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Abstract

A geochemical survey of thermal waters discharging in the Beas and Parvati valleys (Kulu District, Himachal Pradesh) and in the Sohna town (Gurgaon District, Haryana) was carried out in March 2002. The Beas and Parvati area is characterized by regional seismogenetic fault segments, thrusts and complex folded structures where deep fluid circulation occurs. Thermal springs have temperatures varying between 35 °C and 89 °C. The wide range of surface temperatures and water chemistries suggest the mixing, at various degrees, between a deep saline end-member and a shallow freshwater. Based on the high salinity and the enrichment in halogens (Cl, Br), B and Li, the contribution of the deeper end-member seems to be larger for Kulu and Kalath relative to Manikaran and Kasol. Moreover, a large input of crustal volatiles (He, CO2, H2) is observed for Kulu and Kalath waters. The high dissolved CO2 content and its carbon isotopic composition (13CPDB = -2.87 and -7.49‰ for Kulu and Kalath, respectively) point to a deep, prevalent thermo-metamorphic provenance of the carbon dioxide. A general shallow (i.e. organic) origin of carbon dioxide is suggested for Kasol and Manikaran. The estimated deep temperatures based on the quartz geothermometer provide values ranging between 93-114 °C for all the thermal waters of the Beas and Parvati valleys. The Sohna thermal spring emerges at 42 °C from joints of the seismogenetic Sohna fault. A Na-Cl-HCO3 composition characterizes this water with very low contents of all the selected minor and trace elements. High dissolved helium content points to a prolonged deep circulation, whereas calculated 13C-CO2 (-14.23‰ vs. PDB) is indicative of the general shallow origin of carbon dioxide. The estimated deep temperatures are close to the discharge ones, not providing any valuable information about the temperature of the deeper reservoir.
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1. Introduction

Geochemical studies of thermal springs from India have been carried out in the past by several authors (Gupta et al., 1975; Giggenbach et al., 1983; Guha, 1986; Chandrasekharam and Antu, 1995; Pandey and Negi, 1995; Gupta, 1996; Minissale et al., 2000, 2003; Alam et al., 2004; Walia et al., 2005a). They found that these waters are generally associated with tectonic belts, mid-continental rifts, Cretaceous-Tertiary volcanism and regional fault zones. More than 400 thermal springs have been analyzed and are part of the following seven major geothermal provinces (Gupta et al., 1975; Pandey and Negi, 1995): 1) the tectonic belts of Himalaya, 2) the Sohna fault zone, 3) Cambay, 4) the Son-Narmada–Tapi lineament (namely, SONATA), 5) the West Coast fault zone, 6) Godavari and 7) Mahanadi. The present work is focused on the geochemical analyses of thermal springs of the Beas and Parvati valleys geothermal system (Himachal Pradesh, province 1) and that of Sohna (province 2).

Previous studies of the Himachal Pradesh geothermal sub-province were focused mainly on the famous thermal springs of Manikaran and Kasol along the Parvati Valley (Alam et al., 2004; Chandrasekharam et al., 2005), with the aim to characterize the geothermal resources with respect to their suitability for electric power production. Other works (Choubey et al., 1997; Virk and Walia, 2000; Walia et al., 2003; 2005a, b) focused on radon monitoring in waters and soils for health hazard assessment and as a tool for earthquake prediction studies. Few published studies have reported chemical (Gupta, 1996) and isotopic data (Giggenbach et al., 1983) of the thermal waters. Scarce data exist for the Sohna thermal district (Gupta et al., 1975; Singh, 1996).

This paper presents results obtained during an Indo-Italian collaborative research program focused on fluid geochemistry along fault zones (Walia et al., 2005a). The study is specifically aimed at defining the origin and evolution of the emerging fluids based on major, minor and trace elements, dissolved gas contents and 13C–TDIC isotopic signatures. Furthermore, the goal of this paper is to reconstruct the circulation paths and the water-rock interaction processes, as well as to clarify the role of active fault systems in affecting the groundwater geochemistry.

2. Geological, structural and hydrogeological settings
2.1 Beas and Parvati valleys

The studied area is geographically located among the Manali, Kulu and Manikaran villages (Kulu District), along the Parvati and Beas valleys of the Indian Himalaya (Sharma, 1977; Misra and Tewari, 1988; Walia et al., 2003; Walia et al., 2005a, b). The nature, distribution and disposition of the different geological units are the result of the structural and tectonic features imposed during, at least, three phases of deformation related to the Himalayan Orogeny (Gansser, 1964; Le Fort, 1989; Sharma, 1998). Four major tectono-stratigraphic units, each bounded by deep-seated thrusts, may describe the geology of the area: the Shali Formation, the Rampur Formation, the Chail Group and the Jutogh Group (Fig. 1a). All these formations include various lithologies ranging from low to high–grade metamorphites to granitic bodies related to a regional subduction tectonic regime. The Rampur Formation tectonically overlays the Shali Formation along the Garsa Thrust (Fig. 1b) and is made up of volcanites at the lower level and Rampur quartzite towards the top. The boundary between the Shali–Rampur Group and the low-grade metamorphites of Chail Group is the Chail Thrust. The Chail metamorphites are intruded by the Mandi Granite and are tectonically overlain by the huge succession of medium–grade metamorphites of Jutogh Group, separated along the Jutogh Thrust (Misra and Tewari, 1988).

A major NNW–SSE reverse fault system has been identified in Kasol and other lineaments have been postulated northward into the Beas Valley and near Manali (Walia et al., 2005a, b). A large NNW–SSE anticline (the Beas anticline) and a complementary syncline (the Handogi syncline) have folded the Shali–Rampur, Chail and Jutogh units, with another NNW–SSE anticline lying in the central part of the Shali–Rampur zone (Misra and Tewari, 1988).

High heat flow (> 100 mW/m2) and geothermal gradients greater than 200°C/km have been recorded from wells drilled in the North-West Himalayan geothermal province (Ravi Shanker, 1988). The source of the heat may be related to crustal melting processes at shallow depth associated with subduction and testified by the presence of a large number of relatively young granite intrusions (Makovsky and Klemperer, 1999; Chandrasekharam et al., 2005 and references therein). An alternative hypothesis is that the crust is anomalously enriched in U (and likely Th and K), as suggested by the numerous and important U mineralizations (Das et al., 1979; Walia et al., 2005b), contributing to the high regional heat flow (Rao et al., 1976).

The highly porous and permeable fluvial and colluvial deposits lying along the valley slopes in the form of fans, river terraces and old landslides constitute potential groundwater-bearing zones. In these areas, the aquifers are unconfined at relatively shallow depths, whereas confined and semi-confined aquifers prevail at higher depths (Walia et al., 2005b). In the metamorphites and granites, the presence of faults, fractures and joints generate secondary porosity and permeability, and provide preferential pathways for the infiltration of meteoric waters as well as for the upward migration of thermal fluids from depth. It is hypothesized that the waters descend very deep down along the major structural faults and return to the surface after getting heated by the anomalous geothermal gradient (Sharma, 1977; Ravi Shanker, 1988). During their rise towards the surface, they likely mix with meteoric freshwaters, resulting in dilution at various degrees.

2.2 Sohna area

The village of Sohna is located about 50 km south of Delhi, in the state of Haryana. Precambrian meta-sediments of the Delhi Supergroup characterize the geology of the area (Fig. 2). They are represented, from bottom to top, by quartzites, mica schists and pegmatite intrusives of the Alwar Group and by argillaceous sediments (including shale, slate and siltstones), quartzitic and cherty bands of the Ajaib Garh Group (Chakrapani, 1981). The rocks that are widespread at Sohna are quartzites, schists, siliceous limestones, slates and phyllites (Singh, 1996). A N-S-oriented seismogenetic fault (namely the Sohna Fault) runs from Sohna to the Delhi Ridge, west of the town of New Delhi (Sharma et al., 2003). One thermal spring is located in a tectonic depression formed by the down-faulting of a central block lying between two anticlinal ridges belonging to the Delhi belt (Pandey and Negi, 1995).

3. Materials and methods

Six thermal waters (five springs and one artesian well, IND 7) and one cold water well (IND 6) were sampled at the villages of Manikaran, Kasol, Kulu and Kalath in the Parvati and Beas valleys of Himachal Himalaya (Kulu District, Himachal Pradesh) in March 2002 (Fig. 1, Table 1). Sample IND 1 was collected in the village of Sohna (Gurgaon District, Haryana), approximately 50 km south from New Delhi (Fig. 2, Table 1) and 400 km south from the Beas and Parvati valleys. Despite the existence of several thermal springs at Manikaran and Kasol only those accessible for sampling and with the highest flow were collected. Few small outlets, and groundwater artificially mixed with shallow waters for local agricultural use were not considered. Some other thermal and cold springs were reported along the Beas and Parvati valleys by different authors (Giggenbach et al., 1983; Pandey and Negi, 1995; Gupta, 1996; Alam et al., 2004), but they were not accessible or not active at the time of sampling.

Temperature, pH, Eh, electrical conductivity, alkalinity (by solution titration with 0.05 N HCl) and NH4+ content (by ion–selective electrode) were measured in the field. The Sulphide Test Kit (LaMotte company) was used for the determination of the sulphide content by adding three different reagents to 5 ml of the sample in the following order: sulphuric acid, ferric chloride hexahydrate and ammonium phosphate, and by a color scale. All the samples were filtered through cellulose filters (0.45 m of pore diameter) and acidified with HCl 6M for major elements analysis and with HNO3 4M for minor-trace elements analysis. The collected samples were stored in HDPE bottles and in sterile PP tubes for major and minor-trace elements analysis, respectively.

Major cations and anions (Ca2+, Mg2+, Na+, K+, F-, Cl-, Br-, SO42-, NO3-) were determined by ion-chromatography. Minor (SiO2, Al) and trace elements (B, Sb, Li, Sr) were determined by ICP–MS. Iron contents were determined by atomic emission spectrometry, while the arsenic concentrations were measured by hydride generation atomic absorption spectrometry (HGAAS). The analytical uncertainty was estimated to be < 5%. Dissolved gases were collected according to Capasso and Inguaggiato (1998) and analyzed by a gas chromatograph equipped with two serial detectors (FID-Flame Ionization Detector and TCD-Thermal Conductivity Detector) with N2 and H2 as carrier gases, respectively. Analytical uncertainty was < 5%. The samples for the determination of 13C of the Total Dissolved Inorganic Carbon (TDIC) were collected and analyzed following the method proposed by Favara et al. (2002). Results are expressed as 13C ‰ vs. PDB standard, with an analytical precision below 0.1‰. The TDIC and the pCO2 of the investigated waters were calculated by using the PHREEQC code v. 2.12 (Parkhrust and Appelo, 1999), operating with the Lawrence Livermore National Laboratory (LLNL) database, using the groundwater chemical composition, the outlet temperature and the pH as input data. The chemical and isotopic (13CCO2) composition of water samples are reported in Table 1, whereas the dissolved gas concentrations are reported in Table 2.

4. Results and discussion

4.1 Water chemistry

Samples have been classified by using the Ludwig-Langelier diagram (Fig. 3). Two thermal springs of the Puga Geothermal System (Ladakh, NW Himalayas), approximately 150 km NE of the Beas and Parvati valleys, have been considered in the discussion of data, in order to extend our geochemical considerations on a regional scale and establish a possible link between the two geothermal systems. Chemical data for Puga thermal springs have been taken from Giggenbach et al. (1983) and Guha (1986). Finally, data from literature (Giggenbach et al., 1983; Gupta, 1996) corresponding to seven thermal and cold springs along the Beas and Parvati valleys, which were not accessible or not active at the time of sampling, have been added to the discussion to better understand fluid circulation and mixing, particularly between thermal and cold waters.

Based on their chemistry and their geographic location, the collected waters may be distinguished into four groups, as follows:

(1) Kulu and Kalath waters (IND 7, 8), along the Beas Valley, are classified as Na–Cl–HCO3 type. They show the highest electrical conductivity among the collected samples (6,150 and 1,881 S/cm, respectively), a slightly acidic pH (6.4) and discharge temperatures of 35 °C and 42 °C, respectively. A high dissolved CO2 content characterizes these waters (Tab. 2), which favors the leaching of surrounding rocks and, consequently, the increase of the salinity of the solutions. Sample IND 7 shows the highest concentration of B, Li, As, Br, Sr, Fe and Mn among the collected waters, while high contents of B, Li, Br and Fe are measured in sample IND 8. Sulphide enrichment in the schistose rocks of the Jutogh Group (Giggenbach et al., 1983) may represent the main source of the high Fe in solution measured in these samples (7.02 and 1.99 mg/L, respectively). Sample IND 8 is also characterized by a strong fluoride signature (3.5 mg/L in solution), probably due to the presence of relatively low concentrations of calcium in solution, which do not allow the water to reach the solubility product of fluorite and results in the prompt removal of F- from the solution (Farooqi et al., 2007; Ozsvath, 2008). The saturation index of the mineral phase of fluorite computed with the PHREEQC code (S.I.(FLUORITE) = -0.94) strongly supports our hypothesis. 

(2) Kasol and Manikaran waters (IND 2-5), both emerging from joints of the Rampur quartzite nearby the Parvati river bed, are of Ca(Na)–HCO3(Cl) type and Na(Ca)–Cl(HCO3) type, respectively. They show the highest outlet temperatures (from 69 °C to 89 °C), nearly neutral pH (6.8-7.1) and low electrical conductivities with values ranging from 605 to 775S/cm for Manikaran and from 545 to 565S/cm for Kasol. The quite low salinity of these waters is the consequence of i) their circulation through the unaltered Rampur quartzite, which represents a limiting factor for the groundwater evolution and ii) their fast circulation along fault segments, which prevents any appreciable water-rock interaction. The slightly higher content of dissolved salts at Manikaran with respect to Kasol may be ascribed to the presence of river terraces and alluvial cones, which suggest a more efficient water-rock interaction and subsequent salt leaching relatively to Kasol (Alam et al., 2004; Walia et al., 2005a).
(3) The water emerging from the Jaan well (IND 6) is cold (17 °C) and classified as Ca–HCO3–SO4 type. This sample shows neutral pH, low electrical conductivity (660 S/cm) and a composition approaching that of the Parbati river (Chandrasekharam et al., 2005).

(4) Sohna thermal spring (IND 1) is classified as Na(Ca)–HCO3(Cl) type. It shows a neutral pH (7.1), electrical conductivity of 1,500 S/cm and discharge temperature of 42 °C. This spring emerges at the junction of alluvial deposits with the Alwar quartzite and shows low contents of all the measured trace elements.

The anionic ternary diagram (Fig. 4) shows a various degree of mixing between high chloride waters and a typical Ca(Mg)-HCO3 freshwater component. The comparison of relative chloride, sulphate and bicarbonate contents seems to designate sample IND 7 as the saline end-member among the collected waters and those taken from the literature (Giggenbach et al., 1983; Gupta, 1996). This is confirmed by the Na vs. Cl correlation plot (Fig. 5a), which shows a general alignment of the high chloride water, IND 7, with the Manikaran and Kasol samples with a Na/Cl ratio of about 0.8, which lies between the seawater ratio (Na/Cl = 0.56) and that of halite dissolution (Na/Cl = 1). Sample IND 8 shows a Na/Cl ratio slightly higher than that of seawater (Na/Cl = 1.1), probably due to processes of Na enrichment such as hydrolysis of feldspars and/or cationic exchange reactions, while the Puga thermal springs have a Na/Cl ratio higher than 1.3. The trend observed for samples from Puga does not seem to support the hypothesis of Chandrasekharam et al. (2005) of a link between the Puga geothermal system and that of the Beas and Parvati valleys. The correlation plots of chloride vs. bromide, boron and lithium, (Figs. 5 b-d), confirm the alignment of the samples of the Beas and Parvati valleys and the different trend of the Sohna (IND 1) and the Puga thermal springs. For Sohna, the very low concentrations of boron and lithium may be related to their absorption in the structures of secondary minerals as a consequence of high degree water-rock interaction processes (Figs. 5c-d). The enrichment of these elements, particularly in the more saline samples (IND 7, 8), is in agreement with the presence at depth of formation waters trapped in the geological formations, as supposed by Giggenbach et al. (1983) based on the D and 18O signature of a number of thermal discharges in the North-West Himalayas. Moreover, the presence of Na-Cl saline fluids reported in the Manikaran quartzite (Sharma and Misra, 1998) and in older granitic rocks of the Himalayas (Makovsky and Klemperer, 1999) supports such a hypothesis.

4.2 Chemistry of dissolved gases

All the sampled thermal waters show enrichment in CO2 (Tab. 2), except for sample IND 3 (3.01 cm3STP/L). The highest CO2 concentrations were detected at Kulu and Kalath (339 and 173 cm3STP/L, respectively). Together with CO2, remarkably high contents of H2 (up to 0.5 cm3STP/L for almost all the thermal waters)  and He (from 0.27 to 0.42 cm3STP/L) were measured, except for Manikaran where He content is extremely low (0.002-0.003 cm3STP/L). Carbon monoxide (CO) is often below the instrumental detection limit (0.0001 cm3STP/L), whereas low concentrations of CH4 (about 0.03 cm3STP/L) have been found in all samples, probably due to processes of methanification from shallow organic matter enclosed in the fluvial alluvial valleys.

Sample IND 6 displays concentrations of dissolved gases very different from the other collected waters, with the lowest values of He, H2, N2, CO, CH4 and CO2 and the highest of O2 and Ar. In particular, the extremely low N2/Ar molar ratio (=5.81) is not consistent with air (=83) or air-saturated water (ASW= 38 at 20˚C) contamination of the sample but, probably, reflects some problems during the gas analysis. For these reasons, sample IND 6 has not been considered in the discussion of the data as it cannot be compared with the other collected samples.

In the Ar-N2-He diagram (Fig. 6a), two groups of dissolved gases are recognized. The first group is located close to the He end-member, suggesting a very long residence time in the crust, accumulating radiogenic 4He produced from -decay of natural U and Th contained in the aquifer rocks. A dominant crustal origin for the helium is supported by the very low 3He/4He ratios of 0.011-0.012 Ra (Ra = (3He/4He)air = 1.4 x 10-6; Walia et al., 2005a). The second group of dissolved gases is represented by the N2-dominated Manikaran samples (IND 4, 5). It is quite hard to assume contributions from a magmatic source, especially considering the crustal helium signature mentioned above. The abundance of nitrogen is probably linked to the presence of river terraces and alluvial cones rich in organic matter that, due to the high local heat flow (Ravi Shanker, 1988), undergo thermal degradation and release high concentrations of N2 (Zies, 1938). The N2/Ar ratio may be consistent with a sediment-derived source of nitrogen (Mariner et al., 2003); according to Matsuo (1979) waters undergoing magmatic input should have molar N2/Ar ratio values between 800 and 2000 whereas values for Manikaran samples (IND 4,5) are 483 and 627, respectively. Depletion of He in Manikaran thermal springs may be due to the presence of steam escaping, which would cause the degassing and the consequent lost of high-volatile helium from the liquid phase.

The Ar-N2-CO2 diagram (Fig. 6b) shows a strong enrichment in CO2 for most of the samples. In particular, the higher CO2 contents at Kulu and Kalath (339 and 173 cm3STP/L, respectively) and their isotopic composition (see section 4.3) support a possible deep origin - for instance, thermo-metamorphic derived carbon dioxide - of CO2 in these waters. Samples from Kasol and Manikaran have a minor CO2 content (from 3.01 to 40.8 cm3STP/L) suggesting a dilution due to the presence of meteoric water.

The hydrogen concentration in dissolved gases highlights different origins of the sampled waters. Generally, the occurrence of hydrogen can be observed in active volcanic environments and in geothermal areas as a final product of many reactions involving the presence of light hydrocarbons (Capaccioni et al., 1993; Darling et al., 1995). The absence of light hydrocarbons in the collected samples shows that hydrogen is unlikely to be derived from thermal cracking and/or catalytic reforming. The CO2-N2-H2 diagram (Fig. 6c) distinguishes four groups corresponding to the four main sampled areas. Samples from Manikaran (IND 4, 5) and Kasol (IND 2, 3) are particularly enriched in H2 as a result of chemical reactions (Giggenbach, 1980) between H2S and CH4 (Walia et al., 2005a). Samples from Kulu and Kalath (IND 7, 8) belong to hot-ferruginous springs and therefore reducing conditions may allow for hydrogen generation through several oxidation reactions of the Fe2+ species on the basis of reactions (Neal and Stanger, 1983) such as:

2Fe(OH)2 = Fe2O3 + H2O + H2
and

3Fe(OH)2 = Fe3O4 +  2H2O + H2

About the Sohna thermal spring (IND 1), the existence of anomalous high hydrogen content (Fig. 6c) could be linked to several chemical processes. A first approach is to consider that the rising column of thermal fluids is diluted when it comes into contact with aerated, non-thermal groundwater, increasing the content of hydrogen. Sugisaki (1961) suggested that hydrogen can readily be released from the rock matrix but this process is strongly linked to the velocity of the water and the existence and extent of fracture networks in the matrix. Such processes might explain the seemingly high hydrogen content observed in the present study. In this respect, it is noteworthy that the spring is located over the Sohna fault and the high hydrogen could be the result of reactions involving water and Si- and Si-O- radicals produced by rock rupture due to friction along fault plane (Kravtsov and Friedman, 1974; Mazor, 1991). If this is the case, hydrogen might be an important indicator of the fault activity, but further analyses (for instance noble gas isotopes) are needed to confirm the hypothesized linkage between local seismic activity and the hydrogen contents dissolved in the thermal springs.

4.3 Carbon isotope composition of carbon dioxide
In order to discriminate the various possible sources of dissolved CO2 in the investigated waters, the pristine carbon isotopic composition of CO2 interacting with groundwater has been calculated from the measured 13CTDIC values. TDIC represents the sum of the concentrations of the inorganic carbon species in solution (i.e. CO2 (aq), HCO3- and CO32-). Their concentrations are strongly pH-dependent and the enrichment factors control the isotopic composition of each inorganic carbon species as a function of the temperature (e.g. Favara et al., 2002). The isotopic composition of TDIC represents the average of the isotopic composition of the relevant carbon species, weighted on the respective contents of the inorganic carbon compounds involved, as follows:

13C(TDIC) = [13C(CO2)(aq) * (CO2(aq)) + 13C(HCO3) * (HCO3) + 

13C(CO3) * (CO3)]/[CO2(aq)+ HCO3 + CO3]

(1)

As the relative abundance of dissolved carbon species depends on the pH values, CO32- content can be assumed negligible for the collected waters (pH < 7.1). Therefore, the isotopic balance can be written as follows:
13C(TDIC) = [13C(CO2)(aq) * (CO2(aq)) + 13C(HCO3) * 

(HCO3)] /[CO2(aq)+ HCO3]



(2)

By considering the enrichment factors a and b, defined as:

a = 13C(HCO3) - 13C(CO2)(gas) = (9552/T-24.1) 

(Mook et al., 1974)

b = 13C(CO2)(aq) - 13C(CO2)(gas) = (-0.91 + 0.0063*106/T2)  
     (Deines, 1970)

where T is expressed in Kelvin, equation (2) can be written as follows:

13C(TDIC) = 13C(CO2)(gas) + [(b * (CO2)(aq)]/ CO2 (aq)+ HCO3) +

(a * (HCO3)/ CO2 (aq)+ HCO3)]


(3)

Consequently, the isotopic composition of carbon dioxide in theoretical equilibrium with groundwater results in:

13C(CO2)(gas) = 13C(TDIC) - [(b * (CO2(aq))/ CO2(aq)+ HCO3) +

(a * (HCO3)/ CO2(aq) + HCO3)]   


(4)

The total dissolved inorganic carbon content (Tab. 1) shows quite similar values for samples IND 1, 2, 3 and 5, being low and ranging from 3.8 to 7.6 mmol/kg; higher contents were calculated for Kalath and Kulu (16 and 51 mmol/kg, respectively). Isotopic values of 13C-CO2 reflect the TDIC enrichment: samples with low total carbon content are characterized by more negative 13CCO2 values, spanning between -8.26 and -14.23‰, whereas Kulu and Kalath show 13CCO2 values of -2.87 and -7.49‰, respectively (Fig. 7). Based on the isotopic data and supported by the water chemistry and dissolved gas compositions, a shallow (organic and/or soil-derived) origin of CO2 can be inferred for IND 1, 2, 3 and 5. On the other hand, a different origin of dissolved CO2 may be suggested for Kulu and Kalath (IND 7, 8), due to their “heavier” carbon isotope signature. In particular, the carbon isotopic composition of these waters points to a possible high-temperature deep origin as thermo-metamorphic derived CO2. The more negative value of 13CCO2 of Kalath (-7.49‰ vs. PDB) is probably due to mixing processes with “lighter” CO2 during the rising of the fluid, partially masking the original isotopic signature. Mantle-derived CO2 is minimized for both samples, as is the measured helium isotopic ratio (R/Ra equal to 0.011), typical of a crustal origin (Walia et al., 2005a). However, considering that the calculated 13CCO2 falls close to the mantle value (-6.0±1‰, e.g. Javoy et al., 1982), such a provenance cannot be completely ruled out.

4.4 Geothermometric estimations
Temperatures at depth have been estimated by using silica geothermometers, which are based on temperature-dependent changes in the solubility of silica minerals. The thermodynamic calculations performed with the PHREEQC code showed all the thermal waters being close to saturation with quartz (Saturation Indices ± 0.5, Table 3). Accordingly, quartz may be considered the SiO2-controlling phase of deep solutions that does not re-equilibrate at shallower temperatures during the rising of the fluids (i.e. the original silica concentration is preserved). Such a process is probably favored by fast, channelized water flow through tectonic discontinuities. Based on this interpretation, the deep temperatures estimated by applying the quartz geothermometer provide values ranging between 93-114 °C for the thermal waters of the Beas and Parvati valleys. These values agree with those of Giggenbach et al. (1983) by using the K-Mg geothermometer (80-106 °C), with the exception of Kasol (60 °C) due to its mixing with cold shallow waters and the consequent Mg addition in the solution. On the contrary, temperatures derived by using the other common mineral–solute equilibrium geothermometers (Na–K, Na–K–Mg and Na–K–Ca) are unreliably high, probably reflecting the effects of secondary processes and/or the non–attainment of any chemical equilibrium between circulating fluids and alkaline feldspars and/or calcium-aluminum silicates.

The estimated temperatures at depth emphasize the presence of a low- to medium-enthalpy geothermal system with reservoir temperatures of about 120-140 °C in the Parvati and Beas valleys, as suggested by Giggenbach et al. (1983) for Manikaran. These values are in agreement with deep temperatures measured in wells drilled at Manikaran, with a maximum recorded temperature of 109°C (Guha, 1986).
The deep temperatures estimated at Sohna by using the quartz (77 °C) and the K–Mg geothermometer (55 °C) are close to the discharge temperature, indicating the near-surface temperature of the last equilibrium of the water and not providing any valuable information about the deep reservoir temperature. These values are in agreement with the deep temperatures (55 °C) measured in the wells drilled at Sohna during exploration for geothermal resources (Guha, 1986), reaching a maximum depth of 547 m.

5. Conclusions
The geochemical analysis of thermal waters from the Beas and Parvati valleys geothermal system and Sohna spring suggests that:

1. The fluids are assumed to be of predominantly meteoric origin and are affected by two distinct hydrological processes: i) a gravity-controlled descent of cold water towards greater depths through faults and fractures and ii) a heating linked to an anomalous geothermal gradient causing the rapid movement upward of deep fluids towards the surface.

2. While circulating at depth, the fluids may interact with formation saline waters, acquiring both the Na-Cl signature and enrichment in minor elements (like Br, B and Li). In addition, a large input of deep-rising volatiles (CO2, He, H2) is provided to the descending fluids. High helium suggests a very long residence time in the crust, accumulating radiogenic 4He produced from -decay of natural U and Th (R/Ra equal to 0.011-0.012, Walia et al., 2005a), whereas the carbon isotopic composition points to a prevalent thermo-metamorphic origin of CO2.

3. The deep input seems to be larger for the samples located along the Beas Valley (Kulu and Kalath) rather than those of the Parvati Valley (Manikaran and Kasol). In particular, considering the high salinity, the occurrence of elements preferentially enriched in deep saline waters (i.e. Cl, Br, B, Li) as well as the calculated carbon isotopic composition of CO2, sample IND 7 (Kulu) was taken as representative of the deep end-member among the collected samples. During their rise towards the surface, dilution with freshwater may additionally affect the chemical and isotopic composition of the deeper fluids at various degrees.

4. The discharge temperatures are higher in the Parvati Valley (89 °C at Manikaran) than in the Beas Valley (35-42 °C), probably reflecting higher depths of penetration of cold meteoric waters along faults systems in a crust affected by an anomalous geothermal gradient.

5. With regard to the Sohna spring, the relatively high salinity points to a longer circulation, which is also supported by the high dissolved radiogenic He concentration. A Na-Cl signature characterizes this water with very low contents of B and Li, which is probably absorbed onto secondary minerals. The calculated 13CCO2 is indicative of a general shallow origin of carbon dioxide, representing a mixing between organic and soil-derived sources. The geothermometric estimations provide the near-surface temperature of the last equilibrium of the water and, therefore, do not provide any valuable information about the deep reservoir temperature.

6. Large amounts of dissolved hydrogen were detected in both Beas and Parvati valleys and at Sohna, which provides a common indication of fault activity, as the amount of dissolved hydrogen in the sampled thermal waters was generally greater than that from geothermal areas located elsewhere. However, further studies are needed to confirm such a hypothesis. 
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Table 1 - Chemical composition of the collected waters

	Date
	SampleID
	Site
	LAT N
	LONG E
	Temp
	pH
	Eh
	El.Cond.
	TDIC
	13C(TDIC)
	13C(CO2)
	H2S
	F-
	Cl-
	NO3-
	SO42-

	
	
	
	
	
	(°C)
	
	(mV)
	(S/cm)
	(mmol/kg)
	(‰vs.PDB)
	(‰vs.PDB)
	(ppm)
	(mg/l)
	(mg/l)
	(mg/l)
	(mg/l)

	19\03\02
	IND 1
	Sohna
	28°14'46.9''
	77°03'51.6''
	42
	7.1
	470
	1501
	7.58
	-12.0
	-14.2
	< 0.2
	0.30
	151
	0.84
	14.7

	24\03\02
	IND 2
	Kasol 1
	32°00'46.1''
	77°19'00.4''
	73
	7.1
	475
	565
	4.10
	-9.80
	-10.8
	< 0.2
	0.30
	46.0
	0.94
	58.0

	24\03\02
	IND 3
	Kasol 2
	32°00'44.0''
	77°18'56.9''
	69
	7.1
	515
	545
	3.82
	-9.80
	-10.9
	< 0.1
	0.30
	40.0
	0.09
	58.2

	25\03\02
	IND 4
	Manikaran 1
	32°01'38.4''
	77°20'48.1''
	89
	7.1
	109
	775
	3.75
	n.d.
	n.d.
	< 0.2
	0.96
	117
	0.43
	37.4

	25\03\02
	IND 5
	Manikaran 2
	32°01'37.9''
	77°20'50.1''
	87
	6.8
	73
	605
	4.26
	-8.07
	-8.26
	0.5
	0.96
	80.2
	0.12
	37.1

	25\03\02
	IND 6
	Jaan well
	31°59'11.7''
	77°13'35.5''
	17
	7.0
	505
	662
	6.76
	n.d.
	n.d.
	< 0.2
	0.08
	8.07
	2.51
	145

	25\03\02
	IND 7
	Kulu well
	31°58'32.8''
	77°07'27.9''
	35
	6.4
	271
	6150
	51.2
	-3.71
	-2.87
	< 0.2
	0.47
	1215
	0.13
	236

	25\03\02
	IND 8
	Kalath
	32°09'30.5''
	77°10'05.5''
	42
	6.4
	293
	1881
	16.0
	-7.75
	-7.49
	< 0.1
	3.45
	316
	0.11
	23.3


TDIC: Total Dissolved Inorganic Carbon
n.d. = not determined
PUGA 1 composition is from Giggenbach et al. (1983), PUGA 2 is from Guha (1986)

Table 1 (continued)

	Sample ID
	HCO3-
	Br-
	Na+
	K+
	Mg2+
	Ca2+
	NH4+
	Al
	B
	Sr
	SiO2
	Fe
	Mn
	Li
	As
	Sb

	
	(mg/l)
	(mg/l)
	(mg/l)
	(mg/l)
	(mg/l)
	(mg/l)
	(mg/l)
	(ppm)
	(ppm)
	(ppm)
	(ppm)
	(ppm)
	(ppm)
	(ppm)
	(ppm)
	(ppb)

	IND 1
	337
	0.37
	102
	7.65
	16.2
	75.2
	< 0.50
	< 0.05
	0.10
	0.75
	27.7
	0.05
	0.03
	0.01
	0.02
	< 0.10

	IND 2
	182
	0.25
	32.6
	8.03
	11.1
	54.2
	< 0.50
	< 0.05
	0.81
	1.28
	40.9
	0.07
	0.52
	0.34
	0.22
	< 0.10

	IND 3
	173
	0.23
	30.5
	7.81
	10.1
	59.8
	5.71
	0.48
	1.42
	0.41
	43.8
	0.71
	0.48
	0.34
	0.20
	< 0.10

	IND 4
	168
	0.38
	84.3
	16.5
	3.20
	47.5
	< 0.50
	< 0.05
	1.74
	0.46
	57.8
	0.42
	0.17
	1.11
	0.14
	3.14

	IND 5
	171
	0.35
	62.8
	12.9
	5.07
	43.1
	< 0.50
	0.53
	1.76
	0.38
	56.6
	0.27
	0.14
	0.84
	0.09
	< 0.10

	IND 6
	275
	0.05
	7.16
	7.36
	15.7
	118
	< 0.50
	< 0.05
	0.09
	0.34
	12.9
	< 0.05
	0.01
	0.04
	0.01
	< 0.10

	IND 7
	1527
	3.22
	1000
	109
	50.1
	272
	< 0.50
	0.63
	13.0
	4.41
	57.5
	7.02
	0.81
	5.06
	0.92
	< 0.10

	IND 8
	496
	1.31
	360
	25.8
	4.05
	34.9
	< 0.50
	< 0.05
	3.86
	0.48
	63.8
	1.99
	0.11
	2.80
	0.04
	< 0.10


Table 2 - Analytical results of dissolved gases. The dissolved gas concentrations are expressed in cubic centimeters per litre at standard STP (cm3STP/L).

	SampleID
	Site
	He
	H2
	O2
	N2
	CO
	CH4
	CO2
	Ar

	IND 1
	Sohna
	0.301
	0.188
	1.79
	13.9
	<0.0001
	0.035
	41.4
	<0.0001

	IND 2
	Kasol 1
	0.273
	0.623
	3.40
	12.8
	0.002
	0.030
	40.8
	<0.0001

	IND 3
	Kasol 2
	0.025
	0.042
	3.50
	0.51
	<0.0001
	0.034
	3.01
	<0.0001

	IND 4
	Manikaran 1
	0.003
	0.987
	4.80
	20.7
	<0.0001
	0.023
	14.7
	0.030

	IND 5
	Manikaran 2
	0.002
	1.400
	4.34
	19.7
	<0.0001
	0.024
	14.2
	0.020

	IND 6
	Jaan
	< 0.001
	0.052
	13.8
	4.66
	<0.0001
	0.008
	< 0.01
	0.870

	IND 7
	Kulu
	0.365
	0.645
	2.95
	12.0
	0.001
	0.031
	339
	<0.0001

	IND 8
	Kalath
	0.416
	0.512
	1.74
	10.3
	0.002
	0.016
	173
	<0.0001


Table 3 – Geothermometric estimations based on silica (quartz) and ionic solutes by using the equations of Verma and Santoyo (1997) and Giggenbach (1988). The quartz saturation indices were calculated with Phreeqc code version 2.12 (Parkhrust and Appelo, 1999).

	SampleID
	Site
	Temp.
	S.I. quartz
	Geothermometer

	
	
	(°C)
	
	SiO2 (quartz)
	K-Mg
	Na-K
	Na-Li

	IND 1
	Sohna
	42
	0.08
	77
	55
	210
	6

	IND 2
	Kasol 1
	73
	- 0.15
	93
	60
	316
	279

	IND 3
	Kasol 2
	69
	- 0.08
	96
	60
	321
	289

	IND 4
	Manikaran 1
	89
	- 0.16
	109
	92
	292
	311

	IND 5
	Manikaran 2
	87
	- 0.16
	108
	80
	297
	313

	IND 7
	Kulu
	35
	0.52
	109
	106
	240
	201

	IND 8
	Kalath
	42
	0.45
	114
	101
	207
	244


S.I. = saturation index
Figure captions
Figure 1 – a) Geological sketch–map of the studied area, showing the water sampling locations; b) geological cross section along A-A1 and B-B1 illustrating the geological structure of the area. Geological map and section are modified after Misra and Tewari, (1988). Legend: 1) fine grained banded gneiss; 2) foliated micaceous quartzite; 3) biotite schist with foliated micaceous quartzite; 4) garnetiferous biotite–phyllonite and schist; 5) intrusive Mandi granite; 6) sericite–chlorite phyllite, quartzite, mylonitized gneiss, quartz porphyry, carbonaceous slate with thin bands of limestone; 7) intrusive Bandal granite; 8) Rampur quartzite; 9) volcanics; 10) dolomite, limestone, quartzite, volcanics, shale and slate; 11) fine grained micaceous sandstone, purple–green clay, claystone and micaceous siltstone. 

Figure 2 – Geology of the Delhi and Aravalli Mountains regions in northwestern India (modified after Gupta et al., 1997).

Figure 3 – Ludwig-Langelier diagram for the collected waters. For the Puga chemical composition, see the text.

Figure 4 – Anionic ternary diagram for the collected waters. For the Puga chemical composition, see the text. Symbols are the same of figure 3.

Figure 5 - Correlation between Cl and (a) Na, (b) Br, (c) B and (d) Li for the collected waters. All the units are in mg/l. For the Puga chemical composition, see the text. Symbols are the same of figure 3.

Figure 6 – a) Ar-N2-He, b) Ar-N2-CO2, c) CO2-N2-H2 ternary plots for the collected waters. All the three diagrams show that Jaan sample (IND 6) has concentrations similar to air. Manikaran samples (IND 4 and 5) are N2 and H2 enriched in comparison with the rest of samples with high CO2 and He concentrations. Therefore, the three ternary plots highlight the different characteristics and probably different origins of the sampled waters.

Figure 7 – Total Carbon (mmol/kg) vs. calculated 13C-CO2 (‰ vs. PDB).
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