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Abstract: Coastal areas are characterized by considerable demographic pressure that generally leads
to groundwater overexploitation. In the Mediterranean region, this situation is exacerbated by a
recharge reduction enhanced by climate change. The consequence is water table drawdown that
alters the freshwater/seawater interface facilitating seawater intrusion. However, the groundwater
salinity may also be affected by other natural/anthropogenic sources. In this paper, water quality
data gathered at 47 private and public wells in a coastal karst aquifer in Apulia (southern Italy), were
interpreted by applying disparate methods to reveal the different sources of groundwater salinity.
Chemical characterization, multivariate statistical analysis, and mixing calculations supplied the
groundwater salinization degree. Characteristic ion ratios, strontium isotope (87Sr/86Sr), and pure
mixing modelling identified the current seawater intrusion as a main salinity source, also highlighting
the contribution of water–rock interaction to groundwater composition and excluding influence from
Cretaceous paleo-seawater. Only the combined approach of all the methodologies allowed a clear
identification of the main sources of salinization, excluding other less probable ones (e.g., paleo-
seawater). The proposed approach enables effective investigation of processes governing salinity
changes in coastal aquifers, to support more informed management.

Keywords: groundwater/seawater mixing phenomena; water-rock interaction; geochemical mod-
elling; characteristic ion ratios; strontium isotope ratio; Apulia

1. Introduction

Coastal areas, also owing to their mild microclimate, support 60–70% of the human
population and are characterized by a large concentration of human activities, especially
agriculture [1,2]. In the Mediterranean region, the density of inhabitants in coastal areas
can reach up to 1300 in/km2 [3]. This considerable demographic pressure in coastal areas,
which increases during the touristic seasons, results in a remarkable per capita consumption
of fresh water, leading to overexploitation of groundwater and consequent drawdown of
its level [4]. The resulting alteration of the freshwater/seawater interface facilitates saline
wedge advancement and the up-coning of saltwater under the extraction wells [1,5,6],
which lead to seawater intrusion (SWI) and eventually the salinization of coastal aquifers.
SWI affects almost all coastal aquifers around the world to different degrees [2,5,7] and also
those in the Mediterranean region [8–10], causing deterioration of groundwater quality
with detrimental effects on surface water and related ecosystems, in addition to hindering
the use of groundwater for human purposes. This state can persist even a long time
after the groundwater pumping has been stopped because an aquifer may require a long
period to recover its initial state [11]. In addition to the overexploitation, SWI can be
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due to the reduction of recharge and resulting freshwater decrease [12,13] consequent
to both natural phenomena, such as changes in precipitation and evapotranspiration
regimes related to climate change and anthropic pressures, like growing urbanization, river
regulation, marsh reclamation, and the rising use of water-saving irrigation systems which
reduce the infiltration rates [14,15]. Generally speaking, apart from the SWI, the salinity of
groundwater results from the overlaying of complex processes involving different sources,
such as the composition and amount of precipitation, the irrigation water, and the disposed
wastewater, as well as water–rock interaction, the paleo-seawater, the marine aerosol
and geothermal sources, among others [1,3,16–20]. To date, various studies have been
conducted to understand the sources of salinization in coastal areas [3,21,22].

Hydrogeochemical characterization of groundwater through major ions and trace
elements supplemented by the analysis of characteristic ion ratios is a frequently used
approach [16–19,23–27]. Indeed, the comparison of some characteristic ion ratios (such as
Na/Cl, Cl/HCO3) observed in groundwater with that observed in seawater, represents
a useful method to discriminate groundwater affected by seawater mixing from that not
affected by this phenomenon. Other characteristic ion ratios (such as Ca/HCO3) allow
putting a boundary between the groundwater influenced by water-rock interaction (e.g.,
by the dissolution of calcite and dolomite) and that influenced by mixing with seawater.
However, these characteristic ion ratios fail to identify the contribution of paleo-seawater
which can however be tackled with the support of environmental isotopes [28–31], that
enable identification of the different contributions of modern seawater, paleo-seawater, and
water-rock interaction to the groundwater salinity because of the typical isotopic fingerprint
that characterizes these different sources of ions. Statistical and geostatistical analyses
have been introduced to group groundwater influenced by the same processes [18,24,27,32].
Finally, geochemical modelling integrated with hydrogeochemical characterization [1,33,34]
and statistical analysis [35] allows modelling of water-rock interaction processes and the
mixing with seawater. The above-described methodologies have been combined at different
degrees of integration to explain the salinization process in coastal aquifers.

In this paper, an integrated approach is presented in which all the steps described
above as well as the mixing calculation are applied to investigate the processes that gov-
ern the spatial salinity variation of groundwater in the karstic aquifer of Coastal Murgia
(Apulia, southern Italy), from the upland recharge areas to the lowland zone. This work
aims to demonstrate that this integrated approach is a robust method that allows identi-
fication of the different salinity sources and their contribution to the salinity of the study
area, and assessment of the contribution of mixing between the different end-members,
and water-rock interaction processes in the hydrogeochemical evolution of groundwater.
Overcoming the limitations of the individual approaches, the integrated application of
all investigation methods can lead to a clear definition of a conceptual model and an
appropriate identification of salinization sources.

2. Materials and Methods
2.1. Study Area

Coastal Murgia (1227 km2) is a coastal groundwater body located in Apulia (southern
Italy). It is part of a wider fractured and karstified calcareous-dolomitic aquifer (Murgia
aquifer) hosted in the Upper Jurassic–Cretaceous carbonate formations of the Apulian
Platform (Figure 1). The Murgia area is characterized by the presence of thick, well-bedded,
carbonate facies, overlain by discontinuous and thin Late Pliocene–Quaternary deposits
belonging to the Bradanic Trough sedimentary cycle [36]. Clay-rich deposits (bauxite
and terra rossa), representing the residual material of carbonate rocks weathering, can be
found both as lenses interbedded in the carbonate sequence or as materials filling karst
cavities [37,38].
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Figure 1. Geological map of Coastal Murgia and current monitoring network.

The aquifer has an irregular geometry due to the presence at different depths of
thick dolomitic layers that, having lower permeability, force groundwater to flow under
variable confinement conditions. However, the aquifer is phreatic in the coastal strip,
although also in this area confined conditions can be locally observed [39,40]. Moreover,
the discontinuous karstification and inhomogeneous fracturing affecting the rocks make
the aquifer markedly anisotropic with a very variable permeability both in the horizontal
and vertical dimensions [41]. In the Murgia aquifer, freshwater floats on the saltwater that
penetrates the mainland and flows to the Adriatic Sea through both diffuse-discharge and
discrete type springs [39].

According to the Köppen–Geiger Climate Classification System [42], the study area
belongs to the Csa climate zone, known as the Mediterranean Climate, corresponding to
a warm temperate climate with dry and hot summers and mild, wet winters. The yearly
precipitation average is about 600 mm, mainly concentrated in the months of November–
February [43,44]. Local precipitation recharges the Coastal Murgia by infiltration and the
latter is also fed by the Alta Murgia (3842 km2) aquifer located upstream.

2.2. Groundwater Sampling and Field Analyses

The groundwater of Coastal Murgia was sampled in autumn 2019 using a specifically
defined monitoring network. This monitoring network consists of 47 existing wells, 42 of
which are equipped with in-place pumps. The depth of monitoring wells (MWs) and the
depth of screen have a wide variation range (Table S1) and their distance from the coastline
is between 0.7 and 16.7 km (Figure S1). The MWs are generally sealed and the piezometric
head cannot be measured.
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According to standardized sampling protocols [45], the 42 monitoring wells (MWs)
equipped with a pump were purged until chemical–physical parameter stabilization (dis-
solved oxygen, oxidation–reduction potential, temperature, pH, and electrical conductivity),
which was verified by AQUAREAD probe measuring. In the five remaining MWs (Table S1)
sampling was performed using a Nansen bottle-type 1.2 L water sampler without purging,
at a depth corresponding to the bottom of the freshwater lens, identified by a vertical log of
the electrical conductivity performed with an Idronaut Ocean Seven 303 multiparameter
probe.

The concentrations of ammonium, nitrites, and cyanides were measured on-site by
UV–Vis spectrophotometry (Spectrophotometer DR1900 Hach-Lange).

Samples for inorganic compounds (anions, cations, and trace elements) were filtered
(0.45 µm pore size polycarbonate filters) on-site and stored in HDPE bottles previously
washed with HNO3 and rinsed with Milli-Q water. Samples for cation and trace element
analyses were in addition acidified on-site with HNO3 at pH < 2. Samples for dissolved
organic carbon (DOC) analysis were filtered (0.7 µm pore size glass microfiber filters) and
acidified (HCl) on-site and stored in pre-treated HDPE bottles.

Raw samples for isotope analysis (87Sr/86Sr) were collected in HDPE bottles.

2.3. Lab Analyses

Major anions analysis with ion-exchange chromatography (Thermo Scientific™ Dionex™
Aquion™ IC) (Table S2) and HCl titration (Hach-Lange TitraLab AT1000) for alkalinity
determination were performed within 24–72 h.

Cations and trace elements were analysed within 1 month with ICP-mass spectrometry
(Agilent technologies 7500 c) (Table S2). The analytical performance of ICP-MS was tested
against a certified material (NIST 1640a, trace elements in natural waters).

Dissolved organic carbon was determined with the Shimadzu TOC-5000A analyser.
Isotope analysis of strontium required sample purification using Bio-Rad micro-

columns with Eichrom Sr-spec resin (100–150 µ). Isotope analyses were performed using
Thermo Fisher Scientific Neptune plusTM MC-ICP-MS equipped with a Scott-type spray
chamber in quartz, with 100 µL/min flux cyclonic nebulizer, 10−11 Ohm resistors for 88Sr,
87Sr, and 86Sr measurement, and 10−12 Ohm for 85Rb, 84Sr, and 83Kr. Samples were run at
88Sr signal ranging from 7 to 12 Volts, with a negligible signal of the blank (<5 mV). The
average 87Sr/86Sr ratio of the NIST SRM 987 standard measured during samples analysis
was 0.710249 ± 0.000020 (n = 10).

The electro-neutrality (EN%), calculated using Equation (1) was contained within
5% [46]

EN% = 100 ∗ (∑ cations − ∑ anions)
( ∑ cations + ∑ anions)

(1)

2.4. Multivariate Statistical Methods

Principal component analysis (PCA) based on the correlation matrix of the variables
(major ions and some significant minor elements, such as lithium, boron, strontium, and
rubidium) was run to summarise the hydrochemical features of the dataset and investigate
possible main processes. In addition, hierarchical clustering using the UPGMA aggregation
algorithm (unweighted pair group method with arithmetic mean) was performed to identify
groundwater with homogeneous characteristics, dividing them into statistically significant
groups. As for the PCA, the cluster analysis was carried out using the correlation matrix of
the major ions as a similarity measure. The multivariate analysis was performed with the
software PAST (version 3.20; [47]).
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2.5. Mixing Calculations

The seawater fraction (fsea%) in Coastal Murgia groundwater samples was estimated
according to the mass balance in a two end-members system, using the chloride concentra-
tion in Equation (2) [48,49]:

fsea(%) =
mCl − mCl,FW

mCl,SW − mCl,FW
∗ 100 (2)

where mCl,FW and mCl,SW represent chloride concentration in the freshwater and seawater
end-members respectively, while mCl is the concentration in a groundwater sample.

As freshwater chloride end-member, the median of the chloride concentration values
measured in the Alta Murgia groundwater body (the inland recharge areas) has been
calculated. In particular, these values were derived from sampling conducted in 13 moni-
toring wells (green squares in Figure 1) during the previous monitoring (2007–2018) carried
out by the Apulia Region [50]. The seawater chloride end-member is the median of the
chloride concentration values of the Adriatic Sea collected in three seawater monitoring
sites within another research activity (M.D. Fidelibus, personal communication, January
2020) (Figure 1).

2.6. Geochemical Modelling

Aqueous geochemical calculations were performed with PHREEQC Version 3 [51] to
model the processes responsible for the observed groundwater chemistry. In particular,
the software was used to simulate in a batch experiment the theoretical mixing of the two
end-members, calculated as above, for the main parameters (Cl−, SO4

2−, Br−, Na+, Ca2+,
Mg2+, K+, HCO3

−).
The mixing of the two end-members was also simulated in the presence of an unspe-

cific exchanger (e.g., clay mineral). Assuming a mainly calcic composition of an exchanger
in a karst aquifer, the exchanger was placed in equilibrium with the FW end-member
(Ca-HCO3 groundwater), to define its initial assemblage. The mixing process was then
simulated to evaluate the deviation from the pure mixing lines caused by the cation ex-
change processes.

Finally, a specific simulation was performed at a representative transect (A-A’), defined
across MWs 13, 27, and 29 in the northwestern area (Figure 1), to simulate the main
processes responsible for the geochemical evolution of groundwater from the recharge areas
towards the coast. In this simulation, more specific end-members were calculated using the
median of the concentration values of the five northernmost of the above-mentioned Alta
Murgia monitoring wells in the recharge area, and the northernmost point (Bisceglie) in
the Adriatic Sea. The simulated geochemical processes along the transect A-A’ include the
equilibrium reactions of carbonate minerals, cation exchange, and mixing with seawater at
various percentages. In detail, starting from the composition of the FW end-member, the
geochemical modelling was applied to the following:

• dissolution reactions via sequential adaptation of the saturation indexes of selected
mineralogical phases (calcite, dolomite, strontianite) to those of the groundwater
sampled along the transect (MWs 13, 27, and 29);

• calculation of the exchange assemblage in equilibrium with the FW end-member and
progressive readjustment to subsequent solutions;

• FW-SW mixing at the percentages identified for the three selected samples.

3. Results and Discussion

The Piper diagram (Figure 2) shows an evolution from bicarbonate types toward
waters progressively closer to the seawater composition, the only exception being sample
32 which falls into the field of the alkaline bicarbonate waters. This sample also shows
anomalies for other parameters, such as high NH4

+ (1.13 mg/L) and DOC (11 mg/L),
suggesting possible anthropogenic contamination; therefore, it was removed from the
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dataset in the statistical elaborations. In the other MWs, the NH4
+ concentration was

generally below the detection limit (0.02 mg/L) or ranged between 0.021 and 0.244 mg/L,
while DOC was between 0.4 and 1.7 mg/L.

Figure 2. Piper diagram showing major groundwater components of Coastal Murgia in autumn 2019.

The chloride concentration varies in a very wide range (39–9684 mg/L) (Table S3).
Based on the chloride concentration, samples were divided into four groundwater groups
(Table S4): (1) Cl− < 250 mg/L, (2) 250 ≤ Cl− < 700 mg/L, (3) 700 mg/L ≤ Cl− < 3000 mg/L,
(4) Cl− ≥ 3000 mg/L. The variability of chloride is reflected in the electrical conductivity
(EC) which ranges between 711 and 19590 µS/cm (Table S3).

The PCA results show that the first two principal components explain 89.6% of the
total variance (80.3% and 9.3% by the first and second components respectively) (Figure 3a).
The positive loadings of PC1 highlight the important contribution of almost all major ions,
except HCO3

− which is relatively low in seawater. Together with major ions, there are
also minor elements characterized by high residence times and normally more abundant in
seawater (lithium, boron, strontium, rubidium), suggesting that PC1 is related to FW-SW
mixing. The second component is mainly linked to two different factors. Negative values of
PC2 are linked to the contribution of HCO3

− and allow for individuate MWs influenced by
water-rock interaction processes, in particular the interaction with carbonate rocks (dolomi-
tized limestones and dolomites). Positive loadings of PC2 highlight the contribution of
NO3

− and allow identification of MWs characterized by groundwater affected by anthropic
activities, in particular the intensive land use for agricultural purposes.
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Figure 3. (a) Principal component analysis, (b) cluster analysis. WRI = water-rock interaction,
SW Intrusion = seawater intrusion.

Hierarchical clustering performed on the major ions enable five clusters (Figure 3b) to
be recognized. The choice of the number of significant clusters was based on the linkage
distance analysis (similarity measure). In particular, the scree plot suggests maintaining a
subdivision into five clusters, since for further subdivisions an evident relative decrease
of similarity is observed. The five clusters identified more or less overlap the subdivision
in the groups based on chloride concentration (Table S4), from cluster A (low salinity) to
cluster E (high salinity), the latter containing the same MWs identified also in the PCA
scatterplot (PC1, Figure 3a). Cluster B consists of only two samples (20 and 34) showing
concentration of chlorides at the boundary between groundwater groups 1 and 2 (233 and
289 mg/L, Table S4). These two samples hence define a separate small cluster in the
dendrogram (Figure 3b).

The highest chloride concentration was observed near the coastline (within 3 km) and
a general decrease is observed from the coast to the inland. However, different chloride
concentrations (up to more than two orders of magnitude) can be observed in MWs located
at the same distance from the coastline and in adjacent areas (Figure S1). This latter
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phenomenon suggests that other factors may influence the salinity of the samples, such
as the high hydraulic properties anisotropy, the different MWs depths, and the presence
of seawater intruded into aquifers during the different sea level rises occurring in the
South-Apennines Foreland, during the Pleistocene glacial periods [52,53].

To understand the main sources of salinity, mixing calculation, characteristic ion ratios
(Na/Cl, Cl/HCO3, Ca/HCO3), simulations of mixing and water-rock interaction, and
isotope analysis were performed.

As expected, the mixing calculation shows an increase in the seawater fraction (fsea%)
in the groundwater samples with the highest EC values and chloride concentrations (Table
S4). The samples belonging to groundwater groups 1 and 2 show that the fsea% is generally
low (maximum 3.3%) with tight ranges (maximum about 2% in group 2). Groundwater
samples of groups 3 and 4 have fsea% in the ranges 3.7–8.6% and 16.4–50.6% respectively,
showing a greater variability than the other groups.

Figure 4a shows the comparison of the theoretical mixing line between the two end-
members with the observed values for those parameters (Cl−, SO4

2−, Br−, Na+, Mg2+, K+)
more impacted by seawater intrusion (SW/FW ≥ 30). The samples with fsea% > 5% follow the
trend of the simulated mixing curves, in particular for Mg2+, Na+, Br− and SO4

2−, although
slightly lower. The good fit is gradually lost when the mixing percentage becomes lower,
except for Na+ and Br− for which a good agreement remains. Other removal or enrichment
processes can cause fluctuations with respect to the pure mixing with seawater. For example,
at low mixing percentages, Mg2+ shows higher concentrations than the theoretical mixing
curve, probably related to water–rock interaction (dissolution of dolomites and dolomitic
limestones). Regarding Ca2+ (SW/FW = 4) and HCO3

− (SW/FW = 0.3), less enriched in
seawater, the mixing processes have less influence, and only at a particularly high mixing
percentage, is there a certain agreement with the theoretical curves, although an excess
of Ca2+ concentrations is observed (Figure 4b). This excess can derive from the water–
rock interaction with clay minerals and consequent ion exchange processes during mixing
phenomena. It is known that calcium excess with respect to bicarbonate can be attributed to
the reverse ion exchange process during seawater intrusion [24]. As regards bicarbonates,
a dilution is observed moving towards higher mixing percentages due to the modest
bicarbonate concentration in the seawater.

Characteristic ion ratios can be useful to understand the origin of salinization and in
this paper, Na/Cl and Cl/HCO3 ratios were considered (Table S4). The Na/Cl ratio can be
used as an indication of SWI or to unveil sorption/desorption processes during seawater
intrusion/refreshing [48].

Generally, values of Na/Cl ratio lower than those of SW end-member (0.90) were
observed for MWs with fsea ≥ 0.5% (Table S4). These values are indicative of seawater
intrusion; indeed, during the seawater intrusion sodium exchange occurs while chloride,
since it is conservative, is not affected by the ion exchange processes, and the Na/Cl ratio
decreases, becoming lower than the typical ratio of seawater [48,54]. In the MWs with
fsea< 0.5%, instead, values higher than the typical SW end-member ratio were in general
observed, indicating a lack of seawater intrusion or else refreshing because the absorbed
sodium is released while calcium becomes absorbed [48] (Table S4). In some MWs, especially
those characterized by low mixing percentage, Na/Cl ratios higher than 1 were observed,
indicating, according to Jiao and Post [48], possible contamination by anthropogenic sources;
however, the other possible indicators of anthropic impacts, such as NH4

+ and DOC, do not
diverge from other samples. The Cl/HCO3 ratio remarks what is indicated by Na/Cl ratio
(Table S4); indeed, also the Cl/HCO3 ratio indicates no or negligible seawater intrusion in
the MWs with fsea < 0.5% and characterized by Na/Cl > 0.90. Instead, the MWs with Na/Cl
ratio <0.90 show the Cl/HCO3 ratio in the range typical of groundwater affected by seawater
intrusion. Particularly, based on Cl/HCO3 range limits found in the literature [55,56] it is
possible to distinguish water affected by increasing degrees of seawater intrusion: slightly
(0.5 < Cl/HCO3 < 1.3), moderately (1.3 < Cl/HCO3 < 2.8), injuriously (2.8 < Cl/HCO3 < 6.6)
and highly affected (Cl/HCO3 > 6.6) (Table S4).
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Figure 4. (a) Concentration trends of the parameters more influenced by seawater intrusion
(SW/FW ≥ 30), (b) parameters less influenced by seawater intrusion (SW/FW ≤ 4). Dotted lines
represent the simulated mixing of the two end-members, while points represent the concentrations
observed at the sampling points (mixing percentage calculated by Equation (2)).

The isotope ratio 87Sr/86Sr was used to study the origin of groundwater salinity
because it allows recognition of the fingerprint of hosting rocks, modern seawater, and
paleo-seawater. For this study, a representative sub-set consisting of 15 MWs was chosen
from a wider dataset [57]. A few MWs are characterized by high fsea% and strontium
concentration and an 87Sr/86Sr ratio tending to, even though not reaching, the current
seawater value (0.70918) [58]. These MWs can be considered affected by current seawa-
ter intrusion (Figure 5a and Figure S2). The study allowed exclusion of the presence
of paleo-seawater from the Cretaceous period, which is characterized by an isotope ra-
tio ranging from 0.7073–0.7078 [59] and a strontium concentration from 8.0–40.0 mg/L
(Figure S2) [60,61]. Nevertheless, further studies are ongoing to evaluate the presence of
paleo-seawater from other epochs. Finally, the four MWs belonging to group 1 in Table
S4, are all characterized by lower fsea% and Sr concentration and similar ion ratios. In
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particular, the Cl/HCO3 and Na/Cl ratio values in such MWs indicate a very low influence
of seawater intrusion, while the Ca/HCO3 values suggest groundwater is influenced by
water-rock interaction (Table S4, Figure S3). Nevertheless, the MW7 behaves differently
from the other three with regard to the 87Sr/86Sr ratio. Actually, the other three MWs
are characterized by an isotopic ratio within the range typical of the Apulian Cretaceous
platform (0.7073–0-7078), whilst the related MW7 value is slightly above the upper limit of
this range (Figure 5 and Figure S2) [59]. This different behaviour of MW7 can be explained
by supposing shorter residence times of groundwater intercepted by this well, which
would indicate a less significant water-rock interaction. Differently from the other three
wells which are clustered on the northwest side of the study area, characterized by rather
compact limestones and dolostones, the MW7 is located on a fractured and karstified area,
about 60.0 km south-east. Tulipano et al. [41] confirm such an assumption indicating slow
flow circuits on the northwest side and faster circuits on the opposite southeast side of the
study area (Figure 5b).

Based on the above analyses, which indicate a significant contribution of bicarbonates
in the MWs located in the northwestern sector of the study area (negative PC2), the transect
A-A’ in Figure 5 has been outlined to simulate the geochemical groundwater evolution
while it flows from the recharge area to the sea. The transect starts with the assumed FW
end-member value, in the inner end, and finishes with the related SW value at the sea after
passing through the MW numbers 13, 27, and 29, located at a decreasing distance from the
coast.

Before carrying out the geochemical modelling of the groundwater quality evolution
along the transect A-A’, similar modelling was performed including all the MWs, to
simulate the contribution of water-rock interaction with respect to mixing with seawater.
In Figure 6a it is possible to observe how the samples showing significant mixing with
seawater (>3%) are all below the pure mixing line obtained by geochemical modelling,
both for Na+ and K+. Simulating the presence of an unspecific exchanger (from 25 to
100 mmol/kg water), the mixing lines seem to better approximate the trend of groundwater
samples. The use of a generic exchanger is due to the lack of knowledge of the specific
exchange phase involved in the process (clay mineral) and, consequently, of its cation
exchange capacity. The results confirm that mixing phenomena in the aquifer are probably
accompanied by ion exchange processes that remove alkali from the groundwater. On
the other hand, calcium tends to show higher values than theoretical mixing (Figure 6b).
The coupling of mixing and ion exchange processes, however, determines a significant
increase of concentration in solution and none of the possible scenarios seems to fit with
the field data (Figure 6b). The calculated solutions are particularly supersaturated in
calcite compared to pure mixing and the groundwater samples themselves (Figure S4).
This suggests how mixing and ion exchange processes can induce metastable imbalance
conditions, with an excess of calcium and consequent precipitation of CaCO3, predictably
until the chemical equilibrium is restored. This hypothesis agrees with the simulations of
Appelo and Willemsen [62] and Appelo [63], who adopted the equilibrium with calcite as a
constraint on the increase of calcium concentrations in simulating the seawater intrusion in
a freshwater aquifer.
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Figure 5. (a) 87Sr/86Sr ratio vs fsea % observed in the MWs of the Coastal Murgia. Different dots
represent different groundwater groups: green (1) groundwater with Cl− < 250 mg/L, yellow
(2) groundwater with 250 ≤ Cl− < 700 mg/L, orange (3) groundwater with 700 mg/L ≤ Cl− <
3000 mg/L, red (4) groundwater with Cl− ≥ 3000 mg/L. The light blue diamond represents the
value of the current seawater. ULKP = upper limit of the Cretaceous platform, LLKP = lower limit
of the Cretaceous platform.; (b) map of 87Sr/86Sr ratio observed in the MWs. Symbol colours are
the same as above defined. Different shapes (stars, dots, and squares) represent different ranges of
87Sr/86Sr values. Arrows and recharge areas modified from Tulipano et al. [41]. The dashed black
line represents the representative transect A-A’ chosen for simulation.

As introduced above, the transect A-A’ (Figure 5b) was chosen to simulate the main
processes responsible for the geochemical evolution of groundwater, starting with the two
end-members FW and SW.

The simulated geochemical processes include the equilibrium reactions of carbonate
minerals (calcite, dolomite, strontianite), ion exchange (25 mmol X−/kg water), and mixing
with seawater. Groundwater in the study area is at the saturation limit with respect to
calcite and dolomite, while it shows an evident undersaturation in strontianite (Figure
S5). The software uses a database file of thermodynamic data derived from WATEQ4F [64]
which contains pure mineralogical phases. Rather than as a pure phase, Sr is generally
present as trace element in carbonate minerals. Its presence in these minerals may be
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an important source of this element in groundwater, but its effect on the equilibrium of
calcite is generally small [65]. Consequently, instead of pure strontianite, the existence of a
CaSrCO3 phase, equally close to equilibrium, is more likely.

Figure 6. Comparison between pure mixing (continuous line) and simulated concentrations obtained
coupling the model mixing + ion exchange (dotted lines) at different exchanger concentrations. (a) Na
and K (left and right ordinate scale, respectively); (b) Ca.

Figure 7 shows the result of the simulation along the transect A-A’. Simulated con-
centrations are quite similar to the analytical values of the three MWs for all major ions,
bromide and strontium, with a mean error of 8.5%, ranging from a minimum of 2.7% for
HCO3

− and a maximum of 20.6% for SO4
2−. These results confirm the goodness of the

hypothesized geochemical processes. In the aquifer, further processes could act on these
and other minor elements (e.g., dissolution/precipitation of other mineralogical phases,
sorption/desorption processes on Fe oxy-hydroxides, rainfall/aerosol contribution in the
coastal area), causing possible variations with respect to the simulated concentrations.
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Figure 7. Variation of the groundwater chemistry along the selected transect A-A’. The % of major
ions measured in the three wells (13, 27, and 29) and the simulated values (13-SIM, 27-SIM, and
29-SIM) are represented. The table below shows the concentrations in mmol/L, also for bromide and
strontium. FW = freshwater end-member; SW = seawater end-member.

The selected transect is particularly suitable for this type of simulation and the identi-
fied processes can be extended to the entire groundwater body. The integrated approach
allowed us to improve the conceptual model of the Coastal Murgia groundwater body and
identify the possible sources of salinization (Figure 8). The Coastal Murgia groundwater
body is mainly recharged by the Alta Murgia groundwater body characterized by Ca-HCO3
water. In the Coastal Murgia this groundwater evolves towards waters progressively closer
to the seawater composition. Indeed, as shown in Figure 8, moving from inland to the
coastline the groundwater becomes Na-HCO3 and Na-Cl due to the mixing phenomena
and consequent ion exchange processes accompanied by calcite precipitation.

Figure 8. Schematic conceptual model (not in scale) of the investigated area. In the doughnut charts:
blue = HCO3

−, orange = Cl−, grey = SO4
2−, yellow = Ca2+, purple = K+, green = Na+, red = Mg2+.
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4. Conclusions

The combination of diverse methods of groundwater quality data interpretation can be
effective for quantifying the degree of salinization and discriminating its different sources.

Chemical facies characterization, multivariate statistical analysis, and mixing calcula-
tion proved to be effective to quantify the groundwater salinization degree up to 50% in
the study area. A further in-depth analysis exploiting the characteristic ion ratios and pure
mixing calculation permitted current seawater intrusion as a main source of salinization to
be individuated. Cretaceous paleo-seawater as an additional source of salinization was ex-
cluded based on the 87Sr/86Sr results obtained on a subset of monitoring wells. In addition,
the 87Sr/86Sr and the Ca/HCO3 ratios enabled us to identify water-rock interaction as a
driver of the geochemical evolution of groundwater and this hypothesis was verified by
geochemical modelling.

The study evidenced two main processes responsible for the groundwater chemistry
evolution from inland to the coast in the study area: Water–rock interaction within the
carbonate aquifer (dissolution and ion exchange processes with clay minerals) and mixing
with seawater caused by the current saline intrusion.

Further isotope data for 11B, 18O, 2H, 87Sr/86Sr to support water/rock interaction and
mixing processes are in preparation.

The proposed approach can be successfully applied to coastal karst aquifers for the
investigation of the main processes governing the salinity variation in groundwater, to
support more informed management of the groundwater and the improvement of its quality.
However, the applied methodologies can also be adopted in a different geological context,
making the appropriate changes (e.g., choice of suitable isotopes, different mineralogical
phases, and the reactions to be included in the geochemical model) to adapt them to the
specific case studies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w14111725/s1, Figure S1. Map of chloride concentrations and chart
of chloride concentrations vs distance from coastline; Figure S2. 87Sr/86Sr ratio vs Sr concentration
observed in the MWs of the Coastal Murgia. The meaning of dots colours is the same of the figure
S1. The light blue diamond represents the value of the actual seawater. ULKP = upper limit of the
Cretaceous platform, LLKP = lower limit of the Cretaceous platform. Blue rectangle represents the
range of paleo-seawater; Figure S3. Map of chloride concentration at the monitoring wells and the
spatial interpolation of Ca/HCO3 ratio (Inverse Distance Squared Weighted method). Arrows and
recharge areas overlap the circuits and recharge area described by Tulipano et al. [41]; Figure S4.
Simulated calcite Saturation Indexes (SI). Comparison between pure mixing (continuous line) and
coupled model mixing+ion exchange (dashed lines) at different exchanger concentrations. Black
dots indicate the calcite SI for the sampled waters (mixing > 3%); Figure S5. Carbonate mineral
Saturation Indexes for the 47 groundwater samples; Table S1. Constructive features of monitoring
wells. In italic and underscore are indicated MWs not equipped with in-place pumps; Table S2.
Analytical methods applied for anions, cations, trace elements and dissolved organic carbon analysis
and relative detection limits; Table S3. In the table are indicated the main statistics of measured
parameters discussed in the paper; Table S4. In the table are indicated MWs, chloride concentration,
the groundwater (GW) group based on chloride concentration, mixing percentage (fsea%), the Na/Cl,
Cl/HCO3 and Ca/HCO3 ratios and the cluster groups. In italic and underscore are indicated MWs
not equipped with in-place pumps. The limits of GW groups are: (1) Cl− < 250 mg/L; (2) 250 ≤ Cl−

< 700 mg/L; (3) 700 mg/L ≤ Cl− < 3000 mg/L; (4) Cl− ≥ 3000 mg/L. Na/Cl < 0.90 indicates MWs
affected by SWI. Cl/HCO3 < 0.5 indicates MWs no affected by SWI; 0.5 < Cl/HCO3 < 1.3 indicates
MWs slightly affected by SWI; 1.3 <Cl/HCO3 < 2.8 indicates MWs moderately affected by SWI; 2.8
< Cl/HCO3 < 6.6 indicates MWs injuriously affected by SWI and Cl/HCO3 > 6.6 indicates MWs
highly affected by SWI. Ca/HCO3 around 1 is typical of carbonate dissolution, around 0.5 is typical
of dolomite dissolution and >1 can be attributed to mixing with seawater and possible reverse ion
exchange processes.
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