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Abstract
The south sector of the Venice Lagoon mainland is a territory characterized by the presence of saline
contamination. Sea water contamination is registered in groundwater near the coastline, and tidally
dispersed sea water is usually found in the riverbeds, suspended above the surrounding land. Geophysical
research, confirmed by some deep drillings, detected throughout the territory the existence of a deep saltwater aquifer storing fossil saline water at a depth of about 450 m. This research aimed to verify whether
the deep fossil saline water could contribute to the salt contamination of the lagoonal mainland. Therefore,
together with a critical revision of old geophysical data (vertical electric sounding -VES-, acquired during
the 1970s), new geophysical sounding and geochemical analysis were performed. The revision of the
geophysical data shows the presence of a dislocation of the aquifer basement: a deep buried tectonic
lineament seems to affect the salt-groundwater distribution, apart from the lateral and vertical variability
of permeability and the textural pattern of the stratigraphic succession. Moreover, the geochemical-isotopic
analyses show the presence of fossil water in the unconfined aquifer. Therefore, salt contamination may be
due to saline ingression from the sea and the lagoon, and also by the mobilization of fossil brines by means
of a combined action of tectonics and fresh water dilution processes. The aim of this study is to understand
the real origin of salt-water by means of chemical and isotopic analysis of water samples collected all over
the area, determining the groundwater age and chemical composition and therefore, distinguishing old
fossil waters from actual marine water.
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Introduction
The Venice Lagoon mainland is a territory characterized by the presence of saline contamination, as
revealed by several studies conducted in this zone since 1970. The southern part of the lagoonal mainland,
constituted mainly by reclaimed land located below the mean sea level and subjected to artificial pumping,
undergoes the effects of sea encroachment. Sea water contamination is registered in groundwater near
the coastline and, during high tides, when sea water rises through the watercourses, it is dispersed from
the riverbeds, which are suspended above the surrounding land (Bassan et al., 1994; Michels et al., 2003).
The coastal area of interest is located in the NE part of Italy and it is limited by the Venice Lagoon itself to
the North, the Adriatic sea to the East, and the Adige river to the South, while it extends towards the Alps
(W direction) for about 20 km (Figure 1). Several critical conditions characterize this area: in many cases
the ground surface elevation is lower than that of the riverbed (from 1 to 4 meters, generally); subsidence
occurs, due both to human activities (such as reclamation and uncontrolled exploitation of aquifers and
methane reservoirs) and to natural events (such as fluid seepage, organic matter transformation and
substitution of fresh interstitial water with saline water from the sea in the underground interstices, which
determines chemical reactions between clay and water, (Fornasiero et al., 2002). These factors are
recognizable all over the territory.

Figure 1. Location of the investigated area and of the measurement points. P: piezometers (grey squares); ISES
wells (black dots); black lines, correlation profiles; new vertical electric sounding (VES) site; black triangles: VES
conducted by Padua University in the 1970s.

From a structural point of view, the lagoon is located inside a periclinal structure whose Mesozoic
substratum was intersected by fault systems developed from the Eocene up to the present. In the SouthWest, the lagoon is bordered by the Schio-Vicenza line (Castellarin et al., 2000), characterized by a NW-
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SE direction and whose continuity into the lagoon area has been recently confirmed by seismic surveys. In
addition, in the North-East the Valsugana line (Castellarin et al., 2000) should define another lagoon limit.
Therefore, the tectonic activity controls the sequences of terrigenous deposits and thus the geometry of the
aquifers. Deep-buried tectonic lineaments, whose presence is supported by a new analysis of the available
geophysical data, seems to affect directly the deep Pliocene aquifers (Figure 2) (Di Sipio, 2003). These
aquifers are located at a depth varying from 300 to 1000 m, and contain fossil brines whose presence is
confirmed in the whole Po river plain by oil and gas prospecting wells (AGIP, 1994; Benvenuti et al., 1972;
Galgaro et al., 2000). Geophysical prospecting, confirmed by some deep boreholes, discovered brine-water
at a depth of about 450 m near the southern margin of the lagoon (Codevigo well, Figure 2). In addition,
they show a vertical dislocation in the position of this deep aquifer: the western sector of the aquifer is
lowered as regard to the eastern one, so the former may represent a graben and the latter a horst. In fact,
elevation changes of the interface between conductive layers have been observed by VES at a depth of 300
m or more: along a W-E and SW-NE direction there is a difference in elevation of the deepest conductive
electro-layer up to 100 m, which is explained by the presence of a buried tectonic structure (Figure 2).
However, this tectonic line acts as the natural extension of the Schio–Vicenza system, giving rise to a horstline structure separating two grabens. The western graben abruptly links to the Po-Adige basins, while the
eastern one, gently dipping under the Venice Lagoon, is influenced by the Brenta-Piave rivers.

Figure 2. 3-D representation of the deep salt-aquifer dislocation with the AGIP well in Codevigo, showing the
presence of the deep salt-water aquifer (from AGIP, 1994, modified). Black line: supposed deep buried tectonic
lineament direction.
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Comparing deep and surface geophysical data allowed for the reconstruction of the whole Quaternary
aquifers geometry and for the definition of the southern continuity of the alpine tectonic lines, which seem
to affect the saline-groundwater distribution in the area of interest. In fact, the geometrical and spatial
distribution of the stratigraphic succession is rather complex, owing to the particular depositional events
affecting this region over the last 2 Million years; so differentiating the fossil salt-water from the present
marine wedge is not an easy task. Moreover, the Venice Lagoon is characterized by the presence of several
aquifers: under the unconfined aquifer six confined aquifers, separated by their respective aquitards, have
been recognised up to a depth of 320 m.
Therefore, the Pliocene-Pleistocene boundary has been defined at about 1000 m depth below Venice
(AGIP, 1994). Silty/clayey layers alternating with sand layers and materials of marine, continental and
marshy origin form the subsoil. Silt, clay, sand and peat present in the territory are not homogeneously
distributed within it, but, instead, they reveal a great deal of variability in both the horizontal and vertical
directions. This heterogeneity is due to the alternation in space and time of sedimentary processes and
environments responsible for their deposition. In other words, marine transgressions and regressions,
which created periodical lacustrine and marshy environments, followed one another over the time, building
a stratigraphic sequence with remarkable lateral variation. The typical stratigraphic sequence related to the
first 25 m consists of two different depositional complexes: the most recent, from the Holocene, is primarily
constituted by silt and sand deposited under a coastal environment; the other sequence, from the late
Pleistocene, is primarily constituted by silt and clay layers alternated with peat, and rarely, sand deposits
of continental origin.
Moreover, late-Alpine tectonic movements during the Quaternary influenced fluvial activity: rivers modified
their courses several times and new paleochannels are still recognizable on the territory. Changes in
surface flows were considerably influenced by local morphology and stratigraphy, thus the river beds
elevation are, in general, higher than that of the surrounding soil-surface, and have created preferential
dispersion zones with high electrical conductivity (EC) values inside impervious or less permeable deposits.
Therefore, the aims of this study are: a) to correlate geophysical and geochemical data in order to
understand the salinization origin and extension; b) to analyse groundwater salinization by means of
physical-chemical analysis both in situ and through samples; c) to determine the chemical hydrofacies of
the samples; and d) to understand the real origin of salt-water, whether marine or fossil, by means of
isotopic analysis and correlation.

Methodology
Twenty-five new piezometers tapping the unconfined aquifer were emplaced in 2001 (Carbognin and Tosi,
2003) in order to study sea water intrusion and lagoon subsidence (Figure 1). They were used for the
geophysical and hydrogeochemical measurements and analysis in this study.
The results of the hydrogeochemical analyses are presented in Table 1 (major ions), Table 2 (some minor
an trace elements) and Table 3 (stable isotopes).
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Table 1. Chemical analyses of the major ions. *E.C. (electrical conductivity) in µS cm-1; all chemical values are
reported in mg L-1.

Table 2. Chemical analyses of some minor components. *E.C.
(electrical conductivity) in µS cm-1; all chemical values are
reported in mg L-1.
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Table 3. Isotopic analyses (all
isotopic values are versus V-SMOW
(δ2H - δ18O) and versus V-PDB
(δ13C) in ‰.
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In addition, deep and surface geophysical data (vertical electrical sounding, VES), obtained by the
University of Padua from the 1970s up to the present, were utilized.
Conductivity logs, together with temperature, pH and piezometry values, were collected in each well in
three different periods (September 2001, June 2002 and December 2003) to verify whether significant
variations take place over the year (Figure 3). As the majority of the piezometers are completely screened,
it was possible to depict, with a good approximation, the salt-fresh water interface in the unconfined
aquifer. In fact, the apparent water table is controlled, at a regional scale, by the fractured media (Conti et
al., 2001).

Figure 3. Electrical conductivity logs showing the vertical trends for wells located far (P01) and near (P06) to the
lagoon.

Cations and anions were determined respectively by ICP-MS (inductively coupled plasma mass
spectrometry) and ion chromatography. The highest concentration values for the whole set of samples
correspond generally to sodium and chloride type, and secondary to calcium and bicarbonate. Groundwater
chemistry is clearly pointed out in Figure 4, where Electrical Conductivity (EC) is correlated with the results
of chemical analysis. Besides, water samples were used to calibrate the information obtained by EC logs,
wells stratigraphy and VES. The isotopic analyses were carried out for 2H, 18O and 13C on the whole set of
samples.
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Discussion
The EC logs point out the water stratification in the phreatic aquifer: two electrical conductivity trends
(registered in three different periods, September 2001, June 2002 and December 2003) corresponding to
wells far from the lagoon and near the lagoon, respectively, have been observed. This behaviour
summarizes the typical results obtained in the whole studied area.
Far to the lagoon (represented by well ISES P01 in Figure 3) the electrical conductivity shows the same
trend in all seasons: the EC values are always smaller than 1.5 mS cm-1, revealing the presence of fresh
water, as suggested by the distance from the sea. Near the lagoon (represented by well ISES P06 in Figure
3) the EC logs reach values of about 25 mS cm-1 (salt-water) both during the summer season, when the
climate is dry and groundwater is exploited to irrigate, and at the beginning of winter, when little
precipitation occurs. Comparing these trends with the other EC log values it is possible to notice that only
groundwater from piezometers P1, P2, P22 present a good quality throughout the year, with EC values
ranging from 0.5 to 1.1 mS cm-1. These piezometers are located further inland and therefore are expected
to have low EC. On the contrary, the other wells depict values ranging from 2.5 to 38 mS cm-1, their water
quality being unsuitable for any use. Near the coast, in fact, values ranging between 21 and 36 mS cm-1
were recorded, whereas values of about 8 mS cm-1 were measured closer to the mainland, parallel to the
coast, along a N-S direction.
The analysis of water samples point out large spatial variations of electrical conductivity, whose values
generally vary between 2.45 and 12.4 mS cm-1. Moreover, the chemical hydrofacies (Figure 4) obtained
from the chemical analysis are essentially: Na–Cl for the more mineralised waters and Ca–HCO3 for the
less mineralised ones. Other hydrochemical facies like Ca–Cl type or Mg–Cl are secondary. These different
facies, as already indicated in the previous study of Zuppi and Sacchi (2004), underline the complexity of
the hydrogeochemical processes governing water salinity.
From the graphical representation of the chemical data (Figure 4) it is possible to distinguish water
characterized by high HCO3 concentration, with Na and Cl concentrations typical of continental fresh water
(well ISES P01); water with Na and Cl values higher than that of fresh water, but with still an appreciable
HCO3 content (well ISES P13) and finally, samples characterized by very high concentrations of Na and Cl,
typical of sea water, where the HCO3 anion becomes a minor ion from a quantitative point of view (well
ISES P15). These three situations represent the piezometers located, respectively, far from the coast and
the buried tectonic lineament, in an intermediate position between the mainland and the sea, and near
the coast.
Moreover, to better understand the hydrodynamic processes taking place in the aquifer, some
environmental tracers such as bromide and chloride ions have been considered. Some samples are
characterised by Br/Cl molar ratios similar to that of seawater, whereas others indicate an increase in Br/Cl
molar ratio suggesting that Br is released during organic matter oxidation (Conti et al., 2000; Rice, 2003)
within the aquifer (Figure 5a). This also accounts for rapid SO4 and NO3 reduction (wells ISES 06 and ISES
17) due to redox potential lowering (Conti et al., 2000; Zuppi and Sacchi, 2004). These processes control
the chemistry of Pliocene formation water of the Po valley (Figure 5 a-f), characterised by a Cl content up
to 105 g L-1 (Conti et al., 2000). In fact methane originated from organic matter oxidation compensates
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Figure 4. The chemical hydrofacies of the collected samples are essentially Na-Cl for the more mineralised waters
and Ca-HCO3 for the less mineralised ones.

methane oxidation, supporting deep and confined ecosystems based on the anaerobic oxidation (Boetius
et al., 2000). The oxidation of the ascending methane by sulphate occurs in narrow zones, following the
reaction
CH4 + SO4 → HCO3 + HS + H2O
where sulphide and bicarbonate are released into groundwater. The sulphide is further oxidised by
anaerobic bacteria, using oxygen and nitrogen as terminal electron acceptors. Denitrification, the process
by which nitrogen is removed from brines, is commonly the last oxidation step in deep-confined aquifers.
Nevertheless, in phreatic aquifers, denitrification does not take place, and nitrate content is essentially
controlled by organic matter degradation. Therefore, bicarbonate released during methane anaerobic and
aerobic oxidation increases the Total Dissolved Carbon (TOC) and induces the precipitation of autigenic
carbonates, if water pH is favourable (Conti et al., 2001).
The isotopic analyses highlight the existence of an evolution process from continental fresh water and
formation water towards sea water, and allow distinguishing different ages and origins for the water
samples collected. In particular, the relationship between δ2H/ δ18O confirms the observations at regional
scale (Zuppi and Sacchi, 2004) that the samples order themselves along a straight line (GMWL), revealing
the existence of a dilution process of sea water (Figure 5b). The δ18O/Cl and the SO4/SIgys (saturation index
of gypsum) plot, agree with this observation: a mixing process seems to involve fresh continental water
and marine water, while formation water of the Pliocene basement seems to be diluted with fossil water
(Figure 5c-d), infiltrated since the end of the Last Glacial Maximum (LGM), when discharge from the Adige
River increased consequently due to the melting phase of the glaciers in the Alps (Zuppi and Sacchi, 2004).
Infiltrating fresh water mobilizes brines, pushing them upwards still with their high salt content through
the largest faults of the Schio Vicenza tectonic line. The whole set of waters is aligned along the Global
Meteoric Water Line without indicating any fractionation.
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Figure 5. a) The Cl/Br-Cl correlation suggests the existence of a chemical evolution from continental fresh water and formation water
towards the composition of seawater. b) The relationship δ2H/δ18O reveals, as the samples align along a straight line (most points
are on the Global Meteoric Water Line, GMWL, or on the local meteoric line, LML), the existence of sea water dilution by mixing with
fresh recent water and with formation water (Conti et al., 2001). c) In the δ 18O/Cl plot, the mixing process also seems to involve
fresh continental water and marine water (LMT: Local Mix Trend), while formation waters of the Pliocene basement seems to mix with
fresh continental water and with palaeowaters. d) In the SO42-/SIgys (gypsum saturation index) plot, again both fresh continental water
and brines of the Pliocene basement evolve towards marine water. e) Also the δ18O/ δ13C plot supports the existence of three different
groups of waters: Pliocene formation water, fresh continental water and seawater. f) Again, the δ13C/SIcalc (calcite saturation index)
plot shows the presence of formation water, fresh water and seawater. (Numbers refer to samples reported in Figure 1).
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On the other hand, the existence of three different groups of waters (formation water, fresh water and sea
water) appears to be well evidenced by the δ18O/δ 13C and δ 13C/ SIcalc (saturation index of calcite)
relationships (Figure 5e-f). In the first case, marine salt-water presents high δ18O values and δ13C contents
near 0‰; the Pliocene formation waters have low δ18O and δ13C values, while fresh-continental water is
characterized by positive δ18O values and low δ 13C contents (Conti et al., 2002; Zuppi and Sacchi, 2004).
Moreover, inside the fresh water group, δ13C values characteristic of autigenic carbonate precipitation are
well recognized. On the δ13C/SIcalc (calcite saturation index) plot both the fresh water and the formation
water clearly distinguishably move progressively toward the seawater composition. Additionally, on the
δ13C/IAP calcite plot, apart from the identification of the three different water types above mentioned, the
contribution of another more carbon-depleted water is confirmed (Figure5 a-f). It corresponds to the
degradation of organic matter present in the aquifer matrix (Zuppi and Sacchi 2004).

Conclusions
The salt contamination of both the deep confined aquifers and the phreatic aquifer in the Venice Lagoon
mainland is a well-know phenomenon, subject of several studies conducted throughout the region since
the 1970s. The increase of water demand and withdrawals for agricultural, industrial, and tourist uses, due
to the increasing population, worsen the situation, leading to a water quality decline. Therefore,
understanding the main processes that control groundwater evolution become extremely important to
support decision makers on the management of these water reservoirs.
Geophysical surveys highlight that the contamination is due to saline ingression from both the sea and the
lagoon: near the shoreline salt-water coming from the sea is detected into the coastal and the lagoonal
aquifers. There is a shallow and narrow contaminated fringe roughly parallel to the coast and primarily
dependent on marine ingression. Moreover, marine water contamination phenomena are registered into
riverbeds, which dissipate water moving landward from the sea in high tide conditions. Fresh water
dispersion is also identified near the river courses and palaeochannels.
The geophysical surveys delineate a buried tectonic lineament structure, which affects the pre-Quaternary
basement at around 350-400 m depth. Pliocene deposits in the southern lagoon margin are bearing fossil
brines similar to those found in the whole Po plain, and they are affected by buried tectonic lineaments,
which can mobilize these brines. When mobilised by infiltrating fresh water and by the high withdrawal
rate, the diluted brines (up to10 g L-1) can reach the subsurface and can contribute, in this way, to salt
contamination of the land around the lagoon.
Geochemical and isotopic analyses associated with electrical conductivity data, which suggest the
movement of fresh and continental water toward the Adriatic Sea, confirm the complexity of the
salinization processes. In addition, they reveal the presence of three different types of water inside the area
of interest: fresh-continental water, old fossil formation water (Pliocene brines) and sea water. Also, it is
possible to identify an evolution process of the formation waters (chloride content up to 105 g L-1) and of
the fresh water towards the composition of seawater. In some cases, the presence of δ13C values
characteristic of autigenic carbonate precipitation, and of CO2 of deep biogenic origin (Conti et al., 2002),
indicate the existence of fossil water in the unconfined aquifer. The upward movement of brines can take
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place in some areas favoured by tectonics or by the elevated pumping rate due to the higher hydraulic
conductivity of the palaeochannels.
Therefore, in the southern sector of the Venice Lagoon mainland the salt contamination is due to saline
ingression from the sea and the lagoon, and also to the mobilization of fossil brines (that can reach the
soil surface) by means of the combined action of tectonics and anthropic activity.
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