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e Salinity origin of coastal aquifer using
Cl™ and Br™ in sediment cores

e Concentration profiles combined with
depositional facies improved conceptual
model

e A salinized site near Venice is used to
test the methodology.
e Actual, paleo seawater and evaporites
were the main salinization sources. High resolution vertical CI/8r
. .. and depositional environments ==
o Simple salinity measurements may pro- revealed different origins -
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ARTICLE INFO ABSTRACT

Editor: Jurgen Mahlknecht Groundwater salinization can be natural and anthropogenic in origin, although it often results from a combi-
nation of both, especially in low-lying coastal regions that are hydraulically controlled. This study proposes a

Keywords: method to assess the origin of salinity using environmental tracers in porewater, like CI~ and Br™, combined with

CI"/Br™ molar ratio depositional facies associations detected in sediment cores. Such integrated approach was tested in a target area

Sediment porewater
Aquifer salinization
Depositional environments

south of the Venice Lagoon (Italy), where groundwater salinization is triggered by multiple mechanisms due to
the complexity of the hydro-geomorphological environment. Batch tests were performed on sediment core
samples from boreholes to quantify major anions and total inorganic N. CI~ and Br~ porewater concentrations
coupled with sedimentary facies association provided insights into the origin of groundwater salinity from a
variety of sources, including past and present seawater intrusion, agricultural leaching, and evaporites. The
strengths and limitations of the integrated approach are discussed to provide a pathway for improving water
resource management and planning measures to prevent groundwater salinization in coastal areas.
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1. Introduction

One of the most widespread and alarming phenomena affecting
coastal areas is the progressive salinization of freshwater resources (Li
et al.,, 2020). Groundwater salinization occurs at local and regional
scales and may have diverse origins (Manivannan and Elango, 2019;
Wen et al., 2005). In many cases, it is plausible to assume that seawater
intrusion is involved, especially in lowland coastal areas because of
small head gradients combined with drainage management. In addition,
groundwater depletion where human activities are concentrated (Ashraf
et al.,, 2017; Wu et al., 2013) and climate change, such as sea level rise
(Da Lio and Tosi, 2019) and extended periods of below-average rainfall
(Mastrocicco and Colombani, 2021), are exacerbating groundwater
salinization. However, other natural salt sources or human activities
may cause groundwater salinization (Cartwright et al., 2004). Evapo-
ration, evaporite leaching, mobilization of salts stored in the unsatu-
rated zone, infiltration of sewage polluted surface waters, slow-moving
saline/salt waters of marine origin, highly mineralized waters from
geothermal fields, sea spray, hyper-filtration from aquitards, and agri-
cultural practices are the most significant salt sources/processes globally
recognized (Barbecot et al., 2000; Li et al., 2020). Paleo-seawater is also
common in coastal plains, both in confined aquifers (Barbecot et al.,
2000; Montety et al., 2008) and, at least at patches, in shallow Holocene
aquifers (Caschetto et al., 2016; Giambastiani et al., 2021; Kuang et al.,
2015; Tran et al., 2012).

For cost-effective management of water resources, it is important to
understand the mechanisms that control the exchange of fresh and salt
waters, including the vertical variability of groundwater salinity, to
calculate the amount and the direction of saline groundwater seepage in
lowland coastal areas (de Louw et al., 2010). To monitor the variability
of the saltwater-freshwater interface in unconfined aquifers, the
profiling of electrical conductivity (EC) recorded using data loggers in
fully screened wells is a widespread practice. Nevertheless, this tech-
nique has some drawbacks due to intraborehole mixing processes that
could alter the saltwater-freshwater interface and redox gradients
(Mastrocicco et al., 2012; Shalev et al., 2009). As recently shown by
Cavallina et al. (2022), the morpho-stratigraphic variability of the
Venice coastal plain can be a key factor in the distribution of ground-
water salinity. Here, small lithological variabilities were found to
constrain the groundwater dynamics, affecting the freshwater-saltwater
exchange. The same results were found in the southern portion of the Po
Delta (Italy), where back barrier depositional facies were linked to a
significant increase of groundwater salinity at shallow depths (Colom-
bani et al., 2017; Di Giuseppe et al., 2014). In absence of dedicated
multi-level samplers, to prove the concept express by Cavallina et al.
(2022), a viable technique is the porewater extraction from sediment
cores via batch experiments (Jiao et al., 2010). Batch experiments can be
used to investigate the origin of groundwater salinity, especially
analyzing non-reactive species such as chloride (Cl™) and bromide (Br™)
that are not involved in redox reactions and thus could be considered
environmental tracers (Cook and Herczeg, 2012).

The aim of this study is to highlight the strengths and weaknesses of
porewater extraction as a method to assess the origin of salinity in
coastal aquifers. This is a pivotal step since a correct understanding of
the different sources of salinity may lead to a well-balanced water re-
sources management in coastal aquifers, while often only actual
seawater salinity is considered in management strategies (Hussain et al.,
2019). The southern coastal area of the Venice Lagoon (Italy) was
selected to test the proposed approach. For this purpose, sediment
samples were collected at different depths and locations in the study
area and the results from solute release in batch experiments were
validated through sedimentary facies associations and hydrogeological
information to unravel the salinity origin and the morpho-stratigraphic
control on groundwater circulation.
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2. Study area

The study area is located in the northern Adriatic coastal plain at the
southern edge of the Venice Lagoon (Italy), in a low-lying agricultural
region immediately south of the lower Brenta and Bacchiglione rivers
(Fig. 1). The physiographic features of this region are the result of a
combination of natural processes and human interventions, including
land subsidence (Tosi et al., 2016), river diversions (Parrinello et al.,
2021; Bondesan and Furlanetto, 2012), and hydraulic land reclamation
carried out in the first three decades of the last century (Frascaroli et al.,
2021). Due to the severe land subsidence associated with the oxidation
of peat deposits (Gambolati et al., 2005), land elevations are now be-
tween —4 and —1 m above sea level (a.s.l.). Only the riverbanks of
watercourses connected to the sea are a few meters a.s.l. The elevation
differences in the area, originally due to the morphology of ancient
marshes, lagoons, channel systems, coastal ridges, and coastal dunes
before hydraulic land reclamation (Rizzetto et al., 2003), have been
exacerbated in the last century by different land subsidence (Tosi et al.,
2016). This critical Polder-like morphology represents a major hydro-
geological hazard, especially for flooding and groundwater salinization
(Da Lio et al., 2015; Tosi et al., 2022), with serious environmental and
economic consequences (Torresan et al., 2012).

The water table is kept below sea level by a network of reclamation
canals connected to pumping stations that drain the excess water into
the lagoon, rivers, and sea. The water table fluctuates seasonally be-
tween 0.4 and 0.8 m below ground surface (i.e., between —2.4 and —2.8
m a.s.l.), depending on agricultural activities. The aquifer shows back-
ground values of EC ranging from 45 to 25 mS/cm, which decrease with
increasing distance from the lagoon southward (Lovrinovic et al., 2021).
Precipitation significantly mitigates the high background levels of saline
water in shallow unconfined aquifers, especially in the upper part of the
aquifer associated with the paleochannel and coastal paleoridge sys-
tems. The influence of daily tidal variations on groundwater salinity is
negligible, as is the influence on the water table since this is regulated by
pumping stations. Contra wise, the influence of the Brenta, Bacchi-
glione, and Canal Morto rivers is evident during prolonged drought and
high rainfall periods, with seawater ingression during droughts and
freshwater flushing in wet periods.

The hydro-stratigraphic architecture in the study area is made up of
sedimentary deposits of Late Pleistocene and Holocene age. The rela-
tionship between the subsurface architecture and the near-surface
portion of the aquifer system is shown in Fig. 1. The Pleistocene sedi-
mentary sequence is associated with the sea-level lowstand and consists
of alluvial sands, silts, and clays deposited during the Last Glacial
Maximum (LGM) (Donnici et al., 2012) when sea level was roughly
110-120 m lower than today (Storms et al., 2008). The uppermost
Pleistocene aquifer consists of fluvial sands bounded above by a
regionally extensive aquiclude of overconsolidated clayey deposits, a
paleosol called Caranto (Donnici et al., 2011). The Holocene deposi-
tional units comprise a thin sedimentary sequence related to marine
transgression, consisting of back barrier deposits, which is overlaid by
the marine highstand sedimentary sequence. This sequence is related to
the progradation of fluvio-deltaic systems, and consists of prodelta, delta
front/littoral and delta plain/lagoon deposits (Zecchin et al., 2009; Tosi
et al., 2009). The most important phreatic aquifer is associated to the
littoral deposits, which extend on a regional scale. Other aquifers of local
extent are associated to paleochannel systems and ancient littoral ridges.

3. Materials and methods

Nine sediment cores (MoST1, MoST2, MoST3, MoST4, MoST5,
MoSTN, MoSTS, MoSTE, MoSTW) were provided by the EU projects
MoST and SeCure. The locations of the cores were chosen to capture the
variability of the subsurface on a local scale, including the paleo-
channels and interbasins shown in Fig. 1. The selection of samples for
each core was done in the field, collecting a sample at each macroscopic
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Fig. 1. (a) Satellite image of the study area showing the locations of MoST wells and sediment cores. The main sandy geomorphological structures are highlighted in

yellow. (b) Geological cross-sections showing depositional units.

change in grain size, color, or presence of fragments (shells and/or
vegetation).

Analysis of sedimentary cores in terms of lithology, grain size,
sedimentary structures, color, and sorting as well as the presence of
fossils, vegetal remains, and bioturbation, allowed the identification of
facies associations (FA), each revealing different paleoenvironments
(Cavallina et al., 2022). For the purposes of this paper, the facies asso-
ciations described by Cavallina et al. (2022) have been grouped into the
units Ul, U2, U3 and U4 (Table 1). This simplification allowed a sta-
tistical representativeness of the data per unit, while maintaining the
overall significance of the depositional environments where sediments
were settled.

Sediment samples for the batch experiments were selected along
cores to represent the stratigraphic distribution of the subsurface. They
were stored in sediment boxes and subsampled in the field at each
relevant macroscopic change in grain size, and then transported in the
laboratory for analyses.

Batch leaching experiments were performed using the saturation soil
extraction (SSE) method described by Schuwirth and Hofmann (2006)
using deionized water (EC 10 + 2 pS/cm, pH 6.5 &+ 0.01, ORP 150 + 10
mV) as liquid phase, while samples from sediment cores were used as
solid phase. Batches were performed with a liquid/solid (L/S) ratio of
5:1 and the contact time was set at 80 days to allow the solid matrix to
reach equilibrium with the liquid phase. Each batch was carried out in a
Kartell container with a rectangular bottom (3.9 cm x 4.5 cm) and a
height of 8.5 cm, which had a double stopper to seal off its content from
the outside. To prevent algal growth, batches were kept in the dark, and

in a temperature-controlled environment (25 °C £ 1 °C) and not stirred
to mimic aquifer conditions.

TDS and pH (Supplementary dataset) were monitored each week
using a HANNA multiparametric probe (HI98194) to check when
equilibrium among solid and liquid phases was reached. The probe was
calibrated before each measurement set for EC, pH and ORP using
HANNA solution standards and the conversion factor among EC and TDS
was 0.66 (APHA, 2017). While TDS or salinity are affected by reactions
like mineral dissolution or organic matter oxidation, CI~ and Br~ ions
can be used as tracers to determine: i) the source of salinity in ground-
water (Lorenzen et al., 2012; Park et al., 2005), ii) the genesis of deep
saline waters, and iii) the degree of deep brines development (Stober and
Bucher, 1999). ClI” and Br~ are typically non-reactive ions because
neither redox reactions nor low solubility minerals affect their contents.
Consequently, the C1”/Br™ ratio must remain constant when Cl™ and Br™
originate from the same source (Alcala and Custodio, 2008). This may
help to distinguish between anthropogenic and natural causes of sali-
nization (Hudak, 2003). After 80 days, water samples were collected
from the batches and filtered to be analyzed for F~, Cl, Br~, NO3, NO3,
SO%’, and PO;~ with an ICS-1000 Dionex-ThermoFisher ion chroma-
tography system equipped with an isocratic dual pump, an IonPac
AS14A 4 x 250 mm column, an AG14A 4x50mm pre-column, and an
ASRS-Ultra 4-mm self-suppressor for anions. NHj was quantified via
Pharmacia 300 UV/VIS spectrophotometer with a Nessler reagent
(Hach-Lange, UK). Mineral N was calculated summing the concentra-
tions of NO3, NO3, and NHJ. Quality control (QC) samples were run
every ten samples. The standard deviation for all QC samples run was
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Table 1

Correspondences between the facies associations of Cavallina et al. (2022) and
the unit associations used in the present work, with the number of samples
collected.

Facies association Description Units in the present
from Cavallina et al., work and number of

2022 samples

Fa7 Peat and peaty clay layers of
wetland areas. Back-barrier
deposits

Fa6 Medium to fine sand, laminated,
containing shell fragments and
plant remains, with a lenticular
geometry base. Lagoonal (tidal)
channel deposits

Fa5 Well sorted, fine to medium sand,
with abundant shells. Littoral
deposits

Fa4 Alternation of clayey and sandy silt
with thin layers of fine laminated
sand, with sparse mollusk shells.
Prodelta deposits

Fa3 Silt to silty sand deposits with
coarse-grained sediments and shell
lag above the erosive base.
Transgressive back-barrier deposits

Fa2 Clay to silty clay layers showing
evident signs of pedogenesis.
Alluvial pedogenized deposits
referable to the Caranto paleosol

Fal Medium beds of micaceous silty
sand alternate with silt, with
vegetal remains and roots. Alluvial
deposits

Ul (25)

U2 (37)

U3 (32)

U4 (9)

better than 4 %, whereas the accuracy which was 5 % for anions and 3 %
for NHJ, reported as the average of the relative differences between the
measured and known standards.

Porewater concentrations Cp,, were calculated using the following
formula:

Cpy = d""C(&) )
n

where d is the dilution factor due to the batch L/S; C is the concentration
of the analyzed species in the liquid phase, pj is the dry bulk density of
the sample, and n is the total porosity of the sample. To assess the
HI98194 probe stability, ever ten measurements in batches the probe
was immersed in a calibration solution for QC. The accuracy of the batch
measurements was +1 % of reading for TDS, +0.02 for pH and +1.0 mV
for ORP. The accuracy of d, pp and n parameters was approximately +1
% each, thus the overall uncertainties never exceeded 45 % of the re-
ported values for TDS, pH and ORP and never exceeded +8 % for the
Cpw- The end-members of non-reactive freshwater-saltwater mixing
were the chemical composition of the Po River, Adige River, Venice
Lagoon, and Adriatic seawater sourced from Colombani et al. (2017) and
Gattacceca et al. (2009), which were used to infer different salinization
mechanisms. The Cl™/Br~ evaporation line was derived via linear
interpolation over rain samples and U3 samples.

4. Results and discussion
4.1. Monitoring of TDS and pH

Equilibrium between the solid and liquid phases was achieved after
40 days, as testified by the negligible variations in TDS C,, and pH
values (Fig. 2). The TDS Cp, and pH values during the monitoring period
are shown in Fig. 2a for the samples with the highest SO~ and in Fig. 2b
for the samples with peat content. Despite here only few samples are
shown, all the others behaved in a very similar way, with a sharp TDS
increase at the beginning followed by a plateau. All the data are reported

Science of the Total Environment 905 (2023) 167058

in the Supplementary dataset.

In Fig. 2a, the samples show a similar decreasing pH trend and a
corresponding increase of TDS due to the SO3™ released by mineral
phases, like pyrite or gypsum. Pyrite is the main candidate for SO3~
release since it is largely present in the Caranto paleosol (Donnici et al.,
2011) and ubiquitous in subsurface organic sediments of the Po plain
(Amorosi et al., 2002; Di Giuseppe et al., 2014), while gypsum is seldom
found in such depositional environments (Amorosi et al., 2002). In fact,
pyrite oxidation was enhanced by the following reaction under basic
conditions (Bonnissel-Gissinger et al., 1998), since pH values of the
batches were generally between 7.5 and 8.5 during the monitoring
period:

2FeSy () +3.50, + H,O—Fe*" +250; +2H" 2

From day 40 to 60, pH showed a slight increase due to the buffering
effect of the Caranto paleosol (Donnici et al., 2011).

The peat samples have extremely low pH values (Fig. 2b), which can
be attributed to the release of volatile and organic acids (Shotyk, 1988).
Accordingly, the release occurred during the first days of monitoring
after which TDS reached equilibrium values. The high release of SO~ in
these samples was due to the batch oxidative environment. In fact, be-
sides triggering pyrite oxidation, the biodegradation of phenolic com-
pounds present in the peaty horizons may have been accelerated by the
presence of oxygen (Freeman et al., 2004). Through this process, SO~
esters present in the peat matrix and bound to humic molecules can be
converted into SO%_ (Chapman and Davidson, 2001).

4.2. Salinity origins

TDS values much higher than the actual mean Adriatic seawater
salinity (i.e., 35,190 mg/L as reported by Grilli et al., 2020) have been
measured for many samples even at shallow depths of about —4.0 m a.s.
1. While Cl™ Cpy, are generally lower than those of the actual mean
Adriatic seawater (19,800 mg/L as reported by Colombani et al., 2017),
and consistent with the mean Cl~ concentration of Mediterranean Sea
(Khaska et al., 2013).

According to the relationship between TDS and Cl~ (Fig. 3a), the
samples are not aligned along the sea-lagoon-freshwater mixing line, but
they are all shifted above it, except for few cases. This means that TDS is
not always related to chlorinity. The relationship between TDS and SO%~
(Fig. 3b) is a further confirmation of this finding, as the samples are
almost entirely distributed below the freshwater-seawater mixing line.
Here, the far higher than expected SO%~ Cpw are due to the pyrite and
organic matter oxidation that occurred in the oxidative environment of
the batch experiments. Thus, the major limitation of simply using TDS
values derived from the porewater to distinguish among actual and
paleoseawater or evapoconcentrated waters is the possible oxidation of
organic materials that could bias the results in batch experiments.

The most superficial samples, related to delta plain/lagoon deposits,
have higher Br~ and lower Cl~ values than the actual Adriatic Sea-
Freshwater mixing line (U1 in Fig. 4a); therefore, the origin of Br™ is
not marine but agriculturally derived (Samantara et al., 2015). In
addition, most of the deep samples fall within the evaporation line
rather than falling along the actual Adriatic Sea-Freshwater mixing line.
This suggests that actual seawater intrusion is not the major driver of
groundwater salinization, while other processes play a non-negligible
role.

To identify the different endmembers and to disentangle the various
mixing processes, the classical plots of CI"/Br~ vs Cl7, and Br~ vs
Br x10%/Cl™ have been used. The Cl1~/Br~ molar ratio of the Adriatic
seawater samples (red crosses in Fig. 4b) is relatively scattered
compared to the oceanic mean seawater of 655, due to the Po River's
seasonal freshwater discharge that smooths the salinity of the Adriatic
Sea close to the Po River delta (Artegiani et al., 1997). Only a few
samples in this study had Cl"/Br~ ratio values attributable to the
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seawater or lagoon water intrusion and their mixing with freshwater
endmembers (highlighted by the red arrow in Fig. 4). The deeper sam-
ples associated with LGM deposits (U4) and prodelta Holocene deposits
(U3) are aligned at Cl"/Br~ 900 + 80 (Fig. 4b), as previously noted by
Colombani et al. (2017), which has been related to the intrusion of
paleo-seawater and mixing with evaporitic layers. Those with an
extremely low Cl™/Br~ ratio are instead linked to recharge of agricul-
tural leaching, as attested by their shallow depth and the association to

the youngest unit of the delta plain/lagoon deposits, while a few shallow
samples encompassed high evaporation and are mixed with manure (U1
in Fig. 4b). These results are consistent with the management of this land
that has been intensively cultivated since the late 1970s (Cavallina et al.,
2022). Samples with extremely high Cl”/Br™ ratio found in U4 were
linked to halite dissolution, very poor in Br~ (Herrmann, 1972),
formerly precipitated in lagoonal and marsh environments character-
ized by shallow ponds in a drier than actual climate, plausibly during the

o 10000
Cl (mg/L)
Fig. 3. Batches' water samples: a) TDS (mg/L) vs CI~ (mg/1); b) TDS (mg/L) vs SOF~ (mg/1). The black dotted lines indicate the Sea-Lagoon-Freshwater mixing lines,
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post LGM marine transgression. Mixing processes have then diluted the
original hypersaline waters with recharge waters. In fact, most samples
are located between the evaporites leaching box and the Adriatic
seawater samples (Fig. 4b).

Further validation that most of the salinity do not originate from
actual seawater intrusion and not even from recently evaporated waters
from the Venice lagoon but is rather due to paleosalinity (for the deepest
samples) and mixing of different sources (for the shallow samples) is
provided in Fig. 5a. In the Br™ vs Br x10%/Cl~ plot, the samples are not

aligned along the halite-seawater line experiment carried out by Sun
et al. (2019), which depicts the actual seawater evaporation trend.
Instead, they exhibited evapoconcentration trends like those found for
seawater evaporation, but starting from continental water (Zhang et al.,
2018). Since continental waters have much lower Br™ content respect to
seawater and higher Br'x10%/Cl™, they are aligned in a shifted line
respect to the actual seawater evaporation line. From Fig. 5b, it is
evident that the Br x10%/Cl~ molar ratio increased in the shallower
facies Ul compared to the deeper facies due to the anthropogenic input
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from agricultural activities, with a broad range of scattered values. In

contrast, in the deeper depositional facies U4 the values are much less

scattered, while facies U2 and U3 are also affected by mixing with actual

seawater.
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4.3. Hydro-stratigraphic model paired with salt origin

The ClI™ Cpy and ClI"/Br~ values have been analyzed in relation to

subsurface depth and facies units (Fig. 6) to depict a simple conceptual
model of freshwater-saltwater exchange coupled with groundwater
salinity origins. This conceptual model is also discussed to highlight the
strengths and limitations of sediment core batch analysis.
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The shallowest facies associated with reworked deposits and the
superficial facies of the morpho-stratigraphic sequence characterized by
peat and clays (lagoon/delta plain deposits of Ul) show the lowest
values of ClI™ Gy, (Fig. 6), due to the infiltrating freshwater from canals
and rainwater. The sandy deposits with medium-high permeability
(littoral and delta front deposits of U2) are instead characterized by high
variability, with increasing Cl~ C,,, downward. Moving downward, the
alternation of clayey and sandy silt with thin layers of fine laminated
sand with low permeability (mostly prodelta deposits of U3) exhibited
some peaks in C1~ Cyy, considering the trends of the overlying layer. The
silty and sandy deposits topped by overconsolidated clay deposits with
extremely low permeability (the alluvial LGM deposits of U4), again
showed a decrease in Cl~ Cp,, compared to U3.

The C1"/Br~ values show a more homogeneous trend along the core
profiles with respect to Cl~, with values around 900 as previously
described, except for the samples from the evaporitic layers, which show
remarkably high values. The recently recharged waters of agricultural
origin are located in the upper part of the aquifer and do not exceed —8
m a.s.l. Below the shallow (recent) groundwater lies a thin wedge of
actual seawater intruded in the most permeable layers at elevation
among —8 and —12 m a.s.l. Below this thin layer a mixing between
actual and paleo-seawater is present, while at the base of this lens can be
found the endmember of evaporitic origin comprised among —20 and
—22m a.s.l,, recognized only in 3 of the 9 cores analyzed. The latter has
contributed to salinizing the whole aquitard (U3) via diffusion pro-
cesses, given that the permeability of these sediments is low due to its
silty matrix. When in doubt if mixing waters were from agricultural
sources or from peaty layers the mineral N was checked, and if above
500 mg/L it was ascribed to peat release (see Supplementary database
for the mineral N data), while PO%’ was of little use to delineate possible
agricultural sources since it was always below detection limits in all the
samples due to its low solubility in oxidizing environments (Di Giuseppe
et al., 2014). Also the F~ Cp, supported the evapoconcentration of
seawater with abrupt increases especially in U3 within low permeability

Canal Morto Bacchiglione Brenta Venice lagoon
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layers characterized by higher than actual seawater C1”/Br~ values (see
Supplementary database for the F~ Cpy), but given the high reactivity of
F~ the relationship was complex with peaks also in peaty horizons were
F~ may accumulate via adsorption or precipitation processes. Moreover,
the confined aquifer has a hydraulic head higher than the Adriatic Sea
and is therefore artesian in this area (Teatini et al., 2009). Thus, it can
support slow diffuse upward gradients that may have led to mixing
between the evaporitic porewaters and the less saline recharge waters
from rivers and rainfall. This behavior is quite common in layered
sedimentary coastal aquifers and aquitards characterized by polder-like
environments (Caschetto et al., 2016; de Louw et al., 2010; Kuang et al.,
2015). The same aspect was also stressed in study on the southern
Venice coastal aquifers (Gattacceca et al., 2009), where the authors
noted the importance of upward groundwater fluxes favored by the
network of reclamation channels, which in turn depressed the phreatic
water table.

Fig. 7 shows the overall conceptual model representing the exchange
between the watercourses and the groundwater, together with the
salinization mechanisms in the context of the hydrostratigraphic envi-
ronment units, i.e., the saltwater contamination from the deeper evap-
oritic layer, the circulation of fresh-brackish-salt water from the rivers
and toward the reclamation channels, and the present-day saltwater
intrusion from the Venice lagoon. From a hydrogeological point of view,
the groundwater head gradient is gently sloping from the Venice lagoon
and rivers toward the reclamation canals network (Fig. 7), continuously
drained by the pumping stations that pump back the water into the
rivers. This short-circuit allow brackish and saline waters of the Venice
lagoon to seep into the highly permeable sandy layers of U2 unit. While
the confined aquifer provides the vertical head gradient that allows the
slow upward migration of brines through the aquitard lenses of U3 and
U4 (Fig. 7).

Previous studies based on geophysical surveys (de Franco et al.,
2009; Teatini et al., 2011; Tosi et al., 2018; Viezzoli et al., 2010), water
monitoring (Carbognin and Tosi, 2003; Lovrinovic et al., 2021), and
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Fig. 7. Schematic sketch of the salinization mechanisms and origin in the studied area, based on the porewater profiles.
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numerical modeling (Teatini et al., 2009) in this area were pivotal in
delineating saltwater-freshwater relationships in both unconfined and
confined aquifers and the lateral extent and temporal variability of sa-
line groundwater, but they were unable to recognize different sources of
salinity. While a recent study (Zancanaro et al., 2020) performed in this
site using vadose zone data, highlighted the different origins of pore-
waters with two main sources: i) the actual seawater intrusion from the
Venice lagoon, and ii) the salinity derived from peaty sediments. The
Cl"/Br~ values found by Zancanaro et al. (2020) are in good agreement
with the ones here found at deeper depths and in distinct locations,
independently proving the results of this study.

The large-scale characterization via stable isotopes and Cl™/Br~
values of Gattacceca et al. (2009) recognized the relative importance of
evaporated groundwater endmembers. However, they were roughly
able to quantify the evaporated groundwater contribution due to the
long screen boreholes employed, that often obliterate the true aquifer
mixing processes. For this type of analysis, given the complex hydro-
stratigraphic setting and multiple sources of salinization, the employ-
ment of high vertical resolution multi-level samples is fundamental for a
better understanding of the salinization processes taking place in the
area. In absence of dedicated multi-level samplers monitoring wells, the
proposed strategy of analyzing Cp,, via batch experiments and compare
them with the unit associations may allow to distinguish among paleo
and actual seawater origins, while standard integrated depth sampling
often led to biased or even misleading conceptual models of coastal
aquifer salinization (Colombani et al., 2016). This could provide crucial
information for the development of numerical transport models that
could support local authorities in the proper management of the water
resources (Huang and Chiu, 2018; Werner and Gallagher, 2006) also in
view of the predicted decreased recharge in Mediterranean coastal areas
(Busico et al., 2021). Limitations of this method arise from the avail-
ability of continuous core logs and their sedimentological/strati-
graphical interpretation and from the batches' oxidative environment
that may alter the C,, TDS. Although, this could be overcome by using
environmental tracers like CI™ and Br™ not affected by redox reactions,
or alternatively preserving the redox state of sediments via Ny flushing
and anaerobic incubations (Jiao et al., 2010), but the latter technique is
extremely expensive and need highly specialized equipment.

5. Conclusions

This study shows that more than one hydrologic process contributes
to groundwater salinization of the Venice lagoon coastal aquifer. Here,
Br~ and Cl™ porewater concentrations coupled with the analysis of
depositional unit associations helped to determine the different sources
of salinity. The Br/Cl molar ratio and its reciprocal detected in the
shallower samples showed that the causes of groundwater salinization in
the shallow aquifer are most likely due to agricultural activities and not
to the actual seawater intrusion, while the actual seawater wedge forms
a thin layer of 2-3 m between the agricultural water (at the top) and the
evaporated paleowater (at the bottom). The main limitation of this
approach concerns the biased TDS values derived from the porewater,
which were affected by the oxidation of peat and pyrite in the batches.
Therefore, only non-reactive environmental tracers shall be used to
delineate salinity profiles of porewaters.

In summary, the proposed approach has been designed to determine
the origin of groundwater salinity in coastal areas to discriminate among
actual seawater intrusion and other causes, such as trapped paleo-
seawater or evapoconcentrated salts (halides) in transitional environ-
ments. The results of this study provide useful information to properly
understand and manage groundwater salinization in coastal aquifers
where actual seawater intrusion is often erroneously considered to be
the main driver, leading to misguided land management policies that do
not correctly address and effectively minimize the issue of salinization.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.167058.
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