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ABSTRACT

Extreme ecosystems with enormous arrays of physicochemical or biological physiognomies serve as an important
indicator of various processes occurred and/or occurring in and on the Earth. Among extreme habitats, hot
springs represent geothermal features which are complex systems with a well-defined plumbing system. Besides
geological tectonic based hypsography and orology annotations, the hot springs have served as hot spots for ages
where there is an amalgamation of nature, religion, faith, health, and science. Thus, there remains an escalating
scope to study these hot springs all over the world. The Himalayan Geothermal Belt (HGB) banquets three
densely demographic countries i.e. Pakistan, India and China, that hosts numerous hot springs. Studies on the hot
springs distributed over these countries reveal Proteobacteria, Firmicutes, Bacteroidetes and Actinobacteria as
the predominant bacterial phyla. The bacterial diversity shows a significant positive correlation with physico-
chemical parameters like temperature, pH, Na, HCO3™, etc. Physicochemical analyses of these hot springs
indicate the water mainly as Na-Cl, Na-HCO3, SO4-Cl, and mixed type, with temperature ranging approximately
between 100-250°C as predicted by various geothermometers. Numerous studies although done, not much of a
comprehensive database of the analysis are provided on the hot springs harboured by the HGB. This review aims
to give a cumulative illustration on comparative facets of various characteristic features of hot springs distributed
over the HGB. These are found to be of great importance with respect to the exploitation of geothermal energy
and microflora in various sectors of industries and biotechnology. They are also important sources in terms of
socio-economic perspective, and routes to eco-medical tourism.

1. Introduction

The earth hosts various unique, unknown and extreme niches.
Among them the hot springs are the hot spots for ages where there is an
amalgamation of nature, religion, faith, health, and science. Hot springs
also provides the information on geological tectonic based hypsography
and orology annotations. Although many of these hot springs have been
studied, however there is lot to be done. A lot of data has been published
and research is still going on to be pursued all around world in these
areas of extreme environments. The data is however haphazardly being
represented. There is neither an accumulation of data at one place nor
any extensive analysis done on this precious data which may correlate
many facts with the past, present and future of the microbial science.
Therefore, it is important to co-integrate the data and to analyze it with

respect to bacterial diversity and hydro-geochemistry to give basic ideas
of geothermal areas and features which are hardly being represented
and discussed in such a way.

In this review, we have extensively analyzed the data based on
bacterial diversity and hydro-geochemistry of studied hot springs
residing in Himalayan Geothermal areas covering India, China and
Northern Pakistan. As the hot springs can be both orogenic and non-
orogenic in nature, here interestingly in the HGB both these types of
geothermal points can be found. Thermal springs have been in use for
religious and/or balneotherapeutic purposes since ages. Bathing at hot
springs helps in efficient and rapid increase in blood circulation and
helps improve metabolic activities and also from various other ailments.
Hence, it is significant to study the hot springs from balneotherapeutic
stratagem and its chemical ecology to understand the geothermometry
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Fig. 1. The spatial arrangement of Hot Springs of Himalayan Geothermal Belt, Geothermal areas of China, Central/ Peninsular India and Northern Pakistan

of the HGB. We have also included the peninsular India in the study. We
have used many statistical approaches such as Geothermometry, Piper,
Durov and Giggenbach analysis for characterizing hydrogeochemistry.
Whereas, Principal Component Analysis, Venn diagram, and correlation
approaches using R software have been performed to describe bacterial
diversity etc. Thus this review is a comprehensive description and
analysis of various characteristics of geothermal features of various
geothermal areas.

1.1. Hot springs

Natural thermal springs have been regarded as sociological and
anthropological identities among mass civilizations (Das et al., 2012;
Das et al., 2015; Das and Thakur 2020d; Das et al., 2021a). Scientific
explorations pertaining to understand the possibility of life at extreme
conditions manoeuvred biological sciences and cradled molecular
biology (Das et al., 2020a). Thus, hot springs since time immemorial has
been amalgamated with science and religion. Hot springs are
geothermal (hydrothermal) points or springs on the Earth’s surface
which can be extended for several kilometres in a subterranean system.
With temperature higher than the local groundwater (Gold, 1992), hot
springs are distributed in regions with young volcanic potential and
even in dormant or extinct regions where activity has ceased. The water
from recharge zone or surface percolates through the cracks or fractures
and feeds the groundwater. This water heated up by the hot magma
chambers or deep magma flows and gets discharged outside through
rock and soil crevices (Saemundsson, 2009; Walker, 1993). The water
when passes through the fissures come in contact with rocks in the
adjoining area and thus, there remains to high chance of mineral
dissolution from rocks which then reach the surface. The thermal water
carries silica along if volcanic rocks are present in its adjoining path
(Saemundsson, 2009). Once the temperature cools, a silvery to whitish
silica deposit forms around the spring, known as “sinter” (Campbell
et al., 2015) This is inhabited by various species of micro-algae, bacteria
and archaea rendering the surrounding as multi-coloured.

1.2. Physicochemical characteristics and Geothermometry

Hot spring water is usually clear, but is rich in minerals like calcium,
chloride, magnesium, sodium, silica or sulfates that are dissolved from
the rocks passing through, on its way to the surface (Olivier, 2011).
Concentration of these minerals in hot springs is relatively higher than
the non-geothermal groundwater (Zangana, 2015). Through character-
istic geo-settings, diverse geothermic community microbiology has been
determined worldwide (Bohorquez et al., 2012; Costa et al., 2009; Hou
et al., 2013; Kubo et al., 2011; Kvist et al., 2007; Tekere 2012; Spear
et al., 2005). Hot springs are by distant the most common features and
befall in thermal areas as well as in confined spots. The most famous of
these locations: Yellowstone (USA), North Island (New Zealand), Ice-
land, Kamchatka (Russia), and Japan. There are 48 countries in Asia and
most of the countries hold thermal springs (Waring, 1965).

The chemical composition of geothermal groundwater depends upon
the source of water and its reactions leading to mineralization and
deposition through adsorption and desorption phenomena. The origin of
chemical composition of geothermal groundwater is usually due to the
archaic meteorological attributes or primordial sea (Armannsson and
Fridriksson, 2009). The geothermic groundwater and mineralized
boulders interact among each other and may modify the geological
settings. The elemental constituents responsible for the formations of
such boulders are the halogen salts of aluminum, calcium, iron, mag-
nesium, potassium, silica, sodium, manganese (Armannsson and Fri-
driksson, 2009; Kristjansson et al., 1986; Smith et al., 2016). The
radio-geochemistry of the geothermic fluids campaigns for geological
attributes of these settings. The main geothermal indicators include
dissolved gases, trace elements, isotopes, carbonate chemistry and
chemical geothermometers (Cruz and Franca, 2006; Hobba et al., 1979;
Jilali et al., 2018; Papp and Nitoi, 2006). Estimation of the reservoir’s
fluid temperature is measured through several chemical and isotopic
geothermometers like dissolved silica, (Nat/K™), (Na*/K*/Ca*z),
(Na*/K*/Ca™2/Mg™®), (K*/Mg™2) or 6'%0 (H,0-50), and these have
been used as geochemical tools in geothermal examination since 1965
(Hobba et al., 1979; Kharaka and Mariner, 1989). The (Na/K) geo-
thermometers are committed to temperature readings for diluted
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Fig. 2. Piper analysis: geothermal areas of China (left), geothermal areas of India and Northern Pakistan (right)

thermal waters from granite and volcanic regions. Similarly, sea
water-derived fluid temperatures are predicted using (Na'/K") and
(Nat/K*/Ca*?) geothermometry. Silica geothermometry proposed by
Fournier (1973) (Fournier and Truesdell, 1973) showed the cistern
temperature around 61-95°C whereas, the (Na™-K'-Ca'?) geo-
thermometry predicted it around 160-191°C. In some cases, the esti-
mated reservoir temperature was higher than 191°C using Na*-K*-Ca*?
geothermometry. To fix this problem Fournier and Potter II (1979)

applied Magnesium correction for the better estimation of cistern or
reservoir or storage temperature (Fournier and Truesdell, 1973; Four-
nier and Potter, 1979).

The study of chemical composition of hot springs is of immense
importance for its use in common household uses such as drinking and
bathing, and also bears numerous aesthetic values. Studies on its
chemical composition through various methodologies deduce that the
dissolved minerals although possess considerable effect on various
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Fig. 3. Durov plot geothermal areas of India (left), geothermal areas of China and Northern Pakistan (right)

diseases, may bear harmful effects if present in higher concentrations
above their threshold values (Das et al., 2020a; Gichuki and Gichumbi,
2012; Sherpa et al., 2013). This necessitates research of dissolved min-
erals and its concentration in hot springs. Also, a higher mineral
composition in and around hot springs allows the growth of different
micro and macro floral community (Mesa et al., 2017). The presence of
different concentrations of heavy metals may also impart in microbes,
the ability to tolerate them (De Vrij et al., 1988; Kim, 1985; Markowicz
et al., 2010;, Najar et al., 2020b; Ozdemir et al., 2009; Pennanen et al.,
1996; Valls and De Lorenzo, 2002).

1.3. Himalayan geothermal zone

The Mediterranean-Himalayan tectonic belt stretching from Italy
(Lar-Derello geothermal field) in the western side, through Iran and
Pakistan, into the Tibetan-Himalaya (Yangbajing geothermal field,
South Western China) and the Sanjiang area, and culminating at Indo-
nesian (Kawa-Kamo Iiang geothermal field) constitutes one of the

important geothermal zones in the world (Trifonov et al., 2012). The
Himalayan geothermal zone lies in the east of Medi-
terranean-Himalayan tectonic belt. According to Le Fort (1975) (Fort,
1989), The Himalayan fold-thrust belt, which comprises the world’s
highest mountain range, formed as a result of India colliding into Eur-
asia at some point between 65 million years ago. The Himalayan arc
formed extends over 2500 km, from Nanga Parbat (west-northwest) to
Namche Barwa (east). On the northern side, it is separated by
Trans-Himalayan zone by Indus-Tsangpo suture. This Himalayan arc
includes major areas of Indian Himalayan province, Nepal, Bhutan fol-
lowed by Tibet (China), Bangladesh and Indo-Myanmar (Fort 1989;
Powell et al., 1988). The Himalayan geothermal belt (HGB) stretches
from the Pamir terrain (its starting point), through Tibet and into
Yunnan (Hochstein and Regenauer-Lieb, 1998). The spatial arrange-
ment of various hot springs located in HGB and India is given in Fig. 1.
In the present review hot springs of Himalayan arc involving many
major Asian countries i.e., India, China, and Northern Pakistan
(including central and peninsular India) have been showcased with
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Giggenbach Triangle [Himalayan Geothermal Belt and Indian Geothermal Areas]
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Fig. 4. Giggenbech plot, plotting geothermal areas of India, China, and Northern Pakistan.

respect to their physicochemical characteristics, geothermometry and
microbiological properties.

1.4. Hydro-geochemical characterization

The physicochemical parameters of all the hot springs studied in this
article were taken from various literature present. The physicochemical
data (Supplementary 2, 3) from various representative geothermal
fields were analyzed using AquaChem 2014. Piper analysis and Durov
plot was also done using AquaChem 2014 (Teng et al., 2016). The
frequently applied chemical geothermometers use silica geo-
thermometry (Fournier and Truesdell, 1973), the (Na*/K*/Ca*?) geo-
thermometry (Fournier and Truesdell, 1973; Shikazono 1976), the
(Na™/K') geothermometry (Ellis, 1979) and the Mg-corrected
(Na*/K*/Ca*?) geothermometry (Fournier and Potter, 1979). The
equilibrium state of hot spring water was determined by the
(Nat/1000-K*/100-Mg'/?*2) Giggenbach ternary diagram (Romano
and Liotta, 2020). This plot relates water composition to various aspects
such as the maturity of water along with estimation of the reservoir
temperature. The maturity of water samples indicates the exposure of
water to geothermal heat and that, it has reached equilibrium temper-
ature. The immature zone reflects the mixing of meteoric water, lack of
exposure to heat or limited time for reactions to proceed. The drawback
associated with the use of (Na/K") geothermometry is that they give
faulty readings to mixing and boiling processes. The reason may be
because at a lower temperature, the Na*/K™ components in geothermic
water are controlled by leaching processes rather than chemical equi-
librium. Moreover, the Na*-K" geothermometers tend to give higher
estimation at higher calcium concentrations. Thus, to overcome these
disadvantages, (Nat/K*/Ca™?) geothermometers are developed (Four-
nier and Truesdell, 1973) that result in satisfactory readings at all con-
ditions. Analysis using various geothermometers and the construction of
Giggenbach ternary diagram was done by using AquaChem 2014. Xkms
plot (left) and Xkmc plot (right) for hot springs were formed using
Spreadsheets for Geothermal Water and Gas Geochemistry (Powell and
Cumming, 2010).

Piper analysis was performed as shown in Fig. 2, and the Piper di-
agram showed the considerable differences between the water types of
various geothermal areas studied. As per the Piper analysis, Indian

geothermal areas other than the Indian Himalayan geothermal areas,
Northern Pakistan and few geothermal areas of Tibet such as Lhasa city,
Qamdo prefecture and Ngari prefecture possess Na'- Cl~ water type.
Sichuan geothermal areas were found to possess variable water types
such as hot springs of Panzhihua City to possess Na'-Cl~ water type,
whereas hot springs of Garze Zang and Aba Zang prefectures are having
mixed Ca™2-Na*-HCO3~ or Na™-HCO3~ water type. However, the hot
springs of the Liangshan Yi geothermal area of Sichuan represent an
outlier possessing Ca™2-Mg™2-Cl~ type of water.

In contrast, most of the geothermal areas of Yunnan province possess
similar water types. The hot springs in Yunnan geothermal areas possess
mixed Cat2-Na'-HCO3~ water type. Similarly, Sohna geothermal field
of Central India and Chutran hot springs of Northern Pakistan represents
an outlier by possessing Ca*?+ HCO3~ water type.

To indicate the hydrochemical processes occurring within the hy-
drological systems or to represent the dissolved constituents of natural
water- Durov diagram has been used in Fig. 3 (Kozak and Tartanus,
2017). It is used to study the origin of the chemical composition of water
and to determine the concentration of chemical constituents. Durov
diagram has anion and cation triangles plotted based on the
milli-equivalent percentage of the water samples. Data points in two
triangles are projected into a square of the main field which lies
perpendicular to the third axis in each triangle. The square of the Durov
diagram has been divided into nine subfields that are used in deci-
phering the processes that control ground-water chemical properties.
According to the Durov plot, most of the geothermal areas are repre-
sented in 1 and 4 subfields. Mostly the geothermal areas of Yunnan and
few geothermal areas of Sichuan such as Garze Zang and Aba Zang;
geothermal areas of Tibet such as Nagqu and Sassi geothermal field of
Northern Pakistan mostly lie in subfield 1 as shown in Fig. 3, which
represents the dominance of HCO3~ and Ca*2. Thus the hot springs of
Yunnan indicate recharging water in limestone, sandstone and other
aquifers. The subfield 4 of Durov square was mostly found to be occu-
pied by geothermal fields of Tibet (Qamdo, Xizang, Ngari, Shannan and
Lhasa), and Northern Pakistan (Murtazabad, Budelas, Tato and Tatta-
pani). Thus this indicates the dominance of SO*~ and Ca*2 ions in the
hot spring waters of these geothermal areas. It can also be indicated that
there are possibilities of water mixing or water exhibiting simple
dissolution. Two of the geothermal areas Liangshan Yi of Sichuan and
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Geothermal Areas Temperature Giggenbech characterization
Quartz Chalcedony Na-K-Ca Na-K-CA (Mg corrected)
Aba Zang and Qiang (C) 118 89 146 138 Immature
Budelas (P) - - 197 - Immature
Cambay (I) 134 107 140 140 Immature
Chutran (P) - - 223 - Immature
Dali Bai (C) 109 79 154 62 Immature
Dehong Dai and Jingpo (C) 111 81 149 63 Immature
Deqen Zang (C) 237 227 194 91 Immature
Garze Zang Prefecture (C) 106 77 183 - Immature
Godavary (I) 128 100 184 75 Immature
Himalayan (I) 115 86 183 80 Immature
Hong River (C) 136 109 177 82 Immature
Kashmir Himalayas (I) 126 99 186 86 Immature
Lhasa City (C) 139 112 217 152 Immature
Liangshan Yi (C) 120 92 206 49 Immature
Lijiang City (C) 130 103 165 50 Immature
Lincang City (C) 111 82 159 43 Immature
Mahanadi (I) 10 - 144 71 Immature
Murtazabad (P) 157 133 213 - Immature
Mushkin (P) - - 193 65 Immature
Nagqu Prefecture (C) 123 94 193 43 Immature
Ngari Prefracture (C) 134 107 207 62 Immature
Nujiang Lisu (C) 116 87 173 53 Immature
Panzhihua City (C) 112 83 167 35 Immature
Puer City (C) 122 94 163 79 Immature
Qamdo Prefecture (C) 121 92 154 82 Immature
Sassi (P) 129 102 161 43 Immature
Shannan Prefecture (C) 121 93 178 95 Immature
Sohna (I) 76 45 147 67 Immature
Sonata (I) 138 111 196 - Immature

Chutran of Northern Pakistan occupy subfield 2 as shown in Fig. 3, This
indicates the water of these hot springs is dominated by Ca™ and HCO®~
and as the Na* concentration of these hot springs is higher than Mg*2,
thus there is an ion exchange occurring among them. In the case of In-
dian geothermal fields, the Indian Himalayas, Sonata and Godavari lie in
subfield 4. However, Sohna, Cambay and West Coast geothermal fields
lie in subfield 5, subfield 7 and subfield 8 respectively. Thus in Sohna
geothermal water, there is not the dominance of any anion or cation,
which indicates water exhibiting simple dissolution or mixing. More-
over, hot spring waters of Cambay and West Coast are rich in Na* and
Cl™ ions and thus may result from the reverse ion exchange of Na-Cl
waters.

1.5. Geothermometry

Chemical geothermometry involves the use of chemistry of
geothermal reservoirs to evaluate the temperature. The partial equilib-
rium between the fluid and host rocks controls the composition of
geothermal solutions.

The Giggenbach plot (Fig. 4) shows that almost all geothermal areas
of India, China, and Northern Pakistan lie to the Mgl/ 2 corner in the
immature zone, implicating that these areas remain far from the equi-
librium and thus, the temperature of water at depth is low. This indicates
that there is mixing of groundwater, rainwater, seawater and
geothermal fluids, which is the main process responsible for decline in
temperature in the thermal groundwater discharging to the surface.
Furthermore, it can also be concluded that there remains a limited weak-
rock interaction under low temperature in these geothermal areas and
thus, geo-thermometry cannot be applied to these geothermal waters.
However, three geothermal areas viz. hot springs of Northern Pakistan
(Tato and Tattapani) and West Coast fall within the partially equili-
brated water fields. Other geothermal areas such as Mushkin and
Cambay lie along the curves towards the Mg'/2 corner. The equilibrium
temperature ranges between 120°C and 180°C (Fig. 4). Table 1 shows

the predicted reservoir temperature of the hot springs belonging to
geothermal areas falling within the partially equilibrated water fields.
The temperature predicted by Na*-K™-Ca*2 geo-thermometer for Tat-
tapani, West Coast, Cambay and Mushkin was estimated to be 157°C,
107°C, 140°C and 193°C, respectively. However, temperature in case of
Tato was estimated to be 160°C as predicted by Chalcedony geo-
thermometer. Analytical results were also plotted on the graph of log
(K2/Mg*?) vs log (K2/Ca™?) (Fig. 5). This cross plot has been referred to
as geo-indicators rather than geothermometers by Giggenbach and
Goguel in 1989 (Giggenbach and Soto, 1992; Marini, 2001). It examines
the temperature of both the final water-rock equilibrium and the pCO,
of geothermic fluids. The plot reveals that some water fall below the
saturation line and hence, pCO; is higher than those at complete equi-
librium. Thus, the pre-conditions favor the transition of Ca-Al-silicates to
calcite in the system, implicating that the geothermal water chemistry is
regulated by the disintegration of the host rocks instead of the equilib-
rium between water and minerals. Moreover, through the plot, it can be
inferred that temperature of the geothermal fields ranges between
50°C-140°C, with the highest temperature estimated as 130°C of Tato
geothermal area. Similarly, another cross plot of the K'-Mg*2 and
quartz geo-thermometer (Giggenbach and Soto, 1992) were applied as
shown in Fig. 5. Basically, this plot uses the chalcedony
geo-thermometers, which are more specific to use than quartz for water
from a low temperature geothermic region (Shah et al., 2019). The
graph reveals similar results suggesting the reservoir temperatures of the
geothermal fields between 50°C -140°C and the highest temperature of
130°C in that of Tato geothermal area.

1.6. Bacterial diversity

The Himalayan Geothermal Belt hosts numerous hot springs and they
have distinct characteristics and bacterial diversity among themselves.
This region predominantly consists of phylum Proteobacteria, Firmi-
cutes, Bacteroidetes and Actinobacteria, among the main bacterial flora
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in these ecosystem (Das and Thakur, 2020d). These microbes are
generally termed as thermophiles and they have great potential
biotechnological and industrial applications depending on their en-
zymes. Novel bacterium Parageobacillus yumthangensis AYN2 was
discovered and also various viruses, archaea and fungi has also been
studied from the various hot springs of Sikkim (Bhatia et al., 2015; Das
and Thakur, 2020d; Das et al., 2020b; 2020c; Das et al., 2021b; Huang
et al., 2011; Kumar et al., 2004; Najar et al., 2018a; 2018b; Najar et al.,
2020a; 2020c; Pandey et al., 2014; Rawat and Joshi, 2018; Sharma et al.,
2017).

The bacterial diversity data was extracted, analyzed and compiled
based on up to date literatures (Supplementary 1). The data was

analyzed by R software (R Core Team, 2018). To compare the results
Principal Component Analysis (PCA) was also done by using R software.
To check the bacterial diversity pattern of various hot springs, bubble
plot was constructed using R software (R Core Team, 2018). The results
reveal abundance of microbiota of different phyla present in different
hot springs. With the most abundant phyla being Proteobacteria, Fir-
micutes, Actinobacteria, Aquificae, Bacteroidetes, Chloroflexi, and
Cyanobacteria, few others such as Thermi, Planctomycetes, Chlorobi,
Nitrospirae and Acidobacter that showed lesser abundance were found.
There is a clear distinction among various geothermal areas on the bases
of this bacterial diversity. For instance, The Indian Himalayan
geothermal areas, Central Indian geothermal areas such as Mahanadi
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and Chhattisgarh, Northern Pakistan and Sichuan geothermal areas
show similar kind and abundance of bacterial diversity (Fig. 6), while
Yunnan geothermal areas attribute less diversity and a distinct phylum
Aquificae. Similarly, geothermal areas of Tibet also attribute less di-
versity with major phyla as Proteobacteria, Firmicutes and Chloroflexi.
On the other hand, other geothermal areas of India such as Sonata
(Madhya Pradesh and West Bengal hot springs), Cambay and West Coast
possess similar kinds of bacterial diversity with Chloroflexi as the major
phylum. In order to compare the results, analysis through Principal
Component Analysis (PCA) was done as shown in Fig. 7. The PCA gives a
similar picture, where geothermal areas of China are rich in diversity
followed by Indian geothermal areas. As, Northern Pakistan harbor less
number of hot springs, yet a rich bacterial diversity pertains here as
compared to both the Indian and Chinese hot springs. As revealed from
the plot, Proteobacteria contributes as the major phylum in all the three
geothermal areas, while Firmicutes dominate in geothermal areas of
India and China, followed by Proteobacteria. A comparative analysis on
the basis of bacterial diversity was also done by using Venn diagram as
shown in Fig. 8.The geothermal areas were divided into four groups
based on different regions such as the Indian Himalayan Geothermal
Area (IHGA), other Indian Geothermal Areas (OIGA), China Himalayan
Geothermal Area (CHGA) and Northern Pakistan Geothermal Areas
(NPGA). The results reveal the IHGA, OIGA, CHGA and NPGA share
three common phyla: Proteobacteria, Firmicutes and Bacteriodetes, all
of which contribute to about 37.5% of the major bacterial diversities in
these geothermal areas. The phylum Chloroflexi is common in the OIGA,
CHGA and NPGA except in IHGA. On the other hand, Cyanobacteria is
common among OIGA and CHGA, contributing about 12.5% of the
bacterial diversity. Actinobacteria shares a 12.5 % similarity between
IHGA and OIGA. There remains a clear distinction in the geothermal
areas CHGA and NPGA that harbor micro-biota belonging to phylum
Aquificae (12.5 %) and Thermotagae (12.5%), respectively as they are
exclusively present in their respective geothermal areas.

1.7. Correlation of bacterial diversity and physicochemical parameters

Correlation between physicochemical parameters and bacterial di-
versity was done by Principal component analysis (PCA) using R soft-
ware (R Core Team, 2018) to check the correlation between various
variables such as between physicochemical parameters and various
phyla. Venn diagram was constructed for comparative analysis based on
bacterial diversity in groups of four geothermal areas using Venny 2.0
software (Oliveros, 2015). Combinational effect of various variables
including physicochemical and various bacterial phylum were done by
scattering analysis using Geoda software (Anselin et al., 2006).

In the PCA biplot, PCA1 shows the highest correlation. The plot re-
veals that temperature, pH, and HCOs™ are positively correlated to
phyla (having higher abundance) such as Proteobacteria, Chloroflexi,
Bacteroidetes and Thermotogae. On the other hand, K, Mg, Ca, Cl and
TDS show a positive correlation with other less dominant phyla such as
Aquificae and Thermodesulfobacteria. However, the Firmicutes and
Actinobacteria are less correlated to Na*, K, Mg*2, Ca*2, CI~, and TDS
as shown in Fig. 9, and are negatively correlated with temperature and
pH. This suggests that these elements are playing a more or less signif-
icant role in the growth of these bacterial populations.

Similar results are observed as done by scattering analysis. It shows a
combinational effect of various variables. For instance, the results reveal
a positive correlation between various physicochemical variables
(temperature, pH, HCO3™) and with phyla occurring in higher abun-
dance. In case of Proteobacteria (Fig. 10a), while temperature attributes
a significant contribution (0.336), the combinational effect of
temperature-pH (0.752) and HCO3-Na (0.601) shows the highest cor-
relation and significantly contributes to Proteobacteria. Similarly in case
of Firmicutes, the parameters temperature (0.474) and calcium (0.402)
attribute a significantly higher contribution (Fig. 10b). Moreover, the
combinational effect of temperature-pH and K'/Ca™? shows signifi-
cantly a higher correlation (0.752 and 0.601, respectively) and contri-
bution towards Firmicutes. In case of Cyanobacteria, temperature-pH,
K'/Nat and K*/Mg*? show the highest correlation and contribution
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(Fig. 10c). Highest correlation and contribution can also be seen in case
of Chloroflexi (temperature-pH (0.752), temperature-HCO3~ (0.320),
and K*/Na™ (0.601) as shown in Fig. 10d. These results thus implicate
that temperature and pH are the main important variables for the
growth and development of various phyla residing in these extreme
habitats. However, other chemical variables are also important in
combination with temperature and pH as represented by Fig. 10a-d.

2. Conclusion

Hot springs are exciting geothermal features on the surface of the
Earth and a great attraction to tourists, ailed patients and religious
practitioners. The heat source, its chemical composition and the bacte-
rial diversity are the interesting characteristics of hot springs that have
engrossed both the geologists and microbiological scientists. Although
the geothermal energy has been exploited in various regions all over the
world, there is a significantly high scope for utilizing these geothermal

areas as a source of geothermal energy. Using various geothermometers,
the temperature of sources was predicted to be approximately between
100-250°C, which is not much high as compared to other geothermal
areas around the world, suggesting that the source of thermal springs are
probably the young volcanic magma beneath the Earth. The bacterial
investigation revealed the presence of a huge diversity of bacterial
communities in these hot springs. The major phyla found are Proteo-
bacteria, Firmicutes, Bacteroidetes, and Actinobacteria, etc. This bac-
terial dominance indicates the presence of various unknown, novel and
industrially important microflora residing in these hot springs. In
context to the Indian continent, there is a large scope with respect to
investigating industrially important bacterial diversity, exploiting
geothermal energy in various sectors. There is also an escalating scope of
utilizing these hot springs for eco-medical tourism by maintaining these
hot springs by generating well government-driven policies.
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