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Abstract 

In this study, hydrogeochemistry, the origin of the water resources, and geothermometry were 

investigated in the study area. Water resources at 43 points included 22 qanats, 3 wells, 12 cold springs, 
2 thermal springs and 4 rivers. Based on the results, there were four dominant water types in the study 

area: Na-SO4, Na-HCO3, Na-Cl and Ca-HCO3 in the study area. The electrical conductivity (EC) in 

the groundwater varied between 1643 and 133 µS/cm. Most water samples were supersaturated with 
respect to calcite and dolomite, while all samples were undersaturated with respect to gypsum and halite. 

According to ion ratios, calcium can also be derived from sources such as calcite, gypsum, dolomite, 

and silicates. The thermal springs in the area exhibited a different chemical composition compared to 

other water samples and had the highest EC and sulfate concentration. According to stable isotopes 
(δ18O and δ2H), the source of cold-water springs and qanat was related to rainfall in the study area and 

re-evaporation has likely occurred in the precipitation. Additionally, the source of the thermal springs 

was probably related to the precipitation, and the possibility of mixing magmatic water with 
groundwater for the generation of thermal springs in the study area is low. Based on the geo-

thermometry of the CCG method in hot springs, the thermal reservoir temperature was estimated about 

165 °C, and the depth of this reservoir was likely located at 2500-3900 m. 

 

Keywords: Water Mixing, Saturation Index, Stable Isotopes, Geothermometry. 

 

Introduction 

 

Groundwater is increasingly recognized as a preferred source of drinking water in arid and 

semi-arid regions. This preference stems from its low treatment needs, widespread availability, 

and ability to manage significant fluctuations in rainfall, as well as the water demands that arise 

during droughts and when surface water resources exceed sustainable limits (Shojaei Baghini 

et al., 2020; Loh et al., 2020). A thorough groundwater assessment must take into account the 

various factors and processes that affect groundwater chemistry over time and across different 

locations. This understanding is essential for the effective management of the resource. To this 

end, researchers have implemented various strategies to evaluate the different sources of 

variation in groundwater chemistry (Telahigue et al., 2018; Sunkari et al., 2019, Mali et al., 

2022). Recently, advanced geostatistical techniques have played a leading role in this area, 

particularly in hydrochemical studies (Nakhaie Sarvedani et al., 2022). These methods have 

been utilized to characterize groundwater flow patterns, differentiate hydrochemical facies, 

predict conditions at unsampled sites, create statistical models, pinpoint sources of variation, 

and describe the evolution of groundwater (Ahmadi et al., 2018; Sunkari et al., 2019; Loh et 
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al., 2020). The chemical characteristics of groundwater are crucial for evaluating and 

categorizing water quality. Several factors influence groundwater quality, including the 

geology of the area, the extent of chemical weathering of different rock types, the quality of the 

recharge water, and the interactions between water and rock (Giridharan et al. 2008; Aly 2015; 

Aghazadeh et al., 2017). Many recent studies have concentrated on examining the natural 

concentrations of various ions and metals in groundwater. The goal is to distinguish between 

anthropogenic and natural sources that impact groundwater quality and to understand the 

interactions occurring within the aquifer (Jacintha et al. 2016; Ehya and Marbouti 2016; Sethy 

et al. 2016; Aghazadeh et al., 2017). 

    In this research, various methods for assessing groundwater were implemented for specific 

purposes in the Sarduiyeh region, particularly in light of increasing development of 

urbanization, agriculture, and the mining industry in this area. Investigating the 

hydrogeochemical and natural isotopic conditions of the region before they undergo adverse 

changes due to anthropogenic factors is very important for the foundation of quality 

management plans for water resources. Hydrogeochemical and isotopic studies of water are 

essential for understanding the effective factors in the origin and degradation of surface and 

underground water resources. 
 

Study area 

 

The Sarduiyeh plain is located to the north of Jiroft city in Kerman province, Iran. In the study 

area, the geological formations include rocks of basalt, andesite, and pyroclastics belonging to 

the Lower Eocene. The hard rock formations in the Sarduiyeh area belong to different 

geological periods and exhibit a wide lithological diversity. According to Dimitriyevic et al. 

(1973) and the geological map (Fig. 1), the hard rocks of the Tertiary period occupy more than 

70% of the area. The largest rock unit consists of rhyodacite, agglomerate, and related 

pyroclastics, which cover a northwest-southeast trend; another outcrop can be seen in the 

northeast of the study area. Additionally, the largest area covered by the agglomerate unit 

consists of acid tuffs with some andesitic basalt lava. Other Eocene volcanic rock units are 

distributed in the north and south of the study area. Conglomerate, tuffite sandstone, turbidite 

sediments, and Quaternary sediments are also present. In this area, there is a thermal spring 

with an average temperature of 48 ˚C, which has one of the highest electrical conductivities 

(EC) of groundwater in the study area. The general direction of groundwater flow in the study 

area is from southeast to north and northwest (Fig. 2), following the topography of the ground 

surface. Groundwater moves through formations of Cenozoic and Mesozoic (siltstone, 

conglomerate, sandstone, and limestone) and Quaternary deposits.  
 

Materials and methods 

 

In total, 43 water samples from groundwater (cold and thermal springs, wells and qanats) and 

surface water (Fig. 3) were collected in washed polyethylene bottles for hydrogeochemical and 

stable isotope analyses (Table 1). It is necessary to mention that to separate the suspended 

particles, water samples were filtered with 0.45 µm pore-sized filters. The pH, temperature, 

electrical conductivity, and alkalinity were obtained in situ. To analyze the major cation, the 

water samples were treated with a 65% HNO3 solution. Concentration of Cl− and HCO3 
− were 

analyzed by titration methods, SO4 
2− was analyzed using an IC device (HP Agilent 4500), and 

other elements were analyzed using an ICP-MC device (HP Agilent 4500). The analyses of 

stable isotopes δ18O and δ2H were performed by an OA-ICOS device using a liquid water 

isotope analyzer. The results were expressed according to the VSMOW international standard 

with the analytical precisions of ±0.03‰ and ±1.20‰ for δD and δ18O, respectively.  
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Figure 1. Geological map of the study area 

 

 
Figure 2. Groundwater flow direction in the study area 
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Table 1. Physicochemical properties of the water resources in the study area (EC in μS/cm, ions 

concentrations in mg/L, and stable isotopes δD and δ18O in ‰ VSMOW) 

Name EC pH Na K Ca Mg HCO3 Cl SO4 18O dD 

Q1 340 8.23 18 2 49 7.2 178.1 10 22 - - 
Q2 277 7.99 16 1 42.5 5.9 174.2 10 17.5 - - 

Q3 496 8.22 44 1 51 10.3 188.2 22 62 - - 
Q4 960 7.15 132 1.5 64.7 14.3 203.2 100 160 - - 
Q5 552 8.12 48 1 60.4 11.2 218.2 30 56 - - 

Q6 1421 8.05 206 4 78.2 18.9 244.2 154 300 - - 
Q7 695 8.09 100 1.5 42.8 8.9 151.1 44 162 - - 
Q8 1111 8.17 183 3 52.3 11.4 177.2 170 162 - - 
Q9 365 7.89 11 0.5 52.6 8.7 192.1 9 18 - - 

Q10 268 8.35 7 0.5 39.2 5.7 133.1 8 12 - - 
Q11 308 8.01 11 0.5 42.2 6.1 139.1 8 18 - - 
Q12 495 7.59 13 0.5 88.4 11.3 298.2 11 23 - - 

Q13 500 7.39 8 1 89 12.1 294.2 9 17 - - 
Q14 573 7.39 17 1 77.7 14.8 250.2 19 57 - - 
Q15 667 7.43 27 1.5 94.3 16.4 294.3 20 80 - - 
Q16 605 7.69 28 1 96 16.3 294.2 19 70 - - 

Q17 461 7.64 21 1 72.9 14 293.2 13 35 - - 
Q18 368 7.69 13 0.5 75.5 11.8 250.2 11.4 35 - - 
Q19 355 7.65 11 0.5 66.7 9.6 232.2 6.5 22 - - 

Q20 359 7.74 12 1 61.9 9.4 214.1 9 32 - - 
Q21 361 7.56 7 0.5 69.2 7.5 174.2 9.7 53 -5.42 -27.09 
Q22 463 7.57 18 1 79.7 9.1 249.2 15 36 - - 
R1 527 8.02 24 1 87.8 16.6 235.2 13 104 - - 

R2 674 7.71 32 1 88.5 20.2 282.2 33 67 - - 
R3 768 7.41 43 1.5 109.5 28.8 334.3 30 208 - - 
R4 133 7.68 5 0.5 25 2.8 80.1 8.5 10.5 - - 

SP1 458 7.95 23 2 83 12 269.2 15 67 -4.96 -25.63 
SP2 406 7.95 18 1.5 56.6 8.8 203.2 11 18 - - 
SP3 295 8.11 17 1 38.8 5.1 149.1 10 19 - - 

SP4 415 8 23 1 56.6 8.6 214.2 10.3 19.3 - - 
SP5 478 8.2 29 2 73.5 11.6 270.2 17.5 34 - - 
SP6 482 8.17 27 1.5 63.5 10.9 205.2 21.5 41 - - 
SP7 535 8.08 70 1.5 40.4 8.5 204.1 23 67 - - 

SP8 708 7.94 99 2 50.7 11.3 208.1 31 140 -5.46 -31.72 
SP9 508 7.35 10 0.5 85.3 9.9 261.2 10 60 -5.11 -26.33 
SP10 579 8.2 41 1 56.8 20.2 239.2 23 120 - - 

SP11 635 7.86 48 1 57 11.8 198.2 35 98 -3.69 -25.81 
SP12 746 7.54 35 1 103.6 17.2 283.3 21 130 - - 
SPg1 1595 8.05 294 7 49 0.2 119.1 203 424 - - 
SPg2 1643 8.48 299 7 49 0.2 110.1 215 450 -6.31 -34.57 

W1 739 7.68 30 1 110 19.4 320.3 21 110 - - 
W2 1183 7.61 67 2 133 47.5 370.4 50 324 - - 
W3 671 7.69 36 1 75.4 18.5 270.2 22 120 - - 

 

Results and discussion 
 

Hydrochemistry characteristics 

 

The EC in the groundwater resources of the study area varied between 133 to 1643 μS/cm 

increasing from the south and west to the north and east of the study area. Based on the piper 

diagram, four types of water were identified as Ca-HCO3, Na-HCO3, Na-SO4 and Na-Cl in the 

groundwater of the study area (Fig. 4). In general, the dominant anions in the water samples 

changed from bicarbonate to sulfate, while the dominant cation changed from Ca to Na. 

However, most of the water samples plotted in the temporary hardness (carbonate hardness) 

part of the piper diagram. 
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Figure 3. the location of water sampling points 

 

 
 

Figure 4. Piper diagram for water samples in the study area 
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    According to the molar ratio of Na/Cl in Fig. 5a, most of the water samples are plotted above 

1, which indicates that in addition to halite mineral dissolution, the source of Na could be the 

weathering of Na-bearing silicate minerals and cation exchange reactions. Additionally, in 

general, this graph shows that as salinity (Cl-) increases, this ratio decreases in the groundwater 

of the study area. Analyzing the molar ratio of Ca and HCO3 in Fig. 5b, it is observed that some 

water samples fall on the 1:2 line, suggesting that the calcium source is likely the dissolution 

of calcite mineral. However, a few samples do not fall on the 1:2 line, indicating that calcite is 

not the sole source of calcium. Moving on to molar ratio of calcium to magnesium in Fig. 5c, 

it is noted that the samples do not align with the dissolution line of dolomite, and generally the 

amount of calcium is higher than magnesium. This suggests that some of the Ca may be entering 

the groundwater from another source, or some of the Mg may be sinking from the groundwater 

due to processes like cation exchange or the deposition of Mg-bearing minerals. To investigate 

the dissolution of gypsum, the molar ratio of 1:1 for Ca and SO4 is considered in Fig. 5d. This 

indicates that the dissolution of gypsum occurred in water samples Q4 and W2. Water samples 

Spg1, Spg2, Q6, Q7, Q8 and Sp8 were located above the 1:1 ratio line, suggesting that Ca may 

be obtained from sources other than gypsum such as the dissolution of calcite, dolomite and 

Ca-bearing silicate minerals. The two hot springs (Spg1 and Spg2) were notably far from the 

gypsum dissolution line. In the samples below the 1:1 ratio, the concentration of sulfate was 

higher than calcium, indicating that Ca is likely being removed from the solution due to mineral 

deposition or ion exchange. If the water samples are located above the 3:1 line for the molar 

ratio of SO4 + HCO3: Ca, it suggests weathering of silicates (Fig. 5e).  

 

 
Figure 5. The molar ratio of ions 
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    This indicates that hot springs were likely influenced by silicate minerals more than other 

water sources. Finally, according to Fig. 4f, it is possible that simultaneous dissolution of 

gypsum, calcite, and dolomite minerals occurred in the water resources of the study area. 

    Ion Li is commonly used as a suitable tracer for the evolution of evaporation processes in 

primary solutions. For this purpose, water samples collected from the study area were plotted 

on a Li/Cl versus Br/Cl plot (Bagheri et al., 2014) (Fig. 6). As can be seen, the samples are 

located in the salinity range resulting from the evaporite formations. 

    The negative saturation index of gypsum and halite minerals in surface and groundwater 

samples of the region indicates that these minerals are undersaturated. The calcite saturation 

index is positive in all cold and hot spring, qanat and river water samples except for Q4 and R4 

samples. The dolomite saturation index is also positive in most points and is negative in 7 qanat 

samples, 2 river samples and samples spring Sp9 and hot spring Spg1. The increase in the 

concentration of Ca and Mg from weathering of feldspar minerals and other calcium and 

magnesium-containing minerals has caused the groundwater samples to be supersaturated with 

respect to calcite and dolomite. The saturation index of the minerals against EC is showing in 

Fig. 7, show that with increasing salinity, the saturation index of dolomite, calcite, gypsum, and 

halite increased.  

 

Hierarchical cluster analysis 

 

The tree branch diagram or dendrogram resulting from the clustering method of water samples 

in the study area is shown in Fig. 8. The parameters used in this analysis are electrical 

conductivity, major ions and pH. A similarity value of 0.993-0.994 was considered to measure 

the difference between groups. According to the shape of the dendrogram, density of groups 

and chemical composition, the groundwater samples have been divided into three groups. The 

samples in each cluster have been further divided into subgroups because samples that are 

similar in several parameters may differ in others. 

 

 
 

Figure 6. Plot of Li/Cl vs. Br/Cl (Bagheri et al. 2014) 
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Figure 7. Plot of mineral saturation index vs. EC of the water samples 

 

    The samples in cluster 1 have the types Na-SO4, Na-HCO3, Na-Cl and Ca-HCO3. The 

sample in cluster 2 is only the W2 well water sample and its water type is Ca-HCO3. According 

to the analysis of major and minor ions of this sample, its major and minor ions are almost 

higher than those of other groundwater samples in the study area. Cluster 3 has the Ca-HCO3 

type which includes most of the water source samples. The distribution of this clustering in the 

area (Fig. 8) also shows that most of the samples are located in cluster 3, which include the 

southern and western parts of the area, while cluster 1 is mostly located in the northern and 

eastern parts of the area. 

 

PCO2 and Ca relation  

 

According to Drever (1988), the nonlinear relationship curve between CO2 pressure and 

calcium concentration in open system under equilibrium conditions is plotted according to 

Equation 1 in Fig. 9. To plot the water samples from the study area on this diagram, the pressure 

of carbon dioxide in water sources was calculated using Henry's law in Equation 2. 

 

𝑚𝐶𝑎 =  𝑃𝐶𝑂2
 

𝐾1𝐾𝐶𝑎𝑙𝐾𝐶𝑂2  

4𝐾2𝛾𝐶𝑎2+𝛾2𝐻𝐶𝑂3
−                  (1) 

(2)                                 𝑃 =  𝐾𝐶 

    Where m is the amount of calcium, P is the pressure of carbon dioxide, K1 is the equilibrium 

constant of H2CO3, Kcal is the equilibrium constant of CaCO3, K2 is the equilibrium constant of 

HCO3
-, γ is the value of the activity coefficient, K is Henry's Law constant (for carbon dioxide 

gas equal to 29.4 L.atm/mol) and C is the concentration of CO2 in water (calculated using 

inverse geochemical modeling by PHREEQC software). 

    As shown in Fig. 9, the Ca concentrations of the water samples were above the equilibrium 

pressure line of CO2 indicating groundwater resources are supersaturated with respect to Ca. If 

the relative pressure of dissolved CO2 in water is greater than the relative pressure of CO2 in 

the atmosphere, carbonate deposits are formed in the water. Results showed that in the study 
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area, the calculated pressures of carbon dioxide in groundwater were higher than the actual 

pressure of CO2 in the air (10-3.5 atm). Given the pressure of CO2 in groundwater and the 

atmosphere, it is almost possible to determine the type of aquifer; If the pressure of dissolved 

CO2 is less than the pressure of CO2 in the atmosphere, the aquifer type will be closed while if 

the pressure of CO2 is greater, the aquifer type is unclear and can be both open and closed 

(Drever, 1988). Hence geological conditions must be investigated. Due to the above, it was not 

clear whether the hard rock aquifers of the study area were closed or open, and detailed 

geological studies and aquifers should be reviewed to give an expert opinion on the hard 

aquifers of the study area with more confidence. Also, the PCO2 of thermal springs was lower 

than other water samples. It seems that the solubility of CO2 has decreased in hot springs due 

to increasing temperature. On the other hand, due to the longer path of water movement from 

the earth's surface to the depth and its return (compared to the groundwater movement of cold 

water springs), carbon dioxide has been consumed because of the dissolution of minerals. 

Therefore, the amount of this gas in hot springs was less than other water resources. 

 

 
 

Figure 8. Dendrogram of the Q-mode hierarchical and b distribution map of cluster analysis 
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Figure 9. Relationship of PCO2 - Ca of water samples in the study area 

 

    According to Fig. 10 it can be observed that for the same amount of PCO2, the concentration 

of Ca in the springs was higher than in the qanats. It is possible that due to the movement of 

water in the qanat channel from the Mother-well to the outlet of the qanat, some CO2 is released 

from the water and some calcium is deposited as calcite or dolomite minerals. Moreover, Fig. 

10 indicates that with an increase in dissolved CO2, more calcium is dissolved in springs than 

in rivers. Since in the catchment area of the springs, groundwater flows through porous media 

with a higher residual time compared to river water, this causes the dissolution of minerals to 

increase while river water moves faster and has less chance of mineral dissolution. Therefore, 

lower calcium is dissolved in river water than in spring water. 
 

Isotopic characteristics 

 

The δ2H and δ18O values in the groundwater ranged from − 25.63 to - 34.57 ‰ and - 3.69 to − 

6.31 ‰ (VSMOW) respectively in the study area. To investigate the relationship between the 

δ18O and δ2H, the global meteoric water line (GWML; Craig 1961) and the local meteoric water 

line (LWML; Jahanshahi and Zare 2017) were used. The δ18O and δ2H of the water samples 

were plotted in Fig. 11 showing that the isotopic composition of water samples was located to 

the right and below the GWML and close to LWML. Therefore, the origin of groundwater in 

springs and qanats is the precipitation of the region and evaporation in the rainfall and 

groundwater has probably occurred, enriching the isotopic composition of the water samples. 

Also, thermal springs had the least isotopic enrichment compared to cold water resources in the 

study area. The origin of these hot springs is probably the current meteoric waters, where factors 

such as surface evaporation, hot water-rock interaction, and underground evaporation have 

caused the isotopic composition of them to deviate from precipitation. To investigate the effect 

of juvenile water on regional water, the average isotopic composition of magmatic water (δ18O 

= +6 ± 1 ‰ and δ2H = −60 ± 20‰, Ohmoto (1986)) is plotted on the isotope diagram in Fig. 

12. According to the placement of thermal springs outside the mixing area between the average 

isotopic composition of precipitation and magmatic water, the origin of thermal water cannot 

result from mixing magmatic water.   

    According to Bahadori et al (2019) in Iran, air masses generally originating from the 

Mediterranean Sea, when entering the country from the west and moving to the east, are 

subjected to isotopic depletion under the influence of the Rayleigh distillation model (Clark and 
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Fritz, 1997). Therefore, it is expected that precipitation and groundwater resources in the east 

of the country are more depleted than in the west (Bahadori et al., 2019). Hence, in the study 

area the relationship between δ18O and δ2H values with longitude is considered in Fig. 13, 

showing a negative relation.  
 

 
Figure 10. The variation of Log PCO2 versus calcium concentration, comparison of the qanat and rivers 

with springs for the water samples of the study area 

 

 
Figure 11. Stable isotopic composition of δ2H and δ18O in the groundwater and thermal spring, GMWL 
(Craig 1961) and LMWL (Jahanshahi and Zare 2017) 
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Figure 12. The possibility of effect of juvenile water on the thermal springs in the study area 

 

 
Figure 13. Relationship between isotopic composition and longitude of location of groundwater 

resources 

 

    According to Clark and Fritz (1997), at higher altitudes, where the mean temperature is low, 

precipitation and groundwater are isotopically depleted in δ2H and δ18O. Considering the 

relationship between δ18O and δ2H and the elevation of the water sampling sites, it can be seen 

in Fig. 14a,b that, contrary to expectations, this relationship is positive or without a strong 

relationship. To investigate this issue, the mean topographic heights around the water sampling 

sites were considered (Fig. 14c,d). The diagrams showed that the spring Sp1 with the highest 
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altitude, had more enrichment which could be due to the source of recharge for this spring. This 

spring was located in the heights of Sarbijan mountain with the most elevation in the study area. 

In terms of precipitation, the most snow falls in this area, hence this region is mostly covered 

by snow. Since, the isotopic composition for snow is more enriched than rain, the recharged 

springs from snow (at higher altitude) had more enrichment compared to the springs at low 

altitudes. Among the water samples, spring Sp11 was also more isotopically enriched compared 

to other springs. In the outlet of this spring, the water flow was very low (about 1 L/s) and 

stagnant. It seems that as a result of low water velocity and high residence time at the earth's 

surface, the rate of evaporation and isotopic enrichment has increased. 

    Generally, with the increase of salinity in water due to evaporation, the composition of stable 

isotopes of δ18O and δ2H shows an enrichment trend (Clark and Fritz, 1997); while the relation 

of EC and major ions with the δ18O and δ2H had a decreasing trend in groundwater in the study 

area (Fig. 15). It seems that the type of precipitation in the recharge area has played an important 

role; because the springs related to snowmelt had lower EC and more enriched isotope. In 

general, there is a positive relationship between water temperature and the enrichment of stable 

isotopes of δ18O and δ2H (Clark and Fritz, 1997). In fact, with increasing temperature, the rate 

of evaporation from water increases, leading to isotopic enrichment, while in the study area this 

relationship is negative (Fig. 15), which could be due to that the fact the recharged springs from 

snow melt have lower temperature and more enrichment. 

 

Groundwater mixing model 

 

In the study area, the probable role of water resources mixing in the hydrogeochemical 

evolution of groundwater was examined through a mixing model. To determine the number of 

end-members, the methodology of Scheiber et al. 2018, known as the End-Member-Mixing-

Analysis (EMMA) was used. The physicochemical parameters of water samples, including 

temperature, EC, pH, and major ions were considered. 

 

 
Figure 14. The relation of δ18O and δ2H with altitude of water samples 
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Figure 15. The relationship of δ18O and δ2H with EC and temperature 

 

    The results indicated that three end-members (samples of Q6 with highest EC, SP3 with 

lowest EC, and R4 representing surface water) were needed to explain 85% of the variability 

in the hydrochemical composition of the water samples. The percentage of each end member 

(Q6, SP3 and R4) in the groundwater resources was estimated in the study area (Fig. 16). 

Overall, the results showed that water sample Q6 had the highest percentage of mixing in the 

water resources, with its percentage decreasing in the north of the study area. The percentage 

of the mixing end member SP3 in the groundwater resources increased in the north and 

northwest of the study area. Finally, as the river was a gaining stream in the study area, it was 

observed that the river water had the least contribution to the evolution of the groundwater 

resources. 

 

Geothermometry 

 

According to the chemical geothermometers Na-K-Ca and Na-K for the two hot springs, the 

temperature of the thermal reservoir is estimated at 79.10 and 71.77 °C, respectively (Table 2). 

Moreover, using modeling to calculate mineral saturation indices in the hot springs at various 

temperatures, the equilibrium temperature, which is equivalent to the temperature of the heat 

reservoir, was determined (Fig. 17). This method showed that the mineral saturation indices for 

both hot springs equilibrate at 80 °C, which is close to the calculated temperature via the Na-

K-Ca geothermometer. 

    To evaluate the chemical balance of the hot springs and their suitability for estimating 

reservoir temperature, a triangular diagram Na-K-Mg (Giggenbach, 1988) has been used. The 

composition of water is obtained from water-rock interaction as a function of temperature 

(Giggenbach and Glover, 1992). According to the Giggenbach diagram, immature and balanced 

waters in thermal reservoirs can be distinguished. The plotted points of thermal springs in the 

study area on the Giggenbach diagram in Fig. 18 showed that these hot springs were on the 

equilibrium line. Therefore, the estimated temperature of the thermal reservoir in the study area 

based on the Mg-K geothermometer is calculated to be about 280°C, which is higher than the 
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estimated temperature by the Na-K geothermometer. It seems that the concentration of Mg is 

high which results from water-rock interaction and has been diluted via CO2 uptake and 

oxidation, or immature water. Therefore, the CCG method (Niva and Niva, 1987) has been used 

to correct the amount of magnesium. Since the amount of magnesium in thermal waters is high, 

the temperature calculated by other geothermometers may not be reliable. To address this issue, 

the CCG method (Niva and Niva, 1987) is used to calculate the equilibrium temperature in the 

study area. Using the CCG method, the temperatures of the thermal reservoir for the hot spring 

Spg1 and Spg2 were calculated to be 165 and 164.5 °C respectively. It should be noted that in 

some cases, geothermometric calculations may not be accurate due to hydrological conditions 

not matching basic calibration and geothermometric assumptions. However, the results show 

that the calculated temperatures from geothermometers are not consistent, which could be due 

to the mixing of cold water with deep water or synthetic chemical reactions in geothermal 

reservoirs. 

 
Table 2. Estimated temperature of thermal reservoir according to chemical geothermometers 

Sample Sample (T⁰C) 
Na-Ca-k 

β = 4/3 

(Na/k) 

(Truesedll. 1976) 

SPg1 45.9 79.10 71.77 

SPg2 48.8 79.10 71.77 

 

 
Figure 16. The distribution map of groundwater resources mixing in the study area 

 

 
Figure 17. Diagrams of the mineral equilibrium of hot springs Spg1 and Spg2 
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Figure 18. Triangular diagram of Na-K-Mg (after Giggenbach, 1988) for the thermal spring sample in 

the study area 

 

    To determine the depth of circulation of hot spring water in the study area, Equation 3 has 

been used (Askari Malekabad et al. 2020). 

 

D = (T-T0)/G                                                                                             (3) 

    Which, D is the thermal reservoir depth (m), T is the equilibrium thermal reservoir 

temperature (°C), T0 is the hot spring temperature (°C) and G is the geothermal gradient in °C.  

    In general, the natural geothermal gradient is 3°C per 100 meters. Of course, the presence of 

volcanoes in any region indicates that the geothermal gradient is greater than normal. The 

maximum possible gradient for the geothermal zone in the continental crust is 4.6 ° C per 100 

m (Sutherland et al., 2017). According to the average temperature of 47.35 °C in two hot springs 

and average of the estimated temperatures in the thermal reservoir (165 °C), the depth of the 

thermal reservoir was estimated at 3.92 and 2.5 km via the natural gradient and the proposed 

gradient of Sutherland et al. (2017) respectively.  

 

Conclusion 

 

In this area most groundwater samples were supersaturated with respect to calcite and dolomite, 

indicating that the groundwater has reached a thermodynamic equilibrium with respect to these 

two minerals. While all samples were undersaturated with respect to gypsum and halite, which 

indicates that parts of the groundwater where these minerals were abundant affect the chemistry 

of groundwater. According to the ionic ratios, it is observed that calcium can also be obtained 

from sources other than calcite from the dissolution of minerals such as gypsum, dolomite and 

silicates, and calcium in some groundwater sources was most likely removed from the solution 

by sedimentation or ion exchange. In addition to the dissolution of halite, the origin of sodium 

can be due to the weathering reaction of silicates and cation exchange. According to the results 

of cluster analysis, the study area was divided into three clusters. Samples of Cluster 1 had Na-
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SO4, Na-HCO3, Ca- HCO3, Na-Cl type, and cluster 2 and 3 had Ca-HCO3 type. According to 

the results of chemical analysis in the west of the region, the amount of bicarbonate was higher 

and the pH was the lowest. Probably the presence of carbonate formations in the west of the 

region had increased the amount of bicarbonate in the water. The calculated carbon dioxide 

pressure in the groundwater of the study area was higher than the carbon dioxide pressure in 

the air. Considering this, it is not possible to comment on the close or open of the aquifer. The 

hot springs in the region showed a different chemical composition than other samples and had 

the highest electrical conductivity and sulfate content. The origin of the sulfate in the hot springs 

was not related to gypsum, it is probably from the evaporated mineral mirabolite. This layer in 

the basement may be a thin layer or the water path through this layer in the basement is small. 

Chemically, the two hot springs were of the Na-SO4 type. According to isotopic studies, the 

origin of cold water springs and qanats in the study area was the rainfall in the area, and the 

origin of hot water springs in the study area was probably the current atmospheric water. 

According to the studies conducted, it is likely that re-evaporation from precipitation had 

occurred in the area. Considering the average isotopic composition of precipitation and 

magmatic waters and the mixing range between them, the formation of cold water springs, hot 

water springs, and qanats due to mixing was low. According to the results and the relationships 

between δ2H, δ18O values with EC, longitude, altitude and temperature, it can be said that the 

Sp1 spring, which was located in the southwest of the region and had the highest altitude, 

showed greater enrichment, which may be due to more snowfall in this area, and also due to 

heavy snowfall, the snow retention time and snow melting time were longer. Given that the 

isotopic composition of snow is richer than that of rainwater, in this region, snow-recharge 

springs at higher altitudes had a richer isotopic composition compared to rain-recharge springs 

at lower altitudes. According to the Gigenbach diagram, the hot springs were located close to 

the perfect equilibrium line with a temperature of approximately 280°C. According to the CCG 

method, the reservoir temperature was 165°C and the depth of the thermal reservoir was 

probably 2500-3900 m from the surface. 
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