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Abstract 19 

Coastal plain environments constantly adapt to change as a result of natural processes and 20 

increasing anthropogenic pressure, as in the case of the low relief Sibari coastal plain (Calabria, 21 

southern Italy).  22 

In order to reconstruct the hydrostratigraphic framework and explain the spatial distribution of 23 

groundwater salinization of the Sibari coastal plain, an integrated hydrogeological and geochemical 24 

approach was applied to support an accurate conceptualisation and modelling of the whole plain 25 

groundwater system. Litho-hydro-stratigraphic relationships were constructed from lithologic logs 26 

obtained from exploratory boreholes whereas, the groundwater flow system has been studied using 27 

conventional hydrogeological field investigations, hydrochemistry, and isotope hydrology.  28 

Three distinct Hydrological units (HU3-shallow aquifer, HU2 aquitard and HU1-lower aquifer) 29 

were identified showing distinct geometrical, hydrochemical and isotopic signatures. 30 
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With the aim of explain the origin of Na-Cl, Ca-Cl and Na-HCO3 waters were considered the role of 31 

ion exchange processes. The results demonstrate that values of Na+, Mg2+, Cl and SO4 can be 32 

attributed to seawater intrusion, where K+ is probably the major pollutant of the shallow aquifer.  33 

The adopted multidisciplinary approach provides an effective tool for accurately determination of 34 

groundwater processes and can be useful for a sustainable management of water resources in coastal 35 

plain. The physically based model of the pail groundwater system was able to explain the observed 36 

groundwater salinity variations and to support a detailed long-lasting numerical simulation of 37 

variations in the quantity and quality of groundwater resources. 38 

 39 

1. Introduction 40 

The sustainable development and management of coastal plain has received significant attention 41 

worldwide during the last decades (Boughriba and Jilali, 2018; Matiatos et al. 2018). Coastal areas 42 

and coastal plains are experiencing the adverse consequences of hazards related to geological 43 

processes, climate change and sea-level rise. The impact is exacerbated by increasing human-44 

induced pressure due to land-use and hydrological changes, including reclamation works, 45 

embankments, dams and overexploitation of groundwater.  46 

In most of Mediterranean coastal areas, especially in Italy (Polemio and Lonigro, 2015; Polemio, 47 

2016; Sanford et al. 2007), one of the main problem for the governance is the overexploitation of 48 

groundwater to meet the growing population demand which increases the effect of salinization 49 

processes, subsidence and/or flood damages (Bocanegra et al. 2007; Changming et al. 2001; De 50 

Montety et al. 2008; Haruyama 2016). The vulnerability of coastal aquifers to water extraction and 51 

land use have been estimated by several studies indicating that their impact is more significant than 52 

the impact of sea-level rise. However, the relationship among surface and sea water bodies, 53 

groundwater flow, geological features and aquifer features has not been enough scientifically 54 

examined for a wide range of coastal plains and coastal aquifers.  55 
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This study offers a contribution in this framework, investigating with a multidisciplinary approach a 56 

peculiar coastal plain. The approach integrates the study of geological and geochemical data with 57 

hydrogeological information and the physical state, including recent modifications, of the coastline. 58 

All the data were applied to support an accurate conceptualization and modelling of the whole 59 

Sibari plain focusing on geochemical processes and groundwater quality and use.  60 

The attention is focused on the Sibari coastal Plain, located in Calabria Region (Southern Italy), 61 

which is very important as an active agricultural and tourist zone (Fig. 1). The Sibari Plain is 62 

located on the Ionian coast and represents a large coastal alluvial plain where considerable 63 

reclamation works have been able to permit a diffuse agricultural development, based on the use of 64 

groundwater, and a relevant urbanization during the latest 60 years (Petrucci and Polemio, 2007). 65 

This area is characterized by low rainfall (mean annual value lower than 600 mm) and the 66 

decreasing trend of effective rainfall (Cianflone et al. 2015a; Polemio et al. 2004a), related to 67 

climate changes effects recorded in southern Italy, which exposes it to increasing dryness risk 68 

(Polemio et al. 2004b). 69 

Two well-defined aquifers were recognized in the SPGS by Polemio and Luise, (2007). The shallow 70 

aquifer is located at deep up to -30 m asl, and at the bottom, a clayey and silty-clayey layer 71 

(aquitard), reaching -50/-60 m asl, divides the shallow aquifer from the deeper one consisting of 72 

gravel and sand of upper Pleistocene age (Fig.1). 73 

In the middle of the plain (corresponding to the floodplain of the Crati and Coscile Rivers), 74 

groundwater salinization was observed up to about 10 km landward from the coastline (Fig.1) 75 

(Casmez, 1987). This salinization was attributed to different causes such us seawater intrusion due 76 

to intense groundwater overexploitation, interactions with rocks containing halite and/or upconing 77 

of deep saline water (Guerricchio et al. 1976; Guerricchio and Ronconi, 1997; Tazioli, 1986). 78 

Guerricchio et al. (1976) showed a strong mineralization of the deep aquifer groundwater with a 79 

high content of reduced sulfur species, iron, manganese, carbon dioxide and methane.  80 
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The results will provide essential guidelines for an optimum management of groundwater protection 81 

and pumping in the study area. 82 

 83 

2.  Study Area: Geological Setting 84 

The SP is located in correspondence of the boundary between the igneous-metamorphic terranes of 85 

the Calabrian Arc and the carbonate units of the Southern Apennines.  86 

The Calabrian Arc is a nappe made by Hercynian and pre-Hercynian continental basement 87 

(including metamorphic rocks and their sedimentary covers intruded by igneous batholith) and 88 

Jurassic to Early Cretaceous ophiolite-bearing sequences (Amodio Morelli et al., 1976; Messina et 89 

al., 1994; Bonardi et al., 2001). Neogene sedimentary basins onlap Ionian and Tyrrhenian sides of 90 

the Calabrian Arc inner core. 91 

During Miocene, the Calabrian Arc overthrusted upon the Triassic-Miocene Apennine-Maghrebian 92 

chain (Amodio Morelli et alii, 1976; Finetti et alii, 1996). The latter, outcropping along the 93 

northwestern side of the SP, consists of Mesozoic-Tertiary carbonatic succession and “flyschoid” 94 

deposits of the Saraceno and Albidona Formations (ISPRA, 2009 and references therein). The 95 

Saraceno Formaion, consisting of an arenaceous-pelitic alternance with late Jurassic (Torricelli & 96 

Amore, 2003) or late Eocene-Aquitanian age (Di Staso & Giardino, 2002), crops out along the 97 

nothwestern side of the SP.The SP is bounded by the Sila Massif southward and the Pollino Massif 98 

northward (Fig. 1). From the structural point of view, the plain-massifs boundary is marked by 99 

dislocations related to the Pliocene-Holocene high angle faults whose recent activity is still a matter 100 

of debate (Cucci, 2004; Ferranti et al. 2009; Lanzafame and Tortorici, 1981; Molin et al. 2004). 101 

Lanzafame and Tortorici, (1981) suggest the existence of NE-SW normal faults in the middle of the 102 

plain; evidences of a NE-SW fault zone with recent activity have been observed as coseismic 103 

features in the Sybaris archeological settlement by Cinti et al. (2015) and in geophysical 104 

acquisitions by Cianflone et al. (2018).  105 
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In the northern sector of the SP, the bedrock is represented by the Saraceno Formation (Selli, 1962). 106 

It is overlapped by a Pliocene marly-clayey unit (Torrente Straface Unit; ISPRA, 2009),, passing 107 

upward to Pleistocene sandy marine deposits (Caruso et al., 2013) and Holocene coarse-grained 108 

alluvial sediments (ISPRA, 2009). 109 

The middle sector of the SPGS is characterized by a thick (up to ~2.5 km) Neogene sedimentary 110 

filling, which unconformably overlays the bedrock due to Calabrian and Southern Apennines 111 

terranes. The sedimentary succession consists of late Miocene terrigenous and evaporite sediments, 112 

which outcrop in the Rossano Basin (Barone et al. 2008; Perri et al. 2015), passing-upward to 113 

Pliocene marly-clays (locally confined by the presence of structural highs) overlapped by 114 

Quaternary alternation of coarse and fine-grained deposits (Spina et al. 2011). The evaporites of 115 

Messinian age include gypsum and halite deposits (the thickness of the halite -bearing beds is 116 

greater than 400 m, as in the case of the hydrocarbon exploration well Thurio) related to the 117 

Messinian Salinity Crisis (Cianflone et al. 2018; Vespasiano et. al. 2015b).  118 

The main morphological structures clearly represented in the middle sector of investigated area is 119 

the double-winged Crati Delta. The present position is the result of delta migration with time 120 

starting 2 km eastward from the archeological site of Favella della Corte at the end of the post-121 

glacial sea level rise (5-6 ka B.P.) (Bellotti et al. 2003, 2009). The Holocene evolution is controlled 122 

by the post-glacial sea level rise, sediment supply of the Crati River and other streams (e.g., Coscile 123 

and Garda Rivers, Raganello and Satanasso Streams) which flowed into the plain, tectonic activity 124 

and human-made factors (Bellotti et al. 2003, 2009; Guerricchio and Melidoro, 1975; Pagliarulo, 125 

2006). 126 

In the southern sector of the SP, the bedrock consists of the igneous-metamorphic rocks of the 127 

Calabrian Arc overlapped by Miocene arenites and conglomerates and Pliocene clays (Casmez, 128 

1967). The latter pass upward to Pleistocene marine deposits (mainly sand) and alluvial sediments 129 

(Casmez, 1967). 130 
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Along the plain boundaries, the main morphological elements are represented by alluvial fans (Fig. 131 

2), which are well developed in the northern sector where they are related to the Raganello, 132 

Satanasso (active since the middle Pleistocene) and Saraceno (active since ~3 ka B.P.) streams 133 

(Guerricchio and Melidoro, 1975; Sabato and Tropeano, 2008). 134 

Various orders of marine terraces are recognized along the outer limit of the SPGS by different 135 

authors (7 orders by Cucci and Cinti, 1998; 11 orders by Santoro et al., 2009). It is noteworthy that 136 

The SP is characterized by high subsidence rate in historical time with a peak of 5–6 mm/yr in the 137 

Early Holocene (Ferranti et al. 2011) and at present up to 20 mm/yr (Cianflone et al. 2015b, 2015c) 138 

times. 139 

 140 
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Figure 1 – (a) Simplified geological map of the study area. Fault traces are derived from Ithaca database 141 

(Comerci et al., 2013) while Sybaris Fault Zone (SZF) is from Cinti et al. (2015). (b) Deep seismic profile, 142 

modified from Cello et al. (1981), showing the thin Calabrid units overlapping the Southern Apennine units.  143 

 144 

3. Methodology 145 

a.  Site data collection  146 

A three-dimensional facies-belt model based on sedimentological and stratigraphic data is essential 147 

to investigate the hydrogeological characteristics of a sedimentary aquifer (Fraser and Davis, 1998).  148 

The analysis of hydrostratigraphic framework was based on the integration of sedimentological and 149 

stratigraphic data with field survey observation. Boreholes data were acquired from public and 150 

private institutions (e.g., Demanio Idrico della Provincia di Cosenza, ANAS S.p.A.), scientific 151 

papers (Bernasconi et al. 2010; Casmez, 1987; Cherubini et al. 2000; Guerricchio and Melidoro, 152 

1975; Hofman, 2002; ISPRA, 2009) and the open access database of boring and well data (ISPRA 153 

geodatabase). Stratigraphic data were used to create hydro-stratigraphic cross-sections. 154 

Borehole data were integrated by electrical resistivity profiles, where available (Casmez, 1987).  155 

The relative permeability of distinguished strata, assessed mainly on the basis of grain size, was 156 

used to recognise hydrogeological complexes and bottom and top surfaces of aquifers.  157 

We investigated the geometry of the SPGS pursuing the detailed three-dimensional knowledge of 158 

the aquitard located between shallow and deep aquifers of SPGS. For this purpose, 130 and 74 159 

boreholes were analysed and the Digital Surface Models (DSMs) of the aquitard top and bottom 160 

were assessed. (these boreholes are shown in Figure 3). Using DSMs and the DTM (Digital Terrain 161 

Model) 20x20 m (GN), we estimate thickness and geometrical features of the aquitard and shallow 162 

aquifer. Distribution of drillhole data points was used in hydrostratigraphic surface interpolation. 163 

To improve the knowledge on groundwater chemical composition and on water cycle, a 164 

geochemical survey was carried out on 80 selected wells from June to September 2012 (Figure 2). 165 

The majority of these wells were drilled by private for withdraw water; for this reason, data on 166 

screen depth and stratigraphy are not generally available. Well depth ranges from 5 m to 167 m 167 
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(with 60, 50 and 40 m as mean, median and standard deviation respectively) (Table 1a and b). As it 168 

is a common constructing practice the screen installation in the whole thickness of the selected 169 

aquifer, well depth was compared to the top and bottom of the aquitard (HU2) to define the aquifer 170 

tapped by each considered well (DSM). This approach allowed to identify two main groups of 171 

wells: shallow (39 wells) and deep (41 wells).  172 

 173 

b. Analytical geochemical methods; 174 

The methodology of water sampling and analysis was described by Apollaro et al. 2015, Apollaro et 175 

al. 2016; Apollaro et al. 2019; Critelli et al. 2015; Vardè et al. 2018; Vespasiano et al. 2014 and 176 

Vespasiano et al. 2015d. Nevertheless, it is reported here below to make this contribution self-177 

consistent.  178 

Prior to sampling, wells were purged either removing three times the volume for each well or until 179 

stabilization of field parameters. Water standing in a well for a period of time undergoes changes 180 

that can impact several parameters including pH, Eh, alkalinity/acidity, hardness, and the 181 

concentration of metals, sulphate, dissolved solids, and dissolved oxygen.  182 

After preliminary purging operation, intrinsically unstable parameters as temperature, pH, Eh, total 183 

alkalinity, and electrical conductivity (EC) were measured in the field by means of portable 184 

instruments. Two pH buffers, with nominal pH values of 4.01 and 7.01 at 25 °C, were used for pH 185 

calibration at each sampling site. Total alkalinity was determined by acidimetric titration, using HCl 186 

0.05N and 0.01N as titrating agent and methylorange as indicator. Water samples were filtered in 187 

situ through a membrane with a 0.4 µm pore size to remove suspended solids and colloids. Samples 188 

for the determination of anions, δ18O and δ2H values were stored without additional treatments, 189 

whereas samples for the determination of cations and SiO2 were acidified after filtration by addition 190 

of suprapure acid (1% HNO3) and stored. All the samples were stored in polyethylene bottles, 191 

previously washed in dilute HNO3 and rinsed with Milli-Q demineralized water. All the water 192 

samples were stored at 4 °C in dark conditions before analysis. In the laboratory, the concentrations 193 
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of F-, Cl-, Br-, SO4
2-, NO3

-, PO4
3-, Na+, K+, Mg2+ and Ca2+ were determined by HPLC (DIONEX 194 

ICS 1100). On the same day that samples were collected, dissolved reactive SiO2 was measured by 195 

VIS spectrophotometry, upon reaction with ammonium molybdate in acid media and treatment with 196 

oxalic acid, to form a yellow silicomolybdate complex, whose absorbance was read at 410 nm (see 197 

Nollet and De Gelder, 2007 for further details). The δ18O and δ2H values of SPGS water samples 198 

were measured in the laboratories of the Stable Isotope Unit, Institute of Geosciences and Earth 199 

Resources (IGG-CNR, Pisa) on a Finnigan TC/EA stable isotope mass spectrometer. 200 

Data quality for major components was estimated by charge balance. Deviation between the sum of 201 

concentrations of cations and the sum of concentrations of anions, both in equivalent units, varies 202 

between -5% and +5%. The results of laboratory analyses and field data are shown in Table 1a and 203 

b.  204 

Geochemical data were analyzed following a consolidated procedure which comprises the 205 

classification of waters and the inspection of chloride plots. Furthermore, for a better understanding 206 

of the ion exchange processes, data were modelled by the EQ3/6 software package (Wolery and 207 

Jarek, 2003) adopting the Vanselow convention for the cation exchanger and assuming the presence 208 

of a single exchange site (see section 4.3.2). 209 

 210 
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Table 1a.  Field parameters and concentrations of major chemical components and selected minor 

components in the SPGS wells. (d.l. = detection limit; n.d. = not detected; n.a. = not available). 
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Table 1b.  Field parameters and concentrations of major chemical components and selected minor 

components in the SPGS wells (d.l. = detection limit; n.d. = not detected; n.a. = not available). 
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Figure 2 – Location of alluvial fans and sampled wells.  
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4. Results and Discussion 

4.1 Reconstruction of the hydrostratigraphic framework 

The stratigraphic framework of the Sibari Plain, related to the post-glacial delta plain evolution and 

the tectonic setting, represents the key factor to understand the plain hydrogeological features. 

In the northernmost sector of the studied area, the hydrostratigraphic framework is controlled by the 

alluvial fan of the Saraceno stream (Figure 3), which extends from the stream knick point to the 

coastline. The beginning of the alluvial fan aggrading stage occurred 6.5 ka B.P., while the still-

active entrenching stage started at 3 ka B.P. (Sabato and Tropeano, 2008). The alluvial fan is mainly 

made by gravelly deposits, with different textures due to various sedimentological processes (debris 

flow, sheet flood, stream flood). Sandy bar deposits are less common and the fine-grained overbank 

sediments are little widespread. The maximum observed thickness of the fan is about 60 m. The 

coarse-grained deposits overlay, along an erosive surface, the Torrente Straface Marly-Clay unit 

(ISPRA, 2009), which outcrops a few hundred meters northward and southward from the alluvial 

fan (Caruso et al. 2013; ISPRA, 2009). The clayey unit lies on top of the Saraceno Formation (Selli, 

1962), which is made of an arenaceous-pelitic alternation of controversial origin and age (Bonardi 

et al. 1988; Caruso et al. 2011; Vezzani, 1968; D’Alessandro et al. 1986; De Blasio et al. 1978; Di 

Staso and Giardino, 2002; Sonnino, 1984; Torricelli and Amore, 2003).  

Southward, the Satanasso stream alluvial fan (Figure 3) represents the main hydrostratigraphic unit. 

Currently it is not active and is located 2 km landward from the coastline. The fan is made of 

gravelly deposits with different textures. The estimated thickness reaches about 100 m, but the 

available data do not allow to define exactly its bottom surface. 

Moving southward, the Raganello stream alluvial fan (Figure 3) is the following hydrostratigraphic 

unit. It consists of a telescopic alluvial fan complex and represents the bigger fan of the SPGS 

(Guericchio and Melidoro, 1975). The fan thickness observed in the electrical resistivity profile 

(Casmez, 1987) exceeds 100 m. Boreholes data show 5/10 m-thick silty-sandy deposits on top of 

the gravelly sediments, which constitute the fan body. 
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The hydrostratigraphic unit made by the alluvial fan deposits, characterized by complex lateral 

variations, can be related to a “jigsaw-puzzle” style of facies (Galloway and Sharp, 1998a, 1998b). 

Instead, in the areas between the alluvial fans a “labyrinth” style of facies (Galloway and Sharp, 

1998a, 1998b) is represented by the fine-grained overbank sediments with isolated lens shaped 

crevasse deposits. 

The hydrostratigraphy of the middle sector of the investigated area is strictly related to the Crati 

Delta stratigraphic framework (Figure 3). In this area, the shallow aquifer consists of the sediments 

produced by the delta progradation which began about 6 ka B.P. (Bellotti et al. 2009; Cianflone et 

al. 2018). The underlying aquitard is made of fine-grained deposits related to the post-glacial fast 

sea-level rise and lies on top of the deep aquifer, which consists of late Pleistocene alluvial plain 

deposits. The hydrostratigraphic framework is very complicated due to the heteropical transition 

among the sediments of the different associated depositional environments moving seaward during 

the delta progradation (Bernasconi et al. 2010; Stanley and Bernasconi, 2009). Another 

complication of the stratigraphic pattern is due to the repeated captures and separations which 

characterized the evolution of Crati and Coscile Rivers. Furthermore, the presence of a fault zone 

with subsurface evidences (Cianflone et al. 2018; Cinti et al., 2015) can represents a potential 

interchange way between shallow and deep aquifers.  

The complex vertical and lateral variations between fine and coarse sediments described above 

result in a “jigsaw puzzle” style of facies (Galloway and Sharp, 1998a, 1998b). 

In the southwestern sector of the Crati River valley, landward from its confluence with the Coscile 

River (figure 3), the shallow aquifer roughly corresponds to the alluvial deposits, which locally 

overlay the Pliocene clays (Casmez, 1967). The resistivity profile (Casmez, 1987), located near 

Terranova da Sibari village, shows a later extension of the alluvial deposits of ~1 km and a 

maximum thickness of ~75 m, while the profile 6 km towards NE reveals a thickness reaching a 

maximum value of ~60 m. The boreholes data allow to observe a thickness up to ~250 m for the 

clays acting as aquitard. 
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The southernmost area (Figure 3), between S. Mauro and Cino streams, is characterized by 

telescopic alluvial fan complexes, which started their development in the middle Pleistocene 

(Guerricchio and Melidoro, 1975).  

Based on their main hydrogeological features, each recognized hydrostratigraphic units is converted 

into an hydrogeological unit (HU), defined as a geologically homogeneous unit (but not necessarily 

isotropic) that has characteristic hydrodynamic properties (Anderson and Woessner 1992; Sanz et 

al., 2009). In detail, we identify three main HU: 

• HU1 “deep aquifer”,  limited to the middle sector and the coastal area, consisting of the 

coarse-grained deposits of late Pleistocene age;  

• HU2 “aquitard”, made up of the Torrente Straface Marly-Clay (northern sector), the 

Quaternary fine-grained sediments deposited during the post-glacial sea-level rise (middle 

sector) and the Pliocene clays (southern sector); 

• HU3 “shallow aquifer” including the alluvial fans and alluvial plain sediments (northern and 

southern sectors) and deltaic deposits (middle sector). The coarse grained deposits of river 

beadload are considered as a subunit (HU3b) of HU3. 
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Figure 3 - Hydrostratigraphic cross-sections of the Saraceno alluvial fan (X-X’), the Satanasso alluvial fan 
(Y-Y’) and the Crati Delta area (Z-Z’) the electrical resistivity profile crossing the Raganello alluvial fan (K-
K’, redrawn from Camez, 1987).  

 

The SPGS geometry was analysed starting from DSM of top and bottom of the HU2. The HU3 is 

characterized by a thickness increasing from W to E and reaching its highest value (~40 m) in the 

Crati Delta area. In the northernmost sector, near Trebisacce village, the HU3 extension coincides 

with the coastal area westward bounded by the Pollino Massif. Southward, the HU3 extension 

increases reaching its maximum in correspondence of the Coscile River Valley. Towards the 
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southern sector, the extension decreases again due to the presence of the highs bounding the Sila 

Massif. The DSM of HU2 top intersects the topography in the southwestern sector of the 

investigated area. In this area, both the evidence acquired during the field survey and the official 

geological maps (Casmez, 1967) confirm that the HU3 (constituted by clayey deposits with 

Pliocene age) outcrops (Figure 4). 

The depth of the HU2 bottom increases gradually seaward, with the exception of the sector of the 

Crati Valley close to Terranova da Sibari village. Here, the aquitard bottom reaches ~ -150 m asl 

and the clayey deposits are 250 m thick. 

The HU2 has a wedge shape with thickness increasing seaward, except in the north-western sector. 

Furthermore, the HU2 thickness decreases up to be negligible in the Raganello alluvial fan, 

permitting the direct contact between HU1 and HU3. In this area, as shown by the field survey, 

coarse-grained coastal-deltaic deposits overlap the Lauropoli Conglomerates (Ghisetti and Vezzani, 

1983) and springs are present. 

Along the SPGS perimeter, the HU2 is due to clayey deposits of Pliocene age, which can be 

correlated to the Torrente Straface Marly-Clay unit (ISPRA, 2009). Close to the coastline, it is 

formed by silty-clayey sediments deposited during the last post-glacial transgression (Bellotti et al., 

2003; Cianflone et al., 2018). 
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Figure 4 - a) Shallow aquifer HU3 thickness map (m). b) Depth (m asl) of the HU2 aquitard bottom. 

 

4.2 Major hydrochemical aquifers properties 

 

4.2.1 Waters classification 

Statistical indices of Eh, temperature (T), pH and electric conductivity (EC) of shallow and deep 

aquifers of SPGS (HU3 and HU1 hereinafter) are reported in Table 2. 

 

Table 2. Statistical indices of pH, temperature (T), and electric conductivity (EC), and Eh of SPGS 

groundwaters. 

SSPGS aquifer (HU3) pH T (°C) EC (mS/cm) 
at 25 °C. 

Eh 
(V) 

Minimum 6.30 16.20 0.30 -0.27 

Maximum 8.21 24.00 2.03 0.28 

Average 7.36 19.97 1.08 0.08 

Median 7.42 19.80 0.95 0.12 
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Standard deviation 0.38 2.05 0.42 0.15 

DSPGS aquifer (HU1)     

Minimum 6.03 16.10 0.30 -0.18 

Maximum 8.56 22.90 4.25 0.27 

Average 7.46 19.58 1.20 0.02 

Median 7.48 19.50 0.84 0.00 

Standard deviation 0.46 1.69 0.96 0.12 
 

A preliminary analysis of these parameters indicates comparable values range for the aquifers 

considered. In detail: 

(i) All wells highlight low discharge temperature with maximum values detected for the 

shallow aquifer.  

(ii) Both the SSPGS and DSPGS aquifers show similar pH and Eh range values. In 

particular, pH is almost neutral; only five samples have slightly acidic pH (P59, P60 and P61 from 

the HU1; P21 and P22 from the HU3) and only eight samples have pH values greater than 8 (P9 and 

P30 from the HU3 and P63, P64 and P78 from HU1. 

(iii) EC values highlight the highest variabilities. HU3 Groundwater ranges from 0.30 

mS/cm (P1) to 2.03 mS/cm (P39) whereas HU1 ranges from 0.30 (P47) to 4.25 mS/cm (P70). 

Temperature, EC, Eh and pH show a wide range of values, suggesting they are due to overlapped 

effects of more complex phenomena.   

The triangular plot of major anions (Figure 5a) shows that HCO3 prevails in 56 of the 80 samples, 

followed by Cl that is the predominant anion in 12 samples. The triangular plot of major cations 

(Figure 5b) shows that Ca prevails in 58 samples, Na is the predominant cation in 22 samples, 

whereas Mg waters are absent. the Na/K ratio (in equivalent units) varies between 8.2 and 197 and, 

consequently, Na prevails largely over K. 
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 Figure 5. Triangular plots of (a) major anions and (b) major cations for the SPGS groundwaters. 
 

Merging the inferences drawn from the triangular plots of major anions and cations, it can be 

concluded that the SPGS groundwaters belong to four chemical types: 

- Ca-HCO3, represented by 56 samples, 31 from the HU3 aquifer and 25 from the deep aquifer 

(HU1); 

- Na-HCO3, comprising 10 samples, 6 from the HU3 aquifer and 4 from the HU1 aquifer; 

- Na-Cl, including 12 samples, 1 from the HU3 aquifer and 11 from the HU1 aquifer; 

- Ca-Cl, represented by 2 samples only, 1 from the HU3 aquifer and 1 from the HU1 aquifer. 

To be noted that:  

(i) 80% of the HU3 aquifer samples have Ca-HCO3 composition, 15% belong to the Na-HCO3 

chemical facies, 2.5% have Na-Cl chemistry, and 2.5% pertain to the Ca-Cl chemical type.  

(ii) 61% of the HU1 aquifer samples have Ca-HCO3 composition, 10% belong to the Na-HCO3 

chemical facies, 27% have Na-Cl chemistry, and 2% pertain to the Ca-Cl chemical type.  

Since the Ca-HCO3 chemical facies is considered representative of freshwaters, whereas the Na-Cl, 

Ca-Cl and the Na-HCO3 chemical types are related to seawater intrusion, seawater intrusion 

accompanied by ion exchange, and freshening respectively, it is evident that HU1 is more 

influenced by seawater-related processes in respect to HU3. This should be due the natural 

protection of HU3, the bottom of which is widespread above sea level and, where it is below, as 
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very close to the sea, it is protected by the aquitard, the bottom of which is many meters below sea 

level. 

As the HU1 top is below sea level, the main protection from salinization due seawater intrusion is to 

the amount of groundwater flow and of potentiometric level; as they decrease, as effects of 

withdraws or recharge decreases, seawater intrusion moves inland and upward. 

 

Table 3. The distribution of chemical type in the HU3 and HU1 aquifers  

HU3 HU1 
Ca-HCO3 Na-HCO3 Na-Cl Ca-Cl Ca-HCO3 Na-HCO3 Na-Cl Ca-Cl 

P1 P14 P27 P32 P38 P39 P40 P52 P65 P69 P80 
P2 P15 P28 P33   P41 P53 P66 P70  
P3 P16 P29 P34   P42 P54 P67 P71  
P4 P17 P30 P35   P43 P55 P68 P72  
P5 P18 P31 P36   P44 P56  P73  
P6 P19  P37   P45 P57  P74  
P7 P20     P46 P58  P75  
P8 P21     P47 P59  P76  
P9 P22     P48 P60  P77  
P10 P23     P49 P61  P78  
P11 P24     P50 P62  P79  
P12 P25     P51 P63    
P13 P26      P64    

 

Since the triangular plots of major anions and cations do not deliver any information on the Total 

Ionic Salinity1, it is advisable to inspect the correlation plot of Ca+Mg+HCO3+SO4 vs. Na+K+Cl 

(Figure 6). In fact, the TIS of water samples can be appreciated in this diagram, by comparing their 

position with respect to the lines of slope -1 which are iso-TIS lines (Tonani et al. 1998). Figure 6 

shows that the four chemical types previously identified have different TIS values. 

 

                                                           
1 Total Ionic Salinity is the sum of the concentrations of major cations and anions, all in equivalent 

units, and is indicated by the acronym TIS. 
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Figure 6 - Correlation diagram of Ca + Mg + HCO3 + SO4 vs. Na + K + Cl for the SPGS groundwaters. 
 

In particular: (i) Ca-HCO3 waters have the lowest TIS values and the smallest range; (ii) Na-Cl 

waters show the highest TIS values and the largest range; (iii) Na-HCO3 waters have intermediate 

TIS values; (iv) the Ca-Cl type is represented by 2 samples only. 

 

4.2.2 Insights gained from the physico-chemical analysis: Mixing between seawater and 
groundwater and ion exchange processes; 

In order to explain the origin of Na-Cl, Ca-Cl and Na-HCO3 waters we took into account the role of 

ion exchange processes. This processes typically occur in aquifers close to the coastline upon either 

seawater/brackish water intrusion or displacement of seawater by freshwater, generally of Ca-HCO3 

chemical composition (freshening) (Appelo, 1994, 1996; Appelo e Postma, 1996 and references 

therein; Langmuir, 1996). According to Appelo (1996) the surface sites of some solid phases (clay 

minerals, zeolites, etc.) in alluvial deposits act as cation exchangers. In the absence of seawater 

intrusion, these surface sites are saturated by Ca2+ (or Mg2+) ions resulting from water-rock 
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interaction. In contrast, upon occurrence of seawater intrusion, the interaction between seawater and 

alluvial sediments causes the following ion exchange reactions: 

 

 Na+ + Ca0.5-X → Na-X + ½ Ca2+       (1) 

 Na+ + Mg0.5-X → Na-X + ½ Mg2+       (2) 

 

where X represents a generic cation exchanger inside the alluvial sediments. As a result of reactions 

(1) and (2), the aqueous solution acquires Ca2+ and Mg2+ ions and lose the same amount (in 

equivalent units) of Na+ and K+ ions that saturate the cation exchanger sites. Thereby chemical 

composition evolves from the Na-Cl facies to the Ca-Cl facies which is represented in our data set 

by two samples (see above).  

The reverse process occurs when Ca-HCO3 water interact with the alluvial sediments (whose sites 

are saturated by Na+ ion due to previous seawater intrusion). In this case, the reactions (1) and (2) 

reverse and proceed from right to left. These ion exchange processes lead to the production of the 

Na-HCO3 water (10 samples, see above). For a better understanding of these ion exchange 

processes, they were modeled by the EQ3/6 software package (Wolery and Jarek, 2003) adopting 

the Vanselow convention for the cation exchanger and assuming the presence of a single exchange 

site. During the simulations, temperature was maintained constant at 25°C, which is a few degrees 

centigrade higher than average water temperature (19.8°C). Since the enthalpy of the ion exchange 

reactions is unknown, this is a mandatory approximation. Ion exchange upon seawater intrusion was 

modeled by adding progressively increasing quantities of cation exchanger, up to the maximum 

value of 1 mole, to 1 kg of average seawater (Nordstrom et al. 1979; Nordstrom 2000). Main results 

are reported in Table 4 and in Figure 7.  

Table 4. Variation of the aqueous solution (average seawater) chemistry during ion exchange upon seawater 
intrusion. Xi represents the moles of cation exchanger added to 1 kg of average seawater. 

Xi pH Alkalinity Ca Cl C K Mg Na SO4 
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  mg HCO3/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 

0 7.591 113.5 392 1.87E+04 21.7 386 1.25E+03 1.04E+04 2622 

5.00E-02 7.1433 103.1 1.21E+03 1.87E+04 20.7 398 1.18E+03 9.58E+03 2622 

1.00E-01 6.9655 97.2 1.96E+03 1.87E+04 20.1 409 1.11E+03 8.85E+03 2622 

1.50E-01 6.8609 93.3 2.64E+03 1.87E+04 19.8 420 1.04E+03 8.20E+03 2622 

1.61E-01 6.8429 92.5 2.78E+03 1.87E+04 19.7 423 1.02E+03 8.07E+03 2619 

2.00E-01 6.799 90.7 3.13E+03 1.87E+04 19.5 431 965 7.63E+03 2316 

2.50E-01 6.7523 88.6 3.57E+03 1.87E+04 19.3 441 897 7.11E+03 2031 

3.00E-01 6.7146 86.9 3.98E+03 1.87E+04 19.2 450 836 6.66E+03 1825 

3.50E-01 6.6841 85.5 4.35E+03 1.87E+04 19 459 782 6.25E+03 1672 

4.00E-01 6.659 84.3 4.69E+03 1.87E+04 18.9 468 735 5.90E+03 1555 

4.50E-01 6.6382 83.4 5.00E+03 1.87E+04 18.9 476 693 5.58E+03 1465 

5.00E-01 6.6207 82.5 5.28E+03 1.87E+04 18.8 484 657 5.29E+03 1393 

5.50E-01 6.6059 81.8 5.53E+03 1.87E+04 18.7 492 625 5.03E+03 1333 

6.00E-01 6.5931 81.2 5.76E+03 1.87E+04 18.7 499 596 4.80E+03 1285 

6.50E-01 6.582 80.7 5.96E+03 1.87E+04 18.6 506 571 4.59E+03 1243 

7.00E-01 6.5723 80.3 6.15E+03 1.88E+04 18.6 513 549 4.39E+03 1210 

7.50E-01 6.5637 79.8 6.32E+03 1.88E+04 18.5 520 529 4.22E+03 1181 

8.00E-01 6.5561 79.5 6.48E+03 1.88E+04 18.5 527 511 4.05E+03 1154 

8.50E-01 6.5493 79.2 6.62E+03 1.88E+04 18.5 533 495 3.90E+03 1133 

9.00E-01 6.5432 78.9 6.76E+03 1.88E+04 18.4 540 481 3.77E+03 1112 

9.50E-01 6.5376 78.6 6.88E+03 1.88E+04 18.4 546 467 3.64E+03 1094 

1 6.5326 78.4 6.99E+03 1.88E+04 18.4 552 455 3.52E+03 1079 
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Figure 7. (a) Variation of the concentrations of major dissolved constituents and (b) Moles of solid phases 
precipitated as a function of the moles of cation exchanger added to 1 kg of average seawater.  
 

At the beginning of the simulation, seawater is already strongly supersaturated with calcite (SI 

=0.650), which precipitates immediately, although in small quantities (Figure 7b). The interaction 

of seawater with increasing amounts of cation exchanger leads to increasing Ca concentration 

(Figure 7a), in spite of the occurrence of calcite precipitation. The separation of this mineral causes 

a significant decrease of bicarbonate concentration because HCO3 << Ca. Upon addition of 0.161 

moles of cation exchanger to 1 kg of aqueous solution, gypsum saturation is attained and these 

mineral precipitates (Figure 7b) causing a decrease of dissolved SO4 (Figure 7a). Increase of 

dissolved Ca concentration is necessarily accompanied by a concurrent decrease of dissolved Na, in 

equivalent amounts, while aqueous Mg decreases and dissolved K(aq) increases. 

Ion exchange upon freshwater inflow in an aquifer previously affected by seawater intrusion was 

modelled by adding progressively increasing amounts of cation exchanger, up to the maximum 

value of 0.006 moles, to 1 kg of average groundwater. Main results are reported in Table 5 and in 

Figure 8. 

 

Table 5. Variation of the aqueous solution (average groundwater) chemistry during ion exchange upon 
groundwater inflow into an aquifer previously affected by seawater intrusion. Xi represents the moles of 
cation exchanger added to 1 kg of average groundwater. 
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Xi pH Alkalinity Ca Cl C K Mg Na SO4 

  mg HCO3/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 

0 7.4978 157.4 60.8 17.5 32.7 1.69 17.8 15.9 103.7 

5.00E-04 7.5329 158.8 55.4 17.5 32.9 1.69 15.4 27.2 103.7 

1.00E-03 7.5729 160.3 49.9 17.5 33 1.68 13.1 38.2 103.7 

1.50E-03 7.6188 161.9 44.4 17.5 33.2 1.68 11.1 49 103.7 

2.00E-03 7.6715 163.6 38.8 17.5 33.3 1.68 9.23 59.5 103.7 

2.50E-03 7.7324 165.4 33.4 17.5 33.5 1.67 7.56 69.7 103.7 

3.00E-03 7.8033 167.3 28 17.5 33.7 1.67 6.07 79.4 103.7 

3.50E-03 7.8857 169.3 22.9 17.5 33.9 1.66 4.76 88.4 103.7 

4.00E-03 7.981 171.3 18.3 17.5 34.1 1.65 3.64 96.7 103.7 

4.50E-03 8.0893 173.5 14.2 17.5 34.3 1.64 2.72 104 103.7 

4.71E-03 8.1369 174.4 12.7 17.5 34.4 1.64 2.4 107 103.7 

5.00E-03 8.1453 174.4 10.5 17.5 34.4 1.63 1.97 110 103.7 

5.50E-03 8.1571 174.4 7.61 17.5 34.4 1.61 1.41 114 103.7 

6.00E-03 8.1659 174.4 5.55 17.5 34.4 1.59 1.01 117 103.7 

 

First, it should be noted that the amounts of added cation exchanger, which are needed to cause 

significant effects on groundwater composition, are much smaller than those needed to determines 

important consequences on seawater chemistry (see seawater intrusion simulation above). These 

differences are evidently due to the different salinity, in equivalent units, of the two aqueous 

solutions. Also, in this second model, calcite precipitates immediately (Figure 8b), even if in small 

quantities, decreasing progressively during the simulation until calcite precipitation ends upon 

addition of 0.0045 moles of cation exchanger to 1 kg of aqueous solution. Calcite precipitation has a 

modest effect on aqueous solution composition, which is dominated by Na/Ca exchange, with a 

progressive decrease in Ca concentration and a corresponding gradual increase in Na concentration 

in equivalent units (Figure 8a). Aqueous Mg undergoes a considerable decrease during the 

simulation, while dissolved K experiences a moderate decrease. 
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Figure 8. (a) Variation of the concentrations of major dissolved constituents and (b) Mole of calcite 
precipitated as a function of the moles of cation exchanger added to 1 kg of average groundwater.  
 

The results of the two simulations are reported in the two correlation diagrams of Na+K vs. Ca+Mg 

(Figure 9) showing that ion exchange processes, during both seawater intrusion and freshening take 

place at constant TIS values, apart from a modest decrease in salinity in the first process, due to 

gypsum precipitation. In fact, both reaction paths are parallel to the iso-salinity lines in the two 

diagrams but have opposite direction. 

 .  

Figure 9. Correlation diagrams of Na+K vs. Ca+Mg showing the results of geochemical modeling for ion 
exchange processes triggered by seawater intrusion and freshening. 
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The triangular diagram of Cl-HCO3-SO4 (Figure 10a) shows that ion exchange effects of seawater 

intrusion and freshening are nil to negligible on the relative contents of major anions. The small 

observed changes are probably due to the precipitation of solid phases, such as calcite and gypsum, 

rather than to ion exchange processes. 

In contrast, the triangular diagram of (Na+K)-Mg-Ca (Figure 9b) highlights the significant effects 

of ion exchange accompanying seawater intrusion and freshening on the relative contents of major 

cations, mainly on the Na/Ca ratio. Note the opposite direction of the two reaction paths. 

  

Figure 10. Triangular plots of (a) major cations and (b) major anions, both prepared starting from 
concentrations in equivalent units, showing the effects of ion exchange processes accompanying seawater 
intrusion and freshening. 

 

In the Ca vs. Cl and Na vs. Cl diagrams (Figure 11) chloride, which is the main mobile (or 

conservative or inert) constituent in natural waters (since once added to the aqueous solution it 

remains there), is plotted against Na+ and Ca2+, which are the two cations most affected by ion 

exchange processes. In all diagrams, two mixing lines between average seawater and groundwater 

endmember belong to the Ca-HCO3 facies are drawn for each aquifer. Samples (P56-P47 belonging 

to the HU1 aquifer and P12- P15 to the HU3 aquifer) highlight relatively low chloride 

concentrations and low and high calcium contents, respectively. 

Mixing lines were constructed using the following mass balance equation, varying the seawater 

fraction xSW: 
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Ci,MW = Ci,SW · xSW + Ci,GW · (1 – xSW)     (3) 

 

where Ci,MW, Ci,SW, and Ci,GW are the concentrations (in meq/L) of i-th component in the mixture, in 

average seawater, and in the groundwater endmember, respectively. 

       

   

       

Figure 11 - Log-log diagrams of Na vs. Cl and Ca vs. Cl for the SPGS aquifers (HU1 and HU3) also showing average 
seawater and the mixing lines between average seawater and the groundwater endmember (samples P56 and P47 - HU1 
aquifer; P12 and P15 – HU3 aquifer). The arrow "ion exchange" refers to the effects expected for seawater intrusion. 

 

In the Na vs. Cl diagrams (Figures 11a and 11b), the seawater dilution lines are very close to each 

other because sodium concentration of samples (P47-P56 and P15- P12) are comparable (0.59-1.10 
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meq/L and 2.46-1.53 meq/L respectively). In the deep aquifer, ion exchange effects due to seawater 

intrusion (loss of sodium with respect to the mixing lines) are not very clear even if the sample 

belonging to the Ca-Cl type (P80) and some samples of the Na-Cl type fall below the mixing lines 

(P75, P77 and P79). In contrast, Na-HCO3 samples fall either along the mixing lines or above them 

as expected for ion exchange due to freshening. On the other hand, in the shallow aquifer (Figure 

11b), ion exchange effects due to seawater intrusion are almost completely absent except for sample 

belonging to the Ca-Cl type (P39). Much more evident are the freshening effects in the Na-HCO3 

samples falling above the mixing lines. 

In the correlation plots Ca vs. Cl (Figures 11c and 11d), the seawater - groundwater mixing lines are 

clearly separated due to the wide range of Ca concentration (1.78 - 5.44 meq/L and 2.60 - 

8.07meq/L for samples P47, P56, P15 and P12 respectively). For the deep aquifer, ion exchange due 

to seawater intrusion is evident in sample belonging to the Ca-Cl chemical type (P80) and to those 

of Na-Cl falling above the mixing lines (P75, P77 and P79). The opposite ion exchange effects, due 

to freshening, are shown by some Na-HCO3 samples falling close to the lower mixing line. The 

anomalous low Ca content of sample P74 may be explained by calcite precipitation. 

Shallow aquifer (Figure 11d) highlights not very clear effects due to seawater intrusion. Only 

sample P39, belonging to the Ca-Cl type, falls above the mixing line. As said before, much more 

evident are the freshening effects in the Na-HCO3 samples falling close to the lower mixing line. 

Freshening seems concentrated in narrow zones in which higher rainfall infiltration or fresh surface 

water leakage from drainage network occurs, as verified merging DSMs, DTM and on site 

information. 

In the Mg vs. Cl diagrams (Figures 12a and 12b), most samples fall along the seawater - 

groundwater mixing lines and there are no evidences of ion exchange processes.  

The correlation diagrams of K vs. Cl (Figures 12c and 12d) suggest that the potassium distribution 

in the SPGS HU1 aquifer is likely controlled by mixing between groundwater and marine waters. In 
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fact, high K concentration are recognized predominantly in samples belonging to the Na-Cl 

chemical type whereas, Ca-HCO3 samples fall in proximity of the mixing lines. 

On the other hand, potassium distribution in the SPGS HU3 aquifer is probable controlled by both 

mixing between groundwater and marine waters and use of fertilizers in agriculture (Datta et al., 

1997; Jalali, 2007; Shamrukh et al., 2001; Skowron et al., 2018; Vespasiano et al., 2016a), which 

determines moderate excesses of K in Ca-HCO3 samples compared to the seawater dilution line. 

 

    

         

Figure 12. Log-log diagrams of Mg vs. Cl and K vs. Cl for the SPGS aquifers, also showing the mixing lines 
between average seawater and groundwater.  

 

Although the Cl concentrations are very low in both the HU3 and HU1 aquifer we can conclude that 

only the deep aquifer is moderately affected by ion exchange processes. This could be related to the 
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relatively low fraction of seawater involved in the mixing phenomena. The seawater fraction, xSW, 

in each sample was computed by solving the chloride mass balance equation with respect to xSW: 

      (4) 

where MW, GW and SW refer to the seawater contaminated groundwater, the pure groundwater 

and seawater, respectively. The Cl content of the pure groundwater was sets equal to the lowest Cl 

content, 11.57 mg/kg (sample P47). The chloride content of seawater was considered equal to the 

average value of the Ionian Sea, 21339 ± 134 mg/kg (1σ), which was calculated based on the 

available data (Pierre, 1999; Schmidt et al. 1999; Stenni et al. 1995). The computed xSW values  for 

the HU1 aquifer generally vary between 0.01 and 0.02 with peaks of 0.027 in P72, 0.034 in P69, 

0.052 in P75, 0.057 in P77 and 0.059 in well P70. To be noted that (i) wells P69, P70, and P72 are 

positioned in a small area close to the mouth of the Crati River at <1 km from the river itself and 

1.4-2.0 km from the coastline; (ii) well P75 is situated close to the mouth of the Trionto River at <2 

km from the river itself and 1.3 km from the coastline. Only well P77 is positioned at <1 km from 

the Crati river and 5.0 km far from the coastline. Based on the location of these wells, seawater 

intrusion is the most probable explanation for their high chloride concentration and related 

geochemical characteristics, whereas halite dissolution appears to be an unlikely chloride source 

except for sample P77 due to its location relatively far from the coastline. 

 

4.2.3 Stable isotope discussion  

Starting from the analytical δ 18O and δ 2H values of each seawater-contaminated groundwater, the 

corresponding isotope values (indistinctly indicated by the symbol δGW) of each pure groundwater 

(i.e., before mixing with seawater) were computed by solving the isotope balance equation for δGW:  

         (5) 
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in which δMW and δSW are the isotope values of the seawater-contaminated groundwater and local 

seawater, respectively, and xSW is the seawater fraction obtained through equation (4). The average 

isotope values of local seawater were constrained using the data available for the Ionian Sea (Gat et 

al. 1996; Pierre, 1999; Schmidt et al. 1999; Stenni et al. 1995) at δ 18O = +1.43 ± 0.10‰ and δ2H = 

+8.05 ± 0.38‰. 

The computed isotope values of pure groundwaters define the local meteoric line: 

δ 2H = 6.02 · δ 18O + 0.16,        (6) 

 which diverges substantially from the Southern Italy meteoric line (Longinelli and Selmo, 2003) 

δ 2H = 6.97 · δ 18O + 7.317,        (7)  

as shown by Figure 13. 

 

 

Figure 13 - Binary diagrams δ18O vs. δD. 

 

The average infiltration altitude (Hi, m asl) of SPGS aquifers was calculated by means of the 

following equations:  
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                   (8) 

        (9)  

which were obtained using the Small Spring Method, SSM (Vespasiano et al. 2015c).  

In general, average infiltration altitudes given by δ 2H values (equation 13) are higher than those 

given by δ18O values. Adopting the δ18O values resulted average infiltration altitudes of 1210±136 

m asl and 757±166 m asl for HU1 and HU3 aquifers respectively. 

The average infiltration altitudes of 757±166 m asl for the shallow (HU3) aquifer are likely affected 

both by local rains and exchanges with the fluvial bodies that mediate the isotopic compositions of 

the waters coming from the entire basin of the Crati river..On the other hand,  the influence of local 

precipitations appears to be less important for the recharge of the deep aquifer, which seems to be 

supplied essentially from the Pollino and Sila massifs. 

 
Table 6. Analytical 18O and 2H values of seawater-contaminated SPGS groundwaters, computed δ18O* 

and δ2H* values of corresponding pure groundwaters, and average infiltration altitudes, Hi, calculated from 

the δ18O* and δ2H* values. In bold samples representative of the deep aquifer. 
 

N. Cl  Chemical type 
18O  

2H  
18O*  

2H*  Hi,18O* Hi,2H* 

 mg/kg  ‰ vs. V-SMOW ‰ vs. V-SMOW m asl 

P42 56 Ca-HCO3 -8.02 -49.8 -8.04 -49.92 1328 1650 

P65 64 Na-HCO3 -8.03 -49 -8.05 -49.14 1335 1596 

P66 100 Na-HCO3 -7.79 -48.4 -7.83 -48.64 1228 1561 

P76 199 Na-Cl -7.31 -44.6 -7.39 -45.07 1018 1315 

P73 285 Na-Cl -8.05 -49.5 -8.17 -50.26 1393 1673 

P74 310 Na-Cl -7.48 -44.6 -7.61 -45.36 1123 1335 

P80 310 Ca-Cl -7.86 -48.1 -7.99 -48.91 1307 1580 

P71 380 Na-Cl -7.54 -45.6 -7.70 -46.56 1167 1418 

P72 580 Na-Cl -7.14 -44 -7.38 -45.46 1015 1342 

P69 716 Na-Cl -7.56 -47.8 -7.88 -49.77 1251 1640 

P75 1070 Na-Cl -6.98 -43.9 -7.44 -46.76 1044 1432 

P70 1200 Na-Cl -7.5 -45.5 -8.06 -48.86 1338 1576 

P42 56 Ca-HCO3 -8.02 -49.8 -8.04 -49.92 1328 1650 

P65 64 Na-HCO3 -8.03 -49 -8.05 -49.14 1335 1596 

P66 100 Na-HCO3 -7.79 -48.4 -7.83 -48.64 1228 1561 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

35 

 

P32 144 Na-HCO3 -6.35 -38.4 -6.40 -38.70 548 876 
P8 216 Ca-HCO3 -6.88 -41.4 -6.96 -41.89 815 1096 

P35 237 Na-HCO3 -6.71 -41.2 -6.80 -41.74 737 1085 
P34 317 Na-HCO3 -6.58 -40.5 -6.70 -41.21 689 1049 
P38 409 Na-Cl -7.18 -44.3 -7.34 -45.30 998 1331 

 

 

4.3 Coastal aquifer hydrogeological modelling  

The use of groundwater resources in Calabria began in the 70s and gradually increased through the 

drilling of several wells, now in the order of tens of thousands. Today almost all fresh water used in 

Calabria comes from groundwater (Polemio et al. 2013). This resource is subject to a quantitative 

degradation due to both the increase of water demand and climate change; groundwater 

overexploitation of regional aquifers adds risks of groundwater quality degradation due to seawater 

intrusion, especially in the case of SPGS (Polemio et al. 2004, Polemio and Casarano 2004). 

To investigate these phenomena with management purposes, a 3D hydrogeological 

conceptualisation to support the numerical modelling of the SPGS aquifers was realised. The 

conceptualised area is bordered to the north and north-east by the Mesozoic limestone rocks of 

Pollino Massif and to the south and southwest by the foothills of the Paleozoic crystalline lithotypes 

of the Sila Massif and the Ionian Coastline.  

The hydrogeological conceptualisation consists of the three hydrogeological units, distinguished in 

the previous chapter, from the top to the bottom (Figure 14): 1) HU3, sand and clay complex, 

formed by alluvial deposits, characterized by permeability from medium to high, hosting the 

SSPGS aquifer; 2) HU2, clay and silt complex, not outcropping in the study area, to be considered 

at very low permeability; 3) HU1, sand and conglomerate complex, which includes a not negligible 

cohesive fraction, characterized by medium permeability.  

Apart from natural recharge due to direct rainfall infiltration, the SPGS aquifers receive water 

inflow from boundaries. Considering boundary conditions, focusing mainly on permeability limits 

and main close aquifers, relevant inflow should be considered due to leakage from adjacent aquifers 
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of the Sila and Pollino massifs. The role of the natural drainage network, ranging from Crati River 

to a number of secondary ephemeral watercourses (called fiumare), is due to the prevailing coarse 

grain size of alluvial beds (HU3b), which is able to permit water exchange with SSPGS aquifer. 

Using DTM data, specific data collection, surveys, and data analysis were realised to assess 

geometrical features, including thickness and grain size, of riverbeds and river water head. Due to 

the geometrical peculiarities of drainage network and the high variability of river stages in SPGS, 

this exchange should be considered spatially and timely variable but, in any case, not able to affect 

significantly the hydrological balance of SPGS aquifers. 

 

 
 

Figure 14 – Conceptual model and hydrogeological complex 

 
On theses bases, the model was calibrated and validated with data from thirties to 2000 using 

historical data, mainly climate and piezometric data. The model area extension is about 365 km2.  

The Equivalent Porous Medium approach (EPM) was chosen for the numerical model, as it is 

particularly efficient to represent the flow and transport on a regional scale and for resource 

management purposes, where high-resolution results are less important than an overall assessment 

of the state of groundwater resources (Langevin 2003; Pisinaras et al. 2007; Zuffianò et al. 2016). 

Using EPM, the discretization should be coarse enough to be appropriate for the basic hypothesis of 

equivalent continuous porous medium. The modelled area was uniformly discretized into a finite 
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difference grid of 97,735 cells of 240 m x 350 m. The model was divided into five layers of variable 

thicknesses, based on previously described geological knowledge (Figure 15). 

 

 
Figure 15 – 3d view of DTM and of the SPGS hydrogeological conceptualisation, using hydrogeological 
complexes, and grid discretisation (“fiumare” describes geometry and location of riverbeds). 

 
 
The computer codes MODFLOW and SEAWAT were selected for numerical groundwater 

modelling (Guo and Langevin 2002; McDonald & Harbaugh AW 1988).  

As boundary condition a Dirichlet condition (Constant Head Boundary) for the coastline and for the 

west border of Pollino and Sila Massifs were used, while for the Crati and Coscile rivers the Cauchy 

condition was used.  

The necessary hydrogeological parameters, hydraulic conductivity and storage coefficients, were 

defined discussing field surveys, tests and laboratory data together with an extensive literature 

research (as main considered references Anderson & Woessner, 1992; Davis, 1969; Domenico, 

1972; Johnson, 1967; Jumikis, 1962; Martin & Frind, 1998; Rehm, 1980). Grain size laboratory 
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tests and 42 Lefranc tests were main measured data used for the preliminary assessment of 

hydrogeological parameters.  

Climate data were used for the assessment of the natural recharge: monthly data of rainfall and 

temperature over the period 1930-1975, for a total duration of 45 years, were selected as a period 

free from relevant effects of climate change (Polemio and Casarano 2004). The spatial assessment 

of necessary climate variables was realised in an area larger than the study area, to maximize the 

reliability of recharge assessment: 11 rainfall gauges, 3 of which include a thermometric probe, 

were selected for this purpose. The linear correlation functions between mean annual rainfall (P, 

mm) and temperature (T, °C) from a side and altitude (z, m asl) from the other side were defined 

applying the least squares method:  

 

P = 562.08 + 3.9z        (10) 

T = 17.39-0.0034z         (11) 

 

The P and T calculation was applied for each model cell using mean cell z value, obtained by DTM. 

The mean annual rainfall increases from NW to SE, with a spatial mean value of 700 mm, while the 

mean annual temperature varies between 14.2 and 17.3 °C.  

The mean annual actual evapotranspiration (E, mm) was calculated in each cell using the Turc 

method, modified to be reliable for Italian aquifers (Cotecchia et al. 1990). On this basis, the mean 

annual effective infiltration (I, mm) was calculated in each cell multiplying the effective rainfall, 

equal to P-E, by the infiltration coefficient for each hydrogeological complex, on the basis of 

literature data (Celico, 1988; Civita, 2005). The infiltration does not exceed 100 mm; the spatial 

mean value is 29 mm for a total annual volume of infiltration equal to 2 x 108 m3. The calculation of 

the direct recharge shows its contribution to the hydrological balance of coastal plain aquifers is 

expected to be relatively low. Other sources of water input, as the leakage from other neighbouring 
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aquifers, appear should be relevant, as proposed by previous authors (Guerricchio et al., 1976; 

Polemio and Luise, 2007; Tazioli, 1986;). 

 

4.3.1 Steady-state model and Calibration 

The first simulation was performed to define the steady-state groundwater flow and 3D salinity field 

to simulate nearly natural steady-state conditions (no climate change, negligible anthropogenic 

effects). In this simulation, the piezometric surface of thirties was used to define the initial head 

values (Polemio et al. 2004b), steady-state recharge was assumed, and no discharging wells were 

considered. The hydraulic conductivity K was calibrated using a numerical code (PEST) integrated 

in MODFLOW. Eighteen piezometric wells, with data from the 1930s, were used for calibration 

(Table 7). The statistics of K (m/s) calibration analysis are (Zheng and Bennett 2002): mean 

residual error -0.12, mean absolute residual error 0.45, normalised root mean squared of residual 

errors 11.89%, correlation coefficient 0.903 (linear regression between observed and calculated 

values), and standard deviation 0.3. 

The results confirmed the relevance of the inflow due to Sila and Pollino leakage and showed a 

water exchange between the shallow aquifer and the deep aquifer far from the coast, in the inland 

portion of the plain, where the aquiclude thickness is lower. 

 
Hydrogeological complex Hydraulic conductivity (m/s) 

  Initial value Calibrated value 

Sand and clay (HU3) kx 10
-4

 3 10
-3

 

ky 10
-4

 3 10
-3

 

kz 10
-5

 3 10
-4

 

Clay and Silt (HU2) kx 10
-8

 10
-9

 

ky 10
-8

 10
-9

 

kz 10
-9

 10
-9

 

Sand and conglomerate (HU1) kx 5 10
-5

 3.25 10
-5

 

ky 5 10
-5

 3.25 10
-5

 

kz 5 10
-6

 1.1 10
-6

 

Table 7 – Calibration of the hydraulic conductivity for each hydrogeological unit. 
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In addition, using MODPATH code (https://water.usgs.gov/ogw/modpath/ ), a particle-tracking 

code based on MODFLOW, the velocity of groundwater was also calculated. Focusing on the deep 

aquifer, the maximum value of Darcy velocity was about 1.1 x 10-6 m/s (roughly 0.1 m/day), while 

the residence time in the deep aquifer was rated between 250 and 500 years.  

The output of the steady-state flow model was used as input for the density-dependent model using 

the SEAWAT code. A constant-concentration boundary condition was used for coastal cells. The 

constant concentration (salinity) was assumed equal to 39,500 mg/L along the Ionian Coast (Grauel 

and Bernasconi, 2010). Mean groundwater salinity was assessed for each aquifer and used as initial 

cell values; on this basis, a steady state or initial 3D spatial distribution of groundwater salinity of 

was calculated, to be used as reference in the next scenarios (Figure 16a). This distribution is 

coherent with historical data (Figure 1, Casmez 1967) 

 
4.3.2 Seawater intrusion and transient model from 1979 to 2020 

Anthropogenic changes and the withdrawals for irrigation purposes were considered for next 

transient simulations. 1781 pumping wells were activated, subdivided in irrigation, industrial and 

civil used (Casmez, 1967, ISPRA public geodatabase of borehole data on 

http://portalesgi.isprambiente.it/it/categorie-db/sondaggi). A well discharging 80 L/s was also 

implemented where the national archaeological site of ancient Sybaris town is located. In fact, the 

dig, deep up to the level Roman town is under the current sea level, so a continuous underground 

drainage system is used by decades to maintain the piezometric surface below the excavation level.  

Starting from 1979, an annual step elaboration was performed. For every step, discharges and 

climate data were modified. From 1989, 132 new pumping wells (ISPRA geodatabase) were added 

to the model. The wells are uniformly distributed throughout the area with variable flow rates 

between 0.25 and 30 L/s. The specific depth and the screens position were defined for each well. 

Climate change effects on the region were also considered (Polemio and Casarano 2004).  
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Some gaps of data availability were suffered from 2001, mainly concerning groundwater discharge 

and secondly climate data. A slight predictive scenario was defined from 2001 to 2020, as yearly 

transient step. In this scenario, predicted changes in rainfall, temperature, sea level, and seawater 

salinity were included, based on a wide literature research. A temperature variation of +0.9 °C, as 

mean annual spatial value of the study area, and a rainfall variation of -3.9%, referred to mean 

spatial value, were implemented in the whole scenario (Alpert et al. 2008; Gibelin and Déqué 2003; 

Giorgi and Lionello 2008; Goubanova and Li 2007; Polemio and Casarano 2004; Ragab and 

Prudhomme 2002). On this basis, the recharge was recalculated with a yearly linear variation. The 

variation of evapotranspiration was assessed as percentage of mean value (1930-1975) to be applied 

to increase the well discharge with a linear year approach. An increase in seawater salinity 

approximately equal to 0.005 g/L per year is also expected; it was implemented for the period 2010-

2020 (Adani et al. 2011; Tsimplis et al. 2008).  

 

 

Figure 16 - 3d view of shallow groundwater salinity: A) steady state; B) expected in 2020. 

 

The calculated salinity map of the shallow aquifer shows an average inland or lateral intrusion 

effect on a strip large up to of 1.4 km, with respect to the steady-state simulation (Figure 16b). In 
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addition, with reference to the Sybaris archaeological dig and pumping, the model shows high 

localized effects of seawater intrusion, due to upconing.  

The numerical simulations, as a whole period of 91 years (1930 - 2020), show a qualitative and 

quantitative degradation. In terms of quality/salinity degradation, the effects lateral seawater 

intrusion seems relevant in the SSPGS aquifer, especially in the central- southern coastal sector and 

along the main riverbed (Crati River), where negative effects are observed far from the coast. A 

relevant up-coning was highlighted in the Sybaris archaeological area, involving the DSPGS aquifer 

(Figure 17). 

 

 

Figure 17 - W-E section: lateral intrusion and up-coning effect under the Sybaris archaeological site (Ionian 
Sea on the right or Eastern side of the figure) 

 

5. Conclusions 

The SPGS consists of a complex association of fluvial, alluvial fan and deltaic depositional 

systems. In detail, in the middle plain sector, the Crati Delta represents the main hydrostratigraphic 

unit. The delta evolution is strictly related to the Holocene post-glacial sea level rise overlapping to 

local factors as subsidence and tectonic (Cianflone et al. 2018). The hydrostratigraphic framework 

in the deltaic area consists of a surface layer characterized by the heteropical transition between 

fluvial, deltaic and shore-zone sediments (HU3 - shallow aquifer) overlay wedge-shaped fine-

grained deposits (HU2 - aquitard), related to the post-glacial transgression, which lie on top of a late 
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Pleistocene coarse-grained coastal plain (HU1 - deep aquifer). We suppose that the confined aquifer 

is limited to the area of the plain Holocene evolution and its landward boundary coincides with the 

maximum inland extension of the early Holocene fine-grained deposits.  

The upstream sectors of Crati and Coscile Rivers represent two alluvial valleys filled by fluvial 

deposits. The Crati and Coscile are two mixed-load meandering fluvial systems, which create a 

“jigsaw puzzle” style of facies and hydrostratigraphic complexity (Galloway and Sharp, 1998a, 

1998b and references therein). The northeastern sector of the study area is instead characterized by 

big alluvial fans related to ephemeral streams with a prevalent coarse-grained bed load (Saraceno, 

Satanasso and Raganello Streams). These hydrostratigraphic units can be correlated to the “jigsaw-

puzzle” systems (Galloway and Sharp, 1998a, 1998b). In the areas between the alluvial fans, the 

main deposits consist of overbank or lagoon fine-grained sediments with isolated coarse-grained 

deposits due to processes of crevasse. In these sectors, a “labyrinth” style of facies (Galloway and 

Sharp, 1998a, 1998b) is present. In the southern sector, also characterized by the presence of 

alluvial fans, the hydrostratigraphic pattern is very similar to the northeastern one. 

The hydrostratigraphic framework is strictly related to the middle Pleistocene-Holocene evolution 

of the SPGS. In detail, the uplift occurred along plain boundaries, as testified by various orders of 

marine terraces, and triggered the alluvial fans development. Since the late Pleistocene, the post-

glacial transgression and the Crati Delta progradation controlled the SPGS hydrostratigraphic 

architecture. 

Based on the above discussion it is possible to propose the following hypothesis about the origin of 

the chemical types present in the studied area, briefly summarizing their salient features. 

The Ca-HCO3 chemical type is characterized by a TIS comprised between 6 and 34 meq/L and is 

the most represented, comprising 56 samples. These waters are probably generated by calcite 

dissolution, a mineral phase that dissolves very quickly (e.g., Apollaro et al. 2012; Vespasiano et al. 

2016b, 2016c; Marini, 2006 and references therein) and is very frequent in the study area, as a main 

constituent of alluvial deposits resulting from erosion of sedimentary rocks that outcrop in the 
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reliefs surrounding the SPGS. Ca-HCO3 waters are hosted both in the shallow (HU3) and deep 

(HU1) aquifers, but they are more common in the first than in the second one, as they represent the 

80% of the samples coming from the shallow aquifer and the 61% of the samples proceeding from 

the deep aquifer. 

The Na-HCO3 waters have salinity somewhat higher, on average, than the previous chemical type. 

It is a relatively frequent chemical type in the study area, being represented by 10 samples. The 

origin of these waters is due to freshening, that is re-circulation of Ca-HCO3 groundwaters in 

aquifers previously flooded by seawater and/or brackish water. Also, the Na-HCO3 waters are 

hosted both in the shallow and deep aquifers and are more frequent in the first than in the second 

one, as they represent the 15% of the samples coming from the shallow aquifer and the 10% of the 

samples proceeding from the deep aquifer. 

Most of the Cl waters (14 samples) belong to the Na-Cl chemical type. These are water with a very 

variable salinity, from 22 to 80 meq/L, generally higher than that of Ca-HCO3 and Na-HCO3 

waters, but still below the TIS of mean seawater, 1210 meq/L. They are typically of aquifers located 

near the coast affected by seawater intrusion within the sediments of the alluvial plain. This 

intrusion can take place directly (salt wedge) or through inflow of seawater and/or brackish water 

along the riverbeds and their subsequent infiltration into the surrounding aquifers, hosted in the 

alluvial deposits. The process may be favoured by intense pumping from wells located near 

riverbeds. Also, the Na-Cl waters are hosted both in the shallow and deep aquifers, but they are 

more frequent in the second than in the first one, as they represent the 3% of the samples coming 

from the shallow aquifer and the 27% of the samples proceeding from the deep aquifer suggesting 

that the most affected aquifer is the deep one. 

The two samples ascribable to the Ca-Cl type have SIT of 33-49 meq/L. This is a chemical 

composition generated by ion exchange consequent to seawater intrusion.  

At the end, the complete conceptualisation of the Sibari Plain was able to explain groundwater 

salinity variations and to support a detailed long-lasting numerical simulation of quality and 
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quantity variations. It could be considered a reliable tool to support groundwater management, 

preventing salinization and, at the end, integrating in the future the hydrogeological model with 

geotechnical routines, preventing excessive subsidence effects for fluid extraction. 
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Table captions 

Table 1a.  Field parameters and concentrations of major chemical components and selected minor 

components in the SPGS wells. (d.l. = detection limit; n.d. = not detected; n.a. = not available). 

Table 1b.  Field parameters and concentrations of major chemical components and selected minor 

components in the SPGS wells (d.l. = detection limit; n.d. = not detected; n.a. = not available). 

Table 2. Statistical indices of pH, temperature (T), and electric conductivity (EC), and Eh of SPGS 

groundwaters. 

Table 3. The distribution of chemical type in the HU3 and HU1 aquifers . 

Table 4. Variation of the aqueous solution (average seawater) chemistry during ion exchange upon seawater 

intrusion. Xi represents the moles of cation exchanger added to 1 kg of average seawater. 

Table 5. Variation of the aqueous solution (average groundwater) chemistry during ion exchange upon 

groundwater inflow into an aquifer previously affected by seawater intrusion. Xi represents the moles of 

cation exchanger added to 1 kg of average groundwater. 

Table 6. Analytical 18O and 2H values of seawater-contaminated SPGS groundwaters, computed δ18O* 

and δ2H* values of corresponding pure groundwaters, and average infiltration altitudes, Hi, calculated from 

the δ18O* and δ2H* values. In bold samples representative of the deep aquifer. 

Table 7 – Calibration of the hydraulic conductivity for each hydrogeological unit. 

 

Figure captions 

Figure 1 – (a) Simplified geological map of the study area. Fault traces are derived from Ithaca database 

(Comerci et al., 2013) while Sybaris Fault Zone (SZF) is from Cinti et al. (2015). (b) Deep seismic profile, 

modified from Cello et al. (1981), showing the thin Calabrid units overlapping the Southern Apennine units.  

Figure 2 – Location of alluvial fans and sampled wells.  

Figure 3 - Hydrostratigraphic cross-sections of the Saraceno alluvial fan (X-X’), the Satanasso alluvial fan 

(Y-Y’) and the Crati Delta area (Z-Z’) the electrical resistivity profile crossing the Raganello alluvial fan (K-

K’, redrawn from Camez, 1987).  

Figure 4 - a) Shallow aquifer HU3 thickness map (m). b) Depth (m asl) of the HU2 aquitard bottom. 

Figure 5. Triangular plots of (a) major anions and (b) major cations for the SPGS groundwaters. 

Figure 6 - Correlation diagram of Ca + Mg + HCO3 + SO4 vs. Na + K + Cl for the SPGS groundwaters. 

Figure 7. (a) Variation of the concentrations of major dissolved constituents and (b) Moles of solid phases 

precipitated as a function of the moles of cation exchanger added to 1 kg of average seawater.  
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Figure 8. (a) Variation of the concentrations of major dissolved constituents and (b) Mole of calcite 

precipitated as a function of the moles of cation exchanger added to 1 kg of average groundwater. 

Figure 9. Correlation diagrams of Na+K vs. Ca+Mg showing the results of geochemical modeling for ion 

exchange processes triggered by seawater intrusion and freshening. 

Figure 10. Triangular plots of (a) major cations and (b) major anions, both prepared starting from 

concentrations in equivalent units, showing the effects of ion exchange processes accompanying seawater 

intrusion and freshening. 

Figure 11 - Log-log diagrams of Na vs. Cl and Ca vs. Cl for the SPGS aquifers (HU1 and HU3) also 

showing average seawater and the mixing lines between average seawater and the groundwater endmember 

(samples P56 and P47 - HU1 aquifer; P12 and P15 – HU3 aquifer). The arrow "ion exchange" refers to the 

effects expected for seawater intrusion. 

Figure 12. Log-log diagrams of Mg vs. Cl and K vs. Cl for the SPGS aquifers, also showing the mixing lines 

between average seawater and groundwater.  

Figure 13 - Binary diagrams δ18O vs. δD. 

Figure 14 – Conceptual model and hydrogeological complex. 

Figure 15 – 3d view of DTM and of the SPGS hydrogeological conceptualisation, using hydrogeological 

complexes, and grid discretisation (“fiumare” describes geometry and location of riverbeds). 

Figure 16 - 3d view of shallow groundwater salinity: A) steady state; B) expected in 2020. 

Figure 17 - W-E section: lateral intrusion and up-coning effect under the Sybaris archaeological site (Ionian 

Sea on the right or Eastern side of the figure) 
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ACCEPTED MANUSCRIPT
Hydrostratigraphy related to Quaternary coastal plain evolution. 

Groundwaters are affected by salinization and freshening phenomena. 

Numerical simulations show groundwater qualitative and quantitative degradation. 


