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Abstract: The aquifers of the Spanish Mediterranean coast are generally subjected to intense ex-
ploitation to meet the growing water supply demands. The result of the exploitation is salinization
due to the marine saltwater intrusion, causing a deterioration in the quality of the water pumped,
limiting its use for community needs, and not always being well delimited. To prevent deterioration,
a groundwater control network usually allows precise knowledge of the areas affected by saltwater
intrusion but not the extent of the saline plumes. Moreover, the characterization of aquifer systems
requires a model that defines the geometry of aquifer formations. For this objective, we integrated
hydrogeological, hydrogeochemical, and electrical resistivity subsoil data to establish a hydrogeo-
logical model of the coastal aquifer of Torredembarra (Tarragona, NE Spain). In this research, we
have carried out a regional and local-scale study of the aquifer system to define the areas prone to
being affected by saline intrusion (electrical resistivity values below 10 Ω·m). The obtained results
could be used as a support tool for the assessment of the most favorable areas for groundwater
withdrawal, as well as enabling the control and protection of the most susceptible areas to be affected
by saltwater intrusion.

Keywords: aquifer geometry; electrical resistivity tomography; saltwater intrusion; geoelectrical
sounding; groundwater sustainability

1. Introduction

Surface water resources in coastal areas are often scarce, and the aquifers play a pivotal
role in managing the complex issue of water supply [1–3]. Aquifers are an underground
set of rock or sediment formations that are saturated and permeable enough to transmit
economical amounts of water to springs and wells, generating for all living beings a greater
possibility of access to a drinkable water resource [4]. Aquifers also have a primordial
relationship with the wetlands and ecosystems present around them, greatly influencing
the genesis and preservation of these waters, which is why they are of significant use for
survival, especially for human beings [5].

However, the accelerated increase in economic and demographic development in
worldwide coastal areas in general, and in Spain in particular, has generated a natural
imbalance [6,7]. The increasing water demand, because of per capita demand and pop-
ulation increases, causes a strongly increasing exploitation of the available high-quality
water resources, increasing the risk of salinization via the mixing of fresh and saltwater
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and generating marine intrusion [8]. Marine intrusion is a dynamic process in which
saltwater from the sea moves inland during periods of lower aquifer recharge and recedes
towards the aquifer when freshwater recharge from the continent increases, resulting in
the mixing of these waters and the contamination of the aquifers that supply the need for
water resources [9,10].

These trends can be further worsened in large areas by the enduring effects of climate
change [11]. All of these conditions are causing stress on water resources, especially in terms
of the risks of groundwater quality degradation in the case of coastal aquifers [12]. Over
the decades, all of the described increasing difficulties, including environmental concerns,
have highlighted the need to improve the management of groundwater resources [13–15].

Spain is a country that is mostly surrounded by continental and island coasts, and it is
there where most of its population is located, as well as a series of aquifers of vital interest
due to the volume and strategic nature of the water resources they store [16].

The aquifers of the Spanish and Catalan Mediterranean coast are generally subjected
to intense exploitation to meet the growing water supply needs for domestic, tourist,
industrial, and agricultural uses [17]. The result of the intense exploitation, mainly by
sustained groundwater pumping, is salinization due to the marine saltwater intrusion,
causing a deterioration in the quality of the water pumped and limiting its use for certain
needs of the community [18].

To prevent the quality deterioration of groundwater resources, the Catalan Water
Agency (ACA) has designed a piezometric network for monitoring salinity and the ground-
water decline and depletion caused by intensive pumping. The network has 190 ground-
water control points, and conductivity, pH, and temperature are analyzed in situ, as are
the concentrations of the majority of anions and cations in the laboratory. The monitoring
system allows precise knowledge of the zones affected by saltwater intrusion but not the
extent of the saline plumes [19].

The use of wells and piezometers that have already been drilled and equipped, as well
as the use of lithological logs, aquifer water sampling, and water table measurements, are
all examples of direct hydrogeological procedures classically used. The logs and hydro-
chemical data only provide punctual information on the water quality, hydraulic data, and
aquifer geometry. Additionally, a model that specifies the geometry and structural bound-
aries of aquifer formations is necessary for the hydrogeological and hydrogeochemical
characterization of aquifer systems [20].

Indirect methods, such as near-surface geophysical techniques, have been extensively
used in groundwater research in coastal locations to acquire this key information. Geo-
physical techniques are high-resolution methods that reveal details about the physical char-
acteristics of the subsoil and its spatial distribution on a variety of working scales [21,22].
Moreover, the large electrical resistivity contrast between seawater (0.2 Ωm) and freshwater
(>5 Ω·m) makes it possible to map the subsurface groundwater salinity distribution using
geoelectrical techniques [23]. When lithological data are scarce or unable to provide the
detailed subsurface knowledge needed for groundwater modeling, these non-invasive
techniques become beneficial. Vertical electrical soundings (VES) [24–27] and Electrical
resistivity tomography (ERT) are geoelectrical methods widely used to characterize coastal
aquifer characteristics and properties such as on the Morocco coastal rift [24], Southwest
Portugal [28], Pucket (Thailand) coastal aquifer [25], and delineating seawater intrusion
on Monterrey (Mexico) [29], Bela Plain (Pakistan) [30], and also in Mediterranean coastal
aquifers such as Cap-Bon (Tunisia) [31], South-Western Sicily (Italy) [32], River Nil Delta
(Egypt) [33,34]; Rhodope (Greece) [35], Port de la Selva (Spain) [36] and Vélez Málaga
(Spain) [37] among others.

The procedure used in this research combines the acquisition of new geophysical data
with the use of publicly available geophysical data from the Spanish Geological and Mining
Survey (IGME) and hydrochemical data from the Water Catalan Agency (ACA), and we
consider it to have three fundamental advantages for developing new assessment tools:
speed of application, resolution, and an efficient cost-benefit ratio.



Water 2023, 15, 3333 3 of 16

We have conducted a regional-scale qualitative and quantitative study of the aquifer
system to define a hydrogeological conceptualization of the coastal aquifer, to characterize
the hydrogeochemistry of groundwater, and to identify the areas prone to being affected
by the saline intrusion. The results could be utilized as a decision-supporting tool to
evaluate the most favorable locations for groundwater extraction as well as control the
most susceptible zones to be affected by saltwater intrusion. In addition, the use of indirect
geophysical methods will limit the number of new piezometers and the subsequent risk of
coming into contact with different aquifer units during drilling operations.

2. Study Area

The studied zone is situated northeast of the Iberian Peninsula and southeast of the
Camp de Tarragona basin. The area is limited to the north by the Bonastre Massif and to
the south by the Mediterranean Sea (Figure 1).
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The region has a Mediterranean climate with a warm thermal regime in the summer
(average of 26 ◦C in July) and a moderately cold thermal regime in the winter (average of
8 ◦C in February). The yearly rainfall ranges, on average, from 550 to 650 mm/year. The
wettest months are reported in the autumn, whereas July is the driest month and has the
highest potential evapotranspiration values [41].

Surface water resources are consequently scarce. The Gaià River is the main resource,
having an average discharge rate of 0.3 m3/s (2015–2020) [42], and its 60.5 hm3 reservoir is
used for petrochemical industrial and agriculture supply [43].

The municipalities of the studied area use groundwater for water supply, similar to
other Mediterranean coastal regions, and have undergone extensive urbanization along
with a concomitant shift away from an agricultural and fishing economy to one governed
by the expansion of tourism from the 1960s to the present. Due to the surge in water use
for recreational purposes and tourists, particularly during the summer, the area’s water
demands have therefore significantly increased, when the Torredembarra and Altafulla
populations reach 475,000 inhabitants compared to 21,000 inhabitants during the winter or
non-tourist season [44].

The Camp de Tarragona zone is the result of the sedimentary filling of an Oligocene
tectonic trench between the Pre-Coastal and Coastal Catalan mountain ranges [45]. It is
filled by sediments from the Miocene to the Quaternary of marine or continental origin
due to denudation of the southern edge of the Pre-Coastal Mountain Range [46]. This
arrangement forms a multilayer system in which, basically, there are two hydrogeological
units with different potentials but which coexist with other deep aquifers with independent
hydrogeological functioning subject to a hydraulic connection in favor of fractures in deep
calcareous levels.

The Quaternary and Miocene aquifers would form the same hydrogeological unit
in this study area since they are hydraulically connected; this would therefore be the
most important aquiferous unit in the area in terms of exploitation and outcrop extension.
The Quaternary aquifer is formed by Plio-Quaternary gravels of fluvial-torrential and
piedmont origin in hydraulic contact with conglomerates, continental sandstones, and
Miocene calcarenites in the sector of the Francolí River (located west of the studied zone).
The shallow aquifer has a free aquifer behavior with an average thickness of 10–15 m
and high transmissivity values of up to 2.3–3.5 × 10−2 m2/s, where clastic sediments
dominate, favoring its intense exploitation [47]. The underground flow is perpendicular to
the Mediterranean, except in the Francolí alluvial, whose bed drains laterally to the aquifer.

The Miocene Aquifer, on the other hand, has multilayer behavior. The average thick-
ness of the Miocene infills is 50 to 300 m, and transmissivities are variable from medium to
high, with values of 5 to 20 × 10−4 m2/s [47]. The piezometric surface ranges from 110 m
above mean sea level to the north of the Gaià Reservoir and less than 1 m above sea level
on the coast, which in the Torredembarra areas even reaches below sea level [39].

The lower aquifer is called the Jurassic-Cretaceous Aquifer, which is made up of
two hydraulically interconnected formations: basal Miocene conglomeratic breccias and
Mesozoic calcareous-dolomitic materials, located at an average depth of 100–140 m, with
minimum depths of 250–300 m depending on the tectonic effect. Its permeability is
very high, of a secondary-fractured type, with which transmissivities are also high, up
to 20 × 10−4 m2/s.

The elevation of the piezometric surface ranges between 2 and 200 m above sea level;
the greatest gradients are around Bonastre Massif, becoming smoother towards the western
sector and the coastline of the unit, maintaining an N-S flow except in the recharge zone,
where there is a small divergence that distributes the flow towards the southwest and
towards El Vendrell.

In general terms and according to the authors of [40], recharge totals 41.6 hm3/year,
basically from the infiltration of rainfall and contributions from other lateral units, infiltra-
tion from rivers and reservoirs, or the return of irrigation. The most important discharge is
towards the sea, with a flow of 17.8 hm3/year, although a flow of 20 hm3/year between
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the Gaià Cretaceous block and the neighboring sub-units and pumping of 6.3 hm3/year
must be taken into account.

3. Materials and Methods
3.1. Groundwater Quality Assessment

Hydrochemical characterization of this study area was carried out using groundwater
physicochemical parameters from the database of the Water Catalan Agency control net-
work [42]. We have selected hydrochemical data from the 18 control groundwater points
that are available in this study area. The control points are water wells and piezometers
from 6 to 450 m deep with an average of 100 m depth and are used for monitoring three
different water bodies defined in 2002 to fulfill the Water Framework Directive (Directive
2000/60/EC) (Table 1).

Table 1. The Catalan Water Agency controlled the control network of the studied site during the
period 2105–2020 [42]. Water type classification is based on major ion content.

Id Water Body Well Depth (m) Number of Samples Water Type

A Lower Gaià 12 6 chloride-calcium
(2015–2017)/calcium-bicarbonate (2020)

B Garraf 13 2 chloride-sodic

C Lower Gaià 6 1 chloride-sodic

D Garraf 120 2 calcium-bicarbonate

E Lower Gaià 100 4 magnesium-bicarbonate

F Lower Gaià 31 3 magnesium-bicarbonate

G Lower Gaià 118 6 calcium-bicarbonate

H Not defined 10 4 calcium-bicarbonate

I Garraf 100 2 calcium-bicarbonate

J Lower Gaià 80 6 chloride-sodic

K Lower Gaià 158 3 magnesium-bicarbonate

L Lower Gaià 100 6 calcium-bicarbonate

M Not defined 180 4 calcium-bicarbonate

N Not defined 118 6 calcium-bicarbonate

O Gaià-Bonastre Massif 120 2 calcium-bicarbonate

P Not defined 140 4 calcium-bicarbonate

Q Gaià-Bonastre Massif 450 5 calcium-bicarbonate

R Not defined 64 6 calcium-bicarbonate

The water samples were collected and transported by the own staff of ACA to their
laboratory following a quality assurance management system [48]. For the analysis of
the inorganic elements, the ACA laboratory uses an inductively coupled plasma mass
spectrometry instrument) and follows the criteria and specifications of the international
standards [49].

The parameters that are commonly analyzed in all of them (pH, temperature, electrical
conductivity (EC), Ca2+, Na2+, Mg2+, K+, HCO3

−, Cl−, SO4
2−, and NO3

+). and periodic
monitoring were selected for the present research. The network is monitored twice a
year: in the dry seasons between June and August (Summer) when the water demand
is considerably high, and in September and November (Autumn) when the demand has
decreased and they are preparing for the winter. Both summer and autumn data were
evaluated over the last five years with complete and available data (from 2015 to 2020)
(Table 1).
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The quality and representativeness of the analytical results have been assessed by cal-
culating the percentage error for all chemical analyses, considering only the data provided
for major ions.

error(% = 100 ∑ cations − ∑ anions
∑ cations + ∑ anions

We have obtained, as a result, a relative error of ionic balance between 0.75% and
3.87% with a mean of 2.3%, which we consider an admitted value and in accordance with
the geological and environmental conditions present at this study site.

The hydrogeochemical data were sorted and plotted out using the software EASYQUIM
v5.0 [50], which generates the main chemical diagrams such as Piper [51], Schöeller-
Berkaloff [52], and Stiff [53] for further analysis and interpretation.

3.2. Geoelectrical Surveys

In this research, we have used Vertical Electrical Soundings (VES) data acquired in
the 1980s for the Spanish Mining and Geological Survey (IGME) and Electrical Resistivity
Tomography (ERT) data acquired in 2021. Electrical surveys generally have the scope of
identifying the subsurface resistivity distribution through surface measurements. The true
resistivity of the subsoil can be calculated from these observations. In unconsolidated
sediments, the porosity—presuming all pores are water-saturated—and clay concentration
both affect electrical resistivity (typically, sandy soil has a higher resistivity than clayey
soil). Nevertheless, there is an overlap in the values for different types of soils and rocks
due to the fact that the resistivity of a particular soil or rock sample depends on several
properties, including porosity, the degree of water saturation, and the concentration of
dissolved salts [54].

The ERT is a geophysical method that is regarded as the contemporary development
of traditional geoelectrical techniques such as VES [26] and electrical trenching. The basic
basis is the same; however, in this technique, computer-controlled multi-electrodes that
change automatically are employed in place of the conventional four electrodes fixed in the
soil surface with a common basic spacing (two for energizing and two for monitoring the
voltage generated) [55].

The larger number of electrodes arranged on a line and the larger volumes of soil
in which properties and boundaries can be identified in space and time have made ERT
surveys less labor-intensive and more cost-effective than previous VES campaigns [56]. The
current is injected into the ground through electrodes 1 and 4 in the simplest geometry (that
of a Wenner array), and the potential difference between electrodes 2 and 4 is measured.
The apparent resistivity value gathered is attributed to being below the midpoint of the
four electrodes. A trapezium of measurements is created by choosing various electrode
combinations and employing multiples of the base electrode spacing. Typically, this is
represented as a pseudosection in which the vertical axis is related to the survey length.

Measurements were made in this research using the Syscal Pro multi-electrode system
(IRIS instruments, Orléans, France). Multielectrode systems generate a significant amount
of data, necessitating automated data management and processing. There are three steps
involved in working with the resistivity data. The first is creating a pseudosection, which is
an initial approximation of a picture created by plotting each acquired apparent resistivity
value. The second is the removal of geometrical effects from the mathematical inversion
processing, which transforms the observed data into a picture of genuine depths and true
formation resistivities. The geological interpretation of the resulting physical parameters is
the last phase.

The VES survey apparent resistivity data from IGME were inverted in IPI2WIN
software v3.0.1 [57], allowing for the obtaining of the 1D geoelectric response of the subsoil.

The apparent resistivity values of the ERT data were inverted using the RES2DINV
program v3.54.44 [58]. This software uses a non-linear optimization technique via least-
squares fitting to divide the subsurface into cells with specified dimensions, for which
the resistivities are changed iteratively until a satisfactory agreement between the input
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data and the model responses is reached [59]. The root mean square (RMS) value of the
difference between experimental data and the revised model response is used as a criterion
to gauge convergence at each iteration step throughout the inversion process. The inversion
is considered to converge, and the procedure is finished if the data error RMS value, or the
relative decrease of the data error RMS value, falls below a pre-defined level.

4. Results and Discussion
4.1. Groundwater Quality Assessment

Seventy-three water samples with physicochemical parameters and major ionic con-
centration results were available in the Water Catalan Agency database (18 control points
and the 2015–2020 period). The ionic content of the samples ranged from medium to high
(EC between 559 and 3043 µS/cm) (Table 2). Based on the concentrations provided in the
European Water Directive (Directive 98/83/EC), which coincides with the limits laid down
by Spanish legislation (R.D. 140/2003), 25% of the water samples could not be directly used
for drinking water purposes. The main water issues, according to the Directive and major
ion concentration, are related to chloride concentration (14% of the samples > 250 mg/L),
nitrate concentration (9% of the samples are above 50 mg/L), and sulfate concentration (8%
of the samples > 250 mg/L).

Table 2. Descriptive statistics for the physical-chemical parameters of the control groundwater
network (2015–2020 period). The number of samples considered is 73.

T pH EC Na+ K+ Cl− HCO3− SO42− NO3− Ca+ Mg2+

◦C µS/cm mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

Min 13.7 6.7 599 12.3 1.0 21.6 162.0 54.5 4.9 36.7 31.8

Max 23.5 8.3 3043 431.0 10.0 610.1 385.8 292.5 170.8 168.0 99.0

Mean 19.5 7.5 1298 83.5 4.1 147.5 326.6 145.4 36.54 97.3 54.3

SD 2.5 0.3 658 109.3 2.6 172.1 50.4 74.0 40.5 29.0 18.1

Nitrate concentrations had the most widespread impact and were probably the most
difficult to solve in the region of Catalonia (northeast of Spain). This is essentially a result
of fertilization practices, particularly the application of livestock manure [60].

Chloride concentrations are usually used as salinity indicators and could increase
as a result of over-pumping [61], especially in coastal areas due to the effect of marine
intrusion [62].

For the analysis of the marine intrusion, a series of ionic ratio plots have been carried
out to evidence the presence of ionic relations and to characterize the presence of marine
intrusion in the sector:

- As can be identified in Figure 2a, a clear linear relationship (Coefficient of Determina-
tion R2 = 0.9015) is identified where the increase in EC is directly related to the increase
in chloride concentration. Since the chloride ion is a conservative ion and there are no
geological units in the sector that could contribute this ion to the water, its origin, and
concentration are related to anthropogenic origin and/or marine intrusion events.

- The samples located upstream of the Riera de Gaià show lower concentrations of Na
and Cl with respect to the more coastal waters (Figure 2b). However, it is important to
mention that most of the samples are aligned, with a value of the ratio between these
ions close to 0.85, a value of 0.85 corresponding to seawater composition.

- The majority of the water samples have a rCl/rHCO3 ratio between 0.1 and 5; therefore,
their characteristics are more like those of inland waters (Figure 2c). Nevertheless,
the ratio is increasing at points close to the shoreline, indicating a slight marine
influence [54].
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- From Figure 2d, it can be seen that the samples tend to have a ratio of 0.1, which
indicates the value of the seawater ratio; however, there is a degree of dispersion in
the samples, probably associated with the wide origin of the sulfate [63].
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The Piper, Schöeller-Berkaloff, and Stiff diagrams were used to classify and identify
the main characteristics of the four types of water existing in this study zone (Figure 3).

The groundwater at control point A corresponds to a chloride-calcium (Ca-Cl) water
type. Point A is monitoring the Lower Gaià waterbody and is one of the closest positions
towards the SW to the coastline (0.6 km). However, it is important to highlight that
hydrogeochemical point A is the only point in which a significant radical change is seen in
2020, where concentrations show a large increase of 58% in the ion HCO3

− and a decrease
in the major ions Cl− (89%), NO3

− (94%), Mg2+ (44%), Na+ (83%), and EC (50%), compared
to the years 2015 to 2019, and it is classified as calcium-chloride water in 2020. This fact is
probably due to the decrease in industrial and economic activities’ water demands in the
area during the 2020 lockdown (5,103,657 m3 in 2020 and 6,347,000 m3 yearly average in the
2015–2019 period [64]) and the possible reduction of saltwater intrusion in this coastal area.

The second type of water is chloride-sodic (Na-Cl), corresponding to points B (Garraf
Water Body), C, and J (Lower Gaià). Points B and C are placed close to the coast (approxi-
mately 0.8 km) and J further to the SW, approximately 2.75 km from the coastal zone.

The third type of water is magnesium-bicarbonate (Mg-HCO3), corresponding to
Lower Gaià water body control points E, F, and K. Points E and F are located approxi-
mately to the SE, between 3 and 1 km close to the coastal zone, and K further to the SW,
approximately 4.8 km away.

The fourth type of water is the calcium bicarbonate type (Ca-HCO3), which comprises
most of the control points (D, G, H, I, L, M, N, O, P, Q, and R) and the three water bodies
defined in the area. Most of these positions (G, H, I, M, N, O, P, and R) are located in the
topographically highest part of the site, starting from the NW towards the NE.
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4.2. Geophysical Surveys

To assess the lateral extent and thickness of the surface aquifer, geoelectrical data from
25 VES with 685 to 1000 m of survey lines was gathered within the studied zone. The VES
data were acquired in 1985 by IGME using a Wenner-Schlumberger array, which is well
suited to unveiling vertical geological changes [65]. Thanks to the topographic and less
urbanized conditions of the terrain present in 1985, the VES acquired at that time were able
to reach great extensions on the surface of the terrain on the horizontal (between 800 m
and 1000 m), allowing them to also reach greater depths in the vertical (between 150 m and
200 m).
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The VES results, once inverted (2.14–10.8% root mean square error), were also interpo-
lated using IP2WIN software v3.0.1, obtaining a 2D distribution of subsurface resistivity
values. We have used the lithological information available from boreholes and carried out
three profile lines interpolating VES data perpendicular to the main geological structure
direction to unveil the geometry of the main aquifer’s units and zones with brackish/salty
water (Figure 1).

The IPI2Win software v3.0.1 [57] has also been used for their representation as cross-
sections.

The VES cross-sections show substantial variation in resistivity values (mainly in the
5–2000 Ω·m range). Large areas with higher resistivity values are interpreted as coarse-
grained sediments and rock responses, and areas with lower resistivity values indicate the
prevalence of Miocene fine-grained sediments. A general trend of decreasing electrical
resistivities of the subsurface from the north to the south (coastline) has also been identified
in this study area (Figure 4). The lowest resistivity values (lower than 10 Ω·m) are mainly
observed in cross-section A-A’ from −20 mamsl. In cross-section B, the values are found
8 m below sea level in the southern part and 120 m below sea level, 1500 m away from
the coastline. The areas with electrical resistivity values below 10 Ω·m are interpreted as
saturated sediments, probably with brackish/salty water, according to the coastal setting.
Several authors also reported saltwater-saturated sediment responses below 10 Ω·m in
different coastal settings, such as Cap-Bon, [31] Tunisia, Málaga, Spain [37], the Delta Nil
Aquifer [34], and Monterrey [29].
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Figure 4. Electrical resistivity cross-sections and their geological interpretation were obtained from
15 VES models at the studied site. The reddish tones indicate high electrical resistivities, and the
blue tones indicate lower electrical resistivities. A large dot size indicates the prevalence of Miocene
coarse-grained sediments and rocks, and a low dot size indicates the prevalence of Miocene fine-
grained sediments.
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Moreover, we carried out a 2D ERT campaign acquiring 13 profiles—235 m in
length—focused on the coastal area and the zones in which VES surveys indicated saltwater
sediments (Figure 1).

We have used a mixed Wenner-Schlumberger array with 48 electrodes spaced 5 m
apart for measurements. This array was chosen because it provides a moderately strong
signal, is moderately sensitive to both horizontal and vertical structures [66], and provides
about 40 m of maximum depth in the current research.

The ERT resistivity results (3.8–26.4% root mean square error) were also interpreted
using borehole lithological information, water table measurements in piezometers, and
concentrations of salinity indicators (water electrical conductivity and chloride concentra-
tion) from groundwater control points located close to the Torrembarra and Altafulla sites
(Figures 5 and 6).
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Figure 5. (a) Interpreted ERT cross-section 2 over consolidated sediments and rocks. Mc: Miocene
sand and calcarenite, Ms: Miocene silt, (b) Interpreted ERT cross-section 5 over unconsolidated
sediments. Qs: Quaternary sand, Qg: Quaternary gravel and sand, Qst: Quaternary silt, (c) In-
terpreted ERT cross-section 7 close to Torrembarra coastline. Qss: Quaternary sand and silt, Qc:
Quaternary clay.

We have acquired the ERT cross-sections over mainly consolidated sediments (1, 2, 3,
9, and 10), within quaternary sediments (4, 5, 6, 11, 12, and 13), and close to the coastline (7
and 8) (see ERT locations in Figure 6).

In profiles acquired over consolidated sediments, two geoelectric units can be identi-
fied (Figure 5). The shallowest layer is characterized by 200–1500 Ω·m values and could be
identified at the upper part of the geoelectrical cross-sections. The layer has an average thick-
ness of 10 m and is interpreted as unsaturated Miocene-age sandstones and calcarenites.

Underneath, the ERT geoelectrical cross-sections show a single layer with variable and
fluctuating thickness that is defined by values less than 100 Ω·m. The resistivity values are
interpreted as Micoene siltstone and saturated Miocene sedimentary rock responses. The
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water level is interpreted in these sections from 10 m depth (ERT cross-section 10) to 35 m
depth (ERT cross-section 3).
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water salinity map inferred from ERT results, topography, and hydrogeochemical parameters from
nearby groundwater control points.

In profiles acquired over unconsolidated/slightly consolidated sediments, three geo-
electric units can be identified:

- 500–1000 Ω·m layer interpreted as gravels and/or carbonate rocks (Upper Pleistocene).
- 5–50 Ω·m levels corresponding to clay and silt responses (Upper Pleistocene).
- 100–200 Ω·m interpreted as sand and gravel (Holocene–Upper Pleistocene).

In profiles acquired close to sea level, the electrical values are generally lower than
300 Ω·m, and two geoelectric units can be identified. The upper layer is characterized
by values from 20–500 Ω·m, has a thickness of 7–25 m, and is interpreted as sandy and
silty sediments.
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Below, the ERT geoelectrical cross-sections show a single layer with variable thickness
that is distinguished by values lower than 20 Ω·m. These figures are interpreted as clay
and silt responses and/or brackish/salty saturated sediments (Holocene).

4.3. Hydrogeological Conceptual Model and Groundwater Salinization Map

From the joint interpretation of all the data and results, a hydrogeological conceptual
model and a groundwater salinization map have been made (Figure 6). The underground
flows that recharge the system come from the upper part, upstream of the Gaià Reservoir
and part of the Gaia Cretaceous unit, while in the eastern sector, the waters coming from
the southern pre-litoral unit and south pre-coastal unit feed the coastal aquifer system of
the Torredembarra area.

A large part of the aquifer system drains towards the sea, except for the el Catllar
town sector, where the flows drain towards the east, which corresponds to the Tarragona
city coastal unit.

Concerning anthropic interventions, a significant volume is extracted from the pump-
ing wells, mainly for agricultural and industrial use, and according to the background
hydrochemical data and the data presented in Section 4.1, there is evidence of a decrease
in the marine intrusion effect on the water quality of the Torredembarra-Altafulla coastal
aquifer system. The effect of the marine intrusion as described by [39,67] on the sector
has receded, with a general decrease in the parameters of electrical conductivity, chlorides,
and sulfates. This, to the extent that the origin of the sulfate comes not only from marine
intrusion but also from the groundwater recharge water upstream, has a significant and
important mark.

Nevertheless, it is important to highlight that some marine intrusion effects remain,
and we have performed a groundwater salinization map based on ERT, topography, and
hydrochemical data of the Torredembara-Altafulla zone. The map divides the studied area
into four groups:

- High-depth groundwater salinity. ERT cross sections show lower base resistivity
values, which could indicate water with a high salt concentration.

- Medium-depth groundwater salinity. ERT cross sections show values related to
brackish and/or saline water responses not exceeding 20 m depth.

- Low-depth groundwater salinity. Saltwater intrusion is present in most of the cross-
section and is located at a depth of approximately 7 m.

5. Conclusions

We have carried out a regional-to-local-scale quantitative and qualitative study of
the aquifer system to define a hydrogeological conceptual model of the coastal aquifer,
characterize the hydrogeochemistry of groundwater, and identify the areas prone to being
affected by the saline intrusion in the Torredembarra-Altafulla zone. The use of VES surveys
enables a regional characterization of the aquifer system and the zones with the potential
to be affected by saltwater intrusion, while ERT surveys are well suited to provide a highly
detailed characterization of the coastal aquifer and delimit the zone both in extension
and depth.

The obtained results could be used as a support tool for the evaluation of the most
favorable areas for groundwater withdrawal, as well as enabling the protection and control
of the most susceptible areas to be polluted by saltwater intrusion. Anyway, the use of
indirect geophysical methods will limit the number of new piezometers for improving the
groundwater model and the subsequent risk of coming into contact with different water
bodies during drilling operations.
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