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Abstract

:

The most promising Polish region in terms of its geothermal resource potential is the Podhale Trough in the Inner West Carpathians, where the thermal water occurs in the Eocene-Mesozoic strata. The origin and conditions of formation of the chemical composition of the thermal water are different in a regional scale due to the impact of infiltrating water on the chemical compounds present in nearby thermal intakes, chemical processes responsible for the concentration of major elements and residence time. The article presents the regional conceptual model in regard to the factors controlling the chemistry of thermal water from Podhale Trough and the conditions of its exchange. It was allowed by performing the hydrogeochemical characteristics of studied water and analyzing its changes according to flow direction from HCO3-Ca-Mg type to SO4-Cl-Na-Ca and SO4-Ca-Mg types. The hydrogeochemical modelling was also made allowing identification of the impact of reservoir rocks on the formation of the chemical composition. For confirmation of the theories formulated and for more accurate interpretation of the results obtained from hydrogeochemical modelling, hydrochemical indices were calculated, i.e., rHCO3−/rCl−, rNa+/rCl−, rCa2+/rMg2+, rCa2+/(rCa2+ + rSO42−) and rNa+/(rNa+ + rCl−). The results revealed the most important processes evolving the chemistry of thermal water are progressive freshening of the thermal water reservoir, which in the past was filled with salty water, dissolution of gypsum, and ongoing dolomitization. Conducted research presents the important factors that in the case of increased exploitation of thermal water in the Podhale Trough, may influence the quality of thermal water in terms of its physical and chemical parameters.
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1. Introduction


Thermal water as clean geothermal energy has become the object of great attention over the last few decades [1]. Its unique properties have been particularly appreciated by the energy, medical, balneological, and recreational sectors. Sustainable management of geothermal resources guarantees a long-term operation of the used system, and it depends on the water’s physicochemical properties. This requires good recognition of geological conditions and occurring processes [2,3,4,5,6,7,8].



Due to the geological setting conditions and geological history, the Carpathians remain an excellent place to look for thermal water. A search for hot raw material within this mountain-chain was conducted inter alia in Romania [9,10], Slovakia [11], and Hungary [12]. The results of the investigations ended with the finding out of thermal water with temperature in the range 40–90 °C at the outflow. The most promising Polish region in terms of its geothermal resource potential is the Podhale Trough in the Inner West Carpathians, where the thermal water occurs in the Eocene-Mesozoic strata [13]. The region has a well-developed infrastructure for heating, recreation and balneotherapy, which provides favorable conditions for the use of geothermal energy [14,15]. Until 2003, twelve geothermal wells were drilled, in which the thermal water were outflowing. Currently, nine wells are continuously used.



Hydrogeological conditions, especially porosity and permeability of the aquifer rocks, localization of the alimentation area, aquifuges, and water circulation conditions within the geothermal aquifer have the greatest impact on the occurrence, resources, renewability, and physicochemical properties of the thermal water. The formation of the chemical composition of thermal water is controlled by its circulation conditions in the aquifer. This process refers to concentration and composition of dissolved materials, depth and lithology of the aquifer, occurrence and migration of water, residence time and water/rock interactions including mixing with meteoric ones, ion exchange process, oxidation-reduction conditions, pressure, and temperature, as well as the possibility of microorganisms controlling geochemical processes [5,16,17]. Numerical modelling and analysis of the physicochemical composition of thermal water are helpful in predicting corrosion processes and scaling in geothermal systems [7,14,18,19].



For interpretation of the genesis of the chemical composition of mineral and thermal water multiple hydrogeochemical approaches can be used. For example, analysis of isotopes [20,21,22,23], analysis of chemical indicators [24,25,26], use of geothermometers [22,27,28], and modelling of water/rock interaction [7,29,30]. Development and application of numerous methods allow expanding the current knowledge about the ongoing processes in the deep interior of the Earth’s crust.



Hydrogeochemical characteristics of thermal water in the Podhale region have been the subject of many studies on their chemical composition, its stability [31,32,33,34,35,36], and circulation conditions [3,37,38,39]. Although the conducted research allowed for the determination of the conditions of water circulation or the hydrogeochemical characteristics of water from the individual wells, there are no regional studies that describe the genesis of this water in the current exploitation conditions. Witczak [40] indicates that the chemical composition of the thermal water of the Podhale reservoir reveals typical features of the process of freshening geothermal aquifer that was filled with sea water in the past. He describes that the last such period took place in the Paleogene and the seawater was associated with a sedimentation reservoir from the period of deposition of the Eocene carbonate series, and the Carpathian flysch. However, it should be noted that 20 years ago the exploitation and use of thermal water took place on a much smaller scale. The analysis carried out by Witczak [40] included seven geothermal wells, of which only three are currently in exploitation. The remaining ones are injection boreholes, or their work have been discontinued.



This article presents the regional conceptual model concerning factors controlling the chemistry of thermal water from Podhale Trough and the conditions of its exchange. Hydrogeochemical characteristics of studied water and hydrogeochemical modelling were performed to identify the role of reservoir rocks on the formation of the chemical composition. Moreover, selected hydrochemical indices (rHCO3−/rCl−, rCa2+/(rCa2+ + rSO42−), rNa+/(rNa+ + rCl−), rNa+/rCl− and rCa2+/rMg2+) were used to confirm the hypothesis about processes controlling the chemical composition of investigated thermal water. Statistical techniques such as bivariate correlation, linear regression, and principal component analyses were also used to illustrate the relationship between the major ions, as well as to secrete the processes affecting the diversity of the chemical composition of thermal water along their path flow.




2. Materials and Methods


The research area is located in the Podhale Trough, between the Tatra Mountains and Pieniny Klippen Belt, southern Poland (Figure 1). It is the region of the most intensive use of thermal water in Poland. It is used for both heating and recreational purposes [15]. In Poland, for the groundwater to be considered as thermal water, it must meet the requirements of the Geological and Mining Law [41], where thermal water is defined as a mineral and is classified as groundwater which at outflow is characterized by the temperature, that has at least 20 °C.



The Podhale thermal water reservoir is related to the carbonate series of the Middle Eocene. At its base are the Mesozoic formations—Middle Triassic limestones and dolomites as well as Jura sandstones and carbonate rocks [3,33,42,43]. The basin is closed to the North by the impenetrable Pieniny Klippen Belt (PKB) built of the flysch sediments and carbonate rocks of the Jurassic-Cretaceous-Paleogene-Neogene age (Figure 2). PKB is separated from the Podhale Trough by the dislocation zone (faults) and from the geological point of view it consists of several distinct tectonic-structural units [31,44]. The depth of boreholes exploiting thermal water is in the range of 1 km in the south part of Podhale Trough to 3.5 km in its northern part [45]. The recharge areas for the thermal water of the Podhale are the Mesozoic Tatra outcrops and Eocene carbonate formations located in the Tatra Mountains. About 10% of groundwater infiltrating in the recharge area flows farther north in the sub-flysch formations, fanning west and east. As a result, the groundwater flow rate decreases in the direction from south to the north of the Podhale Trough [37,40].



The sampling and measurements were carried out in nine wells (Figure 1). Most of them exploit thermal water continuously. The exception is at the point P3 and P8, which exploit thermal water seasonally. The archival data conducted and collected during long-term monitoring (236 analyses from 2010 to 2019) was used for confirmation that the chemical composition of thermal water in the Podhale Trough is stable over time. The box-and-whisker plots were used to present the changes in the chemical composition of major ions during water monitoring. It was stated that the results obtained by the authors are in the range of the natural chemical composition variability (Figure S1—Supplementary Materials). Therefore, the presented research is based on the newest results.



Samples of thermal water were collected according to ISO 5667-11 standards [46] in July 2019. Before sampling, the geothermal wells were rinsed about 15 min to stabilize the chemical composition of thermal water and to avoid samples contamination with particles that could come from the geothermal installation system [47]. During fieldwork, the unstable parameters were also measured: pH, redox potential (Eh), electrical conductivity (EC), and temperature (T) in pursuance of actual standards [48,49,50]. All measurements were made with WTW Multi 3430 with electrodes specifically dedicated for thermal waters. The chemical composition (major ions and trace elements) has been determined by use of inductively coupled plasma mass spectrometry (ICP-MS, Elan 6100, Perkin Elmer) and inductively coupled plasma optical emission spectrometry (ICP-OES, OPTIMA 7200DV, Perkin Elmer) following the ISO 17294-2 and ISO 11885 standards [51,52]. Titration methods were applied for the determination of chlorides, bicarbonates and sulphides concentration [53,54,55]. The nitrogen forms were measured with the use of the spectrophotometric method following the manufacturer’s procedures (HACH). Chemical analyses have been checked by calculating the ionic charge balance error. The results that were obtained from laboratory investigations were further used to elaborate on the hydrogeochemical characteristic of thermal water and for hydrogeochemical modelling, as well as for calculation of the hydrochemical indices that are helpful in the interpretation of water chemical composition origin and formation. In addition, the fM index was calculated on the basis of the archival and the newest data. This index can be approximately measure of the total dissolved solids in the water while the electrical conductivity value is known.



The statistical analyses including calculation of r Pearson correlation coefficient, analysis of linear regression and principal component analysis were carried out using PS IMAGO PRO© software provided by Predictive Solutions with IBM® SPSS Statistics® as the analytical engine. The details can be found elsewhere [56,57,58].




3. Results and Discussion


3.1. Hydrogeochemical Characteristic


The research carried out by the authors of the article comprehensively covered all the geothermal boreholes located in Podhale, where exploitation of thermal water is ongoing for heating and recreational purposes. The results of physicochemical analyses are presented in Table 1. The water from analyzed wells differs in terms of physical parameters—pH, EC, Eh, and especially temperature as well as in chemical composition. It is reflected in the various hydrochemical types of this water.



Thermal water in Podhale is characterized by variable chemical composition. TDS (total dissolved solids) of water in sampling points from the south part of the studied region is from 297.6 mg/dm3 to 359 mg/dm3 (P6–P8). Along with the direction of flow to the north, the TDS increases, achieving value of 2352 mg/dm3 to 2404 mg/dm3 in wells P1–P3. There is also a noticeably large variation in oxidation-reduction conditions and a clear increase in temperature along with their flow direction from 23.3 °C to 76.9 °C.



The chemical analyses presented in Table 1 include one series of tests planned and carried out in accordance with the designed and implemented QA/QC program [59,60]. In order to assess the representativeness of the tests, they were compared with the compiled results of archival analyses for the tested wells and fell in the range of the natural variability of thermal water chemical composition which is presented in Table 2. Archival research carried out in the years 2010–2019 allowed the assessment of chemical composition stability in selected wells [33,59,61] and determination of regional relationships (fM) (Table 3). The number of archival analyses (n) collected differs depending on the well and is presented in Table 2 and Figure S1—Supplementary Materials.



fM factor can be used to determine the local characteristics of the chemical composition of groundwater. This factor may vary from 0.55 to 1.0, depending on the soluble components of the water and the temperature of measurement [50,62]. fM is calculated from the formula (after [63]):




fM = TDS/EC



(1)





The values of the fM factor (Table 3) show a decrease along the direction of water flow, with similar values for sampling points located close to each other i.e., P1–P3—northern part of the Podhale Trough, and P6–P8—southern part of the Podhale Trough. The values of the fM factor calculated and based on the current measurement series were compared with the values obtained for archival results. For each of the points, the calculated value is within the range defined on the basis of archival research.



The Piper diagram (Figure 3) shows the direction in thermal water chemical composition changes from well-washed zones (P6–P8 sampling points) to less-washed zones (P1–P5 and P9 sampling points). Washing of the thermal water reservoir with fresh water circulating in this geothermal system takes place from its southern recharge area (Tatra Mountains) to its northern part. Along with the direction of the thermal water flows their hydrogeochemical types change from bicarbonate-calcium-magnesium (HCO3-Ca-Mg) to sulphate-chloride-sodium-calcium (SO4-Cl-Na-Ca) and sulphate-calcium-magnesium (SO4-Ca-Mg).



This causes the water currently circulating in the system to have a chloride content increasing towards less washed zones and, what is more typical, the amount of sodium significantly exceeds the chloride concentration equivalent. The thermal water in sampling points located closer to the recharge area remains in shorter contact with the reservoir rocks due to the greater inflow of fresh water and the higher flow velocity. In the sampling points from the north part of the studied area, the time of water-rock interaction increases due to a significant decrease in flow velocity and a lack of fresh water inflow.



Directions of transformation are further complicated by the process of sulphates reduction and the appearance of hydrogen sulphide in water [22,64,65]. Two directions of the transformation result from this, shown in Figure 3 for water with lower (P5 and P9) and higher sulphates content (P1–P4 sampling points).




3.2. Calculation of the Mineral Saturation Indices


Hydrogeochemical calculations allows more complete explanation of the ion exchange processes [66] occurring in the geothermal aquifer of the Podhale Trough. In this study, hydrogeochemical modelling was carried out using the PHREEQC 3.5 software [67].



Input data for the initial solutions was pH, temperature, redox conditions (pe based on Eh value), and concentrations of analyzed chemical components whose amounts were above the detection limits (Table 1). The saturation index SI was calculated based on the formula.


SI = IAP/KT



(2)




where IAP is the ion activity products and KT is the equilibrium constants of reaction at the given temperature. The equilibrium state of the solution relative to the mineral phase is the interval 0 ± 5% log KT. The llnl.dat database was used for calculations.



The saturation indexes were analyzed in relation to selected minerals that build reservoir rocks [14,32,40,44,68,69]: albite (NaAlSi3O8), anhydrite (CaSO4), anorthite (CaAl2(SiO4)2), aragonite (CaCO3), barite (BaSO4) calcite (CaCO3), celestite (SrSO4), chalcedony (SiO2), chalcopyrite (CuFeS2), dolomite (CaMg(CO3)2), gibbsite (Al(OH)3), gypsum (CaSO4:2H2O), illite (K0.6Mg0.25Al1.8Al0.5Si3.5O10(OH)2), Ca-Montmorillonite (Ca0.165Mg0.33Al1.67Si4O10(OH)2), pyrite (FeS2), quartz (SiO2), and amorphous silica (SiO2). Hydrogeochemical modelling results for the mineral phases that are dominating in the geological setting like calcite, dolomite, and gypsum are shown in Figure 4. Other results are included in the Supplementary Materials (Figure S2—Supplementary Materials).



Thermal water in Podhale is undersaturated in relation to albite (except P1 sampling point), amorphous silica, anhydrite (except P5 sampling point), anorthite, celestite and gypsum. They are supersaturated in relation to aragonite (except P5, P7 and P9 sampling points), calcite (except P5 sampling point), Ca-Montmorillonite, chalcopyrite, dolomite, illite (except P6 sampling point), pyrite, and quartz (except P7 and P8 sampling points). Meanwhile, tested samples are in the equilibrium state with barite and chalcedony (except P7 and P8 sampling point). In relation to gibbsite, all tested sample show different saturation index (Figure S2).




3.3. Hydrochemical Indices


The chemistry of thermal water in Podhale shows changes in the hydrochemical type of water from HCO3-Ca-Mg type in the south part of Podhale Trough to SO4-Cl-Na-Ca and SO4-Ca-Mg in its northern part. The higher concentration of bicarbonates in thermal water in the south part of the studied area is associated with meteoric water infiltrating the geothermal reservoir, where HCO3− ions are formed at the margins of alimentation zones where CO2 is converted to bicarbonates [16,28]. It is very well visible in rHCO3−/rCl− ratios (Table 4) whose values can be used as the measure of water flow path from the recharge zones [25]. Its results are significantly higher for the points located near to the alimentation zone (or when the velocity of fresh water flow in the aquifer is higher because of i.e., fault zones, and quicker reaching the sampling point), than for the points where the residence time is longer, resulting in growth of chlorides concentrations with a slight increase or a constant concentration of bicarbonates. According to the direction of water flow, the change in temperature and total dissolved solids amount is also visible. Both temperature and TDS are higher in wells located in the north part of Podhale Trough. Along with the flow direction of geothermal water, the percentage equivalent content of sulphate, chloride, and sodium ions increases, and the equivalent percentage content of bicarbonate, calcium and magnesium ions decreases.



The increase in the amounts of chloride and sodium ions is associated with freshening of aquifer filled with sea water in the past. This may indicate that the Na ions previously adsorbed on exchanger surfaces are released to the thermal water during dilution of ancient seawater by freshwater [40].



Issues of ion exchange in the process of saltwater penetration into aquifers containing fresh water and during the reverse process—slowly becoming less salty of sea water aquifers are the subject of research of many hydrogeochemists [70,71,72,73,74].



In this regard, the authors used the rNa+/rCl− index change chart (Figure 5), which presents the data for current operations in the comparison with the archival data published by Witczak [40]. A decrease in the rNa+/rCl− (Table 4) index along with the direction of water flow indicates an increase in its salinity. The rNa+/rCl− values presented for archival and current research present that this factor decreases for the thermal water located in the northern part of the Podhale Trough. It indicates that water contains more chloride ions (rNa+/rCl− is closer to the value established for ocean water 0.87 [25]) than water located in southern part of the Podhale region where the alimentation zone occurs. However, the values of the rNa+/rCl− ratio (>>1) suggest the occurrence of cation exchange with Na desorption as well as Ca and Mg adsorption. Notwithstanding, a combination of anorthite partial dissolution and calcite/dolomite precipitation can give the same results.



In thermal water, a process of dolomitization may also take place, i.e., the replacement of calcium in calcite by magnesium. Sapińska-Śliwa et al. [75] used the rCa2+/rMg2+ index as an indicator whose value changes in the dolomitization process. Values above 2.0 can be the result of dissolving calcite or/and gypsum. Its increase with the direction of thermal water flow is noticeable (Table 4).



Furthermore, the r Pearson’s correlation coefficients were calculated for crucial physicochemical parameters that control the process of chemical composition i.e., temperature and calcium, sulphates, and magnesium concentrations (formed during dissolution of gypsum and dolomitization process), as well as the total dissolved solids amounts. TDS and concentrations of SO42−, Ca2+, Mg2+ are positively correlated with temperature (Pearson’s correlation coefficient, respectively, 0.83, 0.93, 0.96, and 0.94, at the significance level p < 0.05), which indicates that the temperature-related water–rock interaction is responsible for the groundwater geochemistry of the carbonate aquifer.



Correlation between Na+ and Cl− (0.990) (Figure 6a) confirms possibility of provenance involving salt (NaCl). However, the calculated rNa+/(rNa++rCl−) index slightly exceeds 0.50 value (Table 4) and suggest that the sodium ions mostly do not originate in halite dissolution but in ion exchange processes between clay minerals and water [76]. Due to the positive correlation between SO42− and Ca2+ (0.992) (Figure 6b) and undersaturation of thermal water in relation to gypsum, the occurrence of its dissolution process has been considered.




3.4. Formation of Water Chemical Composition


Infiltrating water interacts with mineral phases in the aquifer, mainly calcite and gypsum. Dissolving carbonate minerals and/or gypsum leads to an increase in concentration of Ca2+ ions [77,78]. Due to the supersaturation of the examined water relative to calcite, gypsum dissolution was first taken into account. To recognize the effect of gypsum dissolution on the Podhale reservoir hydrochemistry the dissolution reaction of gypsum is considered by the equation:


CaSO4∙2H2O → Ca2+ + SO42− + 2H2O



(3)







Shvartsev et al. [37] show that the source of sulphate ions in thermal water may also be oxidation of pyrite. However, due to the reduction conditions (low Eh value), this hypothesis may be considered unlikely.



Relative concentrations of Ca2+, SO42− and HCO3− ions are shown in Figure 7 (after [79,80,81]). This kind of graph shows the dissolution of calcite and gypsum. Water from all sampling points shows a trend suggesting that the dissolution of CaSO4 is an significant process in interaction between water and rocks. Along with the trend line the Ca2+/SO42− index decreases according to the direction of thermal water flow, due to the increasing CaSO4 dissolution. The dissolution of CaSO4 leads to an increase in the value of SO42−/HCO3−, which changes the water from the dominant HCO3− to the dominant SO42−.



Assuming that all the SO42− ions in the thermal waters is came from gypsum dissolution, the non-gypsum Ca2+ source can be specified by subtracting the amount of Ca2+ equivalent to the amount of SO42− from the total Ca2+ concentration and expressed in mmol/dm3 [82]. Figure 8 compares the amount of SO42− and Ca2+ at individual sampling points expressed in mmol/dm3. It is noticeable that the amount of Ca2+ in sampling points located in the south (P6–P8) exceeds the equivalent amount of SO42−, which indicates the occurrence in this part of the basin of processes related to both gypsum and another mineral phase dissolution or ion exchange.



At sampling points located further from the recharge area (P1–P5, P9), this relationship is inverse, which shows that the dominant process responsible for the concentration of calcium ions in this water is gypsum dissolution process. This process found its reflection in molar ratios of rCa2+/(rCa2+ + rSO42−) where the values lower than 0.5 indicate that the source of calcium in water is connected with the dissolution of gypsum (Table 4). If the molar ratio of this hydrochemical index is higher than 0.5 the Ca2+ source is other than gypsum and in terms of the authors’ study present are carbonate minerals [76].



There is also known that geothermal activity can favour the mechanism of dolomitization [83,84,85]. The presented research shows the undersaturation of Podhale thermal water relative to gypsum and supersaturation in relation to dolomite. Calcium ions released during the gypsum dissolution process may participate in the dolomitization process according to the reaction:


Ca2+ + Mg2+ + 4HCO3− ↔ CaMg(CO3)2 + 2CO2 + 2H2O



(4)







The change of the hydrogeochemical type of thermal water from HCO3-Ca-Mg to SO4-Cl-Na-Ca and SO4-Ca-Mg, demonstrated the dissolution of gypsum. Supersaturation of this water relative to dolomite, as well as decreasing amounts of bicarbonates and magnesium ions with a relatively constant calcium content (Figure 3), show that the process of dolomitization is progressing along the flow direction.



The processes described above found the confirmation in the results of principal component analysis (PCA) with the VARIMAX rotation. The data consist of seven variables (major ions—Na+, K+, Mg2+, Ca2+, Cl−, HCO3− and SO42−) and nine observations—the results of the physicochemical analyses of each thermal water intake. The Kaiser-Mayer-Olkin (KMO) and Bartlett’s tests were done to appraise correlations between data and the adequacy of the input data for the PCA concept. The results indicated a good selection of data at the significance level of 0.05 (Table 5).



Two principal components were selected that explained about 99.5% of the total variance. The component plot in rotated space distinguished two smaller groups of parameters in component 1 (Figure 9). They present different processes during the formation of the chemical composition of thermal water in the Podhale Trough.





4. Conclusions


The research presents the regional conceptual model regarding the factors, which control the chemistry of thermal water from the Podhale Trough and the conditions of its changes. This is the region of one of the most intensive thermal water exploitations in Poland. This water is an important source of heat and it is a part of an increasingly renewable energy sources (RES) policy. This water also serves for recreational and therapeutic purposes, thus increasing the attractiveness of the entire region. Exploitation in Podhale has been significantly intensified in recent years. Greater use of thermal energy is also planned, e.g., for electricity production, by drilling new boreholes.



Directions and conditions of circulation of thermal water in the Podhale geothermal reservoir have already been the subject of research by many scientists. However, field studies and resource analyses based on numerical modelling do not comprehensively capture the hydrogeochemical characteristics of this water. The performed chemical composition analyses and attempts to determine its genesis have not been conducted before regionally with the current increased exploitation.



Due to the large exploitation and the planned increase in the use of geothermal energy in Podhale, the authors have attempted to determine not only the hydrogeochemical characteristics of the currently exploited water but also recognised the impact of reservoir rocks on the formation and the evolution of its chemical composition in the spatial and temporal system. This creates the opportunity to anticipate possible changes in its chemical composition and quality in the future.



The article presents the change of the hydrogeochemical type of the Podhale Trough thermal water from HCO3-Ca-Mg to SO4-Cl-Na-Ca and SO4-Ca-Mg along with the direction of their flow from the recharge zone in the southern part to the Pieniny Klippen Belt in the northern part.



It has been shown that the increase in the concentration of chloride and sodium ions is associated with the progressive washing of the thermal water reservoir, which in the past was filled with salty water. A decrease values of rNa+/rCl− index along with the direction of water flow indicates an increase in its salinity.



The authors also explained the change in the equivalent percentage content of sulphate, calcium, magnesium and bicarbonate ions in a few steps.



Firstly, it was shown that the source of sulphates ions increase is the gypsum dissolution process, in relation to which the examined water indicate undersaturation. The calcium ions released in this process, together with magnesium and bicarbonate ions, take part in the dolomitization process. The possibility of the dolomitization process is supported by the supersaturation index of the examined water relative to the dolomite and values of the analyzed rCa2+/rMg2+ index. The ongoing dolomitization process is probably responsible for the decrease in the equivalent percentage content of calcium, magnesium and bicarbonate ions. To check the thermodynamic feasibility of all the processes and which ones are likely taking place, the whole set of reactions should be modelled in detail with PHREEQC. This will be a subject of a further studies undertaken by the Authors. This can help to predict the influence of increased exploitation of thermal water in the Podhale Trough on its quality in terms of physical and chemical parameters. Rational thermal water management is crucial for maintaining a good quality of thermic parameters of the geothermal reservoir.
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The following are available online at https://www.mdpi.com/1996-1073/13/21/5584/s1, Figure S1: Bar graphs presenting the major ions concentrations (mg/dm3) in geothermal water of Podhale Trough (Error bars ± 1SD), the red line presents results of the latest sampling series), Figure S2: Saturation index for chosen mineral-phase. Legend: blue point—undersaturated solution, green point—stable solution, red point—oversaturated solution, red whiskers—state of equilibria
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Figure 1. Location of sampling points ([32] modified). 
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Figure 2. Hydrogeological cross-section through the Podhale Trough ([32,37,45] modified). 
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Figure 3. Hydrogeochemical characteristics of thermal water using the Piper Diagram. 
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Figure 4. Saturation index for chosen mineral-phase: (a) calcite, (b) dolomite, (c) gypsum. Explanation: blue points—undersaturated solution, red points—supersaturated solution, red whiskers—equilibrium state. 
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Figure 5. Change of the rNa+/rCl− index as the presumed effect of the process of reducing the thermal water salinity by meteoric water—comparison of current data and archival data [40]. 
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Figure 6. Correlation between concentrations of: (a) Na+ and Cl− (b) SO42− and Ca2+. 
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Figure 7. The relative concentration of Ca2+, HCO3− and SO42− (mg/dm3) in thermal water from the study area (after [79,80,81]). 
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Figure 8. Concentration of Ca2+ (blue points) and SO42− (red points) in sampling points [mmol/dm3]. 
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Figure 9. Components plot in rotated space. 
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Table 1. Physicochemical parameters of the thermal water samples of the Podhale Trough.
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Parameter

	
Sampling Point




	
P1

	
P2

	
P3

	
P4

	
P5

	
P6

	
P7

	
P8

	
P9






	
Depth [m]

	
3242.0

	
3400.0

	
5261.0

	
2500.0

	
3780.0

	
3073.2

	
1113.0

	
1737.0

	
3572.0




	
pH [−]

	
6.64

	
6.67

	
6.63

	
6.91

	
6.41

	
7.56

	
7.55

	
8.03

	
6.65




	
EC [mS/cm]

	
3.41

	
3.38

	
3.42

	
2.53

	
2.04

	
0.42

	
0.397

	
0.327

	
1.30




	
T [°C]

	
63.9

	
73.8

	
67.4

	
68.5

	
60.5

	
34.7

	
23.3

	
25.4

	
76.9




	
Eh [mV]

	
−115,9

	
−103.8

	
−118.1

	
−117.6

	
−182.5

	
−135.9

	
−72.2

	
−129.7

	
−153.7




	
Al [mg/dm3]

	
<0.005

	
<0.005

	
<0.005

	
<0.005

	
<0.005

	
<0.005

	
0.006

	
<0.005

	
<0.005




	
HCO3− [mg/dm3]

	
318.0

	
316.4

	
316.4

	
249.3

	
207.8

	
211.0

	
223.8

	
222.2

	
156.6




	
Ba [mg/dm3]

	
0.054

	
0.052

	
0.054

	
0.027

	
0.020

	
0.091

	
0.080

	
0.099

	
0.036




	
Br− [mg/dm3]

	
1.005

	
0.768

	
0.785

	
0.591

	
0.358

	
<0.1

	
<0.1

	
<0.1

	
<0.1




	
Ca2+ [mg/dm3]

	
194.0

	
193.5

	
202.2

	
172.0

	
166.4

	
45.16

	
46.80

	
32.43

	
184.7




	
Cl− [mg/dm3]

	
470.7

	
474.9

	
474.9

	
328.2

	
166.2

	
3.9

	
3.3

	
3.4

	
18.7




	
Cu [mg/dm3]

	
0.0036

	
0.0037

	
0.0037

	
<0.001

	
<0.001

	
<0.001

	
0.0029

	
<0.001

	
<0.001




	
F− [mg/dm3]

	
2.62

	
2.62

	
2.66

	
2.47

	
2.64

	
0.50

	
0.22

	
0.18

	
1.98




	
Fe [mg/dm3]

	
0.322

	
0.663

	
0.750

	
0.746

	
0.181

	
0.143

	
0.235

	
0.406

	
0.493




	
K+ [mg/dm3]

	
49.00

	
48.41

	
50.54

	
34.04

	
22.03

	
4.31

	
1.85

	
2.43

	
17.67




	
Li [mg/dm3]

	
1.041

	
1.047

	
1.096

	
0.623

	
0.581

	
0.026

	
<0.005

	
0.016

	
0.122




	
Mg2+ [mg/dm3]

	
38.08

	
36.91

	
37.48

	
37.74

	
38.88

	
19.44

	
22.00

	
19.05

	
38.77




	
Mn [mg/dm3]

	
<0.005

	
0.010

	
0.017

	
0.009

	
<0.005

	
<0.005

	
<0.005

	
0.032

	
<0.005




	
NH4+ [mg/dm3]

	
1.43

	
1.34

	
1.48

	
1.2

	
0.76

	
0.15

	
0.09

	
0.23

	
0.45




	
NO2− [mg/dm3]

	
0.06

	
0.1

	
0.12

	
0.08

	
0.06

	
0.08

	
0.06

	
0.07

	
0.08




	
NO3− [mg/dm3]

	
<0.43

	
<0.43

	
<0.4

	
<0.43

	
<0.43

	
<0.43

	
<0.43

	
<0.43

	
<0.43




	
Na+ [mg/dm3]

	
438.4

	
441.6

	
455.6

	
276.6

	
221.3

	
10.3

	
1.7

	
6.3

	
68.3




	
PO43− [mg/dm3]

	
<0.0061

	
<0.0061

	
<0.0061

	
<0.0061

	
<0.0061

	
<0.0061

	
<0.0061

	
<0.0061

	
<0.0061




	
Pb [mg/dm3]

	
0.0001

	
0.0001

	
0.0001

	
0.0001

	
0.0005

	
0.0001

	
0.0002

	
0.0001

	
0.0001




	
SO42− [mg/dm3]

	
726.9

	
744.7

	
745.5

	
581.1

	
656.6

	
40.9

	
24.0

	
<3.0

	
595.3




	
SiO2 [mg/dm3]

	
53.27

	
53.08

	
54.45

	
49.03

	
37.53

	
15.3

	
6.14

	
4.4

	
49.74




	
Sr [mg/dm3]

	
5.94

	
5.91

	
6.13

	
5.65

	
4.94

	
1.06

	
0.44

	
0.36

	
4.77




	
Zn[mg/dm3]

	
<0.01

	
<0.01

	
<0.01

	
0.051

	
<0.01

	
0.046

	
<0.01

	
<0.01

	
<0.01




	
H2S+HS−+S2− [mg/dm3]

	
0.16

	
0.21

	
0.28

	
0.38

	
5.76

	
0.46

	
0.12

	
0.16

	
0.75




	
TDS [mg/dm3]

	
2352

	
2374

	
2404

	
1773

	
1750

	
359.0

	
333.9

	
297.6

	
1156




	
Hydrochemical type

	
SO4-Cl-Na-Ca

	
HCO3-Ca-Mg

	
SO4-Ca-Mg
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Table 2. Basic physicochemical parameter of thermal water in Podhale Trough (archival data 2010–2019).






Table 2. Basic physicochemical parameter of thermal water in Podhale Trough (archival data 2010–2019).





	
Parameter

	
Statistics

	
Sampling Point [Number of Analysis]




	
P1 [n = 48]

	
P2 [n = 36]

	
P3 [n = 26]

	
P4 [n = 7]

	
P5 [n = 54]

	
P6 [n = 9]

	
P7 [n = 9]

	
P8 [n =6 ]

	
P9 [n = 41]






	
Na+

[mg/dm3]

	
Min

	
441.0

	
443.1

	
462.3

	
272.3

	
173.7

	
8.7

	
1.4

	
3.1

	
52.5




	
Mean

	
485.7

	
482.5

	
491.3

	
314.6

	
222.4

	
10.17

	
1.70

	
5.89

	
69.1




	
Max

	
551.5

	
576.7

	
554.6

	
410.7

	
250.6

	
12.3

	
2.0

	
6.0

	
82.7




	
K+

[mg/dm3]

	
Min

	
3.7

	
41.0

	
42.3

	
29.5

	
16.4

	
2.6

	
0.4

	
0.7

	
10.6




	
Mean

	
45.6

	
45.8

	
46.9

	
33.6

	
20.5

	
3.38

	
1.22

	
1.82

	
16.3




	
Max

	
56.8

	
58.8

	
53.9

	
36.7

	
29.9

	
4.4

	
1.6

	
2.2

	
20.7




	
Ca2+

[mg/dm3]

	
Min

	
179.9

	
184.3

	
182.2

	
157.8

	
138.7

	
39.5

	
40.7

	
36.6

	
145.3




	
Mean

	
201.5

	
199.2

	
204.9

	
179.4

	
165.3

	
43.9

	
45.4

	
39.8

	
177.0




	
Max

	
273.5

	
236.1

	
271.6

	
191.6

	
202.3

	
46.6

	
47.8

	
41.9

	
200.6




	
Mg2+

[mg/dm3]

	
Min

	
36.6

	
35.9

	
35.8

	
36.6

	
32.8

	
18.3

	
20.5

	
20.7

	
31.7




	
Mean

	
41.1

	
40.1

	
40.0

	
42.9

	
41.8

	
19.8

	
22.4

	
22.0

	
38.7




	
Max

	
48.4

	
48.5

	
45.0

	
55.2

	
62.3

	
21.4

	
24.2

	
23.9

	
56.2




	
Cl−

[mg/dm3]

	
Min

	
449.2

	
462.9

	
460.5

	
293.8

	
147.3

	
2.1

	
3.0

	
2.6

	
8.3




	
Mean

	
497.7

	
486.0

	
500.5

	
333.2

	
172.8

	
3.40

	
3.65

	
3.98

	
19.3




	
Max

	
595.5

	
615.5

	
635.7

	
361.0

	
214.5

	
7.6

	
5.1

	
6.0

	
43.5




	
SO42−

[mg/dm3]

	
Min

	
711.2

	
722.2

	
718.2

	
570.3

	
526.1

	
33.0

	
17.1

	
6.4

	
403.5




	
Mean

	
830.9

	
820.4

	
844.9

	
656.2

	
672.5

	
44.4

	
22.93

	
15.3

	
567.4




	
Max

	
1046

	
963.5

	
1041

	
849.4

	
1094

	
60.2

	
30.0

	
17.6

	
676.1




	
HCO3−

[mg/dm3]

	
Min

	
289.0

	
292.1

	
289.0

	
221.0

	
166.9

	
197.9

	
208.

	
212.1

	
126.3




	
Mean

	
319.4

	
317.7

	
323.9

	
254.2

	
212.3

	
215.6

	
226.0

	
232.5

	
175.8




	
Max

	
355.7

	
347.1

	
362.3

	
283.0

	
282.8

	
241.5

	
240.3

	
245.2

	
244.4




	
pH

[−]

	
Min

	
6.4

	
6.4

	
6.4

	
6.6

	
6.6

	
6.8

	
7.0

	
6.7

	
6.9




	
Mean

	
6.71

	
6.61

	
6.63

	
6.77

	
7.04

	
7.31

	
7.39

	
7.39

	
7.22




	
Max

	
7.9

	
8.0

	
7.3

	
7.0

	
7.55

	
7.7

	
7.7

	
7.7

	
8.8




	
EC

[mS/cm]

	
Min

	
2.5

	
2.6

	
3.1

	
2.5

	
1.9

	
0.4

	
0.4

	
0.4

	
1.4




	
Mean

	
3.29

	
3.39

	
3.45

	
2.59

	
2.12

	
0.402

	
0.376

	
0.360

	
1.41




	
Max

	
3.6

	
3.7

	
3.7

	
2.7

	
2.2

	
0.4

	
0.4

	
0.4

	
1.5




	
T

[°C]

	
Min

	
82.9

	
82.5

	
21.4

	
74.0

	
n.a.

	
22.0

	
20.0

	
25.0

	
70.4




	
Mean

	
85.68

	
84.97

	
77.99

	
75.00

	
n.a.

	
31.78

	
22.08

	
26.14

	
83.43




	
Max

	
86.4

	
85.2

	
80.7

	
77.0

	
n.a.

	
35.0

	
23.5

	
27.0

	
88.5
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Table 3. Values of fM empirical factor.






Table 3. Values of fM empirical factor.





	
Sampling Point

	
fM Calculated Based on Current Results

	
fM Calculated Based on Archival Results




	
Mean

	
Minimum

	
Maximum






	
P1

	
0.69

	
0.75

	
0.66

	
0.84




	
P2

	
0.70

	
0.76

	
0.67

	
0.88




	
P3

	
0.70

	
0.73

	
0.64

	
0.86




	
P4

	
0.70

	
0.73

	
0.67

	
0.84




	
P5

	
0.86

	
0.73

	
0.66

	
0.92




	
P6

	
0.85

	
0.89

	
0.85

	
0.98




	
P7

	
0.84

	
0.88

	
0.83

	
0.97




	
P8

	
0.91

	
0.90

	
0.81

	
0.97




	
P9

	
0.89

	
0.79

	
0.63

	
0.89
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Table 4. The hydrochemical ratios values for individual sampling points ordered by location from North to South.






Table 4. The hydrochemical ratios values for individual sampling points ordered by location from North to South.





	
Hydrochemical Ratios

	
Sampling Points




	
P7

	
P6

	
P8

	
P5

	
P9

	
P4

	
P1

	
P2

	
P3






	
rHCO3−/rCl−

	
39.41

	
31.44

	
37.98

	
0.73

	
4.87

	
0.44

	
0.39

	
0.39

	
0.39




	
rNa+/rCl−

	
0.79

	
4.07

	
2.86

	
2.05

	
5.63

	
1.30

	
1.44

	
1.43

	
1.48




	
rCa2+/rMg2+

	
1.3

	
1.4

	
1.0

	
2.6

	
2.9

	
2.8

	
3.1

	
3.2

	
3.3




	
rCa2+/(rCa2+ +r SO42−)

	
0.82

	
0.73

	
0.96

	
0.38

	
0.43

	
0.41

	
0.39

	
0.38

	
0.39




	
rNa+/(rNa+ + rCl−)

	
0.44

	
0.80

	
0.74

	
0.67

	
0.85

	
0.57

	
0.59

	
0.59

	
0.60
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Table 5. KMO test of sampling adequacy and Bartlett’s test of sphericity.






Table 5. KMO test of sampling adequacy and Bartlett’s test of sphericity.





	
Kaiser-Meyer-Olkin Measure of Sampling Adequacy

	
0.694






	
Bartlett’s Test of Sphericity

	
Approx. Chi-Square

	
132.085




	
Degrees of freedom

	
21




	
Sig. level

	
0.000
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