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A B S T R A C T

The dolomite coastal aquifer of Balanegra (SE Spain) is the only source of irrigation water in an area of flour-
ishing intensive agriculture. This scenario has consequently led to a severe exploitation of the water resources.
This aquifer extends from the edges of the Sierra de Gádor to the sea, deepening progressively under the thick
Neogene sedimentary sequence that confines it. Based on the content of major ions, the groundwater was
classified into four groups (G1 to G4). G1 samples were characterized by their high content of dominating ions
HCO3

− and Mg2+. Samples classified as G2 showed a similar composition, but with a higher SO4
2− ion content.

As for samples corresponding to groups G3 and G4, they were characterized by their chloride content. However,
Na+ is the major cation in G3 and Mg2+ in G4.

Based on the study of ionic relationships, ionic deltas and mineral saturation indices, it was possible to
elucidate the main processes that condition the chemical composition of each of these groups of samples. The
most important among said processes is the dissolution of dolomite or dolomitic limestone, the primary com-
ponent of the aquifer rock. Compositional changes are due to SO4

2− concentration resulting from gypsum
dissolution (G2). In G3, salinity is the result of dissolution of salts, or contamination through saline waters of the
upper detrital aquifer. Seawater intrusion, a consequence of the overexploitation of the aquifer, increases the
salinity in the G4 samples. In this intrusion process, waters of marine origin rich in Mg, interact with the
carbonated rock, favouring a cation exchange in which Mg is fixed in dolomite or dolomitic limestone and Ca ion
is released. This process is supported by the ionic delta values of these two cations. The marine intrusion in the
area is facilitated through groundwater overexploitation, and also by the structuring of the aquifer. Marine
intrusion exists where tectonics has allowed interconnection between the carbonate rock and the sea. In other
areas on this coast, marine intrusion has not been possible because of the presence of impermeable Neogene
materials that prevent this interconnection.

1. Introduction

One of the major threats to coastal aquifers is the aquifer saliniza-
tion due to seawater intrusion, yet it also constitutes an early warning
sign of such an event at a specific point in time and space, which can
prove invaluable to water authorities around the world (Russak and
Sivan, 2010; Ferguson and Gleeson, 2012; Werner et al., 2013;
Colombani et al., 2016). These coastal zones and adjacent land areas
support 60% of the human population and eight of the top-10 largest
cities in the world (González-Baheza and Arizpe, 2018). In addition,
coastal areas usually enjoy a more benign microclimate that favours the
practice of agricultural activities and, as a result, they feature a high

concentration of large irrigated areas. Both the presence of humans and
human activities require a substantial contribution of water to ensure
their sustainability. In arid or semi-arid areas, the scarcity of superficial
water resources is a problematic characteristic that can compromise the
future development of such regions (Burak et al., 2004). In these cases,
groundwater is often the solution to this water deficit, inevitably re-
sulting in overexploitation of its aquifers (Changming et al., 2001;
Gorelick and Zheng, 2015; Custodio et al., 2016).

Freshwater extraction of coastal aquifers that have a hydraulic
connection with seawater leads to the salinization of these water
sources by advancing the saline wedge towards the continent and
through “up-coning” generated under the extraction wells (Werner
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et al., 2009, 2012). A seawater content of 3% can render the water too
salty for many uses, and 5% practically renders it useless, that is unless
very expensive desalinating processes are implemented (Custodio and
Bruggeman, 1987). Nevertheless, not all coastal aquifers displaying
high salinity values owe their high salt content to processes linked to
marine intrusion. Other human activities such as groundwater ab-
straction, agricultural irrigation or wastewater disposal, as well as
natural factors, can cause the progressive increase in the salinity of
groundwater (Pulido-Bosch et al., 2018). Several studies have high-
lighted high groundwater salinity as a consequence of natural interac-
tions between matrix rock and groundwater (Daniele et al., 2013;
Mollema et al., 2013; Carreira et al., 2014), or as a result of its geolo-
gical history (Edmunds, 2001; Raidla et al., 2009; Sola et al., 2014; Cary
et al., 2015; Vallejos et al., 2018). Marine aerosol input has also been
considered as a potential source of increased salinization in aquifers
near the coastline (Du et al., 2015; Chowdhury et al., 2018).

Knowing the origin of groundwater salinity is essential for the
proper management of aquifers (Bear, 2004; Shi and Jiao, 2014;
Scheiber et al., 2015; Pulido-Bosch et al., 2018). Numerous geophysical,
hydrogeochemical and isotopic techniques have been proposed to de-
termine the origin of groundwater salinization (Vengosh et al., 2005;
Alcalá and Custodio, 2008; Tran et al., 2012; Yechieli et al., 2019).
Environmental stable isotopes can allow the groundwater hydro-
dynamics in karstic aquifers to be defined (Barbieri et al., 2005; Vallejos
et al., 2015) and the origin of salinity in coastal groundwater re-
cognized (Gattacceca et al., 2009; Caschetto et al., 2016; Gomes et al.,
2019). Hydrogeochemistry is the tool that has most commonly been
used, mainly because of its high resolution capacity and relatively af-
fordable cost. More specifically, the hydrogeochemistry techniques that
have been most widely used are ionic ratios of major, minor and trace
elements (Sukhija et al., 1996; Vengosh et al., 1999; Sánchez-Martos
et al., 2002; Alcalá and Custodio, 2008), ionic deltas, mixing calcula-
tions (Sivan et al., 2005; Liu et al., 2017) and geochemical modeling
(Pulido-Leboeuf, 2004; Sola et al., 2013). Moreover, to study the pat-
terns and rates of dissolution in a coastal aquifer, combined reactive-
transport/density-dependent flow models can been adopted (Campana
and Fidelibus, 2015).

This paper discusses the geochemical processes that give rise to a
wide range of hydrochemical facies in a coastal carbonate aquifer,
composed primarily of dolomite rocks. The interaction between car-
bonate minerals and groundwater in carbonate aquifers has a strong
influence on groundwater chemistry and the dissolution/precipitation
reactions may be defined from variations in the groundwater chemical
composition. By interpreting geochemical data from groundwater
samples, this study will determine the possible origin(s) of the saline
water.

2. Hydrogeological setting

The Campo de Dalías coastal plain is situated in the extreme south-
east of Spain, covering an area of about 330 km2 underlain by a geo-
logically complex aquifer system. Its northern limit is in the foothills of
the Sierra de Gádor, while its southern edge is formed by the
Mediterranean Sea (Fig. 1). The semiarid character of the area is de-
termined by a combination of low precipitation (about 260 mm/yr),
strong insolation and interannual variability of precipitation. However,
the neighbouring Sierra de Gador is wetter and naturally recharges the
groundwater system of Campo de Dalias (Pulido-Bosch, 2005). Apart
from geological and climatic features, the main anthropogenic stressor
is agriculture with more than 20,000 ha of highly profitable early-
season greenhouse crops grown in the study area.

The aquifers of the Campo de Dalías are grouped into three hy-
drogeological units (Fig. 1A): Aguadulce, Balerma-Las Marinas and
Balanegra (Pulido-Bosch et al., 1992; Molina et al., 2002). The Balerma-
Las Marinas unit, in the central part, is comprised of Pliocene calcar-
enites/conglomerates partially overlain by marine and continental

Quaternary sediments; the Aguadulce unit (the easternmost of the
three), consists of Permotriassic limestone-dolomitic deposits, Miocene
calcarenites, Pliocene calcarenites and Quaternary deposits. The Bala-
negra unit, at the western end of the Campo de Dalías, lies partly be-
neath the Balerma-Las Marinas aquifer, separated from the latter by the
Pliocene marls, which act as the confining upper strata. The Balanegra
unit is essentially comprised of Triassic carbonate materials. The
structure of the aquifer is controlled by the tectonics. The dolomite
basement is folded in a kilometric scale synclinal filled with detrital
Neogene sediments (Fig. 1). The upper part of these sediments consists
of calcarenites and conglomerates that form a phreatic aquifer sepa-
rated from the Balanegra carbonate aquifer by a thick sequence of
siltstones and marls. Close to the coast, the basement is elevated in an
anticlinal that allows outcropping near to the Balanegra village (Marín-
Lechado et al., 2005; Marín-Lechado and Pedrera, 2015).

3. Materials and methods

A sampling survey was carried out to monitor water quality and
assess the main physico-chemical processes in the Balanegra aquifer. A
total of 45 groundwater samples were taken from wells distributed in
the study area (Fig. 1) to determine the major chemical components. In
addition, temperature, electrical conductivity (EC) and pH were mea-
sured in situ. Alkalinity (as HCO3) was determined by titration in-situ.

Samples were taken in duplicate and filtered with a 0.45 μm
Millipore filter, collected into low density polyethylene bottles and
stored at 4 °C. For cation analysis, 1 ml of ultra-pure nitric acid was
added to prevent precipitation or absorption (Misstear et al., 2017).

Direct modeling is an important tool in the interpretation of the
water-rock interaction processes. The mineral saturation indices (SI)
indicate the degree of saturation in a particular mineral phase and
based on this SI value, the trend of precipitation or dilution of the
mineral phases can be deduced. For this reason, the PHREEQC code,
version 3 (Parkhurst and Appelo, 2013) was used to evaluate the sa-
turation indices of the water in calcite, dolomite, gypsum and halite.
Geochemical simulations have been conducted under different sce-
narios. In this way, the calculated SI and calculated groundwater
compositions were then compared to those of the analysed samples to
deduce the process that best fitted the results.

Ionic deltas (Δ) were obtained for all the major ions based on the
theoretical percentage of seawater, deduced from the concentration of
the chloride ion. The concentration of an ion Y, by conservative mixing
of seawater and freshwater is:

= ∙ + ∙ −[Y] [Y] x [Y] (1 x)m sw fw

where [Y]m is the concentration of Y (conservative mixing), [Y]sw and
[Y]fw are the end-members seawater and freshwater, x is fraction of
seawater in the mixed water.

The value of the Δ ion is the difference between the measured
concentration in the sample analysed and the theoretical value obtained
deduced from ideal mixing between seawater and freshwater (Fidelibus
et al., 1993; Pulido-Leboeuf, 2004.

In this way, ΔY is calculated as: ΔY= [Y]r − [Y]m where, [Y]r is the
actual value measured in the sample. The calculated ionic delta shows
how far or close the ion concentration is from the theoretical value
calculated for an ideal mixture. Positive delta values express enrich-
ment, as a result of modifying process such as dissolution or ion ex-
change, whereas negative delta values indicate depletion of particular
ions relative to a conservative mixing system. Values close to zero show
that the ion has only been subjected to conservative mixing.

4. Results and discussion

4.1. Hydrochemical characterization

The analytical results obtained are summarized in Table 1. The
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groundwater electrical conductivity (EC) show a wide range in salinity,
from 414 μS/cm to 4080 μS/cm. The highest salinity corresponds to the
samples taken close to the coastline, on the western limit of the study
area. Groundwater temperature ranges between 20.5 °C and 40.6 °C.
The higher thermal anomalies are related to the deeper pumping wells
located in the central area of the aquifer. All the pH values where close
to 7.5, ranging from 7.21 to 7.96.

The percentage of seawater in the samples was calculated from the
chloride ion, according to the expression:

=

−

−

×f
Cl Cl

Cl Cl
[ ] [ ]

[ ] [ ]
100SW

sample f

sea f

where fSW is the percentage of seawater, [Clsample] is the concentration
of Cl in the sample, [Clsea] is the concentration of Cl in seawater, and
[Clf] is the concentration of Cl in freshwater. The results are presented
in Table 1. These percentages range between 0.1 and 5%. According to
these values, the waters can be classified between fresh and brackish
water (Stuyfzand, 1989).

Analytical data were plotted on an expanded Durov diagram, where
the cations and anions triangulate fields are separated along the 25%
axes so that the main field is conveniently divided (Al-Bassam and
Khalil, 2012; Al-Bassam et al., 1997). The distribution of the samples in
this diagram shows four well-differentiated groups that will henceforth
be referred to as G1 to G4 (Fig. 2). The G1 samples are characterized by
HCO3

− and Mg2+ as the dominant anion and cation, respectively. G2
has a similar composition, but samples were displaced towards the field
of SO4

2−. On the other hand, samples corresponding to groups G3 and
G4 were characterized by their chloride content, but the G4 samples
were more magnesic than G3. This differentiation of 45 samples into
four groups, according to their content in major ions, is indicative of the
main hydrogeochemical processes that influence the groundwater in
the Balanegra aquifer.

In order to establish and identify all the processes that are active in
the aquifer, different ionic ratios were calculated (Fig. 3). Comparing
Cl− and Na+ ion concentration (Fig. 3a), it is observed that all the
groups are aligned along the 1:1 line, which indicates halite dissolution.
The Cl− ion is a conservative ion in the water-rock interaction processes
(Appelo and Postma, 2005), and the fact that all the samples are aligned
along the 1:1 line would indicate that Na+ ion follows the same pattern.
Processes such as cation exchange or dissolution/precipitation of Na-
bearing minerals other than halite can cause an increase or reduction in
this cation compared to the expected values. However, all samples in
the four groups show an increase in Na+ content, following the same
increasing trend as that of the Cl− ion, thus providing evidence that
none of these processes took place to a significant extent.

Given that dolomites and dolomitic limestones constitute the main
rock in the Balanegra aquifer, the relationship between Cl and
(Ca + Mg)-SO4 is presented (Fig. 3b). This relationship revealed the
carbonate dissolution processes without the influence of sulphate
against the increase in salinity. Samples of groups G1, G2 and G3 show
a clear alignment from the fresher values in G1 to the saltier in G3. All
the samples of group G4 were however below this alignment, displaying
a lower content of Ca and/or Mg cations, or a higher content of the SO4

ion. To ascertain the cause of this differentiation between samples in G4
and the rest of the groups, Cl/Ca and Cl/Mg ratios were also plotted
(Fig. 3c and d). In these graphs, the difference among the G4 samples
and the other groups is very clear. In both diagrams, the G4 samples are
aligned below the samples corresponding to G3. For Cl/Ca, the slope of
the line representing G3 is approximately twice the slope of the line for
G4. On the other side, the slope of G3 is three times that of G4 in the Cl/
Mg graph.

4.2. Ionic deltas

The ionic delta values were calculated and are presented in Table 1.

Fig. 1. Hydrogeological setting of the study area. (1) cross-section, (2) fault, (3) thrust fault, (4) sampling points (5) piezometric contours. Insert A: Location of the
hydrogeological units in the Campo de Dalías (1: Aguadulce unit, 2: Balerma-Las Marinas unit, 3: Balanegra unit).
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The end-members to calculate delta values have been seawater and
sample 21 from G1, corresponding to the fresher groundwater. The
values of these deltas were positive for HCO3 and SO4 ions, whereas
they were variable, positive and/or negative, for Na and K ions de-
pending on the sample. The ionic deltas of Ca and Mg ions were dif-
ferentiated by group (Fig. 4). Samples from G1 and G2, in general, had
both cations enriched to the same extent. A similar pattern was ob-
served for the G3 samples. In this group, the parallelism between the
enrichment in Ca and Mg is more evident, and it is an indication that
this enrichment is the result of the dissolution of dolomites. In contrast,
the G4 samples follow a completely opposite trend. While there is a
clear enrichment of the Ca ion, a reduction of the Mg ion occurs with
the same magnitude as the Ca enrichment (Fig. 4).

The cause of this deficit in the magnesium ion in most saline sam-
ples (group G4) would be linked to an ion exchange process between Ca
and Mg within the crystalline structure of the dolomite or magnesian
limestone that composes the aquifer matrix. This cation exchange
would be as a result of marine intrusion caused by pumping. The mixing
of groundwater with a percentage of seawater increases the Mg con-
centration, favouring conditions for the latter to be fixed in the crys-
talline structure of the carbonates, by exchanging the Ca ion.

4.3. Mineral saturation indices

The saturation indices of the main mineral phases that can influence

the chemical composition of the samples were calculated. These phases
are dolomite and calcite, the main components in the aquifer matrix,
along with gypsum and halite. Most groundwater in the Balanegra
aquifer appeared to be in equilibrium or supersaturated with respect to
calcite and dolomite, as the SIs with respect to these minerals were
close to zero or positive (Fig. 5). In contrast, all sampled groundwater
had negative saturation indices with respect to gypsum and halite,
meaning they were undersaturated.

The saturation index in dolomite was positive in most of the sam-
ples, displaying values of up to 1.4. It was only negative in the G1
samples that were less mineralized, which is similar to what was ob-
served for SI in calcite. Some of the G2 samples displayed the highest SI
values in these carbonates. The SI in gypsum ranged between −2.7 and
−1, meaning this phase would be susceptible to dissolution if it were
located in an aquifer matrix. The distribution of the samples followed a
curve along which the most saline samples are those SI that are less
negative. Similar results were found for the SI in halite, albeit the curve
fit was better (Fig. 5).

4.4. Modeling

To elucidate the main processes that are active in this aquifer, the
field data were compared in a model to the experimental results using
the PHREEQC code. The steady-state is an assumption used in modeling
of the chemical evolution in the groundwater system. More sampling

Fig. 2. Expanded Durov diagram of the groundwater samples.
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campaigns should be necessary to identify temporal fluctuations that
the aquifer can likely to experience.

Based on the percentages of seawater and the ion deltas calculated
(Table 1), a simulation was conducted to obtain the expected ionic
concentrations of the samples from groups G3 and G4, which featured
greater compositional variability than G1 and G2, with respect to ionic
relationships Cl/Mg and Cl/Ca (Fig. 6). The values obtained correspond
quite accurately to the average values in each of the samples. These

figures also include a line representing the theoretical freshwater-sea-
water mixture. As for the Cl/Mg relationship, this straight line is located
above all the measured and simulated samples of G4 and below those of
G3. With regard to the Cl/Ca graph, the theoretical freshwater-seawater
line falls below both groups of samples, albeit G3 was much farther
from the mixture line than G4 (Fig. 6).

Additionally, the SI values were modeled for the four most im-
portant mineral phases, i.e. calcite, dolomite, gypsum and halite

Fig. 3. Hydrochemical relationships between concentrations of major ions and conservative ion Cl (data in meq/L).

Fig. 4. Ionic Deltas for Ca and Mg ions corresponding to the samples in groups G1 to G4.
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(Fig. 7). In these simulations, the starting point was established by
sample G1, which featured very low mineralization. During the first
stage of modeling, calcium‑magnesium‑carbonate was increased to si-
mulate the dissolution of dolomite, and calcium-sulphate was increased
to simulate the dissolution of gypsum (Fig. 7). Consequently, the SIs in
calcite, dolomite and gypsum increase substantially, fitting the simu-
lation curve quite well to the SI values measured. After a certain point,
due to the effect the common ion, calcite tends to precipitate, causing
the SIs in calcite and dolomite to decrease, while the values for gypsum
remain the stable. Finally, the mixture of the resulting sample in the last
stage combined with seawater was simulated. The simulation values
aligned with the values measured for the G4 samples.

Simulations were also conducted for the SIs that would be obtained
in the samples if there had only been one freshwater-seawater mixing
process. Only in the case of the SI for halite was a good fit observed. The

lack of a fit for the remaining mineral phases, with the curve re-
presenting the freshwater-seawater mixture, indicates that other geo-
chemical processes must have been at work.

4.5. Hydrochemical processes

A series of interpretations of the key hydrochemical processes at
work in the dolomite coastal aquifer of Balanegra can be made based on
analyses of the main physico-chemical components, the results of the
ionic deltas and the mineral saturation indices.

The dissolution of the dolomite rock was the main mineralization
process of the groundwater, especially in the G1 samples. Consequently,
the recharge water from rainfall gradually increased its Ca and Mg
content. The concentrations in these two cations increased in parallel in
this group. Regarding the samples corresponding to G2, there was a

Fig. 5. Saturation indexes of calcite, dolomite, gypsum and halite in sampled water versus chloride concentration in mg/L.

Fig. 6. Cl/Mg and Cl/Ca ratios. Comparison between measured and simulated concentrations for samples in groups G3 and G4 (data in meq/L).

A. Vallejos, et al. Journal of Geochemical Exploration 209 (2020) 106438

7



slightly greater proportion of Mg than Ca (Table 1, Fig. 3). The content
of SO4 was also higher as a result of the dissolution of gypsum. The
presence of interstratified gypsum between the layers of dolomites in
the aquifer is relatively common (Martín-Rojas et al., 2007, 2012). The
magnesium concentration in groundwater is an indication that dolo-
mite and high magnesium calcite may be present in the aquifer. The
dissolution of dolomite by calcite-saturated groundwater generally oc-
curs incongruently, i.e. calcite is precipitated as the dolomite is dis-
solved. This effect has been described in many carbonate aquifers
(Wigley, 1973; Palmer and Cherry, 1984; Cardenal et al., 1994; Moral
et al., 2008). The result of this process is an increase in the con-
centration of bicarbonate and magnesium ions and a slight decrease in
Ca.

G3 samples were characterized by having a higher salinity than G2.
The wells where these samples were taken were relatively deep. They
pass through an upper detrital aquifer, highly contaminated by the
agricultural activity (Foster et al., 2018) conducted in the surrounding
area, and layers of silt and clay, which confines the carbonate aquifer.
The increase in salinity detected in the G3 samples would most likely be
due to the contribution of more saline water coming from the upper
aquifer, resulting from the poorly designed construction of some of
these wells. This superficial contamination is reflected in the high
content of NO3 present in these samples (Table 1). As for the G4 sam-
ples, they were also characterized by a higher salinity, but in this case
there was no presence of nitrates.

By plotting the aquifer points where the samples were taken on a
map, and indicating the group to which they belong (Fig. 8), it can be
observed that the samples corresponding to G1 and G2 are, in general,
the closest to the edge of the Sierra de Gádor, while G3 and G4 are
located in the central and coastal zone of the aquifer. However, whereas
G3 is distributed more towards the northern part of the aquifer, G4 is
distributed towards the southern part of the aquifer (Fig. 8).

This distribution of the G3 and G4 samples is controlled by the
general structure of the aquifer. The dolomite rocks extend from the

edge of the Sierra de Gádor, progressively deepening below the thick
Neogene sedimentary sequence that confines the carbonates. They
follow a fold geometry that runs from synform type to antiform,
forming the carbonated rocks at the far southern end of the aquifer
(Figs. 1 to 8). This small outcrop of dolomite rocks on the southern
coastline is responsible for the geochemical differences observed be-
tween the G3 and G4 samples. At this site, contact between the aquifer
and the sea is possible, but this connection does not exist along the rest
of the coastline. It is through this connection that a seawater intrusion
process would have taken place, which would have salinized the G4
samples, exacerbated by the intense groundwater abstraction in this
area. As a result of this seawater intrusion, waters rich in Mg enter the

Fig. 7. Saturation Index (SI) with respect to dolomite, gypsum, calcite and halite versus chloride concentration in mg/L. The red line corresponds to SI according to
the geochemical simulation with PHREEQC (SIM). The line (blue) of theoretical SI in a conservative freshwater–seawater mix is also plotted (FW-SW). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Distribution of the samples according to the groups identified in the
study.
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aquifer system. This magnesium would have exchanged in the crystal-
line structure of the dolomite and magnesian limestone, releasing Ca
ions. Consequently, the ionic deltas are positive for Ca and negative for
Mg in the samples of this group (Table 1, Fig. 4). The formation of a
calcite-magnesite solid solution is induced by the high Mg:Ca ratio of
intruding seawater according to the following reaction:

+ → +
−

+
− − +

+Ca Mg CO yMg Ca Mg CO yCax (1 x) 3
2

x y (1 x y) 3
2

As a result, Ca is added while Mg is removed from groundwater.
This rock-water interaction process intensifies the impact of cation
exchange (Ca surplus vs. Mg deficit) along the flow path of the dolo-
mitic limestone. The Mg deficit induces Mg desorption and causes a
lower fraction of exchangeable Mg in the salinized zone compared to
the freshwater zone (Khadra et al., 2017). A summary of the main
hydrochemical processes at work in the aquifer is depicted in Fig. 9.

The cation exchange processes linked to marine intrusion is usually
dominated by Na (Appelo and Postma, 2005; Andersen et al., 2005;
Sivan et al., 2005). Nevertheless, the ion exchange Ca-Mg has hardly
been identified in other areas with carbonate sediments (Appelo, 1994;
Khadra et al., 2017; Behera et al., 2019). According to Burt (1993),
dolomite is equivalent, in terms of mass balance, to pure calcite in
which magnesium has been substituted for half the calcium, as in a
cation exchange reaction. Dissolution of dolomite can, therefore, be
represented in the mass balance problem as a combination of calcite
dissolution and cation exchange as follows, where y is an exchange site:

↔ +
+2CaCO 2Ca 2CO3

2
3

+ ↔ +
+ +yMg Ca yCa Mg2 2

5. Conclusions

Over the past several decades, the carbonated aquifer of Balanegra
has been experiencing salinization in the central and coastal sectors as a
result of intense groundwater abstraction. Of the four groups of samples
that were analysed, those corresponding to groups G3 and G4 were
affected by salinization. However, the causes of the salinization in G3
and G4 differ, as revealed by the chemical analysis of their waters. The
main cause of salinization in G3 was the salinization from the upper
detrital aquifer through the wells themselves. The upper aquifer is
currently salinized as a result of irrigation return-flow, as well as the
presence of salts in the detrital formations. As for G4, there are clear
signs indicating that it was salinized exclusively through seawater in-
trusion. The hydrochemical processes that take place in the aquifer are
varied and do not act in isolation; instead, they act at the same time and
with different intensity, which is more evident in areas of higher sali-
nity. The Ca/Mg cation exchange in dolomites and magnesic limestone
of coastal carbonated aquifers would be one of the hydrochemical

processes most directly linked to these seawater intrusion processes.
The ionic deltas of Ca and Mg in coastal carbonated aquifers allow us to
recognize whether the salinity of the samples is the result of the sea-
water intrusion process, in which case positive ΔCa values and negative
ΔMg values would be expected. The intensive exploitation of the
groundwater has led to a generalized drop in water levels and a con-
comitant deterioration of water quality observed in samples G-3 and G-
4. Consequently, the volume of usable groundwater is reduced, showing
the need of a better management of this aquifer to ensure its future
sustainability.
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