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Abstract: The aim of this paper is to describe the surveys performed in order to update the interpretive
conceptual circulation model of the Ladeira de Envendos hyposaline hydromineral system (Central
Portugal). The geology of the Ladeira de Envendos region is strongly controlled by the Améndoa-
Carvoeiro synform, of Ordovician-Silurian age, presenting continuous and aligned quartzite ridges
on the NE flank, that form the basic structure of a set of inselbergs. The physico-chemical analysis
of the Ladeira de Envendos natural mineral spring and borehole waters was provided by the Super
Bock Group Enterprise (Concessionaire of the Ladeira de Envendos). Furthermore, two sampling
campaigns took place to increase knowledge on the isotopic composition of the studied natural
mineral waters. The stable (62H, 5180) isotopic data indicate that local meteoric waters infiltrate
around 400 m altitude and evolve to the natural mineral waters (of Cl-Na facies) through a NW-
SE underground flow path ascribed to the highly fractured and permeable quartzite rocks. From
recharge to discharge, the infiltrated meteoric waters acquire silica (9 mg/L) due to water-quartzite
rock interaction. These natural mineral waters emerge at temperatures around 21 °C, being the up
flow of these waters controlled by the rock fractures and local faults. The natural mineral waters
mean residence time range between 25 and 40 years, as indicated by the H content of these waters,
enhancing an active recharge of this hydromineral system. The results obtained indicate existence of
three hydrogeological subsystems, ascribed to three inselbergs, with similar groundwater circulation
paths. These multi and interdisciplinary studies should be seen as an important contribution to the
sustainable management of this type of natural mineral water resources.

Keywords: Ladeira de Envendos hydromineral system; quartzite rocks; hyposaline waters;
hydrogeochemistry; isotope hydrology; conceptual circulation model; Central Portugal

1. Introduction

Worldwide, and Portugal is no exception, natural mineral waters have their origin in
precipitation. In some cases, the recharge and underground flow paths can be relatively
complex, making it necessary to obtain as much information as possible about the processes
involved. In assessing the hydromineral resources of a given region, a multidisciplinary ap-
proach (e.g., geology, tectonics, hydrogeology, hydrogeochemistry, and isotope hydrology)
must be taken into due consideration to enable the elaboration of a consistent conceptual
hydrogeological circulation model, which is the basis for future development plans and for
a sustainable management of these “invisible” types of georesources.

A natural mineral water is a groundwater, considered bacteriologically pure, with
stable physico-chemical characteristics at its origin, within the range of natural fluctuations,
which may eventually result in favourable health effects, and which is distinguished from
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the “normal” groundwaters of the region by its original purity and its nature, characterized
by the content of mineral substances, trace elements or other constituents. The natural min-
eral water acquires specific physical and chemical signatures, depending on the mineralogy
of the geological formations through which they flow and the type of water—rock interac-
tion processes. Furthermore, their temperature of emergence is a mark of the circulation
depth of these waters, where higher issue temperatures are ascribed to deeper and longer
underground flow paths, favoured by the rock diaclases, fractures, and major faults.

Charles Lepierre was the author of the often-repeated phrase, “proportionately to
its surface and its population, Portugal is one of the richest countries on the globe in
terms of the number and variety of its thermal springs” [1]. In Portugal, the influx to
thermal spas has been undergoing considerable development, not only in terms of “Classic
Thermalism” but also in the sense of “Thermal Well-Being”. In the Iberian Peninsula, the
use of natural mineral waters for devotion and leisure was also widespread. Today, there
are countless remnants of this true Roman cult for water in Portugal [2]. According to [2],
in Portugal, the natural mineral water industry is by nature associated with environmental
concerns, being essential to guarantee the natural renewal of water, in quantity and quality.
Therefore, it is necessary to promote the aquifers’ preservation, protecting them from any
possible source of anthropogenic contamination. As stated by [2], the correct management
of the aquifer considers three distinct but interdependent aspects: hydraulic, chemical,
and microbiological. The hydraulic management implies a clear knowledge of the aquifer
dynamics, the volume of resources, reserves, and the mean residence time of the water. The
exclusive use of useful infiltration volumes and respect for contact times between water and
rocks guarantees the chemical stability of the water, which is then offered to consumers [2].
This way, the research presented in this paper, developed in close collaboration with the
Technical Director of Ladeira de Envendos (co-author of this paper) will contribute to the
sustainable management of this hydromineral resource.

In Portugal, most of the natural mineral waters are used in the thermal spas, as in
the case of Ladeira de Envendos. Several studies have been performed in hydromineral
systems with hydrogeological settings like the case of Ladeira de Envendos. A study on
two similar hydromineral systems in Central Portugal (Luso and Penacova hydromineral
systems) was presented by [3], comprising a thick monoclinal series (greater than 700 m) of
siliciclastic metasediments (quartzites and quartz greywackes with rare schist intercalations)
with a general inclination to SW. To the NE, the series lies, in unconformity, on the Schist
Greywacke Complex, dominated by pelitic facies of very low permeability. To the SW,
the siliciclastic series are covered by almost impermeable shales [3]. According to [3], the
early Ordovician quartzites support this hydrogeological system, which consists of three
main fractured aquifer systems: (i) an upper aquifer system (“normal” groundwaters)
with discharge temperature of about 17 °C, (ii) Luso natural mineral aquifer system with
issue temperature around 27 °C, and (iii) Penacova natural mineral aquifer system with
emergence temperature of about 20 °C. We are in the presence of hyposaline waters
(total mineralization up to 43 mg/L), and Cl-Na facies, with the following silica values:
(i) 8.2 mg/L in the upper aquifer system, (ii) 13.2 mg/L in the Luso natural mineral aquifer
system, and (iii) 9.0 mg/L in the Penacova natural mineral aquifer system. Those authors
reported different tritium values for the groundwaters of these three aquifer systems,
namely (i) 6.05 TU in the upper aquifer system, (ii) 2.45 TU in the Luso natural mineral
aquifer system, and (iii) 5.54 TU in the Penacova natural mineral aquifer system. Regarding
the 6'80 values, they are very similar, indicating the presence of meteoric waters with
similar recharge altitudes [3]. The silica contents are related to the circulation depth and
consequent residence time, as also indicated by the discharge temperatures and *H values,
supporting the proposed conceptual circulation model by [3]. According to these authors,
the hydraulic functioning of the above-mentioned aquifer units can be summarized as
follows: recharge by direct precipitation, with the upper aquifer system presenting a
shallow circulation, being the natural mineral aquifer systems characterized by a deeper
circulation, with NW and SE flow paths.
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According to [4], the Monfortinho hydromineral system located in Central Portu-
gal, close to the Spanish border, is associated with Arenigian quartzite formations. It is
a confined aquifer between the Schist-Greywacke complex—pre-Ordovician, below, and
the schistose formations of the Llanvirnian-Caradocian, above. It is an Na-HCO3 natural
mineral water, hyposaline (total mineralization 44 mg/L), rich in SiO, (53% of total miner-
alization), and pH 5.8. It discharges at a temperature of 29.4 °C. The recharge zones of this
hydromineral system are the quartzite ridges at altitudes between 400-600 m a.s.l. After
recharge with predominantly subvertical flow, the underground flow paths of these natural
mineral waters are subhorizontal, in the quartzite formations, at depths of the order of
300-400 m [4]. In the discharge zone of this hydromineral system, the rise of the natural
mineral waters is promoted by the intense fracturing of quartzite formations, resulting
from local/regional faults [4].

A study on some hydrogeological systems in the North and Central Portugal [in
Portuguese] was presented by [5], drawing attention to the fact that the natural mineral
waters from Ladeira de Envendos are very low mineralized, resulting from the infiltration of
meteoric waters through a very fractured rock, mainly quartzites from the early Ordovician.
According to [5], the hydrogeological model of the natural mineral waters of Ladeira de
Envendos is integrated by a recharge and underground flow path area corresponding to
the large quartzite outcrop of Serra das Aguas Quentes and a discharge zone at the eastern
part of the same area.

A new contribution to the development of the conceptual circulation model of the
Castelo de Vide natural mineral waters (Ribeirinho and Fazenda do Arco hydromineral
concession-Super Bock Group Enterprise) was presented by [6]. According to those authors,
the origin and circulation of these natural mineral waters is directly associated with the
Castelo de Vide syncline that develops along the southern limit of the Central Iberian Zone.
The recharge area of this aquifer system essentially corresponds to the outcrops of the
Lower Ordovician quartzites, which are highly fractured, facilitating the direct infiltration
of precipitation [6]. These natural mineral waters have low electrical conductivity values
(29 < EC < 76.95 uS/cm) and slightly acidic pH (4.69 < pH < 6.03). The Cl-Na facies is
explained through the preferential recharge by precipitation and the low temperature of
water—quartzite rocks interaction, resulting in hyposaline waters [6].

The use of the natural mineral water in Ladeira de Envendos for health purposes is
documented to have started before the year 1726, as documented by [7]. The naturally
emerging source was used for osteoarticular and skin diseases. Nowadays, the Mineral
Water SPA offers services mainly for health purposes but also for non-medical wellness
use. The exploitation of Ladeira de Envendos natural mineral water in addition to the
above-referred use is also sold as bottled water. This resource is abstracted according to a
plan approved by the authorities in which the maximum yield and water level technically
allowed is established. All the hydrodynamic parameters of the origins and hydrochem-
ical/microbiological characteristics of the water are measured continuously and twice a
week, so that all the works are carried out in a sustainable way. Such a type of studies
strongly contributes to the knowledge of the natural mineral water aquifers, helping with
the day-to-day interpretation of the data with the aim of achieving a balanced exploitation
focused on maintaining the renewability of the resource.

Although ascribed to different hydrogeological background (clastic and carbonate
rocks) and topographic conditions, the recent work developed by [8] presents a similar
methodology to that of this case study—Ladeira de Envendos hydromineral system. It is a
regional study where the authors, based on hydrogeochemical and isotopic data (5*H, 10
and 3H), describe the origin, underground flow paths and water-rock interaction processes
associated with natural glacial mineral waters occurring on the Tibetan Plateau (alpine
region) [8]. These natural glacial mineral waters belong to the HCO3-Na-Ca-type, with
total dissolved solids between 384-964 mg/L [8]. According to [8], these waters (i) result
from the glacial melting in a mountainous area with an altitude of more than 4500 m a.s.1.,
(ii) infiltrate in the geological formations, (iii) are ascribed to an underground flow path
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with a residence time of about 52 years, and (iv) emerge through major faults. The chemical
composition of these mineral waters is mainly controlled by the water-silicates interaction
and cation exchange. The isotopic (8?H and §'80) signatures of the mineral (spring) waters
and surface waters are similar to those of glacial waters, indicating a common origin for
these waters [8]. The conceptual hydrogeological model proposed by [8] is an excellent
contribution to future studies aimed at assessing natural glacial mineral waters in alpine
regions around the world.

The main objective of this study was to update the interpretive conceptual model of
the Ladeira de Envendos hyposaline hydromineral system (Central Portugal), enhancing
the role that the assessment of hydromineral systems conceptual models could play in
the sustainable management and protection of this type of resources. Thus, a multi and
interdisciplinary approach from diverse disciplines, such as geology, geochemistry, hydro-
geology, and isotope hydrology, was applied, and will be presented and discussed in the
following sections. It is the first time that a study of this nature has been carried out in the
region, with a special emphasis on the contribution of isotope hydrology (82H, §'80 and
3H) together with other geoscience disciplines, for the characterization, both qualitative
and quantitative, of the Ladeira de Envendos hydromineral system, namely hydrochemical
facies, water—rock interaction, origin and recharge altitude, circulation depth and temper-
ature, and apparent age of the natural mineral waters. The region under study is in the
Central region of mainland Portugal (see Figure 1), in the Municipality of Macao, belonging
to the District of Santarém. The research region is in the Tagus River Basin, one of the most
important hydrogeological units of the Portuguese mainland.

Atlantic
Ocean

Figure 1. The Améndoa-Carvoeiro syncline (NE flank) and the tectonic structures (major faults) that
control its division into three “inselbergs”: Serra da Moita da Asna (1), Serra da Amieirosa (2), and
Serra das Aguas Quentes (3). Photo by ].M. Marques (2020). Adapted from [9].

2. Regional Geological, Tectonic, Hydrogeological, and Climatological Framework

According to [10], the geological structure of the Ladeira de Envendos region is
strongly controlled by the Améndoa-Carvoeiro synform, of Ordovician-Silurian age, WNW-
ESE oriented. The Améndoa-Carvoeiro synform is described by [10] as presenting continu-
ous and aligned quartzite ridges on both flanks that form the skeleton of a set of inselbergs:
these units are the so-called Serra da Moita da Asna, Serra da Amieirosa, and Serra das
Aguas Quentes, marked in Figure 1 as 1, 2, and 3, respectively.

The subdivision of these three mountain ranges results from the action of local tectonics
(deep faults), with an ENE-WSW orientation [10], ascribed to the discharge sites of the
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hydromineral system. In fact, at Ladeira de Envendos, these faults represent preferential
pathways for natural mineral waters to rise to the surface, emerging in the form of springs,
with these sources heterogeneously distributed in the three inselbergs shown in Figure 1,
with the predominant occurrences in the extreme SE of each one of the blocks, which seems
to indicate that groundwater circulation occurs along the NW-SE direction.

The description of the regional geology made by [10] highlights the predominant
geological formations in the Améndoa-Carvoeiro synform, essential for the hydrogeological
control of the hydromineral system of Ladeira de Envendos, namely the following;:

- Brejo Fundeiro (middle Ordovician)—consisting of a high fossiliferous pelitic sequence
intercalated with thin quartzite bands and siltstones;

- Armorican quartzite (early Ordovician)—involving, from base to top, arkose conglomer-
ates followed by a series of quartzite benches with a thickness between 0.3 and 1.5 m.
Silt-arenitic strata and siltstones of small size intercalated with quartzites and pelites,
with a thickness of about 80 m.

- Padrao-Silveira (Schist-Greywacke complex—pre-Ordovician)—with great expression
in the study region, outcropping around the Améndoa-Carvoeiro synform. This
geological formation consists of a succession of metagreywackes with metapelites of a
few tens of meters.

The Armorican quartzite formation was highlighted by [10] due to its excellent hydro-
geological significance ascribed to the high fracture permeability. According to [11], these
types of geological formations are characterized by the absence or reduced groundwater cir-
culation in porous media. The Armorican quartzite outcrops (see Figure 2) constitute ridges
in the Améndoa-Carvoeiro synform and are fitted underneath by the Schist-Greywacke
complex (see Figure 3) and superiorly by the Brejo Fundeiro formation, both imperme-
able geological formations, guiding groundwater recharge to flow alongside the quartzite
formation, avoiding lateral flow. A similar framework was described by [3].

CENOZOIC DEPOSITS
- Holocene: slope deposits

Pliocene: conglomerates

23000 24000 25000 26000

6000

METASEDIMENTARY ROCKS
Silurian:
quartzites, black shales and sandstones
Upper Ordovician:
shales, sandstones and quartzites
‘ Middle Ordovician:
Brejo Fundeiro formation (*)

- Early Ordovician:

Armorican Quartzite formation (*)
,7 Pre-Ordovician:
Schist-Greywacke complex (*)

Fault
------ Probable fault

-7000

-8000

-9000

I:] Ladeira de Envendos hydromineral concession

o 500 Lo00m + Spring (Vital 1) and borehole (Vital 2 and 3)
natural mineral waters

Figure 2. Simplified geological map of the region of the Ladeira de Envendos hydromineral system,
showing the location of the spring (Vital 1) and bore hole (Vital 2 and Vital 3) natural mineral waters.
(*) See text for details on these geological formations. Adapted from [12].

The climate is temperate Mediterranean [13], with a two-month dry period in July and
August. According to [13], the average air temperature for the Ladeira de Envendos region
is 14.1 °C. Annual rainfall is 2744 mm (in the northern part of the basin and at altitudes
greater than 1300 m) and 524 mm (in the southern part of the basin, closer to the study
region). As stated by [13], according to the climate classification system established by [14],
in the Tagus River Basin, where the study region is located, we can observe some climate
variability ranging from super-humid climate (A) to dry sub-humid (C1).
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Figure 3. Example of the quartzite ridge in the Ladeira de Envendos region. Dashed line indicates
the contact between the Armorican quartzite (1) and the Padrao-Silveira (2) geological formations.
Photo by J. M. Marques (2019).

3. Materials and Methods

To carry out this study, 3 representative sampling sites of the Ladeira de Envendos
hydromineral system were considered (Ladeira de Envendos spring—Vital 1, and the
boreholes Vital 2 and Vital 3) for which, there is a physico-chemical database (2010 to
2019). The Super Bock Group Enterprise (Concessionaire of the natural mineral waters and
Ladeira de Envendos) kindly provided this record. The boreholes have very similar depths,
namely the following: Vital 2 reached a depth of 218 m, and the borehole Vital 3 a depth
of 208 m. In the case of Vital 2 borehole, static initial level—24.5 m; dynamic level—until
60 m. For Vital 3 borehole, static initial level—71.3 m; dynamic level—until 80 m. In the
Vital 1 spring, used for bottling and spa treatments, the flow rate varies naturally along the
hydrological year, rising with the recharge and decreasing with the natural discharge. In
2018, the maximum flow rate was 19.8 m3/h and the minimum flow rate was 11.0 m3/h.
In 2019, the maximum flow rate was 16.7 m3/h and the minimum flow rate was 12.6 m3/h.

In addition to the above-mentioned sampling sites, it was also essential to carry
out two field work campaigns (as a complement to information from the 2010 to 2019
database provided by the Super Bock Group Enterprise) to collect samples of “normal”
groundwaters from Ladeira de Envendos region (springs Cabroeira direita CD, Cabroeira
esquerda CE, Charneira 1 C1, Charneira 2 C2, and Pego da Rainha PR), for (i) in situ
measurements—temperature T °C, pH, electrical conductivity EC uS/cm, and redox po-
tential Eh mV (given with respect to the reference (H* /H;), using a portable Hach HQ40D
Digital two-channel multi-meter (Hach Company, Colorado, USA), and (ii) isotopic (5%H,
5180 and ®H) determinations. No water samples were collected for chemical analysis. The
two sampling campaigns took place during summer (July 2019) and winter (January 2020).
It is important to reference that of the several sampling sites, only Vital 1, Vital 2, and Vital 3
are regularly monitored and exploited by the Super Bock Group. The Bica da Estrada spring
BE sampling site (although not exploited by the Super Bock Group) was also considered as
natural mineral water, given that it is a spring located close to the road, near the Ladeira de
Envendos Spa, where the local population obtains its natural mineral water in an outlet
from Vital 1. The remaining selected sampling sites, although having physical-chemical
characteristics rather similar to the above-mentioned sampling sites, were considered as
“normal” groundwaters of the region. The set of sampling points was selected to be repre-
sentative of groundwaters (natural mineral waters and “normal” groundwaters) associated
with the Améndoa-Carvoeiro synform, considering the groundwater sampling on the three
continuous and aligned quartzite ridges, because of the compartmentation of Ladeira de
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Envendos aquifer system ascribed to the local tectonics (a detailed explanation will be
given in the following section of this paper).

For the sampling sites, Vital 1, Vital 2, and Vital 3, regularly monitored, the following
analytical standard methods were employed by the Super Bock Group: bicarbonate—
SMEWW 2320 B (titration method); silica—M.M. 2.2.7 (speciation calculations). By ionic
chromatography: chloride, sulphate and nitrate—SMEWW 4110 B; sodium, potassium,
calcium and magnesium—M.M. 6.1.1.

For the determination of §°H and 'O values in the natural mineral waters and
“normal” groundwaters of the study region, 50 mL of water were collected from each
selected sampling site. The water samples were stored in high-density polyethylene
bottles with double lids, to avoid isotopic fractionation. The stable isotopic determinations
(8°H and '80) were carried out at the Laboratério de Is6topos Ambientais of C?TN/IST
(Centro de Ciéncias e Engenharias Nucleares do Instituto Superior Técnico) using a Laser
Spectroscopic Analyzer LGR DT-100 24d (Los Gatos Research Inc., USA). The accuracy
is +1%o for 5*H and +0.1%. for 5§'80. The results are reported in delta (8) notation and
referenced to the international V-SMOW standard [15].

The method used for the determination of tritium content consists of distillation, elec-
trolytic enrichment, neutralization, and measurement by liquid scintillation spectrometry
using the PACKARD TRI-CARB 4530 scintillator (PACKARD, USA), as described in [16].
Tritium concentrations are expressed in Tritium Units (TU), being the error associated with
the measurements usually varying around 0.6 TU, a function of the tritium content in the
water sample.

4. Results
4.1. Physico-Chemical Signatures of the Waters

Hydrogeochemistry has an important role in the assessment of groundwater systems,
namely natural mineral waters. Physical and chemical signatures of the natural mineral
waters can be extremely useful to (i) infer the origin and type of groundwater recharge,
(if) enhance groundwater flow paths, (iii) interpret interactions between groundwaters and
the aquifer matrix, and (iv) adjust conceptual groundwater circulation models, e.g., [11,17].

Figure 4 shows the locations of the natural mineral waters and “normal” groundwaters
sampling sites. In the two field work campaigns carried out both in the Ladeira de Envendos
hydromineral system and in the “normal” groundwaters of the region, the homogeneity of
the pH, Eh, and EC is evident. Both natural mineral and “normal” groundwater samples
present acidic pH values, ranging between 4.16 and 5.73, considering the logarithmic scale
used to specify the acidity or basicity of aqueous solutions. The natural mineral waters
from the Ladeira de Envendos present a mean pH value of 4.50. At all sampled sites,
the Eh values range between 83.4 and 171.3 mV. The natural mineral waters from the
Ladeira de Envendos present a mean Eh value of 154.7 mV. In all groundwater samples, EC
values are very low, ranging between 28.6 uS/cm and 60.3 uS/cm. The natural mineral
waters from the Ladeira de Envendos present a mean EC value of 44.6 uS/cm. The natural
mineral and “normal” groundwaters of the study region have an emergence temperature
higher than the average air temperature (14.1 °C [18]) of the region. It is important to
note that in Portugal, the expression “thermal water” is often applied not only for natural
mineral waters whose discharge temperature is above 20 °C, but also for natural mineral
waters with discharge temperatures below 20 °C but used in spas for therapeutic purposes.
Therefore, the use of the term “thermal water” for the waters under study is not easy to
apply, given that the discharge temperatures of the natural mineral waters used in the
Ladeira de Envendos Spa range between 19.2 °C and 23.0 °C, and the discharge temperature
of the “normal” groundwaters of the region ranges between 13.3 °C and 22.2 °C. When
comparing to the sampling campaign of July 2019, in January 2020 an average drop in
the emergence temperature of the sampled groundwaters (of about 3.6 °C) was detected.
In a first approach, this drop in temperature could be attributed to a problem with the
temperature probe. However, it is important to note that the second field work campaign
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(January 2020) was carried out during a cold winter, and the above-mentioned temperature
variation can be attributed to having placed the water inside a small container to insert
the probes for the various in situ determinations. Therefore, the results of the water
temperature determinations during the second field work campaign must be regarded with
some restrictions. The results obtained can be observed in Table 1.

Sampling sites:

Natural Mineral Waters
1Vvital1 * (227 mas.l)

2 Bica da Estrada * (227 mas.l)
3 vital 3 ** (318 mass.l)

4 Vital 2 ** (274 mas.l)

“Normal” Groundwaters

5 Cabroeira direita * (180 m a.s.l)

6 Cabroeira esquerda * (177 m a.s.l)
7 Charneira 1 * (190 ma.s.l)

8 Pégo da Rainha * (178 m a.s.l)

9 Charneira 2 * (168 ma.s.l.)

Notes: * Spring; ** Borehole;
(Discharge altitude m a.s.l.)

Figure 4. Location and discharge altitudes of groundwater sampling sites. Adapted from [9].

Table 1. Field parameters determined in situ, obtained during the 1st (19 July 2019) and 2nd (22
January 2020) field work campaigns. * Stands for springs; ** Stands for boreholes.

1st Field Work Campaign 2nd Field Work Campaign

. . EC T Eh EC T Eh
Sampling Site pH uSlem)  (0) (mV) pH uSlem)  (0) (mV)
Vital 1* 4.79 50.2 23.0 137.6 4.28 441 19.5 164.8
Bica da Estrada ** 4.63 43.3 23.0 147.6 4.99 44.0 19.9 124.7
Vital 2 ** 4.25 49.3 22.6 167.8 4.40 51.4 19.4 158.1
Vital 3 ** 447 38.9 22.0 165.3 4.16 38.4 19.2 171.3
Cabroeira direita * 5.73 43.0 22.2 83.4 5.54 441 17.0 92.7
Cabroeira esquerda * 4.88 46.9 21.5 131.7 5.13 48.2 17.0 116.1
Charneira 1 * 4.71 28.6 21.6 141.2 451 60.3 13.3 149.1
Charneira 2 * 4.78 36.6 16.8 135.1 4.72 40.8 15.3 138.2
Pego da Rainha * 4.37 38.4 20.7 160.1 4.39 43.7 17.8 158.6

Using the data series (2010-2019) made available by the Super Bock Group, the natural
mineral waters from Vital 1 spring and the Vital 2 and Vital 3 boreholes were projected in a
Piper diagram using the United States Geological Survey’s GW_Chart software, version
1.3, and are represented in Figure 5, where it can be seen that the natural mineral waters of
Ladeira de Envendos have the same hydrogeochemical facies, belonging to the Cl-Na-type
waters, similar with the results presented by [3,6] for similar hydrogeologic environments.
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Ca? cr
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Figure 5. Piper diagram of the Ladeira de Envendos natural mineral waters, where (red) Vital 1
spring, (green) Vital 2 borehole, and (blue) Vital 3 borehole are shown. Adapted from [9].

As previously mentioned, the Ladeira de Envendos hydromineral system is character-
ized by the presence of natural mineral waters with very low mineralization. Nevertheless,
by observing the diagram of Figure 6 (total mineralization versus time), it is possible to
verify the similarity in the total mineralization content of Vital 1 spring and Vital 2 borehole
natural mineral waters, which present, over time, a higher total mineralization than the
natural mineral waters of borehole Vital 3, although all of them show a similar distribution
pattern of the mineralization, over time. It is important to note that the ionic balance was
calculated for all water analyses and the results vary in V1 from 0.11 to 3.86% (V1 mean
ionic balance = 0.88 £ 1.42%; n = 24); V2 ionic balance shifts between 0.1 and 7.1% (V2
mean ionic balance = 1.58 £ 2.09%; n = 25); and in V3 borehole, the ionic balance ranges
between 0.2 and 4.0% (V3 mean ionic balance = 0.79 + 1.92%; n = 24). The ionic balance
obtained is acceptable, according to [17].
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Figure 6. Temporal evolution (2010-2019) of total mineralization in the natural mineral waters of
Ladeira de Envendos (Vital 1 spring, and Vital 2 and Vital 3 boreholes). Data from the Super Bock
Group Enterprise.

In a first approach, the higher common decrease in the three sampling sites in Decem-
ber 2010 (Figure 6) can be interpreted as a sampling/analytical error, with small significance
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and never repeated (the same explanation for the lowest silica values in Figure 7c). How-
ever, the calculated ionic balance for V1 is 0.27%, in V2 it is 6.80%, and in V3 it is 1.80%,
so the hypothesis that the observed deviation in December 2010 could be attributed to
analytical error does not seem feasible as a possible explanation for this behaviour, although
the calculation of TDS is independent from the ionic determinations in the water samples.
Therefore, this decrease could be interpreted as a natural variation of the system, within
the acceptable fluctuations for this type of waters.
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Figure 7. (a—c) Temporal evolution (2010-2019) (a) C1~, (b) Na*, and (c) SiO; in the natural mineral
waters of Ladeira de Envendos (Vital 1 spring, and Vital 2 and Vital 3 boreholes). Data from the Super
Bock Group Enterprise.

The diagrams of Figure 7a—c represent the concentration of the dominant ions (Na*)
and (Cl7) and silica (5iO;) over time. The previously mentioned trend is notable regarding
the fact that the natural mineral waters from Vital 1 spring and Vital 2 borehole present
higher Na*, C17, and SiO, contents, when compared to the natural mineral waters from
borehole Vital 3.

Concerning Figure 7b, the values variation is in line with the admitted interval for
natural mineral waters. Nevertheless, the Na* increase might be explained considering the
exploitation methodology used in the three sources. Vital 1 spring is an artesian source,
where the use of the natural mineral water is made with no human intervention, whereas
in Vital 2 and Vital 3 boreholes, the natural mineral water is pumped, 24/7, all over the year.
The decrease in TDS registered in December 2010 (Figure 6) is mainly marked in Figure 7c
by the silica content, since silica is the predominant solution species in the studied natural
mineral waters (see Table 2), as a result of the water—quartzite rock interaction.

Table 2. Average chemical composition of the natural mineral waters of Ladeira de Envendos
hydromineral system (Vital 1 spring, and Vital 2 and Vital 3 boreholes). Concentrations in mg/L.

Sampling Site HCO3~ Cl- SO,2- NO;3- Na* K* Ca%* Mg SiO,

Vital 1 (n =26) 0.49 +0.43 7.25 +0.16 1.90 £0.11 151 +0.14 4.17 £ 0.09 0.35 + 0.05 0.49 + 0.07 0.74 + 0.03 10.07 £ 0.48
Vital 2 (n = 26) 0.53 £+ 0.65 7.51 +£0.15 3.03 £0.18 1.06 + 0.10 443 +0.14 0.31 +0.05 0.45 +0.13 0.67 £+ 0.04 9.07 + 045
Vital 3 (n = 26) 0.47 £ 0.42 6.60 = 0.16 1.62 £ 0.09 1.23 £0.09 3.87 £ 0.07 0.19 = 0.05 0.36 = 0.10 0.56 &+ 0.03 8.62 £ 0.48

Using a series of chemical data from 2010 to 2019, provided by the Super Bock Group
Enterprise, the average chemical composition of the natural mineral waters of Ladeira de
Envendos hydromineral system (spring—Vital 1, and the boreholes Vital 2 and Vital 3) was
calculated. The results obtained are presented in Table 2.
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From the analysis of Table 2, one can observe that the natural mineral waters of Ladeira
de Envendos are very low mineralized waters. It should be noted that silica is the chemical
species with the highest content, followed by the chloride and sodium. The dry residue
average values of the natural mineral waters from Vital 1 spring and the Vital 2 and Vital 3
boreholes is 30.57 £ 4.02 mg/L, 30.50 &= 5.52 mg/L, and 27.58 £ 4.80 mg/L, respectively.
According to the European Classification [19], the natural mineral waters of Ladeira de
Envendos are hyposaline waters, like the natural mineral waters described by [3,4,6].

4.2. Chemical Geothermometers

The use of chemical geothermometers is an important tool in the study of hydromin-
eral/hydrothermal resources, both in the exploration phase and during their exploitation,
to assess the reservoir depth, or the effects of exploitation on the resource temperature,
e.g., [20]. It should be noted that the Ladeira de Envendos hydromineral system is inserted
in a quartzite formation where the mineral with the greatest expression in its composition is
quartz (silica). Discharge temperatures are low, indicating cooling occurring essentially by
conduction. Therefore, the geothermometer used in this case study was the silica (quartz)
geothermometer proposed by [21], whose equation is as follows:

T(°C) = [1315/(5.205 — log SiO,)] — 273.15 SiO, in mg/L 1)

This geothermometer usually presents more consistent results when applied to hy-
drothermal systems with low discharge temperatures, as is the case in the present study
(see [20,21] and references therein). Table 3 reports the results of the application of this
geothermometer to the natural mineral waters of the Ladeira de Envendos hydromineral
system (Vital 1 spring, and Vital 2 and Vital 3 boreholes). The maximum circulation depths
of the natural mineral waters under study are also presented.

Table 3. Results of the application of the silica geothermometer [21] to the natural mineral waters of
Ladeira de Envendos hydromineral system (Vital 1 spring, and Vital 2 and Vital 3 boreholes), using
SiO, mean values (see Table 2).

Reservoir Circulation Depth
1 : P
Truesdell (1975) SiO; (mg/L) Temperature (°C) (km)

Vital 1 10.07 39.8 0.78

Vital 2 9.07 36.5 0.68

Vital 3 8.62 34.9 0.63

Notes: ! Cooling by conduction.

4.3. Isotopic (8°H, 6'80 and 3H) Signatures of the Waters

The application of isotopic techniques (8°H, §'0 and ®H determination) to hydro-
logical studies has been developed since the beginning of the 1930s until the present day,
showing a strong increase after the 1950s [22]. The use of isotopic methodologies, alone or
together with traditional hydrological techniques (hydrodynamic, hydrogeological, hydro-
geochemical, hydrogeophysical, etc.), have played a fundamental role in the investigation
of hydromineral systems, namely in defining potential recharge areas, determining the un-
derground flow paths, dating groundwater systems, identifying mixing processes between
different aquifer units, etc. (e.g., [23-26]).

The isotopic composition (6180 and §2H values) of the natural mineral waters samples
collected from the Ladeira de Envendos hydromineral system (from Vital 1 spring, and
Vital 2 and Vital 3 boreholes) and from the “normal” groundwaters of the region (Cabroeira
direita, Cabroeira esquerda, Charneira 1, Charneira 2, and Pego da Rainha springs) are
presented in Table 4.
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Table 4. Isotopic composition (580 and 82H) of water samples from Ladeira de Envendos hydromin-
eral system and from the “normal” groundwaters of the region. The first campaign took place in July
2019 and the second campaign in January 2020.

i . 1st Field Work Campaign 2nd Field Work Campaign

Sampling Site 5180 8°H d 8180 8’H d
Vital 1 * —5.82 —30.2 16.36 —5.62 —31.6 13.36
Bica da Estrada * —5.88 —30.1 16.94 —5.50 —30.7 13.30
Vital 2 ** —5.70 —-31.7 13.90 —5.59 -30.7 14.02
Vital 3 ** —5.67 —29.5 15.86 —5.95 —31.9 15.70
Cabroeira direita * —5.56 -31.2 13.28 —5.85 —30.8 16.00
Cabroeira esquerda * —5.53 -30.0 14.24 —5.88 -30.0 17.04
Charneira 1 * —4.90 —27.4 11.80 —4.88 —24.7 14.34
Charneira 2 * —-5.43 -30.1 13.34 —5.65 —29.2 16.00
Pego da Rainha * —5.45 —30.6 13.00 —5.32 —29.9 12.66

Note: * Spring; ** Borehole; 5'80, §?H and d (deuterium excess) values in permillage (%») relative to the V-SMOW
standard.

The 880 values of the sampled waters vary between —5.95 %o (at Vital 3 sampling
site—2nd campaign) and —4.88 %. (at the Charneira 1 sampling site—2nd campaign). The
§%H values vary between —31.9 %o (at Vital 3 sampling site—2nd campaign) and —24.7 %o
(at the Charneira 1 sampling site—2nd campaign). From Table 4, it should be noted that the
isotopic composition of the Charneira 1 sampling site is rather different (more enriched in
heavy isotopes) from the isotopic composition of the other (natural mineral and “normal”)
sampled groundwaters (see Figure 8).
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Figure 8. Projection of the isotopic composition of the natural mineral waters and “normal” ground-
waters of the region under study on a §*H-5'80 diagram. The lines represent the Global Meteoric
Water Line G-MWL §2H = 8 x §'80 + 10 [27] and the Portugal Meteoric Water Line Portugal- MWL
5?H = 6.78 x 5180 + 4.45 [28].

The determination of 3H content was also carried out in the same samples for the 580
and 5°H measurements. The results obtained are shown in Table 5.
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Table 5. Results of tritium content (TU) of natural mineral water from Ladeira de Envendos hy-
dromineral system and from the “normal” groundwaters of the region. The first campaign took place
in July 2019 and the second campaign in January 2020.

Sampling 1st Field Work 2nd Field Work
Site Campaign Campaign

*H *H
Vital 1 * 1.10 1.07
Bica da Estrada * 1.10 0.54
Vital 2 ** 0.68 0.57
Vital 3 ** 1.07 n.d.
Cabroeira direita * 1.04 0.45
Cabroeira esquerda * 0.37 0.47
Charneira 1 * 0.51 1.47
Charneira 2 * 0.72 n.d.
Pego da Rainha * 0.78 1.10

Note: * Spring; ** Borehole. The analytical error associated with the liquid scintillation counter and analytical
processes is £0.6 TU. n.d. stands for no determination.

5. Discussion
5.1. Physico-Chemical Signatures of the Waters

All the sampled groundwaters are hyposaline waters, typical of interaction with
quartzite geological formations. At all sampling sites, the redox potential values are
positive, which reveals that both natural mineral waters and “normal” groundwaters of the
region are oxidizing waters. These results are in line with what was mentioned by [11] when
they point out that for systems with a poorly developed soil layer, superimposed fractured
rock formations, it is usual to record positive Eh values due to the good oxygenation of
the system. In fact, Eh data can become very useful if used as an indicator over time
and/or with other common parameters to help develop a complete picture of the water
quality being monitored [11]. Although the studied natural mineral waters and “normal”
groundwaters of the region present relatively similar EC values, it should be noted that in
the groundwaters from the Charneira 1 spring, a significant increase in EC was recorded
between the 1st (EC = 28.6 1/ cm—TJuly 2019) and the 2nd (EC = 60.3 1/ cm—TJanuary 2020)
field work campaigns. This increase in the mineralization could be ascribed to the mixing
of groundwaters circulating in quartzite formations with shallow groundwaters resulting
from a strong component of surface runoff (during winter—in summer the local climate is
very dry), which may have led to an increase in water mineralization. Unfortunately, we
do not have EC determinations for surface waters during the 2nd field work campaign (22
January 2020), due to the absence of surface flow at the time of sampling. However, field
observations made during this campaign indicate the possibility of considerable surface
runoff in Block 1 (see location of the Charneira 1 spring in Figure 4). Furthermore, the
increase in tritium content in Charneira 1 spring waters in the winter field work campaign
(see Table 5) seems to confirm this input, although it is difficult to calculate the mixing
percentage as we are missing one of the end-members. Concerning Charneira 1 spring
waters, it should be noted that during the 2nd field work campaign (January 2020), the pH
decreases, EC increases, T decreases, and Eh increases (see Table 1).

Considering the acidic nature of the sampled groundwaters (4.16 < pH < 5.73),
two systems could control the evolution of pH: SiO, /H45i0,4 and H,CO3/HCO3;~. How-
ever, in such type of groundwaters ascribed to water-rock interaction with quartzite rocks,
the bicarbonate content is very weak (see Table 2) and it is the silica system which controls
the pH [29] (see Figure 9).
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Figure 9. Pourbaix diagram for the natural mineral waters of Ladeira de Envendos hydromineral
system.

Moreover, the region under study is characterized by steep slopes, with little agri-
culture and vegetation consisting essentially of small shrubs and thin soils. The fact that
in all sampling sites Eh values of the groundwaters are positive (83.4 < Eh < 171.3 mV),
indicating the presence of oxidizing waters, is in line with what was reported by [11] for
the case of hydrogeological systems associated with a poorly developed soil layer like the
Ladeira de Envendos system. This soil layer is overlying fractured rocks (e.g., quartzites),
where it is common to record high redox potential values due to the good oxygenation.
Considering the detected average drop in the emergence temperature of the sampled waters
(natural mineral waters and “normal” groundwaters of the region) of about 3.6 °C, from the
Summer—TJuly 2019 to the Winter—January 2020 field work campaign, one must consider
the influence of air temperature on temperature fluctuations in the region’s groundwaters,
which should not be associated with very deep circulation.

Water—quartzite rock interaction is responsible by the chemical composition of the
studied natural mineral waters, resulting in the low mineralization of these waters and the
predominance of silica in solution (see Table 2). Therefore, the Cl-Na facies (see Figure 5)
presented by these natural mineral waters should be ascribed to the chemical composition
of the regional precipitation, coming from the Atlantic (recharge waters). Cl and Na
concentrations in rain waters from Portugal, namely Na* = 5.6 mg/L and CI~ =9.5mg/L,
were mentioned by [30].

Considering that the geological environment (quartzite rocks) is similar and relatively
homogeneous in the sampling sites Vital 1, Vital 2, and Vital 3, the higher total mineraliza-
tion of the natural mineral waters from Vital 1 spring and Vital 2 borehole, when compared
to the natural mineral waters of Vital 3 borehole (see Figure 6), appears to be associated with
longer underground flow paths promoting higher water—rock interaction, from recharge to
discharge. This fact seems to indicate that underground water circulation should occur in
the NW-SE direction, in the three geomorphological units (inselbergs blocks) presenting
similar hydrogeological characteristics. It seems that the infiltrated waters which evolve to
natural mineral waters from Vital 1 spring and Vital 2 borehole circulate throughout the
entire extent of the blocks in which they are inserted, while Vital 3 borehole intercepts the
hydromineral system at a depth very close to the recharge area, exploiting natural mineral
waters with a shorter underground flow path and consequently lower mineralization (see
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Figure 10). Furthermore, the tritium content in Vital 3 and Vital 2 boreholes, in the flow
direction, seems to confirm this hypothesis.

Spring and Boreholes:

V1 Vital 1 —Spring
V2 Vital 2 — Borehole
V3 Vital 3 — Borehole

Block 2

Figure 10. Natural mineral water circulation paths ascribed to the Ladeira de Envendos hydromineral
system. Limit of geomorphological units/inselbergs blocks (orange); preferential flow paths direction
(cyan), natural mineral waters from Vital 1 spring, and Vital 2 and Vital 3 boreholes (blue). Adapted
from [9].

From the diagrams of Figure 7a—c, the fact that the natural mineral waters from Vital 1
spring and Vital 2 borehole are those with the highest concentrations of dominant ions (Na*
and C17) and silica (5iO,) over time corroborates the previously formulated hypothesis that
the contact time with the rock matrix represents the dominant factor in the mineralization
of these waters. Given that these are natural mineral waters whose circulation occurs in
quartzite formations, the Cl-Na facies may be explained by the leaching of deposited NaCl
salts (either in the soil or in the discontinuities of quartzite formations—diaclases, fractures,
stratification) after several episodes of rain (recharge of the hydromineral system), as
suggested by [31] in a similar case study. Therefore, the higher Na* and C1~ concentrations
of the natural mineral waters from Vital 1 spring and Vital 2 borehole corroborate a NW to
SE underground flow path. It should be noted that, in the case of very low mineralized
waters, the observed stability in the chemical composition is a fundamental factor for their
classification as natural mineral waters [19].

5.2. Chemical Geothermometers

The application of the silica chemical geothermometer [21] to the Ladeira de Envendos
hydromineral system led to the estimation of relatively low reservoir temperatures at depth
(see Table 3), indicating the presence of rather shallow circulation systems, explaining
the low emergence temperature of these natural mineral waters. The estimation of the
circulation depth of the natural mineral waters under study was carried out using the
following equation,

Depth = (TReservoir - Tair)/ GG (2)
where
- TReservoir is the reservoir temperature provided by the chemical geothermometer
(in °C);
- Ty is the average annual air temperature for the region (in °C);
- GG is the geothermal gradient of the region (in °C/km),
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considering that [32] suggests an average geothermal gradient of 33 °C/km in main-
land Portugal and knowing the average annual air temperature for the region under study,
which according to [18], has a value of 14.1 °C. Table 3 reports the estimated maximum
circulation depths of the natural mineral waters under study, ranging from 0.63 to 0.78 km.

5.3. Isotopic (8°H, 5180 and 3H) Signatures of the Waters

The isotopic composition of the natural mineral waters and the “normal” ground-
waters of the study region were plotted in the §2°H-5'80 diagram of Figure 8. The set of
water points projects close to the Global Meteoric Water Line G-MWL (§°H = 8 x §'80
+ 10 [27] and the Portugal Meteoric Water Line P-MWL (58°H = 6.78 x §'80 + 4.45 [33]
indicating the meteoric origin of these waters. Additionally, the regional meteoric water
line, Portalegre-MWL, GNIP station between 1998 and 2004 [33], was plotted in the dia-
gram. Although Portalegre station is located at an altitude of 780 m and around 55 km SE
of the Ladeira de Envendos research area (mean altitude 400 m a.s.1.), these precipitation
isotopic data were used to visualize the graphic distribution of the mineral water isotopic
composition. The annual weighted isotopic composition of Portalegre GNIP station is
8180 = —5.60%0 and 8*H= —33.2%o [33], relatively similar to the isotopic composition of
the natural mineral water samples from the Ladeira de Envendos system, although these
samples show a deviation towards more enriched isotopic values (see Table 4). Through
the analysis of Figure 8, it was possible to verify that the sampled waters form a “cluster”,
allowing to formulate the hypothesis that (except for the Charneira 1 spring) they can be
considered as representative of the Ladeira de Envendos hydromineral system. Regarding
groundwater samples from the Charneira 1 spring, the different signatures in relation to
the “cluster” are notable not only in terms of the isotopic compositions, but also in terms of
field parameters (in the January 2020 field work campaign, lower temperature T = 13.3 °C
and higher EC = 60.3 uS/cm). This trend could be ascribed to a mixing process with shal-
low groundwaters that originated from surface runoff along the hill where this spring is
located. However, this hypothesis is easily supported by the deviation observed in the
first campaign performed during the dry season (July 2019), but is more difficult to accept
during the rainy season where the use of water in agriculture is smaller. Nevertheless, the
hypothesis to explain the observed isotopic enrichment in both sampling campaigns (in
the dry and rainy seasons) at the Charneira 1 spring (Figure 8) can also be attributed to
isotopic fractionation with altitude. This suggests a different preferential recharge area
at lower altitudes and a shorter underground flow path when compared to the other
springs analyzed. Both the stable isotope and the tritium content support this hypothesis
(Tables 4 and 5), being supported by the field data. Considering that the isotopic altitude
effect in the Portuguese mainland is —0.2%. per 100 m [33], a lower preferential recharge
altitude for the Charneira 1 spring should be considered, at least 300 m of altitude difference
between this spring and the Ladeira de Envendos hydromineral system. The observed
behaviour/content fluctuation in all samples can be related to a “piston flow” circulation.
The variations in the isotopic content can be ascribed to the seasonal isotopic signatures
observed in the Portuguese regional precipitation database. It is important to mention
that only two sampling campaigns for isotopic determinations have been conducted in the
region, and further surveys are required.

Therefore, as previously mentioned, the groundwaters from Charneira 1 spring should
not be considered as representative of the Ladeira de Envendos hydromineral system. The
waters that form the “cluster”, with very homogeneous isotopic composition, seem to have
similar recharge altitudes, on the top of the quartzite ridges (along the NE flank of the
Améndoa-Carvoeiro synform) which present altitudes be-tween 430 m a.s.l. at Serra das
Aguas Quentes and 370 m a.s.l. at Serra da Moita da Asna, as can be observed in Figure 11.
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Figure 11. Altitudes of the quartzite ridges that constitute the different “inselbergs” blocks in the
region of the Ladeira de Envendos hydromineral system. (1) Block 1; (2) Block 2; (3) Block 3. Adapted
from [9]. The dashed line stands for the NW-SE transect outlined in Figure 12.

In the region, the deuterium excess (d) in all water samples collected in both campaigns
varies between 11.8 and 17.0%.. The relation between the §?H and §'80 values in the rain
samples should be close to that defined by the Global Meteoric Water Line Equation (G-
MWL), i.e., around 10 and 12%.. However, the deuterium excess values obtained at the
stations located in continental Portugal (GNIP stations, part of the Portuguese Isotopes
in Precipitation Network) show an increasing trend with distance from the coast and
also with the altitude, i.e., the more continental stations, case of Portalegre and Penhas
Douradas (Serra da Estrela) stations, present deuterium excess values of 12.9%o and 15.4%o,
respectively [33]. In addition, the highest excess deuterium values in the precipitation
samples (monthly samples) in these stations were recorded during the winter precipitation,
which can be attributed to the temperature differences between the colder atmospheric air
and the ocean surface and the percentage of relative humidity. In the Portuguese Network
of Isotopes in Precipitation, the relationship between deuterium excess values and annual
averages weighted with the altitude of the stations is not unique. Such high d values
were also mentioned in some stations in the southeast of Spain [34]. High values in the
deuterium excess are often found in the precipitation of the western Mediterranean. The
relationship between higher deuterium excess values at higher altitudes and during winter
and autumn precipitation months was also reported by [35].

Considering the tritium content at Portalegre GNIP station, only records between 1988
to 1992 are available, with a weighted mean of 5.3 TU [36]. Because there are no regional
data available on the tritium content in precipitation, it was assumed that the content of this
radioactive isotope in the precipitation waters in mainland Portugal could vary between
3 TU and a maximum content of 4 TU. The current limitations of tritium data for estimating
mean groundwater residence time were referred by [37], knowing that this radioisotope
has returned to its natural atmospheric concentrations. These authors also mentioned the
need to use time series of precipitation during the last 50 years. In the Ladeira de Envendos
region, collecting this type of time series is a problematic issue since at the Portalegre
GNIP station, the *H record is only 4 years. Another hypothesis is to resort to another
nearby station, i.e., the Penhas Douradas station. However, the possibility to complete
the time series with Penhas Douradas data (located at 1380 m a.s.l. and about 100 km N,
mountainous region) is also not feasible since the available *H record overlaps the tritium
data record between 1988 and 1999.
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Since all groundwater samples have measurable tritium content, the natural mineral
waters of the Ladeira de Envendos hydromineral system represent a system with a strong
component of active recharge. Assuming a piston flow circulation, i.e., no groundwater
mixing occurs by convergence of flow paths, dispersion and/or diffusion, the groundwater
sample behaves as a “closed unit” from recharge to sampling point, and the apparent
groundwater age inferred in this way will represent a single value corresponding to
the integrated travel time of the water sample. So, assuming that the half-life of °H is
12.32 years [22], it was feasible to estimate a maximum mean residence time, between 25 and
40 years, for the natural mineral waters from the Ladeira de Envendos hydromineral system.

6. Contribution to the Update of the Conceptual Hydrogeological Circulation Model of
the Ladeira de Envendos Hydromineral System

According to [38], a conceptual hydrogeological circulation model related to a given
hydromineral system must be easy to “read”, mostly qualitative and comprise a physical
explanation on how the hydromineral system works, including the general trend, with
an emphasis on the content of the research developed. A conceptual hydrogeological
circulation model generally involves schematic cross-sections and/or maps presenting
the local/regional geology, preferential recharge areas, groundwater flow paths, water—
rock interaction processes occurring at depth, and discharge locations, e.g., [39-41]. As
recent data become accessible from the latest field work campaigns, a given conceptual
hydrogeological circulation model should be updated over time.

The main objective of this study was to contribute to the improvement of the concep-
tual hydrogeological circulation model of the Ladeira de Envendos hydromineral system,
which is schematically presented in Figure 12.

The Ladeira de Envendos hydromineral system has its origin in meteoric waters (1),
infiltrated along the Serra das Aguas Quentes, Serra da Amieirosa, and Serra da Moita
da Asna mountains, at very similar recharge altitudes (approximately 410 m a.s.L.). The
recharge is favoured by the heavily fractured quartzite ridges, favouring the heating (2) of
the meteoric waters to temperatures up to 35 °C—40 °C (using the silica geothermome-
ter [21]) and water—quartzite rock interaction (3), with the preferential dissolution of silica
since quartz is the main mineral of quartzites. In addition, based on the above-mentioned
temperatures, the maximum depth of circulation of Ladeira de Envendos natural mineral
waters was estimated between 0.63 to 0.78 km. The fractured quartzite rocks, favouring
the recharge, are also the means by which the natural mineral waters rise to the surface (4),
being in some cases also favoured by the fault systems which divide the quartzite ridge
into Blocks 1 (Serra da Moita da Asna), 2 (Serra da Amieirosa), and 3 (Serra das Aguas
Quentes). The natural discharge (5) of the system occurs, in the form of springs, with an
issue temperature of about 21 °C on the southeast border of all of the blocks (the orange
in Figure 11). Given the tritium content in the natural mineral waters analyzed (spring
and boreholes), the circulation subsystems have an average residence time of between 25
and 40 years. By the “reading” of Figure 12, and in accordance with what was previously
mentioned, it is visible that the Ladeira de Envendos hydromineral system is sorted into
three subsystems with very similar characteristics (altitudes of recharge, underground flow
paths, water-rock interaction processes, and average residence time—from recharge to
discharge), strongly conditioned by the local/regional hydrogeological characteristics.

The results obtained with the multi and interdisciplinary study of the natural min-
eral waters of Ladeira de Envendos, when compared with the similar case studies pre-
sented in the “Introduction” of this paper, highlight the fact that when the hydrogeological
frameworks are similar, the evolution of meteoric waters (recharge) through water-rock
interaction (in these cases with quartzite rocks) give rise to very similar “end-members”:
hyposaline natural mineral waters of Cl-Na facies, where silica is the chemical species that
presents the highest concentration.
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Figure 12. Schematic representation of the updated conceptual hydrogeological circulation model of
the Ladeira de Envendos hydromineral system (not to scale). F stands for the major fault systems. The
diaclases system of the quartzite rocks and associated groundwater flow paths have been simplified,
in order not to overload the schematic cross section, although the diaclases are affecting the whole
entire inselbergs, either all over the surface or at depth. Adapted from [9].

These results highlight the role of the conceptual hydrogeological circulation models
to ensure a sustainable groundwater management. This updated conceptual model should
be seen as a key tool for understanding the hydrodynamic functioning of the Ladeira de
Envendos hydromineral system with a view towards future groundwater management
strategies. This approach for the Ladeira de Envendos hydromineral system indicates its
potential applicability to other hydromineral systems facing similar challenges.

7. Concluding Remarks

In this paper, through a multi and interdisciplinary approach, the formulated hypothe-
ses were proven by the critical interpretation of data acquired from a wide spectrum of
disciplines from the geosciences.

The geomorphology of the Ladeira de Envendos region is dominated by the Améndoa-
Carvoeiro synform, where the NE flank is divided into three blocks (inselbergs) split by
major faults.

The geology is dominated by the Armorican quartzite formation, densely fractured,
and bounded by the Brejo Fundeiro and Padrao-Silveira impermeable formations, con-
tributing to a recharge from meteoric waters in the quartzite formations, without occurring
lateral flow.

The Ladeira de Envendos hyposaline natural mineral waters (the dry residue does
not exceed 30 mg/L) belong to the Cl-Na facies, and the presence of silica represents
approximately one third of the total dissolved solids. The groundwater circulation occurs
from NW to SE. Since the hydromineral system is separated in three blocks, the existence
of three hydrogeological subsystems with similar groundwater circulation paths should
be considered.

§!80 and §?H values indicate that the sampled groundwaters can be considered as
representative of the Ladeira de Envendos hydromineral system, whose recharge occurs at
similar altitudes (around 400 m a.s.l.), along the quartzite ridges that comprise the various
blocks on the NE flank of the Améndoa-Carvoeiro synform. The *H content in the natural
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mineral waters of Ladeira de Envendos shows the presence of a considerable modern
recharge component and a mean residence time of between 25 and 40 years.

However, it will be important, in the future, to carry out new sampling campaigns, for
physico-chemical and isotopic determinations at the same time of year, in order to update
the proposed conceptual circulation model.
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