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Abstract: B and W are often found enriched in high-temperature geothermal waters associated
with the development of subduction-related mafic to felsic arc magma. However, knowledge about
the sourcing and transportation of these elements from such hydrothermal systems is sparse and
ambiguous. Being the only active continental collision site in the world, the Trans-Himalaya offers a
unique chance to study how continental collision sources the high boron and tungsten concentrations
in geothermal fluids. This study investigated the distribution of trace elements, major cations, and
anions in three physicochemically distinct hotspring sites in the Ladakh region. The results were
integrated with the existing geochemical and isotopic data to address the research problem more
effectively. This study exhibits that the extreme concentrations of boron, sodium, chlorine, potassium,
and tungsten in the hotspring waters were primarily governed by magmatic fluid inputs. In addition,
this study recorded the highest-ever chlorine and boron concentrations for the Trans-Himalayan
hotspring waters. The highest-ever boron and chlorine concentrations in the hotspring waters
probably represented an increase in magmatic activity in the deeper source zone.

Keywords: Ladakh; hotspring; magmatic-sourcing; rock-leaching; boron; molybdenum; tungsten

1. Introduction

Among the trace elements, B, Mo, and W are present in trace amounts in the Earth’s
surface water under normal conditions [1-4]. However, in high-temperature hydrothermal
waters, their concentrations are significantly higher, especially B and W, which often show
extreme enrichments [5-12]. Some studies have investigated the causes of unusually high
concentrations of these elements in hydrothermal waters and have concluded that their
primary source is rock-water interactions/rock leaching at high temperatures, with little to
no contribution from subsurface magmatic activity [5,6,8-11]. However, these conclusions
do not appear to be supported by solid evidence at present, and new direct confirmation
is required.

While the mobility of B, Mo, and W might vary depending on the physicochemical
makeup of the water, the relative concentrations of these elements in water are generally
expected to depend on the prevailing lithologies [3,6,8,11]. For instance, even though Mo
and W have chemical properties similar to each other, Mo is more mobile under an oxidized
condition, and its solubility increases with an increase in salinity, whereas in a highly
reduced sulfidic condition, Mo is easily removed from water by its precipitation in the
form of pyrite [3]. Conversely, W is relatively insensitive to redox changes. Rather, it shows
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increased mobility in a sulfidic environment [3]. In most cases, W is removed from waters
by precipitation with Fe and Mn oxyhydroxides [13,14]. Other major factors that have
been suggested to affect the extraction, mobility, and concentration of these elements from
magma and rocks into geothermal waters include the geothermal reservoir temperature,
phase separation into vapor and liquid phases [15], and effect of salinity or CI content on
the partitioning of these elements between melt and liquid phases [16].

The Trans-Himalaya hosts a magmatic belt running along the Indus-Tsangpo Suture
Zone (ITSZ), which marks the surface expression of the contact between the Tibetan Plateau
of the Asian Plate to the north and the Indian Plate to the south [17]. Geothermal activity is
widespread along the magmatic belt [5,6,8,18-21]. However, comprehensive research on
the sourcing and transportation of B, Mo, and W from the Trans-Himalayan hotsprings is
rare and only available from the Tibet region [5-8]. No such research has been completed
from the Indian territory of the Trans-Himalaya. Thus, the goal of the present study is to
determine the distribution of B, Mo, and W in discharge waters of physicochemically and
attitudinally distinct hotspring sites: Panamik in the Nubra Valley, and Chumathang and
Puga in the Indus Valley of Ladakh, India to ascertain their source and transportation. To
effectively address the issue, we have combined our elemental data with the published
geochemical and isotopic data from the geothermal sites, local rivers, meteoric waters, and
local volcanic rocks.

2. Field Sites and Geology

The Indus and the Nubra valleys are two prominent geothermal zones in Ladakh.
The Indus Valley has three geothermal fields—Puga, Chumathang, and Gaik that host
more than a hundred hotsprings [18,19,21,22]. Chumathang is located 92 km southeast
of Upshi towards the Upshi-Hanle Road, and Puga can be reached from Chumathang
by traveling another 20 km down the Upshi-Hanle Road and then taking a southwest
diversion across the Indus River and traveling an additional 20 km. The Nubra Valley
is home to three geothermal sites—Panamik, Pulthang, and Changlung. Panamik is lo-
cated 26 km north of the Sumur village and can be reached through the road running
along the Nubra River. In this study we performed the geochemical investigation on the
hotsprings of Panamik (34°31'49.66" N, 77°32/34.30" E; altitude = 3209 m amsl), Chumath-
ang (33°21'36.77" N, 78°19'25.77" E; altitude = 3993 m amsl), and Puga (33°13/06.27" N,
78°19'17.44" E; altitude = 4375 m amsl) geothermal fields (Figure 1).
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Figure 1. The generalized geological map of Ladakh shows the location of Panamik, Chumathang,
and Puga hotsprings and Shyok river sites (after Tiwari, Rai, Bartarya, Gupta and Negi [20]).
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3. Methodology
3.1. In-Situ Physicochemical Measurements and Water Sample Collection

For the geochemical study, hotspring water samples were collected from 11 sites in
Puga (see PUGA series in Table 1), 5 sites in Chumathang (see CHTNG series in Table 1),
and 13 sites in Panamik (see PAN series in Table 1). One water sample was also collected
from the Shyok River in Hunder village (34°3419.18"” N, 77°29/37.40" E; altitude = 3055 m).
The pH and temperature were measured by pre-calibrated Systronics Water Analyzer 371.
At each site, the water sample was first collected in a new 60 mL sterile polypropylene
syringe pre-washed with the same water three times. Then the water was passed into a new
60 mL sterile polypropylene centrifuge tube (Tarsons) through a syringe fitted 0.22 um filter
(Merck). Initial filtered water was used to wash the centrifuge tube thrice before collecting
the final sample. These centrifuge tubes containing the filtered water samples were stored
in an ice box and transported to BSIP and CSIR-IITR in Lucknow for the analysis work.

Table 1. The result of temperature, pH, Mo, W, B, Na, K, Ca, Mg, Cl, and SO, are from Puga hotspring
sites (PUGA series), Chumathang hotspring sites (CHTNG series), Panamik hotspring sites (PAN
series), and Shyok River. The HCOj3 data for Puga, Chumathang, and Panamik hotspring waters
are acquired from Tiwari, Rai, Bartarya, Gupta and Negi [20]. The average geochemical data from
the rivers in Ladakh (Ladakh Rivers Average b) are obtained from Tiwari, Singh, Phartiyal, and
Sharma [23].

Sample ID pH Temp Mo w B Na K Ca Mg Cl SOy HCO3
Q) ug/L (ppb) mg/L (ppm)
PUGA-1.1 692 5800 122 25528 6207 43732 6479 882 081 169048 45554
PUGA-12 1024 3680 046 26630 37803 39660 6093 775 074 171934 43178
PUGA-13 na. 3840 038 28243 19491 45746 6959  7.86 0.88 186525 48445
PUGA-1.4 846 5780 023 27853 11432 46399 7086 291 006 185802 54572
PUGA-2.1 573 6340 017 22811 12399 44839 6852 1024 102 na, na.
PUGA-22 683 5810 023 12314 5990 31800 4611 930 081 117156 31175 8172
PUGA-2.3 790 4540 019 15388 10884 36461 4910  9.64 092 124115 35078
PUGA-2.4 863 3850 010 11950 7228 32960 4604 911 088 117754 317.56
PUGA-2.5 9.68 7.00 028 19397 67962 47646 6771  9.06 130 188559  330.73
PUGA-3 629 6490 012 21719 45217 46393 6942 1028 152 194204 504.06
PUGA-4 560 7920 012 26573 14585 48852 7551 808 092 198426 55011
CHTNG-1 840 6460 739 12781 1781 27551 1942 158 004 45827 105429
CHTNG-2 820 6850 653 14137 4718 30635 2135  1.80 007 52380 1177.89
CHTNG-3 714 8410 710 12595 9939 26130 1909 217 020  469.63 108436  365°
CHTNG-4 791 8430 550 11692 6854 28345 1938 162 005 48658  1099.82
CHTNG-5 795 8280 606 11285 11540 29028 1962 139 007 51403 1141.02
PAN-1.1 912 7060 848 3933  na. na. na. na. na. 4494 47901
PAN-1.2 1062 7070 828 12477 067 13473 578 1197 024 4255 47009
PAN-1.3 956 7070 7.7 3913 094 16029 648 1154 010 4421 48396
PAN-1.4 1011 6900 904 4166 431 13280 559 1142 010 4480  488.00
PAN-1.5 1036 6800 870 4374 149 12208 521 1168 017 3991 43566
PAN-1.6 1075 6520 1008 5122 206 14073 599 1099 008 4519 49852
PAN-1.7 1070 6300 949 4803 374 13437 568 1022 010 4538 49316 2379
PAN-1.8 993 6770 810 3745 067 13142 565 1032 008 4156 46334
PAN-1.9 880 6690 959 4957 076 13901 608 1074 018 4535  487.90
PAN-5.1 1120 6550 1278 4475 092 13602 594 1246 010 4284 47066
PAN-5.2 1052 6760 1361 4982 055 13517 578 1292 008 4330  547.66
PAN-5.3 796 7230 1204 4121 060 13742 596 1309 009 4278  467.00
PAN-5.4 822 7440 1171 3840 055 13729 599 1188 016 4205  460.05
Shyok River 10.25 17.50 1.08 <0.000 0.21 15.33 4.22 22.98 11.20 n.a. n.a. n.a.
Ladakh Rivers 7.62 na. na. na. na. 513 196 2157 430 300 1430 8219
verage

2 denotes data acquired from Tiwari, Rai, Bartarya, Gupta and Negi [20]; b Jenotes data acquired from Tiwari,
Singh, Phartiyal and Sharma [23]; and n.a. denotes data not available.

3.2. Trace and Major Elements Analysis

Ten mL of the filtered water samples were transferred in polytetrafluoroethylene
(PTEF) vials and acidified by adding 100 puL of analytical grade HNO; (65%, Merck).
Afterward, mixed-element reference solutions of (1) 71A, 71B, and 71D multi-element
for ICP-MS analysis (trace elements, i.e., Mo, W), and (2) single-elements for ICP-OES
analysis (other elements, i.e., B, Na, K, Ca, Mg), were prepared in 1% v/v HNOj3. For the
preparation of the HNOj3 solution and dilution of stock standards, 18.2 MQcm ™! Milli-Q
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water was used. One internal standard Rhodium (Rh) and a tune solution were added to
all solutions to correct the matrix effects and compensate for possible changes in apparatus
function during the ICP-OES measurements. These measurements were conducted by
using the quadrupole ICP-MS (Agilent 7700 series) and Agilent 5800 ICP-OES facility at
BSIP, Lucknow. The error of replicate analyses was better than 5% for ICP-MS and better
than 2% for ICP-OES.

3.3. Ions Analysis

For determination of Cl and SO4 concentrations, the samples were analyzed following
USEPA 300.1 A and B method [24], using a 940-Professional IC Vario instrument (Metrohm
AG, Herisau, Switzerland) equipped with a conductivity detector at CSIR-IITR, Lucknow.
For each run, 20 mL of the filtered sample was injected, and a method was developed for
a run time of 30 min for anions. Automatic integration with MagIC Net Software using
peak area opted for quantification of ions. Cl and SO4 were measured using standard
column- Metrosep A Supp 5 (250/4.0), eluent- 3.2 mM sodium carbonate and 1.0 mM
sodium bicarbonate, suppressor solution—50 mM H;SOy, at a flow rate of 0.18 mL/min.
The error of replicate analyses was better than 5% for both ions.

4. Results
Aqueous Geochemistry

The pH, temperature, and geochemical composition of the hotspring waters are pro-
vided in Table 1. The results show that Panamik, Chumathang, and Puga hotsprings all
have unique aqueous geochemistry. Hotspring waters in Puga geothermal field showed
a more prominent pH variation (5.60 to 10.24) compared to hotspring waters in Panamik
geothermal field (7.96 to 11.20) and the Chumathang geothermal field (7.14 to 8.40). The
hotspring waters were found to be significantly enriched in B, Na, K, Cl, Mo, and W when
compared to the geochemical composition of the Shyok River and published geochemical
data from several Ladakh rivers [23]. In contrast, the hotspring waters showed substantial
depletion of Ca and Mg, except in Panamik, which demonstrated Ca, Mg, and K concen-
trations comparable to that of the Ladakh rivers. These elements can be categorized into
two primary groups: (1) B, Na, Cl, K, and W, which exhibited a rise in concentration with
the increase in altitude and decrease in average pH; (2) Mo, which showed an increase
in concentration with the decrease in altitude and increase in average pH. Elements of
one group showed a positive correlation with each other but a negative correlation with
elements in another group (Figures 2 and 3).

The reservoir temperature estimated using Na-K-Mg geothermometry (Equation (2),
after Giggenbach [25]) for Panamik, Chumathang, and Puga geothermal systems were
172 £1°C,205 £ 2 °C, and 268 £ 1 °C, respectively (Figure 4). The difference between
the reservoir temperature and the discharge water temperature of Panamik, Chumathang,
and Puga hotsprings were 104 & 3 °C, 128 4= 10 °C, and 212 & 16 °C, respectively. High
reservoir temperatures were associated with higher concentrations of B, Na, Cl, K, and W
and a lower concentration of Mo in hotspring waters (Figure 2). The reservoir temperature
showed a strong negative correlation with Mo but a strong positive correlation with W
(Figure 2). The CI-504-HCOj ternary plot [26] shows that most Puga hotspring waters fall
in the mature water zone, Panamik hotspring waters fall in the steam-heated water zone,
and Chumathang hotspring waters fall between these two zones (Figure 5).
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Figure 5. The Cl-504-HCOj ternary plot (after Giggenbach [26]) shows the predominant origin of
the hotspring waters.

Plotting 8D against !0 shows that the values of Puga hotspring waters consistently
lie on the meteoric water-magmatic water mixing line, the values of Chumathang hotspring
waters range from the meteoric water line to meteoric water-magmatic water mixing
line, and the values of Panamik hotspring waters lies adjacent to the meteoric water
line (Figure 6).
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Figure 6. The §D vs. §'80 plot of data from Panamik, Chumathang, and Puga hotspring
waters [18,20,27], Ladakh’s meteoric waters [28], river waters [27], and magmatic waters [29], show-
ing meteoric and magmatic water inputs the hotspring waters. The Pearson coefficient for each
regression equation is found to be <0.05.

5. Discussion
5.1. Reservoir Temperature, Magmatic Water Input, and Rock-Water Interactions

According to Giggenbach [25], the relative content of Na, K, Mg, and Ca in geothermal
water in equilibrium with source minerals (albite, chlorite, and feldspar, respectively) at a
given temperature is unique and can be used as a method of comparison with observed
compositions. He applied these findings to a wide range of geothermal discharges and
found two subsystems, (1) Na-K-Mg and (2) K-Mg-Ca, to be very effective in the evaluation
of physical and chemical conditions within geothermal systems. Temperature-dependent
interactions between the fluids and aluminum silicates are believed to control the first
subsystem’s components, and their relative concentrations can thus be predicted as indica-
tors of water-rock equilibrium temperatures. Based on the wide range of observations of
geothermal waters, Giggenbach (1986) formulated two equations: (1) that demonstrate a
relationship between reservoir temperature and the Na-K content of geothermal discharge;
and (2) that demonstrate a relationship between reservoir temperature and K-Mg content
of geothermal discharge.

log(K/Na) = 1.75 — (1390/T) 1)

log(K?/Mg) = 13.95 — (4410/T) 2)

In the above equations, Na, K, and Mg denote their concentrations in mgL~! (ppm).
For this study, we used Equation (1) for estimating reservoir temperature since Na and K
display a strong correlation with Cl, and the temperature calculated from this equation is
consistent across geothermal fields (Figure 3). However, Mg shows a weak correlation with
Cl, and the reservoir temperature estimated using Equation (2) shows no consistency.

The reservoir temperatures of Panamik, Chumathang, and Puga geothermal sys-
tems estimated by using Na-K-Mg thermometry (Figure 4) are compatible with earlier
published records estimated by using other geothermometry and reservoir modeling meth-
ods [19,20,22,30-32]. The difference between the estimated reservoir temperature (Txy)
and the surface discharge water temperature for each geothermal system infers that the
reservoir depths are in the following order: Puga > Chumathang > Panamik. Based on the
geophysical studies, Azeez and Harinarayana [32] estimated that Puga geothermal system’s
reservoir might be situated at around 2-3 km depth beneath the surface, whilst such data is
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currently unavailable from Chumathang and Panamik geothermal systems. The cooling of
the geothermal waters moving upwards from the reservoir represents the conductive heat
loss during its interaction with rocks and mixing with meteoric waters. These interactions
often lead to a change in the primary chemical composition of geothermal waters.

5.2. Sources of Major Anions

Cl is regarded as one of the most conservative elements in the hydrosphere, and
it is typically associated with deep geothermal waters in geothermal systems [26,28,33].
Additionally, hydrothermal mineral contributions to geothermal systems are considered
to be very low [34], so the significantly higher Cl concentration in Puga geothermal wa-
ters suggests a greater contribution from mature/magmatic waters. Accordingly, ma-
ture/magmatic waters contribution appeared to be relatively low in Chumathang geother-
mal waters and minimum in Panamik geothermal waters. The Cl concentration of Puga
geothermal waters measured in this study (1653 & 327 ppm) is about three to four times
higher than those recorded in the previous studies [18,20,27]. To our knowledge, this is
the highest concentration of Cl in geothermal waters ever recorded in India, Tibet, and
most other terrestrial regions [6,19,20,22,23,28,35-40]. However, Cl concentration in Chu-
mathang (490 + 28 ppm) and Panamik geothermal waters (43 £ 2 ppm) are found to
be comparable with the published records [18,20,23,27]. This significant drift in the ClI
concentration of Puga geothermal waters from the published records is also reflected in
the pH, as this study also detected the lowest ever pH (5.6) in the respective geothermal
waters when compared to the published records [18,20,23,30]. A statistically moderate
negative correlation (R? = 0.578, P = 0.0000163) between Cl and pH (Figure 7) tentatively
corroborates the inference that the acidic magmatic fluid contribution in Puga geothermal
waters either has increased over time or represented a random event of increased magmatic
activity in the deep source zone. Simultaneously, there has been no significant change in
the Cl and pH values of the Chumathang and Panamik geothermal waters compared to the
previous records [18,20,23,30], implying that magmatic fluid supplies in these places have
not changed much.

2500 1 .
Cl =—-339.9 pH + 3504 ) A Puga Hotspring Waters
R*= 0578 B ArS @ Chumathang Hotspring Waters
2000 A [ A A\
& : € Panamik Hotspring Waters
‘g. 1500 1
= \ A 2a\
© 1000 - wec\ .
500 { .\

pH

Figure 7. The Cl vs. pH plot shows a significant negative correlation between the two parameters for
the hotspring waters having temperature > 40 °C. The Pearson coefficient for the regression equation
is found to be <0.05.

According to magmatic studies, high CI content (~9000 ppm) is generally found
associated with subduction-related mafic to felsic arc magma [41]. As the magma rises from
the depths, it cools, crystallizes, and changes composition from mafic to felsic, resulting
in the release of Cl-enriched vapor with or without Cl-enriched hydrosaline magmatic
waters [42]. Furthermore, experimental studies have demonstrated that the CI content of the
evolved magmatic vapor/water tends to increase significantly as melts fractionate towards
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a more SiO;-rich composition, from basalt to rhyolite [16]. The Cretaceous to Palaeogene
basalt-andesite-dacite-rhyolite suites along the northern margin of the Ladakh magmatic
arch [43] exhibit the presence of a similar prehistoric volcanic condition suggesting the
development of Cl-enriched fluids in the region. In addition, recent evidence of such
magmatic activities in the shallow subsurface of the Puga geothermal field has been
suggested based on borehole geophysical studies [31,32,44].

Acidic magmatic fluids interact with rocks and alkaline-meteoric waters to produce
Cl-rich neutral to alkaline-geothermal waters, which also result in the transformation and
removal of magmatic sulfur species such as sulfide or sulfate [28]. These interactions can
significantly alter the other chemical components, including trace elements of geothermal
waters depending upon the duration of interaction, type of rocks, amount of fluid, and
fluid partitioning between the liquid and vapor [11,15,16]. The formation of HCOj3 reflects
the interaction of CO,-rich geothermal waters with rocks. More of this interaction leads
to more enrichment of HCOj3 in geothermal waters. Accordingly, relatively higher Cl and
HCOj3 enrichment in Puga geothermal waters suggest a prolonged water-rock interaction,
in other words, a longer flow path of the geothermal waters from the deep source region
to the surface discharge point. As per the Cl and HCOj; concentrations, this rock—-water
interaction was relatively lower in Chumathang geothermal system and minimum in
Panamik geothermal system (Figure 5). The CI-SO4-HCO3 plot (Figure 5) also shows that
in contrast to Puga geothermal, the shallower reservoirs in Chumathang and Panamik
geothermal systems received less input of magmatic water, which may account for the
relatively lower rock-water interaction in these regions.

5.3. Sources of Major Cations

The releasing amount of alkali metals from the contact rock also depends upon their
ionic size [45] and temperature [46], i.e., the relative release of the alkali metals from contact
rocks increases with the decreasing ionic radius (K > Na) and increasing temperature. The
average Na/K ratios in the hotspring waters of Panamik ~ 23, Chumathang ~ 14, and
Puga ~ 6.8, which all are significantly higher than the average value recorded from the
Ladakh rivers ~ 2.8 corroborate the Bos [45] findings. The distinctly different Na/K ratios
in the three geothermal systems can be attributed to either the differences in contact rock
composition or a variation in the ratio of liquid and vapor phase sourcing. The Na/K
ratios in the Ladakh volcanic range from 1.4 to 20 [47,48], among which the highest Na/K
ratio (20) is recorded from the Nidar ophiolite complex associated with Indus Suture
Zone, relatively close to Puga and Chumathang geothermal sites, whereas volcanic rocks
from the Shyok suture zone, relatively close to Panamik hotspring waters show a Na/K
around 3.7. Therefore, the contact rock composition seems an unlikely reason for distinctly
different Na/K in the three geothermal systems. An experimental study by Orville [46]
demonstrated that the proportion of K compared to Na+K in the vapor phase decreases
with decreasing temperature and vice-versa. Thus, it is likely that compared to the liquid
phase, a higher vapor phase contribution would have led to an overall decrease in Na and
K concentration but an increase in Na/K ratios from Puga to Chumathang to Panamik
geothermal systems.

In Panamik, Chumathang, and Puga hotspring waters, the Ca and Mg concentrations
were relatively lower compared to the average Ca (<7.8 ppm) and Mg (<0.8 ppm) in
the rivers of the Ladakh region [23]. This decrease in Ca and Mg concentrations could
be a result of the early deposition of these elements in the form of Ca- and Mg-rich
alteration products, such as amphibolite, biotite, chlorite, anhydrite, and fluorite [49]. The
Ca and Mg concentration deficit from the average value of the Ladakh rivers suggests
that the formation of Ca- and Mg-rich alteration products were most probably highest in
Chumathang geothermal system and minimum in Panamik geothermal system. In addition,
such Ca-Mg-depleted and Na-Cl-SOy4-rich geothermal waters can be produced by the
mixing of Na-Cl-504-HCOg3-rich geothermal waters with Ca-Mg-Cl-rich ground waters [50].
During the mixing, HCOj3-rich water removed most of Ca and Mg at a high-temperature
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evaporation process via the precipitation of carbonate minerals. This is supported by the
occurrence of travertine deposits close to the active and relict Chumathang hotspring sites
along the bank of the Indus River in an area of about 1 km? [18]. The lowering of Ca and Mg
concentrations due to their carbonate precipitation limits the formation and precipitation
of Ca and Mg sulfate minerals, leading to an enrichment of SOy in the discharging thermal
waters, as is evident in Chumathang hotspring waters (Table 1 and Figure 8).
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Figure 8. The Cl vs. SO, plot shows the influence of subsurface boiling and the contribution of liquid and
vapor phases (after Havig, Kuether, Gangidine, Schroeder, and Hamilton [15]) in the hotspring waters.

5.4. Meteoric Versus Magmatic Water Sourcing through $D-5'80O Plot

In the terrestrial environment, variations in D and 5'80 are mainly caused by isotopic
fractionation during the phase transitions between vapor, liquid, and ice in the atmo-
sphere, at the surface of the Earth, and in the upper portions of the crust [51]. In phase
transition processes, oxygen and hydrogen are fractionated in similar ways at different
magnitudes [51]. Craig [52] demonstrated that H and O stable isotopes in meteoric waters
are positively and strongly correlated. However, the correlation slope between the H and
O isotope of meteoric waters may vary spatially with the conditions of evaporation, vapor
transport, and precipitation and is therefore applied to understand the hydrological and
climatic processes [53-56]. The H and O isotopic composition of meteoric and river waters
of Ladakh [20,27,29] also show a strong correlation and fall closely on the same regression
line (slope) (Figure 6). This shows that in the Ladakh region, the interaction of meteoric
and river waters with rocks, as well as fluctuations in their dissolved ionic content and
pH, have no substantial effect on the §D-5'80 slope. A large variation in isotopic values of
Ladakh’s meteoric waters and river waters along the overlapping lines (Figure 6) could be
a result of the isotopic effects associated with water evaporation along their flow paths in
extremely arid conditions and/or by the isotopic mass exchange between snowpacks and
meltwaters over the sourcing glaciers [56].

The 5D-5'80 values (Figure 6) of Chumathang and Puga hotspring waters [18,20,31]
fall on the meteoric waters—-magmatic waters mixing line, which has a completely different
slope (regression line). The meteoric waters-magmatic water mixing line intercepts that
meteoric/river water line at a value very close to that recorded for higher altitude glacier
melts (5D < —150, '80 < —20) in the same region [8,31]. This suggests that one end member
or source of water in the hotsprings was higher altitude glacier melts. The placement of the
hotsprings waters §D-5'80 values on the mixing line close to the higher altitude glacier
melts values (interception point) relative to the magmatic water values [26] infer that
the large fraction of the hotspring waters were composed of higher altitude glacier melts
and magmatic waters contributed minor but a significant fraction. The §D-5'0 value of
Panamik hotsprings mostly falls on or adjacent to meteoric/river waters lines, inferring
almost negligible inputs of magmatic waters. Since the §D-5'80 values of Puga hotspring
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waters more consistently fall on the meteoric waters-magmatic waters mixing line than
Chumathang hotspring waters, quantitatively input of magmatic water in Puga can be
considered higher relative to Chumathang. These inferences of magmatic water inputs
are found in close agreement with the major ions and trace elements concentrations of
Panamik, Chumathang and Puga hotspring waters (see Sections 5.2, 5.3 and 5.6).

5.5. Phase Separation

Based on the extensive studies of Yellowstone geothermal water geochemistry Havig,
Kuether, Gangidine, Schroeder, and Hamilton [15] demonstrated that the subsurface
geothermal processes, i.e., subsurface boiling and phase separation that plays a key role in
shaping the chemical composition of discharging water, can be identified by their pH, Cl,
and SO4 composition. In our study, Puga hotspring waters demonstrated a pH ranging
from slightly acidic to alkaline with SO4/Cl ratio varying from 0.18 to 0.29, which points to
a phase separation-dominated geothermal system having high subsurface boiling (Figure 8).
The hotspring waters of Chumathang showed circum-neutral to alkaline and SO4/Cl ra-
tios from 2.22 to 2.31, which indicates a re-mixing of vapor and liquid phase of a phase
separation-dominated geothermal system having moderate subsurface boiling (Figure 8).
In Panamik, the hotspring waters’ alkaline nature and the SO4/Cl ratios from 10.76 to
12.65 indicate that the respective geothermal system had minimum phase separation and
underwent minimal subsurface boiling (Figure 8).

5.6. Sourcing of Elevated B and W Concentrations in the Hydrothermal Waters of Ladakh
5.6.1. Trace Elements

Compared to the Shyok River, the B, Mo, and W concentrations in Panamik, Chumath-
ang, and Puga geothermal waters were up to 680, 280, and 13 times higher, respectively
(Table 1). This enrichment of B and W is consistent with one of the highest global con-
centrations recorded from the geothermal waters in the Tibet region [5,7], Iceland [11],
and Yellowstone National Park geothermal waters [38]. These elemental enrichments in
Panamik, Chumathang, and Puga hotspring waters are found to be well correlated with
the Cl content and reservoir temperature (Figure 2¢,d and Figure 9a). More specifically, B
and W show a positive correlation with Cl and reservoir temperature, whereas Mo shows
a negative correlation with Cl and reservoir temperature (Figures 2c and 9a). This indi-
cates that B and W acted as Cl complexed elements and Mo acted as sulfide complexed
elements [16,57,58], and their solubility and transport in the three geothermal systems were
directly influenced by the reservoir temperature and fugacity. The concentration of B and
W in the geothermal waters increased, whereas the concentration of Mo decreased with
an increase in reservoir temperature (Figure 2b,e and Figure 9¢). This implies that either B
and W solubilization from contact rocks or their intake through volcanic gases increased in
conjunction with the increase in reservoir temperature.
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Figure 9. The cross plots of (a) B vs. Cl showing B sourcing from rock-leaching and magmatic waters,
(b) B vs. pH showing three possible end members of B, (c) B vs. Txyn showing the influence of
reservoir temperature and B enrichment, (d) B vs. SO4/Cl. The Pearson coefficient for each regression
equation is found to be <0.05.

Sources of Mo and W

Mo and W belong to the same transition metal group (IV) and have similar atomic
radii. Therefore, they are expected to show similar chemical characteristics [3,59]. In the
oxygenated surface water condition, both Mo and W occur as conservative elements, mostly
in the form of hexavalent oxyanions, and show a Mo/W ratio greater than one [3,11,60,61],
which is generally in proportion to the composition of common volcanic and sedimentary
rocks [60] as well as the average composition of the upper continental crust [62]. However,
this study exhibit that dissolved W in Panamik, Chumathang, and Puga hotspring waters
exceeded greatly relative to dissolved Mo, giving a Mo/W ratio as low as 0.00043. This non-
stochiometric composition of Mo and W in the geothermal waters discharge is consistent
with published records of sulfide-rich geothermal systems [5,11,36] and can be explained
by the fact that Mo in a sulfide-rich geothermal system is readily removed from the solution
by formation of insoluble molybdenite (MoS;) and/or thiomolybdate ions (MoOpgS,_ [32_,
B = 0—4) conversely tungstenite (WS;) and/or thiotungstate ions (WOg S4_[32_, B =0-4)
formed from W have a higher solubility [5,61]. The Mo/W ratios and Mo content of
the hotspring waters in the three sites demonstrated a strong negative correlation with
the respective reservoir temperatures (Figure 2e,f). This suggests that the high reservoir
temperature in Puga geothermal system was associated with high inputs of volcanic H»S
input, which efficiently removed Mo from the reservoir water [63,64]. This scavenging
Mo was lowest in the Panamik geothermal system, which is evident from the relatively
high concentration of Mo in its hotspring waters (Table 1 and Figure 10). In addition, a
good correlation between the average Mo/W ratios of the three geothermal waters and
their altitudinal position (Figure 10), i.e., lower altitude is associated with higher Mo/W
ratio and vice-versa, suggesting that dissolved Mo content in the geothermal waters was
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also governed by oxygen fugacity of the geothermal system [63]. For example, higher
oxygen fugacity at the lower altitude in Panamik would have enhanced the Mo transport
in the dissolved form by oxidizing the scavenging agent sulfides into sulfates which has no
demonstrated influence on scavenging Mo from the dissolved phase. Contrary to this, at
the higher altitude in the Puga region, oxygen fugacity would have been relatively lower
to keep enough Mo in the dissolved phase.

5000 -
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Figure 10. The altitude vs. Mo/W plot shows the possible influence of fugacity on Mo/W ratios. The
Pearson coefficient for the regression equation is found to be <0.05.

This study shows that the reservoir temperature of the elemental composition of
Panamik, Chumathang, and Puga hotspring waters is directly influenced by their reservoir
temperature. Therefore, increasing destabilization and increasing solubilization of Mo
and W-containing minerals with increasing temperature during the interaction between
reservoir water and host rock appears to be a likely source of these elements. In addition, a
strong positive correlation of W with Cl (Figure 2c) suggests that the magmatic fluid /brine
from the deeper primary neutralization zone would also have contributed substantial W in
the hotspring waters of Puga and Chumathang. Such deep sourcing of W appears to be
lesser or almost negligible in Panamik hotspring waters, as is evident from its K concentra-
tion comparable to the river waters of Ladakh. In addition, the reductive dissolution of
Fe and Mn oxyhydroxide particles in a highly reducing Puga geothermal system would
also have added to the enrichment of dissolved W. This contribution would have been
minimum in Panamik geothermal system due to a better oxygen fugacity.

According to geochemical studies of geothermal deposits, the primary source of en-
hanced W in hydrothermal areas are griesenisation and skarnisation alteration of granitic
rocks by hydrothermal fluids at high temperature (160 °C to 560°C), high pressure, reduced,
and moderate to low salinity subsurface condition [65,66]. During this process, mica and
feldspar undergo decomposition, which results in the dissolution of W and Mo-containing
minerals that are generally stable at normal temperature and pressure conditions. An
experimental study by Manning and Henderson [67] demonstrated that under hydrother-
mal conditions increase in Cl concentration can enhance the partitioning of W into the
fluid phase by forming a W-Cl-complex (such as WOCly and WClg). In this study, a strong
positive correlation between Cl and W (Figure 2c) also implies that in addition to the temper-
ature, W in Panamik, Chumathang, and Puga geothermal systems was probably extracted
and transported under the influence of Cl-rich conditions. A strong negative correlation
between Mo and Cl (Figure 2d) infers that extraction and transportation of Mo were not
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influenced by high Cl content but by H,S gas coevolved with Cl from magmatic activities in
shallow crustal melt zone. Thus, along with increasing Cl, an increase in HyS would have
led to proportional precipitation of Mo from the hydrothermal water resulting in a strong
negative correlation of Mo with Cl and W. The simultaneous actions of these processes
also result in precipitation and re-dissolution of W minerals commonly characterized by
wolframite (commonly associated with greisenisation) and scheelite (commonly associated
with skarnification) in individual minerals [65]. Geochemical modeling studies suggest
that the solubilities of these minerals are predominantly influenced by temperature and pH
conditions [68]. Scheelite solubility, for instance, is often much higher than that of ferberite
and hubnerite (minerals of the wolframite series) at an acidic to moderately alkaline pH,
and it increases with increasing temperature but declines with increasing pH [68]. In a
more alkaline condition, scheelite solubility decreases with increasing pH, while feberite
solubility rises as temperature rises. The different proportions of these minerals in the
contact rocks of the geothermal water flow path may therefore cause spatial heterogeneity
in the Mo and W content of hotspring water, as has been seen in this study.

Sources of B

Compared to the B concentrations in the Shyok River (0.2 ppm), Panamik hotspring
waters showed a comparable concentration (0.5 to 4.3 ppm), whereas Puga (60 to 679 ppm)
and Chumathang (17 to 115 ppm) hotspring waters demonstrated an extreme enrichment
of B. These B concentrations in Chumathang and Puga hotspring waters are significantly
higher than the earlier records from the same geothermal field [18,31,69]. Also, accord-
ing to the best of our knowledge, the B concentration in the Puga geothermal waters
(679 ppm) is so far the highest recorded value from any hotspring waters around the
world [6-8,10,11,28,35,36,38,40,70,71]. Before this, the highest concentration of 581 ppm
was reported from neutral/alkaline hotspring waters of the Muoluojian geothermal field
in Tibet at an altitude of 4800 amsl [7]. The exact reason for the higher B concentration
recorded in this study relative to the previous records is not known. However, we offer
two possible hypotheses to explain this inconsistency. First, the sampling for the previous
studies was conducted in July-August of 1973 [18] and 2016 [62] and sampling for the
present study was conducted in September 2021. Thus, one possibility is that the amount
of groundwater replenishment by higher altitude glacier melting from July—August to
September decreases substantially, making the hydrothermally pumped water less diluted
(more concentrated in magmatic fluid inputs) in B along with other cations and anions in
the hotspring waters. The validity of this hypothesis can be tested by time series analysis of
hydrothermal waters during the summer season. The second possibility is that magmatic
activity in the subsurface of Puga would have randomly increased during the period we
conducted our sampling or has increased over time from previous records.

The B-pH plot (Figure 9b) from this study shows three possible end members of B
sourcing: (1) acidic high B system, (2) alkaline low B system, and (3) alkaline high B system
(Figure 9b). Both the acidic high B and alkaline high boron end members were exclusively
detected in Puga geothermal field. As the acidic high B was linked to a high discharge
temperature, it most likely came directly from a deep geothermal system that had little
contact with the very alkaline near-surface cold water. In contrast, the alkaline high B
end member was linked to a relatively low temperature, suggesting that it was derived
from the mixing of acidic high boron waters with cold and highly alkaline near-surface
groundwater. According to a similar study in Tibet [7], acidic high B hotspring waters
in Trans-Himalaya are typically found to be associated with Ca-Na-SO4-Cl rich waters,
which may be formed by mixing of steam-heated water and neutral Cl-rich water, whereas
alkaline B rich hotspring waters are generally associated with Na-HCO;3-Cl rich waters.
The close reservoir temperature (Na-K-Mg geothermometry) for acidic high B and alkaline
high B hotspring waters implies that these waters evolved from deep hydrothermal fluids
in equilibrium with Na-K [7]. Alkaline low B hotspring waters are generally rock-heated
groundwater with negligible inputs from magmatic fluids. The presence of all three types
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of water in Puga is a manifestation of phase separation and a variable degree of magmatic
water inputs (negligible to relatively high). In addition, intense phase separation in Puga
due to high subsurface boiling (Figure 8) would have generated liquid phase-dominated
and vapor phase-dominated hotspring outlets with different pH and chemistry. Since the
partitioning of elements in liquid and vapor phases are largely different, hotspring waters
in such areas often result in three chemically distinct compositions [15]. (1) The liquid
phase dominated hotsprings, enriched in Cl and elements transported in Cl-complexed
forms such as W and B. (2) The vapor phase dominated hotsprings, enriched in H,S and
CO,, and elements transported in SO4/HCOj3/sulfide-complexed form such as Mo, Ca,
and Mg. (3) A mix of the two phases with intermediate enrichment of Cl, H,S, HCO3, and
SO4 with variable Na, K, W, B, and Mo enrichments. In addition, the interaction of three
types of waters of distinctly different pH and temperature with contact rocks releases ions
in different proportions, which further adds to the ionic difference among the three types
of hotspring waters.

Since B is a soluble and relatively conservative element, host-rock leaching is gen-
erally considered the main source of B in geothermal [7,72-74]. However, it has been
argued that in a geothermal system, extreme enrichment of B in discharge waters cannot
be explained simply by the rock-water interaction. Rather, magmatic sourcing could be
the most probable candidate for such extreme enrichment [6-8]. This study shows that
B concentrations in the hotspring waters are exponentially correlated with the reservoir
temperature and Cl concentration, i.e., an increase in reservoir temperature and Cl concen-
tration results in an exponential increase in B concentration and vice-versa (Figure 9a,c).
It must be noted that the high B concentrations in the hotspring waters were only associ-
ated with the reservoir temperature ranging above 200 °C. As the §!80-5D plot (Figure 6),
Cl-504-HCO3 ternary plot (Figure 5), and CI-SO4 plot (Figure 8) for Panamik, Chumathang,
and Puga geothermal waters strongly indicate that Puga and Chumathang waters (having
reservoir temperature > 200 °C) have magmatic water/brine inputs. This indicates that the
high content of B in Puga and Chumathang geothermal systems was most likely sourced
from magmatic water/brine. In addition, this study shows that B concentration was higher
at a lower SO, /Cl ratio and vice versa (Figure 9d). The lower SO, /Cl in Puga geothermal
system, which represented a relatively higher liquid phase (perhaps Cl-dominated mag-
matic water) fraction compared to the vapor phase (SOs.dominated) fraction, was mostly
found to be associated with the high B concentration. As the liquid phase inputs decreased
in Chumathang geothermal system and reached almost negligible in Panamik geothermal
system, the B concentration decreased accordingly. This further support the idea that
B was primarily enriched in the liquid (brine) phase that emanated from the magmatic
activity zone.

B in the Trans-Himalayas is mostly found enriched in the widespread leucogran-
ites in the form of tourmaline [9,75]. Several studies have examined the chemical and
B isotopic compositions of tourmaline from Trans-Himalayan leucogranites [9,75-80].
Cheng, Zhang, Liu, Yang, Zhou, Horn, Weyer and Holtz [9] demonstrated the 511B values
in the leucogranite-associated tourmaline of the Trans-Himalayas generally peak in two
distinct ranges, one between —7 and —8%. in the early-stage tourmaline and the second be-
tween —12 and —15%o in the late-stage tourmaline. The published B isotope data from Puga
hotspring waters are found consistently around —13 %o [69], which overlaps the late-stage
tourmaline 5'!B range. Therefore, one possibility is that B in the Puga hotspring waters
was derived from the dissolution of the tourmaline minerals at high-temperature condi-
tions without any significant isotopic fractionation or from the B-rich fluid exsolved from
melt/magma. However, it is believed that tourmaline is resistant to secondary hydrother-
mal activity due to its low diffusion rates of elements within the mineral structure [81,82].
Hence, the most plausible source of B seems to be the exsolution of B-rich fluid from magma,
i.e., acidic high B end member, which had a 5!!'B value equivalent to late-stage tourmaline.
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6. Conclusions

In this study, the CI-SO4-HCOj3 ternary plot and the §D-5'80 plot reveal a distinguish-
able signal of magmatic water input in the hotspring waters at Puga and Chumathang,
whereas negligible magmatic waters inputs in Panamik hotsprings which were primarily
steam heated. The significantly higher Cl concentration in Puga geothermal waters suggests
a greater contribution from mature/magmatic waters. Accordingly, mature /magmatic
water contribution appeared to be relatively lower in the Chumathang geothermal waters
and, at a minimum, in the Panamik geothermal waters. This study found that Cl con-
centrations in Puga hotspring waters (1653 £ 327 ppm) were about three to four times
greater than those recorded in previous studies. We believe that this is the highest concen-
tration of Cl in geothermal waters ever recorded in the Indian, Tibetan, and most other
terrestrial regions, while Cl concentrations in Chumathang (490 + 28 ppm) and Panamik
(43 £ 2 ppm) hotspring waters were comparable to published records. In addition to this
significant drift in Cl concentration, our study also detected the lowest-ever pH (5.6) in
the respective geothermal waters from Puga. These findings collectively imply that either
the acidic magmatic fluid contribution in Puga geothermal field has grown over time or
enhanced magmatic activity in the deep source zone was associated with a random event
or decreased replenishment of groundwater in the area from higher altitude glacier melt
would have decreased the freshwater dilution of magmatic fluid inputs. A long term-time
series study would be needed to understand this shift in magmatic fluid activity in the Puga
geothermal field.

This study shows that the ratios of dissolved W to dissolved Mo in the waters of
Panamik, Chumathang, and Puga hotsprings were as low as 0.00043. This non-stochiometric
composition of Mo and W in the hotspring waters can be explained by the fact that Mo in
sulfide-rich geothermal systems is readily removed from the solution by the formation of in-
soluble molybdenite and/or thiomolybdate ions, whereas tungstenite and/or thiotungstate
ions formed from W are more soluble. The relatively high concentration of Mo in the
Panamik hotspring waters infers its lower scavenging, probably due to a better-ventilated
condition. This is corroborated by a strong correlation between the average Mo/W ratios
and the corresponding altitudinal position, i.e., that lower altitude was linked to a higher
Mo /W ratio and vice versa, indicating that the oxygen fugacity of the geothermal system
also acted as a key control on the dissolved Mo content.

This study demonstrates a direct relationship between reservoir temperature and
the constituent composition of the hotspring waters in Panamik, Chumathang, and Puga.
Therefore, it appears that one potential source of these elements is the rising instability and
increasing solubilization of B, Mo, and W-containing minerals with increasing temperature
during the interaction between reservoir water and host rock. However, the extreme
concentrations of B and W in association with extreme Cl concentrations in Puga and
Chumathang hotspring waters, which based on the 5180-5D data, are evident to contain
magmatic water inputs, unambiguously suggest that B and W in the respective waters
were mainly contributed by magmatic water/brine inputs, as simple high-temperature
rock-water interactions are unlikely to lead to such an extreme enrichment of B and W.
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