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Abstract

Coastal plain environments constantly adapt to ghaas a result of natural processes and
increasing anthropogenic pressure, as in the chseedow relief Sibari coastal plain (Calabria,
southern Italy).

In order to reconstruct the hydrostratigraphic fearark and explain the spatial distribution of
groundwater salinization of the Sibari coastalmplain integrated hydrogeological and geochemical
approach was applied to support an accurate camegztion and modelling of the whole plain
groundwater system. Litho-hydro-stratigraphic nielaships were constructed from lithologic logs
obtained from exploratory boreholes whereas, tlempwater flow system has been studied using
conventional hydrogeological field investigatiohgdrochemistry, and isotope hydrology.

Three distinct Hydrological units (HU3-shallow afguj HU2 aquitard and HU1l-lower aquifer)

were identified showing distinct geometrical, hycliemical and isotopic signatures.
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With the aim of explain the origin of Na-Cl, Ca-&id Na-HCQ waters were considered the role of
ion exchange processes. The results demonstratevahses of N4 Mg?*, Cl and SQ can be
attributed to seawater intrusion, whergi& probably the major pollutant of the shallow iéeu

The adopted multidisciplinary approach providese#factive tool for accurately determination of
groundwater processes and can be useful for airsaiska management of water resources in coastal
plain. The physically based model of the pail gebuater system was able to explain the observed
groundwater salinity variations and to support &ited long-lasting numerical simulation of

variations in the quantity and quality of grounderatesources.

1. Introduction

The sustainable development and management ofatqaatn has received significant attention
worldwide during the last decades (Boughriba atadi J2018; Matiatos et al. 2018). Coastal areas
and coastal plains are experiencing the adverssegorences of hazards related to geological
processes, climate change and sea-level rise. Mpact is exacerbated by increasing human-
induced pressure due to land-use and hydrologit@nges, including reclamation works,
embankments, dams and overexploitation of grounelwat

In most of Mediterranean coastal areas, espedrlltaly (Polemio and Lonigro, 2015; Polemio,
2016; Sanford et al. 2007), one of the main problenthe governance is the overexploitation of
groundwater to meet the growing population dematichvincreases the effect of salinization
processes, subsidence and/or flood damages (Baeaee@l. 2007; Changming et al. 2001; De
Montety et al. 2008; Haruyama 2016). The vulnergbdf coastal aquifers to water extraction and
land use have been estimated by several studigsiimd) that their impact is more significant than
the impact of sea-level rise. However, the relaiop among surface and sea water bodies,
groundwater flow, geological features and aquifeatdires has not been enough scientifically

examined for a wide range of coastal plains andtabaquifers.
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This study offers a contribution in this framewoirkyestigating with a multidisciplinary approach a
peculiar coastal plain. The approach integratessthdy of geological and geochemical data with
hydrogeological information and the physical stateluding recent modifications, of the coastline.
All the data were applied to support an accurateceptualization and modelling of the whole

Sibari plain focusing on geochemical processesgaoandwater quality and use.

The attention is focused on the Sibari coastalnPllaicated in Calabria Region (Southern Italy),
which is very important as an active agriculturat @ourist zone (Fig. 1)The Sibari Plain is
located on the lonian coast and represents a leogstal alluvial plain where considerable
reclamation works have been able to permit a dffagricultural development, based on the use of
groundwater, and a relevant urbanization duringlabest 60 years (Petrucci and Polemio, 2007).
This area is characterized by low rainfall (meamumh value lower than 600 mm) and the
decreasing trend of effective rainfall (Cianfloneat 2015a; Polemio et al. 2004a), related to
climate changes effects recorded in southern Italyich exposes it to increasing dryness risk

(Polemio et al. 2004b).

Two well-defined aquifers were recognized in th&sSRby Polemio and Luise, (2007). The shallow
aquifer is located at deep up to -30 m asl, anthatbottom, a clayey and silty-clayey layer
(aquitard), reaching -50/-60 m asl, divides thellslhaaquifer from the deeper one consisting of
gravel and sand of upper Pleistocene age (Fig.1).

In the middle of the plain (corresponding to theoflplain of the Crati and Coscile Rivers),
groundwater salinization was observed up to ab@ukrh landward from the coastline (Fig.1)
(Casmez, 1987). This salinization was attributeditferent causes such us seawater intrusion due
to intense groundwater overexploitation, interawtiovith rocks containing halite and/or upconing
of deep saline water (Guerricchio et al. 1976; @oenio and Ronconi, 1997; Tazioli, 1986).
Guerricchio et al. (1976) showed a strong mineaéilin of the deep aquifer groundwater with a

high content of reduced sulfur species, iron, maega, carbon dioxide and methane.
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The results will provide essential guidelines foroptimum management of groundwater protection

and pumping in the study area.

2. Study Area: Geological Setting

The SP is located in correspondence of the bounuktwyeen the igneous-metamorphic terranes of
the Calabrian Arc and the carbonate units of th&l8sn Apennines.

The Calabrian Arc is a nappe made by Hercynian predHercynian continental basement
(including metamorphic rocks and their sedimentemyers intruded by igneous batholith) and
Jurassic to Early Cretaceous ophiolite-bearing seces (Amodio Morelli et al., 1976; Messina et
al., 1994; Bonardi et al., 2001). Neogene sedinmgriiasins onlap lonian and Tyrrhenian sides of
the Calabrian Arc inner core.

During Miocene, the Calabrian Arc overthrusted upom Triassic-Miocene Apennine-Maghrebian
chain (Amodio Morelli et alii, 1976; Finetti et Bli1996). The latter, outcropping along the
northwestern side of the SP, consists of Mesozeitidry carbonatic succession and “flyschoid”
deposits of the Saraceno and Albidona Formatio8PRIA, 2009 and references therein). The
Saraceno Formaion, consisting of an arenaceoutepaliernance with late Jurassito(ricelli &
Amore, 2003) or late Eocene-Aquitanian adei taso & Giardino, 2002), crops out along the
nothwestern side of the SP.The SP is bounded bgitaeViassif southward and the Pollino Massif
northward (Fig. 1). From the structural point oéwi the plain-massifs boundary is marked by
dislocations related to the Pliocene-Holocene laiggle faults whose recent activity is still a matte
of debate (Cucci, 2004; Ferranti et al. 2009; Léaxz® and Tortorici, 1981; Molin et al. 2004).
Lanzafame and Tortorici, (1981) suggest the excgter NE-SW normal faults in the middle of the
plain; evidences of a NE-SW fault zone with recaantivity have been observed as coseismic
features in theSybaris archeological settlement by Cinti et al. (2015)d am geophysical

acquisitions by Cianflone et al. (2018).
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In the northern sector of the SP, the bedrockpsasented by the Saraceno Formation (Selli, 1962).
It is overlapped by a Pliocene marly-clayey uniorf€nte Straface Unit; ISPRA, 2009),, passing
upward to Pleistocene sandy marine deposits (Cagtisd., 2013) and Holocene coarse-grained
alluvial sediments (ISPRA, 2009).

The middle sector of the SPGS is characterized thyck (up to ~2.5 km) Neogene sedimentary
filling, which unconformably overlays the bedrockiedto Calabrian and Southern Apennines
terranes. The sedimentary succession consistseoM@cene terrigenous and evaporite sediments,
which outcrop in the Rossano Basin (Barone et @082 Perri et al. 2015), passing-upward to
Pliocene marly-clays (locally confined by the prese of structural highs) overlapped by
Quaternary alternation of coarse and fine-grainepodits (Spina et al. 2011). The evaporites of
Messinian age include gypsum and halite depodiis (hickness of the halite -bearing beds is
greater than 400 m, as in the case of the hydrooadxploration well Thurio) related to the
Messinian Salinity Crisis (Cianflone et al. 201&spasiano et. al. 2015b).

The main morphological structures clearly represenh the middle sector of investigated area is
the double-winged Crati Delta. The present posit®rihe result of delta migration with time
starting 2 km eastward from the archeological sité¢-avella della Corte at the end of the post-
glacial sea level rise (5-6 ka B.P.) (Bellotti £t2003, 2009). The Holocene evolution is contmblle
by the post-glacial sea level rise, sediment suppthhe Crati River and other streams (e.g., Cescil
and Garda Rivers, Raganello and Satanasso Stredndd) flowed into the plain, tectonic activity
and human-made factors (Bellotti et al. 2003, 2@B@Qerricchio and Melidoro, 1975; Pagliarulo,
2006).

In the southern sector of the SP, the bedrock stmsif the igneous-metamorphic rocks of the
Calabrian Arc overlapped by Miocene arenites amglmmerates and Pliocene clays (Casmez,
1967). The latter pass upward to Pleistocene malep®sits (mainly sand) and alluvial sediments

(Casmez, 1967).



131

132

133

134

135

136

137

138

139

140

Along the plain boundaries, the main morphologelaments are represented by alluvial fans (Fig.
2), which are well developed in the northern sectdiere they are related to the Raganello,
Satanasso (active since the middle Pleistocene)Samdceno (active since ~3 ka B.P.) streams
(Guerricchio and Melidoro, 1975; Sabato and Trope2008).

Various orders of marine terraces are recognizedgathe outer limit of the SPGS by different
authors (7 orders by Cucci and Cinti, 1998; 11 mydey Santoro et al., 2009). It is noteworthy that
The SP is characterized by high subsidence ratestorical time with a peak of 5-6 mm/yr in the
Early Holocene (Ferranti et al. 2011) and at preaprto 20 mm/yr (Cianflone et al. 2015b, 2015c)

times.
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Figure 1 — (a) Simplified geological map of the study arBault traces are derived from Ithaca database
(Comerci et al., 2013) while Sybaris Fault Zone Ep& from Cinti et al. (2015). (b) Deep seismiofile,
modified from Cello et al. (1981), showing the tidalabrid units overlapping the Southern Apennimésu

3. Methodology
a. Site data collection

A three-dimensional facies-belt model based onnseriological and stratigraphic data is essential
to investigate the hydrogeological characteristica sedimentary aquifer (Fraser and Davis, 1998).
The analysis of hydrostratigraphic framework waseokon the integration akdimentological and
stratigraphicdata with field survey observation. Boreholes datre acquired from public and
private institutions (e.g., Demanio Idrico dellao¥ncia di Cosenza, ANAS S.p.A.), scientific
papers (Bernasconi et al. 2010; Casmez, 1987; Gimeret al. 2000; Guerricchio and Melidoro,
1975; Hofman, 2002; ISPRA, 2009) and the open acdatabase of boring and well data (ISPRA
geodatabase). Stratigraphic data were used tcedngdto-stratigraphic cross-sections.

Borehole data were integrated by electrical restgtprofiles, where available (Casmez, 1987).

The relative permeability of distinguished stradasessed mainly on the basis of grain size, was
used to recognise hydrogeological complexes andncind top surfaces of aquifers.

We investigated the geometry of the SPGS pursuiegdetailed three-dimensional knowledge of
the aquitard located between shallow and deep exgudf SPGS. For this purpose, 130 and 74
boreholes were analysed and the Digital Surface diéo(DSMs) of the aquitard top and bottom
were assessed. (these boreholes are shown in Bgudsing DSMs and the DTM (Digital Terrain
Model) 20x20 m (GN), we estimate thickness and getdnal features of the aquitard and shallow
aquifer. Distribution of drillhole data points wased in hydrostratigraphic surface interpolation.

To improve the knowledge on groundwater chemicammosition and on water cycle, a
geochemical survey was carried out on 80 selectdts ivom June to September 2012 (Figure 2).
The majority of these wells were drilled by privdte withdraw water; for this reason, data on

screen depth and stratigraphy are not generallijai@ Well depth ranges from 5 m to 167 m

7
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(with 60, 50 and 40 m as mean, median and starcasidtion respectively) (Table 1a and b). As it
IS @ common constructing practice the screen iastah in the whole thickness of the selected
aquifer, well depth was compared to the top antbbobf the aquitard (HU2) to define the aquifer
tapped by each considered well (DSM). This approatdwed to identify two main groups of

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

b. Analytical geochemical methods;

The methodology of water sampling and analysis deseribed by Apollaro et al. 2015, Apollaro et
al. 2016; Apollaro et al. 2019; Critelli et al. Z)1Varde et al. 2018; Vespasiano et al. 2014 and
Vespasiano et al. 2015d. Nevertheless, it is redohere below to make this contribution self-
consistent.

Prior to sampling, wells were purged either remguinree times the volume for each well or until
stabilization of field parameters. Water standingaiwell for a period of time undergoes changes
that can impact several parameters including pH, &kalinity/acidity, hardness, and the
concentration of metals, sulphate, dissolved sptdd dissolved oxygen.

After preliminary purging operation, intrinsicalinstable parameters as temperature, pH, Eh, total
alkalinity, and electrical conductivity (EC) wereeasured in the field by means of portable
instruments. Two pH buffers, with nominal pH valwést.01 and 7.01 at 25 °C, were used for pH
calibration at each sampling site. Total alkalivitggs determined by acidimetric titration, using HCI
0.05N and 0.01N as titrating agent and methyloraagyendicator. Water samples were filtered in
situ through a membrane with a Quah pore size to remove suspended solids and collS&sples

for the determination of anions!®0 and°H values were stored without additional treatments,
whereas samples for the determination of catiodsa@, were acidified after filtration by addition
of suprapure acid (1% HN{ and stored. All the samples were stored in pbljene bottles,
previously washed in dilute HNQand rinsed with Milli-Q demineralized water. Alhdg water

samples were stored at 4 °C in dark conditionsreedoalysis. In the laboratory, the concentrations
8
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of F, CI, Br, SQ%, NOs, PQ*, Na', K*, Mg** and C&" were determined by HPLC (DIONEX
ICS 1100). On the same day that samples were tadledissolved reactive Sivas measured by
VIS spectrophotometry, upon reaction with ammonmuoiybdate in acid media and treatment with
oxalic acid, to form a yellow silicomolybdate corax] whose absorbance was read at 410 nm (see
Nollet and De Gelder, 2007 for further details)e®°0O andsH values of SPGS water samples
were measured in the laboratories of the Stabl®psoUnit, Institute of Geosciences and Earth
Resources (IGG-CNR, Pisa) on a Finnigan TC/EA st&dtope mass spectrometer.

Data quality for major components was estimatedharge balance. Deviation between the sum of
concentrations of cations and the sum of conceotsif anions, both in equivalent units, varies
between -5% and +5%. The results of laboratoryysesal and field data are shown in Table 1a and
b.

Geochemical data were analyzed following a conatdd procedure which comprises the
classification of waters and the inspection of ddie plots. Furthermore, for a better understanding
of the ion exchange processes, data were modejladebEQ3/6 software package (Wolery and
Jarek, 2003) adopting the Vanselow conventionHerdation exchanger and assuming the presence

of a single exchange site (see section 4.3.2).



Table l1a. Field parameters and concentrations of major chelmmmponents and selected minor

components in the SPGS wells. (d.I. = detectioiit]imd. = not detected; n.a. = not available).
[[2] UTM (WG584) UTM (WGS84) pH Eh T EC Ca Mg K Na Sr NH; cl S0, HCO, F NO; Br Si0; Depth  Aquifer
X Y my C  mSfom  ppm  ppm  ppm  ppm  ppm  ppm  ppm  ppm  ppm_ ppm  ppm  ppm__ ppm m
P1 632409 4388390 7.44 273 18.7 0.293 49.26 8.71 0.89 20.80 <d.l <d.l. 7.75 13.89 170.85 0.15 3.44 <d.lL 15.50 15 HU3
P2 629268 4390723 7.47 256 18.2 0.842 103.37 29.79 6.02 3103 <d.lL <d.l. 65.85 96.22  321.86 0.21 4.53 <d.l 18.00 12 HU3
P3 629022 4390572 #87 225 17.9 0.777 10450 29.95 6.27 33.13 <d.l <d.l 51.93 90.16 318.81 0.15 5.01 <d.l 18.00 25 HU3
Pa 633908 4388896 6.88 260 219 0.562 67.22 17.08 2.53 25.94 <d.lL <d.l. 15.22 7741 205.83 0.34 14.04 <d.l. 16.75 7 HU3
P5 627109 4396738 7.13 35 18.4 1.175 162.98 42.23 4.72 57.25 <d.l <d.l 73.80 165.78 540.00 0.06 <d.l <d.l 11.00 8 HU3
Po 631125 4388906 7.17 92 13.1 0.793 78.22 19.28 5.16 60.17 <d.lL <d.l. 66.37 76.28  334.07 0.91 113 <d.l 20.25 22 HU3
P7 626970 4396679 7.22 -18 18.0 0.933 110.39  26.02 7.28 7777 <d.l <d.l 40.89 93.44  5538.31 0.09 0.77 <d.l 11.50 7 HU3
23 626421 4396262 7.88 -40 219 1.388 114.35 39.94 15.33 12945 <d.lL <d.l. 215.68 17.18 466.78 0.22 <d.l <d.l. 16.75 1 HU3
Po 626036 4395546 8.02 168 221 1.054 104.33 3363 7.24 8140 <d.l <d.l 130.32 121.93 33542 0.23 191 <d.l 12.50 12 HU3
P10 625391 4390734 7.18 108 16.8 0.793 10195 3198 4.21 37.21 <d.lL <d.l. 42.76 93.16  352.37 0.20 3.83 <d.l 16.50 25 HU3
P11 617074 4400202 7.10 165 18.2 0.813 97.40 40.41 2.53 32.93 <d.l <d.l 49.59 68.64 383441 0.24 19.03 <d.l 12.75 25 HU3
P12 643486 4385170 7.05 169 13.1 1.053 161.68 23.83 229 35.26 3.92 <d.l. 44.43 54.74 44347 0.25 65.22 <d.l. 11.00 30 HU3
P13 643291 4385143 6.98 203 19.8 1.014 14785 18.74 3.80 36.12 3.82 0.56 42.92 6172 417.97 0.20 71.02 <d.l 11.50 25 HU3
P14 624731 4389164 7.09 -124 17.8 1.247 127.33 43.26 8.32 83.91 2.38 1.69 81.69 249.63  424.07 0.33 <d.l <d.l 17.30 70 HU3
P15 629583 4392704 7.51 184 n.d. 0.621 52.11 14.38 242 56.62 072 <d.l. 67.84 52.99 207.46 0.57 8.39 <d.l 14.70 15 HU3
P16 626015 4394310 7.42 -106 21.0 1.029 92.26 34.19 541 7775 160 <d.l. 93.88 67.05 411.86 041 0.00 0.34 17.40 22 HU3
P17 625115 4392313 7.13 228 18.3 0.833 103.39  34.69 3.86 41.52 213 <d.l. 53.53 10164 343.22 0.46 18.55 0.81 16.40 40 HU3
P13 629762 4393233 7.51 -69 20.0 1.642 132,84 58.81 112 130.00 170 1.62 184.09 99.39 605.59 0.60 <d.l 148 18.40 30 HU3
P19 625895 4392581 7.54 -124 18.8 0.788 72.50 26.20 4,23 47.20 165 1.15 46.98 38.04  385.93 0.65 012 0.19 17.60 35 HU3
P20 623141 4393166 7.73 -193 216 0.944 73.89 3173 725 79.37 124 151 117.09 51.08 346.27 0.19 <d.l 0.40 16.60 42 HU3
P21 619721 4398347 6.46 -122 20.8 0.630 74.57 33.38 3.85 50.5% 186 2.61 65.48 9.07 425.59 0.33 <d.l 0.53 13.20 37 HU3
P22 617173 4405805 6.30 29 20.0 0.812 74.834 35.74 1.66 29.95 1.70 <d.l. 64.44 50.17  361.53 0.12 <d.l <d.l. 12.70 35 HU3
P23 621130 4389376 7.54 124 18.1 1.107 108.39 44.03 6.37 85.72 195 <d.l 67.42 167.37 423.64 0.30 2.70 <d.l 19.00 52 HU3
P24 621265 4389119 7.24 87 16.2 0.881 85.40 32.63 5.04 56.53 173 <d.l. 57.14 121.03 353.90 0.56 6.57 0.57 13.50 45 HU3
P25 623172 4391821 7.48 250 23.8 0.675 67.40 24.40 3.17 39.27 116 <d.l 39.27 79.58 26847 0.49 9.16 <d.lL 14.00 3z HU3
P26 621037 4402457 7.11 119 18.3 1.038 125.84 4511 2.10 27.39 2.57 <d.l. 27.46 20275 411.86 0.11 37.82 <d.l. 4.60 40 HU3
P27 617770 4403117 7.29 191 1.8 1.390 113.50 35.95 4.14 86.39 197 <d.l 150.53 119.13 407.29 0.26 24.68 0.44 10.20 50 HU3
P28 617493 4402992 Tl 206 229 0.900 75.68 23.09 4.58 81.93 132 1.18 81.28 34.67 424.07 0.25 2.20 <d.l. 9.00 30 HU3
P29 617581 4403317 7.13 185 20.1 0.945 88.84 23.36 3.94 64.21 1.50 0.32 57.65 56.09 416.44 0.25 22.86 <d.lL 10.30 25 HU3
P30 619283 4401902 8.21 150 20.0 0.600 78.40 19.38 2.03 24.44 131 0.35 15.63 96.35  259.32 0.25 6.09 <d.l. 3.10 60 HU3
P31 619230 4401659 7.70 201 23.2 1.403 16442 65.79 2.60 55.34 3.59 <d.l 79.27 23893 459119 0.21 439.99 <d.l 5.00 15 HU3
P32 629374 4395881 7.67 104 19.7 1.529 61.55 39.02 23.55 240.23  <d.lL <d.l. 14436 78.24  026.95 0.57 <d.l <d.l. 13.00 5 HU3
P33 627396 4396117 7.46 -112 17.3 1.397 104.10 36.32 1841 14277 <d.l <d.l 247.42 140 562.88 0.13 <d.l <d.lL 16.25 1z HU3
P34 626079 4395481 7.65 185 24.0 1.991 73.66 87.94 19.82 256.89 <d.lL <d.l. 316.97 175.83 ©651.36 1.23 45.94 <d.l. 14.00 12 HU3
P35 625038 4354495 7.74 6 23.0 1.723 126.53 54.77 17.30 19257 <d.l <d.l 237.07 90.34  695.59 0.09 190 <d.l 15.75 12 HU3
P36 624577 4388815 7.82 -2711 218 1.695 72.88 46.04 19.00 223.46 121 6.99 250.82 170.46 529.32 0.40 <d.l 0.85 23.60 20 HU3
P37 629960 4393115 7.66 -85 229 0.696 50.52 16.15 4.88 70.89 0.52 1.51 97.62 <d.l. 265.42 0.44 <d.l 0.26 15.70 50 HU3
P33 628632 4395592 7.50 -110 19.1 1.886 90.26 41.99 28.08 25895 «<d.lL <d.l. 408.64 <d.lL 511.02 0.11 <d.l <d.l. 16.50 13 HU3
P39 617667 4403032 7.24 226 20.0 2.030 185.94 58.37 2.99 142.30 3.55 <d.l. 384.13 233.18 276.10 0.00 154.00 1.06 8.20 50 HU3
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Table 1b. Field parameters and concentrations of major crermmmponents and selected minor

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

D M(WGSIM(WGSt pH th T EC Ca Mg K Na sr NH, a 50,  HCO, F NO, Br  Si0: Depth Aquifer
X ¥ my/ ‘C__mSkm ppm  ppm  ppm  ppm  ppm  ppm _ ppm  ppm __ ppm __ ppm __ ppm___ ppm __ ppm m
P40 624560 4399150 748  -71 201 0703 84.84 3069 466 3336 <dl  <dl 2672 702 32949 019 <dl <dl 1500 80 HUL
P41 630781 4389990 7.33  -61 186 0.672 6554 1455 284 3882 <dl  <dl 6478 <dl 24102 045 <dl <dl 2550 40 HUL
P42 630790 4390095  7.60 -5 184 0491 4378 1146 496 4952 <dl  <dl 5602 2216 18305 039 <dl <dl 1975 o4 HUL
P43 632303 4388276 750 274 227 0516 5793 1752 462 3244  <dl  <dl 4345 5065 19220 023 1131 <dl 1875 67 HUL
P44 629401 4398471 777  -23 189 0302 B8L7L 3205 1168 6458 <dl  <dl 111.93 <dl 39508 016 <dl  <dl 1575 100  HU1
pas 629090 4398662 774  -41 200  0.842 7468 3215  3.08 5937 <dl.  <dl. 9467 <dl 31576 020 <dl. <dl 1575 120  HUL
Pa6 627029 4406109 735  -86 210 1119 12872 3757 6.61 8205 <dl.  <dl 12503 163.57 34017 073  <dl.  <dl. 1775 120  HU1
P47 635137 4386770 7.08 236 161 0296 3572 753 239 1347 <dl. <dl 1157 4497 9763 035 1165 <dl 1350 36 HUL
P48 628310 4392041 751 41 182 0.607 6155 802 436 3978 <dl.  <dl 5622 1182 25322 033 <dl <dl. 1750 60 HUL
pa9 633795 4388624 743 132 165 0551 6113 17.87 435 3277 <dl.  <dl. 4532 3216 28831 027 574 <dl 1800 100  HUL
P50 632739 4388239 7.25 124 178 0771 9613 2087  3.58 4248 <dl.  <dl 4411 6025 32492 037 3440 <dl. 1850 80 HUL
P51 633057 4389284 7.77 -116 16.9 0.447 52.25 13.43 3.62 28.71 <d.l. <d.l. 36.88 20.56 234.92 0.42 <d.l. <d.l. 14.00 100 HU1
P52 614423 4399484 7.42 36 18.1 0.799 96.56 43.10 1.13 28.39 <d.l. <d.l. 36.22 81.26 369.15 0.28 17.18 <d.l. 12.50 85 HU1
P53 614686 4398693 748 91 18.2 0.833 100.20 47.93 2.55 31.18 <d.l. <d.l. 35.25 93.41 396.61 0.26 9.33 <d.l. 15.50 65 HU1
P54 627160 4411061 7.03 180 20.0 0.973 120.61 40.30 5.40 54.09 <d.l. <d.l. 29.05 161.64 421.02 0.05 17.46 <d.l. 10.25 30 HU1
P55 644002 4385571 7.07 148 20.6 0.752 111.71 17.95 3.89 24.91 5.61 0.36 26.77 81.86 335.59 0.26 19.82 <d.l. 8.80 50 HU1
P56 644001 4385377 7.24 159 20.4 0.746 109.01 18.18 3.94 25.25 5.99 0.38 25.69 88.68 314.24 0.18 16.05 <d.l. 7.90 50 HU1
P57 629208 4393587 7.74 180 22.9 0.507 53.84 14.40 2.70 32.22 0.85 <d.l. 37.36 13.30 227.29 0.43 <d.l <d.l. 14.10 80 HUl
P58 624998 4391515 1.73 148 17.6 0.752 B82.39 27.87 5.84 38.96 1.61 <d.l. 43.97 87.44 298.98 0.38 3.50 0.15 19.50 80 HU1
P59 615743 4397508 6.03 50 18.8 0.821 B82.91 38.55 2.40 32.78 1.95 0.44 47.50 73.61 396.61 0.31 0.78 0.69 13.70 40 HUl
P&0 616950 4398364 6.35 -6% 19.1 0.814 82.41 34.96 272 42.50 2.17 <d.lL 59.07 50.14 392.03 0.48 <d.l. 0.73 16.80 45 HUL
Po1 620304 4398438 6.51 -42 19.9 0.777 65.59 28.19 3.40 44.70 1.59 1.87 54.79 0.63 413.39 0.35 <d.l. 0.18 13.60 54 HU1
P62 616266 4398309 7.64 121 18.6 0.901 101.87 38.98 2.54 37.88 2.66 <d.lL 50.12 84.53 404.24 0.54 24.09 <d.l. 9.30 30 HUL
Pa3 623904 4401329 8.16 168 18.7 0.843 B89.50 29.88 3.05 52.73 2.29 <d.l 66.04 107.01  331.02 0.46 3.23 0.73 10.20 80 HU1
Po4 623925 4401357 8.39 156 20.7 0.835 82.48 30.10 3.05 53.68 2.14 <d.lL 068.02 108.07 332.54 0.37 2.32 0.71 10.40 30 HUL
P65 631525 4389955 7.90 -35 17.5 0.520 45.05 13.91 4.77 52.81 <d.l <d.l B83.79 1.31 218.14 0.30 <d.l. <d.l 24.75 93 HU1
Pb6 629148 4394279 7.74 -42 192 0.718 58.87 20.55 6.21 7113 <d.l. <d.lL 100.20 <d.l. 314.24 0.17 <d.l. <d.l. 16.00 100 HUL
Pa7 629721 4393341 7.50 -102 19.4 1.091 51.80 32.53 23.50 116.11 0.95 9.24 102.56 <d.l. 494,24 0.49 <d.l. 0.51 21.00 94 HUl
P&8 629840 4393347 7.71 20 224 0.848 58.75 19.24 5.85 93.51 0.63 2.06 149.04 <d.l. 309.66 0.41 1.58 0.45 15.40 100 HUL
P69 629022 4398057 7.39 -122 204 2.710 85.01 34.56 46.06 406.54 <d.l <d.l 715.79 <d.l. 466.78 0.00 <d.l. <d.l 20.00 n.a. HUl
P70 628527 4397890 7.03 -144 224 4.250 115.26 57.94 65.61 631.40 <d.l. <dJ. 1199.9%9 «<d.l 324.92 0.00 <d.l. <d.l. 18.00 n.a. HUL
P71 622803 4397362 7.46 -68 20.0 1.669 106.27 44.81 18.85 185.47 <d.l <d.l 380.23 1.45 356.95 0.24 <d.l. <d.l. 17.75 50 HUl
P72 628229 4397892 7.65 155 22.1 2.680 88.32 65.62 47.52 414.51 <d.l. <d.l 579.80 30.80 721.53 0.00 <d.l. <d.l. 17.75 60 HUL
P73 629555 4398207 735 -131 195 1.382 90.28 40.20 12.74 161.36 <d.l <d.l 285.05 <d.l. 454.58 0.10 <d.l. <d.l 16.25 100 HUl
P74 628662 4395574 7.79 -179 18.5 1.545 14.50 13.32 36.22 286.40 <d.l. <d.l 309.74 <d.l. 451.53 0.33 <d.l. <d.l. 21.25 107 HUL
P75 648845 4385294 7.50 35 21.0 3.970 141.88  70.99 42.80 557.53 <d.l <d.l. 1069.64 146.72 541.53 0.00 <d.l. <d.l. 12.25 40 HUl
P76 629418 4389554 7.41 -16 19.1 1.175 101.48 25.52 8.75 116.80 <d.l. <d.l 199.45 90.90 309.66 0.17 7.94 <d.l. 15.75 60 HUL
P77 624366 4396884 7.24 -125 19.6 3.950 161.85 B81.20 24.00 466.02 341 14.41 115487 <d.l 578.14 0.27 <d.l. 4.18 14.30 120 HUl
P78 624275 4392685 8.58 45 20.0 1.086 75.27 29.37 7.99 102.83 1.18 249 214.02 16.28 314.24 0.23 <d.l. 0.81 15.70 135 HUL
P79 624145 4392752 7.58 -131 20.4 1777 120.04 48.87 8.67 145.24 2.53 3.28 517.48 5.62 308.14 0.22 <d.l. 1.50 16.30 99 HUl
P80 623910 4396594 7.44 -80 22.6 1.577 132.69 48.28 15.94 118.61 <d.l. <d.l 310.43 <d.l. 472,88 0.14 <d.l. <d.l. 24.50 150 HUL
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4. Results and Discussion
4.1 Reconstruction of the hydrostratigraphic framework

The stratigraphic framework of the Sibari Plaidated to the post-glacial delta plain evolution and
the tectonic setting, represents the key factomntderstand the plain hydrogeological features.

In the northernmost sector of the studied areahylaeostratigraphic framework is controlled by the
alluvial fan of the Saraceno stream (Figure 3),clwhextends from the streaknick point to the
coastline. The beginning of the alluvial fan aggngdstage occurred 6.5 ka B.P., while the still-
active entrenching stage started at 3 ka B.P. (8amal Tropeano, 2008). The alluvial fan is mainly
made by gravelly deposits, with different textude® to various sedimentological processes (debris
flow, sheet flood, stream flood). Sandy bar deaoait less common and the fine-grained overbank
sediments are little widespread. The maximum olesethickness of the fan is about 60 m. The
coarse-grained deposits overlay, along an erosiviace, the Torrente Straface Marly-Clay unit
(ISPRA, 2009), which outcrops a few hundred metenshward and southward from the alluvial
fan (Caruso et al. 2013; ISPRA, 2009). The clay&y lies on top of the Saraceno Formation (Selli,
1962), which is made of an arenaceous-pelitic radigon of controversial origin and age (Bonardi
et al. 1988; Caruso et al. 2011; Vezzani, 1968;|Bs8andro et al. 1986; De Blasio et al. 1978; Di
Staso and Giardino, 2002; Sonnino, 1984; Torrieeld Amore, 2003).

Southward, the Satanasso stream alluvial fan (EBigurepresents the main hydrostratigraphic unit.
Currently it is not active and is located 2 km haadd from the coastline. The fan is made of
gravelly deposits with different textures. The mstied thickness reaches about 100 m, but the
available data do not allow to define exactly istbm surface.

Moving southward, the Raganello stream alluvial @@gure 3) is the following hydrostratigraphic
unit. It consists of a telescopic alluvial fan cdexpand represents the bigger fan of the SPGS
(Guericchio and Melidoro, 1975). The fan thicknekserved in the electrical resistivity profile
(Casmez, 1987) exceeds 100 m. Boreholes data sHd@wn®-thick silty-sandy deposits on top of

the gravelly sediments, which constitute the fadybo
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The hydrostratigraphic unit made by the alluviah fdeposits, characterized by complex lateral
variations, can be related to a “jigsaw-puzzle'lestyf facies (Galloway and Sharp, 1998a, 1998hb).
Instead, in the areas between the alluvial fanilyfinth” style of facies (Galloway and Sharp,
1998a, 1998b) is represented by the fine-grainestb@nk sediments with isolated lens shaped
crevasse deposits.

The hydrostratigraphy of the middle sector of theestigated area is strictly related to the Crati
Delta stratigraphic framework (Figure 3). In threa the shallow aquifer consists of the sediments
produced by the delta progradation which began a®da B.P. (Bellotti et al. 2009; Cianflone et
al. 2018). The underlying aquitard is made of fgnained deposits related to the post-glacial fast
sea-level rise and lies on top of the deep aquiich consists of late Pleistocene alluvial plain
deposits. The hydrostratigrapframework is very complicated due to the heterdpisition
among the sediments of the different associatedsiggnal environments moving seaward during
the delta progradation (Bernasconi et al. 2010;nl8ya and Bernasconi, 2009). Another
complication of the stratigraphic pattern is duethe repeated captures and separations which
characterized the evolution of Crati and CoscileelRs. Furthermore, the presence of a fault zone
with subsurface evidences (Cianflone et al. 201&¢ti @t al., 2015) can represents a potential
interchange way between shallow and deep aquifers.

The complex vertical and lateral variations betwéee and coarse sediments described above
result in a “jigsaw puzzle” style of facies (Gallaywand Sharp, 1998a, 1998b).

In the southwestern sector of the Crati River yallandward from its confluence with the Coscile
River (figure 3), the shallow aquifer roughly capends to the alluvial deposits, which locally
overlay the Pliocene clays (Casmez, 1967). Thestreity profile (Casmez, 1987), located near
Terranova da Sibari village, shows a later extanb the alluvial deposits of ~1 km and a
maximum thickness of ~75 m, while the profile 6 kowvards NE reveals a thickness reaching a
maximum value of ~60 m. The boreholes data allowlserve a thickness up to ~250 m for the

clays acting as aquitard.
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The southernmost area (Figure 3), between S. Mameh Cino streams, is characterized by
telescopic alluvial fan complexes, which starteéirtbdevelopment in the middle Pleistocene
(Guerricchio and Melidoro, 1975).
Based on their main hydrogeological features, eacbgnized hydrostratigraphic units is converted
into an hydrogeological unit (HU), defined as alggicrally homogeneous unit (but not necessarily
isotropic) that has characteristic hydrodynamicpprdes (Anderson and Woessner 1992; Sanz et
al., 2009). In detail, we identify three main HU:
» HUL “deep aquifer”, limited to the middle sectardathe coastal area, consisting of the
coarse-grained deposits of late Pleistocene age;
 HU2 “aquitard”’, made up of the Torrente Strafacerlpi&€lay (northern sector), the
Quaternary fine-grained sediments deposited dutiegpost-glacial sea-level rise (middle
sector) and the Pliocene clays (southern sector);
* HU3 “shallow aquifer” including the alluvial fansd alluvial plain sediments (northern and
southern sectors) and deltaic deposits (middleogecthe coarse grained deposits of river

beadload are considered as a subunit (HU3b) of HUS.
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Figure 3 - Hydrostratigraphic cross-sections of the Sara@dluvial fan (X-X’), the Satanasso alluvial fan
(Y-Y’) and the Crati Delta area (Z-Z') the elecalaesistivity profile crossing the Raganello alalvfan (K-
K’, redrawn from Camez, 1987).

The SPGS geometry was analysed starting from DSMmand bottom of the HU2. The HU3 is

characterized by a thickness increasing from W &n# reaching its highest value (~40 m) in the
Crati Delta area. In the northernmost sector, deabisacce village, the HU3 extension coincides
with the coastal area westward bounded by the ieoMassif. Southward, the HU3 extension

increases reaching its maximum in correspondencéh@fCoscile River Valley. Towards the
16



southern sector, the extension decreases agaitodhe presence of the highs bounding the Sila
Massif. The DSM of HU2 top intersects the topogsaph the southwestern sector of the
investigated area. In this area, both the evidewcpiired during the field survey and the official
geological maps (Casmez, 1967) confirm that the Hbd@nstituted by clayey deposits with
Pliocene age) outcrops (Figure 4).

The depth of the HU2 bottom increases graduallyvaed, with the exception of the sector of the
Crati Valley close to Terranova da Sibari villaggere, the aquitard bottom reaches ~ -150 m asl
and the clayey deposits are 250 m thick.

The HU2 has a wedge shape with thickness increasiaggard, except in the north-western sector.
Furthermore, the HU2 thickness decreases up todghgible in the Raganello alluvial fan,
permitting the direct contact between HU1 and HW3this area, as shown by the field survey,
coarse-grained coastal-deltaic deposits overlajLéloeopoli Conglomerates (Ghisetti and Vezzani,
1983) and springs are present.

Along the SPGS perimeter, the HU2 is due to clagleposits of Pliocene age, which can be
correlated to the Torrente Straface Marly-Clay if8PRA, 2009). Close to the coastline, it is
formed by silty-clayey sediments deposited durlmg 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) thgmn asl) of the HU2 aquitard bottom.

4.2 Major hydrochemical aquifers properties

4.2.1 Waters classification
Statistical indices of Eh, temperature (T), pH atectric conductivity (EC) of shallow and deep

aquifers of SPGS (HU3 and HUL1 hereinafter) arentepldn Table 2.

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

groundwaters.
SSPGS aquifer (HU3) | pH | T(C) Egt(gsolgn) ('f/r;
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 indeatemparable values range for the aquifers
considered. In detail:

(i) All wells highlight low discharge temperaturdtiv maximum values detected for the
shallow aquifer.

(i) Both the SSPGS and DSPGS aquifers show sinpldrand Eh range values. In
particular, pH is almost neutral; only five samphewe slightly acidic pH (P59, P60 and P61 from
the HUL; P21 and P22 from the HU3) and only eigimgles have pH values greater than 8 (P9 and
P30 from the HU3 and P63, P64 and P78 from HUL.

(i) EC values highlight the highest variabilitieslU3 Groundwater ranges from 0.30
mS/cm (P1) to 2.03 mS/cm (P39) whereas HU1 ramges ©.30 (P47) to 4.25 mS/cm (P70).
Temperature, EC, Eh and pH show a wide range afegalsuggesting they are due to overlapped
effects of more complex phenomena.

The triangular plot of major anions (Figure 5a)whdhat HCQ prevails in 56 of the 80 samples,

followed by CI that is the predominant anion in démples. The triangular plot of major cations
(Figure 5b) shows that Ca prevails in 58 samples,idNthe predominant cation in 22 samples,
whereas Mg waters are absent. the Na/K ratio (ivetent 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) majations for the SPGS groundwaters.

Merging the inferences drawn from the triangulastplof major anions and cations, it can be
concluded that the SPGS groundwaters belong tocloemical types:

- Ca-HCQ, represented by 56 samples, 31 from the HU3 agaife 25 from the deep aquifer
(HU1);

- Na-HCQ;,, comprising 10 samples, 6 from the HU3 aquifer arfidom the HU1 aquifer;

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

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

To be noted that:

(i) 80% of the HU3 aquifer samples have Ca-HQ®mposition, 15% belong to the Na-HEO
chemical facies, 2.5% have Na-Cl chemistry, an&2pgrtain to the Ca-Cl chemical type.

(i) 61% of the HU1 aquifer samples have Ca-HGfomposition, 10% belong to the Na-HEO
chemical facies, 27% have Na-Cl chemistry, and 2¥#am to the Ca-Cl chemical type.

Since the Ca-HC@chemical facies is considered representativeesifivaters, whereas the Na-Cl,
Ca-Cl and the Na-HC®Ochemical types are related to seawater intruss@awater intrusion
accompanied by ion exchange, and freshening raegebgtit is evident that HU1l is more
influenced by seawater-related processes in resjpe¢iU3. This should be due the natural

protection of HU3, the bottom of which is widesgtegbove sea level and, where it is below, as
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very close to the sea, it is protected by the agdijtthe bottom of which is many meters below sea
level.

As the HU1 top is below sea level, the main pradectrom salinization due seawater intrusion is to
the amount of groundwater flow and of potentionteievel, as they decrease, as effects of

withdraws or recharge decreases, seawater intrasomes inland and upward.

Table 3. The distribution of chemical type in the U3 and HU1 aquifers

HU3 HU1

Ca-HCO; Na-HCO; | Na-Cl | Ca-Cl | Ca-HCO; | Na-HCO; | Na-Cl | Ca-ClI
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 andoregido not deliver any information on the Total
lonic Salinity, it is advisable to inspect the correlation plétCa+Mg+HCQ+SO, vs. Na+K+Cl

(Figure 6). In fact, the TIS of water samples carappreciated in this diagram, by comparing their
position with respect to the lines of slope -1 whare iso-TIS lines (Tonani et al. 1998). Figure 6

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

! Total lonic Salinity is the sum of the concentraiaf 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 + HG® SQ, vs. Na + K + Cl for the SPGS groundwaters.

In particular: (i) Ca-HC® waters have the lowest TIS values and the smattesie; (ii)) Na-Cl
waters show the highest TIS values and the lamgesie; (iii) Na-HCQ waters have intermediate

TIS values; (iv) the Ca-Cl type is represented satiples only.

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

In order to explain the origin of Na-Cl, Ca-Cl aNd-HCQ; waters we took into account the role of
ion exchange processes. This processes typicallyr @c aquifers close to the coastline upon either
seawater/brackish water intrusion or displaceméstawater by freshwater, generally of Ca-HCO
chemical composition (freshening) (Appelo, 19949@;9Appelo e Postma, 1996 and references
therein; Langmuir, 1996). According to Appelo (19%6e surface sites of some solid phases (clay
minerals, zeolites, etc.) in alluvial deposits astcation exchangers. In the absence of seawater

intrusion, these surface sites are saturated By @a Mg’ ions resulting from water-rock
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interaction. In contrast, upon occurrence of seamiatrusion, the interaction between seawater and

alluvial sediments causes the following ion excleargactions:

Na" + CasX — Na-X + %% C&" (1)

Na" + MgosX — Na-X + ¥ Md@" 2)

where X represents a generic cation exchangerarbmlalluvial sediments. As a result of reactions
(1) and (2), the aqueous solution acquire$*Gmd Md" ions and lose the same amount (in
equivalent units) of Naand K ions that saturate the cation exchanger sites.eblyechemical
composition evolves from the Na-Cl facies to the@dacies which is represented in our data set
by two samples (see above).

The reverse process occurs when Ca-gl@@ter interact with the alluvial sediments (whsges

are saturated by Naon due to previous seawater intrusion). In tlise; the reactions (1) and (2)
reverse and proceed from right to left. These xrhange processes lead to the production of the
Na-HCQ; water (10 samples, see above). For a better uaddisg of these ion exchange
processes, they were modeled by the EQ3/6 softpackage (Wolery and Jarek, 2003) adopting
the Vanselow convention for the cation exchangerassuming the presence of a single exchange
site. During the simulations, temperature was naametd constant at 25°C, which is a few degrees
centigrade higher than average water temperat®8°@). Since the enthalpy of the ion exchange
reactions is unknown, this is a mandatory approfomalon exchange upon seawater intrusion was
modeled by adding progressively increasing quastiof cation exchanger, up to the maximum
value of 1 mole, to 1 kg of average seawater (Noodset al. 1979; Nordstrom 2000). Main results
are reported in Table 4 and in Figure 7.

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

intrusion. Xi represents the moles of cation exgearadded to 1 kg of average seawater.
Xi pH Alkalinity Ca Cl C K Mg Na SQ
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mg HCQ/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 1.04EB+ 2622
5.00E-02| 7.1433 103.1 1.21E+03 1.87E404  20. 398 18E03| 9.58E+03 2627
1.00E-01| 6.9655 97.2 1.96E+03 1.87E+04  20Q. 409 1Ex03| 8.85E+03 2622
1.50E-01| 6.8609 93.3 2.64E+03 1.87E+04 19. 4P0 4BH03| 8.20E+03 2622
1.61E-01| 6.8429 92,5 2.78E+03 1.87E+04 19. 4p3 2BEH03| 8.07E+03 2619
2.00E-01| 6.799 90.7 3.13E+03 1.87E+H04 19. 431 9657.63E+03| 2316
2.50E-01| 6.7523 88.6 3.57E+03 1.87E+H04 19. 441 8977.11E+03| 2031
3.00E-01| 6.7144 86.9 3.98E+03 1.87E+H04 19. 450 8366.66E+03| 1825
3.50E-01| 6.6841 85.5 4.35E+03 1.87E+04 1 459 782 .25B6+03| 1672
4.00E-01| 6.659 84.3 4.69E+03 1.87E+H04  18. 468 7355.90E+03| 1555
450E-01| 6.6382 83.4 5.00E+()3 1.87E+H04  18. 476 6935.58E+03| 1465
5.00E-01| 6.6207 82.5 5.28E+()3 1.87E+H04  18. 484 6575.29E+03| 1393
5.50E-01| 6.6059 81.8 5.53E+()3 1.87E+H04  18. 492 6255.03E+03| 1333
6.00E-01| 6.5931 81.2 5.76E+03 1.87E+H04  18§. 409 5964.80E+03| 1285
6.50E-01| 6.582 80.7 5.96E+0Q3 1.87E+H04  18. 506 5714.59E+03| 1243
7.00E-01| 6.5723 80.3 6.15E+03 1.88EH04 18§. 513 5494 .39E+03| 1210
7.50E-01| 6.5637 79.8 6.32E+(03 1.88EH04  18§. 5p0 5294.22E+03| 1181
8.00E-01| 6.5561 79.5 6.48E+(03 1.88EH04  18§. 5p7 5114.05E+03| 1154
8.50E-01| 6.5493 79.2 6.62E+(03 1.88EH04  18§. 583 4953.90E+03| 1133
9.00E-01| 6.5437 78.9 6.76E+03 1.88E+04  18. 540 4813.77E+03| 1112
9.50E-01| 6.53764 78.6 6.88E+03 1.88EH04 18§. 546 4673.64E+03| 1094
1 6.5326 78.4 6.99E+0B 1.88E+(04 18 552 45% 3.63E+ 1079
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Figure 7. (a) Variation of the concentrations of major diseadl constituents and (b) Moles of solid phases
precipitated as a function of the moles of catiechanger added to 1 kg of average seawater.

At the beginning of the simulation, seawater isadly strongly supersaturated with calcite (Sl
=0.650), which precipitates immediately, althoughsmall quantities (Figure 7b). The interaction
of seawater with increasing amounts of cation emgba leads to increasing Ca concentration
(Figure 7a), in spite of the occurrence of calprtecipitation. The separation of this mineral cause
a significant decrease of bicarbonate concentrdienause HCO<< Ca. Upon addition of 0.161
moles of cation exchanger to 1 kg of aqueous swiutgypsum saturation is attained and these
mineral precipitates (Figure 7b) causing a decra#sdissolved SQ (Figure 7a). Increase of
dissolved Ca concentration is necessarily acconepdny a concurrent decrease of dissolved Na, in
equivalent amounts, while aqueous tkgreases and dissolvegdfincreases.

lon exchange upon freshwater inflow in an aquifievpusly affected by seawater intrusion was
modelled by adding progressively increasing amowfitsation exchanger, up to the maximum
value of 0.006 moles, to 1 kg of average groundmdtain results are reported in Table 5 and in

Figure 8.

Table 5. Variation of the aqueous solution (average grouneryechemistry during ion exchange upon
groundwater inflow into an aquifer previously atit by seawater intrusion. Xi represents the mofes
cation exchanger added to 1 kg of average grouratwat
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Xi pH Alkalinity Ca Cl C K Mg Na SQ
mg HCQ/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 17,8 159  103.7
5.00E-04| 7.5329 158.8 55.4 17.6 32{9 1.69 15.4 27.203.7
1.00E-03| 7.5729 160.3 49.9 17.6 33 1.68 13.1 38.203.71
1.50E-03| 7.6184 161.9 44.4 17.6 332 1.68 111 49 03.71
2.00E-03| 7.6711 163.6 38.8 17.6 333 1.68 9.23 50.503.7
2.50E-03| 7.7324 165.4 334 17.6 33/5 1.67 756 60.703.7
3.00E-03| 7.8033 167.3 28 17.%5 337 1.67 6.07 79.403.71
3.50E-03| 7.88571 169.3 22.9 17.6 33(9 1.66 476 88.403.7
4.00E-03| 7.981 171.3 18.3 17.5 3411 1.65 3.p4 96.703.7
4.50E-03| 8.0893 173.5 14.2 17.6 343 1.64 2[72 10403.7
4.71E-03| 8.1369 174.4 12.7 17.6 344 1.64 2|4 10703.71
5.00E-03| 8.1453 174.4 10.4 17.6 344 1.63 107 11003.7
5.50E-03| 8.1571 174.4 7.61 17.6 344 1.61 141 11403.7
6.00E-03| 8.1659 174.4 5.55 17.6 344 1.59 101 11703.7

First, it should be noted that the amounts of adchtbn exchanger, which are needed to cause
significant effects on groundwater composition, emgch smaller than those needed to determines
important consequences on seawater chemistry gsegater intrusion simulation above). These
differences are evidently due to the differentrssaflj in equivalent units, of the two aqueous
solutions. Also, in this second model, calcite prates immediately (Figure 8b), even if in small
guantities, decreasing progressively during theuktron until calcite precipitation ends upon
addition of 0.0045 moles of cation exchanger t@bkaqueous solution. Calcite precipitation has a
modest effect on aqueous solution composition, wiscdominated by Na/Ca exchange, with a
progressive decrease in Ca concentration and aspmnding gradual increase in Na concentration
in equivalent units (Figure 8a). Aqueous Mg undesy@ considerable decrease during the

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

The results of the two simulations are reportethentwo correlation diagrams of Na+K vs. Ca+Mg
(Figure 9) showing that ion exchange processesgllnoth seawater intrusion and freshening take
place at constant TIS values, apart from a modestedse in salinity in the first process, due to
gypsum precipitation. In fact, both reaction pasine parallel to the iso-salinity lines in the two

diagrams but have opposite direction.
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Figure 9. Correlation diagrams of Na+K vs. Ca+Mg showing tbsults of geochemical modeling for ion
exchange processes triggered by seawater intrasifreshening.
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The triangular diagram of CI-HGESO, (Figure 10a) shows that ion exchange effects afvager
intrusion and freshening are nil to negligible twe telative contents of major anions. The small
observed changes are probably due to the predgmitaf solid phases, such as calcite and gypsum,
rather than to ion exchange processes.

In contrast, the triangular diagram of (Na+K)-Mg-(Fagure 9b) highlights the significant effects
of ion exchange accompanying seawater intrusionfi@sthiening on the relative contents of major

cations, mainly on the Na/Ca ratio. Note the opjeadirection of the two reaction paths.
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Figure 10.Triangular plots of (a) major cations and (b) manions, both prepared starting from
concentrations in equivalent units, showing theaf of ion exchange processes accompanying seawate

intrusion and freshening.

In the Ca vs. Cl and Na vs. Cl diagrams (Figure @ilpride, which is the main mobile (or
conservative or inert) constituent in natural watésince once added to the agueous solution it
remains there), is plotted against'Nend C&', which are the two cations most affected by ion
exchange processes. In all diagrams, two mixingslinetween average seawater and groundwater
endmember belong to the Ca-H&fAcies are drawn for each aquifer. Samples (P56Hetbnging

to the HU1 aquifer and P12- P15 to the HU3 aquifeighlight relatively low chloride
concentrations and low and high calcium conteetspectively.

Mixing lines were constructed using the followingass balance equation, varying the seawater

fraction xsw:
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Cimw = Csw- Xsw+ Cow - (1 —%w)

()

where Guw, G sw, and Gew are the concentrations (in meg/L) of i-th componarthe mixture, in

average seawater, and in the groundwater endmenelspgctively.
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Figure 11 -Log-log diagrams of Na vs. Cl and Ca vs. Cl for 8GS aquifers (HU1 and HU3) also showing average
seawater and the mixing lines between average $eammrd the groundwater endmember (samples P584ind HU1
aquifer; P12 and P15 — HU3 aquifer). The arrow ‘8anhange" refers to the effects expected for seawarusion.

In the Na vs. CI diagrams (Figures 11a and 11lle) stawater dilution lines are very close to each

other because sodium concentration of samples PB4&7and P15- P12) are comparable (0.59-1.10
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meg/L and 2.46-1.53 meq/L respectively). In thepdaguifer, ion exchange effects due to seawater
intrusion (loss of sodium with respect to the mgximes) are not very clear even if the sample
belonging to the Ca-Cl type (P80) and some sangdlése Na-Cl type fall below the mixing lines
(P75, P77 and P79). In contrast, Na-H&@mples fall either along the mixing lines or abtvem

as expected for ion exchange due to fresheningh®mther hand, in the shallow aquifer (Figure
11b), ion exchange effects due to seawater intnuaie almost completely absent except for sample
belonging to the Ca-Cl type (P39). Much more evidae the freshening effects in the Na-HCO
samples falling above the mixing lines.

In the correlation plots Ca vs. Cl (Figures 11c afd), the seawater - groundwater mixing lines are
clearly separated due to the wide range of Ca cdrateon (1.78 - 5.44 meg/L and 2.60 -
8.07meg/L for samples P47, P56, P15 and P12 regplgdt For the deep aquifer, ion exchange due
to seawater intrusion is evident in sample belogpdginthe Ca-Cl chemical type (P80) and to those
of Na-Cl falling above the mixing lines (P75, P#tld79). The opposite ion exchange effects, due
to freshening, are shown by some Na-HG&@mples falling close to the lower mixing line.eTh
anomalous low Ca content of sample P74 may be evguldy calcite precipitation.

Shallow aquifer (Figure 11d) highlights not veryeal effects due to seawater intrusion. Only
sample P39, belonging to the Ca-Cl type, falls &bitne mixing line. As said before, much more
evident are the freshening effects in the Na-H&&nples falling close to the lower mixing line.
Freshening seems concentrated in narrow zonesighwigher rainfall infiltration or fresh surface
water leakage from drainage network occurs, asfiedrimerging DSMs, DTM and on site
information.

In the Mg vs. Cl diagrams (Figures 12a and 12b)stmsamples fall along the seawater -
groundwater mixing lines and there are no evideoté&sn exchange processes.

The correlation diagrams of K vs. Cl (Figures 12d 42d) suggest that the potassium distribution

in the SPGS HUL1 aquifer is likely controlled by mix between groundwater and marine waters. In
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fact, high K concentration are recognized predomtigain samples belonging to the Na-Cl
chemical type whereas, Ca-Hg&amples fall in proximity of the mixing lines.

On the other hand, potassium distribution in th6&SRHUS3 aquifer is probable controlled by both
mixing between groundwater and marine waters amdofidertilizers in agriculture (Datta et al.,
1997; Jalali, 2007; Shamrukh et al., 2001; Skowebal., 2018; Vespasiano et al., 2016a), which

determines moderate excesses of K in Ca-g€aples compared to the seawater dilution line.
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Figure 12.Log-log diagrams of Mg vs. Cl and K vs. Cl for tBBGS aquifers, also showing the mixing lines
between average seawater and groundwater.

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

only the deep aquifer is moderately affected byarohange processes. This could be related to the
31



relatively low fraction of seawater involved in thexing phenomena. The seawater fractiasy,

in each sample was computed by solving the chlaridss balance equation with respectdg: x

_ ClMW — Clcw
Clsw - Cl(;w

Xsw

4)

where MW, GW and SW refer to the seawater contamihgroundwater, the pure groundwater
and seawater, respectively. The CI content of tire groundwater was sets equal to the lowest ClI
content, 11.57 mg/kg (sample P47). The chloridagerdnof seawater was considered equal to the
average value of the lonian Sea, 21339 * 134 m{lky, which was calculated based on the
available data (Pierre, 1999; Schmidt et al. 1&8nni et al. 1995). The computeghwvalues for
the HU1 aquifer generally vary between 0.01 an@ @vith peaks of 0.027 in P72, 0.034 in P69,
0.052 in P75, 0.057 in P77 and 0.059 in well P#b& noted that (i) wells P69, P70, and P72 are
positioned in a small area close to the mouth ef@hnati River a1l km from the river itself and
1.4-2.0 km from the coastline; (ii) well P75 isusited close to the mouth of the Trionto Rivexat

km from the river itself and 1.3 km from the coeml Only well P77 is positioned &fi km from

the Crati river and 5.0 km far from the coastliBased on the location of these wells, seawater
intrusion is the most probable explanation for rthieigh chloride concentration and related
geochemical characteristics, whereas halite difsollappears to be an unlikely chloride source

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

4.2.3 Stable isotope discussion

Starting from the analyticdl **0 and3 °H values of each seawater-contaminated groundwier,
corresponding isotope values (indistinctly indichbg the symbobgy) of each pure groundwater

(i.e., before mixing with seawater) were computgddiving the isotope balance equationdew:

_ Opw — Ogw * Xsw
1 —Xgqw

8GW

(5)
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in which dyw anddsy are the isotope values of the seawater-contantirgateundwater and local
seawater, respectively, angyxis the seawater fraction obtained through equgddnThe average
isotope values of local seawater were constraisgtyuhe data available for the lonian Sea (Gat et
al. 1996; Pierre, 1999; Schmidt et al. 1999; Stenmil. 1995) ab %0 = +1.43 + 0.10%0 an&H =
+8.05 % 0.38%o.

The computed isotope values of pure groundwatdnsedthe local meteoric line:

5°H = 6.02 -5*%0 + 0.186, (6)

which diverges substantially from the Southertyltaeteoric line (Longinelli and Selmo, 2003)
5°H = 6.97 -5%0 + 7.317, 7)

as shown by Figure 13.
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The average infiltration altitude (Hi, m asl) of &8 aquifers was calculated by means of the

following equations:
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8"0+5.25

Hy=————
Lo 0.00210 (8)

_ 8°H+26
CH0.0145 )

which were obtained using the Small Spring Metl®@8lM (Vespasiano et al. 2015c).

In general, average infiltration altitudes given ®$H values (equation 13) are higher than those
given byd'®0 values. Adopting th&'®0 values resulted average infiltration altitudes 21136

m asl and 757166 m asl for HU1 and HU3 aquifers respectively.

The average infiltration altitudes of 757£166 mfaslthe shallow (HU3) aquifer are likely affected
both by local rains and exchanges with the flubiadlies that mediate the isotopic compositions of
the waters coming from the entire basin of the iGCna¢r..On the other hand, the influence of local
precipitations appears to be less important forrédoharge of the deep aquifer, which seems to be
supplied essentially from the Pollino and Sila rnifass

Table 6. Analytical ™0 and™?H values of seawater-contaminated SPGS groundwatensputed>°O*

and&°H* values of corresponding pure groundwaters, aretagye infiltration altitudes, Hi, calculated from
the 8'%0* and&?H* values. In bold samples representative of thepdequifer.

N. | CI | Chemicaltypgd ™0 | ™24 | mifox | w2q« | Hij*O* | Hi,H*
mg/kg %o vs. V-SMOW| %o vs. V-SMOW m asl

P42 | 56 Ca-HCQ -8.02 | -49.8| -8.04| -49.92 1328 1650
P65 | 64 Na-HCQ -8.03 -49 -8.05| -49.14 1335 1596
P66 | 100 Na-HCQ -7.79 | -48.4| -7.83| -48.64 1228 15601
P76 | 199 Na-Cl 731 | -446| -7.39| -4507 1018 1316
P73| 285 Na-Cl -8.05 | -49.5| -8.17| -50.26 1393 1678
P74 310 Na-Cl -7.48 | -446| -7.61| -45.3¢ 1123 1335
P80 | 310 Ca-Cl -7.86 | -48.1| -7.99| -48.91 1307 158D
P71| 380 Na-Cl 754 | -456| -7.70| -46.5( 1167 1418
P72 | 580 Na-Cl -7.14 -44 -7.38| -45.46 1015 134p
P69 | 716 Na-Cl -756 | -47.8| -7.88| -49.77 1251 164D
P75 | 1070 Na-Cl -6.98 | -43.9| -7.44| -46.76 1044 143p
P70 | 1200 Na-Cl -7.5 -455 | -8.06| -48.86 1338 1576
P42 | 56 Ca-HCQ -8.02 | -49.8| -8.04| -49.92 1328 1650
P65 | 64 Na-HCQ -8.03 -49 -8.05| -49.14 1335 1596
P66 | 100 Na-HCQ -7.79 | -48.4| -7.83| -48.64 1228 15601
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P32 | 144 Na-HCQ -6.35 | -38.4| -6.40| -38.7( 548 876

P8 | 216 Ca-HCQ -6.88 | -41.4| -6.96| -41.89 815 1096
P35 | 237 Na-HCQ -6.71 | -41.2| -6.80| -41.74 737 1085
P34 | 317 Na-HCQ -6.58 | -405| -6.70| -41.21 689 1049
P38 | 409 Na-Cl 718 | -443| -7.34| -45.3( 998 1330

4.3 Coastal aquifer hydrogeological modelling

The use of groundwater resources in Calabria begtre 70s and gradually increased through the
drilling of several wells, now in the order of temfsthousands. Today almost all fresh water used in
Calabria comes from groundwater (Polemio et al.320This resource is subject to a quantitative
degradation due to both the increase of water ddmamd climate change; groundwater
overexploitation of regional aquifers adds riskgodundwater quality degradation due to seawater
intrusion, especially in the case of SPGS (Polezh@l. 2004, Polemio and Casarano 2004).

To investigate these phenomena with management opesp a 3D hydrogeological
conceptualisation to support the numerical modglloi the SPGS aquifers was realised. The
conceptualised area is bordered to the north amth-east by the Mesozoic limestone rocks of
Pollino Massif and to the south and southwest leyftiothills of the Paleozoic crystalline lithotypes
of the Sila Massif and the lonian Coastline.

The hydrogeological conceptualisation consistshefthree hydrogeological units, distinguished in
the previous chapter, from the top to the bottongufe 14): 1) HU3, sand and clay complex,
formed by alluvial deposits, characterized by perbiley from medium to high, hosting the
SSPGS aquifer; 2) HU2, clay and silt complex, nattmpping in the study area, to be considered
at very low permeability; 3) HU1, sand and conglose complex, which includes a not negligible
cohesive fraction, characterized by medium perntigabi

Apart from natural recharge due to direct rainfafiltration, the SPGS aquifers receive water
inflow from boundaries. Considering boundary coiodis, focusing mainly on permeability limits
and main close aquifers, relevant inflow shouladbesidered due to leakage from adjacent aquifers
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of the Sila and Pollino massifs. The role of theural drainage network, ranging from Crati River
to a number of secondary ephemeral watercoursédedamare), is due to the prevailing coarse
grain size of alluvial beds (HU3b), which is abtegermit water exchange with SSPGS aquifer.
Using DTM data, specific data collection, survegsd data analysis were realised to assess
geometrical features, including thickness and gsae, of riverbeds and river water head. Due to
the geometrical peculiarities of drainage netwank ¢he high variability of river stages in SPGS,
this exchange should be considered spatially andlyi variable but, in any case, not able to affect

significantly the hydrological balance of SPGS &g

Matural Recharge

Pumping

GChay and Silt

Sand and Conglormérale

g
£
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Figure 14 —Conceptual model and hydrogeological complex

On theses bases, the model was calibrated andatedidvith data from thirties to 2000 using
historical data, mainly climate and piezometricaddthe model area extensioratsout 365 knf.

The Equivalent Porous Medium approach (EPM) wassehdor the numerical model, as it is
particularly efficient to represent the flow andrtsport on a regional scale and for resource
management purposes, where high-resolution reardtsess important than an overall assessment
of the state of groundwater resources (LangevirB2B8@sinaras et al. 2007; Zuffiano et al. 2016).
Using EPM, the discretization should be coarse ghaa be appropriate for the basic hypothesis of

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

thicknesses, based on previously described gealognowledge (Figure 15).
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Figure 15 —3d view of DTM and of the SPGS hydrogeological @ptoalisation, using hydrogeological
complexes, and grid discretisation (“fiumare” déses geometry and location of riverbeds).

The computer codes MODFLOW and SEAWAT were seledimd numerical groundwater
modelling (Guo and Langevin 2002; McDonald & HargalAW 1988).

As boundary condition a Dirichlet condition (Comdtddlead Boundary) for the coastline and for the
west border of Pollino and Sila Massifs were usdtlle for the Crati and Coscile rivers the Cauchy
condition was used.

The necessary hydrogeological parameters, hydraolcluctivity and storage coefficients, were
defined discussing field surveys, tests and laboyatiata together with an extensive literature
research (as main considered references Andersdvio&ssner, 1992; Davis, 1969; Domenico,

1972; Johnson, 1967; Jumikis, 1962; Martin & Frind98; Rehm, 1980). Grain size laboratory
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tests and 42 Lefranc tests were main measured wad for the preliminary assessment of
hydrogeological parameters.

Climate data were used for the assessment of theahaecharge: monthly data of rainfall and
temperature over the period 1930-1975, for a waséation of 45 years, were selected as a period
free from relevant effects of climate change (Pateand Casarano 2004). The spatial assessment
of necessary climate variables was realised inraa karger than the study area, to maximize the
reliability of recharge assessment: 11 rainfallggs) 3 of which include a thermometric probe,
were selected for this purpose. The linear coiiatunctions between mean annual rainfall (P,
mm) and temperature (T, °C) from a side and akit(@d 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 modkilusing mean cell z value, obtained by DTM.
The mean annual rainfall increases from NW to S & spatial mean value of 700 mm, while the
mean annual temperature varies between 14.2 aBdC7.

The mean annual actual evapotranspiration (E, mag galculated in each cell using the Turc
method, modified to be reliable for Italian aquiféCotecchia et al. 1990). On this basis, the mean
annual effective infiltration (I, mm) was calculdten each cell multiplying the effective rainfall,
equal to P-E, by the infiltration coefficient foa@ hydrogeological complex, on the basis of
literature data (Celico, 1988; Civita, 2005). Tinéliration does not exceed 100 mm; the spatial
mean value is 29 mm for a total annual volume fiftiation equal to 2 x 1dm?>. The calculation of
the direct recharge shows its contribution to tdrblogical balance of coastal plain aquifers is

expected to be relatively low. Other sources ofewatput, as the leakage from other neighbouring
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aquifers, appear should be relevant, as proposepréyious 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 theasly-state groundwater flow and 3D salinity field

to simulate nearly natural steady-state conditioms climate change, negligible anthropogenic

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

values (Polemio et al. 2004b), steady-state reehet@s assumed, and no discharging wells were
considered. The hydraulic conductivity K was caltled using a numerical code (PEST) integrated
in MODFLOW. Eighteen piezometric wells, with datarh the 1930s, were used for calibration

(Table 7). The statistics of K (m/s) calibrationabsis are (Zheng and Bennett 2002): mean
residual error -0.12, mean absolute residual €ré5, normalised root mean squared of residual
errors 11.89%, correlation coefficient 0.903 (lineagression between observed and calculated
values), and standard deviation 0.3.

The results confirmed the relevance of the inflawe do Sila and Pollino leakage and showed a
water exchange between the shallow aquifer andi¢lee aquifer far from the coast, in the inland

portion of the plain, where the aquiclude thicknisdswer.

Hydrogeological complex Hydraulic conductivity (m/s)
Initial value Calibrated value
Sand and clay (HU3) kx | 10™ 310°
ky | 10" 310°
kz | 107 310"
Clay and Silt (HU2) kx | 10° 10°
ky | 10° 10°
kz | 107 107
Sand and conglomerate (HU1) | kx | 510~ 3.2510”
ky | 510° 3.2510°
kz | 510° 1.110°

Table 7— Calibration of the hydraulic conductivity foramhydrogeological unit.
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In addition, using MODPATH code_(https://water.uggs/ogw/modpath/ ), a particle-tracking

code based on MODFLOW, the velocity of groundwatas also calculated. Focusing on the deep
aquifer, the maximum value of Darcy velocity wasuatbl.1 x 16 m/s (roughly 0.1 m/day), while
the residence time in the deep aquifer was rateddss 250 and 500 years.

The output of the steady-state flow model was wsethput for the density-dependent model using
the SEAWAT code. A constant-concentration boundamydition was used for coastal cells. The
constant concentration (salinity) was assumed egpud®,500 mg/L along the lonian Coast (Grauel
and Bernasconi, 2010). Mean groundwater salinity assessed for each aquifer and used as initial
cell values; on this basis, a steady state oraln®iD spatial distribution of groundwater salingfy
was calculated, to be used as reference in the seedarios (Figure 16a). This distribution is

coherent with historical data (Figure 1, Casmez7)96

4.3.2 Seawater intrusion and transient model from 1979 t®020

Anthropogenic changes and the withdrawals for ati@n purposes were considered for next
transient simulations. 1781 pumping wells werevatéid, subdivided in irrigation, industrial and
civii used (Casmez, 1967, ISPRA public geodatabasé borehole data on
http://portalesgi.isprambiente.it/it/categorie-dindaggi). A well discharging 80 L/s was also
implemented where the national archaeologicaldfitencient Sybaris town is located. In fact, the
dig, deep up to the level Roman town is under tireeat sea level, so a continuous underground
drainage system is used by decades to maintajnieaemetric surface below the excavation level.
Starting from 1979, an annual step elaboration pagormed. For every step, discharges and
climate data were modified. From 1989, 132 new paompvells (ISPRA geodatabase) were added
to the model. The wells are uniformly distributddoughout the area with variable flow rates
between 0.25 and 30 L/s. The specific depth andstheens position were defined for each well.

Climate change effects on the region were alsoiderexd (Polemio and Casarano 2004).
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Some gaps of data availability were suffered frd@d@12 mainly concerning groundwater discharge
and secondly climate data. A slight predictive seenwas defined from 2001 to 2020, as yearly
transient step. In this scenario, predicted chamgeainfall, temperature, sea level, and seawater
salinity were included, based on a wide literat@search. A temperature variation of +0.9 °C, as
mean annual spatial value of the study area, aranall variation of -3.9%, referred to mean
spatial value, were implemented in the whole sger(@ipert et al. 2008; Gibelin and Déqué 2003;
Giorgi and Lionello 2008; Goubanova and Li 2007;dAgo and Casarano 2004; Ragab and
Prudhomme 2002). On this basis, the recharge veadcrdated with a yearly linear variation. The
variation of evapotranspiration was assessed agp@ge of mean value (1930-1975) to be applied
to increase the well discharge with a linear yegpre@ach. An increase in seawater salinity
approximately equal to 0.005 g/L per year is algueeted; it was implemented for the period 2010-

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

Salinity (mg/ly

EE moEm

EEEESEE

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

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

effect on a strip large up to of 1.4 km, with redp® the steady-state simulation (Figure 16b). In
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addition, with reference to the Sybaris archaealmgdig and pumping, the model shows high
localized effects of seawater intrusion, due toomniag.

The numerical simulations, as a whole period ofy8ars (1930 - 2020), show a qualitative and
guantitative degradation. In terms of quality/s@indegradation, the effects lateral seawater
intrusion seems relevant in the SSPGS aquifer,cespein the central- southern coastal sector and
along the main riverbed (Crati River), where negagffects are observed far from the coast. A
relevant up-coning was highlighted in the Sybarchaeological area, involving the DSPGS aquifer

(Figure 17).
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Figure 17 -W-E section: lateral intrusion and up-coning eff@ctler the Sybaris archaeological site (lonian
Sea on the right or Eastern side of the figure)

5. Conclusions

The SPGS consists of a complex association of dlunalluvial fan and deltaic depositional
systems. In detail, in the middle plain sector, @rati Delta represents the main hydrostratigraphic
unit. The delta evolution is strictly related t@tHolocene post-glacial sea level rise overlapping
local factors as subsidence and tectonic (Cianfietna. 2018). The hydrostratigraphic framework
in the deltaic area consists of a surface layeradterized by the heteropical transition between
fluvial, deltaic and shore-zone sediments (HU3 allsv aquifer) overlay wedge-shaped fine-

grained deposits (HU2 - aquitard), related to thstqglacial transgression, which lie on top ofta la
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Pleistocene coarse-grained coastal plain (HU1 p deeifer). We suppose that the confined aquifer
is limited to the area of the plain Holocene eviolutand its landward boundary coincides with the
maximum inland extension of the early Holocene-fyn@ined deposits.

The upstream sectors of Crati and Coscile Rivegpsesent two alluvial valleys filled by fluvial
deposits. The Crati and Coscile are two mixed-loehndering fluvial systems, which create a
“ligsaw puzzle” style of facies and hydrostratignap complexity (Galloway and Sharp, 1998a,
1998b and references therein). The northeastetorsaicthe study area is instead characterized by
big alluvial fans related to ephemeral streams w&ifbrevalent coarse-grained bed load (Saraceno,
Satanasso and Raganello Streams). These hydmpstpdtic units can be correlated to the “jigsaw-
puzzle” systems (Galloway and Sharp, 1998a, 1998blhe areas between the alluvial fans, the
main deposits consist of overbank or lagoon firergrd sediments with isolated coarse-grained
deposits due to processes of crevasse. In theggsex “labyrinth” style of facies (Galloway and
Sharp, 1998a, 1998b) is present. In the southectorsealso characterized by the presence of
alluvial fans, the hydrostratigraphic pattern isyvgmilar to the northeastern one.

The hydrostratigraphic framework is strictly retht® the middle Pleistocene-Holocene evolution
of the SPGS. In detalil, the uplift occurred alotg@mpboundaries, as testified by various orders of
marine terraces, and triggered the alluvial fangelbgpment. Since the late Pleistocene, the post-
glacial transgression and the Crati Delta progradatontrolled the SPGS hydrostratigraphic
architecture.

Based on the above discussion it is possible tpqe® the following hypothesis about the origin of
the chemical types present in the studied areeflypsummarizing their salient features.

The Ca-HCQ chemical type is characterized by a TIS comprizetiveen 6 and 34 meqg/L and is
the most represented, comprising 56 samples. Thvaders are probably generated by calcite
dissolution, a mineral phase that dissolves veigidyi(e.g., Apollaro et al. 2012; Vespasiano et al
2016b, 2016c; Marini, 2006 and references theiamal)is very frequent in the study area, as a main

constituent of alluvial deposits resulting from ®om of sedimentary rocks that outcrop in the
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reliefs surrounding the SPGS. Ca-H{®@aters are hosted both in the shallow (HU3) anepde
(HU1) aquifers, but they are more common in thst finan in the second one, as they represent the
80% of the samples coming from the shallow aquafed the 61% of the samples proceeding from
the deep aquifer.

The Na-HCQ waters have salinity somewhat higher, on avertmgs the previous chemical type.

It is a relatively frequent chemical type in thedst area, being represented by 10 samples. The
origin of these waters is due to freshening, tlsate-circulation of Ca-HC@groundwaters in
aquifers previously flooded by seawater and/or losfic water. Also, the Na-HCQOwaters are
hosted both in the shallow and deep aquifers aedrare frequent in the first than in the second
one, as they represent the 15% of the samples gaintim the shallow aquifer and the 10% of the
samples proceeding from the deep aquifer.

Most of the Cl waters (14 samples) belong to theONahemical type. These are water with a very
variable salinity, from 22 to 80 meq/L, generalligher than that of Ca-HCOand Na-HCQ
waters, but still below the TIS of mean seawat2l,0lmeq/L. They are typically of aquifers located
near the coast affected by seawater intrusion withe sediments of the alluvial plain. This
intrusion can take place directly (salt wedge)hootgh inflow of seawater and/or brackish water
along the riverbeds and their subsequent infitratinto the surrounding aquifers, hosted in the
alluvial deposits. The process may be favoured rignse pumping from wells located near
riverbeds. Also, the Na-Cl waters are hosted botkthe shallow and deep aquifers, but they are
more frequent in the second than in the first @sethey represent the 3% of the samples coming
from the shallow aquifer and the 27% of the sampleseeding from the deep aquifer suggesting
that the most affected aquifer is the deep one.

The two samples ascribable to the Ca-Cl type have o 33-49 meg/L. This is a chemical
composition generated by ion exchange consequessiaiwater intrusion.

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

salinity variations and to support a detailed Idaging numerical simulation of quality and
44



quantity variations. It could be considered a t#&atool to support groundwater management,
preventing salinization and, at the end, integepiim the future the hydrogeological model with

geotechnical routines, preventing excessive subsaleffects for fluid extraction.
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Table captions

Table la. Field parameters and concentrations of major chEmiomponents and selected minor

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

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

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

Table 2. Statistical indices of pH, temperature (T), andcele conductivity (EC), and Eh o8PGS

groundwaters.
Table 3.The distribution of chemical type in the HU3 and Haquifers .

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

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

Table 5. Variation of the aqueous solution (average grourteiyechemistry during ion exchange upon
groundwater inflow into an aquifer previously atfett by seawater intrusion. Xi represents the mofes

cation exchanger added to 1 kg of average grouratwat

Table 6. Analytical ™*®*0 and™’H values of seawater-contaminated SPGS groundwatensputeds'*O*
and&°H* values of corresponding pure groundwaters, aratage infiltration altitudes, Hi, calculated from

the 8'%0* and&?H* values. In bold samples representative of thepdequifer.

Table 7— Calibration of the hydraulic conductivity foraahydrogeological unit.

Figure captions

Figure 1 — (a) Simplified geological map of the study arBault traces are derived from Ithaca database
(Comerci et al., 2013) while Sybaris Fault Zone Ep from Cinti et al. (2015). (b) Deep seismiofile,
modified from Cello et al. (1981), showing the ti@alabrid units overlapping the Southern Apennimisu

Figure 2 — Location of alluvial fans and sampled wells.

Figure 3 - Hydrostratigraphic cross-sections of the Saraadluvial fan (X-X"), the Satanasso alluvial fan
(Y-Y’) and the Crati Delta area (Z-Z') the elecalaesistivity profile crossing the Raganello alalvfan (K-

K’, redrawn from Camez, 1987).

Figure 4 - a) Shallow aquifer HU3 thickness map (m). b) bgim asl) of the HU2 aquitard bottom.
Figure 5. Triangular plots of (a) major anions and (b) majations for the SPGS groundwaters.
Figure 6 - Correlation diagram of Ca + Mg + HG® SQ, vs. Na + K + Cl for the SPGS groundwaters.

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

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

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

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

exchange processes triggered by seawater intrasifreshening.

Figure 10. Triangular plots of (a) major cations and (b) magorions, both prepared starting from
concentrations in equivalent units, showing the&# of ion exchange processes accompanying seawate

intrusion and freshening.

Figure 11 - Log-log diagrams of Na vs. Cl and Ca vs. Cl for ®GS aquifers (HU1 and HU3) also
showing average seawater and the mixing lines lestve@erage seawater and the groundwater endmember
(samples P56 and P47 - HU1 aquifer; P12 and P1B83-&tjuifer). 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 tBEGS aquifers, also showing the mixing lines

between average seawater and groundwater.
Figure 13 -Binary diagram$'°0 vs.3D.
Figure 14 —Conceptual model and hydrogeological complex.

Figure 15 —3d view of DTM and of the SPGS hydrogeological @ptoalisation, using hydrogeological

complexes, and grid discretisation (“fiumare” ddses geometry and location of riverbeds).
Figure 16 -3d view of shallow groundwater salinity: A) steatgte; B) expected in 2020.

Figure 17 -W-E section: lateral intrusion and up-coning effecter the Sybaris archaeological site (lonian

Sea on the right or Eastern side of the figure)
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Hydrostratigraphy related to Quaternary coastal plain evolution.
Groundwaters are affected by salinization and freshening phenomena.

Numerical simulations show groundwater qualitative and quantitative degradation.



