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Abstract

:

Human activities and natural factors determine the hydrogeochemical characteristics of karst groundwaters and their use as drinking water. This study assesses the hydrogeochemical characteristics of 14 karst water sources in the Apuseni Mountains (NW Romania) and their potential use as drinking water sources. As shown by the Durov and by the Piper diagrams, the chemical composition of the waters is typical of karst waters as it is dominated by HCO3− and Ca2+, having a circumneutral to alkaline pH and total dissolved solids ranging between 131 and 1092 mg L−1. The relation between the major ions revealed that dissolution is the main process contributing to the water chemistry. Limestone and dolostone are the main Ca and Mg sources, while halite is the main Na and Cl source. The Gibbs diagram confirmed the rock dominance of the water chemistry. The groundwater quality index (GWQI) showed that the waters are of excellent quality, except for two waters that displayed medium and good quality status. The quality of the studied karst waters is influenced by the geological characteristics, mainly by the water–rock interaction and, to a more limited extent, by anthropogenic activities. The investigated karst waters could be exploited as drinking water resources in the study area. The results of the present study highlight the importance of karst waters in the context of good-quality water shortage but also the vulnerability of this resource to anthropogenic influences.
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1. Introduction


Mountain regions worldwide supply fresh water to the population from the downstream areas and they can also deliver significant runoff to lowland agriculture, which is highly dependent on these resources [1]. Mountain aquifers, particularly the ones formed in karstified carbonate rocks (limestone, dolomite), collect the infiltrated rainfall, preserving valuable water supplies. However, the karst aquifers are the most vulnerable to anthropic activities and more easily influenced by natural elements (e.g., different types of rocks or geological settings).



According to the World Karst Aquifer Map (WOKAM), potentially accessible karst aquifers cover 15.2% of the global land surface, of which 9.4% are covered by continuous carbonate rocks and 5.8% by discontinuous carbonate rocks [1]. In Europe, karsts cover 21.8% of the territory. The global topographic distribution of the carbonate rocks is as follows: 31.1% in plains, 28.1% in hills and 40.8% in mountains [1,2]. In an effort to provide a global perspective, the World Karst Spring hydrograph (WoKaS) database collects research observations related to over 400 springs, consisting of location identification, discharge observations and technical validation and quality assessment of datasets [3]. However, karst springs from the present study are not included in this database.



In Romania, approximately 2.3% of the territory is covered by karst (predominantly carbonate rocks) [1]. Although a rather small surface area is occupied by limestones, dolomites and marbles [4], the karst aquifers are critical for the inhabitants, in some cases being the only source of drinking water. The Apuseni Mountains, belonging to the Western Romanian Carpathians, cover ~10.750 km2, of which 1132 km2 are carbonated rocks. The average altitude is 700 m, Curcubata Mare being the highest peak (1849 m) [5]. The landscape is dominated by a unique karst environment, due to its extent and its landscape diversity, whose key characteristic consists of a complex underground hydrological network. In the Apuseni Mountains, there is a considerable number of caves, including the Vantului Cave (~50 km), the longest in Romania, and Varasoaia (653 m depth), the deepest in Romania. The most important rivers that spring from the Apuseni Mountains are Cris, Aries and Somesul Mic, the hydrographic network development being strongly linked with three major basins: Somesul Mic, Crisurile (Alb, Negru, Repede) and Mures [6]. The specific average flow rate ranges between 20 and 40 L/s km2 in the western area and 10–20 L/s km2 in the eastern part of the mountains, these differences being correlated with the amount of precipitation. Moreover, the water resources vary significantly due to the petrographic context, some of the areas being defined by their impermeability, while others are represented by a rapid drainage in the karst environment [6]. Depending on the karst network’s development, extent and structural proprieties (e.g., fracture pattern), the supply of groundwater in karst varies considerably. The flow system is interrelated by joints, conduits and cavities, which influence its ability to deposit and transport water from the surface to the springs [7]. Due to the high heterogeneity of the aquifer and to the rapid flow velocities of water in a karst environment, pollutants can easily reach the groundwater and alter its quality [8].



Natural factors (e.g., rock matrix) and human activities (e.g., agriculture, cattle farming, household activities leading to waste dumping into the environment) determine the groundwater quality and its possible uses. Excessive water abstraction, agriculture, animal husbandry and unsustainable household practices are the main stressors of the groundwater flows [9]. Overall, the chemical profile of groundwater is regulated by the water–rock interaction, ion exchange, weathering, geological structure, rock type, flow trajectory, residence time, agriculture, industry and urbanization [1,9,10]. Major chemical characteristics of the karst groundwater include the pH, total hardness, total dissolved solids, cations (K, Na, Ca, Mg) and anions (HCO3−, F−, Cl−, NO3−, SO42−).



The aim of the present study was to provide data regarding the hydrogeochemical characteristics of karst water sources from the Apuseni Mountains, Romania, as well as to assess their quality based on the groundwater quality index (GWQI) and their suitability as drinking water sources, based on comparisons against the water quality guidelines.




2. Materials and Methods


2.1. Study Area and Sampling


The Apuseni Mountains are known for their petrographic mosaic and complex structure. The northern part is composed by basement tectonic units represented by metamorphic rocks (Early Proterozoic) with associated granites (Late Cambrian to Early Permian) and volcanic and sedimentary cover (Permo-Mesozoic), while the southern part includes ophiolites (Middle Jurassic), volcanic rocks (Late Jurassic) and sedimentary deposits (Late Jurassic to Late Cretaceous) [11].



The complex setting of the lithological and tectonic structure of the Apuseni Mountains defines the multiple ways in which groundwater recharges, flows and discharges. Groundwater can be stored in local or discontinuous aquifers, located in porous formations, limestones or fractured rocks. Most of the sources belong to aquifers in limestones, sandstones and conglomerates, while GWR23 and GWR24 are at the contact between crystalline schists and crystalline limestones (Figure 1a).



Besides the lithological features, the climate plays a key role in the groundwater recharge process, one of the main components being precipitation. In the Apuseni Mountains, the climate is continental moderate with western influences [6] and, according to the Köppen–Geiger climate classification, two types of climate can be identified: temperate, at low altitudes, and continental/cold (without dry season but with warm summers), at high altitudes [12,13]. The precipitation ranges between 1050 mm (at high altitudes in the northern part of the area) and 570 mm (at low altitudes in the southern part of the Apuseni Mountains). With the exception of GWR13, which is located at a higher altitude, having a higher level of precipitation (773 mm), and GWR20, with a low mean annual precipitation (585 mm), the other sources are located at a lower altitude and have an annual precipitation mean of around 640 mm (Figure 1b).



Karst water samples were collected seasonally (from October 2019 to August 2020) from 14 water sources situated in the Apuseni Mountains (North-Western Romania) (Table 1).



The land cover in the Apuseni Mountains is associated mostly with natural areas, especial with broad-leaved forests, non-irrigated arable land and pastures (Figure 1c). Despite the extended natural areas in the Apuseni Mountains and the decline in the population, the agricultural practices and industrial activities can play an important role in the degradation of both surface and groundwater quality. The most important anthropogenic activities with a possible impact on water quality are related to household activities, agriculture (e.g., intensive farming, deforestation, waste management), limestone exploitation, present or historical polymetallic ores mining and processing. The deficient management of natural resources (soils, pastures, forests) also imposes pressure on the groundwater resources.




2.2. Analysis and Quality Assurance


The water samples were transferred in pre-cleaned polyethylene bottles, kept at 4 °C during transportation and analyzed within the next 24 h. The pH and electrical conductivity (EC) were measured in situ using a Hanna HI 9829 Multiparameter (Hanna, Woonsocket, RI, USA) [17]. Total alkalinity (TA) and bicarbonates (HCO3−) were determined by titration with 0.1 N HCl in the presence of bromocresol green indicator [17]. Total nitrogen (TN) was determined by catalytic combustion and chemiluminiscence detection using a Multi N/C 2100 Analyzer (Analytik Jena, Jena, Germany). Total dissolved solids (TDS) were determined by gravimetric method [17]. Ammonium (NH4+) was determined by the salicylate–hypochlorite method, using a Spectrum BX II UV-Vis Spectrophotometer (Perkin Elmer, Waltham, Massachusetts, US) [17]. For the anions, cations and trace metals determination, the water samples were filtered through 0.45-μm cellulose acetate membrane filters. The anions (NO3−, F−, Cl−, SO42−) were measured by ion chromatography, using a 761 IC compact ion chromatograph (Metrohm, Herisau, Switzerland), equipped with a Metrosep 5–100/4 column and a Metrosep A Supp 4/5-mm guard column [17]. Major cations (Ca, K, Mg, Na) were measured after acidulation with 65% HNO3 to a pH < 2, by inductively coupled plasma optical emission spectrometry (ICP-OES), using a 5300 Optima DV spectrometer (Perkin Elmer, Shelton, CT, United States) [17]. Trace metals and metalloids (Ba, Sr, Fe, Cd, Cr, Co, Cu, Ni, Mn, Zn, Pb and As) were determined by inductively coupled plasma–mass spectrometry (ICP-MS) after acidulation with 65% HNO3 to a pH < 2, using an ELAN DRC II spectrometer (Perkin Elmer, Waltham, MA, United States) [17]. Total hardness (TH) was computed as equivalent CaCO3, based on Ca and Mg concentrations [17].



Calibration standards, procedural blank measurements and duplicate samples were used for the quality assurance of results. The measurement accuracy was tested using the 1643e NIST (National Institute of Standards and Technology, Gaithersburg, MD, USA) Water certified reference material for metals and IC1 Multi-Element standard (Certipur Merck, Darmstadt, Germany) for anions. The mean recoveries were 94–105% for metals and 89–102% for anions.



All reagents were of analytical grade and were used as received without any further purification. Ultrapure water from a Millipore system (Molsheim, France) was used for all dilutions and for the preparation of the standard solutions.




2.3. GWQI


The groundwater quality index (GWQI) is a useful tool to establish water quality and indicates the overall impact of chemical composition on the water quality [18,19]. Initially, the water quality index (WQI) was developed by the National Sanitation Foundation as a standard index for water quality assessment and also as a technique of rating water quality [20]. The use of WQI for groundwater quality assessment was presented in several studies [21,22,23]. The GWQI, as a standard index in groundwater quality assessment, was defined by Ribeiro et al. [24]. The GWQI calculation consists in the selection of the groundwater-specific parameters, the establishment of a relationship between the expected values and the dimensionless subindex values and the aggregation of the resulting values into a sum type index [25]. In this study, the GWQI was calculated based on the methodology presented by Adimalla et al. and consisted of the following steps: (a) assignment of weights (wi) for each parameter based on their importance for groundwater quality (Table 2); (b) calculation of the relative weight (Wi) using Equation (1); (c) establishment of the quality rating (qi) according to Equation (2); (d) calculation of the subindex for each indicator (SIi) according to Equation (3); (e) aggregation of SIi into the GWQI according to Equation (4) [18].


   W i  =    w i     ∑  i = 1  n   w i     
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where wi is the weight of each parameter, Wi is the relative weight, qi represents the quality rating for each parameter, Ci and Si represent the concentration and the guideline value according to the drinking water quality guidelines established by the World Health Organization (WHO) and by the Directive 98/83/EC [26,27], SIi represents the subindex of the ith parameter [18,19].




2.4. Water Typology and Multivariate Statistics


The water typology was assessed using the Piper and Durov diagrams. Both diagrams allow the visualization of the relative abundance of common ions in the water samples and assume that the sum of anions is equal to the sum of cations and thus the relative concentrations of ions are given in percentage basis. The Piper diagram offers information on the relationship between the water composition and rock types, while the Durov diagram reveals the geochemical processes that affect the groundwater [28]. The Piper diagram is a ternary plot representing the major anions (Cl−, CO32− +HCO3−, SO42−) in the lower right corner, the major cations (Ca2+, Mg2+, Na+ +K+) in the lower left corner and a diamond plot in the middle. The diamond plot results from the projection of the data from the two triangles. Based on the positioning of the sample in the diamond, the hydrochemical facies can be identified [29]. The Piper diagram was drawn using GWChart [30]. The Durov diagram is a composite plot consisting of 2 ternary diagrams, one positioned on the left side representing the major cations (Ca2+, Mg2+, Na+ +K+), the other positioned on the top, representing the major anions (Cl−, CO32−, +HCO3− SO42−), and a central rectangular binary plot containing the projection of the 2 ternary plots. In addition, a pH plot is added to the bottom and a TDS (total dissolved solids) plot is added to the right side of the diagram [31,32]. The Durov diagram was drawn using the AqQa software (free versions).



The Gibbs diagram and the scatterplots showing the relationship between the major ions were represented using MS Excel.



Agglomerative hierarchical clustering (AHC) was used to identify the similarity of variable values in datasets for samples grouped according to their common behavioral patterns. Applied to water quality data, Q-mode cluster analysis can build clusters of distinct hydrochemical quality, while R-mode cluster analysis can detect associations among different variables (water quality parameters) and the factors influencing them (sources and processes) [33]. Clustering is performed sequentially from the most similar pair upwards, using normalized datasets (mean observations over a period) in order to classify similar sampling sites spread over the karst study area (spatial variability), and the results are presented in dendrograms [34]. The AHC was carried out on standardized data using the Ward method of aggregation and the squared Euclidian distance as a measure of similarity [35,36,37]. For the statistical processing of the data, XLStat (Addinsoft, Boston, MA, USA) was used.





3. Results and Discussion


3.1. Spatial Distribution of Groundwater Chemistry


The results of the physico-chemical analysis in the groundwater samples are indicated in Table 3 and Table 4. The studied waters were circumneutral to alkaline, with mean values of pH ranging between 6.43 and 8.20. The highest pH values were found in GWR12 and GWR18, localized in the western part of the studied area, while the lowest values were recorded in the southern part of the Apuseni Mountains for GWR23 and GWR24. In the case of GWR23, the mean value of pH was just below the guideline value set by the WHO and by the European Legislation [26,27]. Waters with low pH favor mineral dissolution and element leaching, while a high pH enhances the precipitation of the minerals, especially of calcite, in the case of karst waters [38,39,40,41].



The EC in all water sources was well below the recommended limit for drinking water (2500 μs cm−1). The highest EC values were measured in samples GWR23 and GWR24, where the pH was the lowest, suggesting a more intensive mineral dissolution than at the other sites. The lowest EC was determined for GWR12, GWR13, GWR18 and GWR22. A similar spatial variation pattern was noticed also for the TDS, with values ranging between 131 and 1092 mg L−1, the highest values being recorded in the southern region and the lowest in the middle region of the studied area. The spatial variation of the EC and TDS may reflect the wide variation in the anthropic activities and natural processes in the studied region, and also the dilution effects—due to the groundwater recharging from the Aries and Somesul Mic rivers [42,43,44,45].



The TA ranged from 2.30 mmol L−1 in the case of GWR18 to 23.9 mmol L−1 in the case of GWR23. In the northern and eastern areas, TA and HCO3− were relatively constant, with values ranging from 3.90 (GWR14) to 5.75 (GWR15) mmol L−1 and from 229 (GWR14) to 338 mg L−1 (GWR17), respectively, in the north, and from 4.73 mmol L−1 (GWR21) to 5.85 mmol L−1 (GWR20) and from 291 mg L−1 (GWR21) to 361 mg L−1 (GWR20), respectively, in the eastern region. The lowest values of TA and HCO3− content were recorded in the central part of the Apuseni Mountains for GWR12, GWR18, GWR13 and GWR22. In the southern region (GWR23, GWR24), the values of the TA and HCO3− content were the highest among all the studied water sources, the HCO3− content exceeding by far the guideline values, according to the WHO (500 mg L−1) [26]. The high values of the TA and HCO3− content observed at these sites may be attributed to the presence of carbonate minerals. The HCO3− and Ca were the dominant ions, representing together 70% (GWR20) to 96% (GWR16) of the total ions, which confirms that carbonate lithology was the dominant source of ionic species. The increased Na, Cl− and SO42− contents in the sample GWR20 could be attributed to halite dissolution and to silicate weathering, but also to the presence of anthropogenic pollution sources.



With the exception of GWR20, the order of dominant cations was Ca (62–96%) > Mg (0.1–6%) > Na (0.06–1.1%) > K (0.02–0.16%), confirming the limestone and dolostone lithology of the area. In the case of GWR20, the order was Ca (76%) > Na (1.6%) > Mg (1.1%) > K (0.1%), indicating the different lithology of the area and/or the presence of anthropic inputs. The order of the main anions was HCO3− (99–89%) > SO42− (2.2–8.8%) > NO3− (0.8–3.2%) > Cl− (0.6–1.4%) in the majority of samples. In the case of GWR22, the concentration of NO3- exceeded the Cl− and SO42− concentration, suggesting the existence of anthropogenic pollution, while in GWR20, the Cl− was higher than the SO42− and NO3−, confirming the presence of halite mineral dissolution.



The highest NO3− concentration was found in GWR22, while the highest SO42− concentration was found in GWR20. The presence of SO42− may be related to the dissolution of sulfate minerals and to the input of fertilizers and urban waste, while the presence of NO3− is due to the infiltration of NO3− fertilizers, septic tanks and household sew in the aquifer [46]. Among the karst waters, Cl− concentrations showed very strong variation, from 0.758 mg L−1 in the case of GWR18 to 91.0 mg L−1 in the case of GWR20. The lowest spatial variation was outlined by F− concentration, with the highest value in the case of GWR23 (0.840 mg L−1) and the lowest in GWR13 (0.073 mg L−1).



The major cations’ abundance in the water samples decreased as follows: Ca > Na > Mg > K. The Ca and Mg concentrations followed the spatial trend of the EC and TDS, with the highest values in the waters from the southern area—GWR23 (348 mg L−1 Ca, 58.5 mg L−1 Mg) and GWR24 (273 mg L−1 Ca, 49.0 mg L−1 Mg). In addition, the lowest Ca concentrations were determined in the water sources located in the central and western parts of the studied area—GWR12, GWR18, GWR13 and GWR22. Mg, on the other hand, had the lowest values in the northern part of the Apuseni Mountains, the lowest Mg concentrations being measured in GWR16. In addition, a slight increase in Mg and K could be noticed in the eastern region of the studied area. K showed slight variation, from 0.540 mg L−1 in GWR22 to 5.11 mg L−1, in the case of GWR23. While the lowest concentrations of Na were noticed in the upstream and central areas (GWR17—GWR22), in the southern region, the Na concentrations ranged from 5.78 mg L−1 (GWR25) to 28.2 mg L−1 (GWR20). Even so, all the observed values of Na concentrations were within the acceptable WHO/Directive 98/83/EC [26,27] limits.



Based on the TH values, GWR17, GWR15, GWR16, GWR14, GWR19, GWR21, GWR22, GWR20, GWR25, GWR23 and GWR24 were classified as very hard waters (TH > 181), GWR12 and GWR13 as hard waters (121 < TH < 180) and GWR18 as moderately hard water (61 < TH < 120) [47]. Only the centrally located water sources were included in the moderate/hard TH classes, while the highest values were obtained in the case of GWR23 and GWR24, due to the high concentrations of Ca and Mg. The long-term use of waters with high TH may lead to renal lithiasis, while low concentrations of Ca and Mg could favor disorders of the skeletal system [14,47,48].



The NH4+ concentration was below the guideline values for drinking waters set by the WHO and by the Directive 98/83/EC [26,27] in all the samples. The NH4+ concentration ranged from 0.067 (GWR24) to 0.495 mg L−1 (GWR22), and the concentration of TN ranged from <0.700 (GWR12, GWR18, GWR23, GWR24) to 2.49 mg L−1 (GWR15).



The concentrations of the trace elements (Ba, Cd, Cr, Cu, Ni, Pb and As) in the karst water were below the WHO and Directive 98/83/EC acceptable guidelines values for drinking purposes. Ba concentration ranged from 6.14 mg L−1 to 679 mg L−1. The lowest value was attributed to GWR22, while the highest values to GWR23 and GWR24. Even so, regarding the Ba concentration, all the tested karst waters were within the acceptable limits indicated by the WHO Guideline for Drinking Water and by the Directive 98/83/EC [26,27]. The highest Sr concentrations were determined in GWR23, GWR20 and GWR24, while the rest of the samples did not present strong variation among sites.



The high concentrations of Sr in GWR23, GWR24 and GWR20 is a consequence of the Sr and Ca association in groundwaters (as they present chemical similarities) and of the interactions with salted water [49]. In the case of Fe, three out of fourteen karst waters exceeded the guideline values established by the WHO and by the Directive 98/83/EC—GWR16, GWR23 and GWR24. In the case of GWR3, Fe was the only element that could negatively influence the karst water’s good quality. The range of Cr concentration was lower than the permissible level (50 µg L−1) established by the WHO and by the Directive 98/83/EC [26,27], presenting slightly higher values for GWR14, GWR19 and GWR12. The concentrations of Co were situated below 2.0 µg L−1 in all the studied samples; the highest values were established in the central area of the Apuseni Mountains (GWR13). Cu concentrations were below the guideline values established by the WHO and by the Directive 98/83/EC [26,27] and no significant spatial variation among sites was noticed. The concentration of Ni was influenced by the soil type, pH level and aquifer depth [50]. In this study, almost all waters had Ni concentrations much lower than the guideline value established by the WHO for drinking water purposes, except for GWR23 and GWR24, which had Ni concentrations close to the guideline established by the Directive 98/83/EC [27]. The Mn concentration in GWR23 was higher than the guideline value established by the Directive 98/83/EC [27], but smaller than the guideline value established by the WHO. Except for the southern-located water sources (GWR23, GWR24), in the studied area, no significant variation in Mn concentrations (2.21–7.81 µg L−1) was noticed. Although the highest values of Zn concentrations were obtained in the case of GWR17, GWR15, GWR19, GWR25 and GWR12, all these water sources being located at the territorial limit of the studied area, no significant differences were recorded in the Zn distribution among the water sources. The Pb concentrations met the guideline values set by the Directive 98/83/EC in all tested karst waters, slightly higher values being identified in the water sources located in the central region, while As had a value equal to the guideline value in the case of GWR22. Despite this, As had acceptable concentrations in all the studied water samples, with very minor variations among sites.




3.2. Groundwater Quality Index (GWQI)


To determine the karst water’s suitability for drinking purposes, based on the GWQI (Table 5), the quality of groundwater was divided into five classes ranging from good quality to extremely poor quality. The GWQI < 50 indicates excellent quality, while 50 < GWQI < 100 suggests good quality, 100 < GWQI < 150 indicates medium quality, 150 < GWQI < 200 indicates poor quality, and GWQI >200 indicates extremely poor quality [51,52]. However, this GWQI does not consider the microbiologic load in the GWQI calculation. The GWQI ranged from 27.1 to 107, with a mean value of 40.0 and a standard deviation of 24.9, indicating that the quality of karst waters from the Apuseni Mountains in the study area ranged between medium and excellent. Some concerns could appear due to the high concentrations of TDS, HCO3−, F−, Ca, Fe and Mn in GWR23 and GWR24. For the southern region, the GWQI was between 86.8 and 106, indicating only good or medium groundwater quality, most probably due to rock dissolution processes. Generally, aquifers with GWQI < 100 are appropriate for domestic use (drinking, cooking, animal husbandry), while those with GWQI > 100 may cause severe risks to human health, potentially leading to the failure of multiple organs [53].



In Dobrogea, another important karst area in Romania, Moldovan et al. reported excellent to good water quality and, for a couple of sources, the presence of possible health risk due to the high content of NO3−, Cd and Cr [47]. Nitrate pollution is one of the most important causes of groundwater pollution, being the main reason for poor groundwater quality in a karst region in Central America [54], while TDS is reported to be the reason for the poor quality of a groundwater in Tefenni, Turkey [55]. Water with low quality is mainly characterized by high values of NO3−, Cl−, SO42−, Ca, Mg and Na, due to natural interactions such as weathering of rocks and evaporation processes, or to anthropogenic influences, especially pollution with organic materials subject to underground nitrification processes. Seasonal variation in water quality might be an issue in the future and continuous monitoring may be a suitable method to identify the main processes and the origin of the contaminants affecting the groundwater quality and recharge of the aquifer [55,56].




3.3. Hydrogeochemical Facies


Generally, the Durov diagram indicates the main hydrochemical processes involved in the water chemistry: ion exchange, reverse ion exchange, simple dissolution and mixing [32]. For the studied karst waters, the Durov diagram (Figure 2a) shows that the majority of waters are alkaline with TDS, confirming the influence of limestone lithology on the water composition. The GWR20, GWR23 and GWR24 are circumneutral with a high TDS. For all samples, the main process that defines the water chemistry is the dissolution, along with the water recharge in limestone and, to a lesser extent, in dolostone. The Piper diagram (Figure 2b) showed that the sum of alkaline earth elements (Ca + Mg) is higher than the sum of alkali elements (Na + K). Similarly, the sum of weak acid radicals (HCO3− + CO3−) is higher than the sum of strong acid radicals (SO4− + Cl−). All the studied karst water samples have similar Ca-Mg-HCO3− type hydrogeochemical facies, confirming that all studied springs discharge from a carbonate-type aquifer.




3.4. Main Hydrochemical Processes


The interaction of water with minerals plays a significant role in controlling the chemistry of groundwaters. The major ion chemistry indicates the type of water–rock interactions: dissolution, weathering or ion exchange [57,58]. To establish the possible interaction between karst and water and to reveal the possible origin of the solutes in groundwater, the major ion relationship (Figure 3) and the Gibbs diagram (Figure 4) were plotted. The plotted ratios of the dominant ions in the karst waters did not show any significant differences between the sampling seasons.



The relation between Na and Cl− may indicate (i) halite dissolution if the Na/Cl− ratio is approximately 1; (ii) silicate weathering or cation exchange if the Na/Cl− ratio > 1, and (iii) an anthropogenic input if the Na/Cl− < 1 [8,58]. Figure 3a showed that most of the studied karst waters were along the 1:1 line or above, indicating that halite dissolution and silicate weathering were the most important sources of Na. The ratio between Ca + Mg and HCO3− + SO42− around the 1:1 relation line (Figure 3b) showed that carbonates and dolomite dissolution were the main Ca and Mg sources in all samples except for GWR23 and GWR24. As shown in Figure 3c, there were no water samples plotted around the 1:1 line, suggesting that the dissolution of silicates was not the main source of cations [8,58]. As the plotted ratio of Na/ Cl−-SO42− lay around the 1:1 line (Figure 3d), these ions derive most probably from the dissolution of sodium sulphate and halite [8,58]. Since Ca concentration was much higher than SO42− (Figure 3e), the weathering of gypsum was not the main source of Ca and SO42− [8].



The Gibbs [59,60,61] diagram is another tool for assessing the hydrogeochemical evolution of karst and for identifying the predominant processes of groundwater chemistry. Initially, the diagrams were developed to explain the main processes governing the surface water chemistry: atmospheric precipitation, rock–water interaction and evaporation. Later, the Gibbs diagrams were used also for groundwater chemistry [62,63]. Barica [63] highlighted the low importance of evaporation in groundwater chemistry, while Marandi proposed a simplification of the Gibbs diagram, where the rock dominance has higher importance than the other factors [64].



With high values of TDS and low values of Na/Na + Ca or Cl−/Cl− + HCO3−, the Gibbs diagram (Figure 4) indicated that all the samples fell in the central region, suggesting that rock weathering was the main hydrochemical process influencing the chemical composition of the waters, in all the analyzed seasons.




3.5. Cluster Analysis


Based on the similarity in chemical characteristics, the studied karst waters were classified into three clusters (Figure 5). The first group, C1, comprises the samples located in the western–central region of the studied area. These samples correspond to karst sources with low ecological risk, having excellent quality, low EC and low carbonate content. The water samples grouped in C1 originate from local or discontinuous aquifers based on limestone/sandstone/dolomite geological beds. Cluster C2 groups the water samples with the lowest quality, GWR23 and GWR24, characterized by an average pH below 7 and high EC and carbonate contents. GWR23 and GWR24 are situated at the interface of crystalline schists, limestones and dolomites in metamorphic formations.



Group C3 includes karst waters with average TA, TH, HCO3− content and an average concentration of metals, situated within or next to metamorphic formations of limestone and dolomites. According to the GWQI, the overall quality of the water samples grouped in C3 was excellent, but with higher GWQI values than the water samples from C1.





4. Conclusions


The geochemical characteristics of karst water sources from the Apuseni Mountains were investigated. The hydrogeochemical analysis of the study revealed that the majority of the studied indicators were lower than the guidelines established by the WHO and the Directive 98/83/EC, except for the HCO3−, Mn, Fe and As. The studied springs were free of contamination with heavy metals (Co, Cu, Cr, Ni, Zn and Pb) and of nitrogen compounds (total nitrogen, NO3− and NH4+), with the exception of the water sources located in the southern region of the study area. High levels of HCO3−, Ca, Mg and Fe were found in the case of GWR23 and GWR24, while the As concentration was higher than the allowable limit for drinking purposes, in the case of GWR22. Based on the GWQI classification, the majority of the samples fell under the excellent water category, proving their suitability for drinking purposes, except for GW23 and GW24, which were characterized as having only medium, respectively good quality. The GWQI ranged between 21.7 and 107. The Piper trilinear diagram showed that the groundwaters in the study area were classified as Ca-Mg-HCO3− type. According to the Gibbs diagram, the predominant samples fell under the rock–water interaction dominance, except for GWR23 and GWR24, suggesting that the chemistry of water sources in the southern region was governed by evaporation processes. This study is significant for the protection of karst water sources, presenting informative data, useful models and methods for groundwater quality evaluation. The chemical composition of karst waters is influenced by different factors and the specific characteristics of the region (climate, geology, hydrology, anthropogenic activities). To the best of our knowledge, the hydrogeochemical nature of the studied springs has been poorly investigated, specific data of groundwater quality not being included in the WOKAM. Therefore, the data obtained in the present study could be useful in comparing karst water resources in Romania with karst waters in different parts of the world.
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Figure 1. Sampling sites’ locations in the general groundwater map (a) (modified after Ghenea et al., 1981 [14]); Corinne Land Cover (b) (data from Copernicus Land Monitoring Service 2018, European Environment Agency [15]), and the mean annual precipitation (c) (modified after Fick et al., 2017 [16]) in the Apuseni Mountains. Legend for (a): 1. Gravels and sands; 2. Pyroclastic rocks; 3. Gravels, sands and clays (local or discontinuous aquifers in porous formations); 4. Limestones and marly limestones; 5. Limestones; 6. Limestones and dolomites (local aquifers in limestones); 7. Limestones, sandstones and conglomerates; 8. Calcareous sandstones and limestones; 9. Limestones, marly limestones, sandstones and conglomerates; 10. Limestones and sandstones; 11. Limestones, dolomites, sandstones and conglomerates; 12. Limestones and dolomites in metamorphic formations (local or discontinuous aquifers in fissured rocks); 13. Marls, clays, tuffs and sands; 14. Marls, clays, limestones, sands and conglomerates; 15. Igneous rocks (formations with possible deep aquifers); 16. Red clays and marls; 17. Marls and shales; 18. Shales, clays, sandstones and conglomerates; 19. Crystalline schists; 20. Igneous rocks (formations without groundwater); 21. Faults; 22. Overthrust; 23. Rivers; 24. Localities; 25. Altitude (m); 26. Lakes. 
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Figure 2. Durov (a) and Piper (b) diagrams describing the water facies of the studied karst waters. 
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Figure 3. Scatterplots showing the correlation between major cations/anions to discriminate the geochemical processes in the four seasons: (a) Na vs. Cl−, (b) (SO4 2− + HCO3−) vs. (Ca + Mg), (c) Na vs. HCO3−, (d) Na vs. Cl−−SO42−, (e) Ca vs. SO42−. 
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Figure 4. Gibbs diagram for the major ion composition of the studied karst water sources in the Apuseni Mountains: (a) Na/Na + Ca vs. TDS plot; (b) Cl−/Cl− + HCO3− vs. TDS plot. 
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Figure 5. Dendrograms classifying the groundwater samples based on the chemical composition. 
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Table 1. The studied karst water sources in the Apuseni Mountains with details on their geographic localization, flow rate in different seasons and the estimated number of people that use the water.
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Site

	
Name

	
Coordinates

	
Altitude

(m.a.s.l.)

	
Territorial

Administrative Unit

	
Population Using the Water

	
Flow Rate (L min−1)




	
Autumn

	
Winter

	
Spring

	
Summer






	
GWR12

	
Ferice

	
46°38’28.12” N

	
22°31’22.23” E

	
350

	
Buntesti

	
509

	
2

	
7.5

	
60

	
60




	
GWR13

	
Valea Politei

	
46°28’45.17” N

	
22°48’28.70” E

	
786

	
Garda de Sus

	
58

	
0

	
15

	
15

	
24




	
GWR14

	
Tarina

	
46°50’16.83” N

	
22°22’19.94” E

	
292

	
Rosia

	
400

	
5

	
2.7

	
6

	
10




	
GWR15

	
Josani

	
46°59’58.52” N

	
22°27’19.65” E

	
298

	
Magesti

	
297

	
24

	
10

	
30

	
50




	
GWR16

	
Albioara

	
46°51’12.41” N

	
22°23’15.00” E

	
460

	
Dobresti

	
601

	
7.5

	
6.6

	
15

	
15




	
GWR17

	
Pisnita

	
47° 1’18.92” N

	
22°22’33.02” E

	
258

	
Astileu

	
823

	
2.8

	
0

	
5

	
7




	
GWR18

	
Moneasa

	
46°27’54.26” N

	
22°15’38.55”E

	
330

	
Moneasa

	
636

	
300

	
300

	
600

	
150




	
GWR19

	
Borz

	
46°40’10.88” N

	
22°10’43.39” E

	
167

	
Soimi

	
196

	
6.8

	
6

	
7.5

	
7.5




	
GWR20

	
Livezile

	
46°20’51.63” N

	
23°38’23.28” E

	
334

	
Livezile

	
634

	
10

	
10

	
10

	
15




	
GWR21

	
Rimetea

	
46°27’13.19” N

	
23°34’ 2.92” E

	
532

	
Rametea

	
584

	
100

	
35

	
30

	
200




	
GWR22

	
Campeni

	
46°21’29.54” N

	
23° 1’35.73” E

	
563

	
Campeni

	
181

	
10

	
6.6

	
7.5

	
10




	
GWR23

	
Banpotoc

	
45°54’ 9.52” N

	
23° 0’15.91” E

	
228

	
Harau

	
465

	
60

	
80

	
40

	
28




	
GWR24

	
Rapoltel

	
45°52’48.88” N

	
23° 3’36.25” E

	
334

	
Rapoltu

	
242

	
100

	
60

	
90

	
100




	
GWR25

	
Craciunesti

	
46° 1’16.11” N

	
22°52’15.19” E

	
250

	
Baita

	
262

	
4

	
2.5

	
2

	
7.5
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Table 2. List of the groundwater quality parameters guideline value (Si), weight (wi) relative weight (Wi), used for the groundwater quality index (GWQI).
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	Parameter
	Unit
	Guideline Value

(Si) *
	Weight

(wi)
	Relative Weight

(Wi)





	Potential of hydrogen (pH)
	
	6.5–8.5
	3
	0.05



	Total dissolved solids (TDS)
	mg L−1
	1000
	5
	0.09



	Calcium (Ca)
	mg L−1
	75 *
	4
	0.07



	Magnesium (Mg)
	mg L−1
	30
	4
	0.07



	Sodium (Na)
	mg L−1
	200
	2
	0.04



	Potassium (K)
	mg L−1
	12
	2
	0.04



	Chloride (Cl−)
	mg L−1
	250
	4
	0.07



	Bicarbonate (HCO3−)
	mg L−1
	500
	5
	0.09



	Nitrate (NO3−)
	mg L−1
	50
	5
	0.09



	Sulfate (SO42−)
	mg L−1
	250
	3
	0.05



	Fluoride (F−)
	mg L−1
	1.5
	5
	0.09



	Arsenic (As)
	µg L−1
	10
	3
	0.05



	Manganese (Mn)
	µg L−1
	100
	3
	0.05



	Iron (Fe)
	µg L−1
	1000
	3
	0.05



	Lead (Pb)
	µg L−1
	10
	3
	0.05



	Nickel (Ni)
	µg L−1
	70
	3
	0.05



	
	
	
	   ∑  w i  = 57   
	  ∑  W i  = 1.00  .







* Si represents the guideline values according to WHO [26].
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Table 3. Range and mean values of pH, electrical conductivity (EC), total alkalinity (TA), HCO3−, total dissolved solids (TDS), total hardness (TH), total nitrogen (TN), NH4+, NO3−, F−, Cl− and SO42− in karst springs.
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Site

	

	
pH



	
EC

μS cm−1

	
TA

mmol L−1

	
HCO3−

mg L−1

	
TDS

mg L−1

	
TH

mg L−1

	
TN

mg L−1

	
NH4+

mg L−1

	
NO3−

mg L−1

	
F−

mg L−1

	
Cl−mg L−1

	
SO42−

mg L−1






	
GWR12

	
Range

	
7.80–8.20

	
193–328

	
2.40–3.80

	
146–215

	
120–242

	
120–196

	
<0.700

	
0.032–0.127

	
0.380–2.60

	
0.080–0.130

	
0.820–0.980

	
8.64–12.8




	
Mean

	
8.05

	
249

	
3.00

	
178

	
168

	
148

	
<0.700

	
0.086

	
1.60

	
0.103

	
0.888

	
10.0




	
GWR13

	
Range

	
7.20–8.10

	
213–318

	
2.80–4.00

	
171–268

	
170–205

	
145–198

	
<0.700–1.16

	
0.065–0.090

	
2.69–4.55

	
<0.050–0.100

	
1.48–1.80

	
3.58–4.35




	
Mean

	
7.77

	
281

	
3.43

	
218

	
190

	
172

	
0.920

	
0.077

	
3.59

	
0.073

	
1.67

	
4.00




	
GWR14

	
Range

	
7.00–8.00

	
232–404

	
2.90–4.50

	
159–256

	
185–274

	
167–210

	
1.50–2.90

	
0.041–0.780

	
6.48–10.5

	
0.060–0.120

	
2.02–5.40

	
3.10–6.28




	
Mean

	
7.70

	
340

	
3.90

	
229

	
236

	
192

	
2.14

	
0.263

	
7.96

	
0.075

	
3.29

	
4.38




	
GWR15

	
Range

	
7.10–7.80

	
329–567

	
4.00–6.60

	
244–378

	
250–350

	
203–351

	
2.10–3.04

	
0.079–0.600

	
9.00–11.3

	
0.070–0.130

	
2.29–2.70

	
7.25–8.14




	
Mean

	
7.40

	
487

	
5.75

	
336

	
310

	
297

	
2.49

	
0.219

	
10.1

	
0.088

	
2.50

	
7.55




	
GWR16

	
Range

	
7.20–8.00

	
267–421

	
3.60–4.80

	
220–305

	
200–352

	
193–227

	
<0.700–0.924

	
<0.026–0.230

	
1.28–3.50

	
0.060–0.120

	
1.12–1.22

	
5.30–6.14




	
Mean

	
7.63

	
370

	
4.45

	
275

	
262

	
227

	
0.781

	
0.099

	
2.47

	
0.080

	
1.19

	
5.67




	
GWR17

	
Range

	
7.10–7.70

	
370–570

	
4.40–6.10

	
268–372

	
260–355

	
250–349

	
0.940–1.10

	
<0.026–0.220

	
4.08–4.62

	
0.060–0.120

	
1.10–1.47

	
10.8–13.4




	
Mean

	
7.43

	
493

	
5.53

	
338

	
323

	
306

	
1.05

	
0.101

	
4.26

	
0.083

	
1.31

	
12.0




	
GWR18

	
Range

	
8.10–8.30

	
182–210

	
2.00–2.70

	
122–165

	
125–140

	
95.2–124

	
<0.700

	
<0.026–0.130

	
1.65–1.84

	
0.100–0.170

	
0.700–0.810

	
5.80–6.60




	
Mean

	
8.20

	
193

	
2.30

	
140

	
131

	
112

	
<0.700

	
0.078

	
1.74

	
0.118

	
0.758

	
6.07




	
GWR19

	
Range

	
7.50–7.70

	
400–505

	
4.40–5.50

	
268–354

	
240–320

	
214–301

	
1.55–2.10

	
0.029–0.225

	
6.32–6.90

	
0.080–0.130

	
2.60–2.87

	
5.75–6.21




	
Mean

	
7.60

	
452

	
5.13

	
317

	
280

	
260

	
1.71

	
0.225

	
6.67

	
0.098

	
2.73

	
5.97




	
GWR20

	
Range

	
7.00–7.50

	
759–915

	
4.60–6.40

	
281–397

	
475–630

	
353–467

	
1.01–2.60

	
<0.026–0.900

	
4.50–8.35

	
<0.050–0.180

	
88.0–93.0

	
34.0–37.0




	
Mean

	
7.23

	
838

	
5.85

	
361

	
560

	
397

	
1.50

	
0.279

	
5.62

	
0.143

	
91.0

	
35.5




	
GWR21

	
Range

	
7.60–7.70

	
318–471

	
3.60–5.20

	
220–323

	
195–320

	
187–288

	
1.20–1.40

	
<0.026–0.320

	
4.42–5.52

	
0.060–0.120

	
1.42–1.75

	
10.4–13.9




	
Mean

	
7.65

	
416

	
4.73

	
291

	
271

	
245

	
1.31

	
0.126

	
5.12

	
0.075

	
1.66

	
12.2




	
GWR22

	
Range

	
7.30–8.20

	
231–284

	
2.00–3.00

	
122–171

	
175–215

	
126–194

	
3.90–4.02

	
<0.026–1.40

	
13.3–18.2

	
0.090–0.140

	
5.26–6.23

	
7.87–8.36




	
Mean

	
7.85

	
257

	
2.53

	
151

	
197

	
155

	
4.02

	
0.425

	
16.4

	
0.110

	
5.79

	
8.11




	
GWR23

	
Range

	
6.20–6.90

	
959–1654

	
20.6–25.4

	
769–1549

	
560–1280

	
911–1299

	
<0.700

	
<0.026–0.250

	
<0.200–0.380

	
0.340–1.11

	
6.60–10.2

	
1.80–3.19




	
Mean

	
6.43

	
1654

	
23.9

	
1336

	
1092

	
1110

	
<0.700

	
0.101

	
0.305

	
0.840

	
7.91

	
2.31




	
GWR24

	
Range

	
6.50–7.30

	
1151–1640

	
13.8–20.8

	
842–1269

	
690–1052

	
736–1010

	
<0.700

	
<0.026–0.155

	
0.290–0.820

	
0.170–0.250

	
1.47–3.99

	
7.00–8.05




	
Mean

	
6.75

	
1445

	
17.9

	
1121

	
947

	
883

	
<0.700

	
0.067

	
0.503

	
0.213

	
2.68

	
7.35




	
GWR25

	
Range

	
7.80–8.00

	
355–469

	
3.60–5.30

	
220–323

	
235–315

	
207–296

	
0.830–0.910

	
<0.026–0.260

	
3.07–4.60

	
0.060–0.120

	
1.76–1.80

	
22.1–23.1




	
Mean

	
7.88

	
422

	
4.70

	
287

	
285

	
245

	
0.877

	
0.114

	
3.65

	
0.075

	
1.78

	
22.4




	
Si *

	
6.5–8.5

	
2500

	
NA

	
500

	
NA

	
NA

	
NA

	
NA

	
50

	
1.50

	
NA

	
250




	
DWS **

	
6.5–9.5

	
2500

	
NA

	
NA

	
NA

	
NA

	
NA

	
0.50

	
50

	
1.50

	
250

	
250








* Si represents the guideline values according to WHO [26]; ** DWS represents the drinking water standard according to the Directive 98/83/EC [27].
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Table 4. Range and mean values of major and trace elements in karst springs.
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Site

	

	
Ca

mg L−1

	
K

mg L−1

	
Mg

mg L−1

	
Na

mg L−1

	
Ba

µg L−1

	
Sr

µg L−1

	
Fe

µg L−1

	
Cr

µg L−1

	
Co

µg L−1

	
Cu

µg L−1

	
Ni

µg L−1

	
Mn

µg L−1

	
Zn

µg L−1

	
Pb

µg L−1

	
As

µg L−1






	
GWR12

	
Range

	
36.8–61.5

	
0.664–1.10

	
6.76–10.2

	
1.14–1.70

	
26.4–74.8

	
44.3–84.3

	
60.7–276

	
0.499–18.8

	
<0.210–1.82

	
1.99–5.14

	
2.36–23.2

	
2.64–15.9

	
2.38–26.4

	
0.914–3.84

	
<0.690–1.69




	
Mean

	
45.4

	
0.856

	
8.50

	
1.34

	
43.3

	
63.2

	
183

	
7.35

	
0.754

	
3.51

	
9.46

	
7.81

	
11.8

	
2.31

	
1.00




	
GWR13

	
Range

	
54.7–74.9

	
0.851–1.17

	
2.03–2.67

	
1.23–1.83

	
8.13–15.7

	
28.4–25.6

	
50.1–128

	
1.28–10.2

	
0.515–1.95

	
1.83–3.33

	
2.92–9.51

	
1.34–5.08

	
2.14–19.6

	
0.726–2.44

	
<0.690–1.44




	
Mean

	
64.7

	
0.990

	
2.43

	
1.50

	
11.2

	
22.2

	
79.0

	
6.21

	
1.01

	
2.52

	
7.10

	
3.59

	
10.9

	
1.67

	
0.940




	
GWR14

	
Range

	
64.7–80.5

	
0.708–2.24

	
1.27–2.10

	
2.10–4.00

	
10.3–20.0

	
34.9–38.9

	
33.3–201

	
1.02–21.3

	
<0.210–1.89

	
1.22–3.06

	
3.34–17.3

	
1.45–5.07

	
2.25–13.5

	
1.56–3.20

	
<0.690–0.914




	
Mean

	
74.1

	
1.19

	
1.63

	
2.73

	
13.7

	
36.8

	
110

	
9.82

	
0.813

	
2.50

	
10.4

	
3.42

	
8.63

	
2.14

	
0.746




	
GWR15

	
Range

	
78.2–137

	
0.596–0.800

	
1.76–2.20

	
1.84–2.40

	
12.9–22.8

	
49.9–58.8

	
44.4–267

	
2.48–5.91

	
0.210–1.94

	
2.36–5.46

	
5.55–29.5

	
2.12–4.05

	
4.68–18.6

	
1.27–1.82

	
<0.690–0.755




	
Mean

	
115

	
0.705

	
2.01

	
2.12

	
17.0

	
53.2

	
127

	
3.66

	
0.941

	
3.44

	
12.8

	
3.36

	
12.4

	
1.48

	
0.706




	
GWR16

	
Range

	
75.3–102

	
0.445–0.816

	
1.11–1.90

	
1.00–1.60

	
8.50–18.6

	
19.7–23.0

	
25.9–799

	
0.87–4.16

	
<0.210–1.84

	
1.66–236

	
3.32–14.1

	
1.07–2.71

	
2.41–12.8

	
1.35–3.04

	
<0.690–0.763




	
Mean

	
88.5

	
0.591

	
1.38

	
1.27

	
13.1

	
21.6

	
243

	
2.63

	
0.725

	
2.01

	
7.06

	
2.22

	
8.74

	
2.02

	
0.708




	
GWR17

	
Range

	
97.1–136

	
1.14–2.00

	
1.70–2.20

	
1.16–1.60

	
9.84–20.8

	
44.3–51.9

	
40.1–196

	
1.02–8.59

	
0.210–0.640

	
1.51–2.70

	
4.69–22.7

	
0.751–3.12

	
7.55–28.6

	
0.506–1.94

	
<0.690–0.722




	
Mean

	
119

	
1.58

	
1.96

	
1.36

	
15.9

	
47.9

	
109

	
4.30

	
0.419

	
2.03

	
11.4

	
2.30

	
16.1

	
1.31

	
0.701




	
GWR18

	
Range

	
26.0–33.2

	
1.18–2.27

	
7.18–10.9

	
0.941–1.30

	
57.4–124

	
99.1–128

	
32.0–269

	
1.29–7.66

	
<0.210–1.89

	
1.61–3.75

	
2.36–10.3

	
0.850–4.02

	
8.94–12.0

	
1.03–4.24

	
<0.690–2.52




	
Mean

	
29.0

	
1.69

	
9.67

	
1.14

	
90.1

	
110

	
111

	
4.26

	
0.767

	
2.80

	
5.96

	
2.21

	
10.7

	
2.03

	
1.33




	
GWR19

	
Range

	
52.0–80.7

	
0.825–1.67

	
20.5–24.5

	
1.85–2.90

	
13.3–25.5

	
55.8–64.6

	
46.0–323

	
0.541–15.0

	
<0.21–1.97

	
1.64–2.89

	
2.83–12.6

	
0.940–5.59

	
1.58–23.5

	
<0.20–3.08

	
<0.690–1.31




	
Mean

	
66.3

	
1.18

	
22.9

	
2.18

	
17.9

	
60.0

	
148

	
8.01

	
0.817

	
2.16

	
9.16

	
3.19

	
14.6

	
1.44

	
0.845




	
GWR20

	
Range

	
124–167

	
1.80–3.39

	
9.59–12.2

	
22.7–34.1

	
18.0–32.8

	
410–485

	
25.5–229

	
0.754–12.6

	
<0.210–1.92

	
1.21–2.63

	
4.55–13.6

	
1.56–9.71

	
4.13–19.9

	
0.723–1.24

	
<0.690




	
Mean

	
141

	
2.50

	
10.9

	
28.2

	
26.1

	
451

	
126

	
4.61

	
0.741

	
1.90

	
7.62

	
3.95

	
9.06

	
0.961

	
<0.690




	
GWR21

	
Range

	
64.0–91.9

	
0.573–2.02

	
6.64–14.3

	
1.60–4.10

	
7.25–15.8

	
64.1–71.3

	
36.0–275

	
2.37–4.30

	
<0.210–1.90

	
1.32–3.25

	
3.49–17.1

	
1.31–4.45

	
5.62–22.1

	
0.645–1.40

	
<0.690–1.25




	
Mean

	
80.0

	
1.07

	
11.1

	
2.49

	
10.4

	
67.4

	
112

	
3.62

	
0.714

	
2.30

	
9.44

	
2.52

	
11.1

	
1.09

	
0.967




	
GWR22

	
Range

	
43.9–65.0

	
0.341–0.705

	
4.08–7.60

	
1.88–2.80

	
4.75–9.18

	
97.5–43.0

	
48.1–458

	
1.00–6.86

	
<0.210–1.84

	
1.45–2.71

	
2.92–9.04

	
1.81–3.83

	
5.78–18.4

	
1.11–2.54

	
7.97–12.7




	
Mean

	
53.0

	
0.540

	
5.53

	
2.26

	
6.14

	
39.7

	
160

	
3.69

	
0.720

	
2.04

	
5.49

	
3.02

	
11.1

	
1.84

	
10.2




	
GWR23

	
Range

	
264–416

	
4.09–7.57

	
53.2–62.9

	
16.1–32.8

	
593–798

	
359–525

	
63.7–614

	
0.690–2.63

	
<0.210–1.69

	
0.985–3.71

	
7.13–21.1

	
35.0–134

	
4.57–19.7

	
<0.210–2.18

	
<0.690–2.20




	
Mean

	
348

	
5.11

	
58.5

	
21.4

	
679

	
478

	
309

	
1.86

	
0.776

	
2.38

	
13.8

	
87.5

	
11.7

	
1.03

	
1.07




	
GWR24

	
Range

	
215–317

	
1.64–3.17

	
44.6–53.4

	
5.75–11.0

	
105–139

	
231–321

	
120–612

	
2.24–6.51

	
<0.210–1.63

	
1.18–3.99

	
10.4–19.0

	
15.1–49.3

	
1.67–21.7

	
<0.210–3.36

	
<0.690–5.54




	
Mean

	
273

	
2.15

	
49.0

	
7.30

	
123

	
296

	
325

	
3.64

	
0.778

	
1.96

	
14.1

	
30.3

	
10.6

	
1.56

	
2.00




	
GWR25

	
Range

	
77.0–104

	
0.295–0.764

	
3.61–9.20

	
4.31–7.70

	
10.3–18.2

	
75.3–94.0

	
31.2–303

	
1.05–7.28

	
<0.210–1.16

	
1.89–4.50

	
4.13–24.8

	
1.48–12.5

	
2.09–20.1

	
<0.210–2.64

	
<0.690–2.04




	
Mean

	
88.8

	
0.569

	
5.67

	
5.78

	
14.9

	
86.1

	
137

	
3.91

	
0.550

	
2.79

	
9.93

	
4.61

	
12.0

	
1.61

	
1.03




	
Si *

	
NA

	
NA

	
NA

	
200

	
1300

	
NA

	
200

	
50

	
NA

	
2000

	
70

	
100

	
NA

	
10

	
10




	
DWS **

	
NA

	
NA

	
NA

	
NA

	
NA

	
NA

	
200

	
50

	
NA

	
2000

	
20

	
50

	
NA

	
10

	
10








* Si represents the guideline values according to WHO [26]; ** DWS represents the drinking water standard according to the Directive 98/83/EC [27].
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Table 5. Groundwater quality index (GWQI) of the studied karst waters.
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	Site
	GWQI Value
	Water Quality *





	GWR12
	25.9
	Excellent



	GWR13
	23.8
	Excellent



	GWR14
	27.1
	Excellent



	GWR15
	33.9
	Excellent



	GWR16
	31.3
	Excellent



	GWR17
	33.0
	Excellent



	GWR18
	21.7
	Excellent



	GWR19
	33.7
	Excellent



	GWR20
	44.0
	Excellent



	GWR21
	30.3
	Excellent



	GWR22
	31.5
	Excellent



	GWR23
	107
	Medium



	GWR24
	86.8
	Good



	GWR25
	31.0
	Excellent



	Mean
	40.0
	-



	STDV
	24.9
	-







* Excellent (GWQI < 50), good (50 < GWQI < 100), medium (100 < GWQI < 150), poor (150 < GWQI < 200), extremely poor (GWQI >200) quality [18].
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