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Abstract: Saltwater contamination seriously affects water quality and land productivity of reclaimed
farmlands along the Venice Lagoon, Italy. To characterize the hydrogeochemical dynamics involved in
this phenomenon, a three-year study was carried out in an experimental field located at the southern
margin of the Venice Lagoon. Soil matric potential, quality of soil pore water and groundwater,
and soil physical and chemical properties were monitored at five monitoring stations. Relationships
between Cl−, Na+, Mg2+, Ca2+, K+, SO4

2−, Br− ionic concentrations, and electrical conductivity of the
water samples with the soil characteristics (e.g., texture, exchangeable cations) were investigated.
Soil water flux direction was calculated and related to ion concentrations. Moreover, specific molar
ratios (Mg/Ca, Na/Cl, Cl/Br, and SO4/Cl) were calculated to identify the main drivers affecting salinity
in the field. The study confirmed that the experimental site was strongly affected by soil and water
salinity, and two major contamination dynamics were identified. The first one was mainly driven
by seawater intrusion from the near lagoon and salty watercourses, while the second was derived
by the interactions between the peaty soil and salts that were originally in place, since the area was
only reclaimed a few decades ago. The latter highlighted the potentiality of the experimental field to
become an acidic sulfate environment. Ionic ratios were implemented and proved to be an important
tool for the identification of salinity origin.
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1. Introduction

Seawater intrusion in coastal areas is threatening groundwater quality and farmland productivity
worldwide [1]. This phenomenon naturally occurs in coastal areas [2] but is actually intensified by
anthropogenic activities such as groundwater pumping or land-use change [3].

In the low-lying area surrounding the southern Venice Lagoon, in northern Italy, saltwater intrusion
is exacerbated by local phenomena and features, including land subsidence, which superposes to
sea-level rise of the Adriatic Sea, the presence of sandy paleochannels, seawater encroachment into the
river mouth, and presence of brine waters.

An elevation loss of 0.23 m relative to the Adriatic Sea level occurred in the city of Venice during the
last century because of the combined effect of 0.11 m of sea-level rise and 0.12 m of land subsidence [4].
More significant land subsidence affected the farmland at the southern margin of the Venice Lagoon
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due to a larger natural geological subsidence mainly exacerbated by peat oxidation [5] and, secondarily,
groundwater withdrawal and clay sediment salinization induced by salt-water intrusion [6]. The area
is kept suitable for farming by a drainage system that collects the surface water and pumps the excess
water into the lagoon [7]. Several sandy paleochannels crossing the farmland provide a hydraulic
connection between freshwater aquifers and the lagoon and thus facilitate seawater intrusion and
freshwater dispersion [8]. Saltwater intrusion dynamics are also affected by tides and watercourse
discharge rate. The bottom of Brenta and Bacchiglione, two major rivers which bound the southern
portion of the Venice Lagoon, is almost permanently salty. The depth from the land surface and extent
of the intrusion range from 1 to 5 m and from 10 to 20 km, respectively [7,9]. Finally, Pliocene deposits
in the southern Venice Lagoon margin enclose fossil brine waters at a depth of 350–400 m. The tectonic
structures locally allow deep brines to move upwards triggered by infiltrating freshwater and a high
withdrawal rate [4,10].

The chemical composition of freshwater in coastal aquifers can be variable according to local
pedogeological conditions. In these areas, predominant anions are HCO3

−, SO4
2−, and Cl− while major

cations are Ca2+ and Mg2+, with Ca2+ being predominant over Mg2+ in most cases [11]. In contrast,
seawater composition is almost constant around the world. Salinity is mainly composed of Cl−, Na+,
SO4

2−, Mg2+, Ca2+, K+, HCO3
−, and Br−, with Cl− and Na+ accounting for 55% and 31% of the total

concentration, respectively [3,12]. Brackish water results from seawater intrusion processes and differs
from simple conservative mixing of seawater and freshwater [11,13]. Clear signals of seawater intrusion
are the increase in water electrical conductivity (EC) and chloride content, although other sources of
salinization such as brines upcoming, leakage of wastewater, return flow from irrigation water could
lead to the same phenomenon [14]. Salinization sources are characterized by distinguishable chemistry
and ionic ratios [15]. Ref. [16–18] found that Na/Cl, Mg/Ca and SO4/Cl molar ratios can be useful tools
in the identification of salinization origin. More recently, [19] demonstrated the applicability of Cl/Br
molar ratio in the identification of groundwater salinity origins: Cl− and Br− dissolved in natural
water are conservative tracers, meaning that are only affected by physical processes (i.e., dilution,
evaporation and mixing), which can modify their concentration but not the value of their ratio [19,20].
Despite the large use of ionic ratios to assess groundwater quality and to identify the origin of
salinization [1,11,15,19,21–23], there is a lack of knowledge on their applicability in soil water analysis
and classification.

Spatiotemporal variability of crop production is strongly affected by soil salinity [24].
Salinity impairs crop growth because it increases the osmotic potential and in turn the water
deficit. Moreover, some ions exhibit specific ion toxicity (i.e., Na+, Cl−, Mg2+, SO4

2−, and HCO3
−) or

lead to imbalance nutrient uptake and assimilation [20,25,26].
A three-year study (2010–2012) was conducted at the southern margin of the Venice Lagoon with

the general aim of selecting best management practices for mitigating the effect of salt contamination
on soil fertility and crop yield. The area was reclaimed from the lagoon between the years 1892 and
1967 and is characterized by highly heterogeneous soils. The research hypothesis is that soil salinity
has different origins because of the complex interactions that occurred over the years between the
natural phenomena and reclamation activities. The goal of this study was to investigate the salinity,
its origin, and its variability in a 21-ha field located at the rim of the lagoon. A specific objective was to
evaluate the applicability of ionic ratio indexes in soil water analysis and classification.

2. Materials and Methods

2.1. Experimental Site

The study site is a 21-ha field located at Chioggia, Venice, Italy (45◦10′57′′ N; 12◦13′55′′ E) along
the southern margin of the Venice Lagoon (Figure 1). It borders the Morto channel, Bacchiglione,
and Brenta rivers that flow into the Adriatic Sea 7-km to the west. The field lies below the average sea
level, from −1.5 to −3.3 m above mean sea level (msl), and was reclaimed for agricultural purposes



Water 2020, 12, 3363 3 of 16

between the years 1892 and 1967. The area is affected by saltwater contamination down to about 20 m.
The first confined fresh-water aquifer lays at 45–50 m below msl [27].
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A pumping station and a dense network of ditches control the depth to the water table,
which is generally maintained at 0.6 m below soil surface (bss) during the summer season to
promote sub-irrigation. The soil is mainly silt-clay (Molli-Gleyic Cambisol) [28] with the presence
of acidic peat [24] and two well-preserved sandy paleochannels crossing the field in a southwest to
northeast direction.

The experiment was carried out in the years 2010–2012. The field was cultivated with rainfed maize
in 2010 (seeding 22 April, harvest 10 September), 2011 (seeding 4 April, harvest 2 September), and 2012
(seeding 21 March, harvest 11 September). Meteorological data were recorded by an automatic station
located 3 km from the experimental site (Regional Agency for Environmental Protection, Veneto).

2.2. Soil and Water Sampling, Analysis, and Monitoring Network

Five monitoring stations (A, B, C, D, and E) were established (Figure 1) in five soil spatial clusters
delineated based on the spatial variability of the on-the-go apparent soil electrical conductivity and
bare-soil reflectance [29]. Stations A, B, and C were installed in August 2010, while D and E were
installed in May 2011 (Table 1). Monitoring station position and elevation were measured using a
Trimble FM 1000 CNH GPS receiver with real-time kinematic (RTK) differential correction (Trimble
Navigation Ltd., Sunnyvale, CA, USA). Each station was equipped with: four 5TE (METER Group Inc.,
Pullman, WA, USA) soil moisture, temperature, and apparent electrical conductivity sensors installed
at 0.1, 0.3, 0.5, and 0.7 m of depth connected to an EM50 datalogger (METER Group Inc.); four T8
tensiometers installed at 0.1, 0.3, 0.5, and 0.7 m depths connected to a DL6-TE datalogger (METER
Group Inc.); four SK20 micro-lysimeters installed at 0.1, 0.3, 0.5, and 0.7 m depths (METER Group Inc.)
to collect soil water samples; one piezometer 2-m deep to measure water table depth, groundwater
electrical conductivity (ECw), and collect groundwater samples. Preparation and installation of
micro-lysimeters were carried out in accordance with [30].
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Table 1. Soil and water monitoring periods during 2010, 2011, and 2012 at the five monitoring stations.

2010 2011 2012

A 28 July–15 October
21 December–31 December

1 January–21 March
16 May–23 September 26 April–26 October

B 28 July–15 October
21 December–31 December

1 January–21 March
16 May–23 September 26 April–31 October

C 28 July–15 October
21 December–31 December

1 January–21 March
16 May–23 September 26 April–26 October

D - 16 May–23 September 26 April–25 October
E - 16 May–23 September 26 April–26 October

Soil potential and moisture data were recorded hourly. Soil and groundwater samples were
collected manually with an average interval of two weeks. Lysimeter suction was adjusted manually
according to the matric potential observations [31]. Sampling frequency was reduced during cultivation
operations and very dry conditions, as shown in Table 1. Water samples were stored at 4 ◦C prior to
chemical analysis. Samples were analyzed for electrical conductivity (EC, dS m−1) and pH (SevenMulti
pH/conductivity meter, Mettler Toledo, Greifensee, Switzerland), and ionic concentrations (Cl−, Br−,
Na+, SO4

2−, Mg2+, Ca2+, K+; mg L−1) [32]. All the analyses refer to a standard temperature of 25 ◦C.
Cl/Br, Na/Cl, Mg/Ca, and SO4/Cl molar ratios were calculated for each water sample.

At the beginning of the experiment, disturbed soil samples were collected at the five monitoring
stations at three layers: 0–0.15 m, 0.15–0.45 m, 0.45–0.8 m and analyzed for texture (Mastersizer 2000,
Malvern Instruments Ltd., Great Malvern, UK), pH and EC1:2 (1:2 soil–water extract; SevenMulti
pH/conductivity meter, Mettler Toledo, Greifensee, Switzerland), total carbon, organic carbon (SOC),
total nitrogen, and total sulfur (CNS Vario Macro elemental analyzer, Elementar, Hanau, Germany) [33].
In addition, soil samples were analyzed for exchangeable cations (Mg2+, K+, Na+, and Ca2+),
cation exchange capacity (CEC), and anion exchange capacity (AEC) [34].

2.3. Statistical Analysis

The interaction between soil water, groundwater, and saltwater was investigated with multivariate
statistical techniques. Data were also analyzed according to the water flux direction, which was
estimated according to the average daily water potential gradient within the soil profile [35].

The datasets were tested for normality. Since both soil and water data showed a non-normal
distribution, statistical analysis was performed with non-parametric methods. Univariate simple
statistics was applied to each chemical parameter (i.e., ECw and ionic concentrations). Soil (SOC, pH,
EC1:2, texture, carbon and nitrogen content, exchangeable cations) and water chemical parameters
(pH, ECw, ion concentrations) were plotted against each other to investigate possible relationships
using Spearman’s rank correlation coefficients [36]. Moreover, the principal component analysis (PCA)
was performed to determine the correlation structure between the aforementioned variables.

Significant differences in groundwater and soil water ion concentrations and ECw among the five
monitoring stations were investigated using the Kruskal Wallis non-parametric test. Post-hoc pair-wise
comparisons were performed using the Bonferroni correction to adjust for multiple comparisons.
The Kruskal-Wallis test was also applied to investigate significant differences in soil water ion
concentrations during upward or downward water fluxes [36].

3. Results

3.1. Weather and Water Table Depth Monitoring

Rainfall and evaporative demand (reference evapotranspiration, ET0) during the three-year study
were higher in 2010 (1116 and 950 mm) than 2011 (506 and 911 mm) and 2012 (720 and 886 mm)
(Figure 2). The average depth to the water table ranged from 0.53 m bss at station C to 1.43 m bss
at station E, with intermediate levels at stations A (0.73 m bss), B (0.82 m bss), and D (1.14 m bss).
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The water table elevation (m above the msl) was lower at the innermost station D, from −3.72 to −4.11
m, and higher at station C, close to the Lagoon, ranging from −2.73 to −2.84 m (Table 2).Water 2020, 12, x FOR PEER REVIEW 5 of 16 
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Figure 2. Rain, temperature, and reference evapotranspiration (ET0) data recorded during 2010,
2011 and 2012.

Table 2. Minimum, maximum, and average value of depth to the water table [m] below the land surface
and above the average sea level.

A B C D E

Depth (m below soil surface)
Max 0.94 1.29 0.67 1.04 1.50
Min 0.56 0.96 0.46 0.65 1.17

Average 0.74 1.14 0.53 0.82 1.43

Elevation (m above msl)
Max −3.97 −3.21 −2.73 −3.72 −3.05
Min −3.59 −3.54 −2.94 −4.11 −3.38

Average −3.77 −3.39 −2.80 −3.89 −3.31

3.2. Soil Characterization

Soil characteristics showed high variability among the five monitoring stations. The top 0.45-m
soil layer was mainly loam at station A, B, C, and D, while was sandy at station E, inside the easternmost
paleochannel (Figure 1). The deeper 0.45–0.8 m layer was characterized by higher sand content at all
the stations except for station A (Figure 3).

Soil pH varied from strongly acidic at station A (<5.5) to alkaline (>7.9) at station E, primarily driven
by total carbonates and soil organic carbon (SOC) contents. Total carbonates were 11.39 meq 100 g−1

on average, with minimum and maximum values of 0.5 and 30.0 meq 100 g−1, respectively. Higher
contents were observed at the sandier layers of stations B and E. SOC content was 11.6% on average,
with peaks >20% due to the presence of acidic peats, particularly at stations A and D. SOC affected
also the bulk density (BD), which ranged from 0.21 to 0.94 g cm−3 in the organic layers, and electrical
conductivity (EC1:2), which peaked to 4.82 ds m−1 at the deeper layer of station C. In mineral layers,
BD ranged from 1.37 to 1.52 g cm−3 and EC from 0.18 to 1.13 m ds m−1, with lower values observed at
the sandy layers of stations B and E. Exchangeable Mg2+, Na+, Ca2+, and K+ content was on average
3.13, 1.31, 11.47 and 0.19 meq 100 g−1, respectively. The highest exchangeable cations content was
measured at station C and D where the average sum was 20.99 and 22.25 meq 100 g−1, respectively
(Table 3). Average anion exchange capacity (AEC) was 1.28 meq 100 g−1 at station A, 0.8 meq 100 g−1 at
station B, 1.96 meq 100 g−1 at station C, 1.86 meq 100 g−1 at station D, and 1.23 meq 100 g−1 at station E.
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Table 3. Soil texture (weight percentage; sand > 50 µm, silt 50–2 µm, clay < 2 µm),
pH1:2 (i.e., measured on a 1:2 soil water extract), electrical conductivity (EC1:2, dS m−1), soil organic
carbon (SOC, weight percentage, measured on air dried samples), cation-exchange capacity (CEC,
meq 100 g−1), carbonates (CaCO3−, meq 100 g−1), exchangeable cations (Mg2+, Na+, Ca2+, K+,
meq 100 g−1), and bulk density (BD, g cm−3) that resulted from soil samples collected at 3 depths
(0–0.15, 0.15–0.45, and 0.45–0.80 m) per each monitoring station.

Station * Depth Sand Silt Clay pH1:2 EC1:2 SOC CEC CaCO3 Mg2+ Na+ Ca2+ K+ BD

m % dS m−1 % meq 100 g−1 g cm−3

A 0–0.15 39.58 40.97 19.45 5.66 0.21 13.72 5.34 11.5 4.72 0.22 11.65 0.21 0.94
A 0.15–0.45 42.27 41.65 16.08 5.54 0.38 15.84 30.56 0.50 4.82 0.30 12.23 0.26 0.77
A 0.45–0.80 17.78 54.57 27.66 5.38 1.13 4.79 15.16 1.00 4.10 0.39 8.74 0.25 1.09

B 0–0.15 51.86 37.21 10.94 7.25 0.35 5.61 12.21 7.08 2.52 0.16 10.64 0.18 1.09
B 0.15–0.45 49.22 38.01 12.76 7.22 0.28 5.96 21.04 7.17 2.57 0.16 10.17 0.18 1.01
B 0.45–0.80 92.09 7.06 0.85 7.70 0.29 2.73 2.35 16.25 1.39 0.15 8.54 0.09 1.2

C 0–0.15 26.87 47.74 25.4 7.67 0.55 8.75 13.95 12.5 2.68 0.84 15.00 0.26 0.94
C 0.15–0.45 32.35 49.18 18.47 7.50 0.88 7.97 16.86 12.25 2.59 0.81 15.04 0.28 0.89
C 0.45–0.80 45.04 39.69 15.27 6.49 4.82 16.34 0.41 7.17 4.31 3.26 17.57 0.33 0.21

D 0–0.15 39.28 47.64 13.09 6.3 0.79 20.81 20.97 - 5.71 0.28 14.29 0.18 0.63
D 0.15–0.45 27.06 50.69 22.25 5.82 0.41 20.41 21.97 0.79 6.10 12.51 14.35 0.28 0.6
D 0.45–0.80 55.95 32.98 11.06 5.62 2.01 21.64 24.4 3.00 3.57 0.28 9.10 0.11 1.01

E 0–0.15 64.66 23.47 11.88 7.39 0.29 1.29 3.23 25.61 0.63 0.06 8.73 0.08 1.52
E 0.15–0.45 61.14 26.69 12.17 7.79 0.2 1.41 3.76 25.31 0.70 0.11 7.98 0.08 1.51
E 0.45–0.80 82.47 12.45 5.08 8.11 0.18 26.99 2.19 29.33 0.54 0.09 7.97 0.05 1.37

* depth to the water table (m below the soil surface) was −0.71 at station A, −1.08 at station B, −0.58 at station C,
−1.00 at station D, and −1.47 at station E.

3.3. Soil Water and Groundwater Chemistry

EC and ion concentrations showed high variability across the area, between the sampling depths
and dates. In particular, EC ranged from 0.33 to 29.9 dS m−1 with high values observed in the soil and
groundwater of station C, the closest to the Lagoon, and low values at the sandier stations B and E
(Figure 4). An intermediate situation was observed at stations A and D. Groundwater EC at station
D was characterized by small variations during the study period, ranging from 6.86 to 8.04 dS m−1.
Groundwater medians were always higher than those found in soil water, even if high peaks were
observed in soil water at stations B, C, D, and E.
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Figure 4. Box plot of electrical conductivity (EC) and ion concentration in soil water and groundwater
of each monitoring station. Letters refer to post-hoc statistical analysis (Wilcoxon test on each pair).
Different lowercase letters indicate significant differences between soil water data, while capital letters
refer to groundwater data. α was corrected for multiple comparisons using the Bonferroni procedure
(α = 0.005).

Cl− and Na+ were the most abundant ionic species ranging from 5.74 mg L−1 to 9227.32 mg L−1

and 9.61 mg L−1 to 5624.57 mg L−1, respectively. Concentrations of Br−, SO4
2−, Mg2+, Ca2+, and K+

varied from 0.7 to 29.29 mg L−1, 0.61 to 2601.97 mg L−1, 6.94 to 630.03 mg L−1, 11.6 to 876.88 mg
L−1, and 0.36 to 157.16 mg L−1, respectively (Figure 4). Positive correlations were found between EC,
Na+, Cl−, and K+ (p < 0.0001), which were stronger in groundwater than in soil water (e.g., Cl− vs.
EC yielded Spearman ρ of 0.92 for groundwater and 0.81 for soil water data). In contrast, correlations
between Mg2+, Br−, and EC were stronger in soil water (e.g., Spearman ρ of Br− vs. EC was 0.46 for
groundwater and 0.75 for soil water). Poor dependency was observed when Ca2+ and SO4

2− were
plotted against EC and the other ions, except for Ca2+ vs. Mg2+ (Table 4).

The direction of water flux (i.e., upward or downward water movement) dominated the ion
concentration (Figure 5). Station A showed a large variability on Cl−, Na+, K+, SO4

2−, Br−, and EC
during downward flux but higher medians in the upward flux. For instance, 312, 369 mg L−1 and
4.3 dS m−1 vs. 198, 196 mg L−1, and 3.1 dS m−1, respectively for Cl−, Na+, and EC. Stations B, C,
and E confirmed the higher concentrations in the upward movement except for Ca2+ (Station C), SO4

2−

(station B), and K+ (Station E). Station E also differed for the smaller variability in downward flux.
Only at station D was Cl−, Na+, Mg2+, and Ca2+, and EC higher during the downward movement
but with a variability similar to the upward flux. An example of pressure heads vs. Cl− and Na+

concentrations observed at different stations, depths, dates, and flux directions is shown in Figure 6.
Post-hoc analysis revealed that Cl− and Na+ data found in soil water discriminate between stations

A, B, and C (p < 0.005), while groundwater data of stations A and C were not significantly different
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(Figure 3). The flux direction affected EC and ion concentrations at station C (EC, p = 0.004; Cl−,
p = 0.022; Na+, p = 0.005; Mg2+, p = 0.013; K+, p = 0.006; Ca+; p = 0.018), B (Na+, p = 0.031), and E (Mg2+,
Ca2+, p = 0.04) while no differences were found between upward and downward water movement
at stations A and D (Figure 5). Br− and SO4

2− demonstrated a conservative behavior, as they were
poorly affected by the position (Figure 4) and by the flux direction (Figure 5): Br− did not discriminate
between the stations, while SO4

2− discriminate only between groundwater data of stations A, B, and C
(p < 0.005).

Table 4. Spearman’s correlations between electrical conductivity (EC) and ion concentrations in soil
water (white cells) and groundwater (grey cells). Values range from −1 to +1 with larger absolute
values indicating a stronger relationship. Bold values indicate significant correlations (α = 0.05).

ECw Cl− Na+ SO42− Mg2+ Ca2+ K+ Br−

ECw 1.00 0.92 0.91 0.33 0.60 −0.20 0.80 0.46
Cl− 0.81 1.00 0.97 0.18 0.50 −0.19 0.81 0.56
Na+ 0.84 0.86 1.00 0.02 0.52 −0.31 0.93 0.58

SO4
− 0.38 0.34 0.24 1.00 0.56 0.52 −0.06 −0.03

Mg2+ 0.72 0.65 0.74 0.55 1.00 0.46 0.65 0.36
Ca2+ 0.42 0.32 0.28 0.59 0.71 1.00 −0.13 −0.15
K+ 0.59 0.66 0.80 0.10 0.64 0.18 1.00 0.60
Br− 0.75 0.80 0.81 −0.20 0.61 0.22 0.72 1.00
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Figure 5. Pressure heads (hPa), Cl− and Na+ (mg L−1) concentrations observed at station C and B on
different dates. (A) station C, 30–50 cm flux; (B) station C, 50–70 cm flux; (C) station B, 30–50 cm flux;
(D) station B, 50–70 cm flux.
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Figure 6. Box plot of ion concentration distributions (logarithmic scale) during upward and downward
water movement for each monitoring station. Outliers are plotted as individual points. Letters refer
to post-hoc statistical analysis (Kruskal Wallis test). Different letters indicate significant differences
(α = 0.05) between ion and electrical conductivity (EC) movement along the soil profile. Lowercase and
capital letters were alternately used to distinguish between each pairwise comparison.

Significant relationships were found between soil (pH, EC, texture, carbon and nitrogen content,
and exchangeable cations) and water characteristics. Soil EC1:2 was positively correlated with water EC
(p < 0.0001) and the majority of ions, Cl− (p < 0.0001), Mg2+ (p < 0.0001), Na+ (p = 0.0001), Br− (p = 0.011)
and Ca2+ (p = 0.017), with Spearman’s correlation coefficients of 0.89, 0.87, 0.84, 0.81, 0.78, and 0.59,
respectively. Moreover, a strong correlation was found between soil exchangeable Na+ and water Na+

(p = 0.003), Cl− (p = 0.019), K+ (p = 0.048), and EC (p = 0.039) with ρ equal to 0.7, 0.58, 0.52, and 0.5,
respectively (Table 5). Soil pH was positively related to water pH (ρ = 0.79, p = 0.0003) but not with
water ions.
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Table 5. Spearman’s correlations between soil and soil water chemical properties. Values range from
−1 to +1 with larger absolute values indicating a stronger relationship. Bold values indicate significant
correlations (α = 0.05).

Soil Water
Na+ Mg2+ K+ Ca2+ Cl− SO4

2− Br− ECw pH

Soil

Na+ 0.70 0.47 0.50 0.06 0.58 0.31 0.14 0.52 −0.19
Mg2+ 0.30 0.26 −0.04 −0.02 0.21 0.28 0.38 0.13 −0.63

K+ 0.59 0.26 0.58 −0.13 0.47 0.28 0.11 0.36 −0.12
Ca2+ 0.52 0.13 0.49 −0.18 0.43 0.04 0.35 0.23 0.11

CaCO3 −0.14 −0.21 −0.01 −0.04 −0.17 −0.42 −0.18 −0.12 0.61
EC1:2 0.81 0.84 0.36 0.59 0.87 0.18 0.78 0.89 −0.18

pH −0.28 −0.30 −0.08 −0.14 −0.26 −0.45 −0.13 −0.23 0.79

Principal component analysis (PCA) based on the correlation matrix was carried out for all water
samples collected during the three-year study. Most (84%) of the total variability was explained by
two principal components. Component 1 (PC 1) was the linear combination of Na+, Cl−, K+, Mg2+,
and Br− standardized variables and accounted for 60.9% of the variation in the dataset. Component 2
(PC 2) was the linear combination of SO4

2− and Ca2+ and accounted for 22.9% of the total variability
(Figure 5). Despite the fact that all station ellipses partially overlapped, the effect of the components on
station A, C, and D was evident. Station C, the closest to the lagoon, was represented by PC 1, while
PC2 was determined by the variability of stations A and D, both located in the southern part of the
study site. The sandiest stations B and E seemed not to be strongly discriminated between by the two
components (Figure 7).
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Figure 7. Biplot showing the principal component analysis (PCA) score plot overlaid with the loading
plot for principal component 1 (PC 1) and principal component 2 (PC 2). Each ellipse shows where 95%
of data of each station are expected to lie.

3.4. Ionic Ratios

Mg/Ca, Na/Cl, Cl/Br, and SO4/Cl molar ratios were calculated for both soil water and groundwater
and plotted with Cl− concentrations (Figure 8). Mg/Ca molar ratio typical of freshwater-seawater
mixing (i.e., values ranging between 1 and 5) resulted from samples collected at stations A and C,
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with values increasing with the Cl− concentration. The vast majority of samples collected at station
B, D, and E were characterized by a Mg/Ca ratio close to or lower than 1. In some cases, chloride
values typical of seawater intrusion were associated with a Mg/Ca ratio < 1 (e.g., Cl− equal to 3621
mg L−1 and a Mg/Ca ratio of 0.85 observed at station C). The same situation occurred for the Na/Cl
ratio, with station A and station C yielding values typical of freshwater-seawater mixing (i.e., values
ranging between 0.86 and 1) despite some cases showing Na/Cl ratio values typical of freshwater
(>1) but high chloride content. Station D showed Na/Cl ratio values lower than the seawater ratio
(<0.86), meaning that there was an excess of Cl− over Na+ ion. The Cl/Br ratio was highly variable
ranging from a minimum of 66 recorded in groundwater of station D to a maximum of 4746 recorded
in soil water of station C. Median values close to seawater ratio were found in groundwater sampled at
station A and C (i.e., 684 and 664) and were lower at station B (571 and 576), respectively. Groundwater
samples from station D and E were characterized by a lower Cl/Br ratio that corresponded to low Cl−

concentrations (i.e., Cl/Br ratio median values of 118 and 289, respectively). The SO4/Cl molar ratio was
almost constant at station C with values equal or lower than the seawater ratio (i.e., 0.05), particularly
in groundwater and soil water samples collected at 0.7 m bss (values ranging between 0.036 and 0.057),
while a slight increase in the ratio was observed in the shallowest layers with values from 0.081 and
0.099 at 0.5 and 0.3 m bss. The water samples collected at stations A, B, D, and E yielded SO4/Cl ratios
higher than the seawater value.
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4. Discussion

Many studies focused on understanding the hydrogeological setting of the coastland at the
southern Venice Lagoon. References [9,37] analyzed the exchanges between lagoon water and
groundwater using airborne electromagnetic and marine continuous electrical resistivity tomography
surveys. More recently, [38] characterized the long-term evolution of groundwater piezometric levels
in coastal confined aquifers of Venice, while the origin, extent, and dynamics of the salt contamination,
and their relation with the natural and anthropogenic forcing factors was deepened by [7]. However,
none of these studies focused on the unsaturated zone and on the hydrogeochemical dynamics involved
in seawater-soil water-groundwater exchange interactions.

The research demonstrated that soil water and groundwater were strongly affected by seawater
intrusion, with a major effect associated with Cl− and Na+ concentration (Figure 4). Two different
chemical components were identified from PCA: a first one formed by Cl−, Na+, Br−, K+, and Mg2+

and a second one composed by SO4
2− and Ca2+ (Figure 7). The first component varied across the

field according to the soil properties and the distance from the coastline, while the second one was
more homogenous and did not vary across monitoring stations. This agrees with the results obtained
by [18,19] who defined Br− and SO4

2− as conservative tracers, since they were not involved in soil
exchange interactions. In contrast, cation exchange reactions due to salinization and freshening
processes cause depletion or enrichment of water Na+, K+, Ca2+, and Mg2+ [39].

Seawater intrusion-driven water quality was noticeable at station C, the closest to the coastline,
characterized by the highest elevation and shallowest water table. The 0.6–0.8 m soil layer was
saturated throughout nearly all of all the study period and the water table frequently reached a
0.5 m depth bss. Both soil water and groundwater were characterized by high Cl− and Na+ contents
and anions Cl− > SO4

2−. The majority of 0.7 m and groundwater samples were characterized by
Na > Mg > Ca > K that equal the sequence found in seawater [3]. In contrast, water samples collected
at the top layers were characterized by the cation sequence Na > Ca > Mg > K with the excess of Ca2+

over Mg2+, which can be explained by the soil calcareous parent materials [17]. This was confirmed
by Mg/Ca ratio values that showed medians lower than seawater ratio (<1) at 0.1, 0.3, and 0.5 m bss,
and median values typical of freshwater-seawater mixing at 0.7 m bss and in groundwater (>1) [23].
The SO4/Cl and Cl/Br ratios also reflected the effect of seawater intrusion in groundwater being about
0.05 and 664, respectively. Moreover, Cl/Br ratio reflected the effect of both freshening processes
(e.g., during rain events) that lowered its value (<500), and salinization events (e.g., dry deposition
of marine aerosol) that increased its value (>800) [19]. Moreover, the ionic concentration was higher
during the upward water movement (Figure 5), demonstrating that soil water salinity mostly originated
from the brackish groundwater.

Station B and E were mainly characterized by mineral soil-driven water quality. They were both
located in the coarser portion of the paleochannels, in the site-specific management unit III identified
by [24] and characterized by high sand percentage, high bulk density, and low SOC. Soil water and
groundwater were characterized by low salinity, as a result of the high percolation and low CEC of
the sandy soil [24,40]. Ca2+ was the most abundant cation in soil water samples, while Na+ > Ca2+

was found in groundwater samples, meaning that seawater was able to sporadically intrude into
groundwater. This was confirmed by the highest Cl−, Na+, Mg2+, and K+ concentrations observed
during the upward water movement. Low values of the Mg/Ca ratio and high values of the Na/Cl ratio
relative to seawater may be caused by high CaCO3 content in soil (Table 3) and its dissolution [17].

Stations A and D were located in peaty, acidic, and moderately saline areas [24,29]. The pH between
5.4 and 6.3, low carbonates, great organic carbon content, high concentration of dissolved SO4

2−,
and the tidal origin of the area suggested that those stations were located in a potential acidic sulfate
environment where the presence of dissolved SO4

2− was a consequence of oxidation and rewetting
of acid sulfate horizons formed under waterlogged conditions and exposed to aerobic conditions
after their reclamation [41,42]. The strong relationship between those stations, SO4

2−, and Ca2+ was
demonstrated by the PCA (Figure 7). The soil pedogenesis suggested by SO4

2− observations was also
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confirmed by the high concentration of soluble salts found in both stations that is typical of tidal and
recently reclaimed sulfidic soils subject to prolonged flooding by seawater [41]. Post-hoc statistical
analysis revealed that the stations were no different for ion concentrations of soil water, while the major
ions characterizing seawater discriminated between the station groundwater (Figure 4). Station A
was located in a silty area, soil water salinity was mainly driven by SO4

2− anion, while groundwater
salinity was saltier and dominated by Cl−. The opposite situation occurred at station D, located in a
sandier area, where SO4

2− > Cl− and Ca2+ > Na+ were observed in groundwater, while Cl− > SO4
2−

in soil water. The greater SOC presence at station D and the coarser texture may explain the great
presence of SO4

2− and Ca2+ in groundwater, while the fine texture observed at station A increased
the capacity of soil to retain SO4

2− anions. The excess of Ca2+ observed in groundwater of station D
was probably caused by the dissolution of CaCO3 in the soil following acidification [39], while the
excess of Na+ found in soil (Table 3) could be explained by the presence of peat and by its ability to
retain cations [43]. Cl/Br medians of station A were typical of those found in coastal areas affected
by seawater intrusion [19], while Cl decreased with soil depth at station D, causing the decrease of
Cl/Br medians.

5. Conclusions

The hydrogeochemical processes involved in the seawater intrusion phenomenon were
investigated to point out the major threats to groundwater quality and farmland productivity near the
Venice Lagoon.

The applicability of ionic ratios as tracers for the identification of saltwater contamination was
validated and implemented by studying the origin of both groundwater and soil water salinity.
This approach allowed a precise characterization of the study site distinguishing between the degree
of contamination of soil and groundwater.

Soil and water chemical characteristics confirmed that the study site was strongly affected by
seawater intrusion, although different dynamics were identified. Two main contamination processes
were pointed out: salinization directly linked to seawater intrusion and salinization mainly derived by
the interaction between peaty soil and salts. In the first case, soil and groundwater were dominated
by Cl− and Na+ ions and characterized by ionic ratios typical of this process, while the interaction
between high SOC and salinity determined an excess of SO4

2− ion in the peaty areas. A different
situation occurred in the coarser locations, where the low CEC promoted percolation so that seawater
ions were easily leached, and ionic ratios were similar to those found in freshwater.

Results suggested that reclaimed marshes near the Venice Lagoon have the potentiality to
become an acidic sulfate environment. Toxicity and deterioration of soil properties associated with
seawater intrusion could be worsened by chemical limitations associated with acid sulfate horizons
(i.e., aluminum toxicity and nutrient deficiencies). Under these conditions, the range of crops that
could be grown would be severely restricted and yield would be drastically reduced.

The adopted methodology could be extended to further characterize the spatial variability of
soil salinization in the entire northern Adriatic coast and in other regions with similar characteristics
(e.g., coastal low-lying plains). Moreover, this approach would allow to outline best strategies for the
management of saltwater contamination depending on the salt origin: the installation of infrastructures
preventing salt intrusion from the sea or lagoon to the farmland, rather than strategies promoting
leaching and pH correction in the case of processes linked to peat presence. Future research is also
needed to investigate the relationship between peaty soils typical of reclaimed areas and seawater
intrusion, and to further confirm the possibility that those soil become sulfidic.
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