
Earth Systems, Resources, and Sustainability, 2026, 1(2), 129–142

Earth Systems, Resources,
and Sustainability

Journal Homepage: https://www.sciltp.com/journals/esrs

Article

Boiling, Degassing, and Mixing of Fluids in the Trans-Himalayan
Geothermal Systems, India

Archisman Dutta 1,2,*, Sitangshu Chatterjee3, Parashar Mishra4, Ashok Singh1, Anubha Bhandari1,*,
Muduru Lachhana Dora5, Pramod Kumar Singh6, Biswajit Ray2 and Vivek Prakash Malviya7

1 Geological Survey of India, Northern Region, Lucknow 226024, India
2 Department of Chemistry, Institute of Science, Banaras Hindu University, Varanasi 221005, India
3 Isotope Hydrology Section, Isotope and Radiation Application Division, Bhabha Atomic Research Centre (BARC), Mumbai 400085,

India
4 Geological Survey of India, State Unit Jammu J&K UT Ladakh, NR, Jammu 180006, India
5 School of Environmental Sciences, Jawaharlal Nehru University, New Delhi 110067, India
6 Geological Survey of India, Central Headquarters, Kolkata 700016, India
7 Department of Applied Geology, Dr. Harisingh Gour Vishwavidyalaya, Sagar 470003, India
* Correspondence: duttaarchisman1@gmail.com (A.D.), ab.anubhabhandari@gmail.com (A.B.)

ABSTRACT

Geothermal fluids, during ascent, are subjected to various secondary processes which alter
their chemistry from reservoir to surface discharge. We have characterized and quantified
various secondary processes such as degassing, boiling, and mixing in this study for the
Trans-Himalayan geothermal fluids. The geochemical facies of thermal waters are found
to be Na–Cl for Puga, mixed type (Na–Cl–SO4–HCO3) for Chumathang and Panamik, and
Na–HCO3 type for Changlung having neutral to moderately alkaline pH (6.7–8.9) along
with TDS ranging from 525 mg/l to 2931 mg/l. The geothermal reservoir temperature cal-
culated from the Na–K cation geothermometry varies between 170–260 ◦C. The reser-
voir fluids, constructed by adding liquid and steam phases compositions, exhibit near-
neutral pH (6.47–7.03) with lower TDS than surface discharges (∼561–1811 mg/l). The
surface geothermal water is found to be the resultant mixture of three end-members (non-
thermal water, boiled reservoir water, and condensed steam) based on which a ternary
mixing model has been developed. The SiO2–temperature relation indicates undersatu-
ration with respect to amorphous silica but equilibrium to supersaturation with respect to
chalcedony and quartz. This pattern implies boiling-driven fluid evolution, kinetically con-
trolled silica scaling, and progressively more mature reservoir waters from Panamik and
Puga geothermal area. Geochemical modeling result shows that all geothermal fluids have
>40% of boiled deep fluids, traced with conservative component, Cl. The fraction of con-
densed steam is highest in Changlung (∼11–34%) and lowest in Chumathang (∼13%)
and Panamik (∼2–19%) with Puga lying in the intermediate stage (∼8–24%) (traced with
reactive component, dissolved CO2). All thermal waters exhibit mixing with local meteoric
waters, with cold-water contributions ranging from 14–42%. Overall, these results highlight
the role of boiling and mixing phenomenon shaping the fluid composition of the Trans-
Himalayan geothermal systems.
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Research Highlights

• Characterizing degassing, boiling, and mixing in the Trans-Himalayan geothermal fluids.

• The surface geothermal water is a mixture of three end-members (non-thermal water, boiled reservoir water,
and condensed steam).

• Geochemical modeling shows that all geothermal fluids have >40% of boiled deep fluids.

• Results highlight the role of boiling and mixing that shaped the fluid composition of the Trans-Himalayan
geothermal systems.

1. Introduction

Geothermal systems in active orogenic regions rep-
resent significant natural heat and fluid reservoirs and
are characterized by complex hydrothermal processes
such as high-temperature water–rock interaction, boiling,
degassing, phase separation, magmatic or metamorphic
gas influx, and mixing with shallow groundwater [1–4].
The chemical and isotopic compositions of thermal fluids
preserve integrated signatures of these subsurface pro-
cesses, making them valuable indicators of reservoir evo-
lution [5, 6]. Quantifying such subsurface fluid dynamics is
therefore crucial for understanding the physical and chem-
ical evolution of geothermal reservoirs, assessing their re-
source potential, and deciphering the tectono-magmatic
framework in which they operate [7–10].

The Trans-Himalayan region of India, located in
the Ladakh Himalayas, hosts several medium- to high-
enthalpy geothermal systems like Puga, Chumathang,
Changlung, and Panamik, which are aligned along ma-
jor crustal discontinuities such as the Main Central Thrust
(MCT), Indus-Tsangpo Suture Zone (ITSZ), and Shyok
Suture Zone (SSZ). These geothermal provinces exhibit
anomalously high heat-flux values (>468 mW/m2) and ex-
ceptionally steep geothermal gradients (>100 ◦C/km), and
host numerous hot springs with surface temperatures of
60–90 ◦C [11, 12]. The waters show diverse geochemi-
cal facies, ranging from Na–Cl-rich mature fluids to dilute
mixed-type compositions [13]. Previous studies have high-
lighted the influence of deep metamorphic CO2 influx, en-
richment of critical elements (e.g., Li, Cs, B, W), and near-
surface mineral precipitation in shaping the chemistry of
these waters [7, 14–18]. However, most earlier investiga-
tions focused on surface geochemistry, major-ion distribu-
tions, or silica geothermometry, often without correcting
for steam loss or volatile partitioning [18]. As a result, the
magnitude of deep-seated processes, such as adiabatic
boiling, partial-equilibrium degassing, and mixing with non-
thermal waters, etc. remains poorly constrained across the
Trans-Himalayan geothermal provinces. In contrast, com-
parable systems in Iceland, El Salvador, and Kenya have
been extensively modeled to delineate fluid pathways,
reservoir conditions, and energy potential [2, 6, 19, 20]. In-
tegrated applications of stable O–H and Sr isotopes, con-
strained by binary mixing models between non-thermal
meteoric water and deep magmatic–hydrothermal end-

members, have been successfully employed to quantify
fluid mixing processes in geothermal systems such as
the Yangbajing geothermal field on the Tibetan Plateau
[21, 22]. However, a similar quantitative treatment is lack-
ing for the Trans-Himalayan geothermal systems in India.

A key challenge in Himalayan geothermal studies is
that surface waters rarely represent pristine reservoir com-
positions. During ascent, geothermal fluids undergo de-
pressurization boiling, degassing of volatiles (CO2, H2S,
Non-condensable gases or NCGs like He, H2, Ar, N2), sil-
ica re-equilibration, and variable mixing with shallow me-
teoric waters [23]. These processes modify pH, salinity,
redox conditions, and reactive-solute inventories, thereby
complicating conventional geothermometry and geochem-
ical facies interpretation [24]. Multi-component geochemi-
cal modelling tools, such as WATCH and PHREEQC, of-
fer robust frameworks to address these challenges by
reconstructing deep reservoir fluid compositions, quan-
tifying steam–liquid separation processes, and evaluat-
ing mineral–fluid equilibria under evolving thermodynamic
conditions [2, 4–6, 17]. In this context, a three-end-
member mixing model, comprising of boiled reservoir wa-
ter, condensed steam, and non-thermal waters, is applied
to quantify mixing ratios and to assess the dominant sec-
ondary processes controlling surface water chemistry. This
approach has been successfully implemented in Icelandic
geothermal systems and is broadly applicable to surface
geothermal settings, provided that the chemical composi-
tions of the end members are well constrained [20].

In this study, we have used such ternary mixing
model approach, developed by [20] for Icelandic geother-
mal waters based on various end-members composi-
tions, assuming that surface discharge is a resultant of
condensed steam, non-thermal water and boiled deep
reservoir water, to quantitatively constrain multiple sec-
ondary processes reservoir like boiling, degassing, and
mixing for four major Trans-Himalayan geothermal sys-
tems in India. Using WATCH speciation modeling, we re-
construct deep reservoir water compositions by adding
steam and liquid phases compositions and by simulating
adiabatic decompression boiling under partial-equilibrium
degassing (ξ = 0.5). These reconstructed fluids are sub-
sequently used to assess various subsurface phenom-
ena such as mixing, phase segregation, solute redistribu-
tion between liquid and steam phases, and mineral-fluid
equilibria.
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2. Geological Outlines of the Study Area

The Trans-Himalayan sector of Ladakh represents the
former active continental margin of the Eurasian Plate that
evolved during the northward subduction and eventual clo-
sure of the Neo-Tethys Ocean [25, 26] (Figure 1). To the
southeast, the Tso Morari Complex comprises Proterozoic
to Palaeozoic quartzo-feldspathic gneisses and metased-
imentary sequences, including high-pressure–ultrahigh-
pressure assemblages that document deep subduction of
continental crust during the India–Eurasia convergence
[27, 28]. Overlying this basement, the Rupshu Group in-
cludes Palaeozoic–Mesozoic carbonates, quartzites, and
shale formations that collectively record the passive-
margin evolution of the northern Indian plate [29].

The Indus Suture Zone (ISZ) in central Ladakh is
represented principally by the Sangeluma Group and the
Indus Group, both of which preserve the remnants of
oceanic lithosphere and volcanic-arc sedimentation prior
to collision [30, 31]. The Sangeluma Group consists of
a dismembered ophiolite suite-serpentinized harzburgite,
dunite, layered and isotropic gabbro, and pillow basalts,
interpreted as fragments of Neo-Tethyan oceanic litho-
sphere accreted during subduction [32, 33]. East of
these ophiolites, the Indus Group forms a folded and
thrusted volcano-sedimentary succession tectonically em-
placed over the Sangeluma units, reflecting sedimenta-

tion within arc to back-arc basins prior to the final India–
Eurasia continental collision [34, 35]. A major linear in-
trusive complex, the Ladakh batholith is situated between
the ISZ to the south and the Shyok Suture Zone to the
north. The batholith comprises diverse intrusive litholo-
gies including granite, granodiorite, tonalite, diorite, gab-
bro, aplite, and pegmatite along with associated volcanic
and mantle-derived rocks that record multiphase mag-
matism associated with continental-arc activity during the
Cretaceous-Paleogene closure of the Neo-Tethys [28, 34].
Extending for several hundred kilometres along the In-
dus Valley, this batholith forms the backbone of the Trans-
Himalayan continental-arc system.

North of the batholith lies the Karakoram Batholith,
separated by the Shyok Suture Zone, a tectonic belt con-
taining oceanic remnants such as volcanics, pelagic sedi-
ments, and mélange units that mark an earlier subduction-
accretion system [36]. The Karakoram Batholith is a long-
lived intrusive complex comprising granites, granodior-
ites, monzonites, tonalites, and high-grade metamorphic
basement rocks with crystallization ages ranging from the
Jurassic to Miocene, reflecting repeated pulses of mag-
matism along the southern Eurasian margin [37, 38]. It is
cut by major shear zones, most prominently the Karako-
ram Fault that enhance crustal permeability and influence
regional geothermal gradients [36, 39].

Figure 1. Geological map showing the location of hot springs (sampling sites) of Ladakh Union Territory, India (Modified
after [40]).
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3. Methods

3.1. Sampling and Chemical Analyses

A total of 30 thermal water samples were collected
from geothermal sites in the Indus River Valley and the
Shyok–Nubra River Valley and analysed [7, 41]. Of these,
18 samples were obtained from the Puga and Chumath-
ang geothermal systems in the Indus River Valley which
are collected from hot spring discharges, steam vents, and
boreholes. A total of 12 samples were collected from ther-
mal springs of Changlung–Panamik geothermal system in
the Shyok River Valley. In addition, one representative non-
thermal water sample was also collected for comparison.
The physicochemical parameters like pH, electrical con-
ductivity (EC), redox potential (EH), temperature, resistiv-
ity, salinity, and dissolved oxygen were measured onsite
using Hanna 9829 Multiparameter Water Quality Portable
Meter. The total dissolved CO2 (alkalinity), hardness, cal-
cium, and magnesium were estimated onsite through titra-
tion techniques [42]. All titrations were performed in tripli-
cate in the field to ensure analytical repeatability and ac-
curacy [43]. Water samples were filtered with 0.2 µm cel-
lulose acetate filter paper and collected in two batches us-
ing high-density polypropylene (HDPE) bottles: (i) a 500 ml
bottle for the analysis of major cations and anions (unpre-
served and unacidified); (ii) a 60 ml bottle diluted 1:10 with
deionized water for silica analysis [44, 45].

Major cations, Na and K, were analysed in the Sys-
tronics 128 flame photometer; Cl is estimated by argen-
tometric titration; UV–VIS spectrophotometer (Systronics)
was used for sulfate and silica. Boron was estimated using
D-mannitol titration method with NaOH [44] and fluoride
was estimated through Horiba made ion selective elec-
trode. The analytical precision based on replicate analyses
of chemical parameters and inorganic charge balance er-
ror lies within ±5% at 95% confidence level. Gas or steam

sampling was done in pre-evacuated 125 ml gas-bulbs and
Tedlar bags. All the non-condensable gases (Ar, O2, N2,
CH4, H2, and He) and condensable gases (CO2 and H2S)
are analysed in Varian 450 GC gas chromatograph instru-
ment.

3.2. Geochemical Modelling

In the present study, three distinct sets of geochem-
ical calculations are done in WATCH speciation program
[2, 46, 47].

Firstly, the geochemical modelling of thermal fluids is
done by incorporating average liquid and steam phases
compositions of four different geothermal sites to produce
WATCH input file (Figure 2). This process is done by in-
volving correction of the dissolved solids content and pH of
the water phase taking steam loss into account and adding
the gases that degassed upon boiling back into the liq-
uid phase. Now, deep fluid composition is estimated for all
the geothermal sites using Na–K Giggenbach’s geother-
mometer [48]. Secondly, the same WATCH input file is
again run by theoretically assuming a liquid-only single-
phase reservoir (XSteam

RES = 0) and thermal fluids are allowed
to boil through decompression from arbitrary temperature
of 300 ◦C to 100 ◦C (boiling point of pure water at NTP) in
six steps which takes into account continuous phase seg-
regation. Such assumption makes the reservoir to behave
like a closed system in which the boiling is considered to
be adiabatic, and degassing is assumed to be partial (de-
gassing coefficient, ξ = 0.5). The depressurization boiling
process induces cooling and phase segregation processes
where volatiles (CO2, H2S, and other NCGs) accumulate
in steam phase and non-volatiles (Na, K, Cl, etc., along
with dissolved CGs) enrich in liquid phase. Such process
affects reservoir pH, total solute content, and fluid-mineral
equilibria in resultant geothermal water.

Figure 2. Flow diagram depicting deep fluid composition computation in WATCH speciation program [46] and fluid-
mineral equilibria studies in PHREEQC program [47] done in the present study.
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Now, based on the conservation of enthalpy and
mass, we calculate the steam fraction from following equa-
tions, where H RES, H Steam, and H Liquid are the enthalpies
of reservoir fluid, steam and discharging liquid phases, re-
spectively, and X steam is the corresponding steam fraction
(Equations (1) and (2)):

HRES = X steamHSteam +
(
1− X steam

)
HLiquid (1)

X steam =
HRES − HLiquid

HSteam − HLiquid
(2)

The enthalpy of saturated-steam is sum of the steam-
saturated enthalpy of liquid phase and latent heat of va-
porization, all of the values of which can be derived from
Steam Tables. The deep fluid composition and intermit-
tent fluid composition during upwelling of fluids through de-
pressurization after adiabatic boiling is estimated using the
following equation, where Cj, RES, Cj, Steam and Cj, Liquid are
the composition of j th-component in deep reservoir, steam
and liquid phases, respectively (Equation (3)):

Cj, RES = XSteamCj, Steam +
(
1− XSteam

)
Cj, Liquid (3)

Thirdly, as Cl is a conservative component, a geo-
chemical model is developed based on conservation of
enthalpy and non-reactivity of Cl upon mixing to delin-
eate mixing fractions through varying end-member com-
positions. The three different end-members were cho-
sen for such computation which are boiled reservoir wa-
ter at 100 ◦C, gas or steam composition (consisting only
volatiles), and non-thermal water (prima facie for mix-
ing). Obtaining the information of various secondary pro-
cesses, the resultant fluid composition will be used as an
input file for PHREEQC program to estimate the roles of
these end-members in controlling surface fluid chemistry
at discharge temperatures and fluid-mineral equilibria us-
ing Lawrence Livermore National Laboratory (LLNL) ther-
modynamic database [47].

4. Results

The sampled thermal waters of Trans-Himalayas have
discharge temperatures of 61–87 ◦C; pH of the solution
is nearly neutral to moderately alkaline, varying between
6.7–8.9 with total dissolved solids (TDS) of 525–2931 mg/l.
The reduction potential of these waters ranges between
−526 mV to −397 mV. The elemental composition of the
sampled thermal waters is given in Table S1 of the elec-
tronic supplementary information (ESI) file. The concen-
trations of major condensable gas like CO2 are 28.1–
118.7 mmol/kg, 32.2–312.4 mmol/kg, 182.4 mmol/kg, and
103.9–275.3 mmol/kg for Chumathang, Puga, Panamik,
and Changlung, respectively. The concentration of other
condensable gas, i.e. H2S lies between 2.6–22 mmol/kg
for all the geothermal fields (Table S2 of ESI). Based on
major element composition, major geochemical facies of
thermal waters are found to be Na–Cl for Puga, mixed
type (Na–Cl–SO4–HCO3) for Chumathang and Panamik,
and Na–HCO3 type for Changlung, as illustrated in Piper
diagram (Figure 3). Puga springs show the highest total
ion budget with TDS ∼ 2400–2900 mg/l, dominated by el-
evated Na, K, Cl, and SO4, with consistently high SiO2
(150–232 mg/L) and boron (mean value 124 mg/l). Chu-
mathang waters have moderate TDS (1150–1700 mg/L)
with comparatively lower Cl than Puga and higher SO4
(182–201 mg/l), with substantial silica (105–220 mg/l). Mg
content is found to be higher in Chumathang thermal fluids
than Puga, suggesting probably greater extent of dilution
by the Indus River [49, 50]. The Changlung thermal waters
are characterized by very high total dissolved inorganic
carbon with values ranging between 1574–1821 mg/l, with
moderate values of Cl and SO4 concentrations. These
waters have high Na and relatively low Ca–Mg, indicat-
ing a mature, chloride-rich geothermal system. In con-
trast, Panamik waters are the least mineralized (TDS ∼
520–620 mg/L), with low Na, K, Cl, and silica, reflect-
ing cooler and more dilute fluid compositions. Overall, the
ion distributions show a general dominance of Na–Cl–
SO4 types across the fields, with silica decreasing from
Puga/Chumathang towards Panamik.

Figure 3. Piper diagram representing geochemical facies of thermal waters in Trans-Himalayas, India.
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The slight divergence in trends between the Puga
and Changlung samples in the Piper diagram reflects dif-
ferences in secondary hydrogeochemical processes act-
ing during fluid ascent, rather than fundamentally different
deep reservoir sources. Puga thermal waters plot closer
to the Na–Cl/mixed Na–Cl–SO4–HCO3 facies, indicating
a stronger influence of deep reservoir fluids, with com-
paratively limited dilution. Their chemistry is mainly con-
trolled by water–rock interaction at depth, ion exchange,
and partial boiling [7, 14–16]. While Changlung samples,
in contrast, shift toward the Na–HCO3 facies, suggesting a
greater role of shallow processes, such as mixing with me-
teoric or non-thermal groundwater, CO2-reabsorption at
shallower levels, and near-surface re-equilibration. Thus,
the observed variation arises from different degrees of mix-
ing, dilution, and re-equilibration along distinct flow paths,
controlled by local structural permeability and hydrological
conditions, even though both systems may ultimately de-
rive heat from a similar regional geothermal regime [49–
51].

5. Discussions

5.1. Geochemical Evolution of Solutes

The Puga and Chumathang geothermal sites com-
prise of boiling springs (biphasic: both steam and liq-
uid) along with geyseric manifestation and high discharge
rates. In Puga, the total natural discharge reaches nearly
30 L/s (about 108 tons/hour). Such a high outflow sug-
gests limited opportunity for near-surface re-equilibration
or silica loss through shallow mixing with non-thermal wa-
ters [52]. Thermal waters of Puga are dilute Cl–HCO3 type
(as per Cl–SO4–

∑
CO2 ternary diagram) and Chumath-

ang are dilute Cl–HCO3–SO4 type (mixed-type), where
sulfate enrichment may have happened due to oxidation
of past fumarolic sulfur deposits (Figure 4a). Lower Cl con-
tent and moderate TDS, unlike Puga, also indicate greater
lateral flow for Chumathang fluids than Puga fluids [7].

Recent studies have shown the signature of thenardite,
epidote, polylithionite, lepidolite, zinnwaldite, jarosite-K,
and alunite are observed from powder X-ray diffraction
studies of hot spring deposits [16, 53–58]. The occurrence
of epidote as hydrothermal mineral deposit is an indication
of subsurface temperature of 250 ◦C while thenardite is
a paleo-humidity indicator mineral suggesting a humidity-
transit past climatic conditions and jarosite-K occurrence
suggests an early Martian type climate conditions in the
past [16, 54–58].

As per Figure 4a, Changlung thermal waters are
HCO3-dominated while Panamik fluids are dilute Cl–
HCO3–SO4 type (mixed-type geochemical facies), like
Chumathang. In Changlung, enhanced HCO3 could be
due to reabsorption of deep-degassed CO2 at near sur-
face, after steam segregation (predominantly continuous
over single-stage) from deeper levels in thermal waters
mainly due to decompression boiling of fluids. The CO2
present in the Changlung thermal waters may originate
from either metamorphic or magmatic sources, and the
measured δ13C–

∑
CO2 (dissolved inorganic carbon) val-

ues (−8 to +1.7‰) indicate a stronger contribution from
metamorphic degassing occurring at depth along major
structural zones such as the MBT, MCT, and ITSZ in the
northwest Himalaya [16, 41, 58]. This could be a rea-
son behind low occurrence of calcite and aragonite as hy-
drothermally altered mineral in Changlung while thermal
waters are highly enriched with fluoride (10–12.5 mg/l).
The set of equilibrium reactions that are taking place at
subsurface of Changlung may be written as follows:

Reaction 1: Fluorite dissolution: CaF2 ⇌ Ca2+ + 2F−

Reaction 2: Calcite precipitation at subsurface: Ca2+ +
2HCO3

− ⇌ CaCO3 ↓ + CO2 ↑ + H2O
Reaction 3: Segregated-CO2 reabsorption in thermal wa-
ters at shallow level: H2O + CO2 ⇌ H2CO3
Reaction 4: Carbonic acid dissociation near surface:
H2CO3 ⇌ H+ + HCO3

−

Figure 4. (a) Cl–SO4–
∑

CO2 ternary diagram showing water-type to be used for chemical geothermometry; (b) Na–K–
Mg ternary diagram representing type of equilibration in thermal waters.
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All these set of geochemical reactions suggest ab-
normally high

∑
CO2 (1574–1821 mg/l) in thermal waters

of Changlung. However, unlike Changlung, Panamik has
moderate

∑
CO2 concentration, ranging between 258–

321 mg/l. In Panamik, the thermal fluids undergo boil-
ing closer to the surface rather than at deeper levels.
This near-surface boiling promotes CO2 degassing and
steam segregation, which in turn influences the solubil-
ity of calcite and aragonite. As a result, the conditions
become favourable for the precipitation of these minerals
at the surface. Powder X-ray diffraction analyses of hot-
spring deposits from Panamik support this interpretation,
showing relatively high calcite contents (∼50% relative in-
tensity ratio (RIR)). In contrast, deposits from Changlung
exhibit lower calcite proportions, with RIR values rang-
ing from 20–30% [41]. Most of the hydrothermal miner-
als present in Changlung in major quantities are trona
(Na2CO3·NaHCO3·2H2O), nahcolite (NaHCO3) and quartz
while for Panamik, the predominant minerals in hot spring
deposits are quartz and calcite.

5.2. Chemical Geothermometry

To rationally use any geothermal water in chemical
geothermometry, the most important criterion to be kept
in mind is the equilibration nature of thermal waters, i.e.,
fully equilibrated, partially equilibrated, or immature, as per
Na–K–Mg diagram [1]. In the present study, all the thermal
waters are found to be partially equilibrated, however, they
show a clustering near Mg-vertex which indicates mixing of
thermal waters with non-thermal waters (Figure 4b). How-
ever, as thermal waters are partly equilibrated in nature,
ion exchange geothermometers can be applied in cor-
roboration with end-members mixing modeling. According
to the Na–K–Mg ternary diagram, the reservoir tempera-
tures of thermal waters in the Ladakh Himalaya range from
170 ◦C to 260 ◦C, with the higher temperatures character-
istic of the Indus River valley systems and the lower tem-
peratures associated with the Shyok–Nubra River valley
springs. In this study, Na–K Giggenbach’s geothermome-
ter has been used to compute deep fluid composition un-
der partial equilibrium degassing for individual geothermal
fields.

5.3. Reservoir Fluid Reconstruction

For Indian geothermal systems, it is reasonable to
consider the aquifers as single-phase, liquid-dominated
reservoirs because they generally exhibit moderate to low
enthalpy. This contrasts with high-temperature geothermal
fields such as Krafla and Hellisheidi in Iceland, Olkaria and
Paka in Kenya, and Ahuachapán in El Salvador, where
steam pockets/caps may coexist with the liquid phase at
deeper subsurface levels [59, 60]. When there is a two-
phase aquifer, intense boiling may initiate in the high per-
meable zones due to decompression or addition of ex-
cess heat from rock, causing the producing wells to be

excess enthalpic where discharge enthalpy may approach
enthalpy of pure saturated steam (∼2780 kJ/kg) [2, 19, 61].
The reservoir fluid composition has been reconstructed by
adding up the compositions of steam and liquid phases
of surface discharge into a single-liquid phase reservoir
fluid. The geothermal reservoir water (grw) composition is
thereby estimated at reservoir temperature obtained from
Na–K Giggenbach’s geothermometer. The model used in
the present study is proposed by Arnórsson et al. (2007,
2010) where taking into consideration of mass and energy,
and using thermodynamic variable enthalpy, adiabatic de-
compression boiling is carried out in geochemical model-
ing from the arbitrary temperature of 300 ◦C to the boiling
point of water (100 ◦C) under partial equilibrium degassing
with degassing coefficient, ξ = 0.5, which furnishes us with
the boiled reservoir water composition (brw) [2, 62]. For
Icelandic geothermal systems, the degree of degassing is
commonly assumed to be 30% of equilibrium degassing
[63, 64]. Using integrated O, H, Sr isotopic systematics,
a binary mixing model between the end-members (mag-
matic water and snow-melt water) had been proposed for
Tibetan geothermal waters like Yangbajing which revealed
that the resultant geothermal fluid is a mixture of 40–50%
of deep fluid component [21]. Geothermal discharges at
Xihai are strongly diluted by non-thermal waters (∼59.5–
85.6%), with mixing increasing along the upward flow path
and away from major faults, producing a masking or cover-
effect that must be considered in fault-controlled geother-
mal fields [22]. The adiabatic boiling modeling, in our study,
is carried out in six sequential steps with temperature dif-
ferences between two consecutive steam-loss processes
of 40 ◦C, rather than a single-flash, and fluid-composition
at individual steps have been obtained. The Table 1 de-
scribes geothermal reservoir water and boiled reservoir
fluid compositions which are used in the subsequent stud-
ies as one of the end members to rationalize mixing in ther-
mal waters.

5.4. End-Member Fluid Composition

The formation mechanism of surface geothermal wa-
ters is interpreted using three key end-member composi-
tions in a ternary mixing model: non-thermal water (ntw),
boiled reservoir water (brw), and condensed steam (cs). A
representative average composition of non-thermal waters
from the Ladakh Himalayas (N = 6) is used as one ver-
tex in the ternary mixing diagram. The ‘cs’ end-member is
defined using compositions calculated from boiled reser-
voir water, rather than direct steam-vent samples, to avoid
complications arising from steam segregation and conden-
sation that can modify the chemistry of vent-derived steam
(Figure 5). The composition of cs is it contains only the
volatiles (CGs) which segregated from steam after deep
degassing from the residual boiled geothermal fluid, and
hence the composition of all non-volatiles in cs is taken to
be zero at 100 ◦C. The end-member composition is shown
in Table 1.
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Table 1. Compositions of deep reservoir fluid (computed from Na–K Giggenbach’s geothermometer) assuming single-
phase liquid dominated reservoir and boiled reservoir fluid under partial equilibrium degassing (ξ = 0.5) at 100 ◦C of
different types of geothermal waters from Trans-Himalayas, India. Values are reported in mg/l.

Locations Puga Chumathang Changlung Panamik

Geothermal
Reservoir

Water

Boiled
Reser-

voir Water
(ξ = 0.5)

Geothermal
Reser-

voir Water

Boiled
Reser-

voir Water
(ξ = 0.5)

Geothermal
Reser-

voir Water

Boiled
Reser-

voir Water
(ξ = 0.5)

Geothermal
Reser-

voir Water

Boiled
Reser-

voir Water
(ξ = 0.5)

Representative
Non-thermal

Water

Condensed
Steam

Tres (◦C) 260 100 235 100 210 100 170 100 10 100
pHT 7.03 8.59 6.84 8.69 6.87 8.84 6.47 8.22 8.28 5.31

B 91 123 28 34 17 19 7 8 14 0
SiO2 138 186 138 167 99 114 91 94 18 0
Na 417 566 244 294 592 678 155 161 9 0
K 58 78 22 27 43 49 6 7 3 0

Mg 6 9 16 19 2 3 1 2 10 0
Ca 11 14 20 24 13 15 15 16 28 0
F 8.9 12.1 6.9 8.4 10 11.5 12.1 12.5 0.2 0
Cl 391 530 104 125 101 116 22 24 20 0

SO4 70 94 157 190 75 87 103 106 5 0∑
CO2 2117 540 1099 401 2475 1290 519 255 132 6113

H2S 65 34 56 109 370
TDS 1811 2456 1200 1449 1816 2083 561 578 180

Figure 5. The non-thermal water (ntw), boiled reservoir water (brw), and condensed steam (cs) end-member compo-
sition represented in a ternary plot which represents the mixing ratios forming the surface geothermal water in Trans-
Himalayan Geothermal Systems, India.

Geothermal fluids are often prone to dilution with non-
thermal waters at their outflow zone by a process called
mixing which often misleads chemical geothermometers
to estimate reservoir temperatures [45, 52]. Mixing pro-
cesses preferentially occur in zones of abrupt permeabil-
ity contrasts, especially along the margins of the geother-
mal reservoir [2, 45]. Such mixing, dilutes the ascending

reservoir fluids and alters the activity of reactive chemical
species, thereby modifying their saturation indices. These
changes can perturb fluid–mineral equilibria and influence
the dissolution–precipitation kinetics of various hydrother-
mal minerals. As Cl is a non-reactive component and al-
ways remain in solution due to its higher solubility, it is used
as a conservative tracer to quantify the degree of mixing in

136



Dutta et al. Earth Systems, Resources, and Sustainability, 2026, 1(2), 129–142

thermal fluids of Trans-Himalayas, India [65]. Because en-
thalpy is conserved during the mixing process, the temper-
ature range of 0–100 ◦C exhibits a near-linear relationship
with enthalpy. This linearity aids the use of components
such as SiO2, Cl, and

∑
CO2 to establish correlations with

discharge temperature, allowing the compositions of ther-
mal fluids to be quantitatively expressed relative to the con-
tributing end-members.

The end-members mixing model can be represented
by the equations as follows:

X csm cs
Cl + Xbrwmbrw

Cl + Xntwmntw
Cl = mm

Cl (4)

X csT cs + XbrwTbrw + XntwTntw = Tm (5)

X cs + Xntw + Xbrw = 1 (6)

where ‘X ’, ‘mCl’, and ‘T ’ represent the representation for
mixing fraction, concentration of Cl (conservative compo-
nent) in mg/l, and temperature respectively of brw, ntw, and
cs. Using Cramer’s rule (for a 3 × 3 matrix system with
three independent variables), we solve for the results of
the mixing model which are given in Table 2. The calcula-
tion provides values both negative and higher than unity
which have no practical physical significance. Negative
mixing fractions values could typically result from conduc-
tive cooling, analytical errors in water and gas chemistry.
Conversely, fractions exceeding unity usually indicate un-
derestimation of end-member concentrations or enthalpy,
or the influence of unaccounted processes such as steam
loss or mineral precipitation. Such anomalies generally re-
flect limitations in end-member selection or deviations from
ideal conservative behaviour [20, 45, 66, 67].

Table 2. Results of mixing model between three end-members: boiled reservoir water (brw), condensed steam (cs), and
non-thermal water (ntw) for thermal waters of Trans-Himalayas, India.

Sample ID Location X cs X brw X ntw

PG/1–22 Puga 0.15 0.67 0.18
PG/2–22 Puga 0.20 0.62 0.18
PG/3–22 Puga 0.09 0.73 0.18
PG/4–22 Puga 0.11 0.71 0.18
PG/5–22 Puga 0.14 0.68 0.18
PG/6–22 Puga 0.08 0.72 0.20
PG/7–22 Puga 0.00 0.78 0.22
PG/8–22 Puga 0.24 0.58 0.18
PG/9–22 Puga 0.23 0.53 0.24

PG/10–22 Puga 0.22 0.58 0.20
PG/11–22 Puga 0.00 0.79 0.21
PG/12–22 Puga 0.00 0.78 0.22
PG/13-22 Puga 0.00 0.69 0.31
CH/01–22 Chumathang 0.00 0.78 0.22
CH/02–22 Chumathang 0.00 0.81 0.19
CH/03–22 Chumathang 0.00 0.86 0.14
CH/04–22 Chumathang 0.00 0.58 0.42
CH/05–22 Chumathang 0.13 0.48 0.39
CHL-01 Changlung 0.11 0.61 0.28
CHL-02 Changlung 0.00 0.76 0.24
CHL-03 Changlung 0.00 0.62 0.38
CHL-04 Changlung 0.00 0.61 0.39
CHL-05 Changlung 0.38 0.43 0.19
PNK-01 Panamik 0.00 0.74 0.26
PNK-02 Panamik 0.10 0.63 0.27
PNK-03 Panamik 0.00 0.64 0.36
PNK-04 Panamik 0.12 0.60 0.28
PNK-05 Panamik 0.02 0.65 0.33
PNK-06 Panamik 0.00 0.61 0.39
PNK-07 Panamik 0.19 0.48 0.33

Foot notes: (a) The negative values are meaningless; hence, they are taken to be zero. (b) The values greater than
one is taken to be unity. Calculations done after [20]. (c) Values recalculated assuming that the summed fractions
of condensed steam, boiled reservoir water, and non-thermal water in the resultant thermal discharge equal unity.
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The surface discharge fluid of Puga is a resultant mix-
ture of condensed steam whose proportion during sam-
pling is Xcs = 0.08–0.24 (8–24%), with major contribu-
tions from boiled reservoir fluids (Xbrw= 0.53–0.79 (i.e., 53–
79%), mean ∼0.68, i.e., 68%) and minor from non-thermal
water (Xntw= 0.18–0.31 (i.e., 18–31%), mean ∼0.20, i.e.,
20%). Similar trend is also observed for Chumathang flu-
ids where boiled reservoir fluids contribute 48–86% with
average value of 70% and non-thermal water of 14–42%
with average value of 27%. The average contribution of
condensed steam in resultant surface fluid mixture is 13%.
The Changlung and Panamik fluids are comprised of 43–
76% and 48–74% of boiled reservoir water, 11–38% and
2–19% of condensed steam, and 19–39% and 26–39% of
non-thermal water, respectively. Shallow reabsorption of
CO2 in Changlung after steam segregation from deeper
levels enhances the concentration of HCO3 in thermal wa-
ters. This process may alter the apparent Cl contribution
used in end-member estimations, effectively masking or
nullifying the inferred inputs from boiled deep reservoir wa-
ter and condensed steam. For Panamik, as the fluids are
boiling at very shallow level, contributions from three end-
members are conspicuous. Recent studies suggest that
probably, the thermal waters of Changlung are mixed with
local non-thermal waters, following the regional hydraulic
gradient, in the outflow zone to emerge as Panamik ther-
mal springs [15, 41, 68, 69].

5.5. Boiling and Degassing

The decompression boiling process influences ther-
mal fluid composition from reservoir to surface with vary-
ing proportions of steam-to-liquid ratio, pH, volatiles loss,
isotopic fractionation, oxidation, redox behaviour, and fluid-
mineral equilibrium reactions [2, 7, 19]. During pressure-
induced boiling, most non-condensable gases and a large
fraction of condensable gases partition into the steam
phase, while the remaining liquid becomes progressively
enriched in non-volatile components. The amounts of con-
densable gases retained in the residual fluid is controlled
by their distribution coefficients and the prevailing temper-
ature.

In this study, both the non-conservative (SiO2 and∑
CO2) and conservative components (Cl) of non-thermal

and thermal waters are plotted with the discharge temper-
atures for all the geothermal fields (Figure 6). The end-
members are also plotted in the same diagram to under-
stand the mixing fractions which finally gives the fluid com-
position similar to the surface discharge. The depressur-
ization boiling process from an isolated system (a thermo-
dynamic system that cannot exchange matter and energy)
causes cooling in the shallow reservoir which is further
enhanced through mixing with non-thermal waters in the
zone of anisotropic permeability [45]. This process influ-
ences solubilities of various components leading to super-
saturation (precipitation) or undersaturation (dissolution)
of pre-equilibrated minerals with the reservoir, in the hy-
drothermal vents, which in turn seals the fluid flow chan-

nels in long-run, a phenomenon called scaling in geother-
mal project development management.

For SiO2 vs. temperature relationship plot, silica con-
tents from both surface discharges and boiled reservoir
water at 100 ◦C under partial-equilibrium degassing are
plotted with quartz solubility curves drawn for maximum
steam loss, no steam loss, and amorphous silica solubility
line. None of the data of thermal waters from any geother-
mal fields touch the amorphous silica equilibrium curve,
suggesting that, at surface, thermal waters are undersatu-
rated with amorphous silica but may be in equilibrium or
supersaturated with chalcedony or quartz. However, in-
spite of supersaturation of thermal waters with quartz, in
practical, only chalcedony silica scaling may be observed
due to sluggish precipitation kinetics of quartz than other
kinetic polymorphs of silica for Trans-Himalayan geother-
mal fluids. The boiling trend lines are shown from the re-
spective boiled reservoir water composition at 100 ◦C to
surface discharge (Figure 6a). The greater extent of water-
rock interaction trend line is also shown from non-thermal
water to Panamik to Puga, pointing towards more matured
and equilibrated reservoir waters from Panamik to Puga.

Negligible effect of boiling on chloride content is ob-
served in chloride vs. temperature relationship plot for ther-
mal waters of Trans-Himalayas suggesting its predomi-
nant enrichment in liquid phase after steam segregation
during depressurization boiling (Figure 6b). However, all
thermal waters are diluted with varying extent of relative
boiled reservoir fluid content. Geochemical modeling indi-
cates that surface-discharge thermal fluids of all sites have
boiled water fraction greater than 50% with few samples
from Changlung, Panamik and Chumathang have values
between 40–50% suggesting dilution with non-thermal wa-
ter of deep aquifer fluids. In

∑
CO2 and temperature plot,

Changlung waters display greater contribution from con-
densed steam end-member (∼11–34%), followed by Puga
water which is formed by ∼8–24% (mean value 11%) of
condensed steam. The contribution of condensed steam
is the lowest in Chumathang (∼13% mean value 3%) and
Panamik (∼2–19%, mean value 6%) (Figure 6c). For the
case of Changlung hot spring, the deeply-degassed CO2
due to decompression boiling and phase segregation may
get reabsorbed by the geothermal fluids at a shallower
level to enhance the concentration of HCO3 ion, thereby
also affecting the solubility of calcite [44, 45, 52]. Thus,
the highest condensed steam contribution, is likely char-
acterized by shallow and efficient boiling of deep geother-
mal fluids. However, pH of Changlung fluids is neutral to
moderately alkaline probably to the effect of decompres-
sion boiling [2, 19, 20, 23]. Thus, the modeling results fit
well in corroboration with the end-member mixing compo-
sition.

Based on the study, probable hydrogeological settings
of the studied geothermal areas can be identified. The
hydrogeological setting is primarily controlled by deep-
seated faults (Zildat and Kiagar Tso fault-boundaries at
Puga, Karakoram fault at Changlung–Panamik) that act as
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upflow conduits for thermal fluids, while shallow fracture
networks, valley-fill sediments, and river–glacial recharge
zones (Indus river for Puga–Chumathang and Nubra river
for Changlung–Panamik) facilitate mixing with meteoric
groundwater [13–16, 41, 68, 69]. Puga represents a rela-
tively confined upflow system with limited dilution, whereas

Changlung and Panamik are characterized by open, shal-
low circulation and high recharge, leading to stronger me-
teoric mixing. Chumathang shows an intermediate setting,
where thermal fluids interact with shallow aquifers asso-
ciated with major river systems during their final ascent
[7, 18, 49].

Figure 6. Geochemical evidence of boiling, steam loss, and mixing processes affecting surface thermal waters in the
studied geothermal fields. (a) Relationship between SiO2 solubility and temperature showing measured silica concen-
trations of surface discharges and reconstructed boiled reservoir waters plotted against quartz solubility curves for no
steam loss, maximum steam loss, and amorphous silica. The data indicate partial equilibrium degassing and under-
saturation with respect to amorphous silica, reflecting boiling and water–rock interaction during ascent. (b) Variation
of Cl concentration with discharge temperature illustrating conservative behaviour of Cl during boiling and progressive
dilution along mixing lines between boiled reservoir water (brw) and non-thermal water (ntw), with estimated proportions
of boiled reservoir water. (c)

∑
CO2 and discharge temperature plot highlighting CO2 loss during boiling and steam

separation, followed by shallow mixing. Black dashed lines represent boiling and degassing trajectories, whereas blue
dashed lines denote mixing trends. Symbols correspond to different geothermal fields.
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6. Conclusions

In this study, various secondary processes of reser-
voir like mixing, degassing, and boiling are quantified
based on end-member fluid composition determination
and reconstruction of deep fluid for the geothermal wa-
ters of Trans-Himalayas, India. The study reveals that all
the hot waters of Trans-Himalayan geothermal province
are mixed with non-thermal water, boiled reservoir wa-
ters, and condensed steam in various ratios which can
be numerically quantified. The pHs of all deep fluids are
near neutral at estimated reservoir temperatures from Na–
K Giggenbach’s geothermometer, and all the fluids com-
positions are influenced by decompression boiling, as ev-
ident from their moderate alkaline nature at 100 ◦C un-
der partial equilibrium degassing. The reconstructed sur-
face discharge fluids indicate that Puga and Chumath-
ang systems are dominantly controlled by boiled reser-
voir water, contributing on average ∼68% and ∼70%, re-
spectively, with subordinate inputs from non-thermal wa-
ter (∼20–27%) and condensed steam (∼8–24%; average
∼13%). In contrast, Changlung and Panamik fluids exhibit
more variable mixing proportions, with boiled reservoir wa-
ter contributing ∼43–76% and ∼48–74%, respectively, ac-
companied by relatively higher and variable condensed
steam (up to ∼38%) and non-thermal water fractions
(∼19–39%). Overall, the results highlight a stronger deep-
reservoir signature in Puga and Chumathang compared
to the more heterogeneous mixing observed in Changlung
and Panamik. This approach enables quantitative evalu-
ation of secondary reservoir processes, providing a ro-
bust preliminary insight into geothermal reservoir dynam-
ics where isotopic analyses are economically constrained.
It also facilitates assessment of groundwater–geothermal
fluid interactions influencing thermal water chemistry. No-
tably, this study presents the first integrated quantitative
reconstruction of deep fluids and their evolutionary path-
ways in an Indian geothermal system, elucidating the key
roles of boiling, degassing, and mixing in controlling Trans-
Himalayan geothermal fluid chemistry.
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