca-Cl.
During the freshening processes, the reverse reaction of (1), induced by freshwater recharge, takes place. The cation

exchanger adsorbs Ca?" while Na' is released to the aqueous solution with the consequent evolution to the Na-HCOs type:

0.5Ca* + Na-X — 0.5Ca-X; + Na* )

Based on these premises, the analytical cation concentrations of groundwater are commonly used through BEX to identify
salinization or freshening tendencies occurring in coastal areas. Several base exchange indices were proposed by different

authors as reported by Stuyfzand (2008) who recommended the use of the following:

BEX = (Na+K+Mg) - 1.0716 CI (meq/L) 3)

where 1.0716 is the (Na+K+Mg)/Cl ratio in mean ocean water. Thus, the BEX index indicates how much the sum of Na,
K, and Mg deviates with respect to the seawater contribution. Nevertheless, such a deviation from the marine cation
composition may also be caused by other processes such as mineral dissolution/precipitation reactions (Stuyfzand, 2008).
Owing to these uncertainties concerning the BEX index, we decided to ignore the BEX classes and to adopt a simplified
code based only on the main type, type, and subtype. The simplified Stuyfzand’s classification was used for the
straightforward visualization of space trends on cross-sections and maps thanks to the effective and compact coding of
the different water facies (Figure la). Finally, the methods of spatial interpolation Inverse Distance Weighting (IDW)
and the ordinary kriging, obtained using suitable semi-variogram models to describe the spatial dependence of each

parameter, were applied for the generation of iso-concentration maps.

4. Results and Discussion

4.1. Physical-chemical parameters
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The main statistical indices of the physicochemical groundwater parameters of HU3 and HU1 aquifers are summarized
in Table 3S. The GTP groundwaters show a wide range of electrical conductivity (from 228 to 10,520 uS/cm) indicating
that they range from very fresh to very saline, according to Phocaides, (2000). The pH from both aquifers exhibits a great
variability from north to south of the plain, with values ranging between 5.9 and 8.9. The temperature range is from 14 to
25.8 °C while Eh varies from -250 mV to 300 mV, the negative values mostly related to the HU1 aquifer although,
somewhere, Eh values down to -106 mV were also measured in the HU3 groundwaters.

From a general point of view, the main anomalies of the physicochemical parameters are recognized in the northern
boundary of the plain (Sector B), along the NGFZ_NW-SE S, one of the main fault zones dissecting the study area.
Waters in this sector show high values of conductivity, pH, and temperature, with pH values > 8 and a peak temperature
of 26 °C. Furthermore, the northern sector is characterized by the most negative Eh values when compared to the other
areas. The waters from the southern portion of the plain (sector F) are similar to those of the central sectors (C/D), having
low conductivity (< 1000 uS/cm), positive Eh values and relatively low temperatures (< 18 °C). Only one restricted area,
along the coastline (Sector E) and confined by the Palmi high (Scina locality), revealed anomalous conductivity values,
> 1500 uS/cm.

A significantly different spatial distribution of the physicochemical parameters is shown by the two main aquifers (HU3
and HU1). The 21 samples of deep artesian wells of HU1 (red dots in Figure 1a and 1Sa) show a spatial heterogeneity
much greater than that observed for HU3. The HU1 groundwater shows the highest temperature (mean of 18.6 + 3.2 °C),
highest conductivity (mean of 1224 uS/cm with peaks up to 10,520 uS/cm), and pH (values > 7.5) as well as negative Eh
values, with the main anomalies found mainly in proximity of the northern boundary of the plain (Sector B). The HU3
groundwater shows mean temperature of 17.4 + 1.3 °C, variable conductivity values (between 249 and 4049 uS/cm), and
pH between 5.9 and 8.5 as well as, in most cases, positive Eh values. In the northern portion of the plain (northward to
the Mesima mouth), groundwater of HU3 show relatively high conductivity (EC > 1000 puS/cm) and localized negative
Eh values. Nevertheless, the main anomaly (EC > 1500 puS/cm) in HU3 occurs in the south-west (sector E), close to Scina
(Figure 1a). Finally, the middle and inner portions of the plain (around Rizziconi, Taurianova and Polistena villages),
display the lowest temperature and electrical conductivity values.

The physicochemical parameters of main rivers (Budello, Mesima, Metramo and Petrace Rivers) are in most cases similar
to those shown by HU3 groundwater. River waters have mean temperature of 15.1 + 2.9 °C, mean electrical conductivity
0f 393 + 79 uS/cm, pH between 7.2 and 8.7 and positive Eh values. Regarding the recharge area, the Capo Vaticano High
(PG16, PG17, SG4 and PG71), Palmi High (PG94) and Aspromonte/Serre Massif (PG36) groundwaters differ from the
HUI1, HU3 groundwater and surface waters due to the distinct lithological-structural framework. These samples were
collected close to the GTP outer boundaries, where the groundwater may have undergone a water-rock interaction extent
higher with respect to the rainwater infiltrating at high altitudes. Waters from the Aspromonte/Serre Massif show the
lowest temperature (14.5 °C) and electrical conductivity (364 uS/cm) values and have relatively high pH (7.9), whereas
waters from the Capo Vaticano High (San Giovanni Basin) have electrical conductivities up to 1068 pS/cm and pH
between 7.1 and 7.3. Finally, the Palmi High (southern sector) water has an electrical conductivity of 655 uS/cm and a

pH of 6.8, i.e., the lowest one among the three recharge areas.

4.2. Water classification
According to the Durov plot (Figure 2), it is possible to distinguish the different geochemical facies that characterize the

groundwaters (from HU1, HU3, and recharge area) and surface water.
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(i - shallow aquifer). Shallow groundwaters (HU3) are ascribable to five main chemical facies, namely: Ca-HCO;3 (55
samples), Na-HCO3 (6 samples), Ca-SO4 (8 samples), Na-Cl (7 samples) and Ca-Cl (2 samples) (Table 1S). Groundwater
samples, showing comparable composition with samples of recharge areas (orange stars in Figure 2), are mainly Ca-
HCO; since Ca largely prevails over Mg, with a Ca/Mg ratio (in meq L!) of 3.3 + 1.4. These chemical characteristics are
probably acquired through water-rock interaction between meteoric waters and Ca-rich carbonate minerals, such as calcite
and dolomite (Appelo and Postma, 2005; Apollaro et al., 2009, 2013; White et al., 1999), whose dissolution rate is several
orders of magnitude higher than silicate rocks (e.g., Marini, 2006 and reference therein). Calcite is present as an accessory
phase in granitoid rocks with concentrations varying between 20 and 18,800 mg/kg (average value of 2520 mg/kg; White
etal., 1999, 2005). Thus, meteoric waters of the study area rapidly acquire the Ca-HCO;3; composition through dissolution
of disseminated calcite present in the crystalline basement (along the recharge areas) and in the sedimentary rocks derived

from the erosion of the crystalline basement. The process is indicated by the following reaction:

CaCOsx(s) + COx(g ag + HyO — Ca2* + 2HCOy" (4)

An ideal evolution of this process would involve the distribution of points along a horizontal line in Figure 3a. Instead,
Ca-HCOs waters also show a gradual increase in Na™ and K™ related to the possible concomitance of secondary processes
such as the interaction with crystalline rocks, anthropogenic inputs, and ionic exchange reactions but it is difficult to
understand which of these processes explain(s) the enrichment in alkali ions of Ca-HCOj3 waters. lonic exchange reactions
(1) and (2) are described by iso-salinity trends and account for the iso-salinity evolution from the Ca-HCOj; to the Na-
HCO;j facies.
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Figure 2 - Durov diagram showing the GTP water facies. Differences from the Ca-HCOj3 type are highlighted by colour shading,
namely: yellow for Na-HCOj3 of sectors B, C, D and F; orange for Na-HCO3(Cl) to Na-Cl of sector B; lilac for Na-Cl waters of sector

E (Scina area); and purple for Ca-SO4 and Ca-Cl waters of sector C. FW and SW represent freshwater and seawater, respectively.
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The Ca-HCO3 waters from HU3 are mainly found in the eastern portion of the plain (Sector 4 — Figure 1Sb) but they are
the dominant type of the shallow aquifer (70%). This type shows low but variable electrical conductivity, between 249
and 1622 pS/cm (from oligohaline [g] to fresh-brackish [f] waters), with the highest value recognized in proximity of the
GTP northern boundary (Sector B).

The north-central portion of the GTP (Sector C), where the inland field of dunes crops out, is characterized by the presence
of Ca-SO4 waters. This chemical type has relatively low conductivity, between 400 and 825 uS/cm (Fresh [F]) and
exclusively pertain to HU3. Given the absence of gypsum- or anhydrite-bearing evaporites in the study area, this chemical
type could be linked to local anthropic factors or oxidative pyrite dissolution (Rickard, 2012; Rickard et al., 2017)
followed by calcite dissolution (the processes controlling the development of the different chemical types will be
discussed in depth in the next section).

The Na-HCOj; waters from HU3 occur in the northern (Sector B, between 0.9 and 1.6 km away from the coastline) and
south-central parts (Sector D, between 1 and 9 km away from the coastline) of GTP close to Nicotera Marina and Budello
River, respectively (Figure 1a). In the northern sector, the Na-HCO3 samples from HU3 (PG47 and PG75) reflect the
composition and the relatively high salinity recognized in the local recharge water. In fact, waters from the Capo Vaticano
High (e.g., PG17 representative of the San Giovanni Basin) show high conductivity values when compared with those
from the eastern (Aspromonte/Serre) and southern (Palmi High) recharge areas, respectively. On the other hand, for the
Na-HCOs waters from HU3, collected close to Budello River (Sector D), a distinction between low and relatively high
conductivity (from 299 up to 835 uS/cm, respectively) waters is to be made. The low-salinity waters show high Ca/F
molar ratio (up to 27) and are undersaturated in calcite. These characteristics are typical of immature waters deriving from
the Na-Cl rain waters which are typically found in coastal areas and can be considered strongly diluted seawater (Appelo
and Postma 2005). The evolution from this meteoric composition (very low-T1IS G-Na-Cl) to the low-TIS G/g-Na-HCO3
facies occurs through limited water/rock interaction with the upstream crystalline-metamorphic successions (Fuoco et al.,
2022). In contrast, the higher salinity samples show oversaturation with respect to calcite and a lower Ca/F molar ratio
(11.5), suggesting a prolonged water/rock interaction with crystalline-metamorphic rocks (Fuoco et al., 2022; Apollaro
et al., 2015). Consequently, the overall geochemical evolution can be schematized as: very low TIS G-Na-Cl — low-TIS
G/g-Na-HCO; — g/F-Ca-HCO3; — relatively high-TIS F-Na-HCO3 (Fuoco et al., 2022). However, the occurrence of
freshening processes cannot be excluded since during direct cation exchange, calcium concentration decreases favouring
the dissolution of F-rich phases (e.g., fluorite) or F-bearing minerals (e.g., apatite, muscovite, and amphibole), leading to
a low Ca/F molar ratio (Chen et al., 2020).

The Ca-Cl composition was only identified in two wells from Nicotera Marina (PG74) and close to Rizziconi (PG99).
Generally, the chemical Ca-Cl type is mostly due to marine ingression and subsequent cation exchange, according to
reaction (1). Nevertheless, both samples represent isolated cases located at different distances from the coast (2 km and
10 km, respectively). For the former an anthropogenic source can be hypothesized. Sample PG74 is indeed localized in
proximity of a water treatment plant for drinking water purposes and could account for the anomalous release of Na-Cl
waters into the HU3 aquifer. Furthermore, other wells located between PG74, and the coastline typically show a Ca-HCO3
compositions. Regarding sample PG99, the distance from the coast (10 km) allows to exclude any ion exchange processes
linked to seawater intrusion. In this sample, the low Cl/Br molar ratio confirms anthropogenic contamination (see section
4c). Finally, the Na-Cl group (samples PG38, PG66, PG67, PG68, PG69 and PG70) is mainly found in the southern
coastline (Sector F), in proximity of Scina. These samples, as highlighted in Figures 3a and 3b, show the highest
conductivity values, between 1144 and 4049 pS/cm (from Fresh [F] to brackish-salt [b]), in the shallow aquifer. In
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particular, samples PG38, PG66, PG67, and PG68 could be produced through either seawater addition to low-salinity Ca-
HCOj; waters or ionic exchange according to reaction (2) involving Ca-HCO3 waters of higher salinity, as indicated by
lines ¢, d and a, b, respectively (Figure 3a). Nevertheless, the chemical composition of PG69 and PG70 is unlikely to be
related to ionic exchange as it would have involved Ca-HCOj; waters characterized by very high salinities, much greater
than the observed values. Since these two samples lie close the seawater dilution line (Figure 3b - data from Drever,

1988), it is possible to suggest the presence of direct seawater intrusion, though at a relatively low degree.
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Figure 3 - Correlation diagram of (Ca> +Mg?") vs. (Na'+K") for (a) low and (b) high salinity samples from the GTP waters. Iso-salinity
lines are drawn for reference. Lines a, b, ¢, and d are discussed in the text. (c) Activity diagram (sensu Helgeson 1968) showing the
stability fields of low-albite, kaolinite, paragonite, gibbsite, Na-beidellite and saturation lines with respect to chalcedony and opal.
Binary plots (d) Ca>* + Mg?" vs. HCO3™ + SO4%, (e) Cl- vs. Na+ and (f) EC vs. Na/Cl showing the water samples from the Gioia Tauro

Area.

(ii - deep aquifer). Deep groundwater (HU1) (represented by diamonds of different colour in Figure 2) can be divided
into three distinct groups, as follows: Ca-HCOs (7 samples), Na-HCO3 (10 samples), and Na-Cl (4 samples) (Table 1S).
The Ca-HCO; waters, with a Ca/Mg ratio (in meq/L) of 1.82 £ 0.27, show very low salinity (oligohaline waters [g]) and
are mainly found along the southern and eastern boundary of the plain, that is, in sectors F and 4. The Na-HCO; waters
have low concentrations of CI™ (<105 mg/L), Ca?' (<45 mg/L), and Mg?" (<30 mg/L). This group of waters represents the
dominant facies of HU1 (48%) characterized by intermediate conductivity, between 350 and 878 puS/cm (from oligohaline
[g] to fresh [F] waters) and is well distributed along the southern, central and northern portions of the study area (Sectors
B, C, D and F). Freshening processes generally control this facies in coastal areas, mainly for the cation exchange reaction
(2) (Appelo and Postma, 2005). However, the Na-HCO3 waters with low salinity can be produced by relatively prolonged

interaction between meteoric water and sedimentary rocks deriving by the dismantle of crystalline rocks, governed by the
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conversion of CO; to HCOs™ in confined aquifers where the residence time of water is comparatively long. The process
is schematically represented by the incongruent dissolution of albite, accompanied by precipitation of kaolinite and

possibly a silica mineral (Garrels, 1968):

NaAlSizOg(s) + CO2(g, aq) + 3/2 H2O — Na* + HCO3™ + 2 SiO2(aq, s) + 1/2 A2S1205(OH)4s). (5)

If albite dissolution occurs at undersaturation conditions with calcite, the concentrations of Na™ and HCOs™ are expected
to increase in a 1:1 ratio, as dictated by reaction (5). In contrast, if albite dissolution is accompanied by calcite

precipitation, then the following reaction would take place:

NaAlSi30gs)+ 1/2 COxg, agy+ H20 + 1/2 Ca?* — Na' + 1/2 CaCO3s) + 2 SiO2(aq, s) + 1/2 Al2S1205(OH)4(s). (6)

Reaction (6) implies constancy of HCO3™ concentration and the (Ca?' + Na®") concentrations in meq L-'. This means that
the process is undistinguishable from direct cation exchange, that is, reaction (2). If so, ionic exchange and relatively
prolonged dissolution of silicate minerals would virtually produce overlapping effects that are difficult to be discerned.
Nevertheless, rock dissolution requires participation of low-salinity Ca-HCOj; waters (in line with the available evidence),
whereas ionic exchange necessitates the involvement of Ca-HCO3 waters of progressively higher salinity, which were not
found in HU1. As shown in Table 1S, almost all Na-HCO; waters are in equilibrium or slightly oversaturated with respect
to calcite. This makes it further complex to distinguish between the two processes. To provide further details, the decimal
logarithms of the Na'/H" activity ratio and the decimal logarithm of SiO> activity are plotted into the activity diagram of
Figure 3c. This stability diagram was preferred to relevant saturation indices because analytical Al concentrations may
be affected by incomplete removal of suspended colloidal particles and thermodynamic data on Al-bearing solid phases
are controversial (e.g., Cioni and Marini 2020). The HU1 Na-HCO; waters fall in the low-albite stability field or close to
the boundary separating the kaolinite and low-albite stability fields, thus indicating a greater evolution degree compared
to the Ca-HCO; waters and the possible occurrence of reaction (6) at saturation state with calcite. Although this evidence
is not conclusive, if the Ca?' - Na" exchange were controlled by freshening there would be no reason to find water samples
close to the kaolinite/low-albite boundary. The origin of this specific chemical type (Na-HCO; waters) will be debated in
detail in the next section.

Finally, the Na-Cl waters are found in both the outer northern and the southern portions of the plain (Sector B and F)) and
have the highest conductivity values: from 1858 to 10520 puS/cm (from fresh-brackish [f] to brackish-salt [b] waters).
Most Na-Cl HU1 groundwaters have Cl/SOj4 ratio (meq L) of 2 + 0.7, with the exception of sample PG81 (sampled by
a well 436 m depth) whose Cl/SOj4 ratio is ~ 550, possibly due to the occurrence of bacterial sulphate reduction (BSR)
under strongly reducing conditions (Marini et al., 2000), as supported by the Eh value (-194 mV). Additionally, as shown
in Figure 3b, the Na-Cl HU1 groundwater is found somewhat to the left of the seawater Na-Cl dilution line of shallow
groundwater, suggesting that the chemical groundwater evolution is different in the two aquifers.

(iii — river water). Surface water of the Budello, Metramo, Mesima and Petrace rivers belong mainly to the Ca-HCO3
type. This type is typical for freshwater recharge from the northern, southern, and eastern part of the study area. The
presence of an isolated Na-HCO; water near the Budello river mouth (sample FG1) is probably due to freshening.

(iv — recharge water). Most samples collected in proximity of major recharge areas have Ca-HCO;3; composition and
relatively low salinity (g for the Aspromonte/Serre Massifs [PG36] and F for the northern and southern areas). The only
exceptions are samples PG17 and PG94, representative of the San Giovanni Basin and Palmi High, respectively, which

are Na-HCOs.
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Overall, the Durov square diagram (Figure 2) reveals that most waters from HU1 and HU3 are positioned in the mixing
area connecting the typical (extreme) Ca-HCO3, NaCl (seawater) and Ca(Mg)-HCO3 waters, with little or no shifting
caused by secondary processes (e.g., direct and inverse cation exchange or prolonged dissolution of silicate minerals).
The right and left corner areas in the graph are usually considered representative of fresh water (FW) and seawater (SW),
respectively (e.g., Giménez-Forcada 2010; Giménez-Forcada and Sanchez San Roman 2015). Nevertheless, the rain
waters in coastal areas are strongly diluted seawater (Appelo and Postma 2005) and, therefore, they are indistinguishable
from seawater in this plot. Since meteoric waters evolve rapidly from initial marine-atmospheric Na-Cl compositions
towards Ca-HCO3 compositions through quick calcite dissolution (see above), sample points move from SW towards FW
in the Durov square diagram and not vice versa. Consistent with these expectations, the low-salinity Ca-HCO; waters of
the GTP are found close to the centre of the Durov square plot, whereas most other Ca-HCO3 waters are approaching the
upper right corner of this plot as salinity increases.

In HU1, 48% of samples are Na-HCO; and positioned along a nearly vertical alignment representative of direct cation
exchange or dissolution of Na-Al-silicates and Na-silicates. The Ca-HCOj3 type, recognized in HU1, is characteristic of
the eastern and southern boundaries, in proximity of the main recharge areas. These samples, as shown in Figure 2, fall
close to the diagonal line connecting the upper right and the lower left corner areas but they are slightly shifted downward
due to either direct cation exchange or dissolution of Na-Al-silicates and Na-silicates. The HU1 waters sampled in
proximity of the northern boundary (Sector B) fall between the fields (i) and (c) of the Durov square diagram. These
waters show relatively high temperature (peak of 26 °C). Their composition is probably conditioned by the NGFZ NW-
SE S, that favours the uprise of deep Na-Cl thermal waters of high salinity, similar to sample PG81 (Sector B), locally
intruding the HU1. In the shallow aquifer (HU3), salinization occurring in the southern portion (Scina Area — Sector E)
is probably caused by lateral seawater flow from the west. As shown in Figure 2, the waters samples from the Scina area
fall in proximity of the conservative mixing zone between freshwater and seawater or slightly below it. In this sector, the
groundwaters are affected by saltwater intrusion but do not seem to be significantly influenced by inverse cation exchange
reaction (Na" — Ca”") as indicated by the absence of Ca-Cl type waters (see the next section). As reported in section 2,
Scina is characterized by a peculiar hydrogeological setting where the shallow aquifer, made by the fluvio-deltaic
sediments of the Petrace River and coastal deposits, lies directly in contact with the metamorphic basement. In this
framework, the exchangers, necessary for the occurrence of inverse cation exchange and the production of Ca-Cl

groundwaters, are expected to be present in small amounts or absent.

4.3.  Origin of solutes

The processes controlling the development of the different chemical types is examined by using binary diagrams.
Although binary plots involving mobile and conservative species give a partial view of the relationships among the water
samples, they can still be useful to verify whether the spread of sample points is consistent with the trends expected for
different processes probably occurring during water circulation. In the HU1 and HU3 aquifers relevant processes seem
freshening, dissolution of silicate minerals, bacterial sulphate reduction and mineral precipitation. In particular, given the
geological framework of the study area, the B, F~ and SiO, variability, potentially discriminating species of water-rock
interaction with crystalline rocks (Fuoco et al., 2022), was considered. These elements are normally compared with
chloride that can be considered a conservative tracer of water evolution (Flury and Prapitz, 1993). Furthermore, chloride
concentrations in seawater (ca. 545 meq/L, Drever, 1988) are significantly higher than those expected in fresh unpolluted
groundwater. In this sense, the chloride concentration in the GTP aquifers may be related to either dissolution of Cl-

bearing minerals from the aquifer host rocks, mixing with seawater at different degrees or, chloride influx with recharge
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water (marine aerosols rich in chloride due to sea proximity). Since no Cl-bearing minerals are reported in the reservoir,
the climate conditions of the study area (evaporation), connate waters, direct seawater intrusion, and/or the marine
aerosols can be identified as the main causes of increasing chloride concentrations.

From a lithological point of view, the GTP basin is filled by siliciclastic and carbonate successions. In this lithological
framework, a balance among Ca?*, Mg?', HCOs~ and SO4*~ concentrations is expected whenever these solutes are released
from dissolution of calcite, dolomite and gypsum (Sarker et al., 2021) and the correlation between (Ca'+Mg?") and
(HCO; +S04%) is expected to be close to the 1:1 ratio line (Khairy and Janardhana, 2013; Nasher et al., 2013; Fadili et
al., 2015; Sarker et al., 2021). The graphical plot (Figure 3d) of (Ca?>"+Mg?") *vs. (HCO5; +S04>") shows that most GTP
waters belonging to the Ca-HCO3, Ca-SO4, Na-Cl, and Ca-Cl water types fall along the 1:1 line. As observed, no sample
exhibits Ca>” and Mg?* excess testifying the absence of inverse cation exchange. On the other hand, most Na-HCOj3 waters
from HU1 and HU3 are located below the 1:1 line because their HCOj3; concentration is chiefly balanced by Na. This
could be due to either direct cation exchange process or occurrence of silicate weathering reactions that also produce an
increase of dissolved Na” and K.

In the Na* vs. CI' plot (Figure 3¢) most waters fall in proximity of the 1:1 halite dissolution line, apart most Na-HCOj
waters from HU1 and HU3 that are marked by a Na'-excess. These waters being positioned above the halite dissolution
and seawater dilution lines because their Na™ concentration is chiefly balanced by HCOs™. The departure of the Na-HCO;
waters from the halite and seawater dilution lines is even more evident in the plot of the Na/Cl ratio vs. EC (uS/cm)
(Figure 3f) in which most samples fall close to the halite dissolution and seawater dilution lines, indicating a direct mixing
with seawater in controlling the Na/Cl ratio.

The HU3- and HU1-NaCl waters have different Na/Cl ratios (Figure 3¢). While HU3 NaCl groundwater falls across the
seawater dilution line, testifying a direct seawater intrusion, the HU1 NaCl samples are positioned above the seawater
dilution line, highlighting ratios comparable to those recognized in the Galatro thermal groundwater. Only sample PG81
(B-NaCl, sector B), in HUI, falls along the 1:1 Na/Cl line. The location (5 km far from the coast) and depth (> 430 m) of
PG81 and the absence of evaporitic successions (halite) in the GTP suggest a possible origin linked to a mixing with old
connate waters entrapped during the marine transgression.

The HUI- and HU3-NaHCO; waters show a positive shift of the Na/Cl ratio at relatively low and comparable salinity,
testifying the presence of secondary processes increasing Na* concentration. With the aim to improve the knowledge
about the main processes able to explain the evolution towards Na-HCO3 compositions, and the origin of the brackish
waters sampled in the northern side (sector B), mass balance calculations were carried out on the PG81 brackish water.
The Namarine-derived cONcentration, i.e., the concentration expected if mixing with seawater were the only process able of
providing Na* to solution, was calculated considering the Clueasured cOncentrations (obtained in this study) and those of

Clsw and Nasw representative of average seawater (Drever, 1988):

Ci, marine-derived = (Ci, SW/Clsw)*Clmeasured« (7)

where C; is the concentrations of i-th component.

The Clmcasurcd/Namarine-derived 1atio (92.97/79.77 = 1.165 in equivalent unit) is consistent with the mean seawater ratio (1.166
in equivalent unit) as shown in Figure 3c. Therefore, it can be inferred that direct exchange processes do not take place
in the brackish water PG81. Thus, the increase in Na™ is likely due to water-rock interaction processes with the rocks of
the crystalline units. Accordingly, the Na concentration derived through dissolution of silicate minerals, Nawr, was

calculated as the difference between the analytical value (Nameasured) anid Namarine-derived. The Nawr turned out to be 12.39
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meq L', which corresponds to the length of the red arrow in Figure 3e, whereas the corresponding Cawr (difference
between Cameasured and Camarine-derived) Tesulted to be -2.59 meq L' which is obviously meaningless because concentrations
cannot be negative. The negative Cawr value is probably due to the occurrence of calcite precipitation before sampling.
Accepting this explanation, the initial (before calcite precipitation) Ca and HCO3 concentration are at least 3.49 and 21.14
meq L' (for Cawr = 0) instead of the analytical counterparts (0.9 and 18.55 meq L', respectively). In the correlation
diagram of Figure 4a:

(1) the HU1-Ca-HCO3 and HU3-Ca-HCO3 waters are distributed along a horizontal trend, as expected based on reaction
(4);

(11) the HU1-NaHCOs and HU1-NaCl waters (including sample PG81 corrected for the effect of calcite precipitation) are
situated along a vertical trend and the HU3-Na-HCOj3 waters occupy intermediate positions consistent with the acquisition
of Na" and the corresponding loss of Ca?" as exemplified by reaction (6).

Based on the above considerations and given the distribution of the Na-HCO3 waters in both HU1 and HU3, even found
at distances of several km from the coast, we can conclude that most Na-HCO; waters acquire alkaline elements (chiefly
Na') by prolonged water-rock interaction with crystalline rocks and/or sediments derived from their crosion. As already
mentioned, the evolution of this process is represented by lines of slope -1 in Figure 4a, which are representative of a Ca-
Na exchange process at constant salinity. In many natural systems, after achieving the saturation condition with respect
to carbonate phases (primarily calcite), the dissolution of silicates (mainly feldspars and micas), governed by the
conversion of CO; to HCOs, indeed occurs with calcite precipitation and results in the transition from the Ca-HCOs3 to
the Na-HCO:; facies at nearly constant salinity (e.g., Pastorelli et al., 2001 and reference therein).

However, the F~ vs. SiO, diagram (Figure 4b) indicates how the discrimination of pure water-rock interaction with
crystalline rocks from ion-exchange processes is far from simple to be recognized. It should be noted that fluoride is likely
to have a quasi-conservative behaviour in the waters under investigation, since all samples are undersaturated with respect
to fluorite (Table 1S). The diagram of Figure 4b suggests that Na-HCO3 samples are controlled by the three distinct
endmembers A, B, and C, whose characteristics are as follows:

e Endmember A has high F (~1.7 mg/L) and low SiO; (~ 6 mg/L) and is probably related to direct ion exchange,
which favours the decrease in calcium, thereby increasing the solubility of fluorine-rich phases (Chen et al.,
2020).

e Endmember B has high F (~2 mg/L) and high SiO; (~45 mg/L) and is probably related to direct water-rock
interaction with crystalline rocks (Fuoco et al., 2022). Furthermore, the occurrence of volcanoclastic pumice-
rich deposits was reported in GTP (De Rosa et al., 2008). These lithotypes typically contain F-bearing minerals
acting as F-sources (Dharmagunawardhane et al., 2016). Moreover, the samples richer in endmember B have the
highest boron concentrations (Figure 4c) which are also typical of waters interacting with volcanoclastic deposits
(Dharmagunawardhane et al., 2016).

e  Endmember C has slightly high SiO; (~37 mg/L) and very low F and is probably related to limited water-rock

interaction processes with crystalline rocks or mixing with Ca-HCO3 and SiO,-rich waters.
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Figure 4 — Binary plots (a) Caw: vs. Nawr, (b) SiO2vs. F, (¢) B vs. F, (d) HCO3 vs. Ca, (¢) HCO;3 vs. Ca/Na and (f) Ca vs. SO4 showing

the water samples from the Gioia Tauro Area. BSR: Bacterial Sulphate Reduction. PG81CCP: corrected for calcite precipitation.

The different F/SiO; ratios are possibly suggesting the presence of different recharge areas. If, on one hand, the evidence
confirms the presence of a water-rock interaction process with crystalline units and/or volcanoclastic deposits (high F, B
and SiO; concentration and Na-HCO; waters recognized in the recharge areas), on the other hand, it is not justified to
exclude a priori the presence of the cation exchange process, especially in those samples showing low SiO» concentrations.
In the diagrams of Figures 4d and 4e, some Ca-HCOj3 samples from HU3 show a positive HCOj shift with respect to the
1:1 and local mixing lines. These samples are localized in the northern portion of the study area (sector B) which is
characterized by several peat levels (Cianflone et al., 2021). Furthermore, the waters have negative Eh values, typical of
a reducing environment, which is favourable for the occurrence of the bacterially mediated sulphate reduction through
the following reaction (Seal, 2006; Vespasiano et al., 2014):
2CH>0 + SO — H,S + 2HCO5 ®)
where CH,O is representative of organic matter (e.g., Berner and Berner, 1996; Stumm and Morgan, 1996; Fidelibus,
2003; Barker et al., 1998; De Montety et al., 2008), although the organic substances actually involved in this process
might have a chemical composition other than CH,O thus leading to a reaction stoichiometry different from that of
reaction (8), as discussed by Marini et al., (2000). Irrespective of the stoichiometry of the BSR reaction(s) actually
occurring, the BSR process determines a decrease of dissolved sulfate and a corresponding increase of sulfide species
(which are usually removed from the aqueous solution, at least partly, through H»S degassing and/or pyrite precipitation)
as well as an increase of dissolved carbonate species (mainly HCO3, in most cases), often triggering calcite precipitation

and a consequent loss of dissolved Ca. In the SO4* vs Ca?" diagram (Figure 4f), the samples affected by BSR and possibly
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calcite precipitation as well (situated in the grey area) arc positioned below the local SO4*/Ca”" evolution line confirming
the occurrence of these processes. Furthermore, the SO4?” versus Ca?' plot shows that all water samples, both from the
shallow and deep aquifers, have SO4>7/Ca?" ratio < 1, with the exception of the Ca-SO4 waters from HU3, which are
slightly below the SO4*>/Ca?" = 1 line. For these samples, gypsum dissolution was rejected since there is no evidence of
gypsum in the aquifer matrix and the sulfate vs. calcium plot indicated an evolution that could not be easily explained by

the dissolution of this phase, but it is more likely attributable to anthropogenic factors (see below).

4.4.  Anthropogenic and deep hot systems impact on water chemistry

The CI/Br ratio has successfully been used to distinguish between various sources of anthropogenic and naturally
occurring pollutants in groundwater (Alcala and Custodio, 2008; Chien and Lautz, 2018). Due to the conservative
behavior of Cl and Br ions, insights on the sources affecting the groundwater systems can be highlighted when peculiar
Cl/Br ratios are evidenced. The ocean has a constant molar Cl/Br ratio of 650 (Drever, 1988), which is slightly lower than
the local Tyrrhenian value (790+90) recognized along the Sicilian coast (Deias unpublished data). Coastal rainfall shows
a similar Cl/Br ratio due to the Cl- and Br input along the wind path from the ocean. Inland rainfall (especially in semi-
arid and arid areas) may have relatively lower Cl/Br ratios since Cl" is removed by deposition of cyclic salts in coastal
areas (Davis et al., 2001; Edmunds, 2001). Halite dissolution would result in high CI/Br ratios (up to 1000), as Br- does
not enter the halite lattice during seawater evaporation (Cartwright et al., 2006). The interaction of groundwaters with Cl-
bearing contaminants such as domestic wastewater and fertilizers may also give a high Cl/Br signal, as well as the decay
of Cl-bearing organic compounds, while the degradation of Br-bearing organic substances may reduce Cl/Br ratios (Flury
and Prapitz, 1993).

Bromide concentrations in the GTP aquifers range from 0.0002 to 0.14 meq L', and are significantly correlated with
chloride, with all the groundwater samples situated along the theoretical seawater mixing line or relatively close to it
(Figure 5a). The strong correlation observed between Br™ and Cl is less evident for those samples characterized by low
salinity, suggesting the occurrence of secondary processes or different anthropogenic inputs. As reported by Alcada and
Custodio (2008), anthropogenic processes can modify current or natural relic sources of salinity. In their work, the authors
collected several water samples affected by natural and anthropogenic sources and defined six groups of groundwater as
a function of the CI/Br ratio: rainwater, unpolluted old phreatic water, recent phreatic water, polluted phreatic water,
saline and hypersaline relic seawater, and water affected by wastewater.

Most GTP samples fall in the “rainwater” group (blue circle in figure 5b), which is controlled by a prolonged dry period
during the summer and autumn followed by short, intense rainfall events and is characterized by 10 < Cl < 100 mg/L and
Cl/Br ratios slightly below the seawater value. Line I in figure 5b is a horizontal evaporation line involving unpolluted
rainwater and producing uncontaminated old phreatic water having Cl/Br ratios between 600 and 700 (mol L) for Cl
concentration between 10 and 100 mg/L. The range of Cl/Br ratios is comparable to that of seawater and may be explained
by decades of airborne marine aerosols from the adjacent coast. Line 11 is a horizontal mixing line that refers to unpolluted
old phreatic waters with salinity derived from unpolluted marine aerosols, and saline and hypersaline relic seawater
entrapped in sediments. The relic seawater shows a Cl/Br ratio approaching that of modern seawater. The gradual
contribution of unpolluted freshwater to saline and hypersaline relic seawater is concentrated around a horizontal mixing
line. Across the line II fall the waters affected by mixing with brackish waters (e.g., connate waters) and direct seawater
intrusion including the samples representative of sector E (Scina). Line III is a horizontal evaporation line starting from
present polluted rainwater, with average Cl/Br ratios around 500 (mol L), producing phreatic waters with similar Cl/Br

ratios. The use of this recent phreatic waters for irrigation only produces evapo-concentration, which does not affect the
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original CI/Br ratio of regional bulk deposition. These samples are representative of the GTP areas in which intensive
agricultural activities largely occur. Line IV is representative of polluted phreatic waters impacted by Br-based pesticides,
as methyl-bromide, e.g., used in sandy areas for soil fumigation in greenhouse. The CI/Br ratios vary from 500 (mol L"),
like average rainwater, up to values lower than 200 (mol L'"). Most GTP samples and, in particular, the Ca-SOs waters of
HU3 fall into this group confirming the possible anthropogenic contamination. Finally, the contribution of wastewater

from domestic food preparation and cattle feeding increases the C1/Br ratios up to 1000 (mol L) (line V).
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Figure 5 — Binary plots (a) Cl vs. Br, (b) Cl vs. CI/Br, (c) §'80 vs. Cl and (d) NO3(wr) vs. SO4wr) showing the water samples from the

Gioia Tauro Area. See the main text for figure details.

The role of the anthropogenic component is further investigated by comparing the values of 8'%0 vs. Cl, NOs/Cl vs. Cl
and the calculated nitrate, calcium and sulphate excess in the GTP waters. Their excess represents the difference in
concentration, X(wr), between the observed values and those expected if mixing with seawater were the only process

(equation 7). As previously stated, the contribution of seawater is derived from the conservative ion Cl~ (Appelo and

Postma, 2005).

In Figure 5c, the two main recharge endmembers characterized by enriched (local coastal rainwater) and depleted
(Serre/Aspromonte recharge area) 8'0 values, respectively, are reported. The mixing lines between brackish water and
freshwater that cause a shift towards more enriched values in terms of Cl and §'30 values, are also drawn. HU1 samples
are localized in the sector representative of the Aspromonte/Serre massifs recharge, testifying the limited contribution of
the local coastal rainfall, while the Ca-SO4 samples of HU3 fall in proximity of the local rainwater. HU3 Ca-SO4samples,

localized on the eastern side of the Gioia Tauro harbor, have shown high NO3 and SO4 concentration (figure 5d). In this
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sector, agricultural activities, urban scttlements and the complete absence of basic services, such as sewers or connections
to aqueducts for domestic use, can favor the increase of these two constituents in solution. In fact, a strong correlation
between NOzwn vs. SO4wn 18 typically detected in agricultural areas with no other significant salinization processes in act
(Mencié et al., 2016) because of the application of sulfur and nitrogen fertilizers such as ammonium carbonate
[(NH4)2CO3] and sulfur-based fungicides (Li, et al., 2019). On the other hand, the second group of the HU3 Ca-SO4
samples, representative of waters collected in the San Ferdinando Area (north side of the harbor), have shown significantly
lower NOs concentration. However, in both areas, the anomalies are also attributable to the harbor and waste-to-energy
power plant SOx emissions which are scavenged by rainwater (Barberi et al., 2021). In fact, in maritime transportation,
SOx emissions mainly originate from the combustion of marine fossil fuels (e.g., Tassi et al., 2013), with SO, being the
most predominant produced oxide. SOx gases can react with oxygen in presence of NO; resulting in production of sulfuric
acid, which can eventually produce acid rains. The HU3 Ca-SO4 samples have the lowest pH values (mean value: 6.6,
down to 5.9) among the GTP groundwaters, confirming for this chemical type an origin likely linked to anthropic issues,
including harbor activities.

The NO; concentrations in the GTP waters reach values of 1.66 meq/L, with 8% of samples (belonging to HU3) exceeding
the law limit values (0.81 meq/L) according to the D.Lgs. 152/2006 and the World Health Organization drinking water
guidelines. The NO3/Cl ratio vs. Cl plot (Torres-Martinez et al., 2021; Awaleh et al., 2022; Taussi et al., 2022), to
distinguish whether NO; was derived from agricultural, soil, manure or sewage inputs is represented in Figure 6a.

The diagram clearly indicates that most HU3 samples align between the agricultural fertilizer and sewage endmember
sources, confirming what was already highlighted with the C1/Br ratio. The few HU1 samples, evidencing significant NO3
concentration fall within the range of the organic soil. Of interest is the right-side of the diagram where the high salinity
samples are located. In this area, the samples collected in the Scina area are arranged along the seawater mixing line
(seawater NO3/Cl molar ratio of 0.0000086 by Drever ct al., 1988) to confirm the ongoing seawater intrusion process.
Finally, among the most controversial samples taken from GTP, the Na-Cl waters from HU] are characterized by
relatively high temperature, up to 26 °C. These samples fall in sector B, i.e., close to NGFZ_NW-SE_8S. To evaluate the
origin of these groundwaters and relevant water-rock interaction processes, the Cawr vs. SO4w values are investigated
(Figure 6b) and the concentrations of B and Li are compared with the overall average composition of minerals and rocks
(anhydrite, carbonate, halite, shale, basalt and granite from Turckian and Wedepohl, 1961; Stewart, 1963; Kushnir, 1980;
Reimann and de Caritat, 1998) and seawater in Figure 6¢ (Giggenbach, 1991; Apollaro et al., 2016).

In Figure 6b, the HU1 Na-Cl waters fall close to the dilution line of the Galatro thermal site, which is located in the eastern
part of the plain along NGFZ_ NW-SE_S. Both thermal circuits issue from an enhanced permeability belt closely related
to the presence of this regional tectonic line, as claimed by Pizzino et al., 2004. The above-reported trend, not observed
in any other samples of the GPT, confirms a direct relationship between the HU1 Na-Cl and the Galatro thermal waters.
Finally, the diagram of Figurc 6¢c shows that B and Li of the GTP waters are chiefly acquired by leaching of carbonate
rocks. Immature waters of recharge areas and waters affected by seawater intrusion (Na-Cl waters of HU3 from sector E)
fall, as expected, in proximity of the local seawater B/Li ratio. The Na-Cl waters of HU1 are distributed along the dilution
line between the Galatro thermal and PG81 waters, corroborating the inferences drawn from the Cawry vs. SOsqr diagram

(Figure 6b) and not excluding the contribution of connate waters sampled in sector B.
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Figure 6 — (a) NO3/Cl molar ratios versus Cl concentration (in pmol) of the groundwater samples from Gioia Tauro Plain. In the
diagram the representative fields of rain, agricultural, soil, sewage, and manure inputs, adapted from Torres-Martinez et al., 2021,
Awaleh et al., 2022, Taussi et al., 2022 are reported. Binary plots (b) Cawr) vs. SOswn and (¢) Li vs. B showing the water samples from

the Gioia Tauro Area. See the main text for figure details.
4.5.  Fraction of seawater and average recharge altitude estimation
The average infiltration altitude (Hi, m a.s.l.) for the groundwaters of the GTP was calculated by means of the following

equation (Vespasiano et al., 2015b):

8180+ 5.25 9
0.00210 (

H;135 = —
Results were used to reconstruct the maps of Figure 3S. The Inverse Distance Weighting (IDW) method of spatial
interpolation, often used in Geographical Information System applications, is applied for the generation of this infiltration
altitude map. In proximity of the Mesima River mouth and the upstream portion of the Budello River, anomalously high
average infiltration altitudes are identified (>150 m), probably due to water exchanges between the rivers (locally affected
by evaporation) and the adjacent portions of the shallow aquifer and/or the shallow and deep aquifers. These values were
not considered in the reconstruction of the distribution maps. As shown in Figure 3S, HU1 and HU3 have different
infiltration altitudes calculated based on the 8'®Ogw value (see below). HU3 is characterized by a constant decrease in

infiltration altitude, from ~350 to 0 m a.s.l. moving towards the coast, that is, from east to west, as represented by the iso-
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infiltration line. These infiltration altitudes are likely to be influenced by local rains, i.e., from rainwater infiltrating
directly into GTP.

The influence of local precipitation appears to be less important for HU1. In fact, the deep aquifer has virtually constant
infiltration altitude values throughout the plain (410 + 84 m a.s.1.), suggesting that the meteoric recharge is mainly related
to the Aspromonte Massif at the contact with the sedimentary filling of the plain.

Average chloride content (21,339 + 134 mg/kg), §'%0 value (+1.43 + 0.10 %o V-SMOW) and &°H value (+8.1 + 0.4 %o
V-SMOW) of local seawater have been assessed using the data available for the lonian Sea (Stenni et al., 1995, Gat, 1996,
Pierre 1999, Schmidt, 1999). Then, the fraction of seawater, xsw, in each mixed groundwater can be computed by solving

the chloride mass balance for xsw:

SW ™ Clgw— Clgw

(10)
where the subscripts MW, GW and SW refer to mixed groundwater, groundwater unmixed with seawater (Cl = 11.04

mg/kg) and seawater, respectively. Then, the isotope balances were solved for dgw:

Syw— Ssw* Xsw
B = S (1)
sw

thus, obtaining the 8'"® 0w and 82H gw values of the groundwaters unmixed with seawater (Table 1S). These corrected
isotope values (black line in Figure 7a) define the local meteoric line, which diverges from the Southern Italy (Longinelli
and Selmo, 2003; Giustini et al 2016) and Northern Calabria (Vespasiano et al., 2015b) meteoric lines. Local meteoric
waters have much higher d-excess values (Table 1S), attributable to non-equilibrium (kinetic) evaporation at relatively
low humidity.

The seawater fractions of local groundwater generally range from 0.1% to 0.2%, with peaks between 1% and 7% for the
samples collected in sector E — Scina Area (HU3) and about 15% for sample PG81, which is likely mixed with connate
brackish water. As shown in the Cl vs. !0 plot (Figure 7b), the 5'%0 values of groundwater span a range of 1.5%o units,
attributable to differences in the location and/or altitude of the recharge areas. Evaporative effects are evident for waters

collected from wells of large diameter open to the atmosphere and exchanging with it (e.g., PG6).
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Figure 7 - (a) Diagram of 3°H vs. 5'%0 of GTP water samples and the southern Italy meteoric water line proposed by Longinelli and
Selmo, 2003, the northern Calabria meteoric water line (Vespasiano et al., 2015b), the global meteoric water line (Craig, 1961), and
the local GTP meteoric water line (black line). (b) §'80 vs. Cl (mg L-!) for the GTP samples. The two-limiting groundwater-seawater

mixing lines and the fractions of seawater in the mixtures are also reported.

Finally, the two aquifers HU1 and HU3 have different d-excess values, 17 + 1.4%o and 13.7 + 2.6%o, respectively (Table
1S), even if the difference between these two values is not significant considering their uncertainty/variability. Pfahl and
Sodemann (2014) reported as the relative humidity of the moisture source is the main driver of d-excess variability. The
different values of d-excess in HU1 and HU3 could indicate a different moisture source contribution, with greater d-
excess values from the east (main recharge area for HU1) and minor d-excess values from the west (influence of local

rains for HU3).

5. Concluding remarks

The results of the geochemical survey carried out on 114 samples evenly distributed throughout GTP, combined with
relevant hydrogeological data, allow to reconstruct the site-specific conceptual model, graphically represented in Figure
8a and 8b and summarized here below.

Two main aquifers were recognized over most of the study area: (1) a shallow aquifer, HU3, hosted in late Pleistocene
and Holocene marine and alluvial sediments and (ii) a deep aquifer, HU1, hosted in the late Miocene succession, made
up of siliciclastic and carbonate deposits. According to the stable isotopic (8'%0 and §°H) values, the latter is mostly
recharged by local rains whereas the former is apparently less influenced by local precipitation. The two aquifers are
separated by the Pliocene clayey and silty deposits acting as an aquitard (HU2). Nevertheless, the deep aquifer is absent
in the Scina area, between the coastline and the Palmi High (Sector E), where the shallow aquifer (HU3) directly overlies
the metamorphic basement.

Deep and shallow aquifers are fed mainly by Ca?>"-HCOj;" waters from the main recharging areas except in localized
borders sectors where Na*-HCOs5™ waters are produced through the interaction of meteoric waters with the crystalline-
metamorphic basements. Ca?*-HCO;" and Na*-HCOs™ waters suffer from secondary processes occurring during their east-

to-west migration:



817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850

(1) in HU3 inputs of N-rich sewage and agriculture-related contaminants and SOx emissions in proximity of the harbour
represent the main processes favoring nitrate increases over almost the entire plain and the evolution towards the Ca-SO4
composition. Furthermore, BSR processes induced by oxidation of organic matter in sector B and groundwater-seawater
mixing in sector E represent secondary and localized processes.

(1) Na-HCO; waters of intermediate salinity are the dominant hydro-facies in HU1 with a percentage of 48%. Mass
balance calculations and the distribution of some major and minor constituents (SiO», F and B) allow one to identify at
least two possible origins for this chemical type: (a) the prolonged water-rock interaction with crystalline rocks and
sediments deriving from their erosion, also comprising volcanoclastic deposits and (b) cation exchange processes, for the
samples having low SiO» concentrations.

Connate waters are present at depth in the study area as indicated by sample PG81, which was collected from a 436-m-
deep well drilled in sector B and is characterized by Na-Cl composition and high concentrations of CI (~3300 mg/kg) and
B (11 mg/kg), and relatively high Li concentration (0.13 mg/kg). Other two waters also coming from sector B, specifically
from HUI, samples PG10 and PG76, have Na-Cl composition, relatively high temperature (26 °C), and the same B/CI
and Li/Cl ratios of sample PG81, but significantly lower Cl concentrations, 647 and 358 mg/kg, respectively, due to a
larger extent of mixing of the connate water endmember with the low-salinity HU1 groundwaters. These three wells
PG81, PG10, and PG76 are found along the important right strike-slip NGFZ NW-SE_S limiting the GTP to the north
(Figure 1Sa). PG10 and PG76 wells are situated close to a bend of the NGFZ_NW-SE _S; locally creating an extensional
regime, which favour the uprising of the deep connate waters and their intrusion in HU1, as observed in the pull-apart
basins along the Sumatran fault (Muraoka et al., 2010). Also the Galatro thermal springs (35-38°C) are found along the
NGFZ_ NW-SE_S, but they represent the discharge of a distinct thermal circuit, as indicated by their Na(Ca)-SO4(Cl)
chemistry and low Cl concentration (167-180 mg/kg).

Overall, our study revealed that a direct marine intrusion seems to be very localized despite the high demand for water
related to the anthropic activities. The growing water requirement is linked to the increase in industrial settlements and to
the land use change that happened during the last two decades. In detail, the main change is due to the intensive and
ongoing kiwifruit farming that requires a high-water supply (6000-10,000 m3*/ha Holzapfel, 2000) compared to the
previous citrus and olive crops, with a water consumption of 4000—6000 m*/ha for citrus crops and almost zero for olive
(FAO, 2021). The qualitative and quantitative conditions of the aquifer are kept at acceptable levels due to the high
recharge inflow that comes mainly from the Aspromonte massif, where the mean precipitation value is 1274 mm/a. An
incipient groundwater-seawater mixing, involving up to 7% seawater, was only recognized in the SW area (Sector E), in
proximity of Scina.

The obtained results confirm the importance of the multidisciplinary approach to identify and characterize sources and
driving mechanisms and produce a reliable conceptual model. These results will provide an important support to the

decision-making and management phases of the GTP resources.
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Figure 8 — Graphical visualizations of the conceptual model of the GTP. Blue and red pins represent samples from shallow and deep

aquifer, respectively.
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