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Abstract
Gujarat area situated in the Cambay rift basin of western India is one of the potential geothermal fields due to its enormous 
prospects as an oil and gas producing reservoir. The present study attempts to better constrain reservoir temperature by 
employing the multicomponent fluid geothermometry technique. As the thermal waters in this region undergo extensive 
mixing with non-thermal saline waters; most of the chemical geothermometers fail to provide the correct estimation of 
reservoir temperature. For example, the silica and K–Mg geothermometers predict reservoir temperatures below the surface 
discharge temperatures of the thermal fluids, whereas Na–K and Na–Li geothermometers estimate a wide range of subsurface 
temperatures (169–226 °C). Na–K–Ca geothermometer computes 158–175 °C as reservoir temperature for thermal waters 
from Lasundra, Tuwa, and Tulsishyam regions. To solve this ambiguity and to better constrain the reservoir temperature, 
a multicomponent geothermometry modelling is carried out using GeoT program. Fluid reconstruction is carried out by 
incorporating the dilution phenomenon. The GeoT modelling of the reconstructed fluids at Dholera region (DH-1) deter-
mines the subsurface temperature in the range of 138 ± 7 °C, which matches closely with the values obtained from Na–K–Ca 
geothermometer (120–126 °C). In the case of thermal waters from Lasundra, Tuwa, and Tulshishaym regions, the GeoT 
modelling results give a concordant estimation of reservoir temperature in the range of ~ 165 ± 10 °C. This integrated multi-
component method thus emerges as the only viable alternative in providing the correct estimation of reservoir temperature 
in medium enthalpy geothermal systems.

Keywords India · Thermal waters · Chemical geothermometers · Multicomponent geothermometry · Mixing model

Introduction

The reliable estimation of subsurface reservoir temperature 
is by far the most important aspect for the development and 
exploration of any geothermal area. Till date, a wide variety 
of chemical geothermometers have been utilized to estimate 
the reservoir temperatures in geothermal systems. Na–K 
(Arnorsson 1983; Fournier 1979a; Giggenbach et al. 1988; 

Nieva and Nieva 1987; Tonani 1980), Na–K–Ca (Fournier 
and Truesdell 1973), K–Mg (Giggenbach 1988), Na–Li 
(Kharaka et al. 1982), and silica geothermometers (Fournier 
1977) are some of the commonly applied geothermometers 
in this aspect. Recently, Verma et al. (2008) have developed 
a ‘SolGeo’ computer program which has incorporated more 
than 35 geothermometric equations of different solute geo-
thermometers. The application of chemical geothermom-
eters is always based on the tacit assumption of attainment 
of temperature-dependent fluid–mineral equilibria which 
is not always valid in all geological settings. Although the 
chemical geothermometers are found to be most effective in 
estimating reservoir temperature in high-temperature geo-
thermal systems, they often fail in medium/low enthalpy 
geothermal systems due to non-attainment of fluid–mineral 
equilibria (Nitschke et al. 2017, 2018). Interplay of various 
factors such as mixing between thermal and non-thermal 
waters, degassing/condensation can also alter the original 
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composition of the thermal fluid resulting in deviation from 
the equilibrium phenomenon. Moreover, the working tem-
perature ranges and the rate of equilibration subsequent to 
mixing and boiling processes are different for each of the 
geothermometers. For example, thermal waters in Iceland 
are found to be in equilibrium with chalcedony geothermom-
eter below 180 °C whereas quartz controls the solubility of 
the silica above 180 °C. Similarly, Na–K geothermometer 
is found to work well in high-temperature (180–350 °C) 
geothermal areas but produces erroneous estimation of sub-
surface temperature in low-temperature (< 120 °C) geother-
mal systems due to non-attainment of equilibrium between 
albite and K-feldspar (Arnorsson 2000). In short, all of the 
chemical geothermometers have their own advantages and 
disadvantages and therefore should be not be used blindly 
to estimate the temperature of the subsurface geothermal 
reservoir. The multicomponent geothermometry method 
provides a robust means of assessing the subsurface reser-
voir temperature as it is based on the solid thermodynamic 
database. In this method , the reservoir temperature is cal-
culated based on the clustering of the saturation indices (log 
(Q/K)) of reservoir minerals near the zero value (Spycher 
et al. 2014; Xu et al. 2016). As this method is not dependent 
on the solubility of the specific minerals, it can be applied 
in any geological settings provided that the type of reservoir 
minerals and their detailed chemical analysis is available 
(Chatterjee et al. 2019).

Apart from these solute geothermometers and multi-
component geothermometry method, there exists several 
gas geothermometers as well as mixing models which have 
been used extensively in various geothermal fields across 
the world to estimate the subsurface reservoir temperature. 
Gas geothermometers are based on the basic premise that 
the gas content in geothermal well discharges is controlled 
by temperature-dependent equilibria with alteration miner-
als in the reservoir rock and the gas concentrations or gas 
ratios vary with the temperature of the producing aquifers. 
A number of gas geothermometers, commonly based on the 
concentration of a single reactive gas, such as  CO2,  H2S,  H2 
(Arnórsson and Gunnlaugsson 1985), two or more reactive 
gases such as  CO2–H2,  H2S–H2 and  H2O–H2–CO2–CO–CH4 
(Arnórsson and Gunnlaugsson 1985; Chiodini and Marini 
1998) or a ratio of reactive and inert gas such as  CO2/Ar,  H2/
Ar and  CO2/N2 (Giggenbach 1980), have been developed 
over the last 5 decades to estimate the subsurface tempera-
tures in steam dominated geothermal areas. Recently, the 
partitioning of the noble gas isotopes has been successfully 
employed to estimate the subsurface reservoir temperature 
in the Icelandic geothermal area (Byrne et al. 2021). On the 
other hand, the mixing models are generally used to esti-
mate the reservoir temperature of the thermal waters that 
have undergone mixing with non-thermal water or have re-
equilibrated in a shallow reservoir (Nicholson 1993, Keesari 

et al. 2022). Enthalpy-chloride and enthalpy-silica are the 
two mixing models commonly applied in various geothermal 
systems (Fournier 1979b; Truesdell and Fournier 1977).

Gujarat geothermal region, situated in the Cambay rift 
basin area, hosts nearly 20 thermal springs having surface 
discharge temperatures varying from 38 to 55 °C. The dis-
tinction between thermal and non-thermal waters is made 
on the basis of the surface discharge temperature. In case 
of thermal waters, the surface discharge temperature should 
be consistently above the local mean annual air tempera-
ture of that region, whereas in non-thermal waters, surface 
temperatures remain below than that of local mean annual 
air temperature (Pentecost et al. 2003) which is 35 °C in 
study region (Minissale et al. 2003). Therefore, any spring 
water sample having surface discharge temperature ≥ 35 °C 
is considered as thermal spring whereas spring water sam-
ple having surface discharge temperature less than 35 °C 
is considered to be non-thermal spring. The present geo-
thermal area is characterized by high heat flow (55–90 mW 
 m−2) and steep geothermal gradient (36–58 °C  km−1) (Gupta 
and Deshpande 2003). The thermal springs in this geother-
mal region are scattered over several areas like Maktupur, 
Dholera, Bhadiyad, Lasundra, Tuwa, Lalpur, Tulsishyam, 
Vankiya, etc. Although previous researchers (Minissale 
et al. 2003; Shah et al. 2019, 2021) had tried to estimate 
the reservoir temperature in Gujarat geothermal area by 
employing various chemical geothermometers, there has 
been a wide variation in the estimated temperatures. For 
example, based on the quartz geothermometer, Shah et al. 
(2019) concluded that the reservoir temperature of Unai geo-
thermal area ranges from 60 to 80 °C. On the other hand, 
Minisalle et al. (2003) had estimated 120 °C as the reservoir 
temperature in the Unai area using the same quartz geother-
mometry. Likewise, in Tulsishyam geothermal area, Minis-
alle et al. (2003) had estimated 103 °C as the reservoir tem-
perature using silica geothermometry whereas Singh et al. 
(2018) reported that the reservoir temperature in Tulsishyam 
area varied from 138 to 207 °C. According to Singh et al. 
(2018), the quartz geothermometer provided the lower range 
(138–147 °C) of reservoir temperature in Tulsishyam geo-
thermal area, whereas the upper range (152–207 °C) was 
calculated from the cation geothermometry. Moreover, in 
Dholera geothermal area, the base temperature was com-
puted to be ~ 60 to 80 °C which was slightly higher than the 
surface discharge temperature (40–47 °C) of the thermal 
waters in that region. Considering this large variation in res-
ervoir temperature values, a reconnaissance study is carried 
out to constrain the reservoir temperature both by employing 
chemical geothermometers as well as multicomponent geo-
thermometry method. This study also focuses on the impact 
of mixing/dilution processes on the original composition 
of the thermal fluids and subsequently subsurface reservoir 
temperature is derived on the basis of the composition of 



Environmental Earth Sciences (2023) 82:557 

1 3

Page 3 of 17 557

the reconstructed fluids. Later on, mixing models have also 
been applied to have the better confidence in the estimated 
subsurface temperature obtained from multicomponent geo-
thermometry method.

Local geology of the study area

Gujarat state is characterized by its unique geological char-
acteristics and is primarily divided into three major domains, 
such as Mainland Gujarat, the Saurashtra Peninsula, and the 
Kachchh Peninsula (Yadav and Sircar 2019). The detailed 
geological description of the study area can be found in 
Merh (1995). Broadly, three types of rock formations, i.e., 
Pre-Champaner Gneissic Complex, Aravalli Supergroup, 
and Delhi Supergroup, are found in the Mainland Gujarat 
region. The Pre-Champaner Gneissic Complex (PCGC) 
represents a suite of rocks comprising gneisses and schists, 
which form the basement for the Champaner Group (Sri-
karni and Das 1996). The rocks are represented by mica-
ceous quartzite, quartz-muscovite-biotite gneiss, garnet-
iferous mica schist, feldspathic biotite gneiss, and granite 
gneiss (GSI 2017). The Aravalli Supergroup comprises a 
thick pile of metamorphosed and multiphase deformed clas-
togenic sediments with some interlayered basic volcanics. 
Ultramafic and basic rocks generally occur as intrusive in 
the Aravalli Supergroup. Delhi Supergroup is mainly repre-
sented by the Palaeoproterozoic–Mesoproterozoic group of 
rocks (GSI 2017). The Delhi Supergroup overlies the Ara-
valli Supergroup with a structural discordance and mainly 
occurs in the north-eastern part of the Gujarat state (GSI 
2001). Most of the thermal waters are found to be confined 
in the Saurashtra Peninsula, whereas the remaining ones 
fall in the Mainland Gujarat region. Saurashtra Peninsula 
is subjected to numerous tectonic events such as inter-con-
tinental splitting, rifting, Deccan volcanism, etc. in the past 
(Mesozoic to Cenozoic) (Singh et al. 2018). Saurashtra Pen-
insula is comprised of the Precambrian basement overlain 
by Mesozoic sediments and Deccan lava flows successively 
(Singh et al. 2018; Rao and Tewari 2005). On the other hand, 
the Cambay Basin forms the main tectonic structure of the 
Mainland Gujarat region. The Cambay Basin, formed during 
the late Cretaceous period, has a graben like structure and 
is surrounded by numerous major fault systems (Minissale 
et al. 2003). This Cambay Basin is basically situated in the 
triple junction area, i.e., in the intersection region of major 
fault systems like NT (Narmada Tapti) rift system, WC 
(West Coast) fault system, and Cambay Graben (CG) region. 
In NT (Narmada Tapti) and CG (Cambay Graben) areas, 
these fault systems are supposed to extend till mantle depth 
(~ 40 km) (Gupta and Deshpande 2003). As a result, the 
lithosphere underneath the triple junction point is expected 
to be more ductile, warmer, and thinner compared to other 

areas (Pandey and Agrawal 2000). These unique structural 
characteristics are the main reason for high heat flow values 
(55–90 mW  m−2) and high geothermal gradient (temperature 
gradient 36–58 °C  Km−1) in this geothermal region (Gupta 
and Deshpande 2003). The faults and fractures act as a chan-
nel for deeper circulation of the rainwater which emerges as 
thermal springs after attaining heat in this high heat flow 
regime. This is the main reason for the occurrence of large 
number of thermal water manifestations along these well-
defined faults and fractures. The geological map along with 
sample location points is shown in Fig. 1.

Methodology

In this study, 20 thermal water samples and six non-thermal 
water samples were collected from the Gujarat thermal area. 
The water sampling campaign was conducted in the month 
of May, 2016. The field parameters like electrical conductiv-
ity (EC), temperature, total dissolved solids (TDS), pH, etc. 
were measured onsite by a handheld multiparameter probe 
(HI 9828). One set of acidified samples (concentrated  HNO3, 
Merck  Suprapur®) were collected in 250 mL high-density 
polypropylene (HDPE) bottles for the analysis of cations 
 (Na+,  K+,  Ca2+,  Mg2+) and silica, whereas for analysis of 
anions  (Cl−,  SO4

2−), another set of unacidified samples were 
collected in 250 mL HDPE bottles. The alkalinity of the 
water samples was determined in the field itself using the 
standard titrimetric method (APHA 1995). The concentra-
tions of the major cations and anions were analysed using 
ICP-OES (Inductively coupled plasma-optical emission 
spectrometry) (Model: ACTIVA, M/S HORIBA Scientific) 
and ion chromatography (Model: Dionex DX-500) instru-
ments, respectively, whereas lithium and boron concentra-
tion were measured using inductively coupled plasma–mass 
spectrometry (ICP-MS) (Model: Agilent 7800). Sigma-
Aldrich makes 1000 ppm standard solutions which were 
used to prepare the working standards for calibration pur-
poses in both ICP-OES and ICP-MS. External standardi-
sation method was used to prepare the calibration curve 
and the concentration of unknown samples was analysed 
by plotting the intensity of the elements of interest against 
the respective calibration curves. Each standard sample was 
prepared in Millipore water (18.2 MΩ  cm−1) and 1% v/v 
trace metal grade  HNO3 in such a way that the concentration 
of the total dissolved solids did not exceed the 0.2 wt% fol-
lowing the measurement protocol by Fernández-Turiel et al. 
(2000). The detection limit of the ICP-MS instrument for 
measurement of Li and B is 5 ppb, whereas for other cations 
and anions, the limit of detection (LOD) was 50 ppb. The 
precision of the measurement was found to vary between 
2 and 5% RSD (relative standard deviation) (Chatterjee 
et al. 2023). In ion chromatography measurement, the AS 
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11 analytical column was used for anion separation. 5–15 
mN NaOH solution was used to elute the anions (Keesari 
et al. 2016). The chemical accuracy was determined by the 
computing error in charge balance (CBE) (Eq. 1), which was 
found to be within acceptable limits (± 5%)

Results and discussion

Hydrochemical characteristics

The analysed chemical parameters of all the collected 
water samples (thermal as well as non-thermal) are given 
in Table 1. Both the physico-chemical parameters as well 
as the hydro-chemical parameters of these water samples 
were recently reported by Chatterjee et al. (2023). Surface 
emergence temperature of the thermal waters varies from 
38 to 55 °C, whereas for non-thermal water samples, the 
temperature varies from 29 to 33 °C. The pH values of the 

(1)CBE(%) =
meq(cations) − meq(anions)

meq(cations) + meq(anions)
× 100.

collected water samples indicate neutral pH ranging  from 
7.17 to 8.02. Gaseous emanation was observed in case of the 
thermal emergences from Tuwa region. The collected gas 
samples from the present study area were found to contain 
mostly  N2 (~ 70 to 90% by volume) followed by  CO2 (~ 7 to 
20% by volume) (Minissale et al. 2003). The thermal waters 
in the present study area are found to be meteoric in origin 
(Minissale et al. 2003; Chatterjee et al. 2023). In case of 
thermal waters, the EC values vary from 525 to 10,860 µS/
cm, whereas in case of non-thermal water samples, the EC 
values range from 290 to 2963 µS/cm. Thermal waters col-
lected from the Lasundra region (LS-02) exhibit highest EC 
value (10,860 µS/cm), whereas the minimum EC value (525 
µS/cm) is reported in the Jikiyadi thermal water (GK-01) of 
Gujarat state. Among various cations, sodium (Na) concen-
tration is found to be highest (125–1320 ppm) followed by 
the calcium (Ca) (25–680 ppm), potassium (K) (1–85 ppm), 
and magnesium (Mg) (5–52 ppm) ions, respectively. Among 
various anions, chloride (Cl) ion concentration is found to 
be highest (147–3075 ppm) followed by bicarbonate  (HCO3) 
(49–378  ppm) and sulphate  (SO4) (16–294  ppm) ions 
respectively. From the Piper diagram (Fig. 2), it is observed 
that the thermal water samples can be broadly classified into 

Fig. 1  Geological map along with sample location points in Gujarat geothermal area, India
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two major geochemical types: (1) Na–Ca–Cl type (GK-2; 
LP-1, LS-1, 2; TA-1,2,3,4,5; VK-1; TS-1, BD-1; DH-1,2,3; 
GK-1; VA-1) (Type-1), (2) Na–HCO3–Cl type (MK-1, 2) 
(Type-2) whereas the non-thermal water samples can be 
grouped into two distinct categories: (3) Mixed cation (Na, 
Ca)–Cl–HCO3 type (LP-2; UN-1; VA-2; GH-1) (Type-3) 
and (4) Ca–Mg–HCO3 type (ND-1 and LG-1) (Type-4). 
Thermal water samples from Bhadiyad (BD-1), Dholera 
(DH-1, 2, 3), Lasundra (LS-1, 2) and Tuwa (TA- 1,2,3,4,5) 
fall near to the chloride corner in the Cl–SO4–HCO3 ter-
nary diagram (Fig. 3) which indicates that they are mature 
in nature. The thermal water samples from Maktupur region 
(MK-1 and MK-2) fall in the peripheral water region which 
implies that their chemical signature closely matches with 
the non-thermal water samples. Rest of the thermal waters 
(i.e., VA-1; TS-1; GK-1, 2; LP-1; VK-1) fall in between the 
mature and peripheral water regions. None of the thermal 
waters in the present study area resembles the chemical 
composition of the steam-heated local groundwater or the 
volcanic water samples.

Apart from the major ions, boron and lithium are the 
two other important trace elements which are often inves-
tigated in the geothermal systems. Being fluid mobile ele-
ments, the distributions of the chloride, boron, and lithium 
in geothermal systems have been used to trace elemental 
sources and interpret various subsurface processes (Legros 

et al. 2016; Lopez et al. 1993; Trumbull and Slack 2018). 
For example, chloride-to-boron (Cl/B) values are often 
used to trace the type of reservoir rock through which ther-
mal water interacts as well as to assess the mixing phe-
nomenon between the thermal and non-thermal waters in 
the up-flow zones of geothermal systems (Goff et al. 1988; 
Arnórsson and Andrésdóttir 1995; Giggenbach 1995). In 
the present study area, for non-thermal water samples, the 
boron concentrations are found to vary from 0.014 ppm 
(14 ppb) (LG-01) to 0.45 ppm (450 ppb) (GH-01), whereas 
for thermal waters, the boron concentrations range from 
0.12 (120 ppb) (MK-01) to 2 ppm (2000 ppb) (LS-02). 
Similarly, for non-thermal water samples, the lithium con-
centrations are found to vary from 0.19 (190 ppb) (LP-
02) to 0.50 ppm (500 ppb) (VA-02), whereas for thermal 
water samples, the lithium concentrations range from 0.18 
(180 ppb) to 3.1 ppm (3100 ppb) (LS-02). The higher con-
centration of boron and lithium ions in the thermal waters 
can be attributable to the mixing with the paleo-seawater 
entrapped in the formations (Chatterjee et al. 2023). The 
near linear correlation (R2 = 0.83) (Fig. 4a) between the 
chloride and boron concentrations of the thermal and non-
thermal waters in the present study area clearly points out 
to the mixing phenomenon in the up-flow zones. Simi-
lar type of linear relationship is observed between the 
chloride and lithium ion (Fig. 4b) concentrations of the 

Fig. 2  Piper diagram of the water samples collected from the study area
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thermal and non-thermal waters which also signifies the 
mixing between thermal and non-thermal water samples.

Estimation of reservoir temperature

Chemical geothermometers

The computed reservoir temperatures of the present study 
area obtained by applying the silica and cation geothermom-
eters are given in Table 2.

Silica geothermometer Silica has various polymorphs in 
nature, such as quartz, chalcedony, amorphous silica, cristo-
balite, tridymite, etc. Among all the silica polymorphs, only 
quartz and chalcedony phases assume significance in geo-
thermal studies. Quartz geothermometer can be further clas-
sified into two types: (1) conductive quartz geothermometer 
(considering no steam loss while coming to the surface) and 
(2) adiabatic quartz geothermometer (which accounts for 
the maximum steam loss phenomenon while coming to the 
surface). The reservoir temperature estimated from the con-

Fig. 3  Cl–SO4–HCO3 ternary 
diagram of thermal water 
samples

Fig. 4  Graphical plot between a boron vs. chloride and b lithium vs. chloride to elucidate the mixing process
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ductive quartz geothermometer (Fournier 1977) ranges from 
34 to 105 °C, whereas the adiabatic quartz geothermometer 
(Fournier 1977) computes the subsurface temperature in the 
range of 37–110 °C. It can be easily observed that in several 
geothermal areas, such as Varana (VA-1), Maktupur (MK-
1), Dholera (DH-1, 2 and 3), Bhadiyad (BD-1) region, the 
estimated subsurface reservoir temperatures using the con-
ductive quartz geothermometer are below the surface dis-
charge temperatures of the thermal fluids. Therefore, quartz 
geothermometer is unreliable one in the present geothermal 
area. In other geothermal areas, such as Lasundra (LS-1, 
2), Tuwa (TA-1,2,3,4,5), and Tulsishyam (TS-1), the quartz 
geothermometer provides the minimum estimation of the 
subsurface reservoir temperature. This can be attributed to 
the extensive dilution of thermal waters with non-thermal 
waters (Minissale et al. 2003), and as a result, the silica con-
centration decreases significantly resulting underestimation 
of the  reservoir temperature. On the other hand, the chal-
cedony geothermometer computes still lower estimation of 
reservoir temperature, and in some areas (BD-1, DH-3), it 
even gives negative reservoir temperature (− 5 and − 1 °C) 
which is practically impossible. Therefore, the chalcedony 
geothermometer is also  ineffective in this medium enthalpy 
geothermal field.

Cation geothermometers Among various cation geother-
mometers, the most widely used geothermometers are: 
Na–K geothermometers (Arnorsson 1983; Fournier 1979a; 
Giggenbach 1988; Nieva and Nieva 1987; Tonani 1980), 
Na–K–Ca geothermometer (Fournier and Truesdell 1973), 

K–Mg geothermometer (Giggenbach 1988), and Na–Li 
(Kharaka et al. 1982). Figure 5 represents the Giggenbach’s 
(1988) Na–K–Mg geoindicator triangular diagram which 
is basically used to assess the extent of attainment of equi-
librium during the rock–water interaction. Depending on 
the extent of equilibration, the Na–K–Mg ternary diagram 
is generally divided into three regions: immature region, 
partially mature region, and full equilibration region. It is 
observed from Fig. 5 that the thermal waters from Maktu-
pur (MK-1 and MK-2), Varana (VA-1), Jikiyadi (GK-1,2), 
Tulsishyam (TS-1), and Vankiya (VK-1) region fall in the 
‘immature region’ which implies that the application of 
Na–K geothermometer would not be appropriate in these 
areas. Thermal water samples from Dholera (DH-1, 2 and 3) 
and Bhadiyad (BD-1) area fall near the intersection curve of 
‘immature region’ and ‘partial equilibration region’ indicat-
ing that the Na–K geothermometer can be applied with care-
ful consideration. On the other hand, thermal water samples 
from Lasundra (LS-1, 2) and Tuwa (TA-1, 3, 4) fall on the 
‘partial equilibration region’ implying that the cation geo-
thermometer can be applied with some confidence for these 
samples. The Lasundra (LS-1, 2) samples fall on the line 
intersecting the ‘full equilibration line’ at 200 °C, whereas 
the thermal waters from Tuwa (TA-1,2,3,4,5) area show the 
average subsurface temperature in the range of 200–220 °C 
which need to be corroborated by other geothermometric 
methods. In case of thermal waters from Lasundra (LS-1, 
2) and Tuwa (TA-1,2,3,4,5) region, various Na–K geother-
mometers as developed by Fournier (1979a), Giggenbach 
(1988), Tonani (1980), and Nieva and Nieva (1987) also esti-

Fig. 5  Na–K–Mg ternary 
diagram (Giggenbach 1988) of 
thermal water samples
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mate the subsurface temperature in the range of 169–226 °C 
(Table 2) which matches closely with the values obtained 
from the Na–K–Mg ternary diagram. However, Na–K geo-
thermometer as developed by Arnorsson (1983) estimates 
somewhat lower reservoir temperature (154–186  °C) in 
Lasundra and Tuwa region.

From the above discussion, it is quite obvious that 
although Na–K geothermometer is found to be somewhat 
suitable only in Lasundra and Tuwa region still, it is not 
able to provide concordant estimation of subsurface tem-
perature in other areas.

The Na–K–Ca geothermometer, originally proposed by 
Fournier and Truesdell (1973), has been applied successfully 
in estimating the reservoir temperatures for thermal waters 
having high concentration of calcium ions (Nicholson 1993). 
In low-temperature and non-equilibrated thermal water sys-
tems, the Na–K–Ca geothermometer is generally preferred, 
because it does not give misleading (abnormally high and/
or low) reservoir temperature estimation as obtained from 
applying silica and Na–K geothermometers (Arnorsson 
2000) which is exemplified in case of the thermal waters 
from Varana (VA-1), Dholera (DH-1, 2 and 3), Bhadiyad 
(BD-1), and Vankiya (VK-1) regions. In these regions, the 
Na–K–Ca geothermometer computes reservoir temperature 
varying from 114 to 134 °C which seems more probable and 
also closely matches with the values obtained from applying 
the Na–K geothermometers (Fournier 1979a; Giggenbach 
1988). From the previous discussions (“Silica geothermom-
eter”), it is observed that the quartz geothermometer fails 
to predict the subsurface reservoir temperatures in Varana 
(VA-1), Dholera (DH-1, 2 and 3), and Bhadiyad (BD-1) 
regions as the estimated temperatures fall below the surface 
discharge temperatures of the thermal fluids. In case of ther-
mal waters from Lasundra (LS-1, 2), Tuwa (TA-1, 2, 3, 4, 
5), and Tulsishyam (TS-1) region, the estimated subsurface 
temperature from Na–K–Ca geothermometer ranges from 
158 to 175 °C. However, the Na–K–Ca geothermometer fails 
to estimate the subsurface temperature in thermal waters 
from Maktupur (MK-1, 2), Jikiyadi (JK-1, 2), and Lalpur 
(LP-1) region as the estimated subsurface temperatures 
(29–58 °C) fall below the surface discharge temperature of 
thermal waters (40–42 °C).

The other cation geothermometer mainly, K–Mg, is not 
suitable in the present geothermal area as the Mg concen-
trations in most of the thermal waters are found to be high 
(11–67 ppm) due to the near surface mixing with non-ther-
mal waters (Nicholson 1993). This is confirmed from the 
estimated reservoir temperature in Maktupur (MK-1 and 
MK-1) and Lalpur (LP-1) regions where estimated reservoir 
temperature is lower than the surface discharge temperature.

The Na–Li geothermometer constitutes another impor-
tant cation geothermometer which has found widespread use 
in the case of hot saline waters from oil-field, sedimentary 

basins, etc. For saline fluids, Na–Li geothermometer can be 
considered very useful tool considering the low Li reactiv-
ity during the ascent the geothermal fluid up to the surface. 
The Na–Li geothermometric equation developed by Kahraka 
et al. (1982) is used to estimate the subsurface temperature 
of brines in sedimentary basins (Sanjuan et al. 2014). In 
Lasundra (LS-1, 2), Tuwa (TA-1,2,3,4,5), and Tulsishyam 
(TS-1) region (where EC ranges from 6898 to 10,861 µS/
cm), the Na–Li geothermometer estimates reservoir tem-
perature in the range of 190–204 °C which matches with 
that of the Na–K geothermometer values (Fournier 1979a; 
Giggenbach 1988). Similarly, in case of thermal waters 
from Dholera region (EC ranges from 7966 to 8689 µS/
cm), the calculated reservoir temperature from Na–Li geo-
thermometer matches excellently with the values obtained 
from Na–K–Ca geothermometer and Na–K geothermometer 
(Giggenbach 1988).

Multicomponent fluid geothermometry

From the preceding discussion, it has been observed that the 
both the silica geothermometer as well as cation geother-
mometers fail to provide unequivocal estimation of reservoir 
temperature in the study area. As a result, multicomponent 
fluid geothermometry method has been employed which has 
emerged as a useful tool to predict the reservoir temperature 
particularly in the medium and/or low enthalpy geothermal 
areas (Reed and Spycher 1984; Pang and Reed 1998; Spy-
cher et al. 2014; Hou et al. 2019; Olguín-Martínez et al. 
2022). The impact of various subsurface processes, such as 
dilution and degassing, can also be accounted in this mul-
ticomponent geothermometry method. These subsurface 
processes alter the original chemical composition resulting 
the wrong estimation in the reservoir temperature. A stand-
alone computer program, GeoT, is employed to perform the 
multicomponent geothermometry calculation. The thermo-
dynamic database SOLTHERM.H06 is used in this GeoT 
program to compute both the ion activity product (Q) and 
the thermodynamic equilibrium constant (K) of different 
minerals at different temperatures. The detailed procedure 
of this method can be found in Spycher et al. (2014). In this 
study, calcite, aragonite, quartz, kerolite, diopside, antho-
phyllite, tremolite, phlogopite, cummingtonite, and brucite 
are chosen as ten main clustering minerals based on the satu-
ration study of minerals by Minissale et al. (2003).

Initial analysis of  the  thermal waters One thermal water 
sample each from Dholera (DH-1), Lasundra (LS-1), Tuwa 
(TA-3), and Tulshishaym (TS-1) regions has been chosen 
for further investigation. The multicomponent geothermom-
etry method, applied on the original chemical composition 
(without accounting dilution and parameter optimization) of 
the thermal waters from Dholera (DH-1), Lasundra (LS-1), 



Environmental Earth Sciences (2023) 82:557 

1 3

Page 11 of 17 557

Tuwa (TA-3), and Tulshishaym (TS-1) regions, has com-
puted the subsurface temperatures in the range of 58–80 °C 
(Fig. 6a–d) which is even lower than the temperature esti-
mated from the silica geothermometers (~ 110  °C). This 
suggests the alteration of original chemical composition of 
the thermal fluids due to the presence of  various secondary 
processes. 

Deep fluid reconstruction The stand-alone GeoT computer 
program is found to be very effective in optimizing some of 
the unknown and/or poorly constrained parameters. In the 
present study area, the effect of mixing/dilution on the origi-
nal composition of the thermal waters has been corrected 
using the dilution factor (‘cfact’) in the GeoT program. The 
value of the dilution factor (‘cfact’) varies depending on 
the extent of mixing with the non-thermal waters and the 
GeoT program will numerically optimize the dilution factor 
(‘cfact’) till a good clustering is achieved.

Now, when the Dholera thermal water (DH-1) is run again 
by numerically optimizing the dilution factor (cfact = 0.4) 
parameter, a very good clustering of selected minerals is 
observed at the reservoir temperature of 138 ± 7 °C (Fig. 7a). 

This temperature estimation closely matches with the values 
obtained from Na–K–Ca geothermometer (120–126 °C) as 
well as Na–K geothermometer (131–136 °C) (Giggenbach 
1988). GeoT program also computes different statistical 
parameters like median (RMED), mean (MEAN), standard 
deviation (SDEV), and root-mean square error (RMSE) of 
saturation indices and the temperatures at which these sta-
tistical parameters attain minimum value (TRMED, TMEAN, 
TSDEV, and TRMSE). For a perfectly clustered system, TRMED, 
TMEAN, TSDEV, and TRMSE should be identical, and this tem-
perature reflects the computed reservoir temperature. Fig-
ure 7b shows that in case of DH-1 sample, all the statistical 
parameters like RMED, MEAN, SDEV, and RMSE attain 
the minimum value ~ 138 °C which can be considered as the 
most probable subsurface reservoir temperature.

In case of Lasundra thermal water (LS-1), the param-
eter optimization (cfact = 0.3) of the dilution effect has 
resulted in clustering of minerals around 160 ± 10 °C which 
can be considered as the most probable reservoir temper-
ature (Fig. 7c). In case of LS-1 sample, all the statistical 
parameters like RMED, MEAN, SDEV, and RMSE attain 
the minimum value at ~ 160 °C (Fig. 7d) which denotes 

Fig. 6  Variation of mineral saturation indices (log (Q/K)) vs. temperature for uncorrected fluid compositions of a Dholera (DH-1), b Lasundra 
(LS-1), c Tulsishyam (TS-1), and d Tuwa (TA-3)
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the probable  subsurface reservoir temperature. In this 
case, although the temperature estimation from the mul-
ticomponent geothermometry method matches with the 
Na–K–Ca geothermometer values (163–164 °C), they are 
found to be significantly lower than what is predicted from 
Na–K (Giggenbach 1988) and Na–Li (Kahraka et al. 1982) 
geothermometers.

In case of Tuwa thermal water (TA-3) sample (TA-3 
shows the highest surface discharge temperature), the deep 
fluid reconstruction was carried out by employing both the 
dilution factor (cfact = 0.10) and the steam fraction factor 
(stwf = 0.15). The steam fraction (stwf) factor is used to add 
the gas back into the deep fluid which has lost due to boiling. 
The steam fraction (stwf) factor is used in the TA-3 sample 
as gaseous emanations were observed during sampling. The 
incorporation of both the ‘cfact’ and the ‘stwf’ of the Tuwa 
thermal water (TA-3) sample (TA-3) has resulted the clus-
tering of minerals in the range of 166 ± 12 °C (Fig. 8a). At 
this temperature range, log (Q/K) values of all the statisti-
cal parameters such as mean (MEAN), median (RMED), 
root-mean-square error (RMSE), and standard deviation 
(SDEV) also attain minimum value thereby indicating the 

probable reservoir temperature in the Tuwa region (Fig. 8b). 
Similarly, deep fluid reconstruction method applied in the 
Tulshishaym (TS-1) thermal water (cfact = 0.15) shows that 
the reservoir temperature is 168 ± 8 °C (Fig. 8c, d) which is 
quite similar to the subsurface temperature obtained from 
Lasundra and Tuwa region.

We have also carried out GeoT modelling studies of the 
thermal waters from Dholera and Lasundra area using the 
chemical composition as reported by the Minissale et al. 
(2003). After fluid reconstruction study, the estimated reser-
voir temperature for Dholera sample is found to be ~ 124 °C 
(supplementary file, Fig. S1) which is similar to the tem-
perature estimated in this study (138 ± 7 °C). For Lasundra 
thermal water, the GeoT modelling of the reconstructed fluid 
(Minissale et al. 2003) computes ~ 150 °C (supplementary 
file, Fig. S2) as reservoir temperature which is again  similar 
to the values estimated in the present study (165 ± 10 °C). 
In case of Tulsishyam thermal water, Minissale et al. (2003) 
reported silica concentration as 151 ppm which gives quartz 
geothermometer value of ~ 162 °C matching closely with 
the temperature estimated in the present study. Therefore, 
based on the above discussions, it can be concluded that 

Fig. 7  Estimation of reservoir temperature of reconstructed fluids from Dholera (DH-1) region a minerals vs. temperature plot, b statistical 
parameters vs. temperature plot and Lasundra (LS-1) region, c minerals vs. temperature plot, and d statistical parameters vs. temperature plot
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the multicomponent geothermometry method gives similar 
temperature estimation in both the occasions.

Mixing models

To further corroborate the multicomponent geothermom-
etry results, mixing models have been used to estimate the 
reservoir temperature in the Gujarat geothermal region. The 
enthalpy–silica and the enthalpy–chloride mixing models 
are normally used to estimate subsurface temperature of 
the mixed thermal waters (Truesdell and Fournier 1977; 
Fournier 1979b).

Enthalpy–silica mixing model

In the enthalpy–silica mixing model, the enthalpy is used 
as an axis rather than temperature, because combined 
heat content (enthalpy) of the two waters remains con-
served upon mixing, whereas the combined temperatures 
are not (Fournier 1989). In this mixing model, the silica 

concentrations of the samples were plotted against their 
corresponding onsite enthalpies. The enthalpy values were 
determined using the steam tables of Keenan et al. (1969). 
For the application of this model, two end-member fluids 
are generally considered: dug well samples (representing 
non-thermal groundwater sample) as one end member and 
the thermal water samples as the other end member. The 
subsurface temperature of the geothermal reservoir can then 
be obtained by two different methods. In the first method 
(Fig. 9a), it is assumed that no steam or heat loss takes 
place before mixing. A line joining the composition of local 
ground waters (dug well samples) and thermal water sam-
ples intersects the no steam loss curve at point A. A verti-
cal line from point A intersects the enthalpy axis at point 
B, which represents the enthalpy of the parent geothermal 
water before mixing. In the present case, the subsurface 
temperature [after converting enthalpy to temperature using 
the steam tables of Keenan et al. (1969)] turns out to be 
∼ 211 °C which is abnormally high. According to Fournier 
and Truesdell (1973), this type of situation arises when 

Fig. 8  Estimation of reservoir temperature of reconstructed fluids from Tuwa (TA-3) region, a minerals vs. temperature plot, b statistical param-
eters vs. temperature plot and Tulsishyam (TS-1) region, c minerals vs. temperature plot, and d statistical parameters vs. temperature plot
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the ascending hot water loses steam or heat before mixing 
with cold water which is considered in the second method 
(Fig. 9b). In the second method, a vertical line is drawn from 
the enthalpy value of 419 J/g (corresponding to 100 °C, the 
boiling point of water) which intersects the mixing line at 
point A. From point A, a line parallel to the enthalpy axis 
intersects the maximum steam loss curve at point B. A verti-
cal line from B intersects the enthalpy axis at point C which 
indicates the reservoir temperature. Applying this method, 
the average reservoir temperature turns out to be ~ 142 °C 
which is in good agreement with the reservoir temperature 
computed for Dholera thermal water (DH-1) using multi-
component geothermometric method.

Enthalpy–chloride mixing model

Enthalpy–chloride mixing model is very useful in defin-
ing various subsurface processes (i.e., mixing, boiling, 
conductive cooling etc.) and provides useful check on 
geothermometric calculation (Nicholson 1993; Shoe-
darto et al. 2020; Pan et al. 2021). Figure 10 represents 
the enthalpy–chloride mixing model for the present study 
area. Point A represents the enthalpy value of steam which 
is fixed at 664 Cal/g. Points, such as  S0,  S1,  S2, and  S3, 
represent the issuing enthalpy of Lasundra (LS-1), Bhadi-
yad (BD-1), Dholera (DH-01), and Tuwa (TA-01) thermal 
springs, respectively. Steam loss lines are represented by 
the straight lines connecting the points A and  Sx. Points, 
such as  P0,  P1,  P2, and  P3, represent the calculated enthalpy 
of the respective thermal springs based on Na–K–Ca geo-
thermometer. The chloride concentration and enthalpy of 
the non-thermal water is denoted by the point M. From 
Fig. 10, it is observed that the  P0,  P1, and  P3 points lie on 
the line joining with the point M (composition of non-ther-
mal water). Curves B and C represent the dilution line or 

mixing line, whereas curve D represents the upper bound-
ary of boiling curve. The intersection of curve B and curve 
D at point  P0 gives the upper limit of the enthalpy of the 
parent fluid which is found  to be 164 °C. The upper limit 
of the reservoir temperature from the enthalpy-chloride 
mixing model lies within the temperature range deduced 
from the multicomponent geothermometry method for 
Lasundra (LS-1), Tuwa (TA-3), and Tulshishaym (TS-
1) thermal waters. On the other hand, the intersection of 
curve C and curve D at the point E provides the lower limit 
of the enthalpy of the parent fluid which turns out to be 
126 °C (after converting enthalpy to temperature) and cor-
roborates well with the reservoir temperature obtained for 
the Dholera (DH-1) thermal water using multicomponent 
geothermometry method. Therefore, this enthalpy–chlo-
ride mixing model is found to give same range of res-
ervoir temperature as obtained from the multicomponent 
geothermometry method.

Fig. 9  Enthalpy–silica mixing model for Gujarat thermal waters: a assuming no steam loss before mixing and b assuming steam loss before mix-
ing

Fig. 10  Enthalpy–chloride mixing model for Gujarat thermal waters
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Conclusion

Subsurface temperature estimation in most of the medium/
low enthalpy geothermal fields is challenging due to the 
non-attainment of fluid–rock equilibrium resulting dis-
cordant temperature values obtained from different chemi-
cal geothermometers. Chemical geothermometers which 
are based on the assumed chemical equilibrium between 
thermal water and specific mineral assemblages suffer 
drawbacks due to the presence of secondary processes, 
such as mixing/dilution, degassing, etc. during the ascent 
of thermal waters towards the surface. A similar scenario 
is encountered in the present study area, which also falls in 
the medium enthalpy geothermal system. The temperature 
range estimated from the quartz geothermometer varies 
from 34 to 105 °C with few of them falling below the sur-
face discharge temperature of the thermal waters, thereby 
negating the applicability of silica geothermometers. The 
similar situation happens when K–Mg and Mg-Li geo-
thermometers are applied to estimate the reservoir tem-
perature suggesting interaction with the non-thermal 
waters near the surface (Mg incorporation). Based on the 
Giggenbach’s (1988) Na–K–Mg triangular diagram, it is 
observed that although Na–K geothermometer is found to 
be suitable to estimate the reservoir temperature in Lasun-
dra and Tuwa region, still it provides somewhat higher 
estimation of reservoir temperature (~ 170 to 226 °C). On 
the other hand, Na–K–Ca geothermometer provides con-
servative estimation of subsurface reservoir temperature 
and in case of thermal waters from Lasundra (LS-1, 2), 
Tuwa (TA-1, 2, 3, 4, 5), and Tulsishyam (TS-1) region. 
The estimated subsurface temperature from Na–K–Ca geo-
thermometer ranges from 158 to 175 °C. The multicompo-
nent fluid geothermometry approach resolves this apparent 
contradiction in estimation of reservoir temperature. The 
GeoT modelling of the reconstructed fluids (corrected for 
dilution) at Dholera region (DH-1) provides subsurface 
temperature in the range of 138 ± 7 °C which matches 
closely with the values obtained from Na–K–Ca geother-
mometer (120–126 °C) as well as Na–K geothermometer 
(131–136  °C) (Giggenbach 1988). In case of thermal 
waters from Lasundra, Tuwa, and Tulshishaym region, 
the GeoT modelling results give concordant estimation of 
reservoir temperature in the range of ~ 165 ± 10 °C. The 
application of two mixing models, such as enthalpy–silica 
and enthalpy–chloride mixing models, also give similar 
estimation of the reservoir temperature as obtained from 
the multicomponent geothermometry technique. This mul-
ticomponent modelling results thus essentially indicate the 
existence of separate geothermal reservoirs feeding the 
thermal springs in this region. One reservoir has compara-
tively lower temperature (~ 130 to 140 °C) and is feeding 

thermal springs like Dholera, Maktupur, Bhadiyad, etc., 
whereas the other reservoir has higher subsurface tem-
perature (~ 165 ± 10 °C) and is feeding thermal springs in 
Lasundra, Tuwa, and Tulsishyam regions. Therefore, from 
the above discussions, it is quite evident that the multi-
component geothermometry is the only viable alternative 
in providing the correct estimation of subsurface tem-
perature which has also been observed in other medium 
enthalpy geothermal systems (Battistel et al. 2014; Chat-
terjee et al. 2017, 2019; Nitschke et al. 2017).
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