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l. Introduction

Salt-water contamination of groundwater systems is a widespread phenomenon typical of coastal areas.
This process often leads to a deterioration of the quality of fresh groundwater resources and of building
materials in urban settlements. Coastal zones are usually densely populated and progressively modified
under the pressure of urban, industrial, agricultural and tourist development [1-2]. The increasing water
withdrawal to support drinking, industrial and agricultural uses may result in the overexploitation of
aquifers, drawing salt water from the sea and leading to salt-water encroachment and soil salinization [3].
Along the northern Italian coast of the Adriatic Sea, between Ravenna and Venice, large areas of the inland
are reclaimed land, affected by subsidence and drainage. The presence of paleorivers, lagoon
paleochannels, rivers suspended above the surrounding land and the disappearance of coastal dunes
contributes to the intrusion of brackish and saline water towards the mainland. Therefore, in these zones
freshwater hosted in unconfined aquifers consists mainly of low salinity water lenses floating above the
salt-water wedge [4-5-6-7-8]. In the Venice area, investigations performed between the seventieth and the
nineteenths promoted by research institutes (e.g. University Ca’ Foscari of Venice, University of Padua,
Institute of Marine Science) and local authorities (e.g. Venice Province Authority, Land Reclamation
Syndacate, River Basin Authorities), stated the occurrence of salt water intrusion in the unconfined aquifers
of the Venice Lagoon mainland [9-10-11-12-13-14-15].

In the venetian coastal plains several elements contribute to the extent of the salt-water contamination:
the close vicinity of both sea and lagoon, the hydraulic gradient, low lying areas, the land use, the
geological characteristics of the subsoil, the topography and morphology of the area and the occurrence of
subsidence phenomena.

In 2004 the scientific cooperation between the University Ca' Foscari of Venice and the University of Padua
(PRIN Project "The deep aquifers of the Po Valley as regional resource: aquitard in hydrodynamics,
generating of water chemically and thermally anomalous, a suitable place for the CO, atmospheric
trapping"), led to improvements of the local knowledge of this phenomenon. In particular, the use of duly
integrated geophysical and geochemical approaches confers a multidisciplinary character to the research,
allowing a more comprehensive identification and circumscription of salt contamination and a better
understanding of the process dynamics. An overview of the major achievements in recent years obtained
from hydrogeological studies coordinated by Prof. G.M. Zuppi across the coastal Venetian province is here
presented.

Il. Geological and geomorphological background

The Venetian geological system belongs to the Veneto Plain, delimited by the alpine range, the lessino-
berico-euganeo ridge and the coastline between the Po and the Isonzo estuary.

This work presents the results of researches focused mainly into three areas of the eastern Po Plain
mainland (Fig.1). The northern sector, bordered by the Venice Lagoon to the west, by the Adriatic Sea to
the south and by the Piave river until San Dona di Piave to the east, includes the territory located between
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Piave and Sile rivers, an area with a total extension of about 157 km?. The central area, called “Prima Zona
Industriale” (First Industrial Area) or “Area Nord” (Northern Area), belongs to the industrial site of Porto
Marghera (west of the historic centre) and consists in a triangular shaped peninsula of about 120 hectares,
limited by two industrial channels of 10-12 metres depth, the Brentella channel on the east side and the
North Industrial channel on the west side. The southern sector, limited by the Venice Lagoon to the north,
the Adriatic Sea to the east and the Adige River to the south, extends about 20 km inside the coastal plain
and is crossed by two important rivers, Brenta and Bacchiglione, flowing NW-SE.

An agricultural economy prevails in the northern and southern area, while a dominant industrial asset
characterizes the central one. The territories, constituted mainly by reclaimed land, often below mean sea
level, are subject to severe pumping rates and mechanical reclamation guarantees the free drainage. A
dense network of drainage channels conveys the waters to artificial pumping, able to raise excess water
and return it to the lagoon. Subsidence, due to human activities and natural processes, affect the areas
(mainly the northern and southern one) and contributes to increase the hydraulic risk [16-17-18].

San Dona di Piave,

Mg
Jesolo

“*Cavallino
' 4

Marghera “Venice

Adriatic Sea

Chioggia

Adige 'River

Figure 1 — Venice Lagoon and its mainland. Location of the study area: the northern, central and
southern sector (Modified from Google Earth, 2012)

By the geomorphological and sedimentological point of view, the dominant morphologies and deposits
belongs to alluvial, deltaic and littoral environment. The alluvial plain consists mainly of silty/clayey layers,
sand and peat deposits of marine, continental and marshy origin not homogeneously distributed within the
territory. The erosion and deposition events derived by climatic variations and changes in the fluvial regime
occurred during the Quaternary have built the present stratigraphic structure. The cyclic marine
transgressions and regressions, which created lacustrine and marshy environments followed by dominant
continental ones, built a stratigraphic sequence with remarkable lateral variability [19-20].

Therefore, the territory can be subdivided in subsectors following the main morphologies identified within
the selected investigation areas. In particular, three subareas are identified in the northern sector: the plain
on the left bank of Sile where the river flows parallel to the lagoon, characterised by low-lying areas and
clay deposits; the area between the Sile and Piave rivers, characterised by the presence of paleochannels
and paelorivers; and the coastal zone, characterized by dunes parallel to the shore line. The southern zone
presents sand dunes and old barrier beach in the coastal belt. Inland paleorivers and former lagoon
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channels are suspended above the surrounding land. The central area owes his nature not only to lagoon
and fluvial processes but also to anthropic actions. As a matter of fact, the material brought here in the
past for land reclamation determines the current settlement of the area.

lll. Methodology

This research aims at assessing the present degree of subsoil salinization, at determining the extent of
saline contamination inland and at identifying critical conditions in relation to the economic activities,
mainly of agricultural and tourist type. The combined use of adequately validated geophysical and
geochemical tools led to the improvement of the knowledge of the different factors contributing to the
salt-water intrusion phenomenon.

During the main sampling campaigns - involving measuring points as piezometers driven in shallow
unconfined aquifers, irrigation channels, and river - chemical-physical parameters as water table level,
Electrical Conductivity (EC), pH, temperature and dissolved oxygen were measured in the field, while major
and trace elements have been determined in laboratory together with isotopic composition. Electrical
tomography (ERT) and Vertical Electrical Soundings (VES) have been performed all over the areas and
compared, when possible, with selected existing geophysical data dating back to the seventieths to verify
possible saline contamination changes in time. The collected resistivity data have been calibrated according
to the available geological, geomorphological and stratigraphic information and to the ground water
electrical conductivity (EC) values measured in the nearby piezometers.

The new VES (length ranging between 130 and 200 m) were performed using a geo-resistivity probe GMR
1000 Astier and a prototype of the Geosciences Department of the University of Padua, with a 12V battery
and a dc—ac converter (output of 310 V ac). The ERT has been performed using a geo-resistivimeter IRIS
Syscal Pro 72 provided with three multipolars cables of 24 electrodes, corresponding to a total of 72
electrodes (Fig.2). Two meters inter-distance was used between electrodes, in order to cover a total
distance of 142 m. Three different acquisition geometries have been performed: Wenner, dipole-dipole (at
200 V and 400 V) and pole-dipole (remote pole positioned 300 m away northwards from electrode n° 1).
Apparent resistivity data have been processed by DCInv, TomolLab and ErtLab software. The different
depths of investigation and the different resolutions depend on the electrode arrays adopted during the
investigation. For instance, the investigated depth with the Wenner and VES arrays is about 17% of the
geometry lengths, while with the pole-dipole configuration can be about 35%. On the contrary, the dipole-
dipole configuration results in a less deep profile, but with a higher resolution [21].

The geochemical analyses of the collected groundwater samples were performed by the Environmental
Science Department of the University of Venice in cooperation with the Geosciences and Earth Resources
Institute, National Research Council (IGG-CNR), Pisa, Italy. A total number of 61 piezometers, distributed 21
in the northern sector, 14 in the central one and 25 in the southern, driven at depth ranging between 6 and
25 m, were used during several field surveys performed between 2003 and 2008 in different times of the
year.

Anions (CI, HCO5, SO,*, NO3) were detected by ion chromatography by means of a Dionex series 100 ion
chromatograph using a AS14 column. Cations (Ca®, Mg*, Na*, K) and trace elements (F, Br) were
guantified by atomic absorption, ion chromatography, and inductively coupled plasma source-atomic
emission spectroscopy (ICPS-AES, Perkin EImer). Moreover, chloride on samples with highest concentration
values have been determined by titration with AgNO3 0,1N (Methrom Ag 9100 or E536 Herisau
potenziometer) [22-23]. Stable isotopes have been analysed to study the different groundwater origins and
to point out possible mixing processes. Isotopic analyses were carried out for B°H and @*®0 for the whole
sample set by a Finnigan™ MAT 250 Mass Spectrometer at 1ISO4 s.n.c., Turin, Italy. The results, expressed as
part per thousands with respect to the Vienna Standard Mean Ocean Water (V-SMOW) were obtained by
water reduction over metallic zinc for @°H and by water—CO, equilibration at 25°C for B'¥0 [24-25-26]. The
analytical errors are 1 and +0.1%o. for hydrogen and oxygen isotope respectively.
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IV. Results and discussion

To assess the presence of salt water in the territory, electrical conductivity analyses (EC logs) of both the
superficial hydrography (rivers and channels) and groundwater have been performed. These values can
initially be used to classify water according to its use for agricultural-horticultural purposes, based on the
EC limits tolerated by the main crops [12].
However, the integration of all the information collected by the different methods allows a better
characterization of the salt water contamination extent. As a matter of fact, the geophysical soundings
allow for an investigation of extensive areas and, generally, of the first 30 m of subsoil, according to the
adopted array length. When combined with geomorphological and stratigraphic information, these can
determine the existence of preferential pathways for saline water displacement and higher hydraulic
conductivity zones such as paleorivers, old lagoonal channels and dunes. However, one of the main
problems interpreting the electrical resistivity data is that the clayey silty layers of the subsoil present an
electrostratigraphic answer similar to that of aquifers saturated with saline water. Therefore, the validation
of resistivity sections and maps requires the quantification of the chloride content of groundwater samples
as a discriminating factor [27-28]. The following classification criteria have been selected in the Venice area
to reveal the presence of salinization process:
e salt water: waters with EC values > 5 mS/cm; electrical resistivity of subsoil < 3-4.5 ohm*m; CI’
content of water samples > 10000 mg/I (Cl > 283 meq/I).
e brackish water: waters with EC values ranging between 2 and 5 mS/cm; electrical resistivity of
subsoil ranging between 3-4.5 and 15 ohm*m; CI" of water samples between 300 and 10000 mg/|
(8.46 < Cl <283 meq/l)
e fresh water: waters with EC values < 2 mS/cm; electrical resistivity of subsoil > 15 ohm*m; CI” of
water samples < 300 mg/| (Cl < 8.46 meq/I)
The ERT profiles performed within “Prima Zona Industriale” (central sector) clearly show the existence of
salt water intrusion in groundwater aquifers (Fig.2). The Wenner, pole-dipole and dipole-dipole geometries
performed over a total lenght of 142 m results in different depths of investigations (about 24 m, 50 m and
15 m respectively) and different levels of resolution. The Wenner geometry exhibits a high vertical
resolution in a horizontally layered media. The pole-dipole array allows higher depths of investigation
compared to Wenner array, but with a lower resolution of the shallower layers. Finally, the dipole-dipole
configuration, because of its high sensitivity, is suitable for resistivity profiles. All the three sections show an
electrolayer with very low resistivity (resistivity < 1.5 ohm*m) between 4.5-5 m and 16-17 m depth from
the ground surface, typical of a sandy/clayey medium saturated with salt water [29]. Below 20 m depth
both the Wenner and the pole-dipole configurations show the presence of a less conductive layer (6.7
ohm*m, Fig.2a-b), overlying another stratum reaching resistivity of 73.5 ohm*m, typical of sand, sand with
fresh water, clay, silt (Fig.2c). According to the resistivity measurements, the physical-geochemical analyses
of groundwater samples collected in this area highlight the presence of brackish and saline waters
characterized by EC values ranging between 0.60 and 25 mS/cm, and Cl concentration ranging between
2.45 and 430.83 meg/l. Moreover, from an isotopic point of view, most of the water samples are
distributed between the meteoric and the dilution lines, pointing out the occurrence of mixing processes
between fresh and salt water [29].
All over the Venice territory, in the unconfined aquifers, the geochemical and isotopic analyses performed
on selected samples identify three different hydrofacies: a) chloride —alkaline waters, enriched in CI" and
Na®, defined mainly as brackish or salt water according to the chloride content, typical of lagoon and
marine water; b) bicarbonate-alkaline waters, with high levels of Ca** and HCOs, belonging to the
groundwater flow or to fresh continental waters (e.g. rivers); c) mixing waters deriving from the previous
ones [30-31]. The relationship between the two stable isotopes B**0 and B’H show samples aligned along
the global (MWL) or the local meteoric water lines (LMWL) — GMWL: E*H=8-2'%0+10 [32]; LMWL: B°H
=7,6-8'%0 +7,5 [33]. However a little deviation can be observed, suggesting the occurrence of processes as
evaporation or mixing processes with waters characterized by different composition [34].
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Figure 2 — Porto Marghera, “Prima Zona Industriale”, geophysical investigation and location of
piezometers. ERT apparent resistivity profiles: a) Wenner array, b) pole-dipole array, c) dipole-
dipole array (from Cavaleri 2008 modified)

In particular, in the southern sector (Chioggia), the obtained chemical hydrofacies are NaCl for the more
mineralised waters and CaCOs; for the less mineralised ones (Fig.3a). The Cl vs Br-Cl correlation suggests the
existence of a chemical evolution from continental fresh-water and formation water towards sea water
(Fig.3b). The @'®0 vs Cl graphs shows the local mixing process of fresh continental water with marine water
and formation waters of the Po Plain (Fig.3c), while the B '®0 vs @"C plot supports the existence of three
different groups of water: Pliocene formation water, fresh-continental water and sea water (Fig.4c).

In addition, combining EC logs data and VES soundings results validated by geochemical analyses allows to
create maps of superficial salinization including the first 25-30 m of subsoil. Interesting results have been
obtained specifically within the northern sector (Jesolo). Here, considering the influence of the Piave and
Sile rivers and the presence of a coastal sand dune, a map of salt water contamination was created to
evaluate the agricultural use of superficial water (Fig.4). The stratigraphic analysis confirms the presence of
permeable sand deposits belonging to paleorivers and Piave riverbed, which favour a widespread
salinization of the territory and a high salt water content within Piave and the surrounding unconfined
aquifers.

The occurrence of strong groundwater salinization can be recognized on coastal areas and between the
Piave and Sile rivers. On the contrary the extreme northern sector, characterised by fresh water of
continental origin, and small areas located near Sile river and along the dune belt are characterised by low
EC values that indicate the occurrence of a low degree of salinisation. Finally, the transition zone
connecting the previous ones is characterized by soils saturated with medium-saline waters. The top of the
fresh water/ salt water interface is generally located at 2 m depth from the ground surface, but can reach 8
m depth in the coastal zone, where small lenses of fresh water hosted in sand dunes may mitigate the salt
water intrusion.

185



Dix-huitiémes journées techniques du Comité Francais d’'Hydrogéologie
de I’Association Internationale des Hydrogéologues.
« Ressources et gestion des aquiféres littoraux. Cassis 2012. »

b) Clvs BriC1
Sea Water SW
05 " Brine I
Plioceniche
02 |
T 0151 =
o‘l".‘
ol 4 I
; 2 Fresh Water
i [ AN . and Brines ;|
. ."a = 0’.’ - 01.1 = =
0+ .’".'.- =) h | -
0006400 LOOEGS ™ E 300603
& Br/Cl
ca Na+k HCO3 o SW= Sea Water ratio for Br/Cl = 0,0015
) d)
5180 vs Cl 5180 vs 6 13C
Cl (eq) 6 13C %o V- PDB
o 0,05 0.1 0,15 0.2 0.2% 03 10 5
0+ k= 1 0
Sea Wm-r
24 1 + 1 + I 1 =2
z s z
) - + 8
=41 $
£ JEE L 'Freclp:ulfd‘n Lof 2
8 “en 5 | _,':, = MH carbonite S ©
E -5 14 ., v ! ! | | &% | e AL ""‘K@ = =
w 1 * "* 4 F il
m:ﬂ', .7 . 4 | I | | ¥ adc
& *4 . Fresh Water L | oo I
0 ® “‘
-12 -

— _."‘ and Brines ! Brines B e Fi ;’;&’k Water

L_awpey 1 =~ 1 VeIl PR 4,

Figure 3 — Southern sector (Chioggia), geochemical and isotopic analyses: Piper diagram (a); Cl vs
Br-Cl correlation (b); B0 vs Cl graphs (c); 80 vs BB *3C (d) (from Di Sipio et al. 2007 modified)
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Figure 4 — Northern sector (Jesolo). Map of the superficial salinization of the northern sector of the
Venice lagoon mainland obtained by a combination of electrical conductivity (EC) logs data and
VES soundings (from Di Sipio et al. 2008 modified)
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V. Conclusion

Increasing withdrawals of groundwater from the Venice coastal aquifers for agricultural and urban uses
induce sea-water intrusion into the unconfined aquifers, which consequently results in a decline in water
quality. Even if the salt water intrusion was identified in the early 1970s, the problem remains and an
adequate knowledge of the real extension of the phenomenon is necessary to understand the several
processes controlling the groundwater evolution.

The combined use of adequately validated geophysical and geochemical tools confers a multidisciplinary
character to the study and allows the definition of the superficial extension of the phenomenon.
Geophysical analysis (ERT, VES) and conductivity logs performed together with water table elevation
measurements, geochemical and isotopic analyses on groundwater samples, allows the definition of the
salinization distribution and the elaboration of a groundwater discharge model within the territory. The salt
water intrusion from both the sea and the lagoon is widespread throughout the territory and determines
an increasing of Cl and B'®0/2H values near the coastal zone. On one hand, the electrical conductivity and
the content of chloride and sodium underline the presence of fresh, brackish or saltwater. On the other
hand, the ratio between the analyzed elements may indicate the occurrence of mixing phenomena with
both the sea and superficial water. Afterwards, the application of stable isotopes allows to clarify the
different origins of the groundwater and to point out further mixing phenomena.

Riverbed, paleorivers and old lagoonal channels, all characterized by high hydraulic conductivity values, are
the preferential pathways of salt water intrusion towards the mainland. This phenomenon becomes more
important in conditions of low flow rivers and sea high tide, when the continental water outflow is not able
to contrast the salt water intrusion. Moreover, the isotopic analyses of water samples collected within the
Venice region confirms the chemical evolution of groundwater from continental to brackish water moving
from inland towards the sea. It is possible to distinguish fresh water of alpine origin in deep artesian well,
fresh water affected by rainfalls and rivers and mixing water characterized by marine and lagoon values.
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