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Abstract: The sulphurous mineral waters of ‘Entre-os-Rios’, which is sited in NW Portugal, are
famous for their long history as thermal baths dating back at least to the mid-sixteenth century.
Because of the singularity of its water composition, especially the highest sulphur content, the
mineral waters of ‘Entre-os-Rios’ are one of the most important sulphurous waters in Portugal.
Despite these mineral waters having a protection perimeter buffer zone to avoid water contamination,
there are potentially damaging installations (e.g., fuel station) in the closed protection buffer zone
that, according to existing law, are not permitted within the protection perimeters, which defeats
the purpose of their delineation. A vulnerability map was created using geographic information
system (GIS) tools based on multi-criteria analysis, combining thematic maps and parameters of
the DRASTIC index, for evaluating the risk of contamination in the protection area. The results
showed that within the perimeter, there was a low risk of pollution. The alluvium-covered terrain was
vulnerable to moderate contamination, but it was far from the catchment point. Areas of minimal risk
corresponded to locations where the granitic massif had not been significantly weathered. The map
enables information collection for a better definition of local resource structures and planning, namely,
for restricted areas emplacement where some activities should not be allowed (e.g., agriculture and
water prospection), given its influence on the confined granitic aquifer.

Keywords: hydromineral resources; geographic information system; vulnerability map; protection
perimeters; DRASTIC index

1. Introduction

The world'’s freshwater resource comprises groundwater and surface water, which
are essential to human systems and ecosystems. Groundwater is a source of water that
is widely used for supplying a variety of water demands. Mineral water is an excellent
groundwater asset at local and regional levels, as well as a high-value resource due to
its use in thermal medicinal baths [1-4]. Natural mineral waters (NMWs) are natural
groundwater that originated from meteoric waters that infiltrated into the unsaturated
zone and circulate underground via deep crustal discontinuities (e.g., major faults, shear
zones), acquiring a distinct physical and chemical composition that results from water-rock
interactions and temperature, which are constant over time; these waters are normally
located in a singular geologic and morphotectonic framework and usually have a deep
source [5-9]. Similarly, NMWs might be described as deep circulation waters with a specific
bacteriological profile and physicochemical characteristics that are stable at their source
within the range of natural fluctuations and have certain therapeutic or beneficial health
effects [10,11].

Groundwater must satisfy severe standards to be classified as NMW. This water is
the ‘noblest relative’” of groundwater [4]. The abundance of NMW and spring water in
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Portugal has a high heritage value [11]. Thermal waters can be found throughout the
world and are used for recreational and therapeutic purposes. Over the decades and across
cultures, spas have played an important role in promoting community health. Portugal is a
country that is rich in hydromineral resources, mostly in the form of alkaline sulphurous
groundwater [3,4,12]. The mineral waters of ‘Entre-os-Rios” are one of the most important
sulphurous waters in Portugal due to the uniqueness of its water composition, particularly
the highest sulphur level [3,9,12-14].

NMW has been used all over the world for recreational and therapeutic purposes [15-22]
and has been playing an important role in promoting community health over the decades
and across cultures [17,23]. The various therapeutic effects have been attributed to its
physicochemical composition and this correlation has been the basis for the indication of
different thermal resorts for different disorders of several vital systems of the body [24-26].
Instances of a ‘salus per aquam’ (spa) are often found in magnificent natural settings, where
they contribute to the economic development of the communities and areas where they are
present, and they are frequently the only source of income [4]. In recent years, there has
been a growth in health consciousness due to the study of NMW and the establishment of
spa businesses based on the concept of collaborative interaction between natural resources
and man-made enterprises [20]. The spa industry is expected to be approximately USD
94 billion by 2025, with a steady expansion in the following decades. Indeed, the global
wellness business has expanded both the demand and supply for products and services
based on NMW [27].

This sort of water (mostly sulphury waters) is frequently associated with specific
hydrogeological conditions, requiring the adjustment of territorial planning strategies for
its preservation that consider the heritage, cultural, and scientific values to which it is linked.
By establishing a protection perimeter buffer zone, the risk of groundwater contamination is
reduced. If a pollution event occurs, corrective action should be taken promptly to avoid the
water reaching the catchment with unacceptable levels of pollutants. Several point and non-
point sources of pollutants from diverse land-use activities, such as agricultural fertilizer
application, expanding urbanization, domestic wastewater infiltration, road runoff, solid
waste landfills, wastewater ponds, mining ponds, and industrial effluents, could potentially
contaminate aquifer systems, affecting the quality of the groundwater [28-33]. As a result
of the contamination of surface water resources, groundwater demand is increasing year
after year [34]. When aquifers become polluted, contamination is persistent and difficult
to remediate due to its large storage, long residence times, physical inaccessibility, and
monetary difficulties [35-38].

Since 1928, Portuguese legislation [39] has established protected buffer zones for
NMWs, which can include three levels of protection, as presented in Figure 1. The delimita-
tion of these zones integrates a resource management tool that aims to provide quantitative
and qualitative information for water preservation.

Given the hydrogeological conditions, a wellhead protection area will be established,
which will incorporate the following features: (i) an immediate protection buffer zone,
where all activities not related to groundwater exploitation are prohibited (the correspond-
ing area is normally protected by a fence); (ii) a closed protection buffer zone, where all
activities or facilities that may contaminate the groundwater, whether via infiltration of
contaminants or changing the flow paths, are prohibited or strictly controlled; and (iii) the
distant protection buffer zone, where all activities are prohibited or strictly controlled.

The need to protect groundwater involves considering an aquifer’s vulnerability
to pollution [40,41]. Groundwater vulnerability to pollution, according to the National
Academies Press (NAP) [42], is defined as the tendency or likelihood for contaminants to
reach a specific point in the groundwater system after being introduced above the upper-
most aquifer. Within this concept, there are two types of vulnerability concepts [43,44]:
(i) intrinsic vulnerability, which is determined by the aquifer’s hydrogeological charac-
teristics (e.g., depth of the water table, recharge, hydraulic conductivity, saturated and
unsaturated zone), and (ii) specific vulnerability, which includes a few outside variables in
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addition to the hydrogeological characteristics (e.g., land occupation, sort of contaminant).
It is possible that aquifers with high vulnerability, but a low pollution risk exist due to the
absence of polluting loads, or that aquifers with a high pollution risk exist despite their low
vulnerability [41].
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Figure 1. Schematic representation of the different protection buffer zones of a groundwater borehole
(adapted from [39]).

Groundwater vulnerability assessment and mapping have developed as a central sub-
ject given the need for sustainable aquifer management [45—-47]. The study of groundwater
vulnerability allows for the identification of areas with the highest potential for contam-
ination, as well as the creation of aquifer pollution vulnerability maps [37,38,46,48-50].
Groundwater pollution involves many factors (e.g., geological, geomorphological, climatic,
biological), where some of these factors are particularly important for vulnerability map-
ping (e.g., geological materials, landforms, unsaturated zone, aquifer hydraulic features,
land use) [36]. Given the issue’s complexity, a variety of models, each with its vulnera-
bility rating, statistical approaches, process-based methodologies, and overlay and index
methods, are required [47]. Despite existing methodologies, there is no satisfactory way
to represent aquifer vulnerability due to the difficulty in integrating all parameters that
influence contaminant behaviour [51]. The DRASTIC model, whether applying the original
index developed by Aller et al. [40] or its updated variations, is one of the most widely
used tools for evaluating groundwater vulnerability within the framework of a geographic
information system (GIS) environment [47,52-54].

The use of GIS has simplified the acquisition, processing, analysis, and manipulation
of georeferenced data [47,55-61]. GIS-based model development has become critical for
studies of groundwater vulnerability and quality using hydrogeological parameters and
anthropogenic activities [62]. The creation of thematic maps allows for better planning
and management, both in terms of sustainable water use and the demarcation of places
with the ability (or not) to implement various activities based on their potential impact on
aquifers [62-65]. Map algebra operations enable mathematical operations to be performed
between several thematic charts, resulting in composite charts, typically of vulnerability or
susceptibility of a spatial nature, as shown for environmental applications in [55-58].

Therefore, the main objective of this work was to create a vulnerability map for the
‘Entre-os-Rios” thermal aquifer using GIS interpolation tools based on the DRASTIC index.
It is reasonable to infer that the hydromineral resource may have been contaminated
due to activities (like a fuel station) inside the closed zone. Additionally, we aimed to
compare the areas specified by the current protective perimeter with the radius arbitrated
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in accordance with the applicable legal requirements [39]. The main strategy was to provide
a high-quality environmental data source for the region so that the DRASTIC index could
be representative.

2. Materials and Methods
2.1. Study Area

The thermal aquifer is situated in ‘Lugar da Torre—Eja’, municipality of ‘Penafiel’, dis-
trict of ‘Porto” (NW Portugal), and the main research object of the study was the ‘Barbeitos’
borehole, which is in the ‘Maci¢o Antigo’ in the Douro Hydrographic Region where rivers
converge. The importance of the ‘Entre-os-Rios’ thermal aquifer in the life and economy
of this area goes back to the 1920s when the thermal complex was raised. The current
agreement for the exploration of natural mineral water was signed in 1997 [63]. In 2003,
law no. 203/2003 [64] defined the protection buffer zones for the ‘Barbeitos” borehole
(immediate, closed, and distant buffer zones) (Figure 2) based on parameters that support
a sustainable exploration of the resource. The mineral water exploration concession has the
registration number HM-23 and the name ‘Entre-os-Rios—Quinta da Torre’, with a surface
area of 96.6 ha that is coincident with the closed protection buffer zone. The extended
protection buffer zone covers an area of 241.8 ha.
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Figure 2. Location map of the ‘Barbeitos” borehole and protection buffer zones and their conditions.

The region is part of the Iberian Massif’s Central Iberian Zone (CIZ) [66,67]. From a
geomorphological standpoint, the region is shaped by a dense network of deeply settled wa-
tercourses that flow into the Douro river after drawing pathways that are quite sinuous [64].
The hilly blocks that separate the ‘Ribeira de Camba’, ‘Ribeira de Matos’, and ‘Ribeira
das Lages’ define the straight path of the rivers. The arrangement in flat-topped stepped
blocks, which are almost exclusively carved by the secondary hydrographic network, is
determined by the ENE-WSW to SE-NW lineations [68]. The area is characterized by steep
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slope variations (Figure 3), which are primarily due to the presence of Ordovician quartzite
rocks, which gave rise to a NW-SE ridge orientation due to differential erosion. On a local
scale, the massif is dominated by rock discontinuities, which are typically sub-vertical
but can also be horizontal to sub-horizontal. Joints are usually crushed and weathered,
revealing an important structural control [64,68]. As a result of their adaptation to crushing
fault bands, watercourses have a geometric layout [63,67].
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Figure 3. Model digital terrain and slope map of the area surrounding the “Barbeitos’ borehole.

In terms of the local geology, granitic rocks dominate the research area (Figure 4).
The granitic rocks in the research area are part of a band of Variscan granites that extends
from ‘Alto Minho’ to ‘Beiras’ from the NW to the SE. The medium-grain porphyroid
essentially biotitic two mica monzonitic granite is found over a large region of the map’s
NE and has contacts in the SE with the coarse-grained granodiorites and porphyroid
granite. Granodiorites and rare biotitic quartzodiorites are present in a lengthy band with a
general NW-SE orientation. The contours of this band are quite irregular, and it marks the
transition between the previously stated medium-grained granite and the coarse-grained
granite. The regional unit is a coarse-grained porphyroid granite with two basically biotitic
micas that connect the gap between the two types of granite [3,13,68].

The phylonian rocks can be found all over the place, mostly in granitic formations.
Microgranites are particularly abundant in the directions of N-S to NNE-SSW and NE-SW.
Sedimentary deposits are scarce, appearing only in the valley bottoms of the ‘Camba’
and ‘Lages’ streams [68]. The hydromineral resources of ‘Entre-os-Rios’ are controlled
by tectonic constraints, particularly the deep-crustal fracture systems running N-S to
NNE-SSW and ENE-WSW, as well as the regional fracture systems running NW-SE and
NE-SW [68].

2.2. The Mineral Water

The mineral water seems to occur at the interface of the two types of granite and
always in areas of great separation, primarily in the N20°E direction [68] (Figure 5). It
seems that the microgranite veins, which are installed throughout the area within granitic
masses, influence the emergence of water locally (at least in the “Torre” and “Termas de S.
Vicente’). Except in the weathered superficial zones of the eruptive rocks and in the existing
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colluvium-alluvial patches, formations with secondary permeability due to granite fissures
predominate in the study area [64,68].
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Figure 4. Regional geological outline map of the area surrounding the ‘Barbeitos’ borehole.

E

‘Barbeitos’

L d:
(AC2) egen

| ‘Barbeitos’ borehole (AC2)

+ } Matos River
gr At o B Granodiorite
Bt "’ e El Porphyroid granite, coarse-grained
+ + + +

C FERE. [l Microgranite, two micas
= Fault

2 (Km)
Figure 5. Geological profile of the area surrounding the ‘Barbeitos” borehole (adapted from [68]).

In summary, the hydromineral resources of ‘Entre-os-Rios’ are controlled by: (i) lithol-
ogy, specifically the geological contact between porphyritic coarse-grained granite and
granodiorites, as well as the presence of two-mica microgranite, and (ii) tectonic constraints,
primarily the deep-crustal fracture systems running from N-S to NNE-SSW, and ENE-
WSW, as well as the regional fracture systems running NW-SE and NE-SW [3,9,68,69].
Granite is the most prevalent lithology, although granites appear in a variety of textures
and granularities.

The study area is influenced by an Atlantic mild temperate climate, with annual
precipitation ranging from 1300 to 1350 mm, an annual air temperature of 14 °C, annual
surface runoff ranging from 600 to 650 mm, annual evapotranspiration ranging from 500 to
550 mm, and annual recharge ranging from 150 to 200 mm [3,9,68]. The water of the thermal
springs in ‘Entre-os-Rios” is cold, has deep circulation, and has a unique chemistry. The
interaction with the silica-rich granite massif results in a pH of approximately 8.8. It is
feebly mineralized water, sulphureous, fluoridated, with alkaline and soft reactions [70].
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The water from the ‘Barbeitos” borehole has a low variability in its characteristics over
time, allowing for continuous monitoring to infer when contamination emerges in the
aquifer [3,9].

The ‘Entre-os-Rios” hydromineral system is distinguished in the following aquifer
systems [68] (Figure 6): (i) at the surface, a highly weathered and decomposed free aquifer
that represents a critical role in the recharge of the underlying aquifers; (ii) a free-to-semi-
confined aquifer with normal water circulation in weathered zones and in most granite
fissure zones (the pH is between 4.1 and 6, the electrical conductivity is less than 150 S/cm,
and flow rates are typically less than 0.2 L/s); and (iii) a confined mineral aquifer located
in depth near the catchment and conditioned by a zone of structural weakness in depth.
The “Barbeitos’ borehole located in the granitic rock near contact with granodiorites at a
maximum depth of 114 m has an exploitation flow of about 2.5 L/s, a pH of 8.4 to 8.9, and
electrical conductivity of 550 to 620 S/cm.
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altered granodiorite
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Figure 6. Conceptual hydrogeological model of the area surrounding the ‘Barbeitos’ borehole
(adapted from [68]).

2.3. Development of a Vulnerability Map

The methodology used for creating a vulnerability map for the ‘Barbeitos’ borehole
was based on developing thematic maps for all DRASTIC parameters, which is a methodol-
ogy that was used in the multi-criteria analysis for several environmental problems [55-58].
The DRASTIC index (Equation (1)) was chosen for developing the vulnerability map for the
aquifer. This index involves seven parameters [40]: depth to groundwater (D), net recharge
(R), material typology of the aquifer (A), soil type (S), topography (T), and the impact of
unsaturated (I) and hydraulic conductivity (C). Each parameter is subdivided into represen-
tative classes, which are assigned an index (i), ranging from 1 to 10 to correspond with the
local hydrogeological characteristics (higher values correspond to greater vulnerability).

DI=Di x Dp+Ri x Rp+Ai Xx Ap+Six Sp+Ti x Tp+1Ii x Ip+Ci x Cp (1)

The weights represent the significance of each DRASTIC parameter in relation to
the other parameters. The higher the value of the DRASTIC index, the more susceptible
that area of the aquifer is to pollution. A thorough understanding of the geology and
hydrogeology of the research area is required to define the parameter rating ranges [39,46].
The methodology is presented in Figure 7 as a flow chart.
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Figure 7. Flow chart of the methodology used to develop the groundwater vulnerability map using
the DRASTIC model in a GIS.

For processing all maps and data, ESRI's ArcMap 10.8 software was used, and all infor-
mation was based on the PT-TM06/ETRS89 Portuguese current official coordinate system.
For the construction of the seven thematic maps (one for each variable of the DRASTIC
index), a variety of data was collected and processed using ArcGIS tools (Figure 8). The
study area was defined and a large range of digital data, tasks, and functions was used.
This work involved the confirmation of the information in field visits.

Data collection Tasks and functions

Conversion of some

Extract of Portuguese Military
Map No. 135 (Series M888, scale
1/25,000, raster)

information from analog-to-
digital form;

Map of the protected area of the Edition and processing of
‘Entre-os-Rios’ Thermal Complex Sl digital information
(scale 1/25,000, vector)
Portuguese Geological Map (scale GIS /4 Construction of a geographic
500,000, vector) )/l Environment N model

Portuguese Land Use and ey BN Construction of new thematic
Occupation Map (scale 25,000, @ maps
vector) ' . .
Spatial analysis of the
Altimetric data (1/25,000 scale,
vector)
| Structuring of alphanumerie
Orthophoto (1/5000 scale, raster)

Figure 8. Flow chart of the variety of data that was collected and processed using ArcGIS tools and

tasks and functions used.

Therefore, the computation procedure was adopted from [56] and involved the overlap
of the seven themes through arithmetic operations of maps following Equation (1), as
presented in Equation (2).

My My oo M
tm MKk MK ... MK
(M) xw=3y | " 7 ] xwk @)
mn k=1 : : :
Mg My, - My,

where (M}J?) is the vector of cell values from each thematic map that is in line i in row j, m
and n are the dimensions of the thematic grid map, k is the thematic map, tm is the number
of thematic maps, and W is the vector of values associated to each cell.
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The value of each cell of the final vulnerability map was produced using the arithmetic
operation using the value stored in each cell of each thematic map, following Equation (2).
Equation (3) was therefore inserted in the Raster Calculator function to calculate the final
vulnerability map.

Sll 512 T Sln
Sy Sy vt Sm

(Sij)mn - : o : ®)
Sml SmZ e Smn

where (5j) is the vector of cell values for the suitability map that is in line i in row j, and m
and n are the dimensions of the suitability grid map.

3. Results and Discussion
3.1. Thematic Maps for the DRASTIC Index Parameters

The parameter D (depth of groundwater) had an influence on the degree of contact
between the percolating contaminant and the subsurface components, as well as the extent
and degree of physical and chemical attenuation and degradation [39]. It was calculated
using piezometric measurements from a set of 36 georeferenced water points taken in
2008 [68,71]. To interpolate the depth of the aquifer’s top, the inverse distance weighted
(IDW) method was applied. The IDW interpolation method produced mean values of
less than 4 m (Figure 9), corresponding to an index of 9. The areas of greater suscepti-
bility corresponded to zones with shallower aquifer tops, indicating that it was a very
sensitive attribute.

The parameter R (net recharge) is the amount of water per unit area of land that
percolates through the ground surface and reaches the water table. As a result, the amount
of surface cover, the slope of the land surface (Figure 9), soil permeability, and the amount
of water that recharges the aquifer all influence it. Contaminant dispersion and dilution
are strongly influenced by the amount of water available in the saturated zone, as well as
the net recharge. High-recharge-rate regions are more vulnerable than low-recharge-rate
areas [40].

The triangulated irregular network (TIN) interpolation model was used, which was
converted into a matrix structure, which allowed for creating the slope chart, flow direction,
and curvature profile (Figure 10). The curvature profile shows the maximum slope direction
and had an impact on the flow acceleration and deceleration, as well as soil erosion and
sediment deposition. The union of slope areas less than or equal to 6%, curvature profiles
less than or equal to 0, and areas that allow for infiltration formed the map of infiltration
potential zones. A recharge of 40 mm/year was assumed using the precipitation values
given in [6], resulting in an index value of 1.

The parameter A represents the aquifer’s attenuation capacity as a function of the
lithology and it is inherently connected to geotechnical parameters [72,73]. Highly perme-
able lithological formations have higher vulnerability indices because it allows for faster
water flow inside the saturated zone [40].

The parameter S evaluates each soil type’s capacity to reduce pollution potential. It is
essential to analyze the soil properties that influence this potential, such as the thickness,
texture, expandability / contractility, and organic matter content [40]. It is considered to
be the altered zone’s substance, with a thickness of less than 2 m. The thickness of the
soil determines the water retention capacity and has a significant impact on the recharge
since it aids in the infiltration of precipitation into the ground. For this study, the soil map
(Figure 11) was calculated using the values published in [74] for 2018. Forest soil, as well as
temporary crops and bushes, are more likely to be affected by pollution.
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Figure 9. Electrical conductivity, pH, temperature, and surface piezometric level interpolation map
of the area surrounding the ‘Barbeitos’ borehole.

The ground surface slope and its variation are referred to as the topography. The
slope influences the runoff and reveals flat zones where a contaminant can stay on the
surface long enough to infiltrate [40]. The parameter T was obtained from the digital terrain
model (DTM) and slope map (expressed in percentage). The altimetric data ranges between
20 m and 250 m, with significant slope variations. In low-density areas, where pollutant
infiltration is promoted, the vulnerability could be higher.

The parameter I is an important parameter in vulnerability estimation because it
influences the residence period of pollutants in the unsaturated zone and, therefore, the
probability of attenuation [40].

The parameter C refers to the capacity of the aquifer to transmit water, which, together
with the hydraulic gradient, controls the flow of groundwater. Hydraulic conductivity
is relative to the quantity and connectivity of open spaces within the aquifer, which can
be pores, fractures/cracks, cavities, or discontinuities [40]. High conductivity values are
associated with high contamination risks. The parameter was created using a model
published in [75] that relates representative values of hydraulic conductivity for various
types of rock, as well as values of effective porosity and porosity for certain types of rocks.
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Figure 10. Curvature profile map and infiltration potential areas map of the area surrounding the
‘Barbeitos” borehole.
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Figure 11. Map of use and land occupation type of the area surrounding the ‘Barbeitos’ borehole.

The values for quantifying the partial indexes A, I, and C were collected from [76]
using a Penafiel map at a 1:500,000 scale. Parameters A and I assumed the prevalence of
indexes 2 and 3, which are features of magmatic rocks in the research area. The attribution
of greater susceptibility to microgranite outcrops, on the other hand, is cautious because
fissural percolation can endanger the aquifer.
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3.2. Vulnerability Map

Based on new environmental characterization studies, the DRASTIC vulnerability
index may sometimes be updated on a regular basis, leading to changes in the final
cartography. Table 1 shows the classification of an aquifer’s pollution vulnerability based
on the LNEC’s narrowest classification [77].

Table 1. Index value and DRASTIC vulnerability classes (adapted from [40,77]).

General DRASTIC Index Qualitative Vulnerability

23-79 Insignificant
80-99 Extremely low

100-119 Very low

120-139 Low

140-159 Average

160-179 High

180-199 Very high

200-226 Extremely high

Each of the seven parameters was assigned a weight (p) and an index (i) according
to the susceptibility to pollution (Table 2). The DRASTIC vulnerability index map was
obtained by overlaying the seven hydrogeological layers in ArcGIS and it used the raster
calculator function.

Table 2. The weight (p) and index (i) assigned to each of seven parameters used in the DRASTIC
vulnerability index modelling of the area surrounding the ‘Barbeitos” borehole (adapted from [40]).

Parameters Classes Index (i) Weight (p)
<1.50 10
D 1.50-4.60 9 5
4.60-9.10 7
9.10-15.20 5
R 0-51 1 4
Metamorphic/igneous rock 2-5(3)
A Altered metamorphic/igneous rocks 3-5(4) 3
Sand and ballast 4-9(8)
Thin or absent 10
Sand 9
S Loam 5 2
Clay loam 3
Non-aggregated and non-expandable clay 1
<2 10
2-6 9
T 6-12 5 1
12-18 3
>18 1
Metamorphic/igneous rock 2-8 (4)
I Sand and ballast with significant silt and 48 5
clay percentage ©
<4.10 1
¢ 4.10-12.20 2 3
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The flow in a fissured environment prevails due to the predominance of the granitic
rocks present and its fracturing, except in changed surface regions and the current alluvium
when the type of flow occurs in a porous material. Since most aquifer recharge occurs in a
fissured environment, it is significant to mention that fractures can reach large depths. The
aquifer’s vulnerability is also determined by the type of filling of these same faults [57].

The vulnerability map for the ‘Barbeitos” borehole (Figure 11) was generated by
calculating the DRASTIC index (Di) for each 15 x 15 m square using the data in Table 3.

Table 3. Values and weights used for calculating the DRASTIC index.

Parameters Characteristics ® (p) Range
D 3.9 m (average) 5-10 5 25-50

R Deep recharge 0-1 4 04

A Permeability 2-7 3 6-21

S Change areas (<2 m) 1-6 2 2-12

T Slope map 1-10 1 1-10
I Unsaturated zone lithology 2-6 5 10-30

C Capacity to transmit water 1-2 3 3-6
DRASTIC index (DI) 47-127

The risk includes the vulnerability and presence of sources of pollution, and the
environmental context in the study area where the catchment was located is reasonable.
The DRASTIC index’s values ranged from 47 to 127 points, ranging from insignificant to
moderate, with an average pollution vulnerability of 79 points for ‘normal” pollutants.

The intrinsic vulnerability in the study area was obtained as a result of the weighted
sum of the various maps related to each of the attributes according to the DRASTIC
methodology (Figure 12).

Alluvium-covered land is vulnerable to moderate contamination; however, it is located
far from the catchment. Because of the conditions to which they are subjected, the areas
occupied by microgranites and where meteoric water infiltrates, along with preferential
recharge sectors that are hydraulically linked to deep fracturing, represent a moderate vul-
nerability. On the other hand, areas of minimal risk could correspond to locations where the
granitic massif has not been significantly altered. The study location is in a sloping terrain
bounded by granitic outcrops, indicating a low vulnerability to contamination. However,
as previously stated, fracturing can transport pollutants to great depths and/or distances.

Mineral water is of meteoric origin, with a long time of permanence in the deep system,
classifying these waters among the slowest in the set of sulphur waters in the country. The
pH value is around 8.8, meaning it is of basic character, which results from the interaction
with the granitic massif that is rich in silica. The temperature has an average value of
20.5 °C, which belongs to the class of hypothermal waters.

Using several approaches to defining protection perimeter buffer zones (Figure 13)
allows for the long-term preservation of the quality of the hydromineral resource. For the
immediate buffer zone, a radius of 50 m is proposed, with the center of the circle repre-
senting the mineral water catchment. According to [39], this radius is justified by current
legislation, as well as the fact that it is an aquifer system whose lithological foundation is
made up of igneous rocks that differ in their alteration from highly altered to little altered.
It has a total area of 0.785 ha and must be completely closed to any intrusion and always
kept clean.
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The near buffer zone is defined by geological-structural, hydrogeological, and pol-
lution vulnerability parameters. It coincides with the concession area, occupying an area
of 96.6 ha. Its purpose is to protect against direct interference in the local emergency
mechanism, particularly N-oriented fracturing and potentially ENE and NNE fracturing.
The limits of the distant protection buffer zone, which covers 241.8 ha, were established
to include preferred recharge sectors that are hydraulically related to deep fractures. The
favourable circulation of the aqueous system under study is related to the N-S and NE-SW
directions. The purpose of this area is to prevent contamination zones from developing,
preventing further surface runoff and subsurface pollution. It was not enough to define
areas that are off-limits to certain uses. These areas must also be monitored for contami-
nants that may be carried in the subsurface flow current. Although it is difficult to limit all
activities while maintaining perfect aquifer preservation, it is critical that the activities be
totally compatible with the preservation of the hydromineral resource within the legisla-
tively established limits. In this context, GIS has great potential as a tool for georeferenced
data processing and analysis and it can be employed to develop long-term management
strategies. A GIS has considerable potential in this context as a tool for georeferenced
data processing and analysis and it can be employed to develop long-term management
strategies. Groundwater vulnerability mapping and hydrogeological cartography are ex-
cellent tools for aiding in the description, assessment, modelling, and communication of
groundwater resources.

4. Conclusions

This work allowed for the determination of the intrinsic vulnerability of groundwater
in the surroundings of the ‘Barbeitos” borehole through the calculation of a pollution
vulnerability map, by applying the DRASTIC index. The vulnerability map shows that the
protection perimeter buffer zone had a low vulnerability to pollution, which was partly
related to the geological characteristics of the region, and since the microgranites were
quite distant, this tended to prevent polluting compounds from infiltrating.

Even though the closed and distant protection buffer zones defined for the ‘Barbeitos’
are oversized, both in the direction of flow and perpendicular to it, it is important to con-
sider the heterogeneity of the underground environment in the study area, the possibility
of preferential flow through high fracturing density of the fault zones surrounding the
catchment, and the uncertainty associated with method application due to the indetermi-
nacy of some hydraulic parameters. It is crucial to note that the areas are adjusted to the
occupation and use of the land of the region and that the gas station caused a fuel spill of
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more than 4000 L, which exceeded the area of this land and infiltrated adjacent land under
the concession. Although the company responsible removed approximately 380 tonnes of
polluted soil in 2002, it should be noted that the compaction of the replacement material
may have locally affected the hydraulic parameters of the aquifer. The entire area of the
increased protective perimeter of the ‘Entre-os-Rios” hydromineral concession needs to be
monitored in terms of groundwater quality, particularly in the boreholes nearest to the
catchment. Pesticides and fertilizers could contaminate the area near the ‘Barbeitos’ well
because the area is widely used for agriculture. It is crucial to identify possible residences
where there is a lack of basic sanitation in the absence of a septic tank since the infiltration
of these tributaries at higher levels could be a source of diffuse pollution. According to
LNEC (2008) [71], this scenario is represented in a hole just 100 m north of the concession
that is bacteriologically unsafe for human consumption. The same report revealed the
presence of hydrocarbons in the holes near the fuel pump and downstream of it, which
reaches the Barbeitos well in very low proportions. However, active natural attenuation
processes, such as anaerobic biodegradation reactions, may occur.

In the assessment of groundwater’s inherent vulnerability to pollution, the DRASTIC
model produced acceptable results. However, in order to acquire more precise outcomes,
the original model must be adjusted and modified over time. The density of lineaments,
land usage, and land cover are significant terrain parameters that influence the flow and
infiltration of contaminants.

The presence of this type of water (predominantly sulphur waters) is usually linked to
unique hydrogeological conditions, which requires the adjustment of territorial planning
strategies for its preservation, considering the heritage, cultural, and scientific qualities to
which it is linked.
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