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Abstract

This study investigates the salinization processes affecting the coastal aquifer within the
Torre Guaceto State Nature Reserve, a Mediterranean coastal area characterized by a unique
ecological value of a brackish wetland threatened by water-intensive agricultural activ-
ities. Groundwater salinization threatens biodiversity, agriculture, and water resource
sustainability. This work integrates hydrogeological monitoring, geochemical and iso-
topic analyses, and geophysical surveys to understand salinity dynamics and identify key
drivers, such as seawater intrusion, irrigation practices, and climate change. Data collected
during monitoring campaigns from 2022 to 2024 reveal significant seasonal and spatial
variations in groundwater salinity influenced by natural and human-induced factors. The
results indicate that salt recycling from irrigation and marine spray deposition are impor-
tant local contributors to groundwater salinity, in addition to seawater intrusion. These
findings highlight the urgent need for integrated groundwater management approaches
considering the combined effects of agricultural practices, irrigation water quality, and
climate variability tailored to Mediterranean coastal ecosystems.

Keywords: groundwater resources management; coastal aquifer; wetland; groundwater
salinization; groundwater monitoring; Mediterranean environment

1. Introduction

Coastal aquifers are vital groundwater resources that sustain human populations and
ecosystems in some of the world’s most densely populated and economically significant
regions. Positioned at the interface between terrestrial and marine environments, these
aquifers exhibit a delicate balance where freshwater and saltwater interact dynamically [1].
Their importance extends beyond providing water for agriculture, industry, and domes-
tic use, as they support crucial ecosystems like wetlands, estuaries, and coastal lagoons.
These environments are biodiversity hotspots and deliver essential ecological services [2—-4].
Despite their importance, coastal aquifers are among the most threatened hydrological
systems globally. Groundwater salinization has emerged as a critical concern, jeopardiz-
ing the sustainability of these aquifers and the communities and ecosystems that depend
on them, as well as reflecting the complex interplay between natural and anthropogenic
processes [5-7]. This phenomenon occurs due to processes like seawater intrusion, the
dissolution of geogenic salts, and agricultural practices such as irrigation with saline water.
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The resulting impacts include degraded water quality, reduced soil productivity, and eco-
nomic losses, particularly in agriculture [8]. Seawater intrusion is recognized as the primary
driver of salinization in coastal aquifers. Excessive groundwater extraction disrupts the
natural hydraulic equilibrium, allowing seawater to encroach into freshwater aquifers. The
severity of this process depends on factors such as aquifer geometry, extraction rates, local
hydrological conditions, and climate anomalies [9]. Beyond seawater intrusion, agricultural
activities further exacerbate the issue of salinization. Over-irrigation with saline water and
the excessive use of fertilizers lead to salt accumulation in soils. These salts percolate into
underlying aquifers during recharge events, especially in semi-arid regions. Additionally,
atmospheric deposition of marine aerosols contributes to salinization, particularly in coastal
zones. The threat to coastal aquifers is amplified by global change. Rising sea levels, one
of the most evident consequences of global warming, intensify the risk of seawater intru-
sion, especially in low-lying coastal areas [4]. Moreover, changes in precipitation patterns,
prolonged droughts, and elevated evapotranspiration rates further strain these aquifers by
reducing freshwater recharge and concentrating salts [10]. These climate-induced shifts
pose complex challenges for water resource management, particularly in regions grappling
with water scarcity [5]. The consequences of salinization extend to the health of coastal
ecosystems. Wetlands, often hydraulically connected to coastal aquifers, rely on freshwater
discharge to maintain their ecological state. The saltwater intrusion into these systems dis-
rupts vegetation patterns, reduces habitat quality, and alters nutrient cycling, jeopardizing
biodiversity and ecosystem resilience [1-3]. These changes compound existing pressures
on coastal ecosystems, including habitat loss, pollution, and land-use changes. Addressing
the salinization of coastal aquifers requires a multifaceted approach, combining scientific
research, technological innovation, and policy interventions. Scientifically, a comprehensive
understanding of salinization processes is crucial for crafting effective management strate-
gies. This necessitates the integration of disciplines such as hydrogeology, geochemistry,
geophysics, and climate science [11,12]. Policy measures such as regulating groundwater
extraction, promoting sustainable irrigation, and encouraging the reuse of treated wastew-
ater are equally critical for mitigating salinization and ensuring the sustainable use of
groundwater resources. Despite advancements, numerous challenges persist in managing
coastal aquifers effectively. Developing integrated approaches that balance competing
water demands while considering the natural and anthropogenic drivers of salinization is
essential. Adaptive management practices, guided by continuous monitoring and analysis,
are particularly important for addressing the uncertainties posed by climate change and
socioeconomic developments.

The Apulia region in southern Italy is a noteworthy example of a Mediterranean
coastal area. Its extensive coastline and karstic geology make its aquifer systems vulnerable
to seawater intrusion and overextraction. With limited surface water resources, Apulia
has long relied on groundwater to meet agricultural, industrial, and domestic needs,
placing significant strain on its aquifers [13,14]. Despite these challenges, Apulia has
also been a hub for innovative water management strategies, including strengthening
monitoring networks, promoting scientific studies, implementing sustainable practices,
and drafting specific guidelines [15]. These efforts aim to provide a more comprehensive
understanding of aquifer dynamics and enable better decision-making for mitigating
groundwater quantitative and qualitative depletion.

This paper focuses on the Torre Guaceto State Nature Reserve along the Apulian
Adriatic coast of southern Italy as a case study for exploring salinization dynamics in
Mediterranean coastal aquifers. The reserve, encompassing a brackish wetland and adja-
cent agricultural lands, offers an ideal setting for examining the interplay of natural and
human drivers of groundwater salinity. Over the past two decades, the reserve has faced
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growing challenges from seawater intrusion, agricultural practices, and climate change. It
is a valuable case for studying salinization processes and testing potential management
strategies. This study presents a comprehensive assessment of the salinization dynamics in
the Torre Guaceto aquifer, integrating data from hydrogeological monitoring, geochemical
and isotopic analyses, and geophysical surveys conducted between 2022 and 2024. By
employing these methods, the study identifies the primary drivers of salinization, evaluates
their impacts on water resources and ecosystems, and proposes actionable recommenda-
tions for sustainable management. The findings enhance the understanding of salinization
in a Mediterranean coastal aquifer and offer insights applicable to similar contexts across
the region.

2. Study Area
2.1. Geographic Context

The Torre Guaceto State Nature Reserve, located along the Adriatic coast of Apulia
in southern Italy, is a protected natural area of ecological and cultural importance. It
extends over 1120 hectares, encompassing diverse ecosystems, including 8 km of unspoiled
coastline, Mediterranean scrublands, agricultural areas, and a 120-hectare brackish wetland
(Figure 1). This wetland, positioned at the terminal section of the Canale Reale basin, is
physically separated from the channel by artificial embankments to control water flow. It
is primarily fed by numerous perennial freshwater springs, with episodic surface runoff
contributing additional input during heavy rainfall events [16].
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Figure 1. Map of the Torre Guaceto State Reserve, illustrating the location of the wetland, Canale
Reale river, and surrounding ecosystems.

2.2. Geological and Hydrogeological Features

From a geological point of view, the study area falls within an important transition
zone, known as Soglia Messapica (Messapian threshold), between two structural domains:
the Murgia Plateau and the Salento peninsula. The Messapian threshold is a tectonically
disturbed area that has undergone multiple geodynamic and tectonic events involving the



Environments 2025, 12, 227

4 0f 23

carbonate basement. Hence, it is displaced in blocks bounded by normal sub-vertical faults,
predominantly oriented E-W and NNW-SSE [17]. From the bottom to the top, the following
geological units can be distinguished [18]:

e Limestone of Altamura (Cretaceous), forming the carbonate basement, made up of
calcareous and calcareous—dolomitic rocks, widely outcropping in the western part of
the study area. Clayey sediments, known as terra rossa, are broadly interspersed into
the carbonate formations;

e  Calcarenite of Gravina (upper Pliocene—lower Pleistocene), consisting of calcarenite
sediments having a variable cementation degree, outcropping in the central part of
the study area, with a thickness not exceeding 20-30 m;

e  Subapennine clays (lower Pleistocene) made of clay and sandy clay;

e  Terraced marine deposits (middle-upper Pleistocene) characterized by considerable
variations of facies but generally made up of yellow sands and a base level of marly
clays, and outcropping in the eastern part of the study area with a thickness not
exceeding 10-20 m;

e  Alluvial, marshes, and coastal deposits (middle-upper Pleistocene—Holocene) with a
small thickness and limited extension (Figure 2).
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Figure 2. (a) Geological map focusing on the main formations outcropping in the study area (modified
after [18]); (b) hydrogeological section.
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The main Torre Guaceto aquifer system is the deep aquifer hosted within the Cre-
taceous karstified and fractured carbonate rocks (Limestone of Altamura in Figure 2).
Rainfall infiltrating the inner part of the Murgia Plateau mainly contributes to the aquifer
recharge [19]. Groundwater flows towards the Adriatic coast and northwest Salento [20,21].
Freshwater floats on top of intruding saltwater, a natural condition aggravated by overex-
ploitation and climate change that triggers water salinization phenomena, evidenced by a
progressive migration of the salt wedge inland. Such observed salinization of the coastal
aquifer jeopardizes the wetland’s ecological integrity and local agriculture sustainability.
Finally, freshwater emerges as submarine and subaerial springs near the coast, contributing
to the Torre Guaceto wetland.

2.3. Ecological Significance

Ecologically, the Torre Guaceto Reserve is a vital component of Mediterranean coastal
ecosystems, exemplifying rich biodiversity and essential ecosystem services. Dense reed
beds dominate the wetland, playing critical roles in nutrient cycling, sediment filtration,
and habitat provision. These reed beds support diverse avian populations, including
migratory species such as herons, flamingos, and various duck species, positioning the
reserve as a crucial stop along the East Atlantic Flyway. The wetland’s designation as a
Ramsar site highlights its global significance in water purification, carbon sequestration,
and flood regulation. Furthermore, unique brackish water habitats within the wetland
sustain euryhaline organisms, such as fish and crustaceans, emphasizing its importance for
biodiversity conservation [22,23].

Surrounding the wetland, terrestrial landscapes comprise Mediterranean scrub vege-
tation featuring mastic trees, junipers, and wild olive trees, interspersed with agricultural
land dedicated to traditional crop cultivation. Historically, agriculture, particularly olive
oil production, has shaped the region’s economy, culture, and landscape. However, salin-
ization linked to seawater intrusion poses significant challenges. Altered groundwater
chemistry affects vegetation dynamics and soil health, threatening reed beds that underpin
the ecosystem’s resilience. Additionally, salinity reduces the agricultural viability of sur-
rounding land, compounded by marine aerosol deposition and irrigation practices using
saline groundwater [24]. Climate change exacerbates these risks, with rising sea levels
and shifting precipitation patterns intensifying groundwater salinization. Increased tem-
peratures and reduced aquifer recharge rates further jeopardize the ecosystem’s stability,
requiring adaptive management strategies.

2.4. Socioeconomic Context

In addition to its natural areas of undeniable ecological value, the Torre Guaceto Re-
serve encompasses agricultural zones dedicated to the traditional cultivation of crops such
as olives, vegetables (primarily artichokes and tomatoes), and wine grapes. Groundwater
is the primary irrigation source, enabling farmers to maintain productivity despite the
semi-arid Mediterranean climate. However, the increasing salinity of irrigation water has
led to reduced crop yields, particularly for salt-sensitive crops such as wine grapes. Farmers
have also reported signs of soil degradation, including increased alkalinity and reduced
permeability, which are linked to the use of saline water. Moreover, the Torre Guaceto
reserve has become a focal point for ecotourism. The area’s rich biodiversity and unspoiled
natural beauty attract visitors interested in birdwatching, hiking, and educational activities.
Revenue from ecotourism supports local conservation efforts, including monitoring pro-
grams and habitat restoration initiatives. However, the influx of tourists, especially during
peak seasons, has raised concerns about the pressure on the reserve’s natural resources,
particularly groundwater. The Torre Guaceto Management Consortium, which includes
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local municipalities and WWF Italy, leads efforts to balance conservation and human activ-
ity. Management strategies emphasize community involvement, promoting sustainable
agricultural practices and water-saving technologies. Initiatives such as organic farming
and the reuse of treated wastewater for irrigation are being explored as viable solutions to
reduce the reliance on groundwater extraction and mitigate salinity impacts.

3. Materials and Methods
3.1. Monitoring Network and Data Collection

In this study, we established a network of 19 private and public wells to systematically
monitor pH, temperature, electrical conductivity (EC), groundwater levels, and selected
hydro-geochemical parameters (Figure 3).
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Figure 3. Groundwater monitoring network in the Torre Guaceto area.

In addition to these routine measurements, a vertical temperature and EC log was
conducted in October 2023 in well TG14. The wells are situated at distances ranging
from 0.3 to 3.5 km from the coastline, with depths varying from a few meters to 20 m.
Furthermore, the monitoring network incorporates a surface water monitoring site located
within the largest pond in the area (Table 1).

Additional monitoring points were strategically selected to represent key natural
system end-members: fresh groundwater (FW) and seawater (SW). The FW site is located
approximately 8.0 km inland near the town of Carovigno, while the SW site lies just a
few meters offshore, at the seaward end of a transect perpendicular to the coastline that
intersects continuously monitored locations, i.e., TG14, TG19, and pond. A submersible
datalogger (CTD-Diver®—Van Essen Instruments, Delft, The Netherlands) was installed in
the latter sites to acquire long-term, real-time electrical conductivity, temperature, and water
pressure measurements. Finally, a barometer (BARO-Diver®—Van Essen Instruments, Delft,
The Netherlands) was installed for simultaneous barometric pressure and air temperature
measurements required to compensate for measurements from the CTD-Divers.
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Table 1. Torre Guaceto monitoring sites.
Name Type Sampling Coordinate  Coordinate =~ Ground lesri(:)a;ce ReIf)f:;l:ce Water Well
of Well X Y Elevation . . Table Depth *
Coastline  Elevation
DD DD m ASL m m ASL m ASL m BGL

TG02 Drilled Pump 17.76868 40.71023 15.0 1249.11 - - 20-25
TGO03 Drilled Pump 17.76114 40.69743 45.0 2803.94 - - 20-25
TGO05 Drilled Pump 17.77870 40.70656 12.0 1362.88 12.54 1.97 20-25
TGO06 Drilled Pump 17.77981 40.69978 19.0 1954.23 - - 20-25
TGO07 Drilled Pump 17.78053 40.70902 11.0 1077.18 - - 20-25
TGO08 Dug Bailer 17.77895 40.70864 11.0 1101.18 11.00 0.99 20-25
TG09 Drilled Pump 17.78948 40.70561 8.0 916.69 - - 20-25
TG10 Drilled Pump 17.79202 40.68557 21.0 2479.80 - - 20-25
TG11 Drilled Pump 17.80045 40.68493 20.0 2142.64 - - 20-25
TG12 Drilled Pump 17.77833 40.69913 19.0 2097.45 - - 20-25
TG13 Dug Bailer 17.76430 40.72195 13.0 319.52 13.48 3.17 20-25
TG14 Drilled Pump 17.77399 40.70342 15.0 1679.38 15.70 2.67 25.0
TG15 Drilled Pump 17.81530 40.69040 10.0 1054.38 - - 20-25
TG17 Drilled Pump 17.80936 40.69502 5.0 786.46 - - 20-25
TG19 Dug Bailer 17.78787 40.71197 3.0 590.20 3.35 1.75 4.0
Pond Pond Bailer 17.79516 40.71439 1.2 180.00 - 0.61 -

FW Drilled Pump 17.65795 40.69329 135.0 8286.00 - - -

SW Sea Bailer 17.79625 40.71597 0 0.00 - - -
BARO Air - 17.79978 40.71514 - - - - -

* The depths of wells TG14 and TG19 BGL are known. For the remaining wells, mostly equipped with pumps,
direct depth measurements were not feasible. The depths generally range between 20 m and 25 m BGL, according
to information provided by the well owners.

Several monitoring campaigns were carried out in different periods of the hydro-
logical year from April 2022 to July 2024. Some campaigns included only in situ water
level, temperature, and electrical conductivity (EC) measurements, while others involved
geochemical and isotopic sampling. Table 2 provides details of the number and type of
monitoring campaigns. The in situ EC (mS/cm, normalized to 25 °C) and temperature
(°C) were measured using a portable conductivity meter (HD 2106.2—Delta OHM, GHM
Group, Padova, Italy), while a phreatimeter was used for water levels. Finally, samples
were collected at the pump outlet after purging (dynamic samples) in the 11 wells equipped
with in-place pumps and using a bailer (static samples) in all the other monitoring points.

Table 2. Monitoring campaigns.

Campaign Period Type of Monitoring
On-Site Sampling
I April 2022 X
II June-July 2022 X
1 October-November 2022 X X
v January 2023 X
A% April 2023 X X
VI June 2023 X
vl October-November 2023 X
VIII January 2024 X X
IX July 2024 X

3.2. Geochemical and Isotopic Analyses

Water samples were analyzed for major cations (Ca, Mg, Na, K) and anions (HCO3,
Cl, SO4, NO3) by ICP-mass spectrometry and ion-exchange chromatography, respectively.
Furthermore, stable isotopes (5'80, §D) were measured. 180 /10 analyses were executed
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by a ThermoFinnigan MAT 252 IRMS (Thermo Fisher Scientific, Bremen, Germany). The
values have been reported as conventional delta notation, 5180, with a 0.1%o accuracy. The
D/ H isotope ratio was measured by laser atomic absorption spectroscopy on a Liquid
Water Isotope Analyzer—Los Gatos Research (ABB Group, San Jose, CA, USA). Isotopic
ratios have been reported by 6D %o referred to as the international V-SMOW standard with
a 0.1%o accuracy.

3.3. Integration of Meteorological Data

Daily precipitation data were used to examine the impact of climatic variations on
groundwater salinity. Precipitation records from the S. Vito dei Normanni (lat: 40.650;
long: 17.700; elev.: 121 m above sea level—ASL) and Brindisi (lat: 40.634; long: 17.917;
elev. 22 m ASL) weather stations, the nearest stations to Torre Guaceto within the Regional
Weather Monitoring Network, were sourced from the Regional Civil Protection Agency’s
website (data source: https:/ /protezionecivile.regione.puglia.it/bollettini-pluviometrici
(last access: 26 June 2025)). The daily average of the two timeseries was used to represent
the entire area.

4. Results and Discussion
4.1. Hydrodynamic and Physicochemical Characterization

Table 3 presents the main statistics of the physicochemical parameters measured at
each monitoring site during the campaigns carried out as part of this study. The pH
values in all the groundwater samples ranged from 6.9 to 7.4, indicating conditions close to
neutrality. Temperatures varied between 10.7 °C and 23.3 °C, while electrical conductivity
(EC) spanned from 2.0 mS/cm to 8.1 mS/cm, highlighting significant spatial variations in
groundwater salinity.

Table 3. Main statistics of the on-site measured parameters. The EC values reported in brackets
originate from a 2019 Torre Guaceto Consortium monitoring campaign. (*) Hydrochemical parameters
in samples from these monitoring sites were also analyzed at the CNR laboratories.

pH T (O EC (mS/cm at 25 °C)

Monitoring Site

n Mean min max n Mean min max n Mean min max
TGO02 * 2 7.2 7.1 7.2 5 18.9 185 19.2 5 3.2(3.5) 2.0 4.0
TGO3 * 3 7.1 7.1 7.2 5 18.9 184 198 5 6.7 (6.8) 6.5 6.9
TGO05 - - - - 3 19.7 19.3  20.0 3 6.5 (7.0) 6.3 6.8
TGO06 - - - - 2 19.1 19.0 19.1 2 6.6 (7.0) 6.5 6.7
TGO7 * 3 7.1 7.0 7.2 5 18.9 18.0 194 5 6.5 (6.7) 6.1 7.0
TGO08 - - - - 2 17.5 17.3 17.6 2 3.3(3.5) 3.1 35
TGQ9 * 3 7.1 7.0 7.1 4 19.1 179  20.0 4 7.0 (6.4) 6.7 7.3
TG10 * 2 7.1 7.0 7.2 4 16.8 10.7 19.2 4 3.3 (3.6) 3.2 3.4
TG11 - - - - 2 20.7 202 211 2 2.5 (2.4) 24 2.6
TG12 * 3 7.0 7.0 7.1 5 19.0 18.7 19.5 5 7.0 (7.3) 6.6 7.5
TG13 - - - - 3 18.3 17.6  18.7 3 24 (3.1) 2.0 29
TG14 * 3 7.2 7.1 7.4 4 18.7 174  20.1 4 7.1 6.4 8.1
TG15 - - - - 3 18.7 184 19.0 3 49 2.7 6.4
TG17 * 3 7.1 7.0 7.3 8 18.3 140 20.1 8 4.6 43 54
TG19 * 3 7.1 6.9 7.3 5 17.7 144 233 5 6.4 5.6 7.2
Groundwater - 7.1 6.9 7.4 - 18.7 10.7 23.3 - 52 2.0 8.1
Pond * 3 7.5 7.4 7.5 3 14.9 9.7 18.6 3 8.5 7.1 9.7
FW * 1 6.9 - - 1 16.0 - - 1 0.7 - -
SW * 1 8.1 - - 1 18.5 - - 1 52.6 - -
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Generally, the min—max EC values in Table 3 differ by around 1.0 mS/cm, allowing
us to hypothesize a moderate variability of such parameter in almost all the groundwater
monitoring wells. The average EC column in Table 3 reports values from previous cam-
paigns of 2019, when available, next to those more recent. The average values slightly differ
from period to period, verifying the above hypothesis. Contrary to expectations, plotting
the average EC values at each monitoring well against their respective distances from the
coastline revealed no apparent negative correlation between the two parameters (Figure 4).
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Figure 4. Scatterplot of the average, min, and max EC values at each monitoring well plotted against
their corresponding distances from the coastline.

The evident lack of spatial structure in the salinization of samples across the studied
area suggests a second potential cause of groundwater salinization, which is diffused
throughout the same region and may be more dominant than seawater intrusion. This
process is known as “salt recycling from irrigation” and occurs when salinized irrigation
water is applied to crops during the dry season, releasing salts into the soil. During the wet
season, precipitation infiltrates the soil, dissolves these salts, and transports them to the
groundwater. Subsequently, the saline groundwater is pumped out for further irrigation,
creating a cycle of continuous salt recycling between the soil and groundwater, leading to
salinity growth in both.

Furthermore, we can group the wells by average EC values: a first group characterized
by values greater than 6.5 mS/cm (wells TG03-TG05-TG06-TG07-TG09-TG12), a second
group with values smaller than 3.5 mS/cm (TG02-TG08-TG10-TG11-TG13), and a third one
with intermediate values (TG15-TG17). The map displaying the positions of the classified
monitoring sites (Figure 5) reveals that those most salinized were all lined perpendicularly
to the coast, in the central part of the study area and that most salinized (TG06) and less
salinized (TG10) wells lay at the same distance from the sea or very close to each other
(TGO07 and TGO08). This allows us to hypothesize other factors influencing the salinity of the
samples, such as the different well depths or the high rock anisotropy, which can lead the
monitoring wells to intercept different groundwater levels or flow paths.

The electrical conductivity (EC) log recorded at well TG14, located at the innermost
part of the transect, appears to support this hypothesis by revealing a vertical salinity
stratification that increased with depth (Figure 6).
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Figure 5. Spatial distribution of EC values measured at the monitoring points.
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Figure 6. Electrical conductivity and temperature vertical logs in well TG14.

Specifically, the log identified three distinct levels: the first, extending to a depth of
one meter below the water table, with EC values ranging from 7.0 to 7.5 mS/cm; the second,
reaching the depth of 21 m, characterized by a constant EC value of 7.5 mS/cm; and the
third, extending to the bottom of the well, where EC values rose to 8.5 mS/cm or higher.
Similarly, the temperature log indicated an approximate 0.5 °C decrease within the first
meter below the water table, remained nearly constant at around 18.8 °C down to a depth
of 21 m, and then exhibited a slight increase toward the bottom of the well (Figure 6).
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Concerning the pond (Pond), the pH still revealed an almost stationary condition close
to neutrality. Regarding the other two physicochemical parameters (i.e., temperature and
EC) in Table 3, they ranged from 10 °C to 18 °C, with an average value of 15 °C, and from
7.0 mS/cm to 10 mS/cm, with an average value of 8.5 mS/cm, respectively. Nevertheless,
data from the continuous monitoring carried out within the pond vastly improved the
knowledge of the system. A detailed description of such a dataset will be provided in the
following. As previously mentioned, the time series analysis of water level, temperature,
and electrical conductivity (EC) were recorded at the three sites equipped for continuous
monitoring. These parameters were measured every three hours from November 2022 to
March 2025 along a hydrogeological transect passing through the central part of the study
area (Figure 3). Figures 7-9 present the one-week moving averages of these parameters
compared with daily precipitation at the three monitoring sites over the observation period.
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Figure 7. One-week moving averages of temperature (T), electrical conductivity (EC), and water
levels, compared to daily precipitation in well TG14.

Figure 7 shows the temperature (T), water level, and EC values recorded in well TG14
by a probe positioned at a depth of approximately 6.5 m below the free water surface. The
water level related well to precipitation, rising consistently following significant rainfall
events and declining during the dry periods, even with extensive water extraction for
irrigation. Throughout the observation period, it fluctuated between a minimum of around
2.5 m ASL in August 2024 and a maximum of approximately 2.9 m ASL in December
2022. Plot in Figure 7 indicates a nearly constant EC during dry periods and a slight
increase during wet periods. Once more, this suggests a potential direct influence of water
infiltrating from the soil on groundwater salinity.

Figure 8 shows the same parameters of Figure 7 recorded in well TG19. This well
was a rectangular dug hole measuring about 2.0 by 1.0 m and approximately 3.5 m deep,
intercepting the shallow part of the aquifer. The probe was positioned approximately one
meter below the free water surface. Contrary to TG14, the temperature varied from 13 °C
in winter to 21 °C in summer, reflecting the characteristics of the well. Even in this well, the
water level related well to precipitation, rising consistently following significant rainfall
and decreasing during the dry periods. Throughout the observation period, it fluctuated
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between a minimum of around 1.6 m ASL in August 2024 and a maximum of approximately

2.9 m ASL in January 2023.
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Figure 8. One-week moving averages of temperature (T), electrical conductivity (EC), and water
levels, compared to daily precipitation in well TG19.
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Figure 9. One-week moving averages of water temperature (dark green), air temperature at the
BARO-Diver® probe (light green) (T), electrical conductivity (EC), and water levels, compared to
daily precipitation in the pond.

Even for this monitoring well, the EC increased during the wet periods and remained
nearly constant during the dry periods. It is significant to note that, although wells TG14
and TG19 showed similar general behavior for water level and EC, they represent two
different field conditions. First, they were positioned at very different distances from the
sea: TG14 was 1700 m from the coastline, while TG19 was 600 m from the coastline, more
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than 1.0 km downstream of the former along the transect. The water table was 13.0 m and
1.5 m below the ground at the former and the latter, respectively. TG14 was drilled to a
depth of approximately 25.0 m, while TG19 was dug to no more than 4 m deep. Finally,
TG14 was surrounded by cultivated land, while TG19 was in the middle of a Mediterranean
scrub area. Salinization in TG19, which intercepted already salinized water from upstream,
can still be attributed to the combined effects of seawater intrusion and soil salt infiltration
through precipitation. However, unlike TG14, the origin of soil salt around TG19 may have
been primarily due to the marine aerosol deposition.

In coastal regions, salt-laden aerosols from sea spray settle onto the land surface,
gradually accumulating in the soil. During rainfall events, precipitation infiltrates the soil,
dissolving these accumulated salts and transporting them downward into the groundwater
system. Over time, this process can contribute to groundwater salinization, particularly
in areas with low natural flushing rates or limited freshwater recharge. Marine spray
deposition represents a diffuse and atmospheric-driven source of coastal soil salinity, often
exacerbated by climate conditions, wind patterns, and land use practices [25].

Figure 9 illustrates the water temperature, water level, and EC trends recorded in the
wetland pond. It also shows, in light green, the air temperature at the BARO-Diver® probe.

The CTD-Diver® was positioned approximately 0.7 m below the pond’s water surface,
corresponding to about 0.11 m below the mean sea level. Upon analyzing the graph,
several observations can be made. Temperatures fluctuated over time, ranging from 6 °C
to 10 °C in winter, reaching more than 30 °C in summer. Given the pond’s small size,
which entailed moderate thermal inertia, the air and water temperatures showed a strong
correlation. Precipitation significantly affects EC, causing a rapid decrease during rainy
events, followed by an equally swift restoration to the initial value. During the summer,
EC increased significantly from approximately 9.5 mS/cm to more than 13.0 mS/cm. In
contrast to EC, the pond’s water level was directly correlated to precipitation, rising swiftly
with significant rainfall and decreasing during dry periods because of high evaporation
rates. Figure 9 illustrates a consistently low water level, around 0.55m ASL, resulting from
a rapid drawdown at the onset of the two dry periods, followed by a similar rise as soon as
precipitation resumed. During rainy periods, the pond level never exceeded 0.70 m ASL, a
limit attributed to an outflow threshold that regulated water exchange between the pond
and the shoreline.

The detailed physicochemical analysis of the monitored waters in the study area
revealed significant spatial variations in salinity, with EC ranging from 2.0 mS/cm to over
10.0 mS/cm. However, the current body of knowledge does not confirm a clear salinization
pattern perpendicular to the coast as expected. Data from continuous monitoring sites
indicate that EC values increased during wet seasons, likely due to salt recycling processes
associated with irrigation return flows and marine aerosol deposition. Given the overlap-
ping phenomena contributing to such a pronounced and widespread salinization of the
water body, we analyzed the main hydrochemical parameters in the collected samples.

4.2. Geochemical and Isotopic Characterization

Table S1 of Supplementary Materials shows some statistics of the main hydrochemical
and isotopic parameters measured at the CNR laboratories in the water samples collected
over the study area. The mean values of the main salinity parameters in Table S1 are in
good accordance with those of EC measured at the same monitoring sites and confirm a
total absence of spatial structure. In particular, the correlation between EC and chloride,
sulphate, magnesium, sodium, and potassium in groundwater is constantly higher than 0.9.

The Chebotarev diagram [26] allows us to represent the chemical analysis results,
account for the major water constituents, and facilitate comparisons across different moni-
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toring points (Figure 10). The graph also includes two end-members: seawater (SW) and
freshwater (FW), as detailed in Table S1.
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Figure 10. Chebotarev’s classification diagram of groundwater samples collected during monitor-
ing campaigns.

All sampled points are clustered around the SW end-member, indicating that the
groundwater in the study area was highly salinized and characterized by a Na-Cl hydro-
chemical facies, with sodium and chloride being the dominant ions in the water. According
to a novel approach by Fidelibus et al. [27], which defines various salinization levels within
the same hydrochemical facies, more than 87% of the samples belonged to the second
salinization stage, predominantly classified as B-NaCl facies. The prefix ‘B’ denotes brack-
ish water, with chloride concentrations ranging from 1000 to 3000 mg/L. Furthermore,
the samples did not align along the theoretical FW-SW mixing line but diverged toward
higher Ca-Mg concentrations. These anomalies can be attributed to a rock-water interaction
process within the karst aquifer [28]. Specifically, the calcium absorbed into the clayey
phase, interspersed into the carbonate formations, is released into solution in exchange for
dissolved sodium. This type of reaction is known as inverse exchange [29]. Finally, samples
collected at the end (April) and middle (January) of the rainy period were positioned farther
from the SW end-member, indicating they were slightly less salinized than those from
November, at the end of the dry season.

Another useful tool to investigate groundwater salinity source is the Na*/Cl~ vs. C1~
diagram [30,31] (Figure 11). The x-axis represents chloride concentrations (C1~, meq/L),
while the y-axis shows the Na*/Cl™ molar ratio. A reference line at Na*/Cl™ = 0.86,
corresponding to the theoretical ratio in seawater, is included for comparison.
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Figure 11. Ionic ratio Na/Cl versus CL.

Several samples plotted close to or slightly above and below this seawater line, sug-
gesting that seawater intrusion was a major contributor to groundwater salinization in
the area. However, some samples deviated from this trend. Specifically, samples with
Na*/Cl™ ratios below 0.86 may indicate reverse cation exchange processes, where sodium
is removed from the solution and replaced by calcium or magnesium. Conversely, samples
with Na*/Cl~ ratios above 0.86 may reflect anthropogenic influences—such as the use of
sodium-rich fertilizers in agriculture—or evaporative concentration, during which pref-
erential chloride precipitation or selective retention of C1~ in the unsaturated zone leads
to relative enrichment of Na*. Notably, the highest Na*/Cl~ values were observed in the
lake, where evaporation effects are undoubtedly more intense.

These findings confirm that seawater intrusion is a dominant process influencing ground-
water chemistry in the area. Nonetheless, additional geochemical mechanisms—both natural and
anthropogenic—also play a significant role in shaping the observed groundwater composition.

As previously stated, the stable isotopes (580, §D) of the water sampled were mea-
sured. The results are presented in Table S1. Isotope values were found to vary between
—5.01 and —5.74 in 5'80 with a mean of —5.35%0 (1 = 19) and from —30.9 to —33.2 in 6D
with a mean of —31.5% (1 = 19). The stable isotope compositions of all investigated ground-
water samples are plotted on the conventional §'®0-8D diagram (Figure 12), alongside the
global meteoric water line (GMWL: §D = 8 x §!80 + 10), as defined by Craig (1961) [32],
and the local meteoric water line (LMWL: 5D = 7.97 x §'80 + 13.93). The LMWL was
derived from a study on the isotopic composition of precipitation in the Apulia region,
conducted by the National Research Council of Italy within the framework of the Tiziano
project, an initiative for qualitative and quantitative groundwater monitoring funded by
the Regional Administration.

The distribution of data points in the diagram provides insights into the origin and
groundwater recharge mechanisms. Figure 11 reveals that only a few samples were clus-
tered around the LMWL. The fitted data curve diverges from both the LMWL and the
seawater end-member (SW), indicating notable isotopic enrichment due to evaporation,
which increases the proportion of heavier isotopes in the residual water. This suggests that
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the aquifer recharge is not rapid, and the recharging meteoric water remains in the vadose
zone for a long period.
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Figure 12. 5D versus §'80 relationship for groundwater in the study area.

To further investigate the influence of evaporation on groundwater recharge, isotopic
analyses were performed using both §'0 and deuterium excess (d-excess) values. The
d-excess was calculated using the Equation (1):

d — excess = 8D — 7.97 - 580 (1)

based on the LMWL. This approach ensures greater accuracy, as the use of LMWL reflects
the specific climatic and isotopic conditions of the study area, which may differ significantly
from global averages [33,34].

The d-excess parameter is a sensitive indicator of non-equilibrium evaporation pro-
cesses and is widely used to distinguish between different recharge mechanisms [35,36].
Figure 13 shows d-excess vs. !0 in groundwater samples.

Samples in this plot can be clustered based on the d-excess value. Samples clustering
near the local meteoric signature value of 13.93%o. (i.e., intercept of the LMWL) suggest
minimal isotopic alteration and are likely associated with relatively rapid infiltration
of precipitation, with limited exposure to evaporative conditions. In contrast, samples
approaching the value of 0.00%. indicate groundwater that has undergone significant
evaporation prior to or during infiltration.

All our samples were spread in the d-excess range 13.79%o. to 6.92%o reflecting a transi-
tional regime, where the isotopic composition has been partially modified by evaporation,
either during surface residence, infiltration through the unsaturated zone, or mixing with
older, evaporated waters, indicating that most of the sampled waters does not represent
neither purely direct recharge nor fully evaporated end-members.
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Figure 13. d-excess vs. §'80 relationship for groundwater in the study area.

Furthermore, the correlation between §'80 and d-excess values reveals a negative
slope in the regression line, indicating a progressive evaporative trend. As 580 becomes
less negative (i.e., more enriched), d-excess values decrease, which is a typical signature of
evaporation under non-equilibrium conditions. This trend may also reflect seasonal vari-
ability in recharge, where different climatic conditions influence the degree of evaporation
prior to infiltration.

These findings provide robust isotopic evidence for a mixed recharge regime in the
study area, where evaporation and mixing processes play a critical role in groundwater
dynamics. Finally, stable isotope analyses further confirmed evaporation processes as a
significant contributor to salinization, consistent with findings in other Mediterranean
regions experiencing similar climatic conditions [37].

4.3. Water Quality for Irrigation

Since many monitoring wells are currently in use, their suitability for irrigation use was
also assessed. It is well established that excessive salinity adversely impacts soil structure
and fertility, inhibits plant growth, reduces crop yields, and disrupts microbial activity,
ultimately rendering the land unsuitable for agricultural use [38]. The Wilcox diagram [39]
was employed to evaluate this type of hazard. This diagram integrates salinity, expressed
as EC, with the sodium adsorption ratio (SAR), the latter representing the ratio of sodium
ions relative to the calcium and magnesium ions, expressed in milliequivalents per liter
(meq/L) (Equation (2)).

[Na']

SAR = ——+——
[Ca2+]+[M82+]
2

()

The plot in Figure 14 evidences that SAR values in the sampled water frequently
exceeded 10, indicating an alkalinity hazard ranging from moderate to very high.

Concurrently, EC values consistently exceeded 2250 uS/cm, placing most samples
within the 54-C4 category, corresponding to very high salinity and alkalinity risks. The
remaining samples fell into the S3-C4 and S2-C4 categories, indicating very high salinity
risk combined with high (S3) or moderate (S2) alkalinity risk, respectively, and into the
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52-C3 category, which reflects a moderate alkalinity risk but still a high salinity hazard.
Finally, it is worth noting that the FW sample exhibited excellent quality for irrigation
purposes, confirming its selection as the freshwater end-member for the study area.
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Figure 14. Wilcox diagram for irrigation water quality assessment.

The high levels of salinity and alkalinity detected in the water samples compel farmers
to adopt appropriate soil management practices, such as the application of gypsum (CaSOy),
and highlight the urgent need for sustainable irrigation strategies, including the reuse of
treated wastewater, to mitigate these adverse effects.

4.4. Conceptual Model, Discussion, and Management Implications

By integrating existing geological and hydrogeological data with newly acquired
hydrogeochemical and isotopic evidence, this study enabled the development of a hy-
drogeological conceptual model for the Torre Guaceto area, synthesizing the natural and
anthropogenic drivers contributing to the salinization of this vulnerable coastal ecosystem
(Figure 15).

It reveals a distinct hydrogeological framework characterized by a thick, karstified car-
bonate aquifer composed of massive or stratified formations. Faults and fractures segment
the aquifer into multiple blocks. The central portion of the study area is predominantly
covered by calcarenite, which overlies the aquifer and forms a significant part of the va-
dose zone, especially near the coastline. Groundwater generally flows northeastward,
discharging into major springs that sustain the Torre Guaceto wetland. Understanding
wetland-groundwater interactions is essential for managing salinization in Mediterranean
karst systems [40], especially where flow pathways are strongly influenced by the spatial
distribution and orientation of faults and fractures. Freshwater floats above intruded
seawater, forming a broad mixing zone. Overexploitation of groundwater for irrigation
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has intensified upconing, raising the fresh—saltwater interface. In addition, the repeated
use of saline groundwater for irrigation and the deposition of marine aerosols have led to
progressive salt accumulation in surface soil layers.
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Figure 15. Hydrogeological conceptual model of the Torre Guaceto area.

Climate change intensifies these challenges by raising temperatures and altering
precipitation patterns, which collectively increase evapotranspiration and reduce aquifer
recharge. Combined with rising sea levels, these processes accelerate the inland intrusion
of seawater into coastal aquifers.

Geochemical and isotopic analyses confirm the complex, multifactorial nature of
salinization processes affecting the Torre Guaceto aquifer. While seawater intrusion remains
a dominant factor, particularly in areas with high groundwater abstraction, other processes
contribute significantly. The absence of a clear spatial pattern in groundwater salinity
suggests the influence of diffuse mechanisms.

One such process is salt recycling from irrigation, which occurs when salinized ir-
rigation water is applied to crops during the dry season, releasing salt into the soil, and
may be even more influential than seawater intrusion in certain parts of the study area.
Another important contributor is marine spray deposition. Salt-laden aerosols from sea
spray settle on the land surface and accumulate in the soil. This atmospheric-driven process
is particularly relevant in coastal areas with limited natural flushing or low freshwater
recharge, and may be exacerbated by prevailing wind patterns, climate variability, and
land use practices. Soil-accumulated salts from the two above processes are then mobilized
during the wet season by infiltrating precipitation, which transports them into the aquifer.
The looped use of saline groundwater for irrigation perpetuates this cycle, leading to a
progressive increase in soil and groundwater salinity.

Beyond its hydrogeological implications, salt accumulation in the soil poses a serious
threat to agriculture. Monitoring data revealed elevated sodium adsorption ratio (SAR)
and electrical conductivity (EC) values, which are known to degrade soil structure and
fertility, inhibit plant growth, and reduce crop yields. Over time, these effects can render
land unsuitable for agricultural use. Ultimately, these findings underscore the urgent need
for sustainable irrigation practices and integrated salinity management strategies, both
to safeguard agricultural productivity and preserve water resources and the surround-
ing ecosystem.

Building on these findings, several management implications and recommendations
emerge. Strengthening the monitoring infrastructure is essential to detect early signs of
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degradation and to track spatial and temporal trends in groundwater salinity. Expanding
the current network with additional wells and incorporating remote sensing technologies
would enhance data resolution and support more informed decision-making. At the same
time, promoting sustainable agricultural practices—such as drip irrigation, the reuse of
treated wastewater, and the adoption of salt-tolerant crops—can help reduce pressure on
groundwater resources and mitigate the impact of salinity on crop yields.

Furthermore, integrating climate and sea-level data into groundwater management
frameworks is vital for long-term resilience. Collaborations with meteorological services
and coastal researchers can support the development of predictive models and adaptive
planning tools. Engaging local stakeholders, including farmers, conservation groups,
and policymakers, is also crucial to ensure the successful implementation of water use
strategies. Finally, further research is needed to refine the understanding of salinity sources
and their interactions. Investigating the relative contributions of seawater intrusion, soil
salt leaching, and atmospheric deposition—potentially through innovative tools such as
passive samplers—can inform more targeted and effective mitigation strategies.

5. Conclusions

This study provides a comprehensive assessment of salinization dynamics in the Torre
Guaceto coastal aquifer, revealing the complex interplay between natural processes and hu-
man activities. The integrated analysis of hydrogeological, geochemical, and isotopic data
highlights seawater intrusion and irrigation-related salt recycling as the primary drivers
of groundwater salinity. These processes are exacerbated by groundwater over-extraction,
limited recharge, and climate-related factors such as evaporation and reduced rainfall. The
findings show that elevated salinity levels pose significant risks to both the wetland ecosys-
tem and agricultural sustainability. High EC and SAR values indicate that current water
quality may compromise soil health and crop productivity, particularly for traditional crops
like olives and grapes. The study underscores the urgent need for integrated groundwater
management strategies that consider seawater intrusion, irrigation practices, and climate
variability. Strengthening monitoring networks, promoting sustainable irrigation, and
incorporating climate data into planning are essential steps toward mitigating salinization
and preserving the ecological and agricultural value of the area. These insights contribute
to a broader understanding of salinization in Mediterranean coastal aquifers and offer a
transferable framework for sustainable water resource management in similar settings.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/environments12070227/s1, Table S1. Main statistics of the
hydro-chemical and isotopic parameters measured in the laboratory from samples collected during
this study.
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