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Abstract
Geothermal waters are extensively useful for various purposes such as in industrial plants, societal bene�ts, irrigation, and domestic consumptions.
However, its physiochemical characterization is very important before using it for any rationale. The main objective of this paper is to identify the hydro-
chemistry of geothermal water which is placed in southern part of Gujarat such as Unai hot springs and Saputara geothermal springs, and west coast
geothermal province (WCGP) like Tural-Rajwadi group of hot springs. The standard methods were used to carry out the analysis of geothermal water. Piper,
Stiff, Gibbs, Extended Durov, and Wilcox diagrams have been plotted to categorize water samples in facies. Spatial distribution curves have also been
plotted for geothermal regions of Gujarat and Maharashtra. The geochemistry of groundwater is in�uenced by the presence of most important ions like
Na+, Ca2+, Mg2+, K+, Cl-, HCO3

-, and SO4
2-. Geothermal spring of Unai contains high TDS concentration around 1000 mg/l thus it cannot be used for

drinking purposes but it can be utilized for domestic, balneology, and industrial purposes. However, after desalination this water can be utilized for drinking
purposes. In Tural-Rajwadi hot springs TDS concentration was > 900 mg/l and pH range was between7-8 hence it can be used for domestic and industrial
purposes. The temperature range of Tural-Rajwadi geothermal hot spring is 55-65°C which is very useful for milk pasteurization, industrial operations,
space heating, balneology facilities like greenhouses and aquaculture ponds, and domestic purposes.

1. Introduction
As geothermal energy is very clean and having a low maintenance cost it is being utilized as another energy source across the world. The earth’s interior
contained geothermal energy and it apparent in several forms, varied from a higher geothermal gradient to hot springs, fumaroles and volcanoes (Monterio
et al. 2019). Geothermal water is very essential natural resource which can be used for various purposes such as domestic consumptions, industrial
operations, irrigation, and therapeutic facilities (Yadav et al. 2021). In India many geothermal �elds have been recognized, among them few are having a
high potential and some are having a medium to low potential. Around 300 hot springs have been observed across India, which occurred due to the
presence of diverse tectonic elements like shear zones and fault planes. In 1991 many geothermal Regions identi�ed by GSI they are Himalayan
Geothermal Region, Andaman-Nicobar Island Region, West Coast Region, Cambay Graben Region, Son-Narmada-Tapi Region, Aravalli Region, Godavari
and Mahanadi Region, and South Indian Cratonic Region (Monterio et al. 2019). Geothermal provinces of India are as shown in Fig. 1.

Among all these geothermal regions, Cambay Graben Region (latitudes 21° 00’ and 25° 00’ N and longitudes 71° 30’ and 73° 30’ E) in Southern part of
Gujarat and West Coast Geothermal Province (WCGP) (19° 42’ 43’’N-72° 50’ 55’’E to 16° 38’ 44’’N-73° 31’ 52’’E) of Maharashtra are the most potential
geothermal �elds (Low et al. 2020). The hot springs at Unai is located in southern part of Gujarat. In the southern part of Gujarat, the geological
developments vary from Cretaceous to Holocene (Shah et al. 2019b). The pH values of 7.5–8.5 were detected in water samples from the hot springs of
Unai that reveals the alkaline nature of water. Amusingly, these hot springs were having temperature values between 51 to 56°C hence it can be used for
industrial operations, societal bene�ts, and domestic consumptions. The TDS concentration of 900–1000 mg/l was observed in hot springs of Unai
(Yadav et al. 2021). Saputara (20 34’47’’ N-73 44’48’’ E) is placed in Western Ghats and it is a part of Dang district in Gujarat. Detailed geochemical
analysis of thermal springs of Saputara has been carried out in this study. Physico-chemical parameters of thermal spring water of Saputara region is
similar to thermal spring water of Unai.

In West Coast Geothermal Province (WCGP) above sixty thermal springs are available at eighteen locations, containing temperatures between 40 to 72° C.
These thermal springs are passing through the Palghar, Raigad, and Ratnagiri district of Maharashtra and they are covering up the linear distance of
around 350 km. Even though these thermal springs are issuing through the 65 Ma Deccan Volcanic Province (DVP), the major ion chemistry point out the
impact of underlying formations that superimpose the Precambrian granite-gneiss (Chandrasekhar et al. 2018). These thermal waters are having lower
concentration of Mg+, K+, and HCO3

− and having enhanced concentration of Ca2+, Na+, and Cl−. In this region Tural-Rajwadi cluster of hot springs has
gained more attention due to high temperature potential (50-61.5°C) and medium TDS concentration (> 900 mg/l).The discharge rate of Tural-Rajwadi
group of hot springs was observed around 5 lps and it was dispersed over an area of ~ 1.5 km2 (Low et al. 2020).This group of hot springs is regulated by
dykes, shear zones, fractures, and the NNW-SSE trending lineaments. Tural-Rajwadi hot spring water can be utilized for societal bene�ts, industrial
applications, and domestic consumptions.

In developing areas of Maharashtra and south Gujarat very few facilities of electricity, irrigation water, and domestic water are accessible to the people due
to lack of physicochemical analysis of the thermal spring waters located in this regions. In order to overcome this problem the main objective of this study
is to perform the hydro-geochemical analysis of these thermal spring waters as highlighted by circle in Fig. 1 After performing this study use of this
thermal spring water can be enhanced. Various plots such as Gibbs, Pipper, Stiff, and Durov have been plotted in this study. During the hydro-geochemical
analyses of water, the physicochemical and geological assessments were of enormous importance because they disclosed the relationship between
chemical factors, water type, and geology of the area (Jahangiry Fard et al. 2019). The geochemical studies reveal the origin of geothermal water. The
chemistry of the geothermal �uids is largely dependent on the reservoir temperature, type of reservoir rock, mixing processes, multiple �uid origin, altitude
of the in�ltration basin, and underground travel time (Shah et al. 2021). A range of impurities dissolve in it while water is transport. Many �ne particles �ow
with water through many procedures such as weathering, microbe decay, soil leaching etc. (Rahimi et al. 2019).

2 Geological Setting

2.1 Southern Part of Gujarat
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In Gujarat, 22 thermal regions are present containing 17 thermal springs that extend from Archean to Quaternary in attribution within the Cambay Basin as
its main tectonic structure. Unai is the most important geothermal �eld that is placed in southern part of Gujarat (Sircar et al. 2015). It is 100 km away from
the Cambay Basin. The surrounding areas are having the elevation of 10 to 55 m. This area is mostly covered by dense forest and small hillocks. This
region is largely shielded by the thick Deccan trap of Late Cretaceous to Early Eocene age (Biswas 1987). The whole area of Saputara is also a part of
Deccan Trap. This region shows rugged and terraced topography with plane peaked conical hills, small plateau and steep side narrow valleys. Basaltic
lava �ows are surrounded by black clayey to loamy soil. Its width is around a meter (Gupta, 2014).

South Gujarat has developed with the fragment of the Gondwanaland. Throughout early Cretaceous sedimentation and volcanism have initiated with the
marine transgression beside that the Narmada geofracture offered grow to the equivalents of Bagh beds (Yadav and Sircar 2019). Succeeding procedures
contained Deccan volcanism and evolution of the cambay basin. Quaternary deposits contained alluvial accumulations and coastal marine deposits
(Sircar 2017). The Narmada-Son Lineament comprised of Unai hot spring and it separates the Indian shield into two parts (Shah et al. 2019c). The Deccan
lava �ows is one part that is prevailed in the western part of Narmada-Son Lineament. These basaltic lava �ows of the Deccan Trap compose the main
rock formation of the southern part of Gujarat (Sircar et al. 2015). These trappous rocks contain horizontal lava �ows. This trap appears �at-topped hills
because of deviation in the hardness of the dissimilar �ows. These traps achieve their highest altitude close to the border of Gujarat and Maharashtra, i.e.
Dang area (Rao et al. 2012).Various dark grey basalts are available in Lava-�ows, quite frequently amygdaloidal and porphyritic. In the subsurface there is
also a possibility of presence of hard rock. In Saputara (Dang district Gujarat) different elements of basaltic lava �ows form the main aquifer system. In
pheratic condition ground water occurs. In this terrain weathered and fractured volcanic rocks are present in uncon�ned aquifer. There is a high variation in
the areal extent and thickness of weathered mantle. The southern part of the region is criss-crossed by dykes that regulate the transfer of groundwater in
the development.

2.2 West Coast Geothermal Province (WCGP)
The Deccan Volcanic Province (DVP) of West Central India is pointed by three main tectonic zones they are Narmada-Son rift, the West Coast zone, and the
Cambay rift. These regions are tectonically disordered spots of fracture zones, dyke swarms, and hot springs. The DVP comprising of lava �ows of various
thickness (~ 40–100 m) and it imbricate the pre-Cambrian basement of the Indian subcontinent (Shah et al. 2019b). Inception of DVP is ascribed varyingly
to the magma eruption structured by the melting of a mantle plume, lithospheric plate tectonic processes, and effect of huge extraterrestrial bodies. The
hot springs located in West Coast Geothermal Province of Maharashtra, India visible in hard rock of Deccan basalt land with meager alluvial shield. It is
considered that the real hot waters are released from the margins of dykes, intense fractures, and shears (Rao et al. 2015).

In the Tural-Rajwadi group of hot springs region there are �ve lava �ows on the surface and six lava �ows in a bore well at Rajwadi (Monterio et al. 2019).
These six lava �ows have been recognized based on their internal structure, textural variations, vesiculation and presence of glassy rinds. Vesicle and joint
�llings within the lava �ows expose peculiar assemblage of calcite, nontronite, clinopitolite, stilbite, apophylite, cristobalite, etc. it indic this signifying
mineralization correlated to �owing hot geothermal �uids (Pujari, 2014). A main portion of the Tural-Rajwadi region is engrossed by valleys with hilly
region and a wide plateau in the north-east, eastern, and south-eastern parts. There are two major streams drain the area. In a north-south direction, the
Turalnala �ows and Rajwadi stream transfer from east to west. The Rajwadi stream is described by short rectilinear stream fragments. Bedrock contains
the basaltic lava �ows and most of the steams cut through this bedrock.

3 Sampling And Analytical Techniques

3.1 Sampling Method
Thermal spring water and ground water samples were collected from various locations in Southern Part of Gujarat and West Coast Geothermal Province
(WCGP) for lab analysis. Giggenbach and Goguel, 1989 had mentioned sampling method which was adopted for the sampling during this study. After
pumping of 20 min samples were collected from the wells in order to avoid non representative sample and polluted water. Two bottles of 1-l samples were
collected from each sampling site. Out of two bottles in one bottle �ltered sample (with acetate cellulose �lter paper having pore size of 0.45 µm) was
�lled. The sample bottle was rinsed three times with �ltered water before the �ltered sample was collected. After that this �ltered water samples were
acidi�ed with HNO3 (Merck 65% purity). The second bottle which is �lled with the un�ltered water sample was initially acidi�ed and then �ltered in lab.

These bottles were then sealed with para�lm and transferred to our lab for further analysis. In order to determine anion concentrations (HCO3
−, Cl−, SO4

2−,

F−) un�ltered and unacidi�ed samples were also collected in 1-l of HDPE bottles.

3.2 Analytical Techniques
Physical parameters like electrical conductivity (EC), temperature, and pH were determined in the site immediately after sampling by using Orion 4-Star
meter. The major ion concentrations like Chloride, Calcium, Magnesium, Sulphate, Fluorides, Bicarbonates, and Carbonates were determined by standard
APHA methods (Rhodes 1980). Sodium and potassium were analyzed by means of Flame photometric and EDTA methods (Armijo 2012). Total Dissolved
Solids (TDS) was determined by gravimetric method. The sources of dissolved components in water can be understood by piper graphic method. The
fundamental principal of this method is that in water cations and anions are usually in chemical equilibrium. The sodium percentage (%Na) and electrical
conductivity (EC) of the water were identi�ed by Wilcox and Wilcox Log method. Percentage of sodium has been calculated by the Eq. 1 as given below in
meq/L,
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Following Eq. 2 was used to determine the Sodium Adsorption Ratio (SAR) in meq/L,

Cation and anion concentrations in geothermal water from different locations of South Part of Gujarat and West Coast Geothermal Province (WCGP) are
as shown in Table 1 and Table 2, respectively.

  
Table 1

Physico-chemical parameters and major ion concentration in geothermal spring water from different sites in West Coast Geothermal Province (WCGP) of
Maharashtra, India (Chandrasekhar et al. 2018)

Sr.No. Location Temp
( C)

pH TDS Cl− SO4
2− F− Conductivity

(µS/cm)

Na+ K+ Ca2+ Mg2+ CO3
2−

Hardness

HCO3
− Salinity

1 Unai 1 51.3 8.38 998 345 41.17 2.3 1475 158 13 168.34 5 260 126 623

2 Unai 2 55 7.86 1190 525 108.8 8 1840 324 15 52 17 84 42 948

3 Unai 3 56 8.12 1114 530 92.65 8.4 1662 340 10 64 4.86 96 42 957

4 Saputara
1

57 7.5 950 450 110 2.5 1500 215 9.8 65 1.2 98 41 950

5 Saputara
2

59 8.1 958 456 108 4.2 1490 230 10.5 60 2.8 90 43 960

6 Saputara
3

61 8.3 940 430 115 6.6 1530 250 9.6 67 3.5 94 44 955

All values in mg/l except speci�ed

Table 2: Physico-chemical parameters and major ion concentration in geothermal spring water from different sites in West Coast Geothermal Province
(WCGP) of Maharashtra, India (Chandrasekhar et al. 2018)

Sr.No Location Temp
(°C)

pH Conductivity(μS/cm)TDS Na+ K+ Ca2+ Mg2+ Cl- HCO3
-SO4

2-

     1
     2
     3
     4
     5
     6
     7
     8
     9
    10
    11
    12
    13
    14
    15

Koknere
Padusapada
Sativili
Ganeshpuri
Akloli
Pali
Dasgaon
Mandangad
Unhavre-Farare
Aravali
Tural 1
Tural 2
Rajwadi
Anjaneri-Math
Rajapur-Unhale

44
43
57
60
50
48
45
55
72
 44
 65
 53
 55
 40
 43

 

7.80
8.69
8.73
8.60 
8.56
6.54
6.93 
 7.98
 7.68
 8.76
 7.67
  7.8
  8.2
  8.64
  7.54

   7340
   2872
   2881
   2332
   3910
   4730
   1858
   2979
   3560
   863
   1527
   1466
   1494
   2037
   524

 4698
 1838
 1844
 1492
 2502
 3027
 1189
 1907
 2278
 552
 977
 938
 956
 1304
 335
 

520
409
421
322
448
427
231
430
521
182
227
220
224
324
72.4

22.6
17.8
18.3
14.0
19.5
18.6
10.1
18.7
22.7
6.60
9.86
9.57
9.74
14.1
3.2

1106
 193
 175
 155
 402
 582
 152
 185
 223
12.7
63.1
62.5
58.3
84.2
26.6

6.1
0.1  
0.04 
0.1
0.1 
0.5
0.1 
0.3 
0.3
< 
1.0
0.3
0.5
0.1
7.0

2842
 925
 875
 725
 1345
 1690
 486
 1090
 1305
 218
 441
 437
 369
540
16.3

55
5
10
5
15
10
20
15
20
25
40
40
40
10
260

92
136
123
124
148
136
280
111
157
90.9
119
102
117
275
4.72
 

 All values in mg/l except specified

< : Not detected.

4 Results And Discussion

4.1 Water Quality Speci�cation

4.1.1 Hydrogeochemistry
The geothermal water from Unai and Saputara is slightly alkaline in nature as its pH ranges between 7.5–8.38 (Table 1). The pH value range of geothermal
water from various locations of West Coast Geothermal Province (WCGP) is 6.5–8.7 which is also moderately alkaline in nature (Table 2). Temperature
range of geothermal water from Unai and Saputara is 51–61°C. It does not show any major deviation, temperature varies within a range of 1–10°C for all
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six thermal springs. However, temperature of geothermal water from various locations of WCGP varies from 40–72°C which indicates a signi�cant
variation. A total Dissolved Solids (TDS) concentration of geothermal water from Unai and Saputara ranges from 940 to 1190 mg/l. In geothermal water of
WCGP, Total Dissolved Solids (TDS) concentrations varied from 335–4698 mg/l which is very high. Permissible limit for TDS in absence of any alternate
source is 2000 mg/l (BIS 2012). But water having TDS concentration higher than 900 mg/l is less acceptable for drinking. Therefore, after desalination this
water will be drinkable and it will also be useful for other societal and industrial purposes. In Unai and Saputara geothermal spring water chloride
concentrations varies from 345 to 530 mg/l which is due to the dilutions of deep thermal water. The chloride concentration in geothermal water of WCGP is
varied from 16.3 to 2842 mg/l as shown in Table 2. This is because of interaction of water with saline constituents. The sulfur content of spring water of
Unai and Saputara is ranged from moderate to high 41–115 mg/l which indicates combination of volcanic gases with the thermal waters (Zimik et al.
2017). In thermal water of WCGP the sulfur concentration is 4.72 to 280 mg/l which shows dissolution of sulfur-containing minerals. High chloride
concentration is damaging for metallic pipes, structure, and growing plants as well. It is observed that high sulfur content can cause plant aberration and
can have injurious effects on plant nutrition. High sulfur concentration can cause corrosion of pipes. Sodium concentration in spring water of Unai and
Saputara is ranging from 158 to 340 mg/l and in thermal water of WCGP is varies from 72.4 to 521 mg/l. It shows that water is passing in deep and it
might be a high enthalpy geothermal reservoir (Shah et al. 2019a). In Unai and Saputara geothermal water, sodium and chloride concentrations are quite
high in compare to calcium, magnesium, and potassium. Bicarbonate concentration varies between 41 to 126 mg/l. Geothermal water in Unai and
Saputara indicates salinity between 623 to 960 mg/l which is low to moderate saline. In case of WCGP, sodium and chloride concentrations are high as
well and calcium, magnesium, potassium concentrations are less. This is due to contact of basalt with sea water at high temperatures (Chandrasekhar et
al. 2018). In koknere, the Na/Cl ratio is 0.1829697 which is < 1 and it shows that these dissolve salts might be of marine origin like fossil seawater,
dissolution of marine evaporites, and deep motion of modern seawater. Low concentration of carbonate and bicarbonate in thermal water of Unai and
Saputara indicate that from deeper levels water has upsurged. It is affected by the development water chemistry from the deeper grainy layer below the
trappean �ows (Sharma 2013). For drinking water, the permissible limit of �uoride is 1.5 mg/l and in Unai and Saputara spring water high concentration of
�uoride has been observed i.e., 2.3 to 8.4 mg/l. It makes water un�t for drinking purposes because high �uoride concentration can cause diseases like
�uorosis. Fluoride concentration beyond 4 mg/l could be hazardous (BIS 2012). This high concentration is due to the contact of water with subsurface
mica and apatite bearing rocks (WHO 2004). It can be considered that higher �ow gradients which heat the water is being created by tectonic movement
and mantle upliftment this water is upsurge back to the surface as it reaches its boiling temperature (Sircar et al. 2015).

4.2 Hydrochemical facies
Areal distribution and Hydrochemical evolution can be understood by plotting graphs of groundwater main dissolved components.

4.2.1 Piper plot
Piper 1944 had proposed one tri-linear plotting method which is the most widely utilized method for studying geochemical facies of groundwater. This plot
allows clustering of data points to show samples which have same constitutions (Sankaran et al. 2015). The diamond plot is at the center and it is merged
by two tri-linear plots that are on the two sides of the diamond. On the basis of supremacy in ion concentration dissimilar quadrants of diamond show the
dissimilar kind of water as shown in Fig. 2a. Figure 2a shows the depiction of the results obtained from Unai and Saputara on the piper diagram. From
�gure it can be seen that U2, U3, and S2 fall in Sodium Chloride water region while U1, S1, and S3 come under Calcium Sulphate supremacy water region.
Figure 2b represents the piper diagram of WCGP Maharashtra, India. In WCGP, Koknere, Unhavre-Farare, Akloli, Mandangad, Pali, Sativili, and Padusapada
fall in Sodium Chloride water region while Tural 1, Tural 2, Rajwadi, Anjaneri-Math, Dasgaon, and Ganeshpuri fall in Calcium Sulphate water region.

4.2.2Extended Durov plot
The geochemical process which alters the groundwater quality can be disclosed by Durov (1948) plot (Lloyd and Heathcoat, 1985). In extended Durov plot,
pH and TDS plots are included to the downside and right side of the diagram. In Durov diagram there are two tri-linear plots of cations and anions. The
Hydrochemical process such as dissolution or precipitation and type of water like NaCl or CaCO3 will be identify by point of intersection of lines from tri-

linear plots of the similar water sample in the binary plot. In Unai and Saputara, Higher concentration of Ca and HCO3
− + CO3

2− and lower concentration of

NaCl was observed in U1, S1, and S3 in comparison of U2, U3, and S2as shown in Fig. 3a. Higher concentration of Ca and HCO3
− was observed in Koknere

and Rajpur-Unhale compare to other regions in WCGP. In Unhavre-Farare NaCl concentration is quite high which is represented in Fig. 3b. Piper and
Extended Durov plots are showing similar conditions of cations and anions in both regions but there are many other features which can affect the
geochemistry of groundwater hence several other plots and graphs should be combined to �nd the conclusion.

4.2.3 Schoeller plot
The semi-logarithmic illustration of the concentrations of major ionic constituents present in the water is known as a Schoeller diagram (Schoeller, 1961).
The anions and cations present in the water samples have taken on the X-axis and their concentrations have been plotted on Y-axis for all the samples.
Different ions present in various samples can be compared with the help of this plot. From Fig. 4a it can be seen that U2 and U3 are having great similarity
and U1 is different from other two. S1, S2, and S3 are having almost similar pattern. In all the samples supremacy of Na + K cations and Cl anions is there.
Figure 4b represents the major ion concentration present in the water sample from WCGP. In Koknere, dominance of Na + Ca cation and Cl anion were
observed.

4.2.4 Stiff Diagram
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The chemical analyses of geothermal water can be done by graphical representation which is de�ned as a stiff diagram. Hydrogeologists and
geochemists are widely use stiff diagram to depict the main ion composition of a water sample. In this diagram one vertical zero axis and four similar
horizontal axis are plotted. These four horizontal axis expanding on either side of a vertical axis which generates a polygonal shape (Stiff 1951). The ion
concentrations have taken in meq/l. In the stiff diagram, left side of the zero axis cations have plotted and right side of the zero axis anions have plotted.
Comparison of ion concentrations present in water samples from the different regions can be done by plotting stiff diagram. Stiff diagram for South Part
of Gujarat and West Coast Geothermal Province is as shown ion Fig. 5.

4.2.5 Gibbs plot
With the help of Gibbs diagram water chemistry and its chemical formation from the consequent aquifers such as evaporation rate, precipitated chemistry,
and rock form chemistry can be understood (Ronald J 1970). In order to understand nature of geothermal water chemistry from different regions of Gujarat
and Maharashtra, Gibbs difference Cl−/(Cl− + HCO3

−) i.e. anions and Gibbs variance Na+/(Na+ + Ca2+) i.e. cations of water samples have been plotted

discretely against respective values of TDS in mg/l. From TDS Vs Na+/(Na+ + Ca2+) (Fig. 6a) it can be observed that U2 and U3 have shown evaporation

dominance and U1, S1, S2, and S3 have shown rock dominance in geothermal water composition. TDS Vs Cl−/(Cl− + HCO3
−) is similar to the TDS Vs

Na+/(Na+ + Ca2+). In the case of WCGP, TDS Vs Na+/(Na+ + Ca2+) (Fig. 6b) has indicated that Koknere, Pali, Akloli, Padusapada, Unhavre-Farare,
Mandangad, Dasgaon, Ganeshpuri, Sativili, and Anjaneri-Math have shown evaporation dominance and Tural 1, Tural 2, Rajwadi, Aravali, and Rajpur-
Unhale have shown rock dominance in geothermal water composition. TDS Vs Cl−/(Cl− + HCO3

−) is almost similar to the TDS Vs Na+/(Na+ + Ca2+) except
Dasgaon. In this plot Dasgaon has shown rock dominance. In the case of alluvial plains, the groundwater chemistry is majorly dominated by rock-water
interference occurrence (Alam 2014). From Fig. 6a and Fig. 6 bit can be observed that none of the water samples have precipitation dominance.
Precipitation dominance indicates that samples have taken during monsoon. Geothermal water of Unai and Saputara is having TDS concentration near
1000 mg/l thus it can be use for societal purposes while water from WCGP is having high concentration of TDS > 1000 mg/l which is not suitable for any
purposes. After desalination of this water it can be used for various purposes like drinking, irrigation, domestic, and industrial.

4.2.6 Ternary plot
The proportion of major ions presented in geothermal spring water is represented by Ternary diagram (Giggenbach, 1991). Two different Ternary diagrams
of cations and anions have plotted with a view to differentiate �uids from various sources. Ternary diagram for cation is combining Na-K with K-Mg. In
Unai and Saputara, all locations are having water with lower concentration of Mg. All the points fall on the Na-K line since there is very less concentration
of Mg is present as shown in Fig. 7a. Similarly, in WCGP concentration of Mg is very less and Na and K concentrations are comparatively very high as
depicted in Fig. 7b. Therefore, all the points are fall on the Na-K line. Figure 7c represents the major anion concentration present in the water sample from
Unai and Saputara. This type of ternary plot is used to categorize the forms of geothermal water of a �eld under study. There are four types of geothermal
water: Mature water, volcanic water, steam heated water, and peripheral water which can be discriminated from the ternary diagram.U1, U2, U3, S1, S2, and
S3come under Cl rich domain of geothermal water and which shows that it is mature water. All the points are fall on the Cl-SO4 line because HCO3

concentration is comparatively low. In geothermal water of U2 andU3 supremacy of SO4 over HCO3 as compared to U1 indicates that geothermal water
may have been blended with marginal steam heated water or it may be due to interaction of water with sulfur bearing environment during water-rock
interaction. High chloride content of water is suggesting in�uence of seawater intermixing with thermal �uids. Distribution of anion concentration in
geothermal water of WCGP is as shown in Fig. 7d.Due to the high Cl concentration, most of the thermal spring waters plot near the chloride apex. Spring
waters of Dasgaon, Anjneri-Math, and Aravali are having high SO4/Cl ratios and hence it is somewhat shifted towards the SO4 �eld indicates dissolution of
sulfur bearing minerals. Thermal springs (1, 6, 8,9,3,and 4 from Table 2) on the northern part of the study area drop on the Cl-SO4 line which has shown
high concentration of Cl due to seawater mixing. Thermal springs (10, 14, 13, and 11 from Table 2) pointing towards two different saline sources. In WCGP,
all locations come under Cl rich domain of geothermal water and which shows that it is mature water except Rajpur-Unhale (15 from Table 2). It falls on
the Cl-HCO3 line and it is peripheral water as shown in the Fig. 7d.

4.2.7 Wilcox diagram
Groundwater suitability for irrigation purposes can be analyzed very effectively with the help of Wilcox diagram (Wilcox, 1955). Percentage of sodium
(%Na) Vs. Conductivity graph has been plotted for geothermal water samples from Unai and Saputara as shown in Fig. 8c. Geothermal water from Unai 1
has fallen under the range of good to permissible and Saputara 1, 2, & 3 have fallen under the range of permissible to doubtful. Unai 2 and Unai 3 have
fallen on the border of permissible to doubtful and doubtful to unsuitable as shown in Fig. 8c.Therefore, geothermal water of Unai 1 is suitable for drinking
and irrigation purposes. Water from Saputara 1, 2, & 3 and Unai 2 & 3 are not suitable for drinking but it can be used for irrigation, domestic, and industrial
purposes. No samples from South part of Gujarat have fallen under unsuitable that means geothermal water of this region is suitable for various purposes.
As shown in Fig. 8d Rajapur-Unhale has fallen within the range of excellent to good means it can be directly used for drinking and irrigation purposes. Tural
1, Tural 2, Rajwadi, and Dasgaon have fallen under the range of permissible to doubtful and Aravali, Anjaneri-Math, Ganeshpuri, Sativili, Padusapada, and
Mandangad have come under the range of Doubtful to unsuitable which indicates that it is not suitable for drinking purposes but it can be used for
irrigation. Unhavre-Farare, Akloli, and Pali have fallen within the range of unsuitable (Fig. 8d) and thus water from these regions require pre-treatment
before using it for drinking and irrigation.

In the Wilcox log plot, Sodium Adsorption Ratio (SAR) has plotted on the Y-axis and Conductivity has plotted on the X-axis. The Conductivity has
represented in a log scale. This plot is also helpful in testing suitability of water for irrigation. From Fig. 8ait can be seen that S1, S2, S3, and S4 are sodium
hazard classes and C1, C2, C3, and C4 are salinity hazard classes. Unai 1 has fallen within the range of S1-C3 (Fig. 8a); it shows that it can be used for
drinking and irrigation purposes. All other locations i.e. Unai 2 & 3 and Saputara 1, 2, & 3 have fallen within the range of S2-C3 and it indicates that it is
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suitable for irrigation, domestic, and industrial purposes but not suitable for drinking purposes. In the case of WCGP, geothermal water of Rajapur-Unhale
has fallen within the range of S1-C2 and which shows that it is suitable for drinking and for agricultural purposes as shown in Fig. 8b. Anjaneri-Math,
Dasgaon, Rajwadi, Tural 1, and Tural 2 have fallen under the range of S2-C3 means it can be used for all other purposes except drinking. Aravali has come
under the range of S3-C3 which is showing that it cannot be used for drinking purposes. Ganeshpuri, Padusapada, Sativili, Akloli, and Pali have fallen
under the range of S2-C4 (Fig. 8b), which indicates that geothermal water of these regions require pre-treatment before using it for various purposes.
Unhavre-Farare has come within the range of S3-C4 (Fig. 8b) which is also very high hence it requires pre-treatment before its use for drinking and
irrigation.

4.2.8 Spatial distribution plot
Spatial distribution curves for various locations in South part of Gujarat and West Coast Geothermal Province are as shown in Figs. 9 and 10, respectively.

5 Conclusion
This study shows that geothermal spring water of both South part of Gujarat and West Coast Geothermal Province is enriched with ions like Sodium,
Potassium, Calcium, Chloride, and Sulphate. The study of geothermal water of Unai and Saputara shows low to moderate Na-Cl content. Geothermal
spring water of Unai 2 and Unai 3 are having high concentration of TDS concentration and it needs to be reducing for utilize these spring waters for
drinking and irrigation. Water from Unai 1 is the most suitable for drinking and irrigation purposes. Water from these regions may be passed through
different dissolution-precipitation processes or contamination from other sources that resulted into an improper evaluation of its chemistry. For WCGP
region it can be said that almost every geothermal spring waters are Na (Ca)-Cl or Ca (Na)-Cl type only few spring waters are Na-Cl (SO4) type. Thermal
spring water of Rajapur-Unhale is only Na-HCO3 type. Spring waters having high salinity are con�ned to the northern part of the study area. Water from the
northern part is more saline which indicates a deep movement of seawater with the thermal water. Less concentration of magnesium, potassium, and
bicarbonate and high concentration of calcium, sodium, and chloride is a sign of basalt seawater contact at high temperature. Among all the locations in
WCGP, Koknere is having the highest value of TDS concentration which indicates that it requires desalination treatment before using it for drinking,
irrigation and all other purposes. Na/Cl ratio in Koknere is 0.1829697 which is < 1 which indicates that source of these dissolve salts may be from marine
like seawater and deep motion of modern seawater. All the different plots for both of the regions are showing same indication of high ion concentrations
specially Na-Cl. Geothermal water of Unai and Saputara can be utilized directly for various purposes without any treatment but spring water of WCGP
require some pre-treatment before its use for different purposes.
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Figure 1

Geothermal provinces of India, showing South part of Gujarat and West Coast province by circle; Geothermal Spring sampling locations; Cross section of
the Deccan �ows indicating various con�gurations and locations of essential thermal springs (Singh et al. 2016) Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the part of Research Square concerning the legal status
of any country, territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by the
authors.
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Figure 2

(a) Piper Diagram representing concentration of cations and anions in geothermal water of south part of Gujarat, India (Shah et al. 2019b) (b) Piper
Diagram representing concentration of cations and anions in geothermal water of West Coast Geothermal Province, Maharashtra, India (Chandrasekhar et
al. 2018)
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Figure 3

(a) Extended Durov Diagram representing concentration of cations, anions, and TDS in geothermal water of south part of Gujarat, India (Shah et al. 2019b)
(b) Extended Durov Diagram representing concentration of cations, anions, and TDS in geothermal water of West Coast Geothermal Province,
Maharashtra, India
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Figure 4

(a) Schoeller Diagram representing concentration of ions in geothermal water of south part of Gujarat, India (Shah et al. 2019b) (b) Schoeller Diagram
representing concentration of ions in geothermal water of West Coast Geothermal Province, Maharashtra, India
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Figure 5

Representative Stiff Diagram of geothermal spring water of south part of Gujarat (Unai 1) Representative Stiff Diagram of geothermal spring water of
south part of Gujarat (Unai 2) Representative Stiff Diagram of geothermal spring water of south part of Gujarat (Unai 3) Representative Stiff Diagram of
geothermal spring water of south part of Gujarat (Saputara 1) Representative Stiff Diagram of geothermal spring water of south part of Gujarat (Saputara
2) Representative Stiff Diagram of geothermal spring water of south part of Gujarat (Saputara 3) Representative Stiff Diagram of geothermal spring water
of West Coast Geothermal Province, Maharashtra (Koknere) Representative Stiff Diagram of geothermal spring water of West Coast Geothermal Province,
Maharashtra (Padusapada) Representative Stiff Diagram of geothermal spring water of West Coast Geothermal Province, Maharashtra (Sativili)
Representative Stiff Diagram of geothermal spring water of West Coast Geothermal Province, Maharashtra (Ganeshpuri) Representative Stiff Diagram of
geothermal spring water of West Coast Geothermal Province, Maharashtra (Akloli) Representative Stiff Diagram of geothermal spring water of West Coast
Geothermal Province, Maharashtra (Pali) Representative Stiff Diagram of geothermal spring water of West Coast Geothermal Province, Maharashtra
(Dasgaon) Representative Stiff Diagram of geothermal spring water of West Coast Geothermal Province, Maharashtra (Mandangad) Representative Stiff
Diagram of geothermal spring water of West Coast Geothermal Province, Maharashtra (Unhavre-Farare) Representative Stiff Diagram of geothermal spring
water of West Coast Geothermal Province, Maharashtra (Aravali) Representative Stiff Diagram of geothermal spring water of West Coast Geothermal
Province, Maharashtra (Tural-1) Representative Stiff Diagram of geothermal spring water of West Coast Geothermal Province, Maharashtra (Tural-2)
Representative Stiff Diagram of geothermal spring water of West Coast Geothermal Province, Maharashtra (Rajwadi) Representative Stiff Diagram of
geothermal spring water of West Coast Geothermal Province, Maharashtra (Anjaneri-Math) Representative Stiff Diagram of geothermal spring water of
West Coast Geothermal Province, Maharashtra (Rajapur-Unhale)
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Figure 6

(a) Gibbs plot TDS vs. Na /(Na  + Ca² ) and TDS vs. Cl /(Cl  + HCO ) for geothermal water of south part of Gujarat, India (b) Gibbs plot TDS vs. Na /(Na
+ Ca² ) and TDS vs. Cl /(Cl  + HCO ) for geothermal water of West Coast Geothermal Province, Maharashtra, India
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Figure 7

(a) Ternary Diagram representing concentration of cations (Na-Mg-K) in geothermal water of south part of Gujarat, India (Yadav et al. 2021) (b) Ternary
Diagram representing concentrations of cations (Na-Mg-K) in geothermal water of West Coast Geothermal Province, Maharashtra, India (c) Ternary
Diagram representing the concentration of anions (Cl-SO4-HCO3) in geothermal water of south part of Gujarat, India (Yadav et al. 2021) (d) Ternary
Diagram representing concentration of anions (Cl-SO4-HCO3) in geothermal water of West Coast Geothermal Province, Maharashtra, India (Chandrasekhar
et al. 2018)
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Figure 8

(a) Wilcox log plot for Southern part of Gujarat (b) Wilcox log plot for West Coast Geothermal Province (c) Wilcox Diagram for South part of Gujarat (d)
Wilcox Diagram for West Coast Geothermal Province
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Figure 9

(a) Spatial distribution plot for geothermal spring water parameters Locations as per Table 1 (pH) (b) Spatial distribution plot for geothermal spring water
parameters Locations as per Table 1 (Temperature) (c) Spatial distribution plot for geothermal spring water parameters Locations as per Table 1 (TDS) (d)
Spatial distribution plot for geothermal spring water parameters Locations as per Table 1 (Sodium (Na+) (e) Spatial distribution plot for geothermal spring
water parameters Locations as per Table 1 (Magnesium (Mg2+) ion) (f) Spatial distribution plot for geothermal spring water parameters Locations as per
Table 1 (Potassium (K+) ion) (g) Spatial distribution plot for geothermal spring water parameters Locations as per Table 1 (Calcium (Ca2+) ion) (h) Spatial
distribution plot for geothermal spring water parameters Locations as per Table 1 (Bicarbonate (HCO3 ) ion) (i) Spatial distribution plot for geothermal
spring water parameters Locations as per Table 1 (Fluoride (F-) ion) (j) Spatial distribution plot for geothermal spring water parameters Locations as per
Table 1 (Chloride (Cl-) ion) (k) Spatial distribution plot for geothermal spring water parameters Locations as per Table 1 (Sulphate (SO42-) ion)

Figure 10
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(a) Spatial distribution plot for geothermal spring water parameters Locations as per Table 2 (pH) (b) Spatial distribution plot for geothermal spring water
parameters Locations as per Table 2 (Temperature) (c) Spatial distribution plot for geothermal spring water parameters Locations as per Table 2 (TDS) (d)
Spatial distribution plot for geothermal spring water parameters Locations as per Table 2 (Sodium (Na+) ion) (e) Spatial distribution plot for geothermal
spring water parameters Locations as per Table 2 (Magnesium (Mg2+) ion) (f) Spatial distribution plot for geothermal spring water parameters Locations
as per Table 2 (Potassium (K+) ion) (g) Spatial distribution plot for geothermal spring water parameters Locations as per Table 2 (Calcium (Ca2+) ion) (h)
Spatial distribution plot for geothermal spring water parameters Locations as per Table 2 (Bicarbonate (HCO3 ) ion) (i) Spatial distribution plot for
geothermal spring water parameters Locations as per Table 2 (Chloride (Cl-) ion) (j) Spatial distribution plot for geothermal spring water parameters
Locations as per Table 2 (Sulphate (SO42-) ion)


