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ABSTRACT: Lakes provide a wide range of ecological, cultural, and economic benefits and prime
opportunities for recreation, tourism, and livelihoods in the Upper Indus Basin (UIB). In the wake of
growing anthropogenic actions and climate change impacts, an appraisal of the lake water quality is
essential to determine the health of the ecosystem and assist resource conservation initiatives in the region.
An attempt has been made to establish a preliminary physicochemical baseline for eight high-altitude lakes
in the UIB, Pakistan, to characterize their spatial hydrochemical variability and identify potential water
quality concerns in the region. At the time of sampling, the lakes exhibited a slightly alkaline condition
with pH ranging between 7.7 and 8.2 (mean 8.0). The lower alkalinity detected in the lakes, like Sheosar
(42 mg/L), may indicate limited buffering capacity and more sensitivity to nutrient pulses or potential
acidification. Nitrate-N concentration was low in most lakes, with many below detection limits. The Gibbs
diagram indicated seven samples in the rock dominance zone, i.e., chemical weathering of rocks as the
major factor contributing ions to the lake water, while in one sample, i.e., Borith Lake, evaporation-
crystallization was the main source of dissolved chemical ingredients. The Spearman correlation analysis
indicated a higher positive relationship (r > 0.9) between Ca and Mg, likely due to carbonate rock
weathering. The observed variations in the water quality parameters may have significant effects on both
the ecosystem and human health, necessitating further research and future attention. In-depth research on
glacio-hydrological dynamics and limnology can support sustainable management and conservation of the
freshwater ecosystems in the region.
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1. Introduction

Freshwater ecosystems, including lakes, rivers, and wetlands, provide drinking water, food, and
livelihoods to millions of people, as well as habitat for diverse plant and animal species worldwide [1].
Lakes provide important ecosystem services in the form of drinking water, food, habitat for many plants
and animals, recreational and livelihood opportunities, flood control, groundwater recharge, and sustaining
streamflow during dry periods [2,3]. According to Ashraf et al. [4], a total of 3044 glacial lakes exist in the
Upper Indus Basin (UIB) of Pakistan, out of which over 23% lie in the Hindu Kush, 44% in the Karakoram,
and 33% in the Himalaya range. A large number of migratory birds flying over the UIB use the highland
lakes, marshland, bogs, and peatland as their staging, feeding, and breeding grounds [5—7]. The combination
of climate change, growing population, and urbanization has put high pressure on the existing water
resources in many regions [8]. Climate change affects water quality through three major pathways:
Hydrological changes (floods, droughts, glacier melt); temperature-driven chemical changes in water; and
enhanced pollutant transport from agriculture and urban runoff. Increasing temperatures reduce dissolved
oxygen (harmful for fish survival) and increase toxic chemical reactions in water, which could create visual
and odor problems [9]. Agricultural runoff during extreme rainfall increases nitrogen, phosphorus, and
pesticide loads, which could degrade drinking water quality in some areas [10].

According to GB-EPA [11], the deterioration of water quality is an emerging problem with serious
health implications in Gilgit-Baltistan (GB) region in the UIB. The population of GB has increased from
0.88 million to over 1.7 million during the 1998-2023 period [12,13]. The situation has influenced the
existing agriculture and natural resources, raising concerns over deteriorating water quality in the region.
Fatima et al. [14] highlighted drinking water quality issues in samples collected from various sources and
argued that growing human activities, lack of planning, and changing climate are the major causes of water
quality deterioration in the region. According to Ali et al. [15] and Xia et al. [3], the lake ecosystem is
facing problems of declining water quality due to human activities such as pollution, overfishing, and
climate change. The factors like the increase in the frequency of floods, landslides, and accelerated surface
erosion are also affecting the quality of water resources in the region [16]. Reduced water quality can
seriously threaten land and water resources, water use for drinking and commercial/recreational purposes,
and economic development in a region [17,18]. There exist gaps in the proper conservation and
management of the high-altitude lakes in the UIB due to a lack of baseline data, knowledge, and awareness
at various levels. It is hypothesized that the lake ecosystem has been highly influenced by the growing
human actions and natural forces in the UIB region. It is therefore necessary to assess the water quality of
the lakes to perceive the ecosystem health and support resource conservation efforts for sustainable
development in the region.

The present study aims to establish a preliminary physicochemical baseline for eight high-altitude lakes
in the UIB, Pakistan, to characterize their spatial hydrochemical variability, identify potential water quality
concerns, and provide a foundation for future monitoring and conservation planning in the region. The
study findings can help support conservation efforts, such as protection of the lake ecosystem, setting water
quality standards, and promoting economic sustainability in the region.

1.1. Description of the Study Area

The study area lies in the UIB region, comprised of the Hindu Kush, Karakoram, and Himalayan
mountain ranges in northern Pakistan (Figure 1). The climate is diverse, ranging from the monsoon-
influenced moist temperate zone in the south to the arid and semi-arid cold desert in the north. The average
daily temperature varies from —10 °C in the winter to +35 °C in the summer, while the average annual
rainfall is between 200 and 500 mm (Figure 2). Rains are mostly received from the monsoon in the summer
and the westerly winds in the winter, with the exception of a small amount from nearby thunderstorms [19].
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The weather systems transport moisture and cause precipitation over the high reaches of the glaciated
mountain ranges. The cryosphere of the UIB consists of numerous small and massive glaciers, natural lakes,
snow-covered areas, permafrost, and high mountain peaks. The melting period of seasonal snow is from
April to June, whereas glacier melting begins in July and continues up to September. The major sources of
water supply in the region are glaciers, springs, lakes, and river/stream networks. Surface water is the main
source of water in the towns, while groundwater is hardly ever used for domestic water supply, with the
exception of a few low-lying valleys in the area. In some places, springs are one of the primary sources of
drinking water. Most of the area is used for grazing, while agriculture is practiced in less than 2% of the
area, lying mostly over the alluvial deposits in the valleys [20]. Dry subtropical, dry temperate coniferous,
broad-leaved, and subalpine forests can be found on the mountain slopes [21]. The primary sources of
income are tourism, business, trade, employment, and agriculture. About 90% of households work in
subsistence farming [22].
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Figure 1. Location of the study area in Upper Indus Basin of Pakistan.
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Figure 2. Mean annual temperature, rainfall, and cryosphere zone in the UIB.
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1.2. Geology and Landforms

The region consists of rugged topography and steep mountainous terrain with complex geology
comprised of igneous and meta-sedimentary rocks. The central and southern areas are home to Paleozoic
rocks, which are primarily metamorphic and volcanic, with terraces and gravelly fans, while trace amounts
of alluvial deposits occur in the lower portions of the region [23]. Permian rocks are found in some areas,
which mainly consist of sandstone, chert, limestone, and shale [24]. A variety of landforms, including
mountain-valley systems, weathered bedrock tracks, gravelly fans, alluvial basins, and glacial deposits,
have developed in the area due to the intricate geological history of erosion and depositional cycles [16].
The soils in the lowlands are deep, medium-textured, and relatively poorly drained, whereas in the
mountains they are shallow to moderately deep, non-calcareous, medium-textured, gravelly, and acidic to
moderately alkaline [25]. As a result of natural processes (i.e., glacial retreat, erosion, and landslides),
different types of lakes were formed in various landforms of the region [26].

1.3. Lakes in the UIB Region

The lakes in the region are generally fed by the meltwater of snow and glaciers, springs, and
precipitation [21]. They can be classified as glacier-fed or non-glacier-fed lakes, depending on their
hydrologic connection to their parent glaciers [27]. For example, proglacial lakes that are dammed by loose
moraine ridges of glaciers belong to glacier-fed lakes (e.g., Passu Lake), while the lakes filled by rain, snow,
or underground springs instead of melting ice are non-glacier-fed lakes (e.g., Sheosar Lake, Upper Kachura
Lake). Several lakes were formed due to the damming of rivers by landslides, rockfall, mud, and debris
flows. For example, Attabad Lake was formed as a result of a catastrophic landslide event on 4 January
2010, which blocked the Hunza River near Attabad village in the upper Hunza valley [28]. The lakes in the
region provide a wide range of ecological and socio-economic benefits and support a rich diversity of plants
and animals [29,30]. For example, they provide nesting and staging grounds to migratory birds and
waterfowl like Northern Shoveler (4nas clypeata), Common Teal (Anas crecca), Marbled Teal
(Marmaronetta angustirostris), Grey Heron (Ardea cinerea), Mallard (Anas platyrhynchos), Northern
Pintail (Anas acuta), and Coot (Fulica atra) [5,6]. The migrating birds usually appear between March and
June, when they make their way to the cooler climates of Central Asia, and between September and
November, when they return to the warmer parts of southern Pakistan. The lakes also support wildlife
species like snow leopards (Uncia uncia), brown bears (Ursus arctos), Marco Polo sheep (Ovis ammon
polii), and blue sheep (Pseudois nayaur) [31].

2. Materials and Methods
2.1. Data Collection

The research employed a multistage, systematic approach encompassing site selection, water sampling,
laboratory analysis, data interpretation, and validation to ensure scientifically robust and defensible results.
There were eight lakes selected for water quality analysis in the study area (Figure 3), based on a random
stratified sampling strategy and key criteria like basin subtype (open vs. closed), proximity to glaciers,
bedrock geology, and accessibility. The lakes were sampled once during the 2017-2022 period due to
logistical and resource constraints inherent to high-altitude fieldwork. The samples were collected from the
outlets of two lakes, i.e., Passu and Lower Kachura, while they were taken from the shores of three closed
drainage lakes, i.e., Borith, Sheosar, and Jarbaz Zhou, and from the remaining lakes with their outlets in
steep rocky terrain. The selected lakes are located above 2100 m and are therefore referred to as high-
altitude alpine lakes. The best time to visit these lakes is between April and October, when the weather is
pleasant, and the landscape is free from snow or freezing conditions.
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Figure 3. Locations of the selected lakes in the glaciated region of UIB.

2.1.1. Sheosar Lake

Sheosar Lake (Figure 4a) is situated at a mean elevation of about 4114 m in the Deosai Plains, accessible
from Astore and Skardu City via a jeepable road that is mostly open during the summer. The lake is considered
to be replenished by snowmelt runoff and subterranean spring water. Deosai is a high-altitude alpine plain,
renowned for its diverse flora, golden marmots, and pristine wetlands. The region experiences extreme cold
in winters, pleasant weather in summers, and low oxygen and carbon dioxide levels.

2.1.2. Attabad Lake

Attabad Lake, also called Hunza Lake (Figure 4b), is situated at an altitude of about 2500 m along the
Karakoram Highway (KKH) in the upper Hunza valley. It is typically a landslide-dammed lake with a total
length of about 21 km and a depth of about 109 m. The region experiences heavy snowfall in winter, erratic
rainfall, mild summers, and extreme glacial-flood hazards upstream. The lake is a popular spot for boating,
jet-skiing, and fishing during the summer.

2.1.3. Borith Lake

Borith Lake (Figure 4c) is situated at an elevation of about 2600 m between the Ghulkin and Passu
glaciers and is accessible via a 2 km jeep track from the KKH near Hussaini village in the upper Hunza
Valley. The lake is supposed to be fed by the seepage of the nearby glaciers, and due to a decrease in the
subterranean seepage and the effects of climate change, the lake has reduced in size and become brackish
over time. It has significance as a bird sanctuary for migrating wildfowl (geese, ducks, and swans).
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Figure 4. Sheosar Lake surveyed in 2021 (a); Attabad Lake during 2022 (b); Borith Lake in 2017 (c); Passu Lake surveyed in
2022 (d); Jarbaz Zhou Lake in 2022 (e); Lower Kachura Lake during 2022 (f); Upper Kachura Lake in 2022 (g), and Satpara
Lake during 2022 (h).

2.1.4. Passu Lake

Passu Lake is an end-moraine-dammed lake (Figure 4d) formed at the terminus of Passu Glacier in the
upper Hunza valley. Compared to other large glaciers in the valley, the Passu Glacier (about 21 km in length)
is a relatively debris-free glacier. The lake drains into the Hunza River near Passu village, located about
150 km from Gilgit City. The village is famous for splendid views of the jagged Passu Cones (Cathedral
Peaks), snow-covered Karakoram peaks, and the Passu and Batura Glaciers.

2.1.5. Jarbaz Zhou Lake

Jarbaz Zhou Lake (Figure 4e), widely known as Blind Lake or Zharba Tso, is situated at a mean
elevation of about 2230 m, 30 km northeast of Skardu City, in the rugged mountains of the Shigar district.
The lake is called “Blind” because it lacks a direct, visible inflow or outflow, rather, it is nourished by
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seepage from the nearby Indus and Shigar rivers and by hidden underground springs. The water level of
the lake begins to rise in March and reaches its peak in the month of July.

2.1.6. Lower Kachura Lake

Lower Kachura Lake (also known as Shangrila Lake) (Figure 4f) is located at an elevation of about
2500 m, 30 km northwest of Skardu City. The lake is surrounded by fruit orchards, hotels, and residential
huts with the Karakoram Mountains in the background, a landscape that makes it an attractive tourist resort.

2.1.7. Upper Kachura Lake

Upper Kachura Lake (Figure 4g), at 2500 m elevation, is a freshwater alpine lake (about 70 m deep)
located near the lower Kachura Lake. It is fed primarily by spring water from the inside and drains through
subterranean seepage and surface runoff. The area has mild weather during the summer with a mean
temperature of about 15 °C, and it is freezing in the winter. It has a rich flora of the Western Himalayan
forest ecoregion.

2.1.8. Satpara Lake

Satpara Lake, also named Sadpara Dam (2636 m elevation) (Figure 4h), is located about 9 km from
Skardu City. It possesses an area of about 2.7 km? and a length of over 4 km. The lake, fed by the meltwater
of snow and glaciers, is developed into a dam to supply water to Skardu and nearby areas. The lake is a
famous tourist destination, which also serves as a stopover for tourists heading to the Deosai Plains and
Astore Valley of the GB.

2.2. Field Sampling and Data Analysis

A field sampling campaign was conducted to capture representative conditions of the high-altitude
lakes in the study area. Water samples were taken under standard operating procedures to prevent any type
of contamination. The water quality parameters measured at the site using pre-calibrated portable
instruments were pH, temperature, electrical conductivity (EC), total dissolved solids (TDS), and turbidity.
For major ion analysis (Ca®", Mg**, Na*, K*, CI", SO4*", HCO3/CO3?"), samples were processed and
preserved in appropriate containers. A combination of descriptive and geospatial analysis was performed
for comparative analysis and geochemical interpretation of the sample data. The measured water quality
parameters for each lake were mapped in ArcGIS software to conceive their geographic distribution and
association in the region. The primary data were compared with various water quality guidelines to assess
overall quality and suitability for drinking and other uses.

The water quality parameters were analyzed statistically using methods like Gibbs diagrams to assess
sources of solute in the lakes and the Spearman correlation test for relationship analysis between different
parameters. A Gibbs diagram was plotted to determine the source of ion contribution in the lake, i.e.,
whether precipitation, rock-water interaction (weathering), or evaporation-crystallization dominates the
dissolved chemical ingredients [32]. A Spearman correlation matrix was generated in Excel indicating non-
parametric rank-based correlations between pairs of different parameters. This correlation test is
appropriate for multiple variables having non-normal data distributions [33]. The coefficient values lie
between —1 and +1, the former for a perfect negative monotonic trend and the latter for a perfect positive
monotonic trend.
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3. Results and Discussion
3.1. Physicochemical Analysis

The physicochemical analysis of the selected lakes indicated a significant spatial heterogeneous water
quality trend, primarily influenced by geological characteristics, glacial inputs, and hydrological
connectivity and, to a lesser extent, by anthropogenic activities [34-36]. A striking example of this
heterogeneity is Borith Lake, exhibiting exceptionally high levels of EC value (31,300 uS/cm) and TDS
(20,032 mg/L) (Table 1). The increased TDS is likely caused by higher concentrations of dissolved solids
(salinity), water-rock interaction, and natural weathering of rocks [37,38]. The total hardness in this lake
was found to be 10,422 mg/L with elevated levels of magnesium, potassium, and sodium concentrations
(Figure 5). These levels substantially surpass standard water quality guidelines for drinking or human
consumption [39]. This situation highlights the scenario of a highly prolonged water residence time and
closed-basin characteristics of the lake, where dissolved solids and contaminants accumulate over time [40].
The lower EC values, i.e., <300 uS/cm, noticed in the Sheosar, Passu, lower and upper Kachura, and Satpara
Lakes indicate dilution of meltwater with minimal weathering inputs or limited interaction of meltwater
with soluble geological formations [41].

At the time of sampling, the lakes exhibited slightly alkaline conditions with pH ranging between 7.7
(Lower Kachura) and 8.2 (Sheosar) (Table 1). This alkalinity could be attributed to carbonate-buffered
alpine systems [42]. High alkalinity and bicarbonate content (322 mg/L as CaCO3) may indicate carbonate
weathering within the lake catchment. The lower alkalinity detected in the lakes, like Sheosar (42 mg/L),
may indicate limited buffering capacity and more sensitivity to nutrient pulses or potential acidification.
Nitrate-N concentration in most of the selected lakes was found to be low, and in some cases, below
detection limits (Table 1). The situation points toward negligible influence of agricultural land use or major
farming activity in the lakes’ catchments.

Table 1. Physicochemical analysis of the lakes’ water in the UIB region.

Parameter Sheosar Attabad Borith  Passu Jarbaz Zhou Lower Kachura Upper Kachura Satpara
Color Colorless Colorless Colorless Colorless  Colorless Colorless Colorless Colorless
EC (uS/cm) 107 373 31,300 144 870 178 200 176
pH 8.2 8.06 7.89 7.88 8.11 7.7 8.1 8.05
Alkalinity (mg/L) 42 92 322 42 232 52 62 50
Bicarbonates (mg/L) 42 92 322 42 232 52 62 50
Calcium (mg/L) 17 41 151 17 81 21 21 21
Carbonates (mg/L) BDL BDL BDL BDL BDL BDL BDL BDL
Chlorides (mg/L) 10 22 750 10 34 16 16 16
Total Hardness 52 162 10,422 57 302 72 82 77
Magnesium (mg/L) 2 14 2441 4 24 5 7 6
Potassium (mg/L) 1.8 3.8 940 4.6 15 4.2 4.2 2
Sodium (mg/L) 4 9 1860 5 51 5 5 5
Sulphate (mg/L) BDL 63 13,700 22 152 14 16 21
Nitrate-N (mg/L) 0.57 0.18 0.7 BDL 0.12 0.33 BDL BDL
TDS (mg/L) 59 205 20,032 79 479 98 110 97
Turbidity (NTU) 1.67 3.19 242 7.54 0.8 0.69 0 1.06

BDL denotes below detection limit.
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Figure 5. Variations in different water quality parameters in the study area.

During the study period, turbidity in most of the lakes was observed to be less than 5 NTU (Figure 5),
which is considered clean and normal for lake water. A higher turbidity value was observed in the Passu
Lake, i.e., 7.54 NTU (Table 1), which might be driven by fine rock flour (glacial flour) suspension in the
lake inflows and rapid melting of the mother glacier. The Attabad Lake, a landslide-dammed reservoir
formed in 2010, exhibited intermediate water quality (EC =373 uS/cm, TDS =205 mg/L). This underscores
the water quality implications of a recently formed lake as a result of a natural event. According to the
hydrochemical data plotted in the Gibb’s diagram, seven samples were shown in the rock dominance zone,
pointing toward chemical weathering of rocks as the major factor contributing ions to the lake water (Figure
6). In one sample, i.e., Borith Lake, evaporation-crystallization was found to be the likely process causing
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dissolved chemical ingredients in the lake. The Spearman rank-correlation matrix indicated a close positive
correlation between EC and TDS, i.e., conductivity rises with dissolved ions (Figure 7). A higher positive
correlation (r > 0.9) was observed between Ca and Mg, likely due to carbonate rock weathering.
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Figure 6. Gibbs diagram indicating lake samples in various zones.

Parameter EC pH ini Ca Cl1 TH K Na S04 Nitrate-N TDS Turbidity
EC 0.68 0.27 -0.12
pH -0.35 -0.14 -0.12 0.02 -0.02 -0.19
Alkalinity 0.63 0.33 -0.16
HCO3 0.63 0.33 -0.16
Ca 0.58 0.34 -0.09
Cl 0.58 0.34 -0.09
TH 0.62 0.17 -0.07
Mg 0.62 0.17 -0.07
K 0.68 -0.35 0.10 0.68 0.06

Na -0.14 023 0.16
SO4 -0.12 0.07 0.40
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Figure 7. Spearman’s rank correlation coefficients indicating association between different parameters.

3.2. Water Quality Implications

The reported variations in water quality parameters may have serious implications for human and
animal water consumption, health, and ecological integrity [43]. For instance, high EC and total hardness
values of Borith Lake’s water make it unsuitable for human consumption, domestic or irrigation use without
treatment. Higher levels of dissolved solids in drinking water, including sulfates, can pose significant risks
to human health [44]. High sulfate and chloride levels can induce gastrointestinal disorders in livestock.
The pristine lakes, such as Jarbaz Zhou and Sheosar, may be suitable as freshwater reservoirs; however,
they could possess low buffering capacities, rendering their beneficiaries vulnerable to changes in water
quality. The elevated turbidity in lakes could influence the aquatic life by reducing light penetration [45].
The temperature warming predicted in the region may result in higher liquid precipitation and depletion of
glaciers [46,47]. As the meltwater dilution generally controls the seasonal hydrochemical variation in
glacial lakes [48], the regular monitoring of the lake water quality would be beneficial in comprehending
such changes over time [15]. While the findings of this study offer a first comparative overview of
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hydrochemical variability across the UIB lakes, the absence of temporal replication limits causal attribution.
We therefore treat these results as hypothesis-generating, to be tested through future systematic monitoring.

4. Conclusions

The current study focuses on establishing a preliminary physicochemical baseline for eight high-
altitude lakes in the UIB, Pakistan, to characterize their spatial hydrochemical variability and identify
potential water quality concerns in the region. The findings of the study revealed that the water quality of
the lakes is not merely a function of melt driven by climate in this region, but it is also modulated by basin
morphology, lithology, and evolving socio-environmental factors. The pristine lakes, such as Jarbaz Zhou
and Sheosar, may be suitable as freshwater reservoirs; however, they could possess low buffering capacities,
rendering their beneficiaries vulnerable to changes in water quality. The reported variations in the water
quality parameters may have high implications for human health and the environment, which need to be
addressed properly for effective resource conservation and management. This study contributes a first-of-
its-kind physicochemical inventory of eight high-altitude lakes in the UIB. These baseline data can serve
as a reference point for future monitoring programs and support evidence-based water resource
management in the region.

Since this study is based on one-time data acquisition due to resource constraints, it is recommended
that a detailed water quality analysis be performed, considering the seasonal and annual variabilities in lake
water arising from changes in climate and cryosphere in the region. Moreover, the changes in climate
(temperature and precipitation), land use, river flows, and cryosphere need a thorough assessment for
effective conservation of the lake ecosystems. Regular monitoring of the lakes would facilitate conceiving
the stability and health of the lake ecosystem and support future conservation efforts in the region. The
impacts of climate and cryosphere change on lake ecosystems need to be investigated through ground-based
and modeling techniques to develop viable conservation strategies for the region. A thorough appraisal of
the ecological, economic, and cultural benefits of the lakes is essential to support conservation efforts and
make proactive decisions at the policy level in future.
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