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Abstract: The basis for the protection and prevention of groundwater pollution lies in the accurate
assessment of vulnerability in terms of the exposure of groundwater bodies to contaminants before
they are potentially discharged into the environment. The vulnerability assessment consists of
calculating the ease with which pollutants can reach the aquifer from the surface through the vadose
zone, which effectively reduces the pollutant load when the transit time is long. Index methods
are mostly used, as they are based on input data that are readily available, easy to implement and
interpret, and which are simple and practical. However, there are also limitations, as some methods
are somewhat subjective and provide only a qualitative approximation. This case study aims to
develop a methodology that can quantitively estimate the hydrogeological parameters of the aquifer
formations of the Valls basin using geophysical methods and the Dar Zarrouk parameters. The specific
treatment carried out on data from gravity stations and vertical electric soundings, supported by the
available well data, allows for the delineation of the most favourable areas for the exploitation of
groundwater resources (higher hydraulic transmissivity) and the areas most susceptible to pollution
(with a shorter transit time) on a regional scale. Geophysical methods have proved useful, sustainably
providing valuable information without the need to drill new boreholes that could act as preferential
pathways for pollutants into the aquifer.

Keywords: vulnerability mapping; groundwater protection; hydrogeophysics; electrical resistivity
methods; gravity survey; aquifer transmissivity

1. Introduction

The European Orders relating to the protection of water from pollution, the Directive
2000/60/CE of the European Parliament and the European Union Council [1], and, more
specifically, Directive 2006/118/118/CE [2], relate to the protection of groundwater from
pollution and degradation, demonstrating that subsurface water protection has emerged as
one of the most significant environmental policies in Europe. The basis for protection and
prevention lies in an accurate assessment of the vulnerability of aquifers in terms of the
exposure of groundwater bodies to pollutants potentially discharged into the environment,
particularly on the ground’s surface. A vulnerability assessment consists of calculating
the ease with which pollutants reach the aquifer from the surface, crossing through the
unsaturated subsurface (or vadose zone) since the time required for the pollutant to reach
the aquifer has a direct effect on the amount of pollutant that can eventually be incorporated
into the groundwater [3,4]. Several mechanisms (aerobic biodegradation, volatilisation,
adsorption in the solid matrix) take place in the unsaturated zone, which effectively reduces
the pollutant load when the transit time is long [5–7].
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According to Gogu & Dassargues [8], the assessment of vulnerability is limited to a
given site or area and depends mainly on the recharge, soil properties, and characteristics
of the unsaturated zone alongside the characteristics of the aquifer itself. It also depends
secondarily on the topography, the relationship between the surface water and groundwater,
and, in the case of multilayer aquifers, the nature of the underlying aquifer units.

The concept of groundwater vulnerability is based on the assumption that the physical
environment provides the natural protection of groundwater against human impacts,
especially concerning the pollutants introduced from the ground’s surface [9].

The degrees of vulnerability to contamination can be expressed in maps that allow a
simple and intuitive representation of their spatial variability and are particularly useful
in land-use planning processes [10]. Their primary goal is to make it easier to manage
land use properly, based on regional underlying conditions, and prevent groundwater
pollution, as cleaning up contaminated areas may be costly, time-consuming, and even
impossible [11].

Index methods such as DRASTIC [12], GOD [3], SINTACS [13], and GALDIT [14] are
the most commonly used vulnerability assessment methods as they are based on input
data that are readily available, easy to implement, and interpret, as well as being simple
and practical [15,16]. However, there are also limitations, as some methods are somewhat
subjective in assigning numerical values to the descriptive entities and relative weights for
different attributes and provide only a qualitative approximation [17].

This is especially concerning for aquifers in protected regions since there is typically
a lack of direct information regarding subsurface conditions and, thus, a lack of other
subsurface data and additional subsurface data are required to supplement the surface
geological data, such as those obtained using indirect geophysical methods.

Soil surveys, drilling, and the examination of lithology logs from wells are conven-
tional techniques for assessing groundwater vulnerability. The goal is to characterise the
protective layers’ thickness, hydraulic characteristics, and lateral extent. These studies,
however, can be costly and labour-intensive too. Furthermore, precise parameter measure-
ments over broad areas might be challenging due to the considerable spatial variability of
concerning data [18].

Thankfully, the longitudinal electrical conductance parameter easily obtained from
vertical electrical resistivity surveys (VES) may be used to assign a numerical index of
protection as it could provide accurate information about the thickness, depth, and lateral
continuity of clayey-dominated layers that act as natural barriers [19]. The results of these
measurements can be used to estimate the clay content and vertical hydraulic conductivity
of the non-saturated zone or to interpolate vulnerability indices quantified by rating
systems such as the Aquifer Vulnerability Index between wells [20]. Compared to existing
vulnerability indices that are only based on a visual inspection or interpolated from scarce
borehole data, the use of geophysical data has the potential to be more accurate and
dependable [21–24].

Moreover, using the transverse resistance parameter, which is also easily obtained from
the inversion of VES curves, can be correlated with the aquifer hydraulic transmissivity
parameter [25–28], allowing us to indirectly characterise the rate of the lateral flow of
groundwater as a complement to pumping tests that form well [29].

This case study aims to develop a methodology that can estimate hydrogeological pa-
rameters in the aquifer formations of the Valls basin using geophysical methods, including
the Dar Zarrouk parameters, to delineate the most favourable areas for the exploitation of
subsurface water resources (higher hydraulic transmissivity) and the areas most susceptible
to pollution (shorter transit time).

2. Studied Zone

The studied zone is situated in the Alt Camp district of the Spanish province of Tarrag-
ona, between the Gaià and Francolí rivers, and around 100 kilometres south of Barcelona
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city (Figure 1). With a surface area of about 320 km2, it is morphologically a wide plateau
following a northeast–southwest axis and bordered by the Catalan System’s Ranges.
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electrical sounding—VES) and borehole distribution. Base map modified from [30].

Most of the basin is covered by an upper alluvial aquifer with considerable hetero-
geneity and anisotropy, especially in the flat parts and the sectors along the Francolí and
Gaia rivers, where some fluvial terraces are discernible [31]. High transmissivity gravels
in a range of particle sizes compose the alluvial deposits. Although the Plio-quaternary
aquifer is unconfined in many places, hydrogeological barriers are generally produced
by the presence of clayey sediments. As a result, it can be referred to as a multi-layered
complex aquifer with significant lateral variations in transmissivities between its sides.
Three layers of sand and gravel, interbedded with silt and clay layers of varying thickness,
can be considered as the site aquifer system [32]. The groundwater from both aquifers
contains significant concentrations of nitrogenous compounds due to the agricultural use of
over 60% of the surface. In the past, from 1969 to 1989, the average nitrate content in water
drawn from wells in the Francolí alluvial aquifer was approximately 15 mg/L. This amount
has since risen to over 50 mg/L. The wells that were monitored by the Catalan Water
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Agency in 2022 showed nitrate concentrations ranging from below 5 mg/L to 175.6 mg/L,
with a well close to the town of la Pobla de Mafumet having the highest concentrations [33].

Currently, the multilayer aquifer system has a strategic awareness of water supply,
and the interest of its study is complemented by the fact that it is an area declared partially
vulnerable to diffuse nitrate pollution [34], and there is no representative subsoil data of all
of the studied site (only 13 boreholes mainly clustered on the north zone).

3. Materials and Methods
3.1. Gravity Survey

Gravity prospecting is based on the measurement of variations in gravity acceleration
due to the distribution of rocks with different densities in the subsurface. It is a fast and
relatively inexpensive natural field method that is usually applied in the preliminary stages
of many subsurface surveys [35].

This methodology consists of measuring gravity values in a grid of points covering the
area to be explored and employing an instrument called a gravimeter (Figure 2), which can
measure gravity differences between two points with high sensitivity (about 0.01 mGal). As
gravimeters are relative instruments, the measurements are made with the classic closed-
loop system with the start and end of each itinerary on a gravity base with an absolute
gravity value linked to a reference system; in our case, this was the International Gravity
Standardization Net (IGSN’71). In addition, these measurements at the beginning and end
of each route are used to carry out the instrumental drift and to test the general response of
the gravimeter.
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To obtain the neutral gravity values at each point (i.e., without the additional attraction
effect of the sun and the moon), the gravity tidal effect is calculated numerically. The gravity
tide values oscillate periodically between +0.15 and −0.15 mGal, with two daily maxima
and two daily minima. After subtracting the lunisolar effect, the difference in readings at
the base at the beginning and end of each itinerary is compensated proportionally to the
time spent at each station as instrumental drift.

As the gravity at a particular point is a function of different factors, instead of the
absolute value of gravity, the variable of interest is the so-called Bouguer Anomaly (BA),
which can be defined as the difference between the measured gravity value and the normal
or expected gravity value. This normal or expected value can be calculated theoretically
from a mathematical model, which involves the calculation of normal gravity on the
reference ellipsoid as a function of geographical latitude and the transport of this value
from the ellipsoid to the conditions of the station on the earth’s surface, taking into account
the influence of the height of the station, the average density of the rocks and the relief
around the point of measurement. Once the value of gravity on the ellipsoid has been
calculated as a function of geographical latitude, it must be transferred to the ground’s
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surface to compare it with the observed gravity value and obtain the parameter of interest,
BA [37].

3.2. Geoelectrical Survey

Direct current electrical methods, and, in particular, the technique known as vertical
electrical sounding (VES), have been widely used due to the high electrical conductivity and
contrast of geological and hydrogeological units [38–41]. This technique consists of injecting
an electric current into the ground through two electrodes (current electrodes also noted
as A and B) and measuring the voltage difference through two other electrodes (potential
electrodes). There are different geometrical configurations for placing the electrodes in
the ground, which have given rise to different measuring arrays. The best known are
the Schlumberger, Wenner, and Dipole–dipole arrays [35]. By taking these measurements
at the surface, electrical surveys aim to determine the subsurface electrical resistivity
distribution. When unconsolidated, the porosity and clay content both affect electrical
resistivity (assuming all pores are saturated). Typically, sandy soil is more resistive than
clayey soil. Nevertheless, there is an overlap in the values of many types of rocks and soil
because a variety of parameters, including porosity, water saturation level, and dissolved
salt concentration, influence a specific rock or soil sample’s resistivity [42].

The Spanish Geological and Mining Survey (IGME) carried out an electrical prospect-
ing campaign with the VES methodology in the Camp de Tarragona area (1981–1985). One
hundred and forty-one of these VESs were selected from their database as they effectively
covered the study area, forming an almost regular grid with two km spacing between them
(Figure 1 and Supplementary Material S1). The VESs acquired after 80 s using a Schlum-
berger array (Figure 3) were able to reach great depths in the vertical (between 100 and
300 m) as well as great extensions on the horizontal surface of the terrain (between 500 and
1500 m electrodes A–B maximum distances) because of the topographic and less-urbanised
conditions of the terrain at that time.
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The purpose of the quantitative interpretation of VES data was to obtain information
on the thickness and electrical resistivity of the subsurface materials and the entire aquifer
section. The data were inverted using REXIP Plus v2.53 software [43] to obtain the real
resistivity distribution using ridge regression [44]. The initial conditions of each of the
models with n layers, n values of electrical resistivity and n − 1 thicknesses (since the
last layer was assumed to be of infinite thickness) were established with the lithological
columns available from the nearest mechanic boreholes to each of the VESs.

In the case of the VES closest to a borehole, the number of layers and the thickness
were left as fixed and invariable variables during the inversion process, and each of the
initially estimated resistivities and the thickness of layer n − 1 as free parameters.

On the other hand, in the VES located away from a borehole, the inversion results of
the VES close to a borehole are taken as the initial model. In this case, the number of layers
was a fixed parameter, and the electrical resistivity, and the thickness of the layers were
defined as variable parameters.



Water 2023, 15, 4130 6 of 15

3.3. Dar Zarrouk Parameters

The fundamental electrical characteristics of stratified models known as Dar Zarrouk
(DZ) parameters provide an in-depth understanding of the theory of the electrical be-
haviour of the subsurface. These are related to multiple combinations of resistivity and
thickness for each geoelectrical layer in the model, which is an experimental VES curve that
can be explained as produced by many physically equivalent models (principle of equiv-
alence) [45]. The DZ parameters, longitudinal conductance (S) and transverse resistance
(T) for a series of n horizontal, homogeneous, and isotropic layers with thickness hi and
resistivity ρi, are defined as follows:

Ti = hi·ρi

Si =
hi
ρi

The approach used to calculate the T parameter of Dar Zarrouk was also the same as
that used for the calculation of the hydraulic transmissivity parameter, i.e., it was computed
from the piezometric level (W.T.) to the base of the aquifer (Figure 4). The base of the
aquifer has been considered to be located at a maximum depth of 100 m. The 100 m limit
was chosen because it is the depth of most calibration data used; in this case, the lithological
log of boreholes, as well as the minimum investigation depth of VES soundings, were
used [46].
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The water table data were gathered from the groundwater control network of the
Water Catalan Agency [47] and were interpolated using an ordinary kriging algorithm [48]
implemented on Surfer v16 (Golden Software, Golden, CO, USA).

The evaluation of the Dar Zarrouk S parameter is computed from the ground surface
to the piezometric level, considering that it has a maximum value when the thickness of
the low resistive layers overlying the water-bearing formation is large, giving the aquifer
high protection against contamination from the ground surface [49].

3.4. Vulnerability Assessment

The AVI (Aquifer Vulnerability Index) method was developed in Canada by the
authors of [50] and attempts to assess vulnerability based on a physically based concept
that consists of determining the hydraulic resistance (C) or the time required for pollutants
to cross the different layers between the ground surface and the aquifer (unsaturated zone).
The hydraulic resistance is calculated based on the thickness of each of the i layers overlying
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the aquifer (h) and the estimation of the hydraulic conductivity of each of them (k) using
the following expression:

Ci =
hi
ki

The AVI method is relatively simple to apply, allows for a semi-quantitative vulnera-
bility assessment, and is less physically based. However, obtaining representative k values
can be very costly. To overcome this limitation, the authors of [51] made a variation in
the method and used the thickness (h) and the resistivity (ρ) of each of the layers of the
unsaturated zone to obtain, in this case, the Dar Zarrouk parameter S representative of the
vertical component of the electrical current through the unsaturated zone.

In addition, the authors obtained an empirical relationship of the value of S (in
Siemens) with the time it would take for a pollutant to reach the aquifer (transit time).

The transit times through unsaturated layers are theoretically and linearly related to
the longitudinal unit conductance (S) of the layers, with an estimated standard deviation of
2.9 years. We used it to quantify the protective capacity of the underlying aquifers from
percolating contaminants.

4. Results and Discussion
4.1. Gravity Survey

The geometry of a sedimentary basin is generally evident from the gravity anomalies
generated by the mass deficit of the sediments with the basement rocks [52]. In the case of
the Camp de Tarragona basin, the density contrast between the Neogene sediments and
plutonic rocks, Palaeozoic schists, and Mesozoic limestones of the basement is significant
and of the order of 250 kg/m3. In order to determine the geometry of the basin, 1270 gravity
stations available in the Camp de Tarragona area were reprocessed with Oasis Montaj v7.0.1
(Geosoft, Toronto, ON, Canada), and the regional trend was generated by the decrease in
the thickness of the earth’s crust, as shown in the map of gravity anomalies of the Catalonia
region [53].

The residual anomaly map obtained was superimposed on the geological map of
the area (Figure 5) with Surfer v16 (Golden Software, Golden, CO, USA). This shows
the correspondence between the distribution of the negative gravity anomalies and the
structural position of the basin. It also shows that the basin has two depocentres, one to the
SW with negative gravity anomalies exceeding −18 mGal and the other to the NE with a
low gravity of −10 mGal. Both depocentres are separated via a structural high that can act
as a groundwater watershed.

4.2. Geoelectrical Survey

Following the procedure presented in Section 3.2, the 141 apparent field VES curves
and the 1D geoelectric layered models were obtained (Supplementary Materials S1 and S2),
but, as a summary, only the simplified results of two opposite models of the field curves
and VES models are presented in this section (Figure 6).
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model curve with black lines and a VES layered model as a black dashed line.

VES 10 is the typical H-curve showing a thick layer with low electrical resistivity
values (10 to 20 Ω·m), and VES 6 (K-type curve) shows intermediate electrical resistivity
values (close to 150 Ω·m) above a layer with a high electrical resistivity response (over
1000 Ω·m).
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There is a good correlation achieved between the field data and the electrical models.
The estimation of the error between the field data and the electrical model obtained in the
last iteration, with the inversion software, was between 1.1 and 11.7%, with an average
error of less than 3.5% (Supplementary Material S1).

Moreover, with the data from 19 VES models, 2 electrical resistivity cross-sections
perpendicular to the direction of the main geological structures were obtained. The IPI2Win
software v3.0.1 [55] was used for their representation, and a general trend was identified in
the study area of the increasing electrical resistivities of the subsurface from south to north
(Figure 7).
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The VES results are interpreted as clay layers interbedded with a variety of geologic
sediments, including sand and gravel. The primary findings are the characterisation of the
clay formations, as indicated by low-resistivity values (<50 Ω·m) and sand layers linked to
high-resistivity values (500 Ω·m) that are located around the study site’s boundaries.
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4.3. Hydraulic Transmissivity

The distribution of the Dar Zarrouk T parameter was plotted on a contour map. This
map was produced with Surfer v16 (Golden Software, Golden, CO, USA) using the ordinary
Kriging interpolation method. The interpolation was performed with a regular square grid
of 30 m, limited to the areas with sufficient data and excluding those without values (NW
and SE of the studied rectangle). The result was an isoline map in which two subgroups of
values, those above 5000 and those below 5000 Ω·m2, of transverse resistance values could
be distinguished.

The values lower than 5000 Ω·m2 were located and distributed with an approximate
NE–SW orientation, in the central part of the studied area. Results higher than 5000 Ω·m2

were identified in the northern and southern parts, also oriented NE-SW, and in the central-
western sector with an N–S orientation.

In the IGME hydraulic transmissivity map, two subgroups could also be distinguished.
In this case, one group had values above 200 (fluvial terraces of the Gaià and Francolí rivers
and the alluvial fan of Alcover), and the other had values below 200 m2/day (the rest of the
formations). The distribution of the two subsets of hydraulic transmissivities practically
coincided with that of the two subsets of transverse resistances (Figure 8). This last fact
shows the good correlation of both parameters at the working scale selected.
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4.4. Aquifer Vulnerability

In order to highlight the best-protected areas from pollution, the S values were plotted
on an isoline map made with the Minimum Curvature interpolation method [56]. The map
had the same size and used a regular square grid of the same dimensions (30 m side) as the
one used to make the T map. The interpolation was also limited to the areas with sufficient
data, and those with no values (NW and SE of the studied rectangle) were excluded.
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The longitudinal conductance values of the study area were grouped into two subsets,
one with S below 0.5 Ω−1 (high to very high vulnerability) and the other with S above
0.5 Ω−1 (medium to very low vulnerability).

Values higher than 0.5 were identified in the NE and NW zones with an NE–SW
orientation and in the W margin with the N–S direction. These values indicate that these
areas are more protected from pollution (Figure 9a).
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The lowest S values are located in the southern part and near the town of Valls, with
a NE–SW orientation, and in the central-western area, with an N–S orientation. These
values indicate the areas in which the exploited aquifer is more vulnerable to contamination
and, in fact, are included in the areas declared as vulnerable to contamination after the
implementation of the Spanish Decree [57] and coincide with the observations made by the
water basin management organisation [31].

The Dar Zarrouk S parameter provided a semi-quantitative assessment of the aquifer’s
vulnerability to contamination, which usually requires a site-specific classification to rate
the protective capacity of the unsaturated area [58,59]. The methodology described by the
authors of [51] then allowed for a quantitative assessment defining vertical travel times,
which was applied to each of the 141 VESs.

To assign the vulnerability categories, the AVI methodology (Table 1) was followed,
and the thickness of the unsaturated zone was considered as the difference between the
topographic elevation and the piezometric level.

Table 1. AVI method aquifer vulnerability categories [50].

Pollutant Transit Time (years) Vulnerability

0–2 Very high
3–8 Medium-high
>9 Low

The results of this method were interpolated using an ordinary kriging algorithm,
adding the values of nitrate concentration in wells (Figure 9b).

Transit times of more than 9 years were identified in the central and northern parts of
the studied area, these being, a priori, the areas most protected from surface contamination.
On the other hand, transit times of less than 3 years, signifying areas very vulnerable to
surface contamination were mainly located in the southern part.

The map also shows that 2022 high nitrate values in groundwater (>50 mg/L) [33]
were preferentially distributed close to areas with high vulnerability according to their
longitudinal electrical conductivity and, thus, their transit time. However, these concen-
trations depend not only on whether the unsaturated zone is vulnerable to pollution but
also on whether there is a potential pollution load from anthropogenic activities [60,61].
Furthermore, the vulnerability map obtained from the use of Dar Zarrouk’s parameters
allows us to distinguish vulnerable areas even if they fail not show any pollution from
dispersed non-assimilated agricultural amendments.

It is necessary to protect these vulnerable areas that contain groundwater resources of
good quality to the same or even higher degree than the already polluted areas officially
declared vulnerable by the last Spanish Decree 47/2022 [34].

5. Conclusions

• The specific treatment carried out on data from geophysical data gravity stations
and vertical electric soundings and their reinterpretation, supported by the available
well data, has also allowed the hydraulic characteristics of the aquifer system and its
vulnerability to contamination through the unsaturated zone to be characterised on a
regional scale. Geophysical methods have proved useful in this application, providing
valuable information in a non-destructive way, i.e., without the need to drill new
boreholes in the ground that could act as preferential pathways for pollutants into
the aquifer.

• The results of the interpretation of the VES curves are consistent with the available
lithological information on the subsoil and have a better spatial distribution in the
study area than the lithological information. Thus, it has been identified that the most
favourable areas for the exploitation of groundwater resources are located in the less
sinuous sections of the Francolí and Gaià rivers and at the west outskirts of Valls.
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• The longitudinal electrical conductance map (Dar Zarrouk S-parameter) effectively
shows the protection that exists against groundwater contamination due to the exis-
tence of the low vertical permeability of the unsaturated zone, i.e., the uppermost lay-
ers between the ground surface and the piezometric level. S values above 0.5 Siemens
indicate areas where the aquifer system is more protected, while S values below 0.5
Siemens indicate areas with a higher risk of groundwater contamination, either at a
particular point or diffused.

• The correlation between the longitudinal electrical conductance (parameter S of Dar
Zarrouk) and the resistance of water to vertical flow through the unsaturated zone
was used as a quantitative index in the AVI (Aquifer Vulnerability Index) method
to evaluate the vulnerability of groundwater pollution and has made it possible to
determine the areas most susceptible to pollution according to the transit time from its
infiltration on the surface to reach the aquifer. In the Valls Basin, the most vulnerable
areas, with transit times of less than 3 years, are located mainly in the southern part of
the study area, while the best-protected areas, with transit times of more than 9 years,
are located in the central and northern sectors.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w15234130/s1. Supplementary Material S1: VES location, inferred
water table and VES model RMS; Supplementary Material S2: VES models.
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