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Abstract: This review aims to increase attention on present water quality issues on Central
Asia, finding gaps in the literature on ways to address treatment needs, and help ensure fu-
ture use of Central Asia surface waters and groundwater for all beneficial uses. Central Asia
is a landlocked region known for its harsh climatic conditions and scarce water resources,
despite being home to some of the world’s largest internal drainage basins. The available
literature suggests that increasing salinity has rendered water unsuitable for irrigation
and consumption; hazardous trace elements are found throughout Central Asia, most
often associated with mining and industrial sources; and that legacy pesticides influence
water quality, particularly in agriculturally influenced basins. This study also focuses on
the effects of municipal and industrial wastewater discharge. Additionally, the impact of
inadequately treated wastewater on water resources is analyzed through a review of avail-
able data and reports regarding surface and groundwater quantity and quality. Given the
challenges of water scarcity and accessibility, the reuse of treated wastewater is becoming
increasingly important, offering a valuable alternative that necessitates careful oversight
to ensure public health, environmental sustainability, and water security. However, due
to insufficient financial and technical resources, along with underdeveloped regulatory
frameworks, many urban areas lack adequate wastewater treatment facilities, significantly
constraining their safe and sustainable reuse. Proper management of wastewater effluent is
critical, as it directly influences the quality of both surface and groundwater, which serve
as key sources for drinking water and irrigation. Due to their persistent and biologically
active nature even at trace levels, we discuss contaminants of emerging concern such as
antibiotics, pharmaceuticals, and modern agrochemicals. This review thus highlights gaps
in the literature reporting on impacts of wastewater inputs to water quality in Central Asia.
It is recommended that future research and efforts should focus on exploring sustainable
solutions for water quality management and pollution control to assure environmental
sustainability and public health.
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1. Introduction

The water resources of Central Asia’s transboundary rivers are an invaluable and
shared natural legacy, essential to each republic in the region. Until a certain time, this
resource was perceived as an inexhaustible and eternal component of the environment that
has no economic value. Intensive technogenic human intervention in an extensive use of
natural resources has significantly increased the volume of irretrievable water consumption
and pollution of water resources [1]. Rational discharge and use of municipal and industrial
wastewater are among the most serious problems in ecology and human health. Currently,
tens of thousands of substances contaminate natural and industrial wastewater, yet effective
removal methods have been established for only a limited number of compounds [2,3].
Cleaning polluted water in industrial zones remains a critical challenge for chemists and
environmental scientists, with ensuring safe, high-quality water being particularly vital
in water-scarce regions like Central Asia. The state of surface and groundwater quality of
many parts of the former Soviet Union was extensively evaluated in a book published in
1998 [4]. The intent was to provide a synopsis and baseline of water quality issues from
natural and anthropomorphic contaminant sources nearly 10 years after the dissolution
of the USSR, acknowledging that rapid economic development had come at a cost to the
environment. The influence of anthropogenic activity is discussed at length by Chernogaeva
etal. [5], where it is acknowledged that the areas most impacted by anthropogenic influence
have less than 2 percent of the total water resources of the former Soviet Union territories.
Point sources of pollution in 1989 were estimated at approximately 160 x 10° m3, with over
40 million tons of pollutants discharged annually and 20-25% of wastewater discharge
that did not meet minimum standards for water quality [5]. Groundwater pollution was
primarily associated with oil production, mining, metallurgical plants, fertilizer storage
areas, municipal landfills, and untreated sewage. It was estimated that in 1990, over 10 km3
of untreated municipal and industrial wastewater was discharged into surface water. It
was also noted that existing treatment systems were grossly inefficient, resulting in poor
quality effluent that severely impacted surface water use [5].

This paper provides an overview of the published literature reporting on groundwater
and surface water quality throughout Central Asia since a comprehensive water quality
assessment was published [4], with a focus on regular inputs from municipal and industrial
wastewater sources. Table 1 shows a summary of some of the existing studies and their
limitations. The literature evaluated here is based on the search criteria consisting of the
following keywords: “water quality, water pollution, Central Asia, Kazakhstan, Uzbekistan,
Kyrgyzstan, Tajikistan, Turkmenistan”, spanning a range of publications from the last
20 years. Sources included the Web of Science citation index and Scopus. The search was
refined to organize and limit the contaminants to hazardous trace elements (e.g., As, B,
Cd, Co, Cd, Cu, Cr, Fe, Pb, Li, Mn, Ni, Se, Ag, U, and Zn), most relevantly associated with
wastewater sources, requiring treatment. Other contaminants that do not have human
health or ecological concerns (Cl, SO4, HCO3, etc.) were not included in this review,
and moreover this manuscript does not report all studies of water chemistry and quality
published in the last 20 years.

Wastewater sources are typically the most concentrated sources of pollutants and are
most easily controlled through treatment. A companion review article [6] on wastewater
treatment technologies in Central Asia includes what is presently known about contami-
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nants of emerging concern (CECs), e.g., pharmaceuticals and their metabolites, in effluents
of urban wastewater facilities in the remote Central Asian region. Newer wastewater stud-
ies have reported contaminants in many aquatic systems of Kazakhstan, including heavy
metals and organic compounds [7-10]. In addition, the presence of CECs—which are persis-
tent in rivers, such as pesticide residues in Syr Darya—and the likelihood of occurrence of
pharmaceuticals in effluents of urban wastewater treatment facilities are of critical concern.
These emerging pollutants are not easily removed by conventional biological processes
used in wastewater treatment facilities [11]. CECs can enter the human body through
multiple exposure pathways, including oral ingestion, inhalation, and dermal absorption.
One of the primary routes is through drinking water, particularly for perfluorinated and
polyfluoroalkyl substances (PFCs), which are not fully removed during water treatment
processes. The ingestion of contaminated food, especially aquatic products like fish and
shellfish, is also a significant pathway, as these organisms bioaccumulate CECs such as
persistent organic pollutants and flame retardants. Inhalation of dust and airborne particles
contributes to exposure, particularly in the case of micro/nanoplastics and compounds like
PFOA. Moreover, contact with contaminated consumer goods, personal care products, and
soil also facilitates transfer. Occupational exposure to CECs, especially among workers in
industries handling fluorinated compounds, results in significantly higher body burdens
compared to the general population [12]. The toxic values of selected CECs are presented
in Table S1.

Agricultural pollution, typically resulting from non-point sources, is also reviewed,
as wastewater and municipal biosolids may be applied to cropland, thus presenting a
potentially hazardous mix of pollutants [13,14]. Public health concern is serious and
aggravated due to the lack of studies on identifying and quantifying CECs in Kazakhstan.
The overall intention of this review is to increase attention on present water quality issues,
find gaps in the literature on ways to address treatment needs, and help ensure future use
of Central Asia surface waters and groundwater for all beneficial uses.

Table 1. Summary of some of the existing studies and their limitations.

Focus Method Key Findings Limitations Reference
Removal of organic AOPs High efficiency for certain High cost, energy intensive ]
compounds in oilfield water compounds
. . Treatment alternatives Lacks experimental
Safe water reuse Comparative overview . T [6]
summarized validation
CEC occurrence and fate Literature review .CECS are widespread Data gaps in lgw—lncome [11]
in WWTPs countries
Antlbmtl?s in surface Monitoring 1\.Ion'- P oint pollution Limited to regional context [14]
water/soil significant
Health rISkS.Of. . Meta-analysis Risk varies by income level Limited focug on removal [13]
wastewater irrigation techniques
Wastewater methods Case study Infrastructure outdated No CEC-specific data [10]
in Almaty
Link between
Groundwater contamination Field study hydrogeology and No solution proposed [8]
pollutants

Irrigation water quality

Hydrochemical survey

Water quality varies

Focus not on treatment

Petrochemical waste

seasonally
Chemical Identifies raw materials Outdated; lacks modern 5]
characterization potential context




Sustainability 2025, 17, 5370

40f19

2. Scarcity of Water Resources in Central Asia

In terms of water scarcity, Central Asia is particularly vulnerable due to its arid and
semi-arid climate, combined with rapidly growing populations and increasing demands
for water from agriculture, industry, and households. The region also faces challenges in
managing water resources due to inadequate infrastructure and limited access to modern
technology. Central Asia comprises several hydrological basins [15,16], with the largest
being the Aral Sea basin, covering an area of 1,778,000 km? [17] (Figure 1). Additionally,
multiple transboundary basins exist, including the Ural, Irtysh, Tobol, Yesil, and Nura in
Kazakhstan, as well as the Sary-Jaz and Issyk-Kul basins in Kyrgyzstan. The Ili River and
Chu-Talas basins extend across both Kazakhstan and Kyrgyzstan. In Turkmenistan, there
are three transboundary basins, two of which—the Murgab and Harirud (Tejen)—are part of
the larger Amu Darya basin, while the third, the Atrek River basin, is comparatively smaller.

Figure 1. Surface water resources of Central Asia [18].

Kazakhstan is among the countries with the most limited freshwater resources globally.
Water scarcity is a pressing issue, affecting not only drinking water availability but also the
agricultural and industrial sectors [19]. The distribution of surface water across the country
is highly uneven, with considerable variations in both annual and long-term availability.
Kazakhstan’s surface water system includes approximately 85,000 rivers, with nearly 90%
exceeding 100 km in length, and around 48,000 lakes, 21 of which have a surface area
greater than 100 km?. Additionally, there are approximately 4000 reservoirs and ponds [20].

Kyrgyzstan, Tajikistan, Turkmenistan, and Uzbekistan, all situated in Central Asia,
struggle with severe water scarcity and pollution in both surface and groundwater, which
likely exacerbates water-related health issues [16]. The availability and quality of water
resources in these nations are crucial for their economic growth, social well-being, and
ecological sustainability. Central Asia’s predominantly arid and semi-arid climate, coupled
with increasing water demand, has intensified shortages across the region. Water supply
in these countries heavily depends on mountain snowmelt and river flows, which can
fluctuate significantly from year to year [21-23]. Additionally, excessive water consumption
for irrigation, domestic needs, and industrial use has led to the depletion of groundwater
reserves in many areas [24,25].
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2.1. Grounduwater Vulnerability

Yapiyev et al. reviewed aquifers of Central Asia, depicting distribution and estimated
recharge of southern Kazakhstan, Uzbekistan, Kyrgyzstan, Tajikistan, and the surrounding
countries [21] (Figure 2). Major groundwater basins tend to occur along rivers where the
shallow alluvial aquifers are prone to contamination from the surface. Domestic wells
and public water supplies in shallow alluvial aquifers are most vulnerable to municipal or
industrial contamination in urban areas. For example, the public water supply for Bishkek
is contaminated with high nitrate and chloride, likely from urban wastewater [26].
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Figure 2. Distribution of groundwater resources and estimated recharge of southern Kazakhstan,
Uzbekistan, Kyrgyzstan, Tajikistan, and the surrounding countries [21].

Groundwater in other urban areas in Central Asia reported to likely be polluted from
wastewater sources include Almaty and Shymkent in Kazakhstan [8,27] and Tashkent in
Uzbekistan [28]. A diagnostic report of 2001 [17] attempted to update data on the evalua-
tion of groundwater in 1997 (Table 2). Unregulated water abstractions and unauthorized
construction negatively impacted fresh groundwater in the Aral Sea basin states. The
existing monitoring system in the region is insufficient for accurately evaluating aquifer
pollution, groundwater depletion, and waterlogging in inhabited areas. The usable ground-
water stock is primarily allocated for drinking and household purposes. Groundwater
abstraction through vertical drainage systems is common in Kazakhstan, Tajikistan, and
Uzbekistan [17]. This table shows a comparative analysis of 2000 data with 2018 data
regarding the evaluation of regional stock, approved usable stock, actual abstraction, and
use for drinking water supply of all Central Asian countries: Kazakhstan, Kyrgyzstan,
Tajikistan, Turkmenistan, and Uzbekistan. The table gives an idea of the change, for better
or worse, in these data (Table 2).

Given the potential risks of groundwater quality degradation and its strategic impor-
tance for all countries, fundamental information and analytical assessments of groundwater
are not readily accessible [17]. However, several countries have begun actively inventory-
ing their groundwater resources and usage in recent years. For instance, Kazakhstan has
significant groundwater resources, though they are unevenly distributed across the country.
Of the total forecasted and explored groundwater resources, only 16.04 km? are deemed
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accessible [29]. A 2015 assessment of Kazakhstan’s aquifers identified 2905 aquifers and
groundwater abstraction sites [17]. Results from southern Kazakhstan indicate a regional
stock of 8410 x 10° km? per year, a fourfold increase, though only 1052 x 10% km? per year
of this is considered usable.

Table 2. Groundwater stock and its use by Central Asia countries (km>/year) in 2018, compared with
2000 [17].

Evaluation of Regional Stock Approved Usable Stock Actual Abstraction Use for Drmklmg Water
Country Supply

2000 2018 2000 2018 2000 2018 2000 2018
Kazakhstan 1846 x 103 8410 x 10° 1270 x 10° 1052 x 10° 963 x 10° 859 x 10° 200 x 10° 367.6 x 10°
Kyrgyzstan 1595 x 10° 14,212 x 10° 632 x 103 622 x 10° 548 x 10° 545 x 10° 304 x 10> 340 x 10°
Tajikistan 18,700 x 10°  na 6020 x 10° 2965 x 10° 2294 x 10° 2300 x 10° 485 x 10> 461 x 10%**
Turkmenistan 3360 x 10° 69,000 x 103 1220 x 10° 1270 x 10° 457 x 10° 1200 x 103 210 x 103 558 x 103
Uzbekistan 18,455 x 10° na 7796 x 103 6336 x 10° 7749 x 10° 5577 x 103 3369 x 10> 1825 x 10°

Total 43,956 x 103

91,622 X 103 * 16,938 x 10° 12,245 x 10° 12,011 X 10> 10,481 x 10° 4568 x 103 3552 x 10°

* Data from the year 2000 was used to estimate average values for countries where 2018 data were unavailable.
** The figures vary: according to “TajikGlavGeology”, 39.3% (903.3 x 10® km?) is allocated for drinking water
needs. Source: The data of Central Asia experts involved in the work on the diagnostic report [17].

In Kyrgyzstan, an updated assessment has identified 44 aquifers, 20 of which are
designated for drinking and industrial use [17]. The total usable groundwater slightly
decreased from the previous assessment, with total abstraction reaching 545 x 10% km?3.
In Tajikistan, the forecasted groundwater resources amount to 18,688 x 10% km? annually,
with a developed usable stock of fresh groundwater in valley areas totaling 2774 x 10% km3
per year [17]. There are over 4600 operational water wells in the country, and the overall
situation with groundwater has remained stable, with abstraction slightly reduced to
793 x 10° km? per year.

These recent assessments suggest that the situation with groundwater in both Kyrgyzs-
tan and Tajikistan has remained relatively stable, with a slight decrease in abstraction in
Tajikistan. However, it is important to continue monitoring and managing these resources
to ensure their sustainability and availability for future uses. Currently, Turkmenistan’s
total groundwater reserves are estimated at 69,000 x 103 km?3, with 1270 x 103 km?® con-
sidered usable [17]. However, much of this groundwater is brackish and unsuitable for
drinking or domestic purposes. In Uzbekistan, there are 97 identified aquifers, 19 of which
are designated as protected natural areas for fresh groundwater formation [20]. Ground-
water distribution across the country is uneven, but total reserves have slightly increased
by 27.5 x 10° km? per year, including both fresh and brackish water. This represents a
9 x 10® km3 rise compared to 1999 estimates. The officially approved usable groundwater
stock amounts to 6336.4 x 10° km3, with an annual abstraction of 5577.3 x 103 km?3.

Between February and March 2017, an inventory of over 10,000 water wells was
conducted, revealing ongoing negative impacts on groundwater resources. The findings
showed that more than 60% of wells were subject to uncontrolled groundwater extrac-
tion, contributing to further pollution and depletion. Additionally, 59% of groundwater
was being drawn from unapproved reserves, posing a serious risk of irreversible losses,
potentially leading to the depletion of over half of Uzbekistan’s fresh groundwater in
the coming decades. Groundwater resources in the Aral Sea basin have decreased, with
deterioration of aquifer quality in some places and a decrease in annual abstractions by
25-30% in Uzbekistan. The water deficit is compensated through increased use of surface
sources, raising the further risk of water quality deterioration [30,31].

A comprehensive approach to water management is needed to address these chal-
lenges, including measures to improve efficiency and promote more sustainable practices,



Sustainability 2025, 17, 5370

7 of 19

as well as provide public education about groundwater importance and challenges [32]. The
depletion of groundwater availability and decreased quality is pushing the need to assess
other alternatives of water for irrigation purposes, such as the use of treated wastewater.

2.2. Surface Water

A recent assessment reveals a decline in available surface water resources in the Amu
Darya and Syr Darya basins, with runoff reductions of 0.51 km? and 0.9 km?, respectively,
compared to 2001 data [17]. However, river runoff has generally fluctuated within expected
patterns, with a slight overall decline over the past 12 years. In the Amu Darya basin,
higher runoff was recorded in 11 of the last 30 years, including eight occurrences in the first
decade and two in the second. Conversely, there were instances of lower-than-expected
flow (below 80% probability) in 1 year of the first decade, 5 years of the second, and 4 years
of the third.

Table 3 presents surface water runoff changes in other basins [17]. While Kazakh
experts have conducted a detailed assessment of Kazakhstan’s hydrological basins, similar
analyses for other basins remain unavailable due to a lack of surface runoff data. Even in
basins where dedicated commissions exist, these key indicators have not been subjected to
thorough examination.

Table 3. Characteristics of hydrological basins in Kazakhstan and Kyrgyzstan (outside Aral-Syrdarya
basin), km3/ year [17].

Total

Average
Long-Term Transfers to Inside Available Decrease in Catchment Area,
Runoff Other Basins  Countries Runoff External Inflow  Thousand km?
External
Inflow

Kazakhstan’s water resources, excluding Aral-Syrdarya basin:

Balkhash-Ili ~ 27.8 11.4 7 3.3 -5 68.4 (131)
Irtysh 33.5 9.8 7.9 5.6 -3.5 210 (1592)
Yesil 2.6 1.1 113 (156)
Nura-Sarysu 1.3 0.9 0.9

Tobol-Turgai 2 0.6 130 (395)
Chu-Talas 42 3.1 2.8 78 (115)
Ural-Caspi 11.2 7.9 4.6 -3.6 73 (231)
Total 82.6 32.2 14.9 0.9 18.6 —12.1

Kyrgyzstan’s water resources:

Chu-Talas 6.74 - 3.1 3.6 37.3(115.2)
Ili 0.36 - 0.36

Sary-Jaz 6.15 - 3 1.6 1.55 28.5
Issyk-Kul 4.65 4.65 22

Total 17.9 3.1 10.16

Water inflow in Central Asia outside the Aral Sea basin has declined, with a reduction
of 16.2 km? in Kazakhstan and 12.1 km? in transboundary rivers such as the Black Irtysh, I1i,
and Ural [17]. China has increased water withdrawals by 8.5 km3 from the upper reaches
of the Ili and Black Irtysh rivers, while the Russian Federation has extracted an additional
3.6 km3 from the Ural River [17]. The rising trend of China’s water consumption from the
Ili River poses a potential risk to the water balance of Lake Balkhash.

A proposal has been put forward to redirect a portion of the Irtysh River’s runoff
to the Syr Darya basin to help sustain water resources. Meanwhile, water quality across
Central Asia—both surface and groundwater—continues to be impacted by agricultural
runoff, industrial discharges, and municipal wastewater [16].
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In Kazakhstan, surface water quality is significantly impacted by pollution from
industries such as chemical production, oil extraction, manufacturing, and metallurgy. Of
the 44 water sources analyzed, only nine rivers, two lakes, and two reservoirs were classified
as unimpaired, while six rivers and one reservoir were identified as contaminated [33].
The remaining sources fall within legally permissible contamination levels. Additional
pollution originates from urban infrastructure, agricultural activities, waste containers, and
storage facilities.

Salinity levels in Kazakhstan’s lakes vary from 0.12 g/L in the east to 2.7 g/L in the
central region, with more than 4000 lakes classified as saline. Excessive water use for
irrigation in the Ili River basin has led to the depletion of smaller lakes, with approximately
8000 lakes lost due to overexploitation.

In contrast, Kyrgyzstan's rivers generally maintain good water quality, as they are
primarily fed by glacial melt with low salt concentrations and minimal pollution. Ground-
water serves as the primary drinking water source for 90% of the population [33] and
largely meets drinking water quality standards. However, a significant environmental
concern in the region is the unresolved issue of nuclear tailing dumps, which continue to
pose a serious threat [33].

In Tajikistan, most water sources are considered safe for drinking, except for cer-
tain lakes and groundwater reserves. Salinity levels generally range between 0.05 and
0.40 g/L [33].

In Turkmenistan, surface water quality in rivers and drainage systems is poor due to
elevated concentrations of salts and pesticides [33]. This contamination stems from both
local sources and upstream countries. Over the past few decades, the discharge of drainage
and industrial wastewater into the Amu Darya has significantly degraded water quality,
contributing to rising annual salinity levels. While groundwater quality remains largely
unaffected for now, continuous monitoring is essential to ensure its safety.

Furthermore, intense human activity and the release of highly saline drainage water
from neighboring Uzbekistan into the Amu Darya are exacerbating regional water quality
concerns [34].

Water pollution in Uzbekistan is a significant issue, with the primary sources being
sewage discharge and industrial wastewater [16]. The high concentrations of salts and
pollutants in rivers and drainage networks not only degrade water quality but also nega-
tively impact the surrounding environment. Salinity levels in irrigation water have risen,
especially in the lower reaches of rivers, while the presence of organic pollutants, including
phenols and nitrates, remains a growing concern.

Groundwater contamination along the Amu Darya River has also worsened, with
heavy metals such as lead and cadmium exceeding maximum allowable concentrations [35].
Addressing these challenges requires urgent action to mitigate pollution sources and
enhance the overall quality of water resources in the region. Accurate simulation of heavy
metal transport in riverine systems is essential for understanding their behavior, fate, and
potential environmental impacts. Several studies have incorporated hydrodynamic and
water quality models to simulate these processes. For example, Poshtegal and Mirbagheri
(2023) [36] developed a one-dimensional qualitative model that simulates the phase transfer
of dissolved heavy metals by accounting for environmental parameters such as temperature,
dissolved oxygen, pH, and electrical conductivity. Their approach integrates the HEC-RAS
hydrodynamic model and the QUAL2KW water quality model, providing a comprehensive
framework for modeling heavy metal transport in rivers. This type of integrative modeling
is particularly valuable in regions with variable hydrochemical conditions and limited
observational data.
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To address these challenges, it is crucial for the governments of Central Asian countries
to take action to improve water quality and manage water resources more effectively. This
includes investing in modern water treatment facilities, implementing better agricultural
practices to reduce pollution, and promoting water conservation measures. International
organizations and donor countries can also play a role in supporting these efforts through
technical assistance, funding, and the transfer of technology and expertise. Collaborative
approaches between countries in the region can also help to address cross-border water
issues, such as the sharing of transboundary water resources. In conclusion, the quality
and scarcity of water resources in Central Asia is a growing concern, affecting both public
health and economic development. Addressing these challenges will require a coordi-
nated effort from the government, international organizations, and the private sector to
improve water management practices and ensure a sustainable supply of clean water for
future generations.

3. Pollutants Detected

Industry- and Mining-Related. Central Asia, a region comprising Kazakhstan, Kyr-
gyzstan, Uzbekistan, Turkmenistan, and Tajikistan, is facing challenges with the quality of
its water resources. Water quality in the region is affected by factors such as industrial and
agricultural pollution, as well as the use of outdated infrastructure and insufficient treat-
ment facilities. This has resulted in concerning levels of contaminants in the water supply,
posing a significant threat to public health. After independence, Kazakhstan recognized the
need for a new state system for ensuring regional environmental safety and environmental
and natural resource management, with a territorially ratified system of executive bodies
now regulating environmental protection [37]. Studies supporting these programs cited
several rivers, including the Irtysh, Nura, Syr Darya, Ili, as well as Lake Balkhash as the
most contaminated and problematic in Central Asia [38,39].

Table 52 compiles published data on water contamination across Central Asia, high-
lighting several critical issues summarized for inorganic contaminants in Table 4. In these
complied works, in general, water sampling was carried out assuming that the selected
locations represent the range of hydrogeological and anthropogenic conditions across the
region, and during specific season, to reduce variability caused by temporal changes. We
assumed that the accessible sites provide reliable data comparable to less accessible areas
with similar characteristics. In these compiled works, in general, accuracy was ensured
by running quality control samples and blanks alongside water samples, and sensitivity
was confirmed through the selection of validated analytical techniques with low detection
limits suitable for trace contaminants typical in Central Asian waters.

Ranges for hazardous inorganic contaminants are compared to regulatory limits for
wastewater reuse and USEPA guidelines for drinking water [40]. Surface water quality
standards are highly dissimilar across countries and it is impossible to compare ranges to
all standards [39]. While untreated surface water is not generally used for a drinking water
source, the concentrations listed here can provide useful benchmarks for differences across
time. Moreover, organic contaminants are less frequently monitored worldwide, with even
fewer benchmarks available for comparison [41].

In Kazakhstan, a recent study found that hazardous trace elements such as arsenic
(As), copper (Cu), chromium (Cr), iron (Fe), manganese (Mn), and nickel (Ni) exceeded
the country’s maximum pollutant concentrations for fishery water bodies at three sites in
the Syr Darya basin [42]. Water quality index and Cd values classified these surface waters
as highly polluted, suggesting a significant risk to fisheries, particularly in the Shardara
Reservoir and other areas within the Syr Darya basin [42].
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Similarly, research on Kazakhstan’s sector of the Caspian Sea confirmed that heavy
metals are the primary contaminants [43]. These pollutants can accumulate in fish tissue,
posing ecological and human health risks. Additionally, monitoring of the Ishim River
in the Akmola Region (Northern Kazakhstan) revealed that, despite stricter wastewater
discharge regulations for the Ishim River basin, several key water quality indicators still
fail to meet regulatory standards for surface water bodies [44].

An assessment of radioactive and chemical contamination in water resources near
former uranium mines and processing sites in Mailuu-Suu, Kyrgyzstan, revealed mixed
results [45]. While radionuclide and hazardous metal concentrations in the drinking water
distribution system were generally low, levels of iron (Fe), aluminum (Al), and manganese
(Mn) were excessively high, rendering the water unsuitable for drinking. As anticipated,
drainage water from mine tailings exhibited severe contamination, containing high levels
of arsenic (As) and radioactive pollutants such as uranium.

Another study on Kyrgyzstan's rivers indicated that fluoride and arsenic concentra-
tions, as well as the number of samples exceeding the maximum permissible limits for
drinking water, have been rising annually [46]. Fluoride contamination was most pro-
nounced in basins and valleys, while arsenic levels exceeded safe limits in the Ak-Suu
reach of the Chu River Valley.

Further research on the upper reaches of the Syr Darya River within the Aral Sea
basin found that dissolved hazardous trace element concentrations remained well below
permissible thresholds [47]. Additionally, Rzymski et al. [48] examined pollution from trace
elements and rare earth metals in the lower Syr Darya River and Small Aral Sea, contribut-
ing to the growing body of evidence on water quality concerns in the region. Drinking
water supplies sampled from settlements near uranium mining sites in Kazakhstan and
Kyrgyzstan exhibited relatively low uranium concentrations compared to surface waters
from the same locations [49]. In contrast, surface waters showed significantly higher
levels of total uranium, indicating the impact of radioactive waste from past uranium
mining activities.

A study conducted by Ivanova et al. [50] on the radiological effects of surface water
and sediment near uranium mining sites reported concerning uranium contamination
levels. However, other assessments of surface waters from the Shu River in Kazakhstan [51]
and the Kharaa River basin in Mongolia [52] found that element concentrations remained
within permissible limits.

Agricultural Pollutants. In Uzbekistan, a major cotton producer, the heavy use of
pesticides and fertilizers has contaminated water sources, affecting not only the health of
local communities but also the productivity of agriculture [16]. In Uzbekistan, salinization
of the Amu Darya waters was found to be mainly due to the presence of sulfates and
chloride diminishing its value for irrigation, fisheries, and human consumption [23].

The agricultural sector is one of the main contributors to non-point source water
pollution in these countries, using large quantities of fertilizers and pesticides that can
contaminate surface and groundwater sources [53]. Furthermore, untreated wastewater
from cities and industries is often discharged into rivers and lakes, thereby degrading water
quality. In addition, mining activities, oil and gas extraction, and transportation can also
contribute to water pollution. The dramatic shrinkage of the Aral Sea has severely impacted
the local environment, particularly in Uzbekistan’s Amu Darya basin, where water quality
has deteriorated to hazardous levels. The reduction in water volume, declining water
quality, and increased pollutant emissions have significantly affected public health. These
changes have led to rising infant mortality rates, slower growth in children, and higher
morbidity levels among residents in the region [35,53].
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Table 4. Comparison of dissolved hazardous trace element concentrations to earlier report [54] and
US and global wastewater guidelines [40].

1973-93 1 2000-2024 Regulatory Limits for ~ EPA Drinking Water Guidelines 2
Pollutant (ug/L) Table S2 Wastewater 2 (ug/L) (ug/L)
& (ug/L) ug ug
Arsenic No data 1.4-1600 100 10
Cadmium 0.04-09 (5.8) * 0.05-6.1 10 5
Cobalt 0.05-0.15 0.11-13 50 --
Copper 0.48-1.3 (443) * 1.25-316 200 1300
Chromium No data 1.3-80 100 100
Iron No data 354-20,600 5000 300
Lead 0.13-2.1(74) * 0.23-31 5000 15
Lithium No data - 2500 --
Manganese 4.2-30 6.7-2800 200 500
Mercury 0.09-10 (65.1) * 0.02-0.19
Nickel No data 0.61-78 200 -
Selenium No data 3.4-35 20 50
Strontium 90-530 - NA --
Uranium No data 22.1-8300 NA 30
Zinc 0.21-14 (646) * 1.0-82.87 2000 5000

1 Tables 8.1 and 8.3 in [54]; recommended concentration limits from FAO Irrigation and Drainage “Water Quality
for Agriculture’. 2 Table 1 in [40] * values in brackets indicate the maximum detected concentration.

The rapid expansion of irrigated agriculture has led to significant changes in both
surface and groundwater quality. These changes are primarily driven by the increased use
of chemicals in farming, the discharge of collector-drainage waters into river systems, and
the reuse of wastewater. This process contributes to the accumulation of pollutants and the
deterioration of water quality in the region [53]. In Kyrgyzstan, the legacy of uranium and
other mining operations is a serious problem [9]. In Tajikistan, on the other hand, water
quality and supply are generally satisfactory [55], likely due to lower agricultural and
industrial water uses. In Turkmenistan, river water and drainage networks are frequently
contaminated with high levels of pesticides, originating from both domestic sources and
upstream international basins [56]. To tackle the pressing issues of water scarcity and
pollution in these countries, it is crucial to implement a sustainable water management
strategy that balances the social, economic, and environmental dimensions of water use.
This approach should include policies and strategies that encourage efficient water use,
promote the reuse of wastewater, support alternative water sources such as rainwater
harvesting, and enhance water resource monitoring and management. Investments in
infrastructure and institutional capacity are also needed to address the water challenges,
particularly in rural areas.

Municipal Wastewater. Driven by population growth and the need for increased
agricultural production, water resources are coming under intense pressure across Central
Asia, pushing the need to use treated wastewater for irrigation. However, wastewater
treatment has not progressed substantially since the assessment of 1998 [5]. Over the
past two decades, several studies have been conducted on a wide range of pollutants,
but new pollutants are caused primarily by micro-pollutants, endocrine disruptors (EDs),
pesticides, pharmaceutical preparations, as well as synthetic dyes of industrial production
and dangerous pollutants containing dyes [57,58], and these are not currently removed
from treated wastewaters.

There are currently no standardized guidelines for the safe levels of most emerging
pollutants, yet even at low concentrations, these substances can pose significant risks to
both human health and aquatic ecosystems. To combat the above-mentioned environmental
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threats, huge efforts have been made to improve the efficiency of recovery procedures
or to develop new methods for detecting, quantifying, and improving the effectiveness
of samples [59]. The varied mixtures and types of compounds that can cause harm to
plants and the health of people who live in the vicinity where sewage and urban sewers are
located were also investigated. Karthe et al. [60] and others [61-63] showed that improper
management of municipal wastewater in growing urban areas is another serious factor
leading to an increase in the level of pollution of rivers and groundwater with organic
substances, nutrients, and pathogens.

Knowing that such problems exist in every country, and especially in cities and
regions where effective technologies are not provided, the authors of this review conducted
scientific work related to the determination of the composition of effluents at wastewater
treatment plants in Kazakhstan, more specifically in the city of Taraz, Zhambyl region.
Taraz is in the south of the country, near the border with Kyrgyzstan, on the Talas River.
The population of the city is around 426,000 people, and Taraz is currently the only regional
center in Kazakhstan where there is no sewage treatment plant for wastewater filtration [6].
According to the State Enterprise, the city sewerage system of the regional center has been
operating since 1962. Over the years, the areas of filtration fields have expanded, and
the number of maps and the capacity of settling tanks have increased. Due to the lack
of sewage treatment facilities, sewage now flows directly to the settling tanks covering
14 hectares, and then they are discharged to the filtration fields, comprising a total area
of about 200 hectares [64]. In addition to discharge into urban filtration fields, there are
settling tanks of chemical plants and sewage-reinforced concrete collectors. The existing
wastewater filtration fields, according to experts, are outdated, and plans are in place to
retire this treatment system. The filtration area no longer accommodates the amount of
waste that comes in every day, and the existing dams are in a dilapidated state. As a result,
residents of the settlements of Zhambyl district near the filtration fields suffer from the
stench, as well as from the penetration of sewage effluents into local groundwater. The
drains from the filled sedimentation tanks merge into the channels of the adjacent villages
of Kostobe (Asa) and Zhambyl, polluting the environment with harmful emissions and
odor. According to experts, in the future, water from the canals may seep into the Asa River
and Lake Bilikol, which could lead to an environmental disaster [64]. This situation is not
unique, as there are other more visible examples of improper treatment and disposal of
municipal wastewater in Central Asia [6,10] as well as throughout the world [11].

4. Gaps in Water Quality Assessment and Monitoring

Measuring water quality is an ongoing process governed by changes in monitoring
technology and standards used to evaluate suitability for a particular use. Moreover, present
surface water quality standards show considerable variation and are highly dependent
upon regional priorities for water use and infrastructure [41]. Implemented changes in
water monitoring technology depend on costs, ease of use, and acceptance of policy for
requiring new measurements. New low-cost sensors, remote sensing [65], and other
technologies are automating many of the routine measurements used in monitoring, thus
making way for adoption of more complex and higher cost methods [66]. In addition,
optical and electrochemical sensors can be used to target areas where additional sampling
may be conducted. As global demand for freshwater increases, climate change and land-use
changes, groundwater is becoming an increasingly important and vulnerable resource.
The depletion of groundwater because of human activities poses a serious threat to the
supply of drinking water and irrigated agriculture. On the other hand, the quality of
groundwaters is affected by human activities at the surface, with the runoff/leaching of
chemicals used in agriculture, as well as the discharge of effluents of wastewater treatment
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plants being examples of processes where transference of contaminants from the surface to
groundwaters can occur.

Contaminants of emerging concern (CECs) are of particular importance for monitoring
due to their persistent nature when subjected to conventional biological processes used
in wastewater treatment facilities, accumulating in water reservoirs, and ultimately in
groundwaters. CECs include pharmaceuticals, personal care products, pesticides, and
other chemicals. As CECs are not currently regulated in the effluents of wastewater
treatment plants [67], these have a great impact on the environment and on human health,
particularly antibiotics and antibiotic resistance genes (ARG), even at trace levels. This is a
gap, not only in Central Asia but throughout the world [68]. More research is needed to
understand the occurrence and potential environmental and human health effects.

Central Asia is a vast and diverse region with an abundant supply of water resources
that are essential for sustaining human life and supporting economic growth. However,
like much of the rest of the world, the quality of these water resources is under threat due
to the release of CECs. For example, a recent conference article reported the occurrence of
aspirin in wastewater from Kazakhstan'’s capital city [69]. CECs can enter surface waters
and groundwaters in Central Asia through a variety of sources, including agricultural
runoff, wastewater discharge, and industrial activities. Agricultural activities, such as
irrigation and the use of pesticides and fertilizers, can lead to the contamination of surface
and groundwater with agricultural chemicals [47]. Wastewater discharge from municipal
and industrial sources can also contribute to the presence of CECs in water systems.
Additionally, the use of pharmaceuticals and personal care products by humans and
animals can result in the release of these compounds into waterways through excretion.

Even legacy contaminants identified over two decades ago [4] continue to persist and
affect water quality. For instance, a study on the Syr Darya River, which flows through
Kazakhstan, Kyrgyzstan, and Uzbekistan, examined seasonal variations in the concen-
trations of both modern and legacy pesticides. Among the legacy chlorinated pesticides
found in grab samples from the river, lindane (y-HCH) was detected most frequently,
with the highest concentrations recorded in June [70]. More detailed results of the study
are summarized in Table S3. Another study in Kyrgyzstan identified pollution hotspots
in the Chu River basin, the lower sections of the Kara-Darya and Naryn tributaries in
the Osh and Djalal-Abad oblasts, as well as the Tyup rivers flowing into Lake Issyk-Kul.
High concentrations of pesticides, including the banned insecticide DDT, were detected
in these areas [71]. In a separate study by Amirgaliyev et al., monitoring the long-term
trends of persistent organic pollutants in the Aral Sea-Syr Darya basin, metabolites of DDT,
Heptachlor, and Aldrin HCCH («, 3, y-Isomers) were found [72]. Similarly, Jin et al. [73]
detected organochlorine pesticides in the surface water of the Amu Darya River basin in
Uzbekistan. However, the regulation and management of CECs in Central Asia is currently
limited. Most water systems in the region are not monitored for these contaminants, and
there are no specific regulations in place to control their release into the environment. How-
ever, there have been some efforts to address the issue. For instance, some Central Asian
countries, including Kazakhstan, have adopted the European Union’s Water Framework
Directive as a foundation for their water resource management strategies. This directive
provides a comprehensive approach to protecting and managing water resources, aiming
for sustainable water quality and availability [74].

CECs are an emerging concern in Central Asia, presenting a significant research gap
due to their potential risks to human health and the environment. These pollutants, which
include pharmaceuticals, personal care products, and industrial chemicals, are not typically
monitored but could have harmful effects on ecosystems and public well-being. Although
studies have detected these contaminants in water systems throughout the region, there is
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currently limited regulation and management of CECs in Central Asia. Further research
is crucial to fully understand the scope of the CECs problem and to develop effective
strategies for mitigating their impacts on water resources in the region. This research
should focus on identifying the sources, concentrations, and long-term effects of CECs,
as well as exploring sustainable solutions for water quality management and pollution
control. Figure 3 presents a summary of the identified gaps in water quality assessment
and monitoring in Central Asia.

Monitoring of
CECs

Regularity of
hydrochemical
measurements

Legacy-
pollutants

Integration of
surface and
groundwater

Geographical
coverage

Regulatory
compliance
(Water
Framework
Directive-audit)

Figure 3. Identification of gaps in water quality assessment and monitoring in Central Asia.

5. Conclusions

Central Asia is facing critical challenges with the quality of its water resources, affected
by factors such as industrial and agricultural pollution, as well as the use of outdated
infrastructure and insufficient treatment facilities, leading municipal wastewater to be large
contributor sources to pollution. The runoff/leaching of chemicals used in agriculture, as
well as the discharge of effluents of wastewater treatment plants are examples of processes
of contamination of surface waters, further transferred to groundwaters with high impact
to the quality and availability of water resources, posing a serious threat to the supply
of drinking water and irrigated agriculture. With a growing population and improving
standard of living, freshwater resources are even more important than ever in Central Asia.
Since these water quality issues were highlighted more than 20 years ago, pollution of these
resources appears to be a chronic problem in all countries of Central Asia. Reported declines
in water quality are particularly problematic in continuing to supply safe water for drinking,
irrigation, and habitat. The available literature suggests that increasing salinity has rendered
water unsuitable for irrigation and consumption in most of the water-scarce arid and semi-
arid regions. Hazardous trace elements such as arsenic, chromium, nickel, and fluoride
continue to be found throughout Central Asia, but are most often associated with mining
and industrial sources. Elevated levels of uranium are also associated with ore deposits
and mining activities. Legacy pesticides continue to influence water quality, particularly
in agriculturally influenced basins. Underdeveloped wastewater treatment technology
has impacted and continues to affect surface and groundwater quality throughout this
region. Emerging contaminants from wastewater, a function of improved standards of
living and our ability to measure them, are a significant but largely unknown group of



Sustainability 2025, 17, 5370 15 of 19

pollutants that could have long-lasting effects on water quality throughout the region.
Though some progress has been made in water treatment technologies, there is much
left to do to reduce previous and ongoing impacts of wastewater throughout the region.
Future research and efforts should focus on exploring sustainable solutions for water
quality management and pollution control to assure environmental sustainability and
public health. It is recommended to involve different stakeholders, including the scientific
community, government, policy makers and non-governmental organizations, to adopt
measures to effectively address the identified challenges, such as policies and strategies
that encourage efficient water use, promote the reuse of wastewater, support alternative
water sources such as rainwater harvesting, and lead to the development of more efficient
wastewater treatment technologies. Investments in infrastructure and institutional capacity
are also needed to address the water challenges, particularly in rural areas. Finally, it
should be highlighted that there is much more information available for Kazakhstan and
Kyrgyzstan than for Uzbekistan and Turkmenistan, placing some geographical bias in our
conclusions; thus, we suggest that much more work is needed in these countries.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/su17125370/s1, Table S1. Toxicity Values for Selected CECs.
Table S2. Published data on the detection of contaminants in water objects of Central Asia (NA:
Not Available, AL: Action level, SDWR: Secondary drinking water regulations). Table S3. Detected
pesticide concentrations measured from the Syr Darya sampling sites. “ND”: “Not Detected”;
“—": “Not Sampled” [70]. References [75-82] are cited in supplementary materials.
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