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Abstract

High-altitude lakes (HALSs) can be used as a supplement or alternative source of water in areas where there is a water short-
age. When these lakes are efficiently managed, they can supply more water resources to fulfil the increasing demand. Water
quality assessment aids in the identification of adequate and safe drinking water sources. It minimizes threats to the public’s
health by making sure that lake water extraction fulfills safety and health regulations. Water quality and hydrogeochemical
study was conducted on six HALSs of the Tawang district of Arunachal Pradesh during the year 2022. The water quality index
(WQI) values varied from excellent to poor (33.87 to 101.95). Lake 6 stands out with its exceptional water quality as it had
the minimum average WQI value of 52.98. In contrast, Lake 5 had the lowest water quality among the studied lakes with the
maximum average WQI value of 95.31. However, the water might not be safe to drink due to the elevated levels of fluoride
in these lakes. It is crucial to address and minimize the high fluoride levels to ensure the safety and acceptability of the water
for consumption. The Piper diagram showed that Ca’* >Mg?* >Na* >K* and HCO;~ > CI~ >S0,*", respectively, were
the primary cations and anions present in these lakes. The Gibbs diagram also demonstrated the effect of rock weathering
and precipitation dominance on the water chemistry in the research area. These results provide insightful information about
the water quality of HALSs, which is essential information for concerned government departments and agencies to manage
water issues more efficiently. Based on current research, the HALSs in this region have a lot of potential to meet the growing
demand for drinking water.
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Introduction

Lakes play a significant role on our planet by supporting a
variety of crucial processes (Hairston and Fussmann 2014).
Lakes are considered open system water sources because
they interact with their surroundings by absorbing energy
and matter (Guo et al. 2020). It helps in regulating the
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temperature, regional hydrological cycle, and aquatic eco-
systems (Wetzel 2001). High-altitude lakes (HALs), which
are perennial, are mainly fed by meltwaters from glaciers,
snow, and seasonal monsoon (Xu et al. 2009). As natural
storage systems, they are also essential for the hydrology
and ecology of rivers (Upadhyay et al. 2016). These alpine
mountain ecosystems are of the utmost importance because
over 1.3 billion people in several Asian countries rely on
them for their freshwater needs (Rasul 2014; Mukherji
et al. 2015). HALs are currently facing a variety of issues
including sediment build-up, microbiological contamination,
dangerous heavy metals, and eutrophication (Ravikumar
et al. 2013; Meena et al. 2017). These concerns jeopardize
the water quality and overall health of these lakes, seeking
urgent attention and conservation measures.

Research on HALs is crucial because it sheds light on
how the climate is changing globally (Thies et al. 2007). The
quality of water in alpine lakes is significantly threatened
by atmospheric deposition and climate change, even though
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direct human activity has not affected it much (Jimenez
et al. 2018; Burpee and Saros 2020). Extensive research has
been conducted over the years to assess the state of Hima-
layan lakes and shed light on their water quality (Ramana-
than 2007; Zhu et al. 2010; Khadka and Ramanathan 2013;
Kanakiya et al. 2014; Sheikh et al. 2014). It is reported that
human caused and natural factors have affected the dete-
rioration in the quality of the water in these lakes. Elevated
temperatures in these lakes have resulted in higher mineral
weathering, glacier melting, and improved hydrological
connectivity, all of which have resulted in higher ion and
nutrient concentrations (Gudasz et al. 2010; Zindros et al.
2020; Kumar et al. 2022). High-altitude regions often have
minimal human induced pollution sources like industrial
activity and urbanization owing to their isolation and chal-
lenging climatic conditions (Akhtar et al.2021). It is more
likely that the primary causes of contamination are linked
to geological phenomena and naturally occurring processes
that release contaminants into the environment (Gaur et al.
2022). These may include geological weathering, volcanic
activity, mineral deposits, and naturally occurring elements
or compounds that might leach into surrounding water bod-
ies, consequently influencing the water quality of HALSs
(Smedley and Kinniburgh 2002; Bhateria and Jain 2016).
According to Finger et al. (2013) and Hundey et al. (2016),
atmospheric deposition is changing the naturally oligo-
trophic character of alpine aquatic ecosystems, which are
characterized by shallow catchment soils, thin vegetation
cover, and insoluble bedrock. Apart from temperature vari-
ations, air deposition is a noteworthy catalyst for altering the
ecosystem in alpine lakes (Burpee and Saros 2020). Yang
et al. (2007), Deka et al. (2016a), and Machate et al. (2023)
reported that long-range air pollutants transferred from the
lowlands contaminated the mountainous lakes. As a result,
monitoring these natural and geogenic events is critical for
assessing and managing potential contamination hazards in
such high-altitude environment. Hydrogeochemical research
has become increasingly significant all over the world to
assess how geological formations affect the quality of natu-
ral water bodies (Kumar et al. 2023). These investigations
elucidate the interactions between water and rock, which
are crucial to the existence of particular elements in the
water. The minerals are primarily produced through rock
weathering and the disintegration of minerals that occur
in geological strata (Feng et al. 2020). Such studies have
clarified the mechanisms of rock water interaction and their
impact on water quality by evaluating the mineral composi-
tion and determining the various kinds and amounts of ele-
ments present (Smedley and Kinniburgh 2002; Elango and
Kannan 2007; Gaus 2010; Nordstrom 2011). Many water
quality parameter concentrations in the lakes are directly
determined by the region’s rocks that surround it. Erosion
and weathering processes of carbonate and silicate minerals

such as calcite, dolomite, pyrite, carbonic acid, and gyp-
sum play a major part in the disintegration of these types of
minerals under various environmental circumstances (Li and
Zhang 2008; Vishwakarma et al. 2018). Tyagi et al. (2013),
Wu et al. (2018), and Uddin et al. (2021) reported that the
water quality index (WQI) can be used to reflect more sim-
ply the overall quality of surface water. This method is useful
because physical, chemical, and biological factors influence
the quality of surface water. Instead of assessing each com-
ponent individually, the WQI integrates many parameters
into a single numerical number, offering a comprehensive
assessment of water quality. Dealing with complex and vast
data matrices when computing the WQI can be a challenging
undertaking (Tripathi and Singal 2019; Akhtar et al. 2021).
Multiple multivariate analysis techniques, including prin-
cipal component analysis (PCA) and factor analysis, were
used to overcome this difficulty and ensure a more objective
study (Floyd and Widaman 1995; Giiler et al. 2002). These
techniques aid in interpreting the results and simplifying
data comprehension.

Arunachal Pradesh is the largest state in the northeast-
ern region of India with an area of 83,743 km? or 2.54% of
the country’s geographical area (ISFR 2021). It is located
between 26°28" N and 29°30’ N latitude and 91°30" E to
97°30'" E longitude, stretching from the snow-capped moun-
tains of the Eastern Himalayas in the north to the plains of
the Brahmaputra valley in the south. The state is adorned
with a vast number of high-altitude lakes that vary in size,
depth, and ecological qualities. A total of 1672 HALSs have
been identified throughout the state, covering an area of
11,864 hectares (Panigrahy et al. 2012). However, limited
studies have been conducted on HALSs located in Arunachal
Pradesh due to the difficult terrain. Water quality study
has been focused on lower level lakes, leaving alpine lakes
severely under monitored and under researched. Based on
existing published literature, only a few studies on high-alti-
tude lakes in Arunachal Pradesh were accessible. Deka et al.
(2015) discussed the seasonal variation and trace element
levels transferred via atmospheric activities on two lakes.
Deka et al. (2016a) reported on Penga Teng Tso Lake that
alterations in the lake’s water chemistry may be associated
with long distance transported pollutants. A recent study
on the Tawang district was also done to determine whether
surface water is suitable for drinking and agricultural uses
(Gaur et al. 2022). The finding suggested that geological pro-
cesses possibly affected the water quality of the studied loca-
tion. HALs are frequently used as drinking water sources for
local communities or as reservoirs for downstream consum-
ers. Maintaining water quality benefits aquatic life, which
is critical for biodiversity conservation in these fragile eco-
systems. Since these lakes are the only water source in the
area, there have been more military installations built next to
them. In addition, there may also be an indirect effect of the
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growing tendency of tourism on these HALs. Water quality
monitoring detects changes or emerging issues such as pol-
lution, nutrient imbalance, or changes in ion concentrations
early, allowing for rapid response. Therefore, to protect and
preserve such fragile ecosystems, regular surveillance and
the setting up of efficient mitigating measures are neces-
sary. Considering the above viewpoints, the main goals of
the current study are to assess the water quality and monitor
the hydrogeochemical processes taking place in the selected
HALSs in the Tawang region of Arunachal Pradesh. Given
the region’s difficult topography and restricted accessibility,
conducting regular and systematic lake monitoring can be
logistically challenging.

Materials and methods
Study area

Tawang district of Arunachal Pradesh lies between 27°
52" N and 27° 28’ N latitudes and 91° 32" E and 92° 23’
E longitudes with altitude varying from 1800 to 4500 m
above mean sea level (amsl) (Fig. 1). The geological age
of the region is Archaean and Palaeozoic (Mishra 2007).
The lesser Himalayan range is made up of several rocks
of varying geological ages that are separated by thrust
faults (Singh et al. 2014). The Se La group, a collection
of crystalline formations, is the dominant group along this
region of the strata. According to Bhattacharjee and Nandy

(2008), these formations include tourmaline bearing leu-
cogranite, streaky gneiss, kyanite sillimanite bearing gar-
net biotite schist, psammitic gneiss, and amphibolite. The
Tawang section’s topography consists of extraordinarily
steep hills and glacial era features. According to Srivas-
tava et al. (2011), faults and thrusts are to blame for the
dramatic changes in the geomorphology of this area. The
district’s rugged geography contributes to its peculiar cli-
mate due to its location in the Himalayas. The existence
of high peaks and valleys influences local weather pat-
terns, such as temperature fluctuations and precipitation
levels. The monthly mean maximum and lowest tempera-
tures are 20.88 °C and —0.07 °C, respectively (Nimasow
et al. 2016). During the monsoon season (June to Septem-
ber), the district receives substantial rainfall due to the
impact of the southwest monsoon. The range of average
annual rainfall varied from 1300 to 4500 mm as per the
Indian Meteorological Department (IMD) from 1980 to
2022. During the pre-monsoon sampling period, a total
of 373.83 mm was recorded as per IMD, while January
and February are typically the driest months in the year.
The Monpa tribes of Tibeto-Mongoloid stock, who wor-
ship Buddhism, are the majority of the district’s popula-
tion. Lakes are referred to as “Tso” in the local dialect.
Six lakes were chosen for this study based on geography,
accessibility, logistical assistance, ecological diversity,
tourism, and traditional beliefs (Fig. 1; Table 1). The Vil-
lage Forest Management Committee, a part of the Depart-
ment of Environment and Forest, Tawang, provided all the
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Fig. 1 Map showing the locations of selected six high-altitude lakes in the Tawang district of Arunachal Pradesh
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Table 1 Geographical locations, elevations, areas, perimeters and depths of the selected lakes in the research region

Lakes Latitude Longitude Altitude Area (km?) Perimeter (km) Depth (m)
(m.a.s.l.)

Sela Tso (Lake 1) 27°30'32.75" N 92°6'0.24" E 4150 0.19 2.26 12.3-29.8

Tsogya Tso (Lake 2) 27°30'19.78" N 92°2'34.96" E 4147 0.11 1.74 6.2-13.7

Penga Teng Tso (Lake 3) 27°38'34.04" N 91°5121.32" E 3870 0.09 2.09 3.7-5.6

Kyo Tso (Lake 4) 27°41'30.67"N 91°51'8.79"E 4251 0.17 2.09 6.4-9.2

Sangetsar Tso (Lake 5) 27°43'27.02" N 91°49'34.08" E 3686 0.10 1.89 6.1-10.7

Kyalem Tso (Lake 6) 27°40'38.71" N 91°52'30.01" E 4198 0.33 2.62 10.6-22.5

information about these lakes that are mentioned here. The
ArcGIS software was used to construct maps associated
with this study.

for potential geographical variations and acquire a thor-
ough understanding of the water quality characteristics of
these lakes. Polypropylene sampling bottles (500 mL and
125 mL) were thoroughly washed with deionized water
and dried before visiting the field site. A maximum depth
of 20 cm below the water’s surface was maintained when
collecting water samples from the lakes’ periphery. The
bottles were cleaned three times with lake water before
collecting the actual water sample, and correct labelling
was completed following APHA (2005) standards. The
water samples collected in 125 mL bottles were double
filtered using 0.45 pm (PVDF) and thereafter with 0.22 um
(QVWP) pore sized filter papers (Kumar et al. 2019b).
They were then stored at 4°C for further analysis of major
cations and anions. Figure 2 shows the pinpoint sampling
locations using a GPS (Model: Oregon 750 Make: Garmin,
USA) having an accuracy of 3-5 m.

Sampling

A total of 60 samples were collected, i.e., ten samples
each from six different lakes based on a random sam-
pling method during the year 2022. For better represen-
tation, five sampling points were considered from each
lake periphery to ensure that the data was represented
clearly and unambiguously. This decision was based on
the observation of in situ parameters like pH, electrical
conductivity (EC), salinity, total dissolved solids (TDS),
and oxidation reduction potential (ORP). These parameters
exhibited minimal or negligible variation, due to the small
size of the lakes. The present assessment aims to account
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Fig.2 Map illustrating the sampling points in the selected high-altitude lakes
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Physicochemical analysis

Parameters including temperature, EC, pH, salinity, and
TDS were measured using a multi parameter probe (Model:
PCSTestr35 Eutech). ORP (Model: ORPTestr10 Eutech)
and DO (Model: HI9146 Hanna) were measured using a
field test probe. Alkalinity and total hardness were ana-
lyzed in the field using titration methods. Following APHA
(2005), the instrument ion chromatography (Model: EcolC
Metrohm) was used to measure the calcium (Ca?*), magne-
sium (Mg>*), chloride (C17), fluoride (F™), nitrate (NO;"),
phosphate (PO43_), and sulphate (SO42_). The sodium (Na%)
and potassium (K*) were analyzed using a flame photometer
(Model: 128 Systronics). Carbonate (CO32‘) and bicarbo-
nate (HCO;™) were computed using the empirical formula
by APHA (2005).

Evaluation of water quality index (WQI)

The WQI is a detailed mathematical evaluation that offers
an overall summary of the parameters that influence water
quality (Saini et al. 2008). The criteria used to select the
parameters were based on the concentration of different
physiochemical parameters. Based on their harmful impact
on human health, each water quality characteristic has on the
total quality of the water; weights (W)) (1-5) are assigned
to each characteristic to calculate WQI (Ravikumar et al.
2013). The relative weightage (W,) for individual metrics
in the calculation of the WQI can be determined using the
following equation:
W, =

r= W €))
where i is the number of variables needed to calculate WQI.
The rating scale (Q;) for each parameter of water quality is
calculated based on BIS (2012) standards using the follow-
ing equation:

G
0, = <§> x 100 )

where C; denotes parameter concentration and Si denotes
BIS (2012) drinking water quality guidelines for all param-
eters. The sub-indices (SI,) and overall WQI are then com-
puted using the following equations:

SI; = W X0, 3)

WQI = )’ s, 4)

Based on total WQI values, the water quality was
evaluated and grouped as excellent (WQI < 50), good
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(between 50 and 100), poor (between 100 and 200), very
poor (between 200 and 300), and unfit or unsuitable
(WQI>300) (Judran and Kumar 2020). This classification
method provides an in-depth assessment of total drinking
water quality, facilitating simple interaction and recogniz-
ing areas that require attention or change based on the des-
ignated groups.

Hydrogeochemical evaluation

The Piper tri-linear diagram (Piper 1944) and Durov’s
diagram (Durov 1948) are two extensively used hydro-
chemical diagrams that offer important insights into the
geochemical and hydrochemical mechanisms taking place
in water. Grapher 13 was used to generate both Piper and
Durov diagrams. Chadha (1999) introduced a modified
hydrochemical diagram that gives a thorough knowledge
of water quality variables. Understanding the chemistry
of the water, where it comes from any potential problems
with salinity, mineralization or contamination are all made
easier with the use of this knowledge. The chemical com-
position of lake water samples was examined, following
the above mentioned diagrams or plots. The cationic and
anionic ratios in water samples are graphically repre-
sented using Gibbs diagrams as a function of total dis-
solved solid content (Gibbs 1970). In geochemistry, these
diagrams are frequently used to evaluate and explain the
main geochemical processes taking place in each water
system. Some of these processes include rain, weathering
of rocks, and evaporation dominance (Drever 1997; Ram-
anathan 2007). Charts for Chadha and Gibbs were created
using Microsoft Excel. Changes within the concentration
of multiple water quality parameters, notably those involv-
ing the ions Ca**, Mg?*, Na*, and K*, can result from the
ion exchange process.

The amount (meq/L) of various cations and anions was cal-
culated using scatter plots (Kumar et al. 2020) to identify the
primary sources of important ions in the research area. The
Chloro-alkaline indices (CAI) 1 and 2 were first established
by Schoeller (1965) as measures of the ion exchange processes
between water bodies and their surroundings. In the indices
above, all ions (meq/L) were determined using Egs. (5) and (6)
(Kumar et al. 2009). The positive readings in these indicators
reflect the direct base exchange, whereas negative readings
suggest the Chloro-alkaline disequilibrium (Kant et al. 2018;
Barik and Pattanayak 2019; Dey et al. 2023).

[Cl” — (Nat + KM)]

CAI-l = =
(CI7)

&)

[CI” — (Nat + K™)]

CAI2 = — -
(SOZ™ + HCOj3 + CO2™ +NO;)

(6)
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Data analysis

To find patterns and relationships between variables, mul-
tivariate statistics techniques were used including principal
component analysis (PCA) and Pearson’s correlation coef-
ficient. The Shapiro—Wilk test was conducted to check the
normal distribution of data. It was checked that the vari-
ables were normally distributed. In the present study, the
correlation analysis method of Pearson was implemented
to examine the correlations and find the interdependencies
between various characteristics of water samples. Correla-
tion coefficients (r) suggest a strong positive correlation
when they are greater than 0.80 and a positive correlation
when they are between 0.50 and 0.79. PCA was used to
provide insight into changes in hydrogeochemical relation-
ships among different water parameters (Prusty et al. 2018;
Alam et al. 2020). To ensure the validity of the interpreta-
tion acquired through PCA, Kaiser—-Meyer—Olkin (KMO)
and Bartlett’s tests were performed before PCA. A score
near 1.00 show that the data are suitable for PCA, while
a value below 0.50 shows that the data may not be suit-
able for PCA (Gaur et al. 2022; Krishan et al. 2023). The
KMO test decides whether the data is suitable for PCA.
Student #-test was also performed to evaluate the effect of
TDS on cations and anions. Data were analyzed using the
Microsoft Excel and IBM SPSS (Version 22).

Results

Samples collected from six separate lakes in the Tawang
district were subjected to an analysis of a total of 18 phys-
icochemical parameters. Descriptive statistical analysis was
performed on the collected data, which included calculat-
ing absolute and relative deviations as well as determining
the percentage of samples that were beyond the BIS-per-
mitted limits depicted in Table 2. The temperature of water
samples varies from 2.50 to 10.00 °C, with an average of
6.14+0.37 °C during the pre-monsoon season. The water
samples had a pH between 6.03 and 8.00, with an average of
6.98+0.11. Lake 4 had the highest pH value (8.00), showing
an alkaline nature, whereas Lake 1 had the lowest pH value
(6.03), indicating a slightly acidic character. TDS in water
refers to the presence of all dissolved substances, including
salts, organic materials, and minerals. The average value
of the TDS content was 20.38 +5.19 mg/L, with a range of
4.20 and 147.00 mg/L. Lake 3 has the highest TDS value of
147.00 mg/L of the six lakes examined, yet it is still below
BIS (2012) permissible limits. The EC values ranged from
6.30 to 206.00 uS/cm, with an average of 27.11+7.28 uS/
cm. The highest EC value was observed in Lake 3, out of all
the lakes investigated. The average salinity was found to be
0.01 p.s.u., with Lake 3 having the highest salinity of 0.09
p-s.u. was the saltiest lake.

The DO content was determined to be in the range of
4.50 to 9.70 mg/L, having an average of 7.24 +0.28 mg/L

Table 2 The descriptive

Max Average  SD CV Samples beyond the per-

missible limit of BIS (%)

e Parameters Units Min

statistics for the selected lake

water parameters of the study

area Temp °C 2.50
pH - 6.03
EC pS/em  6.30
TDS mg/L 4.20
Salt p.s.u 0.00
ORP mV 116.00
DO mg/L 4.50
HCO;~ mg/L 10.33
ClI” mg/L 7.10
TH mg/L 8.50
Ca*t mg/L  2.00
Mg>* mg/L 036
Na*t mg/L 0.37
K* mg/L 0.30
PO~ mg/L  BDL
NO;~ mg/L 0.01
SO, mg/L  0.29
F~ mg/L 1.50

10.00 6.14 2.01 32.67 -
8.00 6.98 0.58 8.38 0.00

206.00 27.11 39.86 147.07 0.00
147.00 20.38 28.45 139.55 0.00
0.09 0.01 18.19 142.46 0.00
222.00 181.83 31.14 17.13 -
9.70 7.24 1.51 20.90 0.00
216.98 35.14 39.27 111.77 -
28.40 14.91 6.24 41.86 0.00
135.00 23.48 25.63 109.16 0.00
26.03 5.03 5.14 102.25 0.00
17.01 2.65 3.27 123.41 0.00
2.68 1.20 0.59 49.20 0.00
1.51 0.88 0.32 36.38 0.00
0.04 0.01 0.01 86.70 0.00
0.78 0.22 0.20 88.84 0.00
1.39 0.77 0.30 39.19 0.00
7.11 5.78 1.35 23.34 100.00

BDL below the detection limit (<0.01 mg/L); TH total hardness
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and a spatial variability of 20.90%. The tested water samples
also showed positive oxidation reduction potential (ORP)
values, with an average ORP value of 181.83 +5.69 mil-
livolts (mV) and a range from 116.00 to 222.00 mV. An
oxidizing environment in the water is present when the ORP
value is positive. The strong correlation (Pearson correla-
tion, r=0.97) between DO and ORP further supported this
finding. Lake 1 showed DO content ranging from 6.50 to
7.05 mg/L, Lake 2 from 8.60 to 9.30 mg/L, Lake 3 from
5.00 to 5.80 mg/L, Lake 4 from 4.50 to 5.80 mg/L, Lake 5
from 8.90 to 9.70 mg/L, and Lake 6 from 6.90 to 7.50 mg/L,
respectively. Values for bicarbonate (HCO;™) varied between
10.33 and 216.98 mg/L. Bicarbonate levels were calculated
to be 35.14 +7.17 mg/L on average. Total hardness varied
from 8.50 to 135.00 mg/L, with an average hardness of
23.48 +4.68 mg/L. According to Briggs and Ficke (1977)
classification of water hardness, the maximum percentage
of water samples (93.33%) belonged to the soft water cat-
egory. The remaining samples were divided into two catego-
ries, with 3.33% being classified as moderately hard water
and the other 3.33% being classified as hard water. The
measured water samples had magnesium (Mg?") contents
between 0.36 and 17.01 mg/L and calcium (Ca>*) between
2.00 and 26.03 mg/L. Potassium (K ") content was averaged
at 0.88 mg/L, while sodium (Na¥) was at 1.20 mg/L on aver-
age. The highest concentration of Na™ was observed in Lake
5 (2.68 mg/L) and the lowest in Lake 6 (0.37 mg/L). Lake
3 had the maximum concentration of K* (1.51 mg/L), and
Lake 5 had the minimum of 0.30 mg/L. The chloride (CI™)
was determined to be 14.91 & 1.14 mg/L on average, ranging
from 7.10 and 28.40 mg/L. Average values for NO;™ and
S0,%~ were 0.22+0.04 mg/L and 0.77 +0.05 mg/L, while
the highest concentration was recorded from Lake 5. Phos-
phate (PO,’") concentration ranges from below the detection
limit (BDL) and 0.04 mg/L. Fluoride (F™) levels varied from
1.50 to 7.11 mg/L having an average of 5.78 +0.25 mg/L.
The samples (100%) were found to be beyond the BIS
acceptable level of 1 mg/L. The water sample from Lake 5
had the highest fluoride levels of all the samples, measuring
7.11 mg/L. Ca** and Mg** were observed as the two most
dominant cations whereas HCO;™ and CI™ as anions, in the
current study.

Correlation analysis

Based on Pearson correlation analysis (Table 3), EC has
a strong correlation between salinity (r=0.99) and TDS
(r=0.99). The strong correlation among EC, TDS, and
salinity may be influenced by the concentration of dis-
solved salts and ions in the water. Furthermore, bicarbo-
nate (HCO;7) (r=0.98) had the highest anion concentra-
tion while Ca** (r=0.97) and Mg*" (r=0.91) for cation
concentration in the study, produced a strong correlation
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with EC. This correlation reveals that both cations and ani-
ons affect the water’s overall conductivity. Total hardness
(r=0.97) is related to Ca>* and Mg?* ions that are present
in water sources as a result of dissolved minerals and also
have a strong correlation with EC. ORP and DO were found
to be strongly correlated (r=0.97). Their similarity to redox
processes that take place in water is the basis for this rela-
tionship. Dissolved oxygen levels show the oxygenation of
the water, while ORP indicates the overall redox state and
the potential for oxidation reduction reactions. The strong
correlation between the larger contribution of fluoride (F™)
and the WQI suggests that it has an impact on the evalua-
tion of water quality (r=0.94). Finally, a positive correlation
between sodium and potassium was found (»=0.77), show-
ing that one parameter can affect the other. This correla-
tion can be explained by common sources that both supply
sodium and potassium to the water samples, such as natural
geologic processes and anthropogenic inputs. Overall, the
correlation analysis sheds light on how the various param-
eters are related to one another, aiding in the understanding
of their interdependencies and the variables affecting water
quality.

WQI-based evaluation of water quality

Using the WQI (Table 4), the suitability of water for drink-
ing purposes was assessed in the selected HALs. The cal-
culated WQI values ranged from 33.87 and 101.95 with an
average of 83.92. Approximately 6.67% of the samples had
excellent water quality, 83.33% had good water quality, and
10.00% had poor water quality as shown in Fig. 3. Lake 6
stands out with its exceptional water quality as it had the
lowest average WQI value of 52.98. On the other hand, Lake
5 had the lowest water quality among the studied lakes with
the highest average WQI values of 95.31. The average WQI
values of the other lakes were 84.68 (Lake 1), 85.39 (Lake
4), 90.45 (Lake 3), and 94.72 (Lake 2), respectively. The
WQI was significantly affected by the concentration of dis-
solved ions including F~, HCO;™, and Ca?* as well as other
factors like pH, EC, and TH. The excessive amount of fluo-
ride in these lakes poses a serious hazard to public health if
consumed, even though the water samples were categorized
as having excellent to poor water quality based on the WQI.

Hydrogeochemical facies
Piper diagram

The hydrogeochemical facies of water samples are ana-
lyzed and interpreted using the Hill-Piper tri-linear dia-
gram. The diamond-shaped area in the center of Fig. 4
depicts the chemical composition of the water as a func-
tion of its predominant water type, while two triangles
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Table 4 Relative weight (W,),
assigned weight (W,), and

“
z
S

Parameters

BIS standards (S)) Weightage (W) Relative weight (W,)

water quality standards (S;) for

pH
assessment of WQI

TDS
EC
DO

C a2+
M g2+
Na*
K+
ClI~
SO,
NO,~
-

0 N N BN =

—_ = = O
W N = O

Alkalinity as HCO;~

8.50 4.00 0.10
1000.00 3.00 0.07
2000.00 4.00 0.10
5.00 4.00 0.10
200.00 3.00 0.07
75.00 2.00 0.05
30.00 2.00 0.05
100.00 2.00 0.05
10.00 2.00 0.05
250.00 4.00 0.10
200.00 3.00 0.07
45.00 4.00 0.10
1.00 5.00 0.12

> =42.00 >=1.00

*All units are in mg/L except for pH and EC (uS/cm)

Fig.3 Water quality index of 350
the collected water samples for
the study area based on BIS

Unsuitable Water for Drinking

300
standards

250

150

Water Quality Index (WQI)

200 { —————

100 { ~===-=--,

Very Poor Water

Poor Water

T e a” N s LT S

Sae
Good Water \ ’

50

0

Excellent Water

at the bottom show the relative proportions of primary
cations (Ca®*, Mg?*, Na*, K*) and major anions (HCO;™,
Cl, SO42_). The plot reveals that the Ca2+-HCO3_ type
(86.67%) characterizes the majority of the geochemical
facies in the water samples, showing temporary hardness.
The remaining samples (13.33%) were shown as mixed
type (neither cation nor anion dominant). The cationic tri-
angle showed that, correspondingly, 56.67% of the sam-
ples were plotted in the Ca®* type and 43.33% of the sam-
ples had no dominating type. While 97.00% of the samples
in the anionic triangle were displayed as the HCO;™ type,
the remaining 3.00% were split between the CI~ type
and no dominating type, respectively. The HCO;™ type
is dominant in the anionic triangle, which is a sign that
the research area has seen weathering of silicate minerals.
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Durov diagram

The expanded Durov diagram, in comparison to the Piper
diagram, offers insights into potential geochemical processes
(such as mixing, ion exchange, and reverse ion exchange
dissolution) affecting water genesis. Its expanded tail part
describes pH and TDS values, respectively (Singh et al.
2020; Sulaiman et al. 2023). The cation triangle shows that
water samples are dominated by larger concentrations of
Ca?* and Mg?* ions than alkali metal ions (Fig. 5). The
water samples were primarily composed of the bicarbonate
(HCO;7), carbonate (CO32_), and chloride (CI7) ions in
terms of the anion triangle. Almost 93.00% of the samples
were found to fit into field 5, which shows a simple dissolv-
ing or mixing type without a prominent anion or cation,
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3. Mixed Ca?* - Mg?* - CI” type
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5.Na* - HCOj;™ type 4
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G.Chloride type

CATIONS

100 100

20

PO IOL
0-0190{8(H)
0 20 40 60 80 100

ANIONS

Fig.4 Piper diagram showing the major hydrogeochemical types of water in the study area

according to Lloyd and Heathcote (1985) classification. The
Durov diagram further reveals that the lake water consists of
calcium bicarbonate (Ca (HCO;),) and magnesium bicarbo-
nate (Mg (HCO3),), with TDS values reaching 147.00 mg/L
and pH values between 6.03 and 8.00 (Fig. 5).

Chadha diagram

Chadha diagram displays the properties of water samples as
well as their overall ionic concentrations and geochemical
categories. The prevalent rock type and dissolution pattern
are reflected in the water type, which is an important indi-
cator. The distribution of the sample data points over the
two fields (5 and 6) on the diagram (Fig. 6) shows that the
Ca**-Mg**-HCO,~ and Ca**-Mg*"-CI~ type of water pre-
dominate, which suggests that the studied lakes have both

temporary and permanent hardness. The data points also
coincide with the vicinity of field 1, showing a larger amount
of Ca®* and Mg?* than Na* and K*.

Gibbs diagram

Gibbs diagram remains a useful tool for figuring out the
composition, origin, and distribution of dissolved elements
in the water samples. The background of the underlying
aquifer and the water quality are also important pieces
of information presented. Gibbs (1970) first proposed the
notion and identified the key factors affecting the composi-
tion of dissolved salts in surface or groundwater. Accord-
ing to Gibbs, the chemistry of water bodies is governed by
three processes, viz., precipitation dominance, weathering
dominance, and evaporation dominance. Thirty samples

@ Springer
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Fig.5 Extended Durov plot 100_, 0
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Fig.6 Chadha’s plot illustrates various hydrogeochemical processes in the study area

from the current investigation have been shown on Gibbs
diagrams (Fig. 7 a and b). Based on the Gibbs classifica-
tion, it was found that a significant portion of the sam-
ples belong to precipitation (Fig. 7a) and rock weathering
(Fig. 7b) categories. This shows that these mechanisms are
crucial in determining how the geochemical properties of
lake water are shaped. It also suggests that these activities
have a significant impact on the geochemical characteris-
tics of lake water.
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Major ion sources

Figure 8 a and b showed the concentrations of alkaline
earth metals and alkali metals plotted against total cati-
ons, demonstrating larger contributions from total cations
with data points drawn below the equiline (1:1 ratio). The
scatter plot of Ca’™ +Mg?* versus Na™ + K" is displayed
over the divider (equiline) in Fig. 8c, indicating a higher
concentration of Ca?* and Mg?*, implying that carbonate



Environmental Science and Pollution Research (2024) 31:24492-24511 24503
Fig. 7 Gibbs diagram show- 100000 e 100000 3 b 277
. . . 7
ing a cations and b anions a 7 ‘l S0
. . oY i
controlling the water chemistry /// | e 0\\“ . 1
mechanism - e("‘\ & | 7 S !
10000 4 e RN 10000 § NS 6&\ l
s N < ‘g\\ Il 7 N |
7z \ be 7 \ /
s / s
e \ / s \ /
7 \\ ’ e N7
P .
e \ L7 /// y ~
s v ~ 7\
1000 s “\ 1000 s
p s 4 s \
s e \ // Ve \
s \ = < // |
—_ 7 Y,
= Rock < l| %ﬂ Rock- : <\ l
g W atine . A N | 7 Weathering- ~~ I
& A eathering- ~o | 2 100 . dominance S~
S 100 4 dominance N = X S
= S A I~ ~o A I~
~a TN S M IS
N / N ~ / \
S / \ N A /
S A / \\ \\\A‘ Aa \\
A ~ 7 “Za,.
104 s M “\\\/ ”a,;ec'bli \1 107 ‘i“ g do”l g lpi’-?[ \|
N " A ~ ¢/ 7
A A, AA Se ng, ataag 3y, lon
g 4 o lagg,on . l| % ~ NN
~ N | =~ ~/
~/
1 . . . . . . . . . \ 1 T T T T T T T T T 1
© 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1

(Na*+K*) / (Na*+K*+Ca?*)

rock weathering, rather than silicate weathering, is the
major mechanism in the examined lakes. The scatter plot in
Fig. 8d (Ca** +Mg** versus HCO;™) shows a trend where
most of the data points (93.33% of samples) are below the
equiline, indicating increased bicarbonate alkalinity concen-
tration. It also implies that bicarbonate alkalinity is influ-
enced not only by alkaline earth metals but also by alkali
metals and silicate weathering. While the remaining (6.67%
of samples) are on the equiline, this indicates that alkaline
earth metals predominate over bicarbonate due to carbonate
rock weathering. Figure 8 e compares Ca®* +Mg>" versus
SO,?>~ +HCOj;™ in the scatter plot that has been used as
a tool to comprehend the significance of the ion exchange
process. The presence of silicate weathering in conjunction
with the process of ion exchange was shown by the loca-
tions of the data points close to or below the equiline, where
the concentration of Ca®* +Mg?" decreased while the con-
centration of SO,>~ +HCO;" increased. The points along
the equiline, however, may be the consequence of gypsum,
calcite, dolomite, and anhydrite dissolution in addition to
carbonate weathering (Mora et al. 2017). In the scatter plot
of Fig. 8f that compares Ca®*/SO,*~ and Mg?*/SO,*, the
sample points are primarily located over the equiline. This
data confirms that calcite minerals are a supply of SO,>~ in
these lakes, highlighting their significant impact on total
water chemistry. The points found close to the dividing line
show a similar contribution from calcite, dolomite and gyp-
sum, while those located below the equiline reflect a stronger
influence of the dissolution of dolomite and gypsum. How-
ever, the current analysis has decided that the mineral calcite
is the principal contributor to SO,* in the studied lakes.
TDS has a significant effect (p <0.05) on Ca**, Mg?*, and

CI/(CI+HCO;)

HCO;™. Chloro-alkaline indices (CAI) determined yielded
positive values, showing the existence of direct base
exchange or Chloro-alkaline equilibrium. These activities,
which altered the chemistry of the lake water, specifically
involved the exchange of alkali metals with alkaline earth
metals, where surrounding rocks served as the main sources
of dissolved solids in water. While a few samples showed
negative values, indicating the occurrence of reverse ion
reaction or Chloro-alkaline disequilibrium.

Analysis of the principal component (PCA)

Using varimax rotation in XLSTAT, PCA was conducted on
18 water quality parameters. The KMO value in the current
study was discovered to be higher than 0.50 (KMO =0.64),
showing that PCA is appropriate for the dataset. Four prin-
cipal components were found to have eigenvalues greater
than 1.00, suggesting their relevance in interpreting the vari-
ation in the set of data, based on Scree plot analysis (Kim
and Mueller 1978). The loading values in Table 5 are the
significance of the correlation between the physicochemical
parameters and the main components (PCs), following Liu
et al. (2003). The table’s bolding designates “strong” load-
ing levels, which are those that are greater than 0.75. Weak
loading is defined as values between 0.30 and 0.50, while
moderate loading is defined as values between 0.50 and 0.75.
Four PCs were identified using PCA accounting for 86.34%
of the variability in the hydrogeochemical variables. PC-1,
2, 3, and 4 are responsible for 49.32%, 67.84%, 78.91%, and
86.34% of the variations within the variables, respectively.
PC-1 contains significant positive loadings of EC, TDS,
salinity, total hardness, HCO;~, Ca**, and Mg**, which

@ Springer
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Fig.8 a—f Scatter plots illustrating rock water interactions in the study area

account for approximately 49.30% of the variation in the
variables. However, some variables in PC-1, including
ORP, DO, NO;~, and SO42_ have negative loading val-
ues. The presence of a significant amount of Ca>*, Mg?™,
and HCO;™ ions may be the cause of the strong positive

@ Springer

correlation between EC, TDS, salinity, and TH. This sug-
gests that processes like weathering of rocks, exchange
of ions, and mineral dissolution have considerable con-
sequences on the concentration of major ions present in
the lake water systems. The findings provide light on the
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Table 5 Varimax rotated factor loadings and eigenvalues with % vari-
ance for lake water quality parameters

Parameters Component

PCl1 PC2 PC3 PC4
pH 0.40 0.53 -0.01 -0.37
EC 0.97 —-0.09 0.12 -0.12
TDS 0.97 -0.07 0.13 -0.10
Salinity 0.97 —-0.08 0.13 -0.07
ORP —0.60 0.59 0.29 -0.38
DO —0.48 0.69 0.30 —-0.42
HCO;™ 0.95 -0.05 0.12 -0.16
TH 0.96 -0.18 —-0.03 —0.18
Ca?* 0.95 -0.15 0.09 -0.16
Mg 0.93 -0.20 —0.14 —-0.20
CI~ 0.65 0.33 0.48 0.15
F 0.33 0.74 —0.51 0.10
Na*t 0.51 0.64 0.21 0.45
K* 0.69 0.12 0.21 0.61
PO~ 0.22 -0.32 0.20 -0.30
NO;~ —-0.31 -0.47 0.60 —-0.05
5042‘ -0.25 0.35 0.80 0.11
WQI 0.52 0.76 -0.31 —0.08
Eigenvalue 8.88 333 1.99 1.34
Variability (%) 49.32 18.52 11.07 7.43
Cumulative (%) 49.32 67.84 78.91 86.34

mechanisms controlling the composition of important ions
in lakes by demonstrating a complex interaction between
water chemistry and the geological characteristics of the sur-
rounding environment. The redox reactions in the lake water,
which occur when reducing substances or activities deplete
oxygen and generate negative correlations with other param-
eters, may be the reason for the negative loading values for
DO and ORP. Sulphate and nitrate concentrations might also
decrease because of processes like assimilation by aquatic
organisms or microorganisms, which could change how they
relate to other variables in the PCA analysis. Similarly, PC-2
shows 18.52% of variations in the variables and positive
loading with DO, F~, and WQI, as well as negative loading
with TH, Ca’*, Mg?*, PO,*", and NO;". The absence of
anthropogenic influence is indicated by the negative loading
of NO;™ in PCs 1 and 2. Positive SO,*~ loading in PC-3,
which accounts for 11.07% of the overall variance, may be
caused by the impact of rock minerals that contain pyrite.
The positive fluoride (F™) loading reflects the abundance
of fluorides, fluorosilicates, and fluorocarbonates mineral
sources within the catchment area of these lakes. These min-
erals might aid in the release of fluoride ions into the water,
which would result in a favorable relationship between PC-2
and fluoride ions. The WQI positive loading indicates that
the factors it considers when analyzing water quality have a

predictable pattern of change. This demonstrates that issues
with water quality that affect the WQI are likely affecting the
overall variability in PC-2. Furthermore, significant varia-
tions across the variables are anticipated due to geochemical
restrictions and dilution by rainfall.

Discussion

The pH level of a water body is a fundamental property
that shows whether the water is acidic or basic and has a
substantial impact on water quality. pH alterations may also
affect other physicochemical properties of water. Average
pH values measured from each lake were 6.13 (Lake 1),
7.63 (Lake 2), 7.33 (Lake 3), 7.00 (Lake 4), 7.34 (Lake 5),
and 6.43 (Lake 6). The pH levels of the water samples taken
were determined to meet the BIS-approved limit of 6.50 to
8.50. The observed variation in pH levels in the studied lakes
is similar to earlier findings reported by various authors from
the Eastern Himalayan regions (Deka et al. 2015, 2016b;
Gaur et al. 2022).

Temperature changes affect EC as well since they change
the ionic composition and salt solubility. The dissolution of
lithophilic ions might be attributed to excessive amounts
of parameters such as EC, TDS, and salinity in the studied
lakes. These ions are usually formed because of the weather-
ing and erosion of rocks in the surrounding geological for-
mations (Ritter et al. 2002), which is supported by the high
significance between EC and TDS (r=0.99), EC, and salin-
ity (r=0.98) as well as TDS and salinity (r=0.98). There
are several explanations for the elevated levels of salinity,
TDS, and EC in comparison to other parameters. These
include (1) the existence of standing water, (2) extended
contact with sediment, (3) a larger interface between dis-
tinct phases, and (4) interaction between water and rocks
(Sharma et al. 2012). These circumstances cause dissolved
solids to accumulate and concentrate in the water, which
increases the concentration of EC, TDS, and salinity. Higher
ion concentration in Lake 3 may be from human settlement
(military camps) in some areas of the catchment regions of
the lake, which results in higher levels of EC, total hardness,
and other related parameters.

The concentration of major dissolved ions found in
Lake 1 water samples ranged from 10.33 to 20.00 mg/L of
HCO;7, 7.10 to 10.65 mg/L of C17, 5.47 to 6.91 mg/L of
F~,0.01 to 0.02 mg/L of PO,*~, 0.01 to 0.17 mg/L of NO, ",
0.29 to 0.76 mg/L of SO,*~, 2.00 to 3.40 mg/L of Ca*™,
1.26 to 1.94 mg/L of Mg?*, 0.39 to 1.09 mg/L of Na*, and
0.57 to 0.98 mg/L of K*. Major ion concentrations in Lake
2 ranged from 2.90 to 4.79 mg/L of Ca**, 1.52 to 1.92 mg/L
of Mg?*, 0.97 to 1.24 mg/L of Na*, 0.74 to 1.17 mg/L of
K*, 19.96 to 26.67 mg/L of HCO;™, 7.10 to 14.20 mg/L
of CI7, 6.11 to 7.09 mg/L of F~, BDL to 0.01 mg/L of
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PO43_, 0.33 to 0.67 mg/L of NO;™, and 1.17 to 1.29 mg/L
of SO,*~. The major ion concentrations in Lake 3 varied
from 10.61 to 26.03 mg/L of Ca>*, 3.16 to 17.01 mg/L of
Mg**, 2.10 to 2.28 mg/L of Na*, 1.13 to 1.51 mg/L of K*,
53.33 to 216.98 mg/L of HCO;™, 14.20 to 28.40 mg/L of
CI7, 5.91 to 6.67 mg/L of F~, 0.02 to 0.04 mg/L of PO43‘,
0.31t0 0.43 mg/L of NO;™, and 1.03 to 1.30 mg/L of SO,
The cation concentrations in Lake 4 yielded from 2.00 to
4.00 mg/L of Ca**, 2.43 to 3.04 mg/L of Mg**, 0.47 to
0.71 mg/L of Na*, and 0.36 to 0.52 mg/L of K*, and anions
concentration ranged from 20.00 to 26.66 mg/L of HCO;™,
10.65 to 17.75 mg/L of C1™, 5.66 to 6.87 mg/L of F~, 0.01
to 0.02 mg/L of PO43_, 0.27 to 0.44 mg/L of NO;™, and
0.68 to 1.20 mg/L of SO,*~. Lake 5 major ion concentra-
tions were measured in the range from 2.60 to 4.00 mg/L
(Ca**), 0.36 to 1.58 mg/L (Mg>"), 2.34 to 2.68 mg/L (Na*),
0.30 to 0.75 mg/L (K*), 19.99 to 53.33 mg/L (HCO;),
17.75 to 28.40 mg/L (C17), 6.14 to 7.11 mg/L (F™), 0.03
to 0.04 mg/L (PO,*"), 0.41 to 0.78 mg/L (NO;"), and 1.09
to 1.39 mg/L (SO,*7). Lake 6 water chemistry analysis
resulted in ion concentrations varied from 2.60 to 3.40 mg/L
of Ca®*, 0.49 to 0.73 mg/L of Mg**, 0.37 to 0.66 mg/L of
Na™, 0.32 to 0.41 mg/L of K*, BDL to 0.02 mg/L of PO,>",
0.07 to 0.25 mg/L of NO;~, 0.29 to 0.37 mg/L of SO42_,
1.50 to 3.10 mg/L of F~, 13.33 to 20.00 mg/L of HCO;™,
and 10.65 to 21.30 mg/L of CI~. Ca®* >Mg>" >Na* >K*
and HCO,~ >CI~ >S0,*~ >NO;~ >P0,*" are the major
cations and anions determined within the lakes, respec-
tively. As a result, all the lakes tested had Ca®* and Mg?* as
dominating cations, with 51.54% and 27.15% contributions,
respectively. Major dissolved ion metrics are found within
the BIS acceptable levels except for fluoride. Out of the six
studied lakes, 1, 3, and 5 are famous tourist spots; therefore,
anthropogenic activities might be one of the biggest reasons
for altering the water chemistry of these lakes.

The dissolution of F~ containing minerals including
fluorite, fluorapatite, hornblende, mica, and clay minerals
constitute the sources of F~ in natural water, as reported
by Boyle and Chagnon (1995), Rao (2003), and Chae et al.
(2007). A study conducted in Ulungur Lake in Xinjiang,
China, revealed that biotite and hornblende are important
F-containing minerals in the region, with biotite accounting
for over 75% of the fluorine (Tong et al. 2023). Bhattacha-
rjee and Nandy (2008) confirmed the occurrence of garnet
biotite schist in the Tawang area. Therefore, the excessive
fluoride content in the current study region may be due to
biotite as well as other fluoride-containing minerals found in
rocks and sediments. Other researchers have also reported a
high concentration of fluoride in the current study location
(Dutta and Gupta 2022; Gaur et al. 2022). The water qual-
ity index for the current investigation was observed in the
range of 33.87 to 101.95, indicating “excellent to poor” and
suitable for drinking (Fig. 3). However, the water might not
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be safe to drink due to the elevated levels of fluoride in the
lakes. The possible health risks associated with pollutants,
such as fluoride, are not specifically considered by the WQI
although the fact that it provides a complete review of water
quality. It is crucial to address and minimize the high fluo-
ride levels to ensure the safety and acceptability of the water
for consumption. Earlier investigations from several lakes
revealed that they were polluted as a result of the increased
impact of anthropogenic activity (Abbas et al. 2015; Gaury
et al. 2018). Fluoride (F~) consumption causes fluorosis in
about 66 million individuals in India, which can lead to sev-
eral health problems such as joint and neck stiffness, enamel
erosion in children’s teeth, spinal and limb abnormalities
and crippling diseases (Ayoob and Gupta 2006). Aquatic
life may also be harmed by high fluoride concentrations (Jha
et al. 2011). The high concentration of F~ can build up in
fish bone, tissues and invertebrate exoskeletons, potentially
posing harm to aquatic life in lakes (Gonzalo and Camargo
2012). It can also restrict invertebrate growth, disrupt egg
hatching, impede fish growth, and cause breathing issues
(Camargo 2003). As a result, the increasing fluoride con-
centration raises concerns about the safety of humans when
consuming water for drinking or domestic reasons.

The Piper plot shows that the majority of the water points
fall in field 1, indicating Ca2+-HCO3_ type water (Fig. 4).
Based on Kumar et al. (2019a), this dominance is explained
by the greater levels of the HCO;™ and Ca®* characteris-
tics that are present year round. A few points showed up
in fields 3 and 4, demonstrating mixed water types of
Ca**-Mg?*-Cl~ and Ca**-Na?*-HCO,". The cationic trian-
gular plot shows that Ca>* is the most abundant cation in the
water samples. One of the causes of this water composition,
as reported by Islam et al. (2017), is the occurrence of cal-
cium and dissolved carbonate in the form of HCO;™ entering
the lake system as freshwater recharge. Several studies have
observed similar types of water with alkaline earth metal
dominance over alkali metals (Kumar et al. 2006; Singh
et al. 2016; Gaury et al. 2018). Furthermore, it was revealed
throughout the investigation that weak acid (HCO;™) dom-
inated over strong acid (SO42_), which is consistent with
findings from Chakrapani (2002) and Gaury et al. (2018)
from Rewalsar Lake and other Himalayan lakes such as
Nainital, Bhimtal, etc. The dominance of bicarbonate-type
water in the anion plot indicates silicate weathering domi-
nates in the studied area (Sulaiman et al. 2023). In Durov’s
plot (Fig. 5), a considerable number of samples that fall in
Field 5 demonstrate that processes like mineral dissolution
or the blending of different water sources predominate in the
lake water’s chemistry. Data points plotted in field 6 (Fig. 5)
indicate a form of water that is uncommon and suggests
mixing or unusual dissolving influences (Ravikumar et al.
2015). The outcome of the Durov plot is in line with previ-
ous literature from Thakur et al. (2018), Gaur et al. (2022),
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and Sulaiman et al. (2023), which observed the importance
of recent freshwater recharge in controlling the lake water
geochemistry characteristics. According to several studies
(Kumar et al. 2006; Vishwakarma et al. 2018; Singh et al.
2020), the weathering of silicate minerals is the cause of
the surplus HCO;™ ions present in the study area. Chadha
diagram (Fig. 6) depicts the existence of two main types of
water, i.e., Ca2+-Mg2+-HCO3_ and Ca?*-Mg?*-Cl~, which
were plotted in fields 5 and 6. Temporary hardness may pre-
dominate in the studied lakes as maximum water samples
exhibit soft water (TH < 60) characteristics. The current
finding is similar to the previous study reported by Gaur
et al. (2022) in the Tawang district of Arunachal Pradesh.
Also, the sample points close to field 1 indicate that alkaline
earth metals dominate over alkali metals; this finding was
supported by earlier research (Kumar et al. 2009, 2020).
As per Gibbs’ diagram (Fig. 7), precipitation and rock
dominance are the key drivers affecting the ion composition
of these studied lakes. The greater solute concentrations seen
in the high-altitude lakes may be ascribed to water filtering
through rocky lithology and ongoing interaction between
water and rocks. As a result, it may be inferred that the rocks
in the lake’s surroundings have a significant impact on its
water quality. Previous research in Eastern and Western
Himalayan regions has provided supporting evidence for the
role of precipitation (Deka et al. 2015, 2016b; Gaur et al.
2022) and rock weathering (Bhat et al. 2014; Gaury et al.
2018; Kumar et al. 2019a) in controlling the ionic compo-
sition of water bodies. Similar studies were also observed
from Mansarovar Basin Lake, Tibet by Yao et al. (2015) and
Alam et al. (2020) in the Chandel district of Manipur.
Using scatter plots, it has been observed that the studied
lakes have a higher contribution of alkaline earth metals than
alkali metals due to carbonate weathering (Fig. 8a), alkali
metals versus total cations (Fig. 8b) and alkaline earth met-
als versus alkali metals (Fig. 8c). Similar trend was observed
in different Himalayan lakes by various authors (Mora et al.
2017; Gaury et al. 2018; Kumar et al. 2019a). However,
Gupta et al. (2012) and Gaur et al. (2022) have reported that
there is weathering of silicate minerals from their respec-
tive study areas. Alkaline earth metals and bicarbonate are
contrasted in a scatter plot in Fig. 8d, with bicarbonate hav-
ing a larger concentration. This finding shows that alkaline
earth metals, as well as the presence of alkali metals and
silicate weathering, influence bicarbonate concentration
(Prasad and Ramanathan 2005; Bhat et al. 2014; Gaury
et al. 2018; Kumar et al. 2020). Furthermore, reverse cation
exchange may contribute to the high concentrations of bicar-
bonate in the water system (Ebrahimi et al. 2015). These
outcomes indicate that a combination of silicate weather-
ing and reverse cation exchange mechanisms is likely to be
involved in regulating the excess bicarbonate concentra-
tion found in the study. The plot of Ca** +Mg>* versus

SO,?~ +HCO;" (Fig. 8e) shows the values underneath and
near the equiline. The values underneath the equiline are
characterized by greater SO,>~ +HCO;~ concentrations,
which are caused by the weathering of silicate minerals
combined with the ion exchange mechanism. The above
results were found to be consistent with earlier studies con-
ducted in the Penna-Chitravathi river basin and Godavari
basin watershed by Reddy and Kumar (2010) and Marghade
et al. (2021). Mora et al. (2017) and Gaury et al. (2018)
noted in their study that the points along the equiline may
be the result of gypsum, calcite, dolomite, and anhydrite
dissolution in addition to carbonate weathering. It has been
reported that the weathering of silicate minerals may be the
dominant source of significant ions if the point is below
the equiline (Lakshmanan et al. 2003; Elango and Kannan
2007). The fact that more than 90.00% of the locations in
Fig. 8f are above the equiline indicates that calcite minerals
are more influential in the studied lakes. On the other hand,
a single point below the equiline indicates that dolomite and
gypsum contribute significantly. Points that fall around the
equiline, however, indicate that calcite, dolomite, and gyp-
sum all contributed equally. Similar results were observed in
previous studies from various Himalayan locales by Kumar
et al. (2019a) and Kumar et al. (2020).

Based on the coefficient of determination (R?), there
is a substantial relationship between Ca’*, Mg?*, and
HCO;~ (R2=O.93, 0.82, and 0.96, respectively) with TDS.
These results lend credence to the idea that TDS in the lake
water in the study area is significantly influenced by the dis-
solution of carbonate minerals (Abbas et al. 2015, 2018).
The CAI values were found to be positive, indicating a direct
base exchange process, with the surrounding rocks which
serve as the most important contributors of dissolved solids
in the water. In the groundwater of Anekal Taluk, Bangalore,
similar results were reported by Ravikumar et al. (2011).

Conclusion

Sixty water samples were collected from six separate lakes
in the Tawang district of Arunachal Pradesh and for better
representation, 30 samples were selected for an analysis
of a total of 18 physicochemical parameters to check their
suitability for drinking and other domestic purposes. As
per BIS permissible criteria, all physicochemical param-
eters were under the acceptable range except F~. WQI
value from the present work was found to be in the range
between 33.87 and 101.95, indicating ‘excellent to poor’
categories for drinking purposes. Lake 6 had excellent
water quality and Lake 5 had the poorest of all the studied
lakes. However, the water might not be safe to drink due
to the elevated levels of fluoride in the lakes. It is cru-
cial to address and minimize the high fluoride levels to
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ensure the safety and acceptability of the water for human
consumption. The major hydrogeochemical facie noticed
in the water samples, as indicated by the Piper plot, is
Ca’"-HCO;™ type. As per Gibbs’ diagram, precipitation
and rock dominance are the key drivers affecting the ion
composition of these selected lakes. Chadha’s diagram
revealed that simple dissolution and mixing, driven by
recent freshwater inflows, are the main sources influenc-
ing the chemistry of lake water. Using scatter plots, it has
been observed that the studied lakes have a higher con-
tribution of alkaline earth metals than alkali metals due
to carbonate weathering. CAI indices yielded positive
results indicating the existence of direct base exchange.
These results on water quality may help policy makers
to create effective regulations and management strategies
to protect these pristine ecosystems. Further research on
water quality fosters a deeper understanding of high alti-
tude ecosystems, aiding in scientific advancements and
better management practices. Therefore, it is crucial to
monitor the water quality in these valuable natural assets,
especially in light of the global climate change, growing
population, and an increase in tourists visiting these HALs
of Tawang district, Arunachal Pradesh, India.
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