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 ABS TRACT  

The Aral Sea Basin has become a hotspot for several environmental problems due to its 
geo-location and continental arid climate. In particular, water resource degradation and 
pollution are major challenges, leading to agricultural losses and reduced productivity. 
This study assessed the quantity and quality of water resources of Uzbekistan, using 
retrospective and field measurement data on heavy metal concentrations, long-term 
river water mineralization, and agricultural runoff obtained from the 
Hydrometeorological Service Agency, and Ministry of Water Resources of Uzbekistan. In 
addition, we applied pearson correlation coefficient to better understand how climatic 
variables influence the mineralization of Amu Darya River (ADR) and drainage water 
mineralization at different hydrological stations and regions. The findings indicate that 
the mineralization of Amu Darya River water has escalated from 1.35 to 1.74 times from 
upstream to downstream. The concentrations of heavy metals, including Cu, Zn, and Cr 
(VI), have also risen along the river. Copper (Cu) concentrations have increased by an 
average of 1.1 to 1.5 times, zinc (Zn) concentrations by 1.1 to 2.6 times, and chromium 
(Cr (VI)) concentrations by 1.1 to 1.8 times. The average annual salinity of collector-
drainage water in the Amu Darya River basin varies, with the lowest value recorded at 
1.44 g/l in the Surkhandarya region, and the highest value reaching 5.28 g/l in the 
Kashkadarya region. The average annual volume of collector-drainage water ranges from 
4,010 × 109 m3 to 9,283 × 109 m3, carrying approximately 27,769 × 10³ tons of salts, out 
of a total annual salt load of 19,09 ×103 tons. Overall, the results indicate that water 
resources are becoming highly mineralized and contaminated with heavy metals in 
Uzbekistan. These findings highlight the urgent need for policymakers to implement 
effective measures to mitigate pollution and develop long-term strategies for sustainable 
agriculture. 
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INTRODUCTION 
 

Water resources in transboundary rivers have changed 
significantly due to global warming and increasing human 
activities [1, 2]. This often leads to water shortage, reduced 
crop yields and prolonged droughts, particularly in 
ecologically fragile arid regions. The arid inland region of 
Central Asia is considered susceptible to climate change and 
human impacts [2, 3]. Water scarcity and quality degradation 
have escalated markedly in this region [4], largely as a result 
of intensified industrial development, inadequate agricultural 
practices, and rising domestic water consumption [5]. 

The Aral Sea Basin (hereinafter ASB) stands out as a focal 
point of international concern owing to its several 
transboundary rivers and the various environmental 
challenges, including uneven spatial distribution of water and 
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long-standing inadequacies in land management policies [6, 
7]. The Aral Sea, once the fourth-largest lake in the world, has 
experienced a dramatic reduction in water volume [8], losing 
nearly 90% of its original size due to intensive and continuous 
irrigation water withdrawal from its two main tributaries, 
Amu Darya River (hereinafter ADR) and Syr Darya River 
(hereinafter SDR) [9]. 

The ASB, with its vast area of around 1.76 million km², is a 
region that comprises the drainage area of the Aral Sea, which 
is located in the heartland of Central Asia [10]. The basin is 
shared by several independent states, including Kyrgyzstan, 
Tajikistan, Afghanistan, Uzbekistan, Kazakhstan, and 
Turkmenistan [11]. The ADR and SDR, two prominent river 
systems within the ASB, contribute to its water resources 
with an average annual surface water volume of 78 km3 and 
37 km3, respectively [12]. These rivers serve as the primary 
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sources of water for the Aral Sea, but due to overdimensional 
water withdrawal for irrigation and other uses during the last 
century, their flow into the terminal lake has been drastically 
reduced, contributing to the environmental disaster that the 
Aral Sea has become [13, 14].  

The area drained by the ADR is referred to as the Amu Darya 
River Basin, which covers an approximate area of 534,739 
km2, spanning from the Hindu Kush and Pamir Mountain 
ranges to Ustyurt Plateau. About 61% of the basin lies within 
Tajikistan, Uzbekistan, Kyrgyzstan while the remaining 39% 
is located within the territory of Afghanistan [15]. 

ADR is the longest (2540 km) and one of the key water 
sources in the Central Asia [16], being the major water supply 
for agriculture and various industries for the countries 
located along the river [17]. Flowing through Tajikistan, 
Afghanistan Turkmenistan and Uzbekistan, the ADR provides 
water for supporting agricultural productivity, drinking, 
hydropower and sustains the Aral Sea [18]. Snowmelt and 
melting glaciers in the Pamir and Hindu Kush mountains 
contribute significantly to river discharge, particularly with 
peak flows in summer (starts in April and peaks in June) in 
the headwater tributaries Panj and Vakhsh rivers [19, 20].  

In recent years, Central Asia’s climate has experienced 
significant changes, with a temperature increase 0.30 °C per 
decade, outpacing the normal pace of global warming, which 
was 0.175 °C per decade during 1960–2017 [21]. This 
accelerated warming has led to rapid glacier melting in high-
altitude regions, increasing seasonal flooding and mudslide 
threats and exacerbating the reduction in water resources 
[22, 23]. These changes have also affected the river 
ecosystems in the region, particularly the ADR, leading to 
decreased water availability and deterioration in regional 
water quality [24, 25].  

On the other hand, excessive salt leaching practices, 
combined with a poorly functioning drainage system, result 
in the discharge of large volumes of water (agricultural 
runoff) into the ADR, with high concentrations of NaCl, CaSO4, 
Na2SO4, NaHCO3, NO33⁻, NH4⁺, and PO43⁻ brought on by 
agricultural fertilization [26, 27]. Also, inadequately treated 
industrial and residential wastewater persistently increases 
the mineralization levels of water resources, with escalating 
concentrations of heavy metals and other pollutants in their 
composition, continuing unabated [28, 29]. These practices 
further contribute to and are the major driving factors of the 
river pollution with diverse contaminants, particularly heavy 
metals. Considering the evident effects of global warming and 
human activities on the quality and quantity of water 
resources in arid river ecosystems, it is essential to conduct a 
comprehensive assessment to manage and prevent further 
degradation and pollution. 

Given its crucial role in agriculture and various industrial 
sectors, the ADR has long attracted considerable attention 
and has been the focus of extensive research [30, 31, 32, 33]. 
Recently, several studies have focused on the impacts of 
climate change and human activities, salinity changes, and 
water quality. For example, Leng et al. [34] investigated the 
impact of agricultural activities on longitudinal variations in 
water quality in Central Asian rivers, specifically the ADR and 
SDRs. Crosa et al. [35] documented the spatial and seasonal 
fluctuations in salinity within the ADR between 1990 and 
1997. This study identified two major driving forces that 
govern the temporal variations in the ADR water salinity: the 
low drainage density and the melting of snow and glaciers. 
While low drainage density restricts salt loads brought on by 
natural runoff, the dilution of dissolved salts during high-flow 
seasons is accelerated by snow and glacier melting in 

upstream areas. In low-flow periods, traditional irrigation 
techniques and salt leaching practices influence on river 
salinity. A recent review by Liu et al. [36] considered general 
water pollution in Central Asia, with a specific emphasis on 
the impacts of agriculture and mining activities on both ADR 
and SDR. Karimov et al. [37] evaluated the salinization 
dynamics of both rivers in the middle stream areas in 2005–
2014 using the annual average salinity. He claims that 
sulphates, chlorides and sodium are prevalent in the ADR, 
particularly in downstream areas. Lobanova and Didovets 
[38] overviewed the mean annual and monthly salinity trend 
changes and water quality parameters (pH, NO2, NO3, Total N, 
and Total P) over a 25-year period. Kulmatov R. et al. [39] 
assessed heavy metal pollution in the ADR and SDRs within 
the territory of Uzbekistan. However, the study was 
constrained by a limited number of sampling points and small 
sample size, resulting in insufficient data that covered only 
the river entrance areas.  

The literature review reveals that numerous studies have 
evaluated the ADR from general water salinity perspectives 
using long-term annual and monthly data with limited focus 
on heavy metal pollution and agricultural runoff. 
Nevertheless, there still remains a significant research gap in 
comprehensively assessing the river’s water quality 
dynamics, particularly the interplay between salinity, heavy 
metal pollution, agricultural runoff, and the impacts of 
climate change through long-term monitoring approaches. 
Therefore, this study aims to evaluate (1) river water 
mineralization, (2) heavy metals (HMs), and (3) agricultural 
runoff quantity and mineralization. 
 

MATERIALS AND METHODS 
 

Study Area 
 

Originating in the Pamir Mountains, the ADR begins at the 
confluence of the Panj and Vakhsh rivers in Tajikistan and 
extends for a total length of 2540 km (Figure 1). The Vakhsh 
River is primarily fed by glaciers in the Pamir Mountains of 
Tajikistan, whereas the Panj River, which is formed by the 
confluence of the Pamir River and the Warkhan River, 
receives water from the Bartang River. Both the Vakhsh River 
and Panj River merge to form ADR [40]. The ADR is a major 
river in Central Asia in terms of total water volume, which 
flows through Tajikistan, Afghanistan, Uzbekistan and 
Turkmenistan. Approximately 80% of these water resources 
originate in Tajikistan, with the remaining portion forming in 
Afghanistan and Uzbekistan [41]. The ADR basin has a dry 
continental arid to semi-arid climate, characterized by 
extreme temperature variations, low precipitation, and high 
evaporation rates [42]. The Turan Lowland region, which is a 
vast arid and semi-arid lowland in in Central Asia, covering 
parts of Kazakhstan, Uzbekistan, Turkmenistan, experiences 
low atmospheric precipitation with uneven distribution 
throughout the seasons, a short winter with frequent 
temperature changes between cold and warm, an early 
spring, and a quick transition to scorching and dry summer 
[43]. Under a warming climate, the ADR basin experienced an 
upward trend of 0.30 °C/decade in temperature, which is 
much higher than the global warming rate [21]. The 
temperature in the basin exhibits significant spatial 
variability due to its diverse topography. In the upstream 
areas (Pamir and Hindu Kush mountains) the annual average 
temperature ranges from 0 to 5°C, with summer 
temperatures between 5 and 15°C and winter temperatures 
dropping to -20 to -40°C. In the midstream, including foothills 
and valleys, the annual average temperature varies from 5 to 
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15°C, with summer temperatures reaching 20-35°C and 
winter temperatures ranging from -5 to -20°C. Meanwhile, in 
the downstream areas, encompassing the Turan Lowland and 
desert regions, the average temperature ranges from 10 to 
18°C, with summer temperatures frequently exceeding 35-
45°C and winter temperatures dropping to -5 to -15°C. 
Precipitation also varies widely from upstream to 
downstream. The mean annual precipitation is higher than 
1000 mm in the upstream alpine areas and approximately 
100–300 mm in the downstream desert steppe areas, 
especially in lower reaches, where it does not exceed 100 mm. 
Approximately 40-45% of the total annual precipitation 
occurs in spring, 25-35% in winter, and 15-20% in autumn 
[44, 45]. 
 

Data collection and Water sampling. 
 

The methodology in this study based on collecting and 
analyzing water quality and hydrological data within the 
context of the ADR in Uzbekistan. Various datasets and our 
own field and laboratory measurements were utilized for this 

research. To examine long-term water quality parameters of 
the ADR, along with annual agricultural runoff volumes and 
the mineralization of perennial river water, retrospective 
data were obtained from archival records of the Center of 
Hydrometeorological Service (Uzhydromet) and the Ministry 
of Water Resources of the Republic of Uzbekistan. The 
Uzhydromet analyzes the water quality of the ADR monthly 
using well-established laboratory analytical methods (flame 
atomic absorption spectrometry and ionchromatography), as 
well as traditional titrimetric and electrochemical methods. 
Thus, in the study area, five hydrological stations operated by 
Uzhydromet were used for data extraction: (H1) Termez; 
(H2) Tuyamuyin; (H3) Kipchak; (H4) Samanbay; (H5) 
Kyzyldjar (Table 1, Figure 1). 

The data collection of water quality parameters spanned a 
substantial period from 2013 to 2020. Water use trends, river 
water mineralization, heavy metal data spanned from 2013 to 
2020, and agricultural runoff data spanned from 2018 to 
2022 offering a longitudinal perspective. 
 

 
Table 1. Hardware specifications 

Hydrological stations Region Latitude Longitude Indication in the text 

Termez Surkhandarya 37°11'48.72"N 67°17'57.94"E H1 

Tuyamuyin  Khorezm 41°13'18.78"N 61°20'4.20"E H2 

Kipchak  Karakalpakstan 42°13'38.80"N 60° 6'48.70"E H3 

Samanbay Karakalpakstan 42°26'46.06"N 59°32'58.11"E H4 

Kyzyldjar  Karakalpakstan 43° 9'14.80"N 59° 8'11.20"E H5 

 

 
Figure 1. Location of the Amu Darya River basin and spatial distribution of hydrological stations in Uzbekistan, (b) 
Spatiotemporal distribution of air temperature and (c) Precipitation over ADR basin (from 2014 to 2023). 
 
Additionally, the authors sampled river water at these 5 
hydrological stations in 2021 as a complement to the 
retrospective data, reflecting the typical characteristics of the 
upper, middle, and lower streams of the Amu Darya River in 
Uzbekistan. The collected samples were delivered to the 
laboratory of the Navoi Mining and Metallurgical Combine for 
heavy metal concentration analysis, which is the leading-edge 

laboratory in Uzbekistan. Multiple analytical methods were 
employed to assess heavy metal concentrations, including 
atomic absorption [46], gas chromatography [47], 
photometric analysis [48], photocolorimetry [49], gravimetry 
[49], spectrophotometry [50], titrimetry [50], and other 
physico-chemical techniques [51]. Climate data, including air 
temperature, were obtained from UzHydromet, while 
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precipitation data were sourced from the CHRS Data Portal, 
which provides estimates based on remotely sensed 
information using an artificial neural network approach [52]. 
Subsequently, to obtain the final results, a Pearson 
correlation coefficient analysis was applied between water 
mineralization and the temperature and precipitation data to 
assess seasonal climatic dependencies. 
 

RESULTS AND DISCUSSION  
 

Water Use Trends in Uzbekistan 
 

Besides Turkmenistan Uzbekistan is one of the largest water 
consumers from the Amu Darya River. The country relies 
heavily on the river for irrigating its vast agricultural lands, 
particularly for water-intensive crops such as cotton and 
wheat. The largest water volume is used during the 
vegetation period, which spans from April to October, while 
the lowest consumption occurs during the non-vegetative 
period. The volume of water supplied to the Nurek reservoir, 
located in the upper part of the river basin in Tajikistan, was 
16.79 km³ during the 2023 vegetation period, while the water 
volume released from the reservoir was 13.28 km³. At the 
beginning of the vegetation period, the Nurek reservoir held 
6.38 km³ of water. By the end of the vegetation period, the 
total volume of water stored in the reservoir had increased to 
10.51 km³, meaning that 3.51 km³ of inflow from the upper 
river basins was added to the reservoir. At the beginning of 
the vegetation season, the Tuyamuyin reservoir, located in 
the lower part of the Amu Darya basin, held 2.7 km³ of water. 
By the end of the period, the total volume of water stored in 
the reservoir had increased to 3.48 km³, indicating an inflow 
of 0.78 km³ from the river basins to the reservoir. The 
dynamics of water availability indicators for the vegetation 
period (from April to October) in the Amu Darya basin have 
been analysed. According to this, the highest indicator in 
2017 was 38.0 km³, while the lowest indicator was 31.38 km³ 
during 2021-2022. During the vegetation period, the total 
water volume extracted from the Amu Darya was 33.19 km³, 
of which Uzbekistan utilized 12.4 km³ (Figure 2). 

When evaluating the water availability indicators during the 
non-vegetation period (from October to April) in the Amu 
Darya basin, the highest indicator was 16.16 km³ in 2019-
2020, and the lowest indicator was 13.17 km³ in 2020-2021. 
Specifically, during the non-vegetation period from October 
1, 2023, to April 1, 2024, the water volume supplied to the 
Nurek reservoir was 3.81 km³, while the water volume 
released from the reservoir was 7.65 km³. At the beginning of 
this period, the Nurek reservoir held 10.51 km³ of water. By 
the end of the non-vegetation period, the total water volume 
stored in the reservoir had decreased to 6.02 km³, indicating 
that 3.84 km³ of water was released from the reservoir. In the 
Tuyamuyin reservoir at the beginning of the non-vegetation 
period 3.48 km³ of water was stored. By the end of the non-
vegetation period the total water volume stored in the 
reservoir had decreased to 2.97 km³, indicating that 0.51 km³ 
of water was released from the reservoir. During the non-
vegetation period the total water volume extracted from the 
Amu Darya was 14.04 km³, of which Uzbekistan utilized 5.28 
km³ (Figure 3). 

 
 
 
 
 

 

Figure 2. Dynamics of water availability for the vegetation 
period in the Amu Darya River basin 

 

Figure 3. Dynamics of water availability for the non-
vegetation period in the Amu Darya River basin 

 

Specifically, during the non-vegetation period from October 
1, 2023, to April 1, 2024, the water volume supplied to the 
Nurek reservoir was 3.81 km³, while the water volume 
released from the reservoir was 7.65 km³. At the beginning of 
this period, the Nurek reservoir held 10.51 km³ of water. By 
the end of the non-vegetation period, the total water volume 
stored in the reservoir had decreased to 6.02 km³, indicating 
that 3.84 km³ of water was released from the reservoir. In the 
Tuyamuyin reservoir at the beginning of the non-vegetation 
period 3.48 km³ of water was stored. By the end of the non-
vegetation period the total water volume stored in the 
reservoir had decreased to 2.97 km³, indicating that 0.51 km³ 
of water was released from the reservoir. During the non-
vegetation period the total water volume extracted from the 
Amu Darya was 14.04 km³, of which Uzbekistan utilized 5.28 
km³. 
 

Spatio-temporal Variation of the Amu Darya River 
Mineralization 
 

Assessing spatio-temporal variation of river water 
mineralization, is essential for several environmental, 
agricultural and human health purposes. The long-term 
water mineralization of the ADR is presented in Figure 4. A 
heatmap was developed to visualize the spatio-temporal 
variation of mineralization levels in the ADR, based on annual 
measurements collected from five hydrological stations 
between 2013 and 2021. Overall, the data reveal a clear 
spatial increase in mineralization levels from upstream (H1) 
to downstream stations (H5). For instance, in 2013, the 
salinity at station H1 was 0.634 g/L, while it reached 1.089 
g/L at H5. This pattern persists consistently across the 
observed years, highlighting the cumulative effect of return 
flows, groundwater inflows, and possibly reduced dilution 
downstream due to extensive water abstraction for irrigation. 
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Temporally, certain fluctuations in salinity were observed 
across all stations. Notably, 2018 marks a significant rise in 
mineralization levels at almost all stations, especially H5, 
where it peaked at 1.297 g/L. This may be attributed to a 
combination of reduced river discharge and increased 
evapotranspiration, possibly linked to drier climatic 
conditions during that year. A general upward trend in 
salinity is also seen toward 2020–2021, particularly at 
downstream stations (H4 and H5), where the values exceed 
1.2 g/L, raising concerns about water quality degradation 
over time. Interestingly, upstream stations (H1 and H2) 
exhibit relatively more stable and lower salinity levels across 
the study period, reflecting less exposure to anthropogenic 
and agricultural return flows. Meanwhile, stations H3 to H5 
present both higher and more variable salinity values, 
suggesting intensified land and water use impacts in the 
downstream areas. These findings underscore the 
importance of implementing integrated water resource 
management strategies that address both the quantity and 
quality of river water. Continuous monitoring and mitigation 
of salinity sources are vital to sustaining irrigation practices 
and preventing long-term soil degradation in the ADR basin. 
Using a correlation analysis, we investigated the effects both 
of air temperature (in summer and winter) and of annual 
precipitation on river water mineralization across the 
hydrological stations (Table 2). The results reveal that the 
correlation between the river water mineralization and 
precipitation is mostly negative, while lower winter 
temperatures also show a negative correlation 

In contrast, summer temperatures exhibit a slightly positive 
correlation with mineralization levels (a medium correlation 
at H1 and H4, a weak correlation at H3 and H5, no correlation 
at H2). This could be attributed to high evaporation rates and 
reduced water volumes at the downstream stations (H3, H4, 
and H5), which lead to increased salt concentrations in the 
river water. 

 

 
Figure 4. Long-term average mineralization of Amu Darya 
River water (g/L) at 5 Hydrological Stations. 

 

Table 2. Correlation of river water mineralization with air temperature and precipitation at 5 Hydrological stations along the 
Amu Darya River 

№ Hydrological stations 

Air temperature 

(summer) 

Air temperature 

(winter) 
Precipitation (mm) 

1 Termez (H1) 0.3 * -0.087 -0.133 

2 Tuyamuyin (H2) -0.2 -0.32 ** -0.256 

3 Kipchak (H3) 0.2 * -0.26 -0.196 

4 Samanbay (H4) 0.3 * -0.087 -0.124 

5 Kyzyldjar (H5) 0.1 -0.29 ** -0.205 
Correlation is significant at the 0.05 level (2-tailed) 

Correlation is significant at the 0.01 level (2-tailed) 

 

Heavy Metal Concentration Assessment in Amu Darya 
River Water 
 

Heavy metal concentration changes across the observed 
years (2013 and 2021) are shown in Figure 5. Average copper 
concentrations exhibit a fluctuation from 2013 to 2018 in the 
ADR water, followed by a gradual increase from around 2019 
onward. Notably, the years 2019 and 2020 recorded a 
significant peak, with average concentrations reaching 
approximately 3.5–4.0 µg/L. However, a decline in copper 
levels was observed in 2021. In terms of variability, the 
interquartile range varied across the years, with larger 
variability observed in 2015 and 2020, while 2021 
demonstrated reduced variability, as indicated by a smaller 
interquartile range. The trend for average zinc concentrations 
have steadily increased over the years, especially sharp jump 
in 2018, 2020 and 2021, reaching 25–30 µg/L in the river 
water by 2021. Low variability has been a main trend in the 
ADR water in early years (2013 – 2016), but from 2017 
onward variability increased, especially in 2021. 

Meanwhile, the concentrations of chromium (VI) showed a 
decreasing trend between 2013 to 2014, reaching its lowest 
levels in the latter time period. This was followed by a gradual 

increase from 2015 to 2020, with a moderate fluctuation. 
However, a subsequent decline in concentrations was 
observed in 2021. The trends for the Iron concentrations 
stand out, experiencing fluctuations over the years. It exhibits 
a slight decline in 2015, 2017 and 2018, followed by an 
increase from 2019 to 2021. In 2021, the concentrations 
remained stable, showing values similar to those in 2020. It is 
important to note that iron concentrations are reported in 
mg/L, unlike the other heavy metals presented in µg/L, 
resulting in numerically higher values. Overall, all trends for 
heavy metals reveal a steady increase over the years in the 
ADR water. 

The average concentration changes of heavy metals by 5 
hydrological stations (from Termiz station (H1) in 
Surkhandarya region to Kyzyldjar station (H5) in the 
Republic of Karakalpakstan) are presented in Figure 6. The 
average concentrations of copper, zinc, chromium (VI), and 
iron showed significant variations dependinging on the 
location of the hydrological station. From the boundary of the 
H1 (Termez, Surkhandarya) to the H5 (Kyzyldjar, Republic of 
Karakalpakstan), the concentration of copper (Cu) ranged 
from 1.1-3.4 µg/L to 1.2-3.7 µg/L, zinc ranged from 1.5-11.3 
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µg/L to 1.3-26.3 µg/L, and chromium (VI) ranged from 0.2-
0.6 µg/L to 0.1-0.7 µg/L. 

The average concentration of copper in the river water 
increased from 1.1 times to 1.5 times from the H1 boundary 
station to the H5 station. The concentration of zinc exhibited 
a similar trend, increasing from 1.1 to 2.6 times over the 
years. In certain years, a decreasing trend was also observed, 

which might be attributed to variations in river water flow or 
changing metal input. In the observed years, chromium (VI) 
concentration increased from 1.1 times to 1.8 from upstream 
to downstream. Additionally, the concentration of iron (Fe) in 
Amu Darya water was found to be 3-4 times lower than the 
permissible limit, and quite lower as in decades before for the 
Zarafshan River [53]. 
 

 
Figure 5. Dynamics of average Copper (Cu), Zinc (Zn), Chromium (VI) and Iron (Fe) concentration in Amu Darya water across 
years 

 

 
Figure 6. Dynamics of average Copper (Cu), Zinc (Zn), Chromium (VI) and Iron (Fe) concentration changes in Amu Darya River 
water by 5 hydrological stations 
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Agricultural Runoff and Drainage Water Formation in 
Uzbekistan 
 

Agricultural runoff refers to the water which flows over farms 
and cultivated lands when intensive irrigation practices are 
used [54]. This water moves across the land, picking up 
diverse pollutants along the way, eventually flowing into 
nearby water bodies such as lakes, streams, and rivers [55]. 
On the other hand, drainage water refers to the water that 
infiltrates the soil surface and percolates through the soil 
profile, ultimately being collected and removed through open 
drainage systems [56]. The infiltrated water is typically rich 
in dissolved (or water-soluble) salts, nutrients, and other 
agrochemicals leached from the soil, and it is discharged from 
agricultural lands through drainage networks to prevent 
waterlogging and salinization [57]. Similarly, in Aral Sea 
Basin countries, agricultural runoff is excessively discharged 
into collector and drainage networks from irrigated fields, 

primarily in April and October due to early salt-leaching 
practices. In turn, the generated collector drainage water 
(CDW) is discharged into the ADR, leading to increased river 
water mineralization in downstream areas. In countries like 
Uzbekistan, agricultural runoff and collector drainage water 
are deemed major environmental concerns that drive the 
degradation of both aquatic and terrestrial ecosystems and 
pose serious risks to human health by contaminating water 
resources [58]. In the Uzbek part of the river basin, the ADR 
receives the majority of CDW generated from irrigated lands 
across the five regions situated along its course. As a result, 
this leads to elevated mineralization of river water and 
contamination with a wide range of pollutants, ultimately 
contributing to salinization and land degradation. The annual 
average volume, mineralization, and total salt content values 
in the Uzbek part of the basin are shown in Table 3. 

 

Table 3. Average values of volume, mineralization, and total salt content in the collector-drainage water in the Amu Darya 
basin 

Regions Description 
Years 

2018 2019 2020 2021 2022 

Surkhandarya 

Volume (109 m3)  1.11 1.20 1.23 1.027 9.73 

Mineralization (g/L) 1.52 1.44 1.54 1.61 1.63 

Total salt content (106 tons) 1.68 1.74 1.89 1.65 1.58 

Kashkadarya 

Volume (109 m3) 3.18 1.25 1.23 8.47 7.03 

Mineralization (g/L) 5.17 4.83 4.65 4.85 5.28 

Total salt content (106 tons) 4.74 6.18 5.71 4.10 3.71 

Bukhara 

Volume (109 m3) 1.86 1.97 2.12 1.69 1.67 

Mineralization (g/L) 3.45 3.49 3.42 3.50 3.08 

Total salt content (106 tons) 6.42 6.87 7.25 5.91 5.14 

Khorezm 

Volume (109 m3) 1.56 2.46 1.49 1.27 1.17 

Mineralization (g/L) 2.09 1.92 2.24 2.43 2.83 

Total salt content (106 tons) 3.26 4.72 3.34 3.08 3.31 

Republic of 

Karakalpakstan 

Volume (109 m3) 2.32 2.39 1.70 1.16 1.52 

Mineralization (g/L) 3.97 3.50 4.72 3.98 3.48 

Total salt content (106 tons) 9.21 8.36 8.02 4.61 5.29 

 

Table 4. The impact of air temperature and precipitation on Collector Drainage Water  mineralization. 

№ Regions 

Air temperature 

(summer) 

Air temperature 

(winter) 
Precipitation (mm) 

1 Surkhandarya 0.70** 0.07 -0.66* 

2 Kashkadarya 0.37 0.23 -0.67* 

3 Bukhara 0.20 0.32 -0.64 

4 Khorezm 0.32 -0.33 -0.04 

5 Karakalpakstan -0.18 -0.20 -0.03 
Correlation is significant at the 0.05 level (2-tailed) 
Correlation is significant at the 0.01 level (2-tailed) 

 

The total volume of collector-drainage water (CDW) 
generated annually in Uzbekistan exhibits significant regional 
and temporal variation, ranging from 1.027 to 9.73 × 10⁹ m³, 
with mineralization levels fluctuating between 1.44 and 5.28 
g/L. In the Surkhandarya region, CDW volumes varied 
between 1.027 × 10⁹ m³ (2021) and 1.23 × 10⁹ m³ (2020), 
reaching a sharp increase in 2022 with 9.73 × 10⁹ m³. In 
contrast, the Republic of Karakalpakstan, located in the lower 
reaches of the Amu Darya basin, generated CDW volumes 

between 1.16 and 2.39 × 10⁹ m³, averaging approximately 1.8 
× 10⁹ m³ over the five-year period. During the same period, 
mineralization levels in Karakalpakstan ranged from 3.48 to 
4.72 g/L, indicating relatively high salinity in the drainage 
waters compared to other regions. In terms of discharge 
destinations, most CDW in Khorezm and the Republic of 
Karakalpakstan is directed toward Sarykamysh Lake, 
whereas in the upper and middle parts of the basin (e.g., 
Surkhandarya, Kashkadarya), CDW is often discharged into 
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riverbeds. The total salt content of CDW similarly varies: from 
1.58 × 10⁶ tons in Surkhandarya (2022) to 8.36 × 10⁶ tons in 
Karakalpakstan (2019), and 7.25 × 10⁶ tons in Bukhara 
(2020). The mineralization level of CDW ranges from a 
minimum of 1.44 g/L in Surkhandarya (2019) to a maximum 
of 5.28 g/L in Kashkadarya (2022). These differences reflect 
regional variations in water quality, land use, and soil 
salinization conditions. The higher levels of mineralization 
observed in Kashkadarya, Bukhara, and Karakalpakstan can 
be attributed to two main factors. First, greater salinization of 
soils in these regions leads to increased salt content in 
drainage water. Second, as the Amu Darya River flows from 
upstream to downstream, the mineralization of the river 
water rises, affecting the quality of irrigation water and, 
subsequently, the mineralization of CDW. By contrast, 
Surkhandarya region consistently demonstrates lower CDW 
mineralization, ranging from 1.44 to 1.63 g/L over the five 
years. This is likely due to the region’s reliance on the 
Surkhandarya and Sherabad rivers, which supply lower-
mineralized water for irrigation. 

The analysis of climatic variables indicates that air 
temperature and precipitation exert varying degrees of 
influence on CDW mineralization across different regions. In 
Surkhandarya region, a strong positive correlation was 
observed between summer air temperature and CDW 
mineralization (r = 0.70, p < 0.01), suggesting enhanced 
mineralization under higher thermal conditions (Table 4). 
Conversely, precipitation exhibited a significant negative 
relationship (r = -0.66, p < 0.05), indicating that increased 
rainfall may dilute or reduce CDW mineralization 
concentrations. Similar negative correlations with 
precipitation were found in Kashkadarya (r = -0.67, p < 0.05) 
and Bukhara (r = -0.64), though only the former was 
statistically significant. Temperature effects in these regions 
were moderate to weak. 

Conversely, precipitation exhibited a significant negative 
relationship (r = -0.66, p < 0.05), indicating that increased 
rainfall may dilute or reduce CDW mineralization 
concentrations. Similar negative correlations with 
precipitation were found in Kashkadarya region (r = -0.67, p 
< 0.05) and Bukhara region (r = -0.64), though only the 
former was statistically significant. Temperature effects in 
these regions were moderate to weak. In contrast, Khorezm 
and Karakalpakstan displayed weak or negligible 
correlations, implying that other environmental or 
anthropogenic factors may have more influence in regulating 
CDW mineralization in these areas. 
 

CONCLUSION 
 

In this study, the heavy metal concentrations and the ADR 
water mineralization within the territory of Uzbekistan were 
analyzed comprehensively. The results reveal that the 
mineralization of river water has increased from 1.35 times 
to 1.74 times along the river flow, due to the reset of salts 
from the CDW formed in irrigated areas. Weak correlation has 
been observed between the mineralization of Amu Darya 
water and the amount of precipitation. Very weak correlation 
with river water mineralization under low air temperatures 
(winter) is observed. Under high air temperatures (summer), 
a medium correlation is observed at hydrolological stations 
H1 and H4, a weak correlation at hydroposts 3 and 5, and no 
correlation is observed at hydropost 2. Heavy metal 
concentrations, particularly the concentration of copper has 
increased by an average of 1.1 times to 1.5 times, zinc by 1.1 
times to 2.6 times, and chromium (VI) by 1.1 times to 1.8 
times along the river. The mineralization of CDW formed in 

Surkhandarya and Khorezm provinces is lower than that of 
collector-drainage waters in Kashkadarya and Bukhara 
regions, and the Republic of Karakalpakstan. Due to the 
general high importance of water mineralization of drainage 
water from large irrigation field complexes, this study 
highlights the spatial differences in dependence on regions 
within the ADR basin, the biggest river basin in Central Asia. 
Additionally, the dynamics of heavy metal concentrations 
(copper, zinc, chromium and iron) in the Amu Darya water 
were analysed between 2013 and 2021 at five different 
hydroposts (H1-H5) from upstream to downstream 
(respectively five regions within the Amu Darya River basin), 
showing an increasing tendency for most of the metals. This 
spatio-temporal analysis of water pollutants is an imortant 
basic information for land users and policy makers for both 
environmental and public health protection. Even under 
global warming conditions, knowledge about water quality 
dependencies on climatic and land use influences is a 
necessity to manage water quantity and water quality 
problems. 
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