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Abstract

Portugal is a country rich in hydromineral resources mostly encompassed by alkaline sulphurous groundwater. These waters
are mostly confined in the so-called Ancient Massif and result from the infiltration of meteoric waters that may reach
great depths giving groundwater special physicochemical characteristics. The main aim of the research was to evaluate the
hydrogeochemical evolution of the sulphurous mineral waters of Entre-os-Rios, as well as to achieve a better knowledge
of the hydromineral system and to improve its hydrogeological conceptual model. Entre-os-Rios thermal baths are sited in
NW Portugal and are recognised for their thermal spa tradition that dates back at least to the middle of sixteenth century.
The hydromineral resources of Entre-os-Rios emerge from a confined granitic aquifer, deep seated, and are geotectonically
controlled. Hydrochemical data was collected, both from the main mineral spring waters (Torre, Curveira, Arcos Esquerda,
and Arcos Direita) and Barbeitos well. Hydrochemical analyses were gathered, including organoleptic characteristics, phys-
icochemical properties, major anions, and cations and minor elements from the 1938 to 2017 periods. In addition, some
historical data, from late 19th to early 20th centuries, were included. Moreover, some isotopic hydrology data were discussed
(oxygen-18, deuterium, and tritium). Entre-os-Rios groundwater is colourless, with no turbidity, and has a foul odour of
rotten eggs, has a low temperature, 17°-21 °C, is alkaline, pH values 8.4-8.8, a total mineralisation lower than 500 mg/L
and a high total sulphuration, about 24 mg/L. Major anions follow the tendency HCO; > Cl>F > SO, > CO;, with high
concentrations of fluoride, 18-21 mg/L and major cations follow the tendency Na>Ca>K>Li>NH,>Mg. Among minor
elements, boron, caesium, and tungsten have the highest concentrations, 986 pg/L, 247 pg/L, and 186 pg/L, respectively.
The dominant hydrogeochemical facies are Na—-HCO;. Isotopic data indicate a meteoric origin for Entre-os-Rios mineral
waters, with a long residence time in the aquifer system, and that these waters are, most probably, sub-modern, recharged
prior to 1952. The mineral waters of Entre-os-Rios are one of the most important sulphurous groundwater in Portugal and
their hydrogeochemical status exhibited a good equilibrium through the last 100 years.
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Introduction
This article is part of the special issue on Sustainable Resource According to Mays (2007), the sustainability of water
Management: Water Practice Issues. resources is “the ability to use water in sufficient quantities

and quality from the local to the global scale to meet the
needs of humans and ecosystems for the present and the
future to sustain life, and to protect humans from the dam-
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BC when Herodotus called attention to the methods of pre-
scription and application of mineral waters (e.g., Albu et al.
1997; van Tubergen and van der Linden 2002; Gémez et al.
2017).

Mineral waters provide a source of valuable groundwater
resources at local and regional levels, and are a resource
of high economic importance considering their utilisation
in the thermal spa (e.g., Carvalho 1993, 1996, 2006; LaM-
oreaux and Tanner 2001; TERMARED 2011; Corral et al.
2015; Juncosa et al. 2017). Nowadays, the historic thermal
towns, or spa towns, constitute an interesting network for
promoting hydromineral resources centres focused on ther-
mal tourism, wellness, and healing (EHTTA 2016).

Mineral waters can be defined as (e.g., Moret 1946;
Albu et al. 1997; LaMoreaux and Tanner 2001; Marques
et al. 2018): natural groundwater originated from meteoric
waters which infiltrate into the unsaturated zone and circu-
late underground via deep-crustal discontinuities (e.g., major
faults, shear zones), acquiring distinct physical and chemical
composition, that results from a water—rock interaction, and
temperature, which are constant over time; these waters are
normally located in a singular geologic and morphotectoni-
cal framework and have usually a deep source.

Since the last century, mineral and thermal waters have
become progressively more endangered by human interven-
tion, both in quantity and quality, by accelerated modifica-
tion of their natural conditions (e.g., Albu et al. 1997).

Mineral and thermal springs have been admired across
Europe for over 4000 years. Over the centuries, the Greeks,
Romans, Ottomans, and others established bathing traditions
and built interesting bath complexes (EHTTA 2016). The
Romans were the first to capture and develop thermal and
mineral springs on a large scale (e.g., Wittfogel 1956; Mays
2011; EuroGeoSurveys 2016; Gémez et al. 2017). The first
Portugal overview of groundwater with therapeutic charac-
teristics dates to the early eighteenth century (Henriques
1726) with an exhaustive inventory made by the personal
physician of King John V of Portugal. As stated by Schoeller
(1982) that impressive sentence: “Few countries have been
as interested in thermomineral waters as Portugal, as evi-
denced by the beautiful publications I have in my library”.
Most of the natural low-temperature geothermal springs that
occur in Portugal belong to the Na—HCO;—sulphurous type
and occur at temperatures in the range 20°-69 °C. Their geo-
graphical distribution is not uniform being most sites located
in the northern and Central parts of the Portuguese mainland
and are associated with granitic and schistose rocks of Vari-
scan age, frequently related to major regional active faults
(e.g., Acciaiuoli 1952/1953; Calado 2001; EuroGeoSurveys
2016).

Natural Mineral Waters are bacteriologically suitable
groundwater with physical and chemical specificities that are
stable at the origin, within the range of natural fluctuations,
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which may result in possible therapeutic properties or
favourable health effects. These waters in Portugal are pro-
tected by the 2015 legal framework (Law 54/2015, from June
22nd), defining them as a geological resource. Several theo-
ries and hydrogeological conceptual models were proposed
to assess the origin of Natural Mineral Waters occurring
on the Portuguese mainland and the mechanisms of their
upward flow from the reservoir towards the surface (e.g.,
Marques et al. 2003, 2018).

The mineral waters of Entre-os-Rios are one of the most
important sulphurous waters in Portugal, because of the
uniqueness of its water composition, namely the highest sul-
phur content. These mineral waters are recognised since the
middle of the XVI century and are utilised for balneotherapy
since the end of the XIX century. The main goal of this study
was to evaluate the hydrogeochemical evolution throughout
the last century of the mineral waters of Entre-os-Rios, to a
better understanding and improvement of the hydrogeologi-
cal conceptual model of this hydromineral system.

Entre-os-Rios mineral waters: regional
background

Entre-os-Rios site is an area which has had a thermal tradi-
tion that dates back at least to the middle of sixteenth cen-
tury (e.g., Tavares 1810; Ramalho Ortigdo 1875; Baptista
1884, 1912; Lopes 1892; Amorim 1900; Ferreira da Silva
1896, 1909; Acciaiuoli 1952/1953).

Entre-os-Rios thermal baths (formerly Torre thermal
baths) are situated in Lugar da Torre (Eja), municipality
of Penafiel, district of Porto (NW Portugal), (Fig. 1). This
region has an Atlantic mild temperate climate, with an
annual precipitation of 1300—1350 mm, an annual air tem-
perature of 14 °C, an annual surface runoff of 600-650 mm,
an annual real evapotranspiration of 500-550 mm and an
annual recharge of 150-200 mm (Labcarga 2009; Teixeira
2011).

The hydromineral resources of Entre-os-Rios are con-
trolled by: (i) lithology, namely the geological contact
between the porphyritic coarse-grained granite and grano-
diorites, and by the presence of two-mica microgranite; (ii)
tectonic constraints, mainly the deep-crustal fracture sys-
tems N—S to NNE-SSW and ENE-WSW, and the regional
fracture systems NW-SE and NE-SW, (Fig. 1), (Medeiros
et al. 1964, 1980; Labcarga 2009; Afonso et al. 2016).

Materials and methods

Hydrochemical data was collected from the overall period of
1938-2017, from the old thermal springs, Torre (Ts), Cur-
veira (Cs), Arcos Esquerda (AEs) and Arcos Direita (ADs)
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Fig. 1 Regional framework of Entre-os-Rios study area (Eja—Penafiel, NW Portugal; geological background updated from Medeiros et al. 1964,

1980; ACavaco 1987; Labcarga 2009) (left). Some aspects of the old springs and Barbeitos well (right)

and from the Barbeitos well (Bw) (Canto Machado 1985,
1987, 1988, 1991; ACavaco 1987, 1990; Teixeira 2011; Fer-
reira 2013).

Concerning the springs, the global period for Ts was
1938-1990 (7 samples), since after 1990 this spring had
a decline in yield and virtually dried. For the rest of the
springs the global studied period was 1938-2012 (25 sam-
ples). Regarding Barbeitos well (depth of 115 m), the period
was 1990-2017 (63 samples), since this well was built in
1990. Since 1990 this well is the only exploited for thermal
baths purposes. In addition, some historical data from the
end of XIX century to the early XX century (Ferreira da
Silva 1896, 1909) were analysed and integrated in the dis-
cussion. Nearly all the water samples were not collected by

the authors. Instead hydrochemical data were gathered on
the bibliographic archive of Entre-os-Rios thermal baths.
Hydrochemical parameters included: (i) organoleptic
characteristics, smell, colour, and turbidity for springs and
Barbeitos well; (ii) several physicochemical properties,
namely, temperature, pH, electrical conductivity, dry resi-
due at 180 °C, silica and total sulphuration, for springs and
Barbeitos well; (iii) major anions, specifically, bicarbonate,
carbonate, sulphate, chloride and fluoride for springs and
Barbeitos well and silicate, hydrosulphide and nitrate for
Barbeitos well; (iv) major cations, namely, sodium, calcium,
magnesium, potassium, lithium and ammonia for springs
and Barbeitos well. As well, 33 minor elements were consid-
ered for Barbeitos well for the period 2005-2014. Moreover,
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since the use of environmental isotope geochemistry is an
important tool in the study of mineral waters (e.g., IJAEA
1981; Mook 2000), we gathered and discussed some isotopic
data, oxygen-18, deuterium and tritium for the years 1995
(Calado 2001) and 2011. The 8%H, 8'%0 and H isotopes
content for the year 2011 was determined at the Stable Iso-
topes and Instrumental Analysis Facility (SIIAF) Labora-
tory, University of Lisbon (Portugal), by mass spectrometry
continuous flow (CF-IRMS). The results are expressed as &
% V-SMOW and the analytical accuracy is <0.1. Microsoft
Excel 2016 and AquaChem v.5.1 software was used for the
hydrochemical interpretation.

Results and discussion

Table 1 summarises the most representative data from the
mineral and the normal groundwater of the study region.

Organoleptic features

The mineral groundwater of Entre-os-Rios are colourless,
with no turbidity and have a characteristic foul odour of
rotten eggs, given by hydrogen sulphide, as it will be shown
later on major anions description. The same characteristics
were described by Ferreira da Silva (1896, 1909).

Physicochemical properties

Concerning temperature, these groundwater are cold, with
median temperatures in the range 17°-21 °C. Among the
old springs, Torre (Ts) had a higher temperature, 19 °C,
while for Barbeitos well the median temperature was 21 °C;
this means that the temperature of Barbeitos well is 2—4 °C
higher than the springs. Since the mean annual air tem-
perature is 14 °C, this groundwater is considered thermal
according to Schoeller’s criterion (Schoeller 1962). In 1895
and 1908, the recorded temperatures were similar to these
(Ferreira da Silva 1896, 1909): 17.7 °C and 18.6 °C for Ts
and 17.6 °C for AEs and ADs.

Concerning pH, these waters are clearly alkaline, being
the values very similar, both for the old thermal springs and
Barbeitos well. Median values of 8.68, 8.59, 8.41, 8.84 and
8.80, were registered for Torre (Ts), Curveira (Cs), Arcos
Esquerda (AEs), Arcos Direita (Ads) and Barbeitos well
(Bw), respectively, (Fig. 2). The observed pH values are con-
sistent with the circulation of these waters through granitic
rocks, where the dissolution of minerals, such as silicates
and aluminosilicates, tend to raise the pH to alkaline values
(Langmuir 1997). According to Canto Machado (1988) and
Calado (2001); in addition, are included in the subgroup of
Portuguese sulphurous waters with pH values of 8.35-9.00,
along with others sulphurous waters in Northern and Central
Portugal located in similar geologic settings, such as Carldo,

Table 1 Physicochemical properties from the mineral and normal groundwater of Entre-os-Rios study area

Torre spring (Ts) Curveira Arcos Esquerda  Arcos Direita Barbeitos well (Bw) Spring A
spring (Cs)  spring (AEs) spring (ADs)

Sampling date 1990 1986 1986 1986 1990 2011

Type of groundwater Mineral Mineral Mineral Mineral Mineral Normal

Physicochemical properties
Temperature ( °C) 19.3 16.0 17.5 17.5 20.0 18.7
pH 8.65 8.68 8.74 8.84 8.78 54
Electrical conductivity (uS/cm) 528 515 545 335 591 152
Dry residue (at 180 °C, mg/L) 406.8 420.8 403.6 399.2 411.6 -
Silica (mg/L) 453 56.8 439 43.7 452 14.0
Total sulphuration (mg/L) 252 24.0 23.8 18.0 24.4 -
Bicarbonate (HCO;, mg/L) 169.6 167.8 164.7 157.7 161.0 43
Carbonate (CO5, mg/L) 24 6.0 6.6 8.8 6.9 -
Sulphate (SO,, mg/L) 59 29 4.9 6.8 2.7 41.0
Chloride (Cl, mg/L) 61.8 59.3 58.2 58.9 61.1 17.0
Fluoride (F, mg/L) 20.3 18 19.3 18.9 19.6 <0.3
Sodium (Na, mg/L) 137.0 133.3 138.0 136.2 138.7 17.4
Calcium (Ca, mg/L) 3.0 6.0 3.6 3.8 3.0 15.2
Potassium (K, mg/L) 2.8 32 29 3.0 2.0 32
Magnesium (Mg, mg/L) 0.1 0.1 <0.1 0.1 <0.1 2.0
Lithium (Li, mg/L) 1.36 1.31 1.32 1.32 1.36 -
Ammonia (NH,, mg/L) 1.06 1.1 1.03 1.04 0.9 0.06
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Fig.2 Box and whisker chart for the pH values from the old thermal
springs (Ts, Cs, AEs and ADs) and from the Barbeitos well (Bw) for
the 1938-2017 period

S. Lourengo and Moledo (Marques et al. 2000, 2018) and
Caldas da Cavaca (Teixeira et al. 2015).

Electrical conductivity (EC) measurements can give a
good approximation of dry residue and total mineralization.
The springs presented similar values of EC, with median EC
in the range 552-596 uS cm™!, while Barbeitos well had a
slightly higher median value of 609 uS cm™~!. The dry resi-
due at 180 °C varied in springs from 399 mg/L to 428 mg/L
and the median concentration for Barbeitos well was, also,
somewhat higher, 437 mg/L. Finally, total mineralization
was only calculated for Barbeitos well, being in the range
444-542 mg/L, with a median concentration of 493 mg/L.
The results for dry residue at 180 °C are very comparable
with the historical values presented by Ferreira da Silva
(1896, 1909) for the old springs, ranging from 417 mg/L to
439 mg/L. In addition, the mineralization results are consist-
ent with those proposed by Canto Machado (1988) for the
subgroup of sulphurous waters with pH values in the range
8.35-9.00, 432 +123 mg/L.

About silica, Torre spring registered the highest value,
57 mg/L, while the rest of the springs and Barbeitos well
had very similar values, with a median value of 44 mg/L.
These silica concentrations are lower than those indicated
by Ferreira da Silva (1896, 1909), between 43.9 mg/L
and 74.1 mg/L. Although, the values are close to 10% of
total mineralization, that is pointed out by Canto Machado
(1988) as typical for sulphurous waters. High silica values
(range 41-57 mg/L), usually representing more than 15%
of total mineralization, were found by Marques et al. (2000)
in Carlao, S. Lourenco and Moledo waters. Teixeira et al.
(2015) recorded for Caldas da Cavaca waters high silica

contents around 55 mg/L, that represent nearly 21% of total
mineralization.

Concerning total sulphuration, the available data for
springs were from the 1979-1990 period, while for Bar-
beitos well were from 1990 to 2017. Among springs, only
Torre is represented in the chart, since the other springs only
have three values for the analysed period. Except for Arcos
Direita spring, that showed a median value of 18 mg/L, the
rest of the springs and Barbeitos well have similar concen-
trations, with median values in the range 23.8-24.9 mg/L
(Fig. 3-left). According to Canto Machado (1988), these
concentrations are the highest in the subgroup of sulphur-
ous waters with pH values in the range 8.35-9.00, with mean
values of 1.1+0.7 mg/L. This way, Entre-os-Rios ground-
water are an anomaly in this subgroup. In addition, Ferreira
da Silva (1896, 1909) presented a graphic including several
Portuguese mineral waters where Entre-os-Rios ground-
water were highlighted for having the highest sulphuration
(Fig. 3-right).

During long time exploitation, considering the data from
Barbeitos well, only temperature and total sulphuration show
a slight tendency to increase (ca. 1 °C) and decrease (ca.
1.4 mg/L), respectively.

Major anions

The available data for the old thermal springs were from the
1938-2012 period, while for Barbeitos well were from 1990
to 2017 (Fig. 4). The springs not represented in the charts
are those that have less than 5 values for the analysed period.

The major anions analysed both in springs and Barbeitos
well, bicarbonate (HCOs), carbonate (CO3), sulphate (SO,),
chloride (Cl) and fluoride (F), show the same rating in terms
of median concentrations: HCO; > Cl>F> SO, > CO;. Bar-
beitos well usually presented the highest concentrations. In
addition, SO, and COj; usually display the highest variation.

Median values for HCO; are in the range 150-175 mg/L
and vary between 155.6 mg/L (AEs) and 174.0 mg/L (Bw).
For Cl, median values are in the range 44—-61 mg/L and vary
between 44.4 mg/L (Cs) and 60.4 mg/L (Ts). The HCO,
and Cl concentrations presented by Ferreira da Silva (1896,
1909), 169-221 mg/L and 53-64 mg/L, respectively, are
similar to those.

Median concentrations for F are in the range 18-21 mg/L
and vary between 18.1 mg/L (Cs) and 21.0 mg/L (Bw).
These values of F are consistent with the assumptions of
Canto Machado (1988) and Calado (2001), which con-
sider concentrations of F higher than 5 mg/L are typical of
sulphurous groundwater. Moreover, Teixeira et al. (2015)
registered also for Caldas da Cavaca waters high-fluoride
concentrations of up to 14 mg/L. For SO,, median values are
in the range 2-7 mg/L and vary between 2.1 mg/L (Cs) and
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6.5 mg/L (ADs). For CO;, the median values are 3.8 mg/L
(Ts) and 5.8 mg/L (Bw).

Considering the other anions only analysed in Barbei-
tos well, silicate (H;S10,), hydrosulphide (HS) and nitrate
(NOs), the median values are 7.4 mg/L, 25.1 mg/L and
0.19 mg/L, respectively.

Marques et al. (2000) have also registered for Carlao, S.
Lourengo and Moledo waters the presence of HCO;5 and
CO;, HCO; as the dominant anion, the presence of reduced
species of sulphur (HS, 0.3-3.5 mg/L), and high F concen-
trations (2.5-14 mg/L). According to Marques et al. (2000,
2018) the presence of F can be faced as a sign of water—rock
interaction mainly associated with granitic rocks. Moreo-
ver, Michard (1990) states that high F values indicate that
the reservoir rock should be mainly granite. Teixeira et al.
(2015) have also recorded for Caldas da Cavaca mineral
waters the presence of HS, around 0.9 mg/L.

During long time exploitation, considering the data
from Barbeitos well, only CO; and SO, show a tendency to
decrease (ca. 7 mg/L) and increase (ca. 8 mg/L), respectively.

Major cations
The available data for the old thermal springs were from the
1938-2012 period, while for Barbeitos well were from 1990

to 2017 (Fig. 5). The springs not represented in the charts are
those that have less than five values for the analysed period.
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The major cations analysed both in springs and Bar-
beitos well, sodium (Na), calcium (Ca), potassium (K),
magnesium (Mg), lithium (Li) and ammonia (NH,),
show the same rating in terms of median concentrations:
Na>Ca>K>Li>NH,>Mg. The dominance of Na among
cations corroborates the conclusions by Canto Machado
(1988) and Calado (2001), that refer Na as the mostly major
cation among sulphurous groundwater. All cations have
similar concentrations in the springs and Barbeitos well.
Furthermore, NH, and Mg usually display the highest vari-
ation. Marques et al. (2000) have also identified Na as the
dominant cation for Carldo, S. Lourenco and Moledo waters.
Median values for Na are in the range 130-145 mg/L and
vary between 130.4 mg/L. (ADs) and 142.0 mg/L. (Bw). The
Na concentrations presented by Ferreira da Silva (1896,
1909), 124-141 mg/L are comparable to those.

Ca and K have close median values, being Ca slightly
higher (range 3.0-5.5 mg/L) than K (range 2.8-3.0 mg/L).
The lowest and the highest values for Ca were registered,
respectively, in Bw and Cs. The Ca and K concentrations
registered by Ferreira da Silva (1896, 1909), 2.7-5.1 mg/L
and 2.3-3.2 mg/L, respectively, are comparable to those.

For Li and NH,, their median values are close, 1.3 mg/L
and 1.0 mg/L, respectively. The Li concentrations registered
by Ferreira da Silva (1896, 1909) were lower, 0.5-0.9 mg/L,
while the NH, values are similar, 0.7-1.0 mg/L. Concerning
NH,, Canto Machado (1988) and Calado (2001) refer that
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Fig.5 Box and whisker chart for the major cations from the old thermal springs (Ts, Cs, AEs and ADs) and from the Barbeitos well (Bw) for the

1938-2017 period

this cation is found in all the sulphurous groundwater, and
therefore is characteristic of these waters.

Finally, Mg shows most of the values below 0.2 mg/L.
Ferreira da Silva (1896, 1909) recorded higher concentra-
tions, below 3.2 mg/L.

During long time exploitation, considering the data
from Barbeitos well, only Mg and NH, show a slight ten-
dency to decrease (ca. 1 mg/L) and increase (ca. 1 mg/L),
respectively.

Minor elements

The median concentration values available for the 33 minor
elements are represented in Fig. 6. Three groups can be

@ Springer

emphasized: aluminium (Al), manganese (Mn) selenium
(Se) and nickel (Ni) in the range 1-10 pg/L, strontium (Sr),
rubidium (Rb) and iron (Fe) in the range 10-100 pg/L,
and boron (B) caesium (Cs) and tungsten (W) in the
range 100-1000 pg/L, with the uppermost concentrations,
986 ug/L, 247 ug/L and 186 pg/L, respectively. The highest
values of boron validate the results presented by Machado
(1988) that concludes Entre-os-Rios mineral waters are an
exception in the Portuguese sulphurous waters with pH infe-
rior to 9.00.

The dominance of the major ions HCO3, Na, F and Li,
and the Cs—Sr—Rb-rich nature and the high pH values are
common in granite-sourced thermal springs (Michard 1990;
Lottermoser and Cleverley 2007).
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Fig.6 Median concentrations 1000.00 -
for the 33 minor elements from
the Barbeitos well (Bw) for the 100,00 4
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Minor elements

Isotopic data

allows to conclude that the hydrogeochemical signature

of Entre-os-Rios mineral waters is dominantly Na-HCOj;,
being this facies different from the normal groundwater
of the region, Na—Ca—Cl-SO, (Fig. 7). These normal
waters have a low pH (4-6) and very low mineralisations
(EC< 150 puS cm™ 1y and their facies should be related to
contamination, namely from agriculture. They correspond
to shallow groundwater with a short residence time in the

aquifers.

Fig.7 Piper diagram for Entre-
os-Rios normal and mineral
waters

Concerning the isotopic approach, representative analyses
of groundwater samples are presented in Table 2. The rela-
tionship between 8'%0 and 8%H is shown in Fig. 8 with the
Global Meteoric Water Line (GMWL, Craig 1961) and the
Local Meteoric Water Line (LMWL) for Porto meteoro-
logical station (Carreira et al. 2005). As shown in Fig. 8,
all the water samples fall near the GMWL and the LMWL,
implying that, both normal and mineral groundwater are of
meteoric origin. Moreover, Entre-os-Rios mineral waters

Torre spring

Curveira spring
Arcos direita spring
Arcos esquerda spring
Barbeitos well
Normal groundwater

v
HCO3 Cl

Na+K
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Table 2 Isotopic data for Entre-os-Rios mineral and normal ground-
water

Sample refer- Date T (°C) 8'%0 vs 8%H vs H (TU)
ence V-SMOW  V-SMOW
(%o0) (%o)
Barbeitos well 1995 182 —4.53 —-322 0.45+0.65
(Bw) 2011 220 —5.56 —-36.4 <0.8
Curveira 2011 17.0 —5.65 —-29.6 n.d.
spring (Cs)
Normal 1995 18.0 —-3.24 —25.1 n.d.
groundwater

n.d. not determined; data from 1995 was taken from Calado (2001)

do not show evidences of water—rock interaction at high
temperatures, since there is no oxygen-18 shift. Marques
et al. (2003, 2018) have reached the same conclusion for
Caldas de Moledo thermal waters. Considering the *H
content in the mineral groundwater, values are less than
1 TU, that is compatible with a recharge prior to 1952,
which means these waters are, most probably, sub-modern.
According to Calado (2001), mineral groundwater has a
long residence time in the aquifer system, that is located at
circa 3.2 km depth, estimated by chemical geothermome-
try. Marques et al. (2000) also measured low *H values for
Carldo, S. Lourengo and Moledo thermal waters, consider-
ing this indicates a considerable residence time at depth.
However, according to Clark and Fritz (1997) recurring
to °H to date groundwater assumes a qualitative character,
and it is not possible to make quantitative interpretations
concerning the average residence times of groundwater’s.

Hydrogeological conceptual site model

Environmental hydrogeological conceptualisation and
geo-visualisation techniques have become essential tools
in understanding groundwater and hydromineral systems
(e.g., Chaminé et al. 2013, 2015; Kresik and Mikszewski
2013; Chaminé 2015). The previous hydrogeochemical and
isotopic approach helped to understand and to improve the
hydrogeological conceptual model for these groundwater
systems (Fig. 9). The area of Entre-os-Rios is characterised
by three aquifer types:

e A shallow and unconfined aquifer associated with the
highly weathered granite and the granitic residual soil.
This aquifer has a key role to the recharge of the underly-
ing aquifers;

e An unconfined to semi-confined aquifer, located in the
fractured and weathered granitic rock mass. Normal
groundwater is characterised by a Na—Ca—CIl-SO, facies,
with pH around 4-6, electrical conductivities lower than
150 uS cm™! and very low mineralisations;

e A deep confined hydromineral aquifer, placed in the
slightly weathered granite dominated by a deep fault
zone. Barbeitos well is in the coarse-grained granite,
close to the geological contact with the granodiorites.
Groundwater is characterised by a pH around 8.4-8.9,
electrical conductivities around 552-610 uS cm~! and an
intermediate mineralization of circa 493 mg/L. Moreo-
ver, these mineral waters are sulphurous, fluoridated and
have a Na—HCOj; facies. In addition, groundwaters have
a meteoric origin and a long residence time in the aquifer
system, that is located at circa 3.2 km depth.

® Entre-os-Rios mineral
groundwater

® Entre-os-Rios normal
groundwater

A Porto precipitation
(weighted mean)

Fig.8 5'30 vs 5°H signatures 0.0
of the groundwater samples
from Entre-os-Rios ground- . -10.0
water. The Porto precipitation § 200 |
data (Carreira et al. 2005), the ;
Global Meteoric Water Line S -300 }
(GMWL: 8*H=85"30 + 10; =
Craig 1961) and the Local = -400 f
Meteoric Water Line (LMWL: g
SH=6208"%0+1.12; Carreira & 00 [
et al. 2005) were plotted as © 260.0 F
reference
-70.0 F
-80.0 t
-12.0 -10.0
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Fig.9 Site hydrogeological conceptual model for Entre-os-Rios area: insight from a hydrogeochemistry approach (revised and updated from
Labcarga 2009; Teixeira 2011; Ferreira 2013; isotopic precipitation data from Carreira et al. 2005)

Concluding remarks

The use of hydrogeochemical and environmental isotopic
data provided a clear characterisation of Entre-os-Rios
hydromineral system. Comparison between actual and his-
toric hydrochemistry data gave important insights about
water evolution in this hydromineral region.

Organoleptic features, physical properties and major
ion chemistry are stable with only relatively slight varia-
tions. Minor elements are dominated by boron, caesium and
tungsten. According to isotopic analysis, the groundwaters
are of meteoric origin and are most probably sub-modern.
Therefore, Entre-os-Rios mineral waters revealed a good
constancy throughout the last century.

The attained results showed that tectonics strongly con-
trol the occurrence of natural mineral waters ascribed to a
special geological environment, responsible for the develop-
ment of a Na-HCO; hydrogeochemical signature with a pH

in the range 8-9. All the data and the hydrogeological con-
ceptual model will permit to define priority areas to develop
complementary studies (e.g., isotopic analysis). In addition,
they will contribute to a better evaluation of wellhead protec-
tion areas, to accomplish a sustainable management of the
groundwater resources of the region.

Future work should focus on developing a multivariate
statistical analysis, to establish the common relationships
between measured hydrogeochemical variables, more iso-
topic studies to define the recharge area of these waters and
to estimate their age and analyse the role of hydrogeochemi-
cal characteristics on the beneficial effects on human health.
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