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ABSTRACT

Alkaline hydrothermal systems hosted in granitic rocks have been extensively investigated as natural analogues
for radioactive waste disposal and for the geological storage of CO,. Thereby, their geochemical characterisation
provides useful information for the long-term performance assessment predictions. The geochemical modelling of
one of these alkaline hydrothermal systems has been performed in Luchon (France), together with the appli-
cation of different geothermometrical techniques to determine the temperature, pH and mineral equilibrium
conditions at depth. The modelling results show that the main processes controlling the hydrogeochemical
evolution of this system are: (1) the mixing between deep thermal and cold surface waters, (2) the conductive
cooling and (3) the external input of CO,. Other important results are that the most alkaline thermal waters are
characterised by a high pH-buffering capacity during the mixing processes, and that the high pH values that
characterise these thermal waters are not only inherited from the deep reservoir but strongly enhanced by
conductive cooling. The reservoir temperature predicted by the geothermometrical modelling is in the range of
117 + 8 °C, in good agreement with the temperatures ranging from 108 to 133 °C predicted by the classical
geothermometers. The results of these calculations indicate as well that the thermal solutions have reached
equilibrium with quartz, albite, potassium feldspar, zoisite and prehnite, and that a re-equilibirum with kaolinite
and calcite is reached during their ascent to the surface. Another important outcome is that the precipitation of
calcite in the deep reservoir could take place as a CO2 mineral trapping mechanism in similar systems. Further,
the sharp influence of the surface waters on the deep thermal waters reveals a high susceptibility of the system to
potential contamination processes.

1. Introduction

their suitability for the geological storage of CO,, through both, labo-
ratory experiments (eg. Hangx and Spiers, 2009; Liu et al., 2003; Ré et

The granite-hosted alkaline hydrothermal systems have been widely al., 2014; Suto et al., 2007) and experimental COs injections in natural

investigated in the context of geothermal exploration for a long time.
However, in the last decades, the investigations of these systems have
been extended to their study as natural analogues of the geological en-
vironments selected for the disposal of nuclear wastes, and this interest
gave rise to several publications related to the geochemical study
(composition, geothermometry, water-rock interaction, geochemical
modelling, etc.) of the Pyrenean hydrothermal systems (e.g. Criaud and
Vuataz, 1984; Iundt et al., 1991; Alaux-Negrel et al; 1993 Auqué et al.,
1996a, 1996b, 1998; Asta et al., 2010; 2012, 2017).

Additionally, granitic rocks have recently been investigated to assess
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granite systems (e.g. Kaieda et al., 2009 and Wakahama et al., 2009).
Since these experiments cannot deal with the time scale needed to reach
the mineral equilibrium expected in the deep reservoirs in granitic
systems (Ré et al., 2014), their resuls have to be compared with those
obtained from the characterization of the groundwaters and the
modeling of the hydrogeochemical processes that take place in natural
granite-hosted hydrothermal systems.

The Luchon system, located in the Pyrenean Axial Zone on the
French slope of the Central Pyrenees, is included in the typology of
alkaline hydrothermal systems hosted in granitic rocks, defined by

Received 14 October 2021; Received in revised form 9 September 2022; Accepted 15 September 2022

Available online 29 September 2022

0375-6505/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:jimenezbjon@unizar.es
www.sciencedirect.com/science/journal/03756505
https://www.elsevier.com/locate/geothermics
https://doi.org/10.1016/j.geothermics.2022.102573
https://doi.org/10.1016/j.geothermics.2022.102573
https://doi.org/10.1016/j.geothermics.2022.102573
http://crossmark.crossref.org/dialog/?doi=10.1016/j.geothermics.2022.102573&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

J. Jiménez et al.

Michard and Roekens (1983). Several studies have been carried out on
this system (e.g. Criaud and Vuataz, 1984; Iundt et al., 1991; Alaux--
Negrel et al., 1993) but the use of geochemical modelling has been
restricted to some geothermometrical calculations (Auqué et al., 1996b,
1998) in the context of a regional study of different geothermal systems.
The result is that the main processes that control the hydrogeochemical
evolution of Luchon (mixing, conductive cooling and CO; transfer) have
only been qualitatively reported in the previous investigations (e.g.
Criaud and Vuataz, 1984).

These processes provide a suitable scenario for the study of the
applicability conditions of geochemical modeling techniques used in
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similar granitic systems investigated for the geological storage of nu-
clear wastes and CO,. Further, these processes may drastically change
the evolution of certain parameters of interest in a geological storage.
For instance, the mixing and CO; input control the pH buffering capacity
of the groundwater, as well as the saturation indices of certain secondary
minerals such as calcite, which could precipitate contributing to the COy
trapping. Further, some of these modelling techniques are used as well in
granitic emplacements selected for the disposal of nuclear wastes that
will be in contact with alkaline waters with geochemical characteristics
and processes similar to the ones that characterise these hydrothermal
systems. These are additional reasons for an accurate determination of
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Fig. 1. Geological setting of the Luchon hydrothermal system: (a) Geological scheme of the Pyrenean Axial Zone; (b) Detailed geological scheme of the area studied
indicated in panel (a), showing the main structures and materials, and indicating the location of Bagneres de Luchon; (c) Geological cross section of the study area,
following the line A-A’ indicated in panel (b). SO: bedding; S1, S2 and S3: foliation. Modified from Clariana et al. (2009).
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the distinctive features and conditions of applicability that must be
considered for the geochemical modelling of this type of waters.

On the basis of this background, the main objective of this study is to
obtain a hydrogeochemical conceptual model of the Luchon system by
quantifying the hydrogeochemical processes and determining the
physical and geochemical conditions in the deep reservoir. The use of
geochemical and geothermometrical modelling combined with the
classical chemical geothermometers is needed to obtain this main aim.
Additionally, considering the economic relevance of the Luchon system
due to the use of its waters for balneotherapy and consumption, the
study also aims to assess the possible practical implications of the
hydrogeochemical model obtained, regarding the possible factors that
could affect the water quality from a quantitative approach. The results
of the modelling techniques applied here will also be compared with
those obtained by similar techniques in other granitic alkaline systems,
in order to assess the applicability conditions of these techniques in
granite-hosted alkaline waters.

2. Geological setting

The hot springs of Bagneres de Luchon are located in the central part
of the Pyrenean Axial Zone (Fig. 1.a), between the massifs of Lys (to the
SO of Luchon) and Maladeta (to the SE), the Garonne dome (to the NNE)
and the Aran valley synclinorium (to the E), within the western peri-
clinal closure (Fig. 1.b) of the Bossots Dome (Bosch et al., 1981), which is
to the SSW of the Garona Dome. The outcroping rocks in the Luchon area
are mainly Cambrian, Ordovician and Silurian. These materials were
affected by a regional orogenic metamorphism during the Variscan
Orogeny, reaching the cordierite-sillimanite zone (Garcia-Sansegundo
et al., 2013). The metamorphic rocks are dominant in the area and are
mainly represented by shales with biotite and shales with staurolite,
andalusite and cordierite, and, to a lesser extent, quartzites, slates,
banded mica-schists and marbles. Several outcrops of late Variscan
plutonic igneous rocks are also present, associated to the Bossost Dome,
which is constituted by leucogranites (granites, monzogranites and
sienogranites) and pegmatitic sills (Vera, 2004). The sills are subvertical
and subparallel to the main tectonic foliation (Garcia-Sansegundo et al.,
2013). During their emplacement, these plutonic rocks crosscut the folds
associated to the fourth stage of the Variscan deformation (Fig. 1.c)
affecting the Cambrian, Ordovician, and Silurian rocks in the Bossost
Dome area (Zwart and De Sitter, 1979).

The Luchon area is structurally characterised by a dominant array of
Variscan fractures with W-E to WNW-ESE trends. The Alpine and
Variscan thrusts with the same trends are also frequent, as well as a
large-scale detachment level that gave rise to the elevation of the Bossots
Dome during the alpine compression (Garcia-Sansegundo et al., 2013).
The deformation is also represented by a family of N-vergent Variscan
folds with W-E to NW-SE trends, that produced interference patterns
with two other families of later Variscan lax folds, one W-E trending and
the other one NNW-SSE trending (Clariana et al., 2009).

The Luchon hydrothermal system is hosted in the late Variscan
granitic rocks of the Bossots Dome (Auqué et al., 1998). The recharge
area is not well defined, although it is mainly associated to the fractured
granitic rock outcrops of the Bossost Dome that are located 6 to 8 km
east of the thermal springs in Luchon (Chevalier-Lemire et al., 1990) and
are (due to a more intense fracturation) more permeable than the schists
outcropping in most of the surface of the study area. Subsequently, the
water infiltrated through the granite reaches depths over 5 km,
acquiring temperatures of approximately 130°C (Chevalier-Lemire et al.,
1990), and residence times of about 14,000 years (Lopoukhine and
Vigouroux, 1998). Finally, the thermal springs of this system result from
the ascent of the thermal waters through the subvertical pegmatitic sills
and their associated joints, as well as through some Variscan faults.
These dikes or sills are embedded in the Cambrian-Ordovician sedi-
mentary and metamorphic series (Bosch et al., 1981) and show domi-
nant W-E and WNW-ESE trends, coinciding with the main Variscan
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fractures.
3. Methodology

Several datasets from the Luchon groundwaters (the analytical data
are available in the annex of the online version, in Table A.I), obtained in
several sampling campaigns by previous authors, have been selected for
this study. The data belong to the studies of Alaux-Negrel et al. (1993),
Criaud and Vuataz (1984) with data from 1983 and 1984, and Iundt et
al. (1991). References to these publications will be abbreviated in
several figures as follows, respectively: “Alaux-Negrel et al. (1993);
“Criaud and Vuataz (1984)”; “’Iundt et al. (1991). Additionally, a new
sampling campaign in 2019 was carried out for this study by the authors
of this paper. Considering the large amount of analytical data, all sam-
ples have been renamed, both our own and the bibliographic ones, with
a code from L1 to L32 (see Table I in supplementary material), in order
to achieve a clearer graphical display. The analytical data correspond to
the thermal springs and boreholes located in the Luchon spa resort, as
well as to surface waters from the river La Pique and minor streams in
the surroundings.

3.1. Sampling and chemical analysis

The methodology used in the previous sampling campaigns can be
found in the original papers and, therefore, only the details of the
sampling and analytical methods used for the last campaign in 2019 are
described next. Two thermal springs from the Luchon spa and three cold
surface waters were sampled. Temperature, pH and conductivity were
measured in situ. From each spring, 2 bottles of polyethylene were taken,
a 0.5 litter bottle for anion analysis and a 50 ml bottle for cation analysis.
The water for cation analysis was filtered through 0.45 pm MILLIPORE
filters and acidified with ultrapure HNO3 to pH below 2. pH was
measured using a pH-meter ORION 250 which also has a thermometer
function. Conductivity was measured with a conductivity-meter Jenwey
470. The approximate errors in the measurement of pH, temperature
and conductivity are + 0.05 pH units, + 0.5°C, and + 0.3%,
respectively.

Alkalinity was determined by a volumetric titration at pH = 4.5, by
H3S040.02 N. The analysis of F~ and Cl~ was carried out by the selective
electrodes ORION 9409BN and ORION 9417BN, respectively. SO~ was
determined by turbidimetry in a molecular absorption spectrophotom-
eter Thermo UV-10, in the Geochemistry Laboratory of the Earth Sci-
ences Department of the University of Zaragoza. Ca, Mg, Na, K, Si and Li
were analysed by ICP-AES (Inductively Coupled Plasma Atomic Emis-
sion Spectrometry), and Al by ICP-MS in the Analytical Services (SAI) of
the same university. The charge balance error of the water analyses was
calculated with PHREEQC and, in all cases, was less than 10% (and less
than 5% in most of the samples), which is admissible according to Zhu et
al. (2002).

3.2. Data processing and geochemical modelling

In the first step of the exploratory analysis, through the use of ion-ion
diagrams, the linear correlation between the concentration of conser-
vative elements has been used to identify and characterise water mixing
processes. Sodium, whose behaviour is conservative in this system, has
been selected as the tracer of the system evolution. This element has
already been used as a tracer in previous studies of similar systems (e.g.
Criaud and Vuataz, 1984; Asta et al., 2010, 2017) and as in our case, it
shows one of the highest correlation coefficients with the rest of the
conservative elements (Si, F and Li). Other binary diagrams used here
relate pH, Na and temperature, some of the most variable parameters in
this system, which have been used to identify and characterise other
hydrochemical processes such as differential conductive cooling and
CO,, transfer. Next, speciation — solubility calculations have been per-
formed with the geochemical modelling software PHREEQC (Parkhurst
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and Appelo, 2013) and the WATEQA4F thermodynamic database (Ball
and Nordstrom, 2001). This database has been selected since it has been
extensively contrasted for this type of calculations and it has provided
consistent results in similar alkaline hydrothermal systems of the Pyr-
enees (e.g. Asta et al., 2010, 2012, 2017). The results of these calcula-
tions enable to determine the speciation of the dissolved components,
the partial pressure of CO, and the saturation indices of the mineral
phases of interest in the system. This code and database have also been
used to perform the reaction path simulations, which include the iden-
tified mixing processes, conductive cooling and CO, transfer. The
simulation results have been compared with the data of the natural
system (analytical data) in order to test the validity of the final hydro-
geochemical conceptual model.

3.3. Geothermometry

Chemical geothermometers consist of experimentally calibrated
equations that represent heterogeneous chemical reactions dependent
on temperature, that control the concentrations of certain elements in
solution, so that they enable to determine the temperature of the water
in the reservoir from the concentrations measured in the springs
(Truesdell, 1976). These geothermometers are based on the assumption
that the concentrations of the elements involved in the equations have
not changed significantly due to water-rock interaction processes during
the ascent of the hydrothermal solutions and that, therefore, the con-
centrations in the thermal springs are representative of the concentra-
tions in the deep reservoir. This condition is frequently met in this type
of granitic systems, since the rise of the water is fast enough to prevent
mineral dissolution or precipitation (Auqué et al., 1996b). The geo-
thermometers and calibrations selected for this study are indicated in
Table 1. This selection is based on the mineralogy of the granitic rocks in
which the hydrogeothermal system is hosted. On the basis of these
criteria, the silica geothermometers SiOy-quartz, SiOz-chalcedony, K-F
and the cationic geothermometers Na-K, Ca-K, Na-K-Ca, K-Mg, Li and
Na-Li have been used. Also, several of these geothermometers have
provided good results and have been considered as the most reliable in
studies of similar geothermal systems (e.g. Auqué et al., 1996b; Fournier
and Truesdell, 1973; Porowski and Dowgiatto, 2009).

Finally, to complement these calculations and check the possible
effects of secondary processes, several geothermometrical modelling
simulations have also been performed. These calculations consist of
simulating the progressive increase in temperature of a water sample
collected from a thermal spring, and calculating the evolution of the
saturation indices of a group of selected phases with the temperature
increase. The temperature range in which most of the saturation indices
converge to equilibrium, can be assumed as representative of the water
temperature in the deep reservoir (Reed and Spycher, 1984; Bethke,
1996). Several simulations have been carried out with PHREEQC,
assuming that equilibrium is reached in the reservoir with the phases
likely to be present in the hosting lithology.

The selected mineralogy includes the most common phases in
granitic rocks, such as quartz, chalcedony, albite, K-feldspar and some
phases likely to be present in these systems as secondary minerals such
as calcite and kaolinite, as suggested by Choi et al. (2014). These sec-
ondary phases, along with other aluminosilicates are the most common
alteration and fracture filling minerals in granitic rocks (White et al.,
2005, 1999; and references therein). Calcite is frequently included in the
equilibrium association in similar granite-hosted systems with alkaline
waters for the geothermometrical simulations (e.g. Michard and Roek-
ens, 1983; Auqué et al., 1998; Asta et al., 2012) and the same is appli-
cable to prehnite, zoisite, and laumontite (e.g. Michard and Fouillac,
1980; Michard and Roekens, 1983; Auqué et al., 1996b, Auqué et al.,
1998), which have been added as auxiliary phases in the simulations. As
for the previous geochemical modelling (speciation-solubility and re-
action path calculations) the WATEQA4F thermodynamic database has
been used for the geothermometrical calculations. However, a
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Table 1

Chemical geothermometers and calibrations used in this study. Concentration
units for the elements involved are all in mg/L. In the Na-K-Ca geothermometer
with the calibration from Fournier and Truesdell (1973), p = 4/3 should be used
if the temperature obtained is lower than 100 °C; if with that value of p the
temperature is higher than 100 °C, the temperature should be recalculated
considering f = 1/3.

Geothermometer  Calibration Author
SiOy-quartz 1315 Truesdell
=—F———-~—— 27315
5.205 — log(Si0-) (1976)
1309 Fournier
SR s —— N |
5.19 — log(SiO2) 7315 (1977);
Fournier and
Potter (1982)
SiO,-chalcedony 1032 Fournier
=———————27315
4.69 — log(SiO2) (1977);
Fournier and
Potter (1982)
1112 Arnorsson
=—————— 27315
4.91 — log(Si0,) et al. (1983)
Na-K 855.6 Truesdell
= __ 27315
0.857 + log(Na/K) (1976)
1170 Michard
T=—r———-—-27315
1.42 + log(Na/K) (1990)
Ca-K 3030 Michard
=————— 27315
3.94 + log(Ca/K) (1990)
Na-K-Ca T Fournier and
N Truesdell
1647 B (1973)
log(Na/K) + pllog(v/Ca/Na) + 2.06] + 2.47
273.15
Li 2258 Fouillac and
T=——"—---2731
1.44 + log(Li) 7315 Michard
(1981)
Na-Li 1040 Michard
T=—F—————27315
0.43 + log(Na/Li) (1990)
1000 Fouillac and
=——-———— 27315
0.38 + log(Na/Li) Michard
(1981)
K-Mg 4410 Giggenbach
T=—F———>—-—273.15
13.95 — log(K?/Mg) et al. (1983)
K-F 2170 Michard
=179 logkl 210 (1990)

sensitivity analysis has been performed with the PHREEQC.dat data-
base, modified by Appelo et al. (2014) to be used for temperatures from
0 to 200 °C. The results obtained with both databases are very similar
and, therefore, only the results obtained with the PHREEQC.dat data-
base are shown here. Additionally, thermodynamic data for albite, po-
tassium feldespar, chalcedony, prehnite, zoisite, kaolinite and
laumontite have been taken from Michard (1983), because they have
been frequently used with good results in similar granitic systems (e.g.
Asta et al., 2012, and references therein).

4. Results and discusion
4.1. General hydrogeochemical characteristics and processes in the system

The waters of the Luchon system are characterised by spring tem-
peratures between 10 and 74°C, low mineralisation, pH values between
6.97 and 9.48, sodium concentrations between 0.065 and 4.37 mmol/L,
and Mg concentrations between 5.5¢10 % and 0.305 mmol/L. The
thermal samples with the highest temperatures are characterised by
high pH values, the presence of Na as the dominant cation and the
absence of a dominant anion, a sulphurous character and very low Mg
concentrations. These general geochemical characteristics of the ther-
mal waters enable to include them in the typology called "alkaline
thermal waters hosted in granitic rocks" (Michard and Roekens, 1983).
Other important features of the thermal waters in this system are the low
CO; partial pressures and the S.I. of calcite close to equilibrium (see
Table II in the supplementary material). However, one of the most
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outstanding characteristics of the system is that despite their proximity,
that suggests a common deep reservoir, the springs show a wide vari-
ability in salinity, pH and temperature. To analyse the evolution of these
parameters, the diagrams silica vs. sodium (Fig. 2.a), sodium vs. tem-
perature (Fig. 2.b and 2.c) and pH vs. sodium (Fig. 2.d) have been
plotted.

Fig. 2.a shows a strong linear correlation between the concentrations
of the most conservative elements in the system (Na and Si). It is also
important to indicate that the highest concentrations correspond to the
fluids of the hottest springs and the lower concentrations correspond to
the colder ones (see Figure 2.b). This behavior, together with the high
linear correlation observed, indicates the existence of mixing between
deep thermal waters (thermal end members, L1, L22 and L20; Fig. 2.c)
and surface cold waters (cold end member L13) in the Luchon hydro-
thermal system. The linear correlation involving samples from the same
springs but from different years indicates that the mixing process, the
temperatures and the mixing ratios are fundamentally stable over time,
at least in the short term. The theoretical mixing path is also shown in
Fig. 2.c, where the temperature evolution is expressed as cooling
(considering the temperature of 74°C, measured in the hottest sample,
L20, as the reference temperature). Two trends can be observed: a
decreasing linear trend corresponding to the cooling by mixing, and
several trends of additional cooling that move the positions of the
samples towards the right of the mixing line. This additional cooling can
be interpreted as conductive cooling, associated with longer ascent
paths or lower flows of the waters in certain springs. There is a third
trend, represented by samples L5 and L21 only (both from the spring
Ferruginese sampled in 1984, L5, and 1991, L21), which shows a less
extensive cooling than would be expected by mixing, that is, the samples
plot to the left of the mixing line. This result confirms what was quali-
tatively indicated by Criaud and Vuataz (1984), that this spring has
undergone conductive heating by thermal equilibrium with the hot
rocks. The heating can be quantified from Fig. 2.c as about 13°C.

Another important parameter with a high variability in the system is
pH, and Fig. 2.d displays its evolution during the mixing represented by
the Na concentration. The pH values decrease as the sodium concen-
tration and temperature decrease, that is, as the proportion of the cold
end-member increases during mixing. The higher pH values are associ-
ated to the higher sodium concentrations (approximately in the range of
3.5 - 4.5 mmol/L in the thermal alkaline waters) and these high values
are maintained down to sodium concentrations close to 1.5 mmol/L,
near the cold end member. This slow decrease indicates a high pH
buffering capacity in the alkaline thermal solutions, which is related to
the presence of high concentrations of some active acid-base pairs
(H4Si02/H3$iOZ and HCO3 /CO%’) in these waters (the speciation-
solubility calculations are available in the supplementary material in
Table II).

Most of the samples fit to a logarithmic trend in Fig. 2.d and, since
these samples represent mixing (as seen in Fig. 2.b and 2.c¢), it is likely
that this logarithmic trend of the pH values represents the mixing path.
Nevertheless, this can only be confirmed by the theoretical simulation of
the mixing process and the evaluation of the pH evolution (see section
4.3). Another interesting result is that the thermal end members L1 and
L22 have different pH values, despite the fact that their temperature and
concentration of sodium are almost the same (see Fig. 2.c). This differ-
ence suggests the effect of a secondary process likely to be related to CO,
transfer, since this process would modify pH without affecting the
temperature or the sodium concentration.

Fig. 3 shows the CO, partial pressure obtained with the PHREEQC
calculations in all the samples. There is an inverse correlation between
the CO5 partial pressure and the pH and a wide range of CO, partial
pressures (log pCO2 = -4.59 to log pCO, = -2.59) with most of the
samples clearly in disequilibrium with the atmospheric value of log
pCO2 = -3.5. Samples with CO5 partial pressures above the atmospheric
partial pressure are susceptible to lose CO2 under surface conditions,
while those with values below the atmospheric partial pressure are
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susceptible to gain COs. Thereby, in the case of L22 and L1, the different
pH value can be justified by the different CO, partial pressure shown in
Fig. 3 (log pCO5 = -3.51 and - 3.38 respectively) that would be consis-
tent with a COy gain from L22 to L1. This CO, contamination can
differentially affect the waters of different springs, and may be related to
edaphic or biological processes (e.g. Asta et al., 2010, 2017).

4.2. Geothermometry

4.2.1. Chemical geothermometers

The results obtained by applying the selected chemical geo-
thermometers and calibrations (Table 1) to the selected thermal waters
are shown in Table 2. Regarding the silica geothermometers all cali-
brations have provided similar temperatures although those obtained
with SiO; - chalcedony are lower (89 — 102°C) than the ones provided by
SiOy - quartz (117 to 129°C). With respect to the cationic geo-
thermometers (Na-K, K-Mg, Ca — K, Na — K - Ca, Li and Na-Li) the
temperatures calculated range from 100 to 141 °C, in a better agreement
with the temperatures predicted by SiOs — quartz compared to those
predicted by SiOy — chalcedony.

In the case of the Na-K-Ca geothermometer, using the Fournier and
Truesdell (1973) calibration, only the results obtained with p=4,/3 (109
—115°C) have been considered valid since they are consistent with the
temperatures obtained with the other geothermometers and the geo-
thermometrical simulation (see next section). Other authors (e.g. Van-
delannoote, 1984; Michard et al., 1986, 1989; Auqué et al., 1996b) have
also verified that this geothermometer provides results consistent with
the rest of the geothermometrical techniques considering a value of
Bf=4/3 in its calibration, even when the temperature at depth exceeds
100°C (a situation in which Fournier and Truesdell, 1973, recommend
the use of p=1/3).

It is also interesting that the Na-Li geothermometer provides slightly
lower temperatures than the rest of the cationic geothermometers
(Table 2), although the Na-Li geothermometer with the calibration of
Fouillac and Michard (1981) provides a temperature estimation of
127°C for sample L1, similar to the temperature estimated by SiO, —
quartz and slightly higher than those given by the Na-K or Na-K-Ca
geothermometers. On the other side, the Na-Li calibration of Michard
(1990) provides exceedingly high temperatures (135 and 141 °C)
compared to most of the other geothermometers. Thus, only the Na-Li
calibration of Fouillac and Michard (1981) has been considered reli-
able for this system, so that the temperatures obtained with the cali-
bration of Michard (1990) will not be considered for the temperature
ranges provided in the next sections. Regarding the K-F geo-
thermometer, although obtained by a poor but significant correlation
between K and F for several thermal alkaline waters in granites
(Michard, 1990), it provides temperatures between 114 and 121 °C in
this system, in good agreement with the temperatures provided by most
of the other geothermometers used.

Finally, another important result that will be discussed later is the
fact that the cationic geothermometers applied to sample L20 provide
significantly lower temperatures than the same geothermometers
applied to samples L1 and L22.

4.2.2. Geothermometrical modelling

The selected mineral phases used for the geothermometrical simu-
lations are those expected to participate in the control of the composi-
tion of the Luchon thermal waters and are the same considered in other
similar systems (Michard and Fouillac, 1980; Michard and Roekens,
1983; Michard et al., 1986, 1989; Auqué et al., 1998; Buil et al., 2006;
Asta et al., 2012): albite, K-feldspar, quartz (or chalcedony), calcite,
kaolinite and some calcium aluminosilicates as auxiliary phases (lau-
montite, prehnite and zoisite). All these phases have been included in
the calculations performed using samples L1 and L22 (L20 does not have
available Al concentration data). The simulations have been carried out
considering closed and open system conditions (without and with mass
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Fig. 2. Diagrams displaying the relation between sodium and silica concentrations (a), sodium and temperature (b and c) and sodium and pH (d) in all the samples of
the Luchon thermal springs and surface waters. (a) Ion-ion diagram showing the correlation between the concentrations of the most conservative elements in the
system and the fit obtained by linear least squares; (b) Na concentration vs. temperature diagram, where temperature is represented as cooling with respect to the
maximum temperature of the samples (74 °C); (c) Shows the same data as (b) but the theoretical mixing (dashed lines) and conductive cooling and heating (dotted
arrows) paths have been plotted. The theoretical mixing paths show that mixing takes place between the most representative waters of a thermal end member (L1,
L20 and L22) and a cold end member (L13). The cooling and heating paths show the extra cooling or heating, respectively, that a sample has suffered over the one
expected only by mixing (see explanation in the text). The thermal and cold end members are shown in red and blue, respectively, as will be in the following figures.
(d) Shows the sodium concentration with respect to pH and the logarithmic fit of all the samples, without considering samples L7, L28 and L29 (see explanation in

the text).
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Table 2

Temperatures ( °C) obtained with the geothermometers and calibrations used for
the thermal end-member samples (L1, L20 and L22) considered in this study.
There was no Li data available for sample L20.

Geothermometer Calibration T(°C)
L1 L20 L22

SiO,-quartz Truesdell (1976) 128 129 118

Fournier (1977); Fournier and Potter 128 129 117

(1982)
SiO,-chalcedony Fournier (1977); Fournier and Potter 101 102 89

(1982)

Arnorsson et al. (1983) 100 101 89
Na-K Truesdell (1976) 117 100 111

Michard (1990) 119 106 114
Ca-K Michard (1990) 118 111 118
Na-K-Ca ( = 4/3) Fournier and Truesdell (1973) 114 109 115
Na-K-Ca (f =1/3) Fournier and Truesdell (1973) 147 138 145
Li Fouillac and Michard (1981) 108 - 111
Na-Li Fouillac and Michard (1981) 127 - 133

Michard (1990) 135 - 141
K-Mg Giggenbach et al. (1983) 120 - 118
K-F Michard (1990) 121 114 121

transfers, respectively), in the latter case imposing a reequilibrium with
kaolinite and calcite. The re-equilibrium with kaolinite has been simu-
lated following the recommendations and observations from previous
authors (e.g. Michard and Roekens, 1983; Michard et al., 1986; Auqué
etal., 1998; Asta et al. 2012). In the case of calcite, the reequilibrium has
been considered regarding the PHREEQC speciation-solubility results
(see Table A.Il in the supplementary material) which show that the
thermal end-members (L1, L20 and L22) are very close to equilibrium
with calcite, as reported earlier in many alkaline thermal waters under
different spring temperatures (e.g. Asta et al.,, 2012, and references
therein). The simulations have been performed in 100 steps, through
which temperature has been increased from the value measured in the

spring up to 150°C.

Simulation results are displayed in Fig. 4, which shows that the
evolution of the saturation indices only gets an admissible convergent
point when besides the increase in temperature, the simulation imposes
re-equilibrium with kaolinite and calcite. The effect of re-equilibrating
with kaolinite can be seen comparing Fig. 4.a - 4.b and 4.c - 4.d, since
without imposing this re-equilibrium, no convergence of the saturation
indices is obtained. The effect of re-equilibrating with calcite can be
observed comparing Fig. 4.c - 4.d and 4.e - 4.f, with a higher conver-
gence of zoisite and prehnite with respect to the mean equilibrium
temperature.

As already reported in previous studies in other granitic systems (e.g.
Auqué et al, 1998) the two deduced re-equilibrium processes do not
significantly affect the pH of the hydrothermal solutions during the
ascent. In agreement with this, the simulations indicate low rates of
calcite dissolution from 0.057 to 0.059 mmol/L and of kaolinite pre-
cipitation from 0.07 to 0.1 mmol/L. However, as shown in Fig. 4, these
small mass transfers are enough to give a more precise result for the
geothermometrical simulations. This is consistent with the fact that the
S.L of several of the phases considered depend on the Ca (in the case of
zoisite and prehnite) and Al (in the case of zoisite, prehnite, KF and
albite) concentrations, controlled in turn by the re-equilibrium with
calcite and kaolinite, respectively. Comparing all the simulation results
obtained under different mass transfer conditions, the set of phases that
reach equilibrium at almost the same temperature (Fig. 4.e and 4.f) are
albite, quartz, potassium feldespar, calcite, kaolinite, zoisite and pre-
hnite, which in the case of L1 converge at a temperature of 118 + 7°C,
whilst they do it at 113 + 4°C for sample L22. The pH values calculated
for the deep reservoir range from 8.1 to 8.3, which are significantly
lower than those observed in some springs (up to 9.48). This result will
be recalled later, in the simulation of the secondary processes.

Finally, regarding the agreement between geothermometers and
simulation results, the fact that the cationic geothermometers Na-K, K-
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Fig. 4. Results of the geothermometrical simulations performed with PHREEQC and applied to the thermal end member samples L1 and L22. The text included in the
figures indicates the simulation conditions, the mean equilibrium temperature and the uncertainty range (expressed as the standard deviation, shaded band), as well
as the pH measured at the spring and the pH calculated in the simulation for equilibrium conditions (the pH value in the deep reservoir). (a) and (b): simulation under
closed system conditions. (c) and (d): simulation imposing are-equilibrium with kaolinite. (e) and (f): simulation imposing a constant re-equilibrium with kaolinite
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Mg, Ca-K, Na-K-Ca, Li and Na-Li, provide temperature values in the
range 100 — 133°C similar to the range obtained from the geothermo-
metrical simulations, 117 + 8°C, is noteworthy. The temperatures pro-
vided by the Si-quartz geothermometer are also in a similar range, from
117 to 129°C but the values obtained by the Si-chalcedony geo-
thermometer are lower. This difference between the Si-quartz and Si-
chalcedony results is consistent with the fact that the solution cannot
be simultaneously in equilibrium with both phases and in this case
quartz seems to be the phase with which the groundwater is in equi-
librium at depth.

4.3. Modelling of the secondary processes

4.3.1. Theoretical simulations

The occurrence of mixing with superimposed conductive cooling and
CO, contamination at surface has been deduced and characterised based
on the exploratory analysis explained above (section 4.1 and Fig. 2).
However, in order to validate these results with a quantitative approach,
these processes have been simulated with PHREEQC and the WATEQ4F
thermodynamic database.

The simulation results have been plotted in the pH vs. temperature
diagram shown in Fig. 5. The simulation of mixing has been imple-
mented by considering L22 and L13 as the thermal and cold end mem-
bers, respectively, as previously deduced from the Na vs. cooling
diagram (Fig. 2.c). It has been developed in 10 steps that represent the
mixing of different proportions of the two end members, that is, from
100% of L22 and 0% of L13, to 0% of L22 and 100% of L13. The
resulting pH and cooling values in each step have been plotted with a
green diamonds mixing path. The conductive cooling of the thermal end
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member L22 has also been simulated. It has been performed in 12 steps,
by cooling the L22 from 70.1°C to 10°C. The pH and cooling values
obtained in each step have been plotted with a yellow squares cooling
path. Additional cooling simulations have been carried out using the
result for different mixing proportions between L22 and L13, as initial
solutions.

The final simulation has been the CO, input, which has been
implemented by dissolving variable amounts of this gas into the thermal
water L22. This simulation has been carried out in 10 steps and the re-
action path has been indicated with a vertical pCO scale showing the
isothermal pH decrease due to CO contamination. Finally, the mixing
between the theoretically obtained CO,-contaminated solutions and the
cold end member L13 has also been simulated, using the same procedure
as indicated for the previous mixing simulations, and the mixing paths
have been plotted with dotted lines, but not showing the discrete
theoretical solutions, in order to obtain a clearer graphical display.

The results shown in Fig. 5 can be summarised as follows:

e The mixing simulations between the thermal and the cold end
members show a non linear decrease of pH as the cold end member
proportion increases. There is a clear pH buffering effect on the
alkaline thermal waters that remains effective up to mixing pro-
portions of the two end members close to 50%.

The conductive cooling simulations show a linear increase in pH,
with a variation rate of 0.0135 pH units per degree°C of cooling.
These simulations have been performed over initial solutions with
different mixing ratios between L22 and L13 and the pH variation
rate remains almost constant regardless of the mixing proportions.
This is consistent with a similar pH control by the equilibrium
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Fig. 5. Simulation results for the secondary processes, performed with PHREEQC and represented in the pH vs. cooling plot (see explanation in the text). The mixing
simulations include: the mixing between the thermal end members L1 and L22 and the cold end member L13, as well as between theoretical solutions and the cold
end member L13. These theoretical solutions were obtained by simulating the CO, contamination with different added amounts of this gas until the value of log
pCO, = —3.41 predicted by the speciation-solubility calculations for L1 has been obtained (input of 168 pumol/L CO,). The results of the cooling simulations are
shown for different mixing ratios between L22 and L13. The function obtained for these simulations by linear least squares, that remains almost constant regardless of

the mixing ratios, is also indicated.
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constants of the acid-base pairs in solution, that increase linearly
with cooling.

The CO, contamination simulations, specifically the addition of 168
umol/L of CO», has enabled to reproduce the L1 characteristics of pH
and pCO,, supporting thereby the previous hypothesis of COy
contamination at the surface (see section 4.1). The mixing process
between the resulting solution and the cold end member L13 has also
been simulated and the mixing path obtained is very similar to the
mixing path between L22 and L13. This result indicates the feasi-
bility of an evolution process characterised by mixing between a
thermal end member that has first undergone CO2 contamination
(L1), and the cold end member L13.

4.3.2. Comparison between the simulation of the secondary processes and
the analytical data for the natural system

The set of simulations presented in the previous section indicates that
the hydrogeochemical evolution of the thermal solutions in Luchon
during their ascent is characterised by mixing, conductive cooling and
contamination with CO4 at the surface. The theoretical simulations of
these processes are validated in this section by displaying together the
simulation results and the values from the real samples (Fig. 6). Addi-
tional simulations to those in the previous section have been carried out
here as an uncertainty assessment to the selected end members in order
to consider the entire range of variability of the samples. These simu-
lations include the mixing between the three possible thermal end
members (L22, L1 and L20) and the L13 cold end member, the mixing
with a “pH-restored L13 end-member”, and the conductive cooling of
different thermal end members.

Fig. 6 shows that most of the samples fit in the models by different
combinations of mixture, conductive cooling and/or CO; transfer.
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However, a better fit is obtained if a theoretical solution resulting from
neutralising the anomalous pH of L13 (pH = 8) is considered as a cold
end member (Figure 6.b). That anomalous pH (see Fig. 2.d) is restored to
the value corresponding to the logarithmic trend obtained for the pH
evolution by mixing. The adjustment has been calculated with the
analytical sodium concentration in L13, using this value in the expres-
sion (Eq. (1)) of the logarithmic trend line (see Fig. 2.d):

pH = 0.3117-In(Na) + 8.23 €}
where Na is expressed in mmol/L. A theoretically adjusted or “neutral-
ised” pH value of 7.38 is obtained for L13. This pH is more represen-
tative of the surface water sampled in La Pique river (L31), which
collects the water from the shallow alluvial aquifer, that is, the cold end-
member in the mixing process. The theoretically neutralised solution
provides a better fit between the simulations and the analytical data
(Fig. 6b), and the original anomalous pH is probably related to the
variable CO4 exchange at surface.

Whith the mixing lines between L1 / L22 and the neutralised L13,
most of the samples interpreted as affected by conductive cooling from
the binary plots (Fig. 2.c) fit on the theoretical single conductive cooling
paths that plot above the theoretical mixing line. The rest of the samples,
not affected by conductive cooling, fit reasonably well on the theoretical
pure mixing paths. Finally, the conductive heating result affecting
samples L5 and L21 in Fig. 6.b shows approximately 10°C, which is
consistent with the 13°C deduced from Fig. 2.c.

In summary, the results shown in Fig. 6 confirm the initial hypothesis
of mixing between thermal waters and a cold surface water reservoir
with the superimposed effects of differential CO, contamination and
conductive cooling affecting some springs. The CO, input simulations
have also confirmed that the thermal end member L1 can be the result of
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Fig. 6. Comparison between the simulation results and the natural system data (analytical data). Several mixing simulation paths are shown: between the thermal
end members (L1, L20 and L22) and two cold end members, the sample L13 (6a) and a theoretical solution (6b) obtained by neutralising the anomalous pH of L13 to
the expected value according to the logarithmic trend shown in Fig. 2.d. The cooling simulation and heating paths are shown for different thermal end members and
mixing ratios, although different combinations of mixing and conductive cooling or heating can be interpreted for certain springs.
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a CO4 ingas process (up to a log pCO2 = -3.29) over a water originally
similar to L22.

4.4. Main features, lessons learnt and some practical implications of the
hydrogeochemical model

Throughout the results shown in the previous sections, the hydro-
geochemical model of the processes and the evolution of the hydro-
chemical parameters of groundwater has been established, as
summarised in the conceptual scheme shown in Fig. 7. This conceptual
model includes the main processes and characteristics of the system,
from the descent of the water towards the deep reservoir and the equi-
librium with the granitic materials to the secondary processes of mixing,
conductive cooling and CO transfer that take place during the ascent of
the hydrothermal solutions to the springs.

Regarding the geothermometrical results, it can be stated that the
only way to get a good convergence in the saturation index variation
with temperature is under open system conditions, imposing a re-
equilibrium with kaolinite and calcite. This means that the effects of
mass transfer on the saturation indices during the water ascent are not
negligible in this system, although they have very little effect on pH
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variation, which is mainly due to conductive cooling. Under these
conditions, the simulation results give a range of temperatures in the
reservoir for the two thermal end members of 118 + 7°C for L1 and 113
+ 4°C for L22, in good agreement with the temperatures provided by the
considered reliable geothermometers applied to L1, L20 and L22 (100 —
133 °C), once deduced that quartz is the silica phase in equilibrium at
depth and after rejected the temperature obtained with $=1/3 by the
Na-K-Ca geothermometer. The reservoir temperatures obtained for the
samples with the highest spring temperature (L1, L20 and L22) are
similar but higher in L1 and L22 which, together with a more precise
equilibrium convergence of quartz, albite and potassium feldespar,
indicate that L1 and L22 are probably the most representative thermal
end members. Thus, in summary, although the temperatures obtained
with all the geothermometers, calibrations and samples range from 89°C
to 133°C, if the temperatures obtained with samples L1 and L22 are
considered more representative, and the equilibrium with chalcedony is
rejected, a more precise range of 108 - 133°C for geothermometers can
be finally proposed, in good agreement with the range of 117 + 8°C
obtained by the geothermometrical simulations (gathering the two T
ranges obtained for L1 and L22).

It is also important to note that the waters in the deep reservoir have
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Fig. 7. Conceptual model (not to scale) of the main hydrogeochemical features of the Luchon hydrothermal system and its evolution, according to the hydro-
geochemical model developed in this work. The water residence time has been obtained from Lopoukhine and Vigouroux (1998).
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very low CO; partial pressures which, at large, also characterise the
alkaline water systems in granite materials. These low CO pressures, in
the range of 10~*>° — 1072%° atm can be explained in terms of some
chemical reactions likely to take place at depth. Since these waters are in
contact with granites, it is expected that the main reactions during the
water-rock interaction constitute the alteration of aluminosilicates. The
dissolution of these minerals consumes large amounts of CO; so that, for
instance, in the dissolution of albite and anorthite 2 moles of CO, are
consumed for each mole of Ca and Na, respectively, as shown in re-
actions 1 and 2.

2NaAlSi;O5 + 11H,0 + 2C0O,— 2Na* + AL Si,Os5(0OH), + 4H,Si0,

+2HCO; )

CaAl,Si,O5 + 3H,0 + 2CO, — Ca** + ALSi,0,(OH), + 2HCO; 3)

In turn, these reactions, with or without the contribution of calcite
dissolution, can induce calcite precipitation (see reaction 3) during the
descent of the water to the deep reservoir, which would also be favoured
by the temperature increase and the retrograde calcite solubility.

Ca’" +2HCO; — CaCO; + CO, + H,0 @)

These processes would result in a progressive decrease in the COy
partial pressures, which is consistent with the low CO; pressures
calculated in PHREEQC for the deep reservoir, and the same processes
also would explain the calcite equilibrium deduced at depth. This im-
plies that the calcite precipitation could take place as a CO, mineral
trapping mechanism in the context of a geological storage of CO, in
granitic materials hosting groundwaters with similar physicochemical
parameters. Furthermore, after the injection of the COs, the dissolution
of the granite aluminosilicates is expected to be strongly increased, so
this could also induce higher amounts of subsequent calcite precipita-
tion and CO; trapping. These processes will be studied in future works
on this and other alkaline hydrothermal systems hosted in granitic rocks.

The pH values obtained from the geothermometrical modelling for
the waters in the deep reservoir (approximately 8.1 - 8.3) can be
explained by the CO, consumption implicit in the reactions above.
However, these values are significantly lower than the ones measured in
many springs (up to 9.48) that are actually characterised as “alkaline
thermal” waters due to this feature. This difference in the values be-
tween depth and surface indicates that the high pH values are increased
by the conductive cooling during the ascent of the waters. This
conclusion is consistent, and has been quantified, with the conductive
cooling simulations, that show a linear increase of 0.0135 pH units per
degree°C of cooling. This rate of increase is in good agreement with
some previous observations in similar systems (e.g. Auqué et al., 1998;
Asta et al., 2010 and references therein), as well as with the results ob-
tained in controlled cooling experiments performed with alkaline ther-
mal solutions (Michard and Fouillac, 1980). The magnitude of this pH
increase by conductive cooling should be considered in other
granite-hosted alkaline geothermal systems, for example, in the explo-
ration and selection of sites for Deep Geological Repositories, or in
geothermal exploration, since the alkaline character of the waters
sampled in thermal springs or even in shallow boreholes may be much
higher than that in the deep reservoir waters.

The mixing simulations have enabled to quantify the previously
inferred pH buffering capacity of alkaline solutions. The pH remains
constant up to mixing proportions of approximately 50% with surface
water, mainly due to the high activity of the acid-base pair of the silica
system. The modelling results for this process highlight the importance
of considering the pH buffering capacity with regard to certain practical
implications, such as in the context of the Deep Geological Disposal of
nuclear wastes in granitic materials. This importance is justified by the
sensitivity of the properties of certain engineering barriers, such as the
bentonite barrier, to possible changes in the pH of the groundwater with
which they will be in contact (e.g. Ye et al., 2014). In this same context,
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the mixing between alkaline groundwaters and surface waters is ex-
pected to take place under the future glaciation scenarios contemplated
in the long-term safety assessments of Deep Geological Disposal con-
cepts (e.g. Naslund et al., 2013).

The comparison between the simulations and the natural system also
suggests that the variability observed in the thermal end members is
likely to be due to a control from the surface processes and not to a
variability in the deep reservoir conditions, which are expected to be
constant considering the long residence times and the mineral equilib-
rium reached at depth. A final important practical outcome from this
quantification of the effect of surface waters in the system is the evi-
dence that the thermal waters are highly susceptible to contamination
with origin in these surface waters. Besides, the loss of alkalinity due to
mixing in proportions higher than 50% of surface cold waters is another
sign of the susceptibility of the thermal waters to the loss of their quality
for their use in balneotherapy. This susceptibility has been indicated also
by previous authors in similar systems of the Pyrenees (e.g. Asta et al.,
2017) and, according to the simulation results explained above, in this
system this should also be considered when planning the analytical
control, not only of thermal but also of the surface waters, as well as the
activities that could contaminate surface waters in the surroundings of
the spa resort.

6. Conclusions

Geochemical modelling and classical geochemical calculations have
been used to characterise the Luchon alkaline hydrogeothermal system.
The modelling results indicate that the hydrogeochemical variability of
the system, visible in its numerous thermal springs, is mainly controlled
by the following processes: (1) mixing between thermal and cold
groundwaters; (2) conductive cooling superimposed on some of the
thermal waters and 3) transfer of CO3 in particular springs. Comparing
the simulated reaction paths and the analytical data, the best fit ob-
tained indicates that most of the springs result from different mixing
ratios between a thermal end member aproximately represented by
sample L1, which is affected by an edaphic or atmospheric CO5
contamination (of about 168 pmol/L) at surface, and a cold end member
represented by a theoretical solution (L13 with restored or neutralised
pH to the theoretical trend) similar to the surface water sampled in La
Pique river (L31), in the surroundings of the Luchon spa resort. This
river collects the water from the shallow alluvial reservoir, where the
mixing probably takes place.

Apart from mixing, several springs are also affected, to a different
extent, by conductive cooling. The simulations also reveal that most
alkaline thermal waters in this system are characterised by a high pH-
buffering capacity during the mixing, so that the high pH values of the
thermal end member are maintained even up to mixing proportions of
50% with cold waters. The speciation-solubility calculations carried out
have enabled to establish that this pH-buffering capacity is provided by
the active acid-base pairs H4Si09/H5Si07 and, to a lesser extent, HCO3/
CO3~. Similar processes (pH-buffering or mixing of groundwaters) are
expected to take place in the deep repositories for radioactive wastes
disposal in granitic rocks and that is why these granite-hosted hydro-
thermal systems of alkaline waters, like the one studied in this work,
constitute a good opportunity to contrast the applicable geochemical
modeling techniques.

Regarding the conditions in the deep reservoir, the results obtained
by the geothermometrical modeling provide reservoir temperatures of
117 + 8 °C, consistent with the temperatures ranging from 108 to 133 C°
predicted by the most reliable of the classical chemical geo-
thermometers applied to the most representative samples of the thermal
end-member, L1 and L22. This agreement supports the conclusion that
the thermal solutions in the deep reservoir have reached equilibrium
with quartz, albite, potassium feldspar, zoisite and prehnite, and that re-
equilibirum processes with kaolinite and calcite take place during their
ascent to the surface, although their effect on the pH is negligible
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compared with the effects due to conductive cooling. It is important to
highlight that considering only these re-equilibria through the open
system simulation conditions an admissible accuracy of the simulation
results has been reached. The deduced equilibrium with calcite at depth
indicates that this mineral is probably precipitating during the descent
of the water to the reservoir, which has an interesting implication as a
possible CO2 mineral trapping mechanism in granitic materials hosting
alkaline groundwaters with similar physicochemical properties.

The geothermometrical simulations also indicate that the pH values
in the reservoir (8.1 — 8.3) are lower than the values measured in the
springs (up to 9.48) which reveals that the high pH values of the thermal
waters in this system are not only inherited from the deep reservoir but
strongly enhanced by conductive cooling as the waters rise to the sur-
face. This is also consistent with the conductive cooling simulations, that
show a linear increase of pH with a variation rate of 0.0135 pH units per
degree °C of cooling.

Based on these results it can be said that the spatial and temporal
variability observed in the thermal end member is controlled by the
secondary processes mentioned, and it is not related to changes in the
deep reservoir conditions. Furthermore, the influence on the thermal
waters of their mixing with surface cold waters reveals the high sus-
ceptibility of this system to contamination processes from the surface
waters, and, therefore, to a loss of their quality for their use in balneo-
therapy. Thus, considering the possible economical implications of this
susceptibility, it is advisable to maintain a periodic analytical control,
not only of the thermal waters, but also of the surface waters in Luchon
near the spa resort.

Further investigations are needed, through the characterization of
different alkaline hydrothermal systems hosted in granitic rocks, to
better establish the applicability conditions of geochemical and geo-
thermometrical modelling techniques. Indeed, the variability observed
in this system regarding the hydrogeochemical processes and the pa-
rameters of the hydrothermal solutions suggest that the comparison with
other systems of this type would be necessary to extensively determine
the most reliable geothermometers, the phases suitable to reach equi-
librium in the deep reservoir or the re-equilibriums during the ascent
that must be considered to establish the appropriate simulation condi-
tions. Moreover, further geochemical modelling work in these granitic
systems could be useful to better understand how the hydrogeochemical
parameters of the reservoir and the secondary processes such as mixing
or cooling could control the expected chemical reactions of interest for
the geological storage of CO» in granitic materials, such as those related
with porosity changes or CO2 mineral trapping.
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