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Abstract

The main goal of this work is to present a brief
outline on mineral waters resource development in
crystalline rocks, particularly focused on challenges,
opportunities and solutions. In addition, it will be
highlighted the importance of generating dynamics
for both territories (North Portugal and Galicia) to
launch new transdisciplinary programs in a close
cooperation at global scale related to groundwater
and hydromineral resources.

1 Introduction

Groundwater which — in any physical and chemical
specificity — is distinguished from "normal" water in
a given region is considered as mineral in the
hydrogeological practice (e.g., Moret [1], Schoeller
[2, 3], Albu et al. [4], LaMoreaux and Tanner [5],
Carvalho and Chaminé [6], Margat and van der Gun
[7]). Mineral water has generally, but not necessarily,
deep circulation and/or long hydrogeological circuit.
The most common distinguishing characters are
mineralization and/ or temperature. Thus, in the
stated perspective, mineral water present total
mineralization or certain specific characteristics (pH,
sulphur, silica, CO,, etc.) different from the current
values, or temperatures higher than the average air

temperature.
White [8] designated as thermal the water whose
temperatures exceed 5°C over the average

temperature of the air, option taken up by Schoeller
[2] although the latter, instead of 5°C, consider 4°C.
These criteria, virtually identical, are generally
followed in the United States of America (Albu et al.
[4]). In Europe (CEC [9]) was adopted the solution to
consider as thermal the water with temperature
exceeding 20°C, returning the systematization of the
Mineral Water Symposium of Prague held in 1968
(Malkovsky and Kacura [10]). To the north and
central Portugal regions (and also to the Galicia
region, in NW Spain) this criterion can be considered

acceptable for the average annual air temperature in
these areas is less than 16°C (IM and AEMet [11]).

In Medical Hydrology, it is common to designate

as thermal water any water (even if not thermal in a
hydrogeological sense or similar to the typical water
of a given region) as long as it is used in thermal spas
(Pomerol and Ricour [12]).
The development and protection of mineral water is
often bumped by a variety of difficulties (Carvalho
[13], Carvalho et al. [14]), including: (i) Reduced
areas of expansion, that is, limited surface available
for the exploration activities. The urban explosion
drowns everything and the movement of personnel
and equipment is extremely difficult; (ii) Effective
impossibility of compliance with well head
protection areas. Basic sanitation is often poorly
attended and industrial activities are still active. In
some locations, natural and artificial lakes or dams
and weirs that are tourist attraction and sometimes
revenue sources, are often hydraulically connected to
the discharge areas of the hydrogeological circuit;
(iii) The mysticism surrounding mineral waters used
in balneotherapy: the aura of mystery and
supernatural and the recognized economic value of
the resource intimidate the owners, clinical directors
and touristic operators, afraid that the exploration and
exploitation works will change the therapeutic
properties of water and therefore destroy the classical
springs and its available flow.

The main mineral water occurences in northern
Portugal and Galicia were inventoried recently by the
Termared SUDOE project (see details in
TERMARED [15], Chaminé et al. [16]). Those
occurences (springs, wells and water galleries), as
represented in figure 1, are located generally in
tectonical nods usually situated in morphotectonical
corridors  inside  geomorphological — depression
framework (e.g., Choffat [17], Freire de Andrade
[18], Acciaiuoli [19], Carvalho [20, 21], Baptista et
al. [22], IGM [23], Marques et al. [24], Carvalho and
Chaminé [25], Carvalho et al. [26], Delgado et al.
[27], Carvalho et al. [28], Oliveira [29], Carvalho et

al. [30]). They are all located over the so-called
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Ancient Massif and related metasediments (e.g.,
Ribeiro et al. [31]).
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Figure 1. A) Hydromineral inventory mapping of over 590
occurences (TERMARED project during the period 2009-
2011), Northern and Central Portugal and Galicia regions
(LABCARGAI|ISEP archive); B) Hydromineral resources
map of the Northern Portugal, after Carvalho [13]. (Details
in Carvalho [13], TERMARED [15], Chaminé et al. [16],
and references therein).

Several of those mineral water occurrences
correspond to thermal water that may have direct
uses for geothermal applications. So, since 1978

(Aires-Barros [32]), following the energy crisis of
1973, in some spas, geothermal direct uses, other
than single balneotherapy where initiated. The
pioneer site was Chaves (e.g., Carvalho and Silva
[33]; Carvalho and Carvalho [34], Carvalho et al.
[30]), where, in 1982, a tubular well was performed
(AC2) with the specific purpose of heating a
municipal swimming pool. This project still operates
with full success, now extended to two hotels. A very
proactive attempt to put in place a greenhouse
complex taking advantage of the geothermal heat was
a failure, apparently due to a poor technical and
economic makeup of the project.

The systematic occurrence of mineral water
springs in geomorphological depressions leads, often,
to the coexistence of two or even three types of
groundwater circulation generally hydraulically
connected between them and with the surface water,
as follows:

(i) firstly, mineral water of deep origin percolating
fissure permeability materials, which corresponds to
relatively lower risk of contamination. In the same
formations, "normal water" circulation, whether near
or far depth related, is generally also occurring;

(ii) a shallow groundwater circulation over loose
deposits with dominant interstitial permeability but
without ~much capacity for self-purification
(@lluvium, elluvium, colluvium and decomposed
rock). This subsystem has generally high
vulnerability and risk to contamination.

When designing a new well it is absolutely
essential to seal the annular on the shallow subsystem
in order to avoid the spreading of contaminants into
the mineral water subsystem, say, the mixing of
freatic and mineral waters. However the question is
not so simple: the mineral water circuit will continue
to contact, in the surrounding areas, with the surface
water, and other deeper non mineral water
percolating the massif. So it is necessary to impose
operational rules (regarding dynamic levels and/or
pumping extraction) to control flow and mass travel
time under appropriate limits.

In most places it is not possible the complete
elimination of the surface pollutants given the
location in urban areas and also administrative and
cultural barriers. So the only way to face the
challenge of designing and constructing adequate
new wells is to develop comprehensive and robust
site conceptual models in the discharge areas
integrating mineral and non mineral circuits.

The recommended operational flow in a given
well or wells group can be conditioned by the
relationship of the potentiometric surface of an
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alluvial aquifer versus the piezometry of the mineral
sub system. Carvalho [35,13] presented the case of
Monfortinho, eastern Portugal, near Coria at the
Spanish border, were a drainage system was
constructed to minimize the flooding and the
contamination risks, the abstracted shallow water
being used for irrigation.

2 Development of mineral water resources

The development of mineral water resources aims to
meet the following objectives which can be
cumulative: (i) increase the available flow rate; (ii)
maintain the chemical quality and to improve the
microbiological quality of the water; and (iii)
maintain or increase the temperature.

The specific objectives referred above
demonstrate how the practice of the hydrogeology of
mineral water imposes higher degree of performance
when compared with the common water exploration
and exploitation.

2.1 Specificities

At a tactical level, the exploration of mineral water is
easier than common water, in the immediate vicinity
of known occurrences, because conditioning
hydrogeological traps, consistent with adequate site
modelling, are best expressed. Furthermore, contrasts
with geophysical methods, particularly electrical
resistivity, are generally good, namely in
hydrogeological systems with high mineralized
water. This situation is reinforced by the fact that the
hydraulic transmissivity magnitude in mineral and
geothermal aquifers is up by one or two orders of
magnitude to that of fissured aquifers with normal
water in the surroundings, as discussed below. Here,
it should be pointed out that the classical
geoelectrical methods (and particularly resistivity)
continue to be an excellent exploration tool because
they give information on the geological structure and
some clues about the quality of water can be inferred
too. A drawback is the practical difficulty to reach
deep targets.

The strategical exploration of mineral water, out
of the existing poles, has increased difficulties.
Again, consistent hydrogeological conceptual
modelling is need with the support of geophysical
and geochemical surveys: mineral water is a rare and
scarce geological resource.

Mineral water exploration and exploitation have
to meet the following difficulties: (i) it is imperative
to get the same specific type of water without
anthropogenic or other contamination; (ii) the typical

occurrence of traditional springs is on valleys where
the mineral aquifer is in hydraulic connection with
contaminated surface water and/or common
groundwater; and (iii) interference with normal
shallow and deep groundwater subsystems. This
hydraulical interdependence means that, in mineral
water wells located along the major rivers, its
piezometric levels respond quickly to level
fluctuations on the surface water. This has been
observed for example, at Chaves, S. Pedro do Sul and
Monfortinho (Carvalho [13]).

The basic methodologies of exploration and
exploitation of mineral water do not differ
substantially from those used in normal water.
However, it should be noted that, given the economic
value of the geological resources (mineral water), the
financial founds for their study are generally more
important and more easily available. On the other
hand, the requirements in terms of quality and
accuracy of the drilling operations and water well
equipment, are also significantly higher, tacking in
account the particular level of environmental
involvement: one must emphasize that this water is to
be used, without any kind of treatment or
purification, in spas or in the bottled water industry.

The exploration and exploitation works generally
interferes with the existing springs or other former
structures for water intake. This is a very serious
question given the social importance of these
structures. The ideal is to perform drilling works
during the low season (or closure period at certain
spa) and strengthen monitoring (levels, flow rates,
chemical and bacteriological quality) on existing
springs and wells.

Hydrogeologists and groundwater engineers must
understand that mineral water is the "medicine" used
in the spa and the commodity inside the water
bottling industry, having an added economic value
regarding tap water. Cumulatively, it should always
be kept in mind that in these natural waters, the
resource must be microbiologically pure in origin,
which requires significant hygiene and health care
throughout all the industrial process.

2.2 Methodologies and technologies

The most widely used techniques include classical
photogeological interpretation, remote sensing,
geological, geomorphological and hydrogeological
mapping from scale 1/25,000 to 1/5,000 or even
more detail, if necessary, or if the existing
information allows it (Carvalho [21,13]). Using GIS
based mapping to integrate all gathered data in
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mandatory nowadays (e.g., Teixeira et al. [36],
Chaminé et al. [37]).

A constant of all technical interventions must be a
strong option for an exhaustive bibliographical
inventory. This is the formula to better integrate
former conceptualization carried out at a time (end of
19th century till the midle of 20th century), with
great availability to observe and synthetize field
observations. The hydrogeological field inventories
should be systematic and extensive and always
conducted with the support of local people, acting as
contact facilitators and as information providers,
sometimes unexpected, perhaps fanciful, but always
helpful (e.g., Carvalho [13], Chaminé et al. [37]).

In northern Portugal the investigations have been
almost systematically performed with geoelectric
surveys, predominantly resistivity rectangle, with
emission lines that have reached AB = 1200 m (e.g.,
Carvalho [38,21,13]). The aim is to make indirect
exploration meeting the objectives set for the
maximum depth of investigation that was assumed
until recently limited to 150, 200 or 250 m

The first boreholes in Portuguese baths were
carried out with mechanical classical percussion rigs
and also with diamond core drilling (e.g., Seifert and
Vicente [39], Seifert [40]) in locations such as
Sabroso (Pedras Salgadas) and Caldas de Moledo.
The purpose of the angle boreholes, with continuous
coring, was to recognize the lithology, faulting zones
and, of course, the circulated areas. Recognition of
the zones circulated with mineral water (fracturing,
joints, discontinuous contacts, etc.) and their
orientation with this type of drilling was easy on
hydrogeological systems with positive artesianism.
But difficulties have emerged in systems with small
hydraulic head. In this case the credibility of the
method failed: lithological sampling was of excellent
quality, but no clear information on circulated zones
translated as artesian flows and physical-chemical
type of water was available. To solve this difficulty,
pumping tests with piston pumps (the ones that was
possible to install inside the drilling diameter, 86 and
76 mm) were performed at regular intervals.

An important upgrade was the creation of a
pumping chamber at small depths, drilled with
"roller-bit" in the weathered zones. Some angle
boreholes drilled and completed with this mixed
technique (rotary with "roller-bit" and diamond core
drilled in depth) were designed as exploration
boreholes and are still in operation as exploitation
wells. In these boreholes the pumping chamber
installed up to 15 to 20m made easier the conduction

of pumping tests at regular intervals in depth and the
detection of sections with mineral water circulation.

It is important to emphasize that in all of these
drilled wells, it was common practice to achieve tight
control over the physico-chemical characteristics of
the circulation fluid regarding the essential
parameters of the water. The pH, conductivity and
temperature control is the minimum requirement
being usually sufficient in the context of the
Portuguese mineral water exploration on the Ancient
Massif. The use of inclined boreholes in the mineral
water industry is relatively common practice (e.g.
Carlovy Vary, Chezoslovakia; Vylita [41]; and Bath,
England; Kellaway [42,43]).

The most adequate method available today to the
exploration and exploitation of mineral water in
cristalline rock is the down the hole hammer (air
percussion). Where it was intended to reach great
depths (500 to 1000 m) it has been used, aditionally
in depth, drilling coring rigs with wire-line. Vertical
and angle wells have been drilled and equipped with
submersible pumps running without problems.
Advantages of the method includes: (i) easy and fast
penetration till depths not exceeding 250 m,
depending on the drilling diameter, the compressor
capacity and the productivity of the drilled rock; (ii)
good quality of the -cuttings and adequate
identification and sampling of the production areas,
and, (iii) the air as drilling fluid environmentally
friendly, well adapted to precautions regarding the
quality of mineral water.

However, it is worth noting some difficulties,
namely: (i) the air can disrupt the observations on the
quality of the fluid in the aquifer by oxidation of
elements or hiding the gas inputs (DNEMT [44]); (ii)
over evaluation of the existing resources when
drilling, that must be interpreted according to the
CRC (Coefficient of Reduced Capacity); Carvalho
[13]; (iii) it is a procedure poorly adapted to
unconsolidated materials, or very fractured or
weathered rock; (iv) there is the risk of formation of
"plugs" requiring frequent cleaning of the well; (iv)
there is the need to use high power compressors and
even "boosters” when the production output is large
and/or the water level is located near the surface; (v)
identifying each production level is poor because the
collected fluid integrates all the well. This last
limitation is minimized with the use of down the hole
hammer drilling rigs with reverse circulation.

Down the hole hammer rigs show great
effectiveness in detecting groundwater levels if
drilling is accompanied with the necessary
hydrogeological control. The hydrogeological control
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is essential to achieve the following objectives: (i)
compliance with the technical standards of the well
design; (ii) systematic adaptation of the planned test
program; and (iii) return on the drilling, investment,
limiting the multiplication of drilling sites and
optimizing data acquisition and interpretation. Today
this drilling method is almost unique, being in disuse
manual excavation so in vogue until the early 70s of
the twentieth century in Portugal.

3 Hydrodinamics of the discharge zones

Given the need to locate new drilling sites with a
precision of at least 1m, it is important to know in
each case, the geological structures locally responsi-
ble for the rising of mineral and geothermal fluids.

Carvalho [13] presented geoelectrical surveys at
several selected thermal baths of NW Portugal. These
geoelectrical surveys used a rectangle array with ap-
preciable penetration (AB up to 1200 m) at 21 sites
as shown in Table 1.

Table 1. Confirmed faulting trends with geoelectrical sur-
veys in selected Portuguese mineral waters (adapted from
Carvalho [13]).

. . . Fracture

Designation Type Lithology trends
Aguas de Bem Quartzite +
Saude GC Slate N-S
Chaves e SEF NW/NNE

granite

Corga do GC  Granite NW
Vergueiral
Melgaco GC Granite ENE
Pedras Salgadas GC Granite NNW
Vidago GC Granite NNW
Vilarelho da Raia GC Granite E-W
Carvalhelhos S Granite NNW
Alcafache S Granite NW
Caldas da Cavaca S Granite  NNW /NNE
Caldas da Saude S Granite NNW
Caldas das Taipas S Granite NNW
Cré S Granite N-S
Entre-os-Rios S Granite N-S
Fonte Santa .
(Almeida) S Granite NNE
Longroiva S Granite NNW
Manteigas S Granite WNW
Moledo S Hornfels NNE
S. Pedro do Sul s Granite NNW
(Termas)
S. Pedro do Sul s Granite NNE
(Vau)
Touca S Granite NNE
Unhais S Granite NNE
Vizela S Granite NNW
Moncéo S/GC? Granite NNW

(S - Sulphyde; GC - Hydrogenocarbonated)

With the previous surveys it was obtained signifi-
cant control on mineral water circulated structures
consisting of anomalies with electrical resistivity
contrasts (resistivity of the enclosing rocks / resistivi-
ty core anomaly of the order of 6. These anomalies
have horizontal thicknesses up to 20m and a length
between a minimum of 10 m to 180m. Therefore,
they must be considered as manifestations of hydro-
geological faults and hydrogeological traps with ade-
guate connectivity in its core or on the edges.

It appears that the main fracturing direction, con-
firmed by more than 40% of water occurrences in the
sampling analyzed is NNW-SSE. The NNE-SSW
(possibly related to the Alpine orogeny stress field;
Baptista et al. [22]) accounts for over 20% of the sit-
uations and the remaining population are distributed
by the directions N-S, NW-SE, E-W, WSE and
WSW. Each situation should be considered case by
case, but it seems to be confirmed that the direction
of regional fracturing is not always the most im-
portant in terms of emergency conditions at a local
level. NNW-SSE direction should always be porsued.
Upcoming E-W directions seem to have an enhancer
role, usually being, present in the light of
fotogeological interpretation and, as a rule, validated
in detailed hydrogeological mapping fieldwork
(Carvalho and Chaminé [25]).

In all studied cases it was possible to increase the
natural discharge flows. The values of primitive
flows (spontaneous flow; Calado [45]) were obtained
in Acciaiuoli [18] and unpublished data of the TARH
Lda and actual flow rates at drilled wells (Carvalho
[13]). The relative increase of flow is largest at loca-
tions with smaller initial discharge springs. Thus, for
pristine flow rates up to 1 L/s, the actual flow rates
reached up to 8 L/s. For flow rates greater than 2 L/s,
the increase was moderate. The distribution model
tends to follow a logarithmic law. Exploitation yield
in each pole ranges from 0, 5 and 12 L/s with a max-
imum of 18 L/s at S. Pedro do Sul (Ferreira Gomes et
al. [46]). Median of the exploitation yield per well is
of 1,5 L/s. Considering the lithology, the distribution
is indicated in Table 2, which also indicates the same
values for “normal” water.

It is confirmed, therefore, that mineral water lie
inside preferential circulation areas, particularly evi-
dent situation when considering only granite, which,
incidentally, constitute the main lithology. The
pumping tests and the results of monitoring in Portu-
guese mineral water fields show that the long term
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well capacity is not controlled by transmissivity
along major fractures, but by associated fracturing
degree. Carvalho [20,13] has demonstrated that the
relationship between the two transmissivities reaches
up to 36 to 1 with a median of 5 to 1, the lower se-
cond order transmissivity corresponding to the
“transmissivity behavior” of Martinez and Lopez
[47].

Table 2. Median of the exploitation yield per well (L/s) in
the Portuguese Ancient Massif (adapted from Carvalho

[13]).

Normal water

Lithology M\,\I,ng ! (Carvalho  Relation
(i) 2006) (i)/(ii)
(ii)
Granite 1 002 50
Metasedimentary 4 05 .
Rocks
Quartzite 6 0,74 8

The instantaneous flow rate gains achieved by
placing wells on major fractures did not match the
long-term well capacity. Thus, it is often preferable
to locate the exploration and exploitation wells in the
vicinity of the main fault but in secondary structures.
The location of wells and boreholes (Carvalho et al.
[26], Carvalho [13]) will have to be deducted from
the conceptual site model of the aquifer and also by
logistical conditions (access, water availability for
drilling, etc.). Table 3 present the comparison of me-
dian transmissivity in mineral water wells with the
transmissivity in non-mineral water in the Ancient
Massif in NW Portugal. The table 3 shows also that
mineral water occur inside the higher transmissive
areas. This evidence is clear, either considering, for
mineral water, the main transmissivity (T) or the
"transmissivity of behavior." (T°).

Table 3. Mineral water transmissivity and common water
transmissivity by lithology (T: transmissivity; T*: “second
order transmissivity” (adapted from Carvalho [13]).

Mineral NO;Z?I Ratio
w
. water (Carvalho  (i)/(ii)
ithology 2006)
T(mP/day) T (m?/day)
(i) (ii)
Granite 43 L7 2
Metasedimentary 60 31 19
rocks
Quartzite 15 4 .

If one considers the higher values, Moncao,
Chaves, S. Pedro do Sul (Carvalho [21,13]) then the
mineral water and normal water transmissivity differs
in two orders of magnitude. Storage coefficient (S)
determined for depths up to 200m are the order of
10-4 to 10-5, showing a confinement similar to the
normal aquifers (e.g., Carvalho [20,21,13], Carvalho
et al. [14,26]). In several places there is strong posi-
tive artesianism (e.g., Moledo, Manteigas, etc.). This
question relates to the location of recharge areas but
certainly also with the temperature and the content of
waters gases.

4 Concluding remarks

Mineral water exploration is a multi and
transdisciplinary task to be carried out with social
and economical concerns in order to satisfy the de-
mand.

The hydrogeological conceptual site model is the
main tool to solve the hydrogeological and ground-
water engineering problems including mineral water
exploration (e.g., Bisson and Lehr [48], Carvalho
[13], Chaminé et al. [37] and references therein). A
key issue is the approach to be carried out: strategic
studies (at a regional level) or tactical ones (site lev-
el), the most frequent to increase yields in already
known thermal baths or mineral water bottling units.
A global synthesis mapping at appropriate scale, duly
georreferentiated that support the location of drilling
sites at metric scale is essential corollary of all the
work. That models must be capable of communi-
cating information to all agents (practitioners, re-
searchers, stakeholders and decision makers) in-
volved (figure 2).

Field and
laboratory data
Desk studies

Exploration hydrogeology:
groundwater resource
environmental protection

Problem to solve

Communicate: stakeholders,
decision-makers,...

Figure 2. Conceptual site model: a flow path for an inte-
grated exploration hydrogeology approach (after Chaminé
et al. [37]).

For Bisson and Lehr [48] groundwater engineer-
ing and hydrogeology stopped in time at the level of

6
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exploration and it is necessary to embark on a water
scarcity future scenario ahead (e.g., Llamas [49],
Margat [50], Burke and Moench [51], Diop and
Rekacewicz [52], Laimé [53], Custodio [54,55],
Llamas and Martinez-Santos [56], Llamas et al.
[57]). The sophisticated exploration techniques for
oil exploration trying to map megastructures for
groundwater purposes — hydrogeological traps — on a
regional scale has to be carried out. Bisson and Lehr
[48] call this approach the water megawatersheds
paradigm that may be justified in Northern Portugal
and Galicia for mineral water exploration (see details
in Carvalho and Chaminé [6]).

Finally, mineral water management, including ex-
ploration and exploitation, are facing the millennium
challenge, the global climate change (see for example
the report about ‘“climate change impacts in the
USA™:
http://nca2014.globalchange.gov/highlights/report-
aptive strategies). Mineral water quality and mineral
water quantity could be jeopardized by climate
change in a variety of ways that affect ecosystems
and livelihoods, droughts and flooding may intensify
in many regions, even in areas where total precipita-
tion is projected to decline.

Climate change could affect mineral water de-
mand, mineral water withdrawals, and aquifer re-
charge, reducing availability in some areas. In addi-
tion, hazards and risks to coastal aquifers and
wetlands are expected. Some of our mineral water
aquifers are in hydraulic connection with rivers and
the ocean. Changes in precipitation and runoff, com-
bined with modifications in consumption and with-
drawal, can affect mineral water. These trends are
expected to continue, increasing the likelihood of
mineral water shortages

Increasing resilience and enhancing adaptive ca-
pacity provide opportunities to strengthen mineral
water resources management and plan for climate
change impacts. Many institutional, scientific, eco-
nomic, and political barriers present challenges to
implementing a robust transdisciplinary programme
to adapt our mineral water resources to a changing
climate in a resilient and environmental sustainable
perspective.

A last but not least thought: still is a current chal-
lenge opportunity for both territories (North Portugal
and Galicia, particularly) to launch new programs in
close cooperation (scientific, institutional, adminis-
trative and societal) at global scale in mapping, char-
acterization, assessment, modelling and protection of
the hydromineral and geothermal resources and in the
best groundwater management practices to preserve

an extraordinary unique, fragile and resilient re-
source, the “Mineral Water”. So, our hope is for next
couple of decades must be dedicated to the natural
resource under the flag of the Galician—Portuguese
language “Auga—Agua Mineral ”.
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