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Abstract 

The Fitero and Arnedillo geothermal systems are located in the NW part of the Iberian 

Range (Northern Spain). The geothermal reservoir is hosted in the Lower Jurassic 

carbonates, in contact with the evaporitic Keuper Facies. Thermal waters are of 

chloride-sodium type, with discharge temperature of about 45 ºC and near neutral pH . 

The Arnedillo waters are more saline, with higher Na, Cl and sulphate contents, but 

lower Ca and Mg than the Fitero waters. All waters have attained mineral equilibrium at 
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depth with calcite, dolomite, anhydrite, quartz, albite, K-feldspar and other 

aluminosilicates, except for the Fitero waters, which have not reached the equilibrium 

with the aluminosilicates. The calculated reservoir temperature is 81 ± 11 ºC in Fitero 

and 87 ± 13 ºC in Arnedillo. In order to identify the reasons for the differences found 

between the two systems some inverse and forward geochemical calculations were 

performed and the main water-rock interaction processes responsible for the chemical 

evolution of these waters have been evaluated. 

Halite dissolution has been found to be the triggering factor for the two most important 

geochemical processes in the system: a) albitisation process, due to the common ion 

effect (Na); and b) dedolomitisation process, associated with the salinity increase, which 

enhance the dissolution of anhydrite, and, in turn, produces the precipitation of calcite 

(common ion effect, Ca) and the concomitant dissolution of dolomite. 

Halite dissolution may be an important driving force in the geochemical evolution of 

groundwater systems in contact with carbonates and evaporites, where equilibrium with 

K-feldspar, albite and anhydrite has already been attained. The evolution of the 

processes at pH, temperature and salinity ranges wider than those in the Fitero-

Arnedillo system has been theoretically examined with additional reaction-path 

simulations, in order to generalise the geochemical behaviour of these processes in other 

environments. 

Keywords: geothermal system, geothermometry, geochemical modelling, 

dedolomitisation, albitisation, halite dissolution triggering effects. 
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1. Introduction 

Fitero and Arnedillo are two small villages in Navarra and La Rioja regions (Spain) 

respectively, which have well known spas functioning for a long time (e.g. Gutiérrez, 

1801; Mezquíriz, 2004) for its medicinal and therapeutic benefits. Arnedillo is about 35 

Km NW of Fitero, and the waters that emerge in both villages belong to the same 

carbonate-evaporitic reservoir. The discharge temperature of the thermal waters at both 

sites is similar, but their chemistry is different. 

The hydrogeochemical characterisation of these thermal waters started with the study of 

the Arnedillo system (Blasco et al., 2018) and it is completed in this paper with the 

characterisation of the Fitero thermal waters. Moreover, following the same 

methodology as for the Arnedillo waters, the temperature in the reservoir of the Fitero 

system has been determined by using the chemical and isotopic geothermometers and 

the geothermometrical modelling. The use of classical chemical geothermometers 

(cationic geothermometers and silica geothermometers) in low-temperature and 

carbonate-evaporitic systems is rather controversial, since they were developed to be 

used in waters of higher temperature and with a different mineral assemblage in contact 

to the waters in the reservoir. However, although not completely free of uncertainties or 

limitations, there are some chemical geothermometers specifically calibrated for this 

type of systems (Ca-Mg and SO4-F; Chiodini et al., 1995). These issues were 

thoroughly treated in the previous study on the Arnedillo waters (Blasco et al., 2018) 

and, therefore, only some observations are included here. In any case, as both systems 

belong to the same reservoir, the study of the Fitero thermal waters will improve the 

general understanding in the particularities of the use of these geothermometers (as 

explained in Blasco et al., 2017). 
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Finally, the geochemical characterisation of the whole system allows assessing, by mass 

balance and reaction paths calculations, the main reactions (and their extent) that 

condition the evolution of these thermal waters. This evaluation has evidenced the 

important role played by halite dissolution in the geochemical evolution of this type of 

systems through its effects on several water-mineral equilibria. 

2. Geology and hydrogeology 

The Fitero and Arnedillo thermal springs are located in the NW of the Iberian Chain, in 

the contact between the eastern Cameros Range and the tertiary Ebro Basin (Figure 1; 

Coloma et al., 1997; Sánchez and Coloma, 1998). These springs are aligned in a NW-

SE thrust that separates the aforementioned two units (Albert, 1979; Auqué et al., 1988). 

They are located in the Fitero (Navarra, Spain) and Arnedillo (La Rioja, Spain) villages, 

respectively, which are separated by about 35 km. 

The Cameros Range, constituted mainly by Mesozoic rocks, is limited by two 

continental basins and two Palaeozoic reliefs (Figure 1): the Ebro and Duero basins in 

the north and the south, respectively; and the Demanda and Moncayo Ranges at the east 

and west (Gil et al., 2002). The formations of this area range from the Paleozoic up to 

the Quaternary. The Triassic and the marine Jurassic carbonate rocks (up to 

Kimmeridgian) constitute the pre-rift sequence, and they are represented by the 

formations normally found in the Iberian Chain (Coloma, 1998; Gil et al., 2002; Goy et 

al., 1976). At the end of the Jurassic and during the Cretaceous time a rifting process 

resulted in the creation of the Cameros Basin and the sedimentation of this period 

constitute the syn-rift sequence. These are continental sediments from Upper Jurassic to 

Upper Cretaceous (Tithonian to Lower Albian; Coloma, 1998; Gil et al., 2002; Mas et 

al., 1993) and they are constituted by an intercalation of fluvial and lacustrine 

sediments. Finally, the post-rift sequence is constituted by the Upper Cretaceous 
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carbonates (Urgon Facies) and sandstones (Utrillas Formation) and the carbonates of the 

Later Cretaceous (Santa María de la Hoyas, Picofrentes, Muñecas, Hortezuelos, 

Hontoria Pinar, Burgo de Osma, Santo Domingo de Silos, Santibañez del Val 

Formations; Gil et al., 2002, 2004). The Cameros Range relief and the tertiary basin 

were created during the tertiary tectonic inversion when E-W and NW-SE compressive 

structures, such as the Cameros thrust, were generated (Coloma, 1998; Gil et al., 2002). 

The geothermal reservoir associated with these thermal waters is located in the Jurassic 

carbonates of the pre-rift sequence. Based on their permeability, these materials have 

been divided in three groups, two permeable ones separated by other less permeable 

(Coloma et al., 1995; Sánchez and Coloma, 1998; Sánchez et al., 1999), although they 

are interconnected due to the intense fracturation: 

1) Group 1 (the first permeable group): Imón (dolostones), Cortes de Tajuña 

(dolomitic carnioles) and Cuevas Labradas (limestones and dolostones) Formations. 

2) Group 2 (the intermediate less permeable group): Cerro del Pez (marls), 

Barahona (bioclastics limestones) and Turmiel (marls and limestones) Formations. 

3) Group 3 (the second permeable group): Chelva (limestones), Aldealpozo (black 

limestones) and Torrecilla (limestones with corals) Formations. 

All these formations constitute the regional drainage level of the Iberian Chain, 

although the main flow occurs through the materials of the first permeable group 

(Coloma et al., 1995; Sánchez and Coloma, 1998; Sánchez et al., 1999). 

The recharge occurs through the outcrops of Jurassic rocks and the syn-rift sequence 

and from the infiltration from rivers (Coloma et al., 1995; Sánchez et al., 1999). Then, 

the ascent of the thermal waters to the surface takes place through the Cameros thrust 

(Coloma, 1998; Coloma et al., 1996; Figure 1). The discharges are associated with the 

Keuper facies by Lower Jurassic formations (Auqué et al., 1988; Coloma, 1998; 
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Coloma et al., 1996). The thermal waters are of chloride-sodium type and the discharge 

temperature is close to 50 ºC in both cases, however, the flow rate is higher in Fitero 

(about 50 L/s) than in Arnedillo (up to 20 L/s; Coloma et al., 1998, 1997b, 1995; 

Sánchez and Coloma, 1998). 

3. Methodology 

3.1. Field sampling and analyses 

A sampling campaign was conducted in October 2015 and four water samples were 

taken and analysed. Two of them were collected in Arnedillo, one inside the Arnedillo 

spa (AR1) and the other in a spring in a pool built in the Cidacos River (AR2). The 

other two samples were taken in Fitero in two different spas, one in the Bequer spa (F1) 

and the other in the Palafox spa (F2). 

The field sampling procedures and analytical methodology were described in detail in 

Blasco et al. (2018). Briefly, temperature, pH and electrical conductivity were 

determined in situ in all these samples; alkalinity was determined by titration with 

H2SO4 0.02N and endpoint monitoring by pH-meter, chloride and fluoride by selective 

electrodes and sulphates by colorimetry. The major cations (Ca, Na, K, Mg, Sr and Si) 

were analysed by ICP-OES, the minor cations by ICP-MS and the isotopes (δ18O, δ2D, 

δ13C, and δ34S and 18O in dissolved sulphates) by CF-IRMS. 

3.2. Geothermometers 

The use of chemical and isotopic geothermometers for determining the reservoir 

temperature of a thermal system can be considered complementary to the 

geothermometrical modelling and through the combination of the three techniques the 

temperature is more precisely established. The characteristics of the chemical and 

isotopic geothermometers used here and their application to these thermal waters were 
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detailed in Blasco et al. (2018), so here only the most relevant information is 

highlighted. 

3.2.1. Chemical geothermometers 

Chemical geothermometers are the classical technique used for determining the 

reservoir temperature of thermal waters. They consist of empiric or experimental 

calibrations based on chemical heterogeneous reactions which depend on temperature 

and control the elemental contents dissolved in waters (e.g. Marini, 2004; Truesdell, 

1976). There are some geothermometers that have specifically been calibrated for 

carbonate-evaporitic and low temperature thermal systems and they have been used in 

this study: the Ca-Mg and the SO4-F geothermometers (Chiodini et al. 1995). 

However, most of the existing geothermometers (cationic and silica geothermometers) 

have been calibrated for waters of high temperature (>180 ºC) and hosted in different 

rocks than the ones present in the studied area (e.g. Arnòrsson et al., 1983; Asta et al., 

2010; Auqué et al., 1997; Buil et al., 2006; Choi et al., 2005; D´Amore et al., 1987; 

Fouillac and Michard, 1981; Fournier, 1981, 1977; Giggenbach et al., 1983; 

Giggenbach, 1988; Kharaka and Mariner, 1989; Mariner et al., 2006; Mutlu and Güleç, 

1998; Stefánsson and Arnórsson, 2000). These geothermometers have provided 

coherent results in some systems similar to the ones studied here (e.g. Apollaro et al., 

2012; Blasco et al., 2018, 2017; Fernández et al., 1988; Gökgöz and Tarkan, 2006; 

Michard and Bastide, 1988; Mohammadi et al., 2010; Pastorelli et al., 1999; Wang et 

al., 2015) and, therefore, their applicability in the Fitero – Arnedillo geothermal system 

is tested. Classical chemical geothermometers and calibrations used in this study are: 

SiO2-quartz (calibrations: Fournier, 1977; Michard, 1979; Truesdell, 1976), SiO2-

chalcedony (calibrations: Arnòrsson et al., 1983; Fournier, 1977) Na-K (calibrations: 
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Fournier, 1977; Giggenbach, 1988; Verma and Santoyo, 1997), K-Mg (Giggenbach et 

al., 1983 calibration) and Na-K-Ca (Fournier and Truesdell, 1973 calibration). 

3.2.2. Isotopic geothermometers 

Isotopic geothermometers are similar to chemical geothermometers as they consist of 

reactions dependent on temperature, however they are based on the isotopic equilibrium 

between two species. The isotopic geothermometers used in this study are the ones 

based on the δ 18O exchange between waters and sulphate. The traditional calibrations 

for this geothermometer are based on the δ18O HSO4-H2O exchange and the calibrations 

used here are those from Friedman and O’Neil (1977) and Seal et al. (2000). However 

as isotopic equilibrium in waters of neutral pH is supposed to be controlled by the δ18O 

SO4
2--H2O exchange (Boschetti, 2013), additional calibrations based on this assumption 

have also been used (Halas and Pluta, 2000; Zeebe, 2010). Finally, the calibration based 

on δ 18O CaSO4-H2O exchange (Boschetti et al., 2011) provides good results in systems 

oversaturated or in equilibrium with anhydrite (e.g. Awaleh et al., 2015; Boschetti, 

2013; Boschetti et al., 2011) and it has also been used here. 

3.3. Geochemical modelling 

The geochemical calculations have been performed by using the PHREEQC 

geochemical code (Parkhurst and Appelo, 2013) and the WATEQ4F thermodynamic 

database (Ball and Nordstrom, 2001) with some additional thermodynamic data which 

are detailed below: 

 pyrophyllite, laumontite, albite, K-feldspar and chalcedony data from Michard 

(1983). These data have been selected because they have provided good results 

in geothermal systems previously (e.g. Asta et al., 2012; Auqué et al., 1998; 
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Michard and Roekens, 1983; Michard et al., 1989, 1986b) and their reliability 

in this system was proven by Blasco et al. (2018); and 

 dolomite data from Blasco et al. (2018), which was calculated from the data of 

the Arnedillo geothermal system. This is a partially ordered dolomite which 

consists of 18.4% of ordered dolomite and 81.6% of disordered dolomite. 

3.3.1. Speciation-solubility calculations 

These calculations provide the distribution of the different species in the water, 

determining their concentrations and activities. They also give the saturation states of 

waters with respect to the mineral phases and the partial pressure of gasses (e.g. pCO2). 

The saturation state (SI) is the logarithm of the ratio between the ionic activity product 

(IAP) and the equilibrium constant of the mineral reaction at the indicated temperature 

(K(T)): 

𝑆𝐼 = 𝑙𝑜𝑔 (
𝐼𝐴𝑃

𝐾(𝑇)
)                                                                 (1) 

When SI = 0 the solution is in equilibrium with the mineral phase, a positive value 

indicates oversaturation and a negative value undersaturation. These determinations will 

be the basic part of the geothermometrical modelling. 

3.3.2. Geothermometrical modelling 

As mentioned above, in order to compare the results, the geothermometrical techniques 

used here are the same as the ones used to estimate the reservoir temperature of the 

Arnedillo thermal waters (Blasco et al., 2018): chemical and isotopic geothermometers 

(that will be described further) and geothermometrical modelling (or multicomponent 

solute geothermometry; e.g. Spycher et al., 2014). With this last technique, the 

temperature of the reservoir is determined by simulating an increase of the temperature 



  

10 
 

of the thermal water to find the temperature range at which the saturation states of a 

previously selected mineral set (according to the reservoir mineralogy and assuming 

that they will be in equilibrium in the reservoir) reach equilibrium simultaneously. A 

more detailed explanation of this method and the minerals selected for the modelling 

can be found in Blasco et al. (2018). 

3.3.3.  Inverse and direct modelling 

Mass-balance calculations (inverse modelling) provide the mass transfer for the selected 

or assumed reactions between two connected points of the system along a flow path but 

without taking into account the thermodynamic feasibility of those reactions (Back et 

al., 1983; Busby et al., 1991; Hanshaw and Back, 1985; Plummer and Back, 1980; 

Plummer, 1977; Plummer et al., 1990, 1983; Román-Mas and Lee, 1987; Zhu and 

Anderson, 2002). In this case the assumption is that Fitero and Arnedillo are 

geochemically related and, although they are not strictly in the same flow path, they 

represent two different evolution stages, that is, Fitero will be considered as the initial 

solution and Arnedillo the final one. The mass transfers that will be obtained with this 

assumption will be used in a qualitative way to assess the differences in the intensity of 

the reactions controlling the chemistry of the thermal waters. To solve a mass balance 

calculation the necessary data include: the chemical composition of the initial and the 

final waters and the mineral and gas phases which the waters can react with while 

moving from the initial to the final point. The most feasible model obtained with this 

calculation will be selected according to the geochemical characteristics of waters and 

the thermodynamic feasibility of the mass transfers obtained, which is then checked 

with a reaction-path simulation. 

Reaction path-modelling (forward or direct modelling) checks the thermodynamic 

feasibility of the previous mass balance models. The initial water from the mass balance 
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is taken as the starting point and its evolution is simulated imposing the reactions 

obtained previously. The results indicate the theoretical composition of the final water 

together with the amount of precipitated or dissolved phases. The coherence of the 

inverse and direct modelling results will support the conclusion on which are the most 

feasible reactions taking place in the system. 

4. Results and discussion  

4.1. Chemical and isotopic characteristics of the waters 

The four samples collected in 2015 have been considered in this study, two from Fitero 

and two from Arnedillo. The detailed study of the Arnedillo samples can be found in 

Blasco et al. (2018) and they will be discussed here in comparison with the Fitero 

waters. 

All these thermal waters are of chloride – sodium type, with pH between 6.86 and 7.11 

and spring temperature about 45 ºC (except for AR2 which is 39.5 ºC due to its location 

in the Cidacos river with which some mixing happens; Table 1). The most important 

differences between the Fitero and the Arnedillo waters are those related to their salinity 

and their Al contents, in general lower in Fitero: 

1. The total dissolved solids (TDS) in Fitero thermal waters is about 4800 ppm 

while in Arnedillo is higher, about 7500 ppm.  

2. Dissolved Cl and Na contents are almost half in Fitero (about 1600 and 1000 

ppm, respectively; Table 1) than in Arnedillo (about 3000 and 2000 ppm, 

respectively; Table 1). 

3. The aluminium is lower in the samples from Fitero than in the samples from 

Arnedillo.  

4. Dissolved F, SO4 and SiO2 are higher in the Arnedillo samples. 
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5. Only dissolved Ca, Mg and K are higher in the Fitero samples. 

With respect to the molar ratios, the main observations are: 

1. Despite the difference in the salinity of the waters the Na/Cl molar ratio is close 

to 1 in all the samples (Table 1) which indicates that the Na and Cl 

concentrations are mainly controlled by halite dissolution, although, considering 

the concentration values, the amount of dissolution is higher in the Arnedillo 

waters. 

2. The Ca/SO4, and Ca+Mg/HCO3+SO4 ratios (the last one in eq/L) are quite 

similar for all samples although slightly higher in Fitero. 

3. The Ca/SO4 molar ratio is about 0.82 in Fitero and about 0.69 in Arnedillo 

(Table 1). Considering that anhydrite is the main control for the SO4 contents, 

the value of this ratio lower than 1 means that Ca is being removed from waters 

by the carbonate precipitation, which (based on the value) would be higher in 

the case of Arnedillo. 

4. The values for the Ca+Mg/HCO3+SO4 ratio (in eq/L) are 0.98 in Fitero and 0.81 

in Arnedillo (Table 1). The fact that this ratio is lower than 1, mainly in the 

Arnedillo thermal waters, means that, apart from the role played by calcite, 

dolomite and anhydrite, other processes should be involved in the control of this 

ratio. 

5. Finally, the similar values found in the two systems for the Mg/Ca molar ratios 

(0.28 in Fitero and 0.24 in Arnedillo) and the aMg/aCa activity ratios (0.29 in 

Fitero and 0.26 in Arnedillo) suggest a similar calcite – dolomite equilibrium 

temperature in the reservoir. 

The differences found between the Fitero and the Arnedillo samples, along with their 

similarities, are coherent with the fact that the thermal waters from both sites belong to 
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the same geothermal reservoir, although with a more evolve stage of water-rock 

interaction in the case of Arnedillo thermal waters. 

This hypothesis is also supported by some of the isotopic data of the waters. Tritium 

was not analysed in these samples, but Coloma et al. (1997a) reported values of 0.8 ± 

2.5 TU and 7 ± 1.5 TU in the Fitero spas and 1.1 ± 2.5 TU in the Arnedillo spa. This 

low content of tritium suggests that the recharge of the waters was prior to 1952, when 

the thermonuclear testing began, and are not affected by mixing with recent waters, 

except for the sample from Fitero with 7 ± 1.5 TU, in which a low proportion of mixing 

can exist (Clark and Fritz, 1997). 

The values of δ18O – δ2H in these samples (Table 1) indicate a meteoric origin of the 

waters since the δ18O – δ2H ratio represented in Figure 2 is close to the Global Meteoric 

Water Line (δ2H = 8· δ18O + 10; Craig, 1961) and to the Spanish Meteoric Water Line 

calculated from the data of the Spanish Network for the control of the isotopes in the 

rainfall (Díaz-Teijeiro et al. 2009; δ2H = 8· δ18O + 9.27). The similar δ18O and δ2H 

values for all the water samples suggest that their recharge area is the same, supporting 

the hypothesis of Fitero and Arnedillo waters belonging to the same geothermal 

reservoir. 

The main sources for the δ13C of the waters are: 1) the organic matter present in the soil 

through which the waters recharge, which has values that range from -24 to -30 ‰ for 

the C3 plants (the most likely ones to exists in the area, promoting a mean δ13C value 

for the soil CO2 of -23 ‰; Clark and Fritz, 1997) and 2) the interaction with carbonates, 

whose δ13C is approximated to be 0 ‰ (see Blasco et al., 2018 and references therein 

for a more complete explanation). Therefore, the higher the δ13C value, the higher the 

interaction with the dissolved carbonates of the waters. The δ 13C in the dissolved 

inorganic carbon (DIC) in the Arnedillo waters is higher than in the Fitero ones (about -
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5 ‰ and -8.4 ‰ respectively; Table 1) indicating that the thermal waters from Arnedillo 

have had a greater (or longer) interaction with carbonates than the thermal waters from 

Fitero. 

Finally, the values of δ34S and δ18O in the dissolved sulphate are nearly the same for the 

Fitero and Arnedillo waters, being of about 14.8 ‰ for the δ34S and 14‰ for the δ18O 

(Table 1). As explained in Blasco et al. (2018) these values agree with those reported 

for the Keuper facies in the surrounding areas indicating that these thermal waters have 

been in contact with these rocks in the reservoir. 

4.2. Saturation indices 

The speciation-solubility results obtained at spring temperature for the Fitero thermal 

waters are very similar to the ones obtained for the Arnedillo samples discussed in 

Blasco et al. (2018). The main results concerning the carbonate phases, fluorite, 

evaporitic phases and silica and silico-aluminate phases, are described and compared 

next. 

Thermal waters are almost in equilibrium (slightly oversaturated) with respect to calcite 

except for the sample F2 which is more oversaturated (Table 2). Dolomite is 

oversaturated in F2, less oversaturated in F1 and AR2 and slightly undersaturated in 

AR1. The log pCO2 is higher than the atmospheric value in all the cases, -1.6 in F1 and 

AR1 and about -1.81 in F2 and AR2, which might produce CO2 outgassing process with 

variable intensity and carbonate phases saturation states with variable values in the 

springs. 

All the waters are undersaturated with respect to fluorite and to the evaporitic phases. 

However, fluorite is more undersaturated in Fitero while the saturation states of 

anhydrite and gypsum are quite similar in both systems (between -0.4 and -0.5 in the 
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case of anhydrite and between -0.3 and -0.37 in the case of gypsum). Finally, all the 

samples are highly undersaturated with respect to halite. 

Quartz and chalcedony are slightly oversaturated in all thermal waters, although the 

Fitero samples are closer to equilibrium, especially with chalcedony (IS = 0.02 and 

0.03). Finally, all the samples are oversaturated with respect to the aluminosilicate 

phases considered in the calculations: albite, K-feldspar, kaolinite, pyrophillite and 

laumontite. The only exception is the case of laumontite which is undersaturated in the 

Fitero samples. In all cases, the saturation states of the aluminosilicate phases are higher 

in the Arnedillo waters, probably associated with their higher dissolved aluminium 

contents (Table 1). 

4.3. Geothermometry 

4.3.1. Chemical geothermometers 

Table 3 shows the results obtained for the samples considered in this study by using 

various chemical geothermometers. Compared with the Arnedillo results, the 

temperatures obtained with the silica geothermometers are lower in the Fitero samples. 

The SiO2-quartz geothermometer provides a temperature of about 80 ºC for the 

Arnedillo samples and about 70 ºC for the Fitero ones. A similar situation occurs with 

the SiO2-chalcedony geothermometers, giving a temperature of 50 ºC for Arnedillo and 

of 40 ºC for Fitero. This temperature is similar or lower than the discharge temperature 

and therefore, the phase most likely controlling the dissolved silica contents is quartz 

and not chalcedony in both systems. 

Despite having provided coherent results in Arnedillo thermal waters, some of the 

cationic geothermometers provide too high temperatures in the case of Fitero. The 

calibrations considered for the Na-K geothermometer provide temperatures in the range 
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of 133 – 160 ºC. This geothermometer is usually considered inappropriate for low 

temperature carbonate evaporitic systems because waters are not expected to reach the 

equilibrium with the mineral phases on which they are based. This situation has been 

checked with the Giggenbach diagram (Figure 3), where Arnedillo thermal waters are 

plotted in the field of partially equilibrated waters whereas Fitero thermal waters are 

close to the immature waters field. This different behaviour supports again the 

hypothesis of different local flow paths or residence times in the geothermal reservoir. 

From the cationic geothermometers only the K-Mg provides temperatures similar to 

those obtained with the SiO2-quartz geothermometers, close to 70 ºC. These two 

geothermometers have been identified in previous studies as the most suitable for low 

temperature carbonate-evaporitic systems (e.g. Apollaro et al., 2012; Pastorelli et al., 

1999; Wang et al., 2015). 

The results obtained with the rest of the geothermometers (Na-K-Ca and Ca-Mg) 

indicate higher temperatures. The Na-K-Ca (with β = 4/3 as recommended by Fournier 

and Truesdell, 1973) provides results of 91 and 92 ºC for the Fitero waters which are 

higher than expected (according to the results obtained with the SiO2-quartz 

geothermometers the expected results should be lower than in the Arnedillo waters); 

however, these results are in the accepted uncertainty range for these calculations (± 20 

ºC; Fournier, 1982) and, therefore, they will be taken into account. The Ca-Mg 

geothermometer provides even higher temperatures (close to 110 ºC) which are not 

coherent with the rest of values despite the fact that in a carbonate evaporitic system the 

equilibrium calcite-dolomite is expected to exist. Therefore, this higher temperature is 

probably due to the uncertainties associated with the order degree of dolomite (Chiodini 

et al., 1995) or to other secondary processes affecting the dissolved Ca or Mg contents. 

Finally, as previously indicated in Blasco et al. (2018), the SO4-F geothermometer 
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provide incoherent results (negative temperatures; Table 3) since fluorite is not likely to 

be in the reservoir in amounts enough to control the contents of the waters. 

Considering all these results and excluding the higher and the lower results previously 

mentioned, the temperature obtained for the Fitero reservoir with the chemical 

geothermometers is of 81 ± 11 ºC, which is slightly lower than the temperature 

previously deduced for Arnedillo thermal waters (87 ± 13 ºC). 

4.3.2. Isotopic geothermometers 

The results provided by the isotopic geothermometers are very similar for Fitero and 

Arnedillo thermal waters (Table 3), since the isotopic values are also very similar (Table 

1):  

1. The temperatures obtained with the calibrations based on the equilibrium 

exchange between HSO4
- and H2O are in the range of 60 – 69 ºC for the four 

samples. 

2. The calibrations based on the equilibrium exchange between the SO4
2- and H2O 

provide too low and incoherent temperatures, between 14 and 25 ºC. 

3. The calibration based on the equilibrium exchange between anhydrite (CaSO4) 

and H2O (Boschetti, 2013), provides temperatures between 70 and 75 ºC. 

The temperatures obtained with this last calibration (CaSO4-H2O exchange) are the 

most reasonable ones since anhydrite is in equilibrium in the system (see below) and, 

they are in the range previously defined with the chemical geothermometers. The bad 

results obtained with the calibration based on SO4
2- (despite being the dominant sulphur 

species in this type of waters), are probably due to the lack of equilibrium between 

SO4
2- and H2O (Blasco et al., 2018, 2017; Boschetti et al., 2011). On the contrary, 

although, the HSO4 is not the main species, the calibration based on it provides good 
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results because it is very similar to the CaSO4-H2O calibration in a 103lnα – 106/T2 plot 

(see Blasco et al., 2018). 

4.3.3. Geothermometrical modelling  

The geothemometrical modelling of the Fitero waters shows that most of the minerals 

reach equilibrium at the range temperature between 71 and 82 ºC, which agrees with the 

previous results obtained with the chemical and isotopic geothermometers. However, as 

already observed in the case of the Arnedillo samples (Blasco et al., 2018), calcite, 

dolomite and chalcedony reach equilibrium at a lower temperature: chalcedony 

indicates a temperature of about 50 ºC, calcite of 29 ºC for F1 and a negative 

temperature for F2, and dolomite of 47 ºC for F1 and 23 ºC for F2. Albite and K-

feldspar also reach equilibrium at low temperature, about 50 and 60 ºC, respectively. 

The lower equilibrium temperature obtained for chalcedony confirms that the phase 

controlling the dissolved silica in these thermal waters is quartz. Considering that calcite 

and dolomite should be in equilibrium in this geothermal system, the lack of agreement 

with the rest of the mineral assemblage must be related to an outgassing process during 

the ascent of thermal waters to surface, as it also occurs in the Arnedillo system (the log 

pCO2, is much higher than the atmospheric value, Table 2; Blasco et al., 2018). To 

reconstruct the conditions of thermal waters at depth an increase of the CO2 partial 

pressure from 3.4 mmol/l in F1 and 3.2 mmol/L in F2 up to 4.9 mmol/L (pH = 6.3) has 

been simulated as it was done in Arnedillo (5 mmol/L in that case; Blasco et al., 2018) 

following the recommendations from Pang and Reed (1998) and Palandri and Reed 

(2001). The amount of CO2 added is the necessary to adjust the calcite equilibrium 

temperature in the same range as the rest of the minerals (calcite is used instead of 

dolomite since it is less affected by thermodynamic uncertainties). Figure 4 and Table 4 

show the results obtained with the geothermometrical modelling after the reconstruction 
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of the water conditions at depth (the Arnedillo results have also been included in the 

table). 

The results obtained from the aluminosilicate phases for the Fitero thermal waters are 

almost the same for both samples and slightly lower than those obtained for Arnedillo. 

The phases considered in the modelling (albite, K-feldspar and pyrophillite) provide a 

low temperature (Figure 4 and Table 4). One possible reason for this result can be 

related to the very low aluminium concentration in the Fitero waters. In order to 

ascertain whether this lower aluminium concentration was due to an analytical error, the 

aluminium analyses were repeated in a different laboratory obtaining the same range of 

values. Additionally several theoretical simulations have been performed increasing the 

aluminium content of the waters (Figure S1 of the supplementary material) and the 

results suggest that thermal waters are in real disequilibrium with respect to the 

aluminosilicate phases, since the amount of aluminium necessary to make the saturation 

state to converge with albite and K-feldspar (providing a temperature about 100 ºC), 

would be 0.4 ppm (see the explanation presented in the supplementary material) which 

is much higher than the concentrations measured in the Arnedillo waters (0.01 to 0.06 

ppm), where these phases are close to equilibrium. This is coherent with the results 

obtained with the chemical geothermometres, which also suggest the disequilibrium of 

Fitero thermal waters with respect to the aluminosilicate phases. 

After this discussion the main results indicate that, without considering the 

aluminosilicate phases, since they do not represent an equilibrium situation, the 

temperature predicted for the Fitero samples is in a range between 71 and 84 ºC, that is, 

78 ± 7 ºC. This result is in clear agreement with the previously obtained with the 

chemical and isotopic geothermometers. Combining all the results, a reliable range of 

temperature of 81 ± 11 ºC for the reservoir of the Fitero thermal waters can be 
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established. This temperature is similar, although slightly lower, than the temperature 

deduced for the reservoir of Arnedillo thermal waters, 87 ± 13 ºC, by Blasco et al. 

(2018). 

4.3.4. Geochemical modelling 

As mentioned above, thermal waters that emerge in the Fitero and Arnedillo springs 

show similar chemical and physico-chemical characteristics but also some differences 

suggesting that, although belonging to the same reservoir, their exact flow paths and/or 

their residence times differ and they undergo different intensities of water-rock 

interaction processes. According to the results shown in this paper, the Fitero thermal 

waters are less saline and more immature than thermal waters in Arnedillo. Thus, 

although they are not directly connected, an evolutionary geochemical path from the 

chemical characteristics represented by the Fitero thermal waters towards the more 

evolved Arnedillo thermal waters is interpreted to exist in the reservoir. 

Inverse and direct modelling calculations have been performed (using one sample from 

each system, AR1 and F1) to assess the possible water-rock interaction processes 

responsible for the evolution and their intensities. The simplest calculation is the inverse 

modelling (mass balance) only considering the chemical characteristics of the waters 

(see Table 1 and compare the chemical values of the samples), which identify the most 

probable mass transfers in the reservoir. Then the results obtained with this calculation 

and their interpretation will be checked and completed with the direct modelling 

(reaction path). These two types of calculations have been performed considering the 

following assumptions: 

 The mineral phases which the waters can interact with are: halite, anhydrite, 

calcite, dolomite, quartz, albite and K-feldspar. 
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 Cation exchange involving Na, Ca and Mg is also considered in the models. 

 In order to reproduce the conditions at depth, the characteristics of the 

thermal waters have been adjusted according to the following: a) the 

calculations have been performed at the temperatures calculated for the 

reservoir; b) the amount of CO2 (and, therefore, the pH values) has been 

modified to avoid the effect of the CO2 outgassing in surface; and c) the 

waters have been equilibrated with the minerals found in equilibrium at the 

reservoir temperature (i.e. the Fitero water has been equilibrated with calcite, 

dolomite, anhydrite and quartz at 81 ºC, and the Arnedillo water has been 

equilibrated with calcite, dolomite, anhydrite, quartz, albite and K-feldspar at 

87 ºC). 

4.3.5. Mass-balance calculations 

These calculations have been performed with the inverse modelling capacities of 

PHREEQC taking the Fitero waters (F1) as initial solution and the Arnedillo waters 

(AR1) as final solution. The uncertainty allowed in the calculations is 3% (see Parkhurst 

and Appelo, 2013 for more details). Sixteen models have been obtained (Table 5) 

indicating the following mass transfers: 

1. The highest mass transfer found in the models is the dissolution of about 45 

mmol/L of halite. 

2. About 1.4 mmol/L of anhydrite dissolves. 

3. 0.56 mmol/L of albite precipitate in all models and almost the same amount of 

K-feldspar dissolves indicating an albitisation process. 

4. Some models do not show any mass transfer affecting quartz but in others, a 

small dissolution occurs (0.07 mmol/L). 
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5. The results for calcite and dolomite are more variable in the various models: a) 

no mass transfer for calcite but dolomite dissolution (lower than 0.05 mmol/L); 

b) no mass transfer for dolomite but calcite dissolution (always lower than 0.1 

mmol/L); c) calcite dissolution (about 1.2 mmol/L) and dolomite precipitation 

(about 0.5 mmol/L); and d) dolomite dissolution and calcite precipitation (a 

dedolomitisation process), which are the cases in which the higher mass transfer 

takes place (about 2.5 mmol/L of dissolved dolomite and 5 mmol/L of 

precipitated calcite). 

6. Finally, the Na exchanger (NaX) releases about 6 mmol/L and the Ca and Mg 

exchangers (CaX2 and MgX2), in some cases, remove these elements from the 

waters in different ways: a) CaX2 removes about 2.4 mmol/L and MgX2 about 

0.6 mmol/L; b) CaX2 removes about 3 mmol/L and there is no transfer affecting 

MgX2; and c) MgX2 removes about 3mmol/L and there is no transfer affecting 

CaX2. 

Compared with the expected mass transfers and reactions than can be deduced from the 

elemental differences between the initial and final solutions (Table 1), the following 

conclusions can be indicated: 

 Chloride content in Arnedillo is 46 mmol/L higher than in Fitero and halite is 

assumed to be the only control of this element. The results obtained in all the 

models agree with this. 

 Sulphate content in the Arnedillo water is about 2 mmol/L higher than in Fitero, 

and anhydrite seems to be the only controlling mineral for dissolved sulphate. 

Therefore, although the waters in both systems are in equilibrium with respect to 

anhydrite, this mineral seems to be dissolving due to the changes in salinity 

produced by halite dissolution (e.g. Li and Duan, 2011). 
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 Anhydrite dissolution will increase the calcium content of waters leading to the 

oversaturation and precipitation of calcite, which will explain the slightly lower 

contents of calcium in the Arnedillo waters (Table 1). Calcite precipitation 

causes an increase in the H+ and the pCO2 producing the dissolution of dolomite. 

This situation will explain the lower pH and higher pCO2 (when the conditions 

at depth are theoretically reconstructed) in Arnedillo thermal waters. As a result, 

only the models that consider a dedolomitisation process seem to be plausible 

(Table 5). 

 The dedolomitisation would also produce an increase in the dissolved 

magnesium in Arnedillo thermal waters which is not observed (Table 1). 

Therefore, an additional process should be removing the magnesium from the 

waters. The Mg sink that other authors have considered as the most likely in 

systems where dedolomitisation was also the driving process (e.g. Madison 

Aquifer; Busby et al., 1991; Jacobson and Wasserburg, 2005; Plummer et al., 

1990) is the existence of a cationic exchange process where Na is released to the 

waters while Mg or Mg + Ca are uptaken. This situation also seems to be the 

most probable one in this system and it is coherent with some of the models 

obtained (those in which the dedolomitisation also takes place; Table 5). 

 Finally, the increase of the Na dissolved contents as a result of halite dissolution 

can produce the albite precipitation which is associated with the K-feldspar 

dissolution (albitisation process). 

In summary, the main processes responsible for the chemical evolution of these waters 

in the geothermal reservoir seem to be the dedolomitisation and albitisation processes 

and their thermodynamic feasibility will be checked with the reaction-path calculations. 

4.3.6. Reaction-path calculations 
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These calculations will consider the dedolomitisation and albitisation processes 

triggered by halite and anhydrite dissolution; to make the calculations simple, the 

cationic exchange is not included because the information that would be necessary 

(amount of exchangers and their exchange capacity) is not available and its 

consideration is not decisive for the verification of the feasibility of the main processes. 

The first reaction-path calculation consisted of forcing the Fitero waters (F1), at 81 ºC, 

to dissolve 46 mmol/L of halite while mineral equilibria with calcite, dolomite, quartz, 

anhydrite, albite and K-feldspar is maintained. 

The thermodynamic results show a small precipitation of quartz (0.01 mmol/L), 

dissolution of anhydrite, K-feldspar and dolomite, and precipitation of albite and calcite. 

That is, the simulations evidence that the addition of NaCl (i.e. halite dissolution) 

produces albitisation and, especially, dedolomitisation, supporting the conclusions 

obtained previously from the mass balance calculations and excluding the rest of the 

obtained mass balance models. The obtained mass transfers are shown in Table 6 and 

Figure 5, and the changes produced in the elemental contents are shown in Figure 6. 

The composition of the final water obtained after the reaction path calculation (Table 6) 

is quite similar to the composition of the Arnedillo water at depth. Dedolomitisation 

processes have been identified in groundwater systems at very different depths and 

conditions: in shallow, low temperature and fresh water environments (e.g. Bischoff et 

al., 1994; Cañaveras et al., 1996; López-Chicano et al., 2001; Moral et al., 2008), in 

deeper aquifers and thermal waters with variable salinity (e.g. Auqué et al., 2009; Back 

et al., 1983; Blasco et al., 2017; Frondini, 2008; Plummer et al., 1990; Prado-Pérez and 

Pérez del Villar, 2011) and even in brines during burial diagenesis (e.g. Budai et al., 

1984; Stoessell et al., 1987; Woo and Moore, 1996 and references therein). 
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Albitisation processes (like the K-feldspar albitisation deduced in this study) are usually 

developed in groundwater systems at temperatures higher than 60 ºC (e.g. Aagaard et 

al., 1990) but they have also been observed in thermal waters at similar temperatures 

(around 85 ºC) and salinities (TDS about 8000 ppm) to the ones studied here (Blasco et 

al., 2018) or, more often, in more saline formation or interstitial waters in sedimentary 

basins at higher temperatures (e.g. Aagaard et al., 1990; Dias Lima and De Ros, 2002; 

Egeberg and Aagaard, 1989; Hanor, 1996; Saigal et al., 1988 and references therein). 

That is, the two main processes identified in this system can take place in other 

situations and under different pH (pCO2), temperature and salinity conditions. 

In order to make these findings more general, some additional simulations have been 

performed to assess the effects of different physicochemical conditions on the main 

processes identified (dolomitisation and albitisation). For this, sample F1 has been 

considered as the initial solution and it has been forced to dissolve up to 2000 mmol/L 

of halite (ionic strength close to 2).Then the various conditions considered have been 1) 

a variation of pH between 6 and 8, since this is the most common range of pH in natural 

systems, and 2) a range of temperature from 25 to 200 ºC. The LLNL database (using 

low_albite and the same dolomite as in the WATEQ4F database) has been used to carry 

out this calculation because the WATEQ4F database was developed to be used up to 

100 ºC and at higher temperatures the results should be carefully considered (Ball and 

Nordstrom, 2001), while temperature range of the LLNL database is up 300 ºC 

(Johnson et al., 2000). 

The most important results are shown in Table 7, Figure 7 and Figure S2 (in the 

supplementary material; Figure 7 contains the results obtained at pH=6 and the results 

obtained at pH=7 and pH=8 are in the supplementary material since they are almost the 

same as those for pH=6). Albitisation and dedolomitisation processes, along with 
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anhydrite dissolution, are more intense as salinity increases in all the simulations. 

Dolomite dissolution and calcite precipitation, that is, the dedolomitisation process, is 

more intense at lower temperatures (Figure 7a and Figure S2a-b) as it was also pointed 

out by Escorcia et al. (2013). The effect of pH is of minor importance and almost 

imperceptible in Figure 7a and Figure S2a-b, and while dolomite dissolution is almost 

the same with the increase of pH, the calcite precipitation is somewhat higher being 

most important at higher temperatures (Table 7). The dissolution of anhydrite is more 

intense at low temperatures and it is almost unaffected by the variation of the pH 

(Figure 7b, Figure S2c-d, Table 7). Finally, the albitisation process displays the opposite 

behaviour (Table 7, Figure 7c and Figure S2 e-f): the amount of albite precipitated is 

always the same as the amount of dissolved K-feldspar being more intense at higher 

temperatures and not affected by the pH variations. 

Considering all these results it is clear that halite dissolution and, therefore, the increase 

of the salinity of the waters, can be a relevant controlling factor for the hydrochemical 

evolution of the waters. Halite dissolution increases the Na dissolved contents and by 

the ion-common effect the albitisation process takes place (eq. 2): 

𝐾𝐴𝑙𝑆𝑖3𝑂8(𝐾−𝑓𝑒𝑙𝑑) +  𝑁𝑎+ →  𝑁𝑎𝐴𝑙𝑆𝑖3𝑂8(𝑎𝑙𝑏) + 𝐾+  (2) 

On the other hand, anhydrite solubility is highly influenced by the salinity of the waters 

due to the salting-in effect (Langmuir, 1997), in the way that the increase in the salinity 

will lead to a higher solubility of anhydrite (e.g. Li and Duan, 2011; Raines and Dewers, 

1997). Therefore, halite dissolution enhances anhydrite dissolution (eq. 3): 

𝑁𝑎𝐶𝑙(ℎ𝑎𝑙) + 𝐶𝑎𝑆𝑂4(𝑎𝑛ℎ) → 𝑁𝑎+ + 𝐶𝑙− + 𝐶𝑎2+ 𝑆𝑂4
2−   (3) 

Anhydrite dissolution increases the calcium content of the waters (as shown in eq. 4) 

and, given that waters are in equilibrium with respect to calcite, the excess of Ca will 
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produce the oversaturation of calcite and, therefore, its precipitation (common-ion 

effect; eq. 3): 

𝐶𝑎 + 𝐻𝐶𝑂3 → 𝐶𝑎𝐶𝑂3(𝑐𝑎𝑙𝑐) + 𝐻+    (4) 

At the same time calcite precipitation leads to a decrease in calcium and HCO3
- in the 

solution (eq. 4) and to an increase in the H+ and the pCO2 which triggers the dissolution 

of dolomite (dedolomitisation process; eq. 5): 

𝐶𝑎𝑀𝑔(𝐶𝑂3)2(𝑑𝑜𝑙) + 𝐶𝑎2+ →  2𝐶𝑎𝐶𝑂3(𝑐𝑎𝑙𝑐) + 𝑀𝑔2+   (5) 

This dedolomitisation process, triggered by anhydrite (or gypsum) dissolution, has been 

reported in other carbonate aquifers, containing dolostones and in contact with anhydrite 

or gypsum (Appelo and Postma, 2005; Auqué et al., 2009; Back et al., 1983; Capaccioni 

et al., 2001; Cardenal et al., 1994; Choi et al., 2012; Deike, 1990; Frondini, 2008; 

Leybourne et al., 2009; López-Chicano et al., 2001; Plummer, 1977; Plummer et al., 

1990; Prado-Pérez and Pérez del Villar, 2011; Sacks et al., 1995). However, in the case 

presented here, although anhydrite dissolution is the direct triggering reaction for the 

dedolomitisation, the process actually responsible of it is the dissolution of halite. Halite 

dissolution keeps the dedolomitisation process ongoing even when the waters reach the 

equilibrium with anhydrite (or gypsum). 

Finally, the dissolution of halite also triggers the albitisation process and, although this 

had previously been identified in diagenetic environments (Egeberg and Aagaard, 1989; 

Hanor, 1996; Saigal et al., 1988), the results shown in this paper indicate that this 

process is also feasible in groundwater (thermal) systems at lower temperatures and 

salinities. 

Overall, these results are also relevant for the geological CO2 storage in saline aquifers 

or, even, for enhanced geothermal systems (EGS) where saline waters, initially in 
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equilibrium with the reservoir rocks, are usually involved. The evolution of the 

dedolomitisation processes has been identified as a critical point in assessing carbonate 

formations for potential CO2 storage (e.g. Auqué et al., 2009; Prado-Pérez and Pérez del 

Villar, 2011 and references therein). And albitisation processes have been identified in 

CO2–brine–rock interaction experiments at in situ P–T conditions of the pilot CO2 

storage site at Ketzin in Germany (Fischer et al., 2010) and in the experiments with 

hydrothermal Na-Cl solutions on fracture surfaces in the geothermal reservoir of the 

Upper Rhine Graben (Schmidt et al., 2017). Therefore, the evolution and consequences 

of the processes identified in this paper should be further explored. 

5. Conclusions 

The spring waters of the Fitero-Arnedillo geothermal system are located in the localities 

of the same name and separated about 35 km. They are hosted in carbonate-evaporitic 

materials and they are of chloride-sodium type with near neutral pH and discharge 

temperature of about 45 ºC. The main differences between these waters are the higher 

salinity of those emerging in Arnedillo, the slightly higher Ca and Mg contents in Fitero 

and the calculated reservoir temperature (81 ± 11 ºC in Fitero and 87 ± 13 ºC in 

Arnedillo). All these together with the mineral equilibria in the reservoir indicate that, 

although the waters belong to the same geothermal reservoir, they evolve along 

different flow paths with different intensities of water-rock interaction processes which 

would justify a more evolved stage of the Arnedillo system compared to the Fitero 

thermal waters. 

Mass-balance and reaction path calculation have been used to assess the main reactions 

responsible for the chemical differences and evolution of these waters and the results 

indicate that the triggering process is the halite dissolution, which leads to an 

albitisation process and to the dissolution of anhydrite, which, in turn, triggers the 
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calcite precipitation and the dolomite dissolution (dedolomitisation process). The 

processes identified in this system (dedolomitisation and albitisation) have been 

identified in different environments under different conditions of temperature, pH 

and/or salinities, and how these parameters affect them has also been evaluated in this 

paper. The extension of these processes is higher as the salinity of the waters increases. 

However, the effect of pH (assessed between 6 and 8) is almost negligible in terms of 

the mass transfers of the involved phases. Temperature also causes significant variations 

in a way that the dedolomitisation and anhydrite dissolution are higher at low 

temperatures and the albitisation is more intense at high temperatures. 

These calculations have evidenced the importance that the changes in the salinity of the 

waters (through halite dissolution) have over the geochemical evolution of waters due to 

its effect in the water-mineral equilibria attained. Halite dissolution has been proven to 

trigger a dedolomitisation process even when the waters have reached the equilibrium 

with respect to anhydrite, calcite and dolomite. Moreover it has been shown that these 

processes are more general than what was known up to date and deserve future studies, 

mainly considering their feasibility in particularly relevant situations such as the 

enhanced geothermal systems and the geological CO2 storage sites. 
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Figure 1. Location of the Arnedillo and the Fitero geothermal springs and geological map of the 

area (modified form Blasco et al. 2018). 

Figure 2. δ2H – δ18O diagram showing the isotopic composition of the samples from Arnedillo 

and Fitero. The Global Meteoric Water Line (GMWL) and the Spanish Meteoric Water Line 

(SMWL) are also shown. 

Figure 3. Location of the Fitero and Arnedillo samples in the Giggenbach diagram. The dotted 

line is calculated with the Na-K Fournier (1979) calibrate and with the Giggenbach (1988) one 

for Mg-K; the solid line is calculated with Na-K and Mg-K calibrates of Giggenbach (1988). 

Figure 4. Evolution with temperature of the saturation indices of the different mineral supposed 

to be in equilibrium with the water of the Fitero samples. These results were obtained after the 

theoretical reconstruction of the waters at depth by adding CO2 to compensate the CO2 

outgassing during the ascent of the waters. 

Figure 5. Mass transfers of the different mineral phases when the water of the Fitero sample, 

with Cl- = 45.6 mmol/L, dissolves 46 mmol/L of halite (represented by the increase in the Cl- 

concentration) Negative and positive slopes indicate dissolution and precipitation, respectively.  

Figure 6. Changes in the elemental contents in the Fitero waters, with Cl- = 45.6 mmol/L, when 

46 mmol/L of halite are dissolved (represented by the increase in the Cl- concentration). 

Figure 7. Evolution with the increase of salinity (dissolution of halite) at different temperatures 

(25, 100 and 200 ºC) and a pH = 6, of a) calcite precipitation and dolomite dissolution 

(dedolomitisation process); b) anhydrite dissolution; and c) albite precipitation and K-feldspar 

dissolution (albitisation process). 
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Table 1. Chemical and isotopic data of the thermal waters included in this study. TDS (calculated using PHREEQC) 

and dissolved elements are expressed in ppm. The molar ratios are also shown, the Ca+Mg/HCO3+SO4 is in eq/L. 

 AR1 AR2 F1 F2 

Temp. (°C) 45.30 39.50 45.50 45.10 

TDS 7720.9 7352.1 4820.2 4854.7 

pH 6.87 7.05 6.86 7.11 

HCO3
- 179.88 181.58 174.02 175.36 

Cl- 3220.00 3030.00 1610 1620 

SO4
- 1541.00 1537.00 1376 1401 

Ca 444.00 443.00 469 476 

Mg 75.50 73.80 92.10 94.60 

Na 2099.00 1941.00 981 982 

K 20.60 22.90 30.20 31.80 

Sr 9.90 9.80 11.10 11.20 

F 2.36 2.30 0.992 1.02 

Al 0.0142 0.0643 0.0059 0.0075 

Li 0.2901 0.2708 0.4755 0.4836 

SiO2 30.87 29.10 23.75 24.39 

δ18O vs. SMOW in (H2O) -8.5 -8.8 -8.7 -9.6 

δ2H vs. SMOW (H2O) -65.3 -65.1 -63.9 -64.3 

δ18O vs. SMOW in (SO4
2-) 14.1 14 14.2 13.9 

δ34S vs. CDT (in SO4
2-) 14.8 14.8 14.9 14.9 

δ13C vs. PDB (in CO2) -4.16 -5.52 -8.42 -8.1 

Na/Cl 1.01 0.99 0.94 0.93 

Ca/SO4 0.69 0.69 0.82 0.81 

Ca+Mg/HCO3+SO4 0.81 0.81 0.98 0.98 

Ca/HCO3 3.76 3.71 4.10 4.13 

Ca+Mg/HCO3 4.81 4.73 5.43 5.49 

Mg/Ca 0.27 0.28 0.32 0.33 

% imbalance -2.41 -3.28 -1.7 -1.8 
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Table 2. Saturation state of the waters with respect to different mineral phases. 

 AR1 AR2 F1 F2 

Log pCO2(g) -1.59 -1.81 -1.58 -1.84 

Calcite 0.08 0.20 0.14 0.39 

Dolomite -0.29 0.13 0.14 0.64 

Anhydrite -0.48 -0.50 -0.41 -0.40 

Gypsum -0.37 -0.36 -0.31 -0.30 

Fluorite -0.31 -0.27 -0.98 -0.95 

Halite -3.96 -4.01 -4.56 -4.56 

Quartz 0.57 0.63 0.31 0.32 

Chalcedony 0.30 0.35 0.03 0.05 

Albite 1.84 2.73 0.36 0.53 

K-Feldspar 1.91 2.95 0.93 1.13 

Kaolinite 4.04 5.57 2.79 2.58 

Pyrophyllite 3.22 4.81 1.43 1.25 

Laumontite 1.18 2.81 -0.54 -0.24 
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Table 3. Temperatures (ºC) obtained with different chemical and isotopic geothermometers and calibrates for the 

Arnedillo and Fitero samples. 

Geothemometer Calibrate AR1 AR2 F1 F2 

SiO2-quartz 

Truesdell, 1976 81 78 70 71 

Fournier (1977) 80 78 70 71 

Michard (1979) 82 80 71 72 

SiO2-chalcedony 
Fournier (1977) 49 47 38 40 

Arnòrsson et al. (1983) 52 50 42 43 

Na-K 

Giggenbach (1988) 97 105 153 160 

Fournier (1979) 75 84 133 136 

Verma and Santoyo (1997) 83 91 139 142 

K-Mg Giggenbach et al. (1983) 61 64 67 68 

Na-K-Ca Fournier and Truesdell (1973) 88 91 91 92 

Ca-Mg Chiodini et al. (1995) 116 117 108 107 

SO4-F Chiodini et al. (1995) -10 -11 -36 -35 

SO4-H2O 
(δ18OHSO4-H2O) 

Seal et al. (2000)1 66 64 64 60 

Friedman and O’Neil (1977) 69 68 66 64 

SO4-H2O 
(δ18OSO4-H2O) 

Halas and Pluta (2000) 18 17 17 14 

Zeebe (2010) 25 25 24 21 

SO4-H2O 
(δ18OCaSO4-H2O) 

Boschetti et al. (2011)2 75 74 73 70 

1This calibrate is the combination of those of Lloyd (1968) and Mizutani and Rafter (1969). 
2This calibrate is the combination of those of Chiba et al. (1981) and Zheng (1999). 
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Table 4. Temperatures (°C) at which the different mineral phases considered converge towards equilibrium in the 

geothermometrical modelling for the Fitero and Arnedillo samples.  

Mineral phase F1 F2 AR1 AR2 

Calcite 79 79 91 92 

Dolomite  74 74 83 83 

Quartz 71 72 97 94 

Anhydrite 82 82 88 87 

Albite 50 53 85 99 

K-feldspar 60 62 78 91 

Pyrophyllite 60 71 91 107 
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Table 5. Different models obtained in the mass balance calculation between samples F1 and AR1 as initial and final 

solutions, respectively. The mass transfer of the mineral phases and the cationic exchanges are given in mmol/L 

(negative means precipitation whilst positive means dissolution). The models selected as most plausible are 

highlighted in grey. 

Model Halite Calcite Anhydrite Dolomite Quartz Albite K-feldspar NaX CaX2 MgX2 

1 44.51 0.00 1.38 0.04 0.07 -0.56 0.56 5.97 -2.39 -0.59 

2 44.51 0.00 1.38 0.02 0.00 -0.54 0.56 5.95 -2.40 -0.57 

3 44.51 1.19 1.38 -0.55 0.07 -0.56 0.56 5.97 -2.99 0.00 

4 44.51 1.14 1.38 -0.55 0.00 -0.54 0.56 5.95 -2.97 0.00 

5 44.51 -4.78 1.38 2.43 0.07 -0.56 0.56 5.97 0.00 -2.99 

6 44.51 -4.74 1.38 2.39 0.00 -0.54 0.56 5.95 0.00 -2.97 

7 44.51 0.00 1.38 0.02 0.00 -0.54 0.56 5.95 -2.40 -0.57 

8 44.51 0.09 1.38 0.00 0.07 -0.56 0.56 5.97 -2.43 -0.55 

9 44.51 0.04 1.38 0.00 0.00 -0.54 0.56 5.95 -2.39 -0.58 

10 44.51 0.00 1.38 0.04 0.07 -0.56 0.56 5.97 -2.39 -0.59 

11 44.51 1.14 1.38 -0.55 0.00 -0.54 0.56 5.95 -2.97 0.00 

12 44.51 -4.74 1.38 2.39 0.00 -0.54 0.56 5.95 0.00 -2.97 

13 44.51 0.04 1.38 0.00 0.00 -0.54 0.56 5.95 -2.39 -0.58 

14 44.51 1.19 1.38 -0.55 0.07 -0.56 0.56 5.97 -2.99 0.00 

15 44.51 -4.78 1.38 2.43 0.07 -0.56 0.56 5.97 0.00 -2.99 

16 44.51 0.09 1.38 0.00 0.07 -0.56 0.56 5.97 -2.43 -0.55 
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Table 6. Results obtained in the reaction-path calculation. The composition of the resulting water is shown and, for 

comparison, the composition of the Arnedillo water. The mass transfers of the considered phases are also shown 

(positive values mean precipitation whilst negative values mean dissolution). 

 Final water 
(mmol/L) 

Arnedillo water 
(mmol/L) 

 Mineral 
phase 

Mass transfer 
(mmol/L) 

HCO3- 2.84 2.92  Calcite 0.5 

SO4 16.2 15.5 Dolomite -0.25 

Cl 91.6 91.5 Anhydrite -2.1 

Na 88.5 92 Albite 0.4 

Ca 14.4 11.5 K-feldspar -0.4 

Mg 2.9 2.1 Quartz 0.01 

Si 0.5 0.6 
  

K 1.2 1.3 
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Table 7. Total mass transfers obtained in the reaction-path calculation when 2000 mmol/L of halite are dissolved at 

pH of 6, 7 and 8 and temperatures of 25, 100 and 200 ºC. The results are expressed in mmol/L (positive values mean 

precipitation and negative values mean dissolution). 

 
pH=6 pH=7 pH=8 

25ºC 100ºC 200ºC 25ºC 100ºC 200ºC 25ºC 100ºC 200ºC 

Calcite 48.9 5.2 0.5 51.2 5.6 0.6 51.3 5.6 0.8 

Dolomite -23.4 -2.9 -0.4 -26.6 -2.8 -0.4 -26.3 -2.8 -0.4 

Anhydrite -61.3 -21.5 -4.9 -63 -21.7 -4.9 -63 -21.7 -4.9 

Albite 1.9 16 77 1.9 16 77 1.9 16 77 

K-Feldspar -1.9 - 16 -77 -1.9 - 16 -77 -1.9 - 16 -77 
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 Mineral equilibria are evaluated in low temperature geothermal systems 

 Geochemical evolution of the waters in the geothermal reservoir is discussed 

 Halite dissolution is the triggering factor for the dedolomitisation process 

 Halite dissolution produces albitisation 
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