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NAS RK is pleased to announce that News of NAS RK. Series of geology and technical
sciences scientific journal has been accepted for indexing in the Emerging Sources Citation
Index, a new edition of Web of Science. Content in this index is under consideration by
Clarivate Analytics to be accepted in the Science Citation Index Expanded, the Social
Sciences Citation Index, and the Arts & Humanities Citation Index. The quality and depth
of content Web of Science offers to researchers, authors, publishers, and institutions sets it
apart from other research databases. The inclusion of News of NAS RK. Series of geology
and technical sciences in the Emerging Sources Citation Index demonstrates our dedication
to providing the most relevant and influential content of geology and engineering sciences
to our community.

Kaszaxcman Pecnybnukacer ¥immuolx 2oiivim akademuscol « KP YA Xabapnapwr. ['eonocus
JICOHE MEXHUKANBIK RbLILIMOAD CepUsiColy &blibiMu dicypHanviubly Web of Science-min
arcayananean nycxacol Emerging Sources Citation Index-me unoexcmenyee KabulioanHeanwin
xabapaaiiovl. Byn unoexcmeny oapvicoinda Clarivate Analytics komnanuscol JHcypHAIOb
o0an api the Science Citation Index Expanded, the Social Sciences Citation Index scane the
Arts & Humanities Citation Index-xe kabuvinioay macenecin xapacmoipyoa. Webof Science
sepmmeywinep, agmopiap, 6acnawibliap MeH MeKemenepze KOHmeHnm mepenoici MeH
canacwin yeoinaowvl. KP YFA Xabapnapel. eonoeust scane mexHUKAIbIK 2bLIbIMOAP CEpUsicol
Emerging Sources Citation Index-xe enyi 0i30iy Koamoacmulx ywin ey 03eKmi dcone
6edendi eeonocus JHcoHe MEXHUKATIBIK bLILIMOAP OOUbIHULA KOHMEHMKe A0an0blebiMbI30bl

6in0ipeoi.

HAH PK coobwaem, umo nayunvii scypuan «Mseecmuss HAH PK. Cepusa ceonozuu u
MeXHUYecKux Hayk» ol npunsm 015 unoexcuposanusi 6 Emerging Sources Citation Index,
obnosnennol sepcuu Web of Science. Codeporcanue 6 3mom uHOEKCUPOBAHUL HAXOOUMCS
6 cmaouu paccmompenusi komnanuei Clarivate Analytics 0as Oanvbheuue2o npuHAmMUs
acypnana 6 the Science Citation Index Expanded, the Social Sciences Citation Index u
the Arts & Humanities Citation Index. Web of Science npednacaem xauecmeo u enyoumy
KOHmeHma O ucciedogamenell, asmopos, uzoameneii u yupedxcoeHull. Brmouenue
Uszeecmua HAH PK. Cepus ceonocuu u mexuuueckux Hayk ¢ Emerging Sources Citation
Index demoncmpupyem nauty npusepiceHHOCHb K Hauboiee akmyaibHOMY U GIUAMETbHOMY
KOHMEHMY NO 2e0102UU U MEeXHUYeCKUM HAYKAM 0I5l Haule2o coooujecmad.
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Abstract. The current study examines the hydrochemistry and ion flow dynamics
of the transboundary Syr Darya River within Kazakhstan, focusing on long-term
changes in chemical composition under increasing anthropogenic pressure. These
transformations pose challenges for water resource management and aquatic
ecosystem stability in arid regions.

The research covers the period from 1910 to 2020, analyzing shifts in the river’s
hydrochemical characteristics. The findings indicate a transition from a bicarbonate-
calcium type, typical of natural waters, to a sodium-sulfate type, reflecting
significant anthropogenic influence. This shift is driven by intensive irrigation,
industrial discharge, and climatic variability. A persistent trend of declining water
quality and rising mineralization levels is observed, underscoring the cumulative
impact of human activities.

The study employs hydrochemical data analysis, ion composition assessment,
and statistical modeling to identify key transformation processes in transboundary
water chemistry. These methods enable the quantification of anthropogenic effects
and the prediction of future changes.
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The results contribute to a deeper understanding of hydrochemical dynamics in
transboundary waters, with direct applications in environmental monitoring, water
resource management, and ecosystem conservation. The methodology is applicable
for forecasting hydrochemical trends in other transboundary basins affected by
similar climatic and anthropogenic pressures, supporting the development of
sustainable water management strategies.

Keywords: Transboundary waters, Syrdarya, hydrochemistry, water runoff,
ionic runoff, chemical composition.
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AnHoraums. byn makanaga Kaszakcrangarbl TpaHcuiekapaiblk Celpaapust
©3CHIHIH TUAPOXMMHICHI MEH MWOH afrbIHBIHBIH JAWHAMHMKAChl  3€PTTEIil,
THAPOXUMHUSUIBIK ©3TepiCTepAiH y3aK Mep3iMIi TeHICHUMSUIApbl aHBIKTAJIFaH.
Makasnazacy pecypcTapbiH 0ackapy )koHe KypFaK aliMaKkTapaFbl Cy SKOKYHelnepiHin
TYpPaKTBUIBIFBI VIIIH eJleyiai mpoOieMarnap TyIbIpaTblH aHTPOIIOTEHIK 9CEepAiH
KYIIIEr01 Ke3iH/ie ©3¢HHIH XUMUSIIBIK KYPaMbIHBIH YIeMelli e3repyiHe Oaca Hazap
aylapbUIaIbl.
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3eprrey  1910-2020 xpuimap — apanbiFblH - KaMTHAbl,  ChIpHapHsiHBIH
THIPOXUMHUSIIBIK CUIATTaMACBIHBIH MeTaMopdo3ajapblH Talgaiasl. AJBIHFaH
HOTIDKENep aliKbIH aHTPOIOTEH IIK ©3TepicTep/Ii KOpCceTeTiH TaOuFru cyiapra ToH
TUIPOKapOOHATTHI-KAJIBIMNANI TUOTEr1 HOHABIK KYPaMHBIH HATpUH-Cynb(arThl
TYpiHE aybICyblH KepceTedi. byn TypieHmipy THIPOJIOTHSUIBIK PEXHMIE acep
€TeTIH WHTEHCHBTI CyapyMeH, OHJIpPICTIK aFbIHJapMEH JKOHE KIIMMATThIK
aybpITKyJIapMeH Tycinaipineni. TpaHciekapalbiK ©3¢H TETIMIIEPiH/IE CY CaltachIHBIH
HalllapJIaybIHBIH JKOHE MUHEPaJIaHy JICHIeHiHiH KOFapbUIaybIHBIH TYPaKThI YpAici
Oaiikanansl, Oy azaM OpeKeTiHIH THAPOXUMHSJIBIK MPOLECTEpre BIKIaIbIHBIH
KYIICIOIH KOPCETe/i.

3eprreyne y3aKk Mep3iMAl THAPOXMMHSUIBIK AEPEKTepAi Tayijay, WOHIBIK
Kypamibl Oarasnay >koHe THAPOXUMUSUIBIK YPAICTEPAiH CTaTUCTUKAJIBIK MOJECIBACY1H
KaMTHUTBIH KELICH 1 o/licTeMe KOJIIaHbUIAbL. byt anicTep TpaHcmekapaiblK cyaap
XUMHSICBIH/IaFbl HETi3Ti TpaHc(OopMaIus MpOIECTEepPiH aHBIKTayFa KOMEKTecel
JKOHE YaKbIT OOMBIHIIIA aHTPOIIOTEHIIK dcepiiep/i CaHABIK OaranmayFa MYMKIHIIK
Oeperi.

Anbiaran  HoTwKenep Celprapusi ©3eHIHAErT 3amMaHayd THIPOXUMMSIIBIK
MpoIecTepAi TYCIHYAI TepeHJeTeNl JKoHe KOpIaFaH OpTaHbl OakplIayia,
TpaHCIIEKapaJbIK Cy peCypCcTapblH OacKapy/a )KoHe SKOKYHEeH1 cakTaya KOJIJaHbIC
Taba ananapl. ¥CHIHBUIFAH OJICTEME YKCAc KIMMATTBIK JKOHE aHTPOINOTCHIIK
KYKTeMeJIepre yIiublparaH Oacka TpaHCIIEKapalblK ©3€H ajanTapblHIaFbl
THOPOXUMHMSIIBIK e3repicTepai Ooipkay yuiiH Konaiisl. bynm nepexrep cymb
OackapyablH TYpPaKThl CTpaTeTHsUIApbIH d3ipiey JKOHE TpaHCLICKapalblK Cy
KYHernepiHe aHTPONOTeH IIK OY3bUTyIapAblH y3aK Mep3iMJIi ocepiH a3ailTy yIIiH
KaXeT.

Tyiiin ce3nep: Criprapus ©3¢HiHIH TPaHCIIEKAPAJIBIK CYIapbl, THAPOXUMHUSL, CY
aFbIHBI, HOH/IBIK aFbIH, XUMUSUIBIK KYPaMHBIH METaMOP()U3aLsIChI.
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AHHOTanus. B JaHHOM WHCCIIEIOBAaHUM PACCMATPUBAIOTCS THAPOXUMUS U
JMHAMHKa HMOHHOTO CTOKa TpaHcrpaHnuHOW pekun Ceippapeu B Kazaxcrane,
yaessist 0co00e BHUMaHUE JOITOCPOUYHBIM U3MEHEHUSIM XUMUYECKOTO COCTaBa MO
BJIMSIHUEM BO3PACTAIOLICH aHTPONOTE€HHON HArpy3KH. JTH M3MEHEHHUS CO3aroT
Cepbe3HbIC BBI3OBBI Ul YIPABICHHUS BOIHBIMH PECypcaMu W HOAILCPIKAHUS
yCTOfI‘-IHBOCTH BOJIHBIX 3KOCHUCTEM B 3aCyUIJIMBBIX PETMOHAX.

[IpencraBnenHoe wuccienoBaHne oxBarbiBaeT nepuox ¢ 1910 mo 2020
rogqg u HOI[pO6HO OIMUCBIBACT H3MEHCHUA TUAPOXUMUYCCKUX XAPAKTCPUCTHUK
PEKH, YUMTHIBas BIUSHHUE PAa3TUUHBIX (PAKTOPOB, KaK MNPUPOTHOTO, TaKk U
AHTPOIIOTCHHOI0 Xapakrepa. lcciienoBaHnue ONMCHIBAET BBISBICHUE HW3MEHEHUI
HMOHHOI'O COCTaBa OT OMKapOOHATHO-KAJIbLIUEBOI0, XapaKTEPHOI'0 sl IPUPOIHBIX
BOJI, K HATPHEBO-CYTb(PATHOMY THILY, YTO OTPaKAET 3HAYUTEIHHOE aHTPOITOTEHHOE
BIUSHUE. DTOT nepexon o6ycn013neH WHTCHCUBHBIM PAa3BUTUCM OPOLICHHA U €I0
HOCHCILCTBI/II\/'I, MMPOMBIIIJICHHBIMU c6pocaMH, a TaKK€ TCHACHIUAMU B U3BMCHCHUAX
THIPOJIOTHYECKOTO PEXUMa, YCYTyOJICHHBIMH KIMMAaTHUECKUMH KOJICOaHUSIMH.
B paOore BbIsiBIEHA YCTOMUYMBAs TEHIEHUMS AETPajalldii KadyecTBa BOIBI U
YBEJIMYEHHSI MUHEPAJIN3AL11, YTO CBUIETEILCTBYET O KyMYJIATUBHOM BO3AECHCTBUN
AQHTPOTIOTEHHBIX (PaKTOPOB HA THAPOXMMHUECKHUNA COCTAaB BOOEMA.

Merononorust BKIOYAET THAPOXUMHUECKUI aHAIU3, OLIEHKY MOHHOT'O COCTaBa
U CTAaTUCTUYCCKOC MOACIIMPOBAHUC Ui BBIABICHUSA KIIHOUYCBBIX IIPOLICCCOB
TpaHc(hopMaLUMK XMMHYECKOTO COCTaBa TPAHCTPAHWYHBIX BOHA. OJTH METOIBI
MO3BOJIIOT KOJMYECTBEHHO OLICEHUTDH BIMSHHUE AHTPOIIOTEHHOW AEATENBHOCTH U
[IPOTHO3UPOBATh AaJbHEHIINE U3MEHEHNUS.

[TomyuenHble pe3yabTaThl CHOCOOCTBYIOT Ooiee TIIyOOKOMY TOHHWMAaHHUIO
FHI{pOXHMH‘ieCKOﬁ JUHAMUKH TPAHCTPAaHUYHBIX BOA W HAXOAAT NPUMCHCHUEC B
9KOJOTMYECKOM MOHHUTOPHHIE, YIIPABICHUU BOIHBIMU PECYpCAMH M COXpPAaHEHUU
9KocUCTEeM. MeToI0IOTHsI MOXKET HCIIOIBb30BAThCs ISl MPOTHO3UPOBAHHS THAPO-
XMMUYECKHUX TEHACHIHH B IPYTUX TPaHCTPaHUYHBIX OacceliHax, 4To CHOCOOCTBYET
pa3paboTtke dPPEKTUBHBIX CTPATETHid yCTONYNBOTO BOJIOTIOIb30BAHUS.

KuroueBble ci1oBa: TpaHcrpaHudHble pek, ChIpaaphs, BOXHBIA CTOK, HOHHBII
CTOK, THAPOXUMHS PEK.

Introduction. The certain knowledge of modern processes in rivers
hydrochemistry and the qualitative composition of natural waters has great scientific
and practical significance for the systematization of knowledge and an objective
assessment of the aquatic ecosystem.

The natural water of transboundary rivers are an integral part of the ecosystem
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and act as a “stimulating factor for close cooperation” (The Water Convention,
2011) in international river basins.

The chemical composition of natural waters in quantitative and qualitative
terms primarily depends on the environment of formation and the conditions of
interaction in the river basin. Accordingly, the formation of hydrochemistry of
rivers is a very complex process that occurs under the influence of various factors.
(Junju, et al., 2022). Numerous works are devoted to these studies, including those
on the hydrochemistry of the glaciated watersheds of Central Asia (Yapiyev, et al.,
2021) and trends in hydrochemistry. Salt deposits of drinking water in the Syr Darya
river basin within Kazakhstan (Sharipova, et al., 2022), locating in the arid zone,
waters contain a high concentration of pollutants due to both the region geological
component and anthropogenic activities. Considering importance of monitoring
and detection of “tipping points” in hydrological phenomena and processes, is
important to prevent the level of threshold hydrochemical load as a result, there
is a possibility of system disturbance and irreversible processes, especially in the
aquatic ecosystem.

Hydrochemistry data of natural waters is important for the conservation and
optimal functioning of the ecosystem. Therefore, sustainable water management
depends on the availability of resources, and quality of this water, from a certain
level of knowledge about hydrochemical processes, as the suitability of water
sources for a particular use.

With the impacts of global warming, and the increased demands for food and
energy due to rapid population growth throughout Central Asia the water resources
(Ilyin et al., 1969) are facing increasing pressure. Water -related issues in Central
Asia have recently received increasing attention from international community.

The current study significantly complements the existing deficiencies in the field
of hydrochemical research according to the ratio of the main ions in the chemical
composition of water, the spatial distribution of salinity in the Syrdarya River and
impact of irrigation on river water quality make significant adjustments in the study
of the metamorphization of the chemical composition of the transboundary waters
ofthe arid zone and increase the level of knowledge about hydrochemical processes
(Leng, et al., 2021). Chemical ions in water are regarded as natural “tracers”, and
the analysis of the main ion composition in water can be used to identify and control
the basic processes affecting the chemical composition of the water. It should be
emphasized that 38% of water resources in Kazakhstan fall on the transboundary
waters of the Syrdarya River where the rural population is 53.6% (Issanova, et al.,
2018) and the water quality of the transboundary basin is deteriorating. (Micklin,
2014).

2. MATERIAL AND METHODS

2.1 Study area

Syr Darya river — unique transboundary watercourse of Central Asia which flows
through the territories of four countries: Kazakhstan, Uzbekistan, Kyrgyzstan, and
Tajikistan. The river is the main water artery of the arid region and one of the
systems—forming links of the infamous drying Aral Sea.
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The examined river basin stretches 800 km from north to south and 1600 km
from west to east. The length of the river, determined by the large basin area, is
formed by the confluence of the Naryn river (Kyrgyzstan) and the Karadariya river
(Kyrgyzstan, Uzbekistan) in the intermountain valley of the Tien Shan Mountains
Fergana Valley, with a total length of 2212 km, of which about 65% passes through
the territory of Kazakhstan (Bernauer and Siegfried, 2012).

The study area covers approximately 240 km?, which constitutes 52% of the
total area of the transboundary basin within Kazakhstan.

The significant terrain elevation determines of mountainous in the southeast
(headwaters) and plain (desert) in the northwest (estuary) with elevation amplitudes
exceeding 3000 meters. Elevation differences within Kazakhstan are 204 m (Fig. 1).

The basin water supply regime is extremely diverse, the average annual
precipitation is from 100 to 1300-1500 mm. The main sources of water supply
to the watercourse are meltwater from snow cover and, to a lesser extent, glacial
and rainfall flow. The water regime is characterized by a prolonged spring-summer
flood, which was considered suitable for the development of agriculture.
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Figurel — The Syr Darya river basin within Central Asia (WGS-84-UTM42 projection)
(Lehner et al., 2008, Lehner and Grill, 2013)

The research area belongs to the geographical zone with an arid climate, and
water is the main limiting factor for sustainable development, hydrochemistry of
rivers and the quality of natural waters are the key to the successful functioning of
the aquatic ecosystem. In accordance with the peculiarity of natural complexes,
the aquatic ecosystem of the region is extremely vulnerable, requiring a special
approach and deep study.
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The hydrochemical study zone involves the flow dispersion related to the lower
reaches of the transboundary river. Denoting the significant role of this site in the
process of moisture transfer and distribution of flow over residual water bodies
(delta lakes, the North Aral Sea), which should be considered as sensitive indicators
of the state of the ecosystem of the entire river basin.

2.2 Data sources

These studies were focused on the transboundary Syr Darya River within
Kazakhstan, spanning from the Shardara Reservoir to the Northern (Small) Aral Sea.

The work uses data obtained on the basis of field studies for over 20 years,
using, among other things, modern water quality analyzers Horiba U-53, (Japan),
which allows recording and obtaining parameters of the current state of the
aquatic environment in real time, DR-3900 spectrophotometer (HACH-LANGE,
Germany). During the measurements, was widely used the mobile weather station
Davis 6242, (USA).

The first hydrochemistry data about the Syr Darya river has been available since
1910. (Ilyin, 1969).

For the purpose of comparative and statistical data analysis, materials from
other researchers of previous years (1910-1970) were also utilized. The present
study encompasses the outcomes of hydrochemical investigations conducted in the
field, spanning over a duration of more than two decades. These investigations
involved the implementation of cutting-edge water quality analyzers, such as
those manufactured by Horiba and Hach. These advanced analyzers facilitated the
real-time monitoring and acquisition of fast data parameters, thereby enabling the
assessment of the contemporary condition of the aquatic environment.

The primary hydrochemical characteristics were obtained from the hydrological
station Kazaly, located approximately 13.0 km away from the Kazaly railway
station in southwestern Kazakhstan. The local topography surrounding the station
comprises a desert plain, which signifies the transition from the Kyzylkum sands
on the left bank to the Karakum sands on the right bank. The river channel in the
vicinity of the hydrological station exhibits a rectilinear morphology, accompanied
by a wide floodplain and areas characterized by the presence of marshes.

Owing to constraints on time allocation for a singular-phase hydrochemical
analysis across all eight measurement points located at a distance more than
1400 km, hydrochemical parameter measurements were conducted through route
monitoring observation, during short time period of 30 hours.

Overall, hydrochemical investigations made use measured data for the last
hundred years, encompassing the period from 1910 to 2020.

2.3 Methods

The research of hydrochemical parameters and their spatiotemporal trends is
founded upon employing standard statistical methodologies to analyze the observed
data, followed by subsequent analytical processing of the obtained results. To
discern specific patterns, the calculated statistical data (series of observations) were
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examined within defined timeframes (periods) with two transitional conditions,
using a 10-year interval:

a) the undisturbed (natural) flow regime — (1910-1960);

b) anthropogenically disturbed flow regime — from 1960 to the present.

The selection of hydrochemical measurement points took into consideration the
characteristics of the watercourse, the presence of hydraulic structures, and potential
influences on river water hydrochemistry. Additionally, supplementary control
measurement points were strategically positioned downstream. The measurements
were conducted using a reconnaissance control method, Considering the local
conditions and the designated research areas within Kazakhstan, the hydrochemical
measurement points were selected. A background section was established at the
border of the transit part (middle reaches of the river), followed by a lower reaches
zone or dispersion zone where the river flow accumulates into deltaic lakes and,
indeed, the Northern (Small) Aral Sea. This approach allowed for the identification
of diverse hydrochemical effects and determination of the primary influencing factor.

To establish quantitative relationships between the ionic composition of individual
components and their cumulative sum, the data were subjected to a common statistical
processing method employing correlation and factor analysis.

In these investigations, field monitoring observations were widely employed, as they
were deemed instrumental in acquiring objective and precise information regarding the
present hydrochemical state and the quality of transboundary waters (Fig. 2).
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Figure 2 — Hydrochemical research area of Syr Darya river within Kazakhstan territory
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3. HYDROCHEMICAL STUDIES RESULTS AND DISCUSSION

Under various factors influence the average annual values of river runoff tend to
change over time. Fluctuations in river runoff tend to form a group of high-water
and low-water years. This trend is usually called the cyclicity of runoff fluctuations.

The identification of runoff cyclicity and the dynamics of long-term changes
in the water content of the transboundary waters of the Syrdarya River is clearly
demonstrated by the so-called integral curve of modulus coefficients (Fig. 3). It
is built on the basis of measured water discharges for the period from 1910 to
2020 at the Kazaly hydrological station. The modulus coefficient as a statistical
characteristic of flow parameters defined as:

K=0Q,/Q

@;— long-term average value of water discharge for the entire observation
period, @ — discharge of the i-th year.

The coefficient of variation (C,,) is — 0.56 — (dispersion distribution).

An analysis of the curves shows that the natural high-water period on the
Syrdarya River is observed until the 1960s. Then there are turning points, from
1962 to 1970 a special period of fluctuation is fixed, singled out as a “transitional”,
which corresponds to the average water content of the year. Then the curve drops
sharply down as modulus coefficient reacts to a dry period. These conclusions are
consistent with previous studies (Shi, et al., 2019). This period lasts from 1975
to 2020, corresponding to the 35-year water cycle. Within this large cycle, there
is a time interval with a clear 11-year period, which probably corresponds to 11
summer solar cycles (1975-1986; 1986-1997; 1997-2008 and 2008-2020).

During the 1960s, the annual Syr Darya river flow within Kazakhstan territory
exceeded 20 km?® (Burlibaev, et al., 2004).

However, between 1950 and 1978, significant changes occurred in the basin
due to the construction and operation of five large reservoirs. These structures
completely regulated the river flow but had adverse effects on water flow. Notably,
the construction and filling of reservoirs coincided with the high-water period of a
35-year cyclic fluctuation in flow (Fig. 3).

The reservoirs, mainly located in the flow formation zones and the transit
section, include Kairakkum reservoir in Tajikistan, with a capacity of 4.20 km?,
and Toktogul reservoir in Kyrgyzstan, with a capacity of 19.5 km?. The reservoirs
demonstrated a discharge efficiency of approximately 75% in terms of releasing
water downstream whereas the volume of stored water in all reservoirs reached up
to 8.6 km?.
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Figure 3 — The curve of modular flow coefficients. Syr Darya river, (Kazaly gauging station
data)

The solar radiation impact on river runoff can be represented as:

Solar radiation (cycles, activity) — climate
(meteorological factors) — water (river) runoff

However, further analysis reveals the following feature. Coincidentally, during
the transition period (1962-1970) in the Syrdarya river basin, construction and
commissioning of 5 large engineering structures began, which radically distorted the
river flow. Engineering structures are located mainly in the areas of flow formation
and the transit part, among them: Kairakkum (Tajikistan) with a volume of 4.20
km?, Toktogul (Kyrgyzstan) with a volume of 19.5 km?, Shardara (Kazakhstan)
with a volume of 5.20 km? and Sharvak (Uzbekistan) with a volume of 2.00 km?.

Moreover, the efficiency of water returns of these reservoirs amounted to about
75%, and the unproductive value of the volume reached up to 8.6 km?. It was these
factors that contributed to the drop in the runoff curve on the graph.

Thus, the transboundary flow of the Syrdarya River at the site of the Kazaly
hydrological station (Kazakhstan), which in 1960 was more than 20 km? per year,
decreased to 1.0 km?® (1984) and less in 1990, and in some periods the river flow to
the Aral Sea practically stopped.

Consequently, it was the anthropogenic factor that turned out to be prevailing
in the change in the water content of the Syrdarya River. As a result, these
consequences were expressed in the form of a large-scale ecological catastrophe in
the Aral Sea region.

What is the situation with the hydrochemistry of transboundary waters?

Prior to the large-scale development of the transboundary Syr Darya river basin,
significant differences in the mineralization and qualitative composition of the river
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water along its course were not observed, as noted by numerous researchers. The
assessment of water pollution levels has designated the Syr Darya river’s quality as
belonging to class 2, indicating a state of cleanliness. However, within the context
of future development, a noticeable escalation in mineralization along the river’s
course has emerged as a discernible phenomenon. As a result, the quality of the
river water is now categorized into two distinct stages, surpassing the limits of
class 4, (Water Code of Kazakhstan, 2003). Intensive treatment of the water is
imperative for its suitability for domestic and drinking purposes, whereas its use
for recreational activities is not recommended. Notably, the average mineralization
level of the Syr Darya river’s water downstream at the «Kazaly» gauging station
(Kazakhstan) exceeds the mineralization level recorded upstream the Uchkurgan
gauging station (Kyrgyzstan) of over 2.3 times, as presented in (Table 1).

Table 1. Transboundary Syr Darya river mineralization

River Gauging Station Country mg/L
Naryn (Syr Darya tributary) Uchkurgan Kyrgyzstan 400
Karadarya (Syr Darya tributary) | Uchtepe Uzbekistan 640
Syr Darya Kazaly Kazakhstan 938

Over the course of a 100-year comparison, the Syr Darya river underwent
notable transformations in the chemical composition of its water, leading to a
substantial metamorphosis (Table 2). The average annual water mineralization
value experienced a remarkable 3.9-fold increase.

Table 2. Syr Darya river average annual mineralization changes according the ‘Kazaly’ gauging
station data.
Years 1910 1938 1952 1960 1970 1980 1990 2000 2010 2020
mg/L 440 471 570 677 776 998 1553 1158 974 1720

Preceding undisturbed (natural) period of flow regime, the water mineralization
composition was primarily dominated by hydrocarbonate ions (HCOZ) and

calcium cations (Ca**).
However, as the disturbed (anthropogenically) period begins, with a

notable shift in the dominant ions (SOZ”) within the water mineralization
composition. Sulfate ions progressively become the prevailing species,

superseding the previously dominant hydrocarbonate ions (HCOjz ) and calcium
cations (Ca®%). Furthermore, (K¥ 4+ Na™) cations exhibit an increasing
presence, while calcium ions (Ca**) assume a subordinate role. Concurrently, the
concentration of chloride anions (L1 ) initiates to increase (Table 3).
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Table 3. Syr Darya river qualitative (ionic) water composition 1910-2010

Years 1910  [1938 [1952 [1960 [1970 [1980 [1990 [2000 [2010
Ions mg/L
catt 60,4 642 [76,1 86 |98 112 [1o1,5 [123 |92
Mgt 234 273 [242 30 |57 87 82,5 [663 |28
K+ 4 et 328 [316 [634 88 130|253 [158  [138 [214
HCor 187 186|170 198 [170  [173 [174 |98  [200
s07- 108 131 [195 217 444|731 [500 [575 [314
- 284 [313 |414 58 |99 197  [142 [158 [126

The absolute quantity (K* 4 Na*), and Ca®*, as well as (CI7) and (S027)
anions, continuously increases with progressive elevation of mineralization, with a

rapid increase of (C17), (K™ + Na™), and (SOZ7) . This consistent trend is also
corroborated by previous research (Lezin, Lakes of Central Kazakhstan. Alma-Ata,

1982). The predominance of Mg** ions in the chemical composition is observed at
mineralization levels (TDS) ranging from 770 to 1550 mg/L, subsequently, the level

decreases. The (503 sulfate ion takes a stable position at water mineralization
(TDS) up to 550 mg/L, however, beyond this threshold, its concentration exhibits
an upward trend.

The (HCO3 ) hydrocarbonate ions exhibit a relatively stable equilibrium state
across all levels of mineralization.

Correlation analysis indicates that with the increasing of (Ca*™), (K ¥+ Na™)

, (5037)( Mg®"), and (CI7) ions in the chemical composition, the linkage
between these components and the overall water mineralization increases. (Fig. 4).
The correlation coefficient - (r) varies between -0.82 to -0.97.
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Figure 4 — Syr Darya river major ions and total dissolved solids (TDS) correlation.

The (Ca**), (503~ ) and ( CI™ ) ions exhibit the strongest correlation with
water mineralization (TDS). The correlation coefficient — (1) for these components
—0.95, 0.97, 0.97 respectively, which indicates a strong correlation between the
ions content and their sum, as evidenced by the high approximation confidence
factor (R?), which is acceptably in agreement at a minimum threshold of 50%.

However, bicarbonate ions (HC O3 ) exhibit a contrasting behavior with a negative
correlation (r=-0.59). This indicates that the proportion of bicarbonate ion content
is not associated with an increase in total water salinity (TDS).

The calculated data of salt flow in transboundary waters convincingly
demonstrate significant variations in ion flow values across individual years (Table

4). Therefore, sulfate ions (SO;) constitute a significant proportion of the
overall ion flow. Their contribution varies depending on specific yearly conditions,
with an average range of approximately 45%, and occasionally reaching levels
as high as 70%. In natural conditions, sulfate ions typically do not exceed 30%.

The lowest contribution to the ion flow is observed for (M g** ) ions, which, on
average, constitute no more than 5.0%. However, in certain years, their proportion
can reach up to 9.0%.

The observed elevation in sulfate concentration in the residual water bodies of
the Northern (Small) Aral Sea, which solely receive transboundary waters from the
Syr Darya, has also been confirmed by other studies (Andreulionis et al., 2022).
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Table 4. The Syr Darya River’s long-term ion flow

Ne Years River flow, km? Ton flow, 1000 t Salinity/water discharge ratio
1 1910 16,0 7040,0 1/0,44
2 1938 12,5 5887,5 1/0,47
3 1952 18,8 10716,0 1/0,57
4 1960 21,0 14217,0 1/0,68
5 1970 9,83 9810,3 1/1,00
6 1980 2,82 4379,5 1/1,55
7 1990 3,60 4168,8 1/1,16
8 2000 2,43 2814,0 1/1,15
9 2010 5,30 5162,2 1/0,97
10 2020 3,00 5160,0 1/1,72

However, a more precise understanding of the quantitative relationship between
ionic and water flow can be achieved through the use of utilizing a specific metric —
(1000t/km?). During the undisturbed (natural) period of the flow regime, the average
ionic flow was 554.0 thousand tons per km* of water, while during the disturbed
(anthropogenically disturbed) period, the average was 1170 thousand t/km?.

Considering the average long-term mineralization values for different periods
and treating them as relative norms, the following general observations can be
made. In the undisturbed (natural) period, the mineralization rate was 540 mg/L,
whereas in the disturbed (anthropogenically disturbed) period, the rate was 1200
mg/L. This represents an excess of 2.2 times.

Regarding the distribution of mineralization in river water during the disturbed
period, prior to the commencement of the “vegetation period”, the relative standard
is 572 mg/L. The results of the comparative analysis show a mere 6% increase in
mineralization, indicating nearly equal proportions with the values observed during
the undisturbed (natural) period.

The systemic analysis of ion flow dynamics reveals a distinct pattern, qualitatively
reflecting the development rates of the agro-industrial complex throughout the
entire Central Asian region (Uzbekistan, Kyrgyzstan, Tajikistan, Kazakhstan):

* [ Period (1910-1950): 455.0 thousand tons of ion flow/km? of water flow;
* II Period (1950-1970): 702.0 thousand tons of ion flow/km* of water flow;
* III Period (1980 to present): 1276.0 thousand tons of ion flow/km?* of flow.

This can be explained by:

The rapid exploitation of water resources in the basin, leading to increased ion
flow in river water.

The deceleration of agro-complex development, primarily associated with the
economic conditions of the countries and a decline in production, resulting in
reduced ion flow.

In the first case, excessive increases in water withdrawal for irrigation purposes
and large volumes of wastewater discharge back into the river system are key
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factors. In the second case, reduced water withdrawal from the river system and
consequently lower volumes of discharged water play a role.

In practice, water withdrawal in the river basin exceeds 35.0 km?/ year. As a
result, approximately 20.4 km? of collector-drainage water are generated annually
in the Syr Darya river basin. About 60% of this water consists of return flows,
which are discharged back into the river network without proper purification,
while the remaining portion is lost in natural depressions. The mineralization of
these discharged (irrigation) waters reaches values ranging from 1.0 mg/L to 3.0
mg/L or higher. These findings are consistent with previous studies (Rubinova and
Kuropatka, 1980; Omarov, 2003), highlighting the prevalence of return (discharged)
wastewater in altering the chemical composition of river water. Various elements,
including toxic salts, heavy metals, and pesticide residues, are present in the
chemical composition of Central Asian river water. Consequently, up to 20% of
the total applied fertilizers are lost with the discharged water in irrigated fields, and
some modern compounds exhibit greater persistence in the aquatic environment.
For instance, herbicides widely used in rice cultivation can persist in soil, irrigation
water, and drainage water for approximately three months (Fundukchiev and
Belyalova, 2004). Analysis of certain elements in the water-salt balance of irrigated
areas indicates that the most severe meliorative conditions occur in the lower parts
of the Syr Darya river basin. These observations confirm that the downstream areas
of the transboundary Syr Darya river serve as an accumulation zone not only for
saline (ionic) flow but also for chemical pollutants.

Risks imposed by climate change to irrigated agricultural production include
increased water scarcity, unpredictable weather patterns, and heightened
vulnerability to extreme events, such as floods and droughts. These challenges
threaten food security and necessitate adaptive strategies and sustainable practices
in farming (Leman et al., 2017).

Hydrochemical toxicity of river water salts significantly increases or deteriorates
as the water flow moves from the formation zone to the dispersion (accumulation)
zone, i.e., along the length of the transboundary watercourse.

Conclusion. Over the compared long-term observation period in the
transboundary waters of the Syr Darya river, indicating significant metamorphosis

processes of chemical composition. Absolute content of ions (K¥ + Na™), and
Ca**,( C17) continuously growing with increasing water mineralization level.

The (Ca**), (HCO;) and( Cl7)ions exhibit the strongest correlation with
water mineralization (TDS). The correlation coefficient - (r) for these components
—0.95, 0.97, 0.97 respectively, which indicates a strong correlation between the
ions content and their sum. (HCO3 ) ions have a negative correlation (r — 0.59).

Relatively major ion flow is accounted for by sulfate ions (HC0O3 ), depending
on the specific year conditions, is on average in within 45% of the total amount,
and in some years reach up to 70%. In natural conditions (undisturbed mode
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period) sulfate ions did not exceed 30%. The minimum ions value corresponds to
magnesium ions, which does not exceed 5.0% riches up to 9.0% in some years.

Magnesium ions predominance is observed with mineralization from 770 to
1550 mg/L, then decreases. Sulfate ions with water salinity up to 550 mg/L takes
a stable position, above 550 mg/L — increases. Bicarbonate ions at any values of
mineralization occupy a more or less balanced position.

Hydrochemical analysis for the long-term observation period and calculation
convincingly demonstrates that an ion flow increase is not always proportional to
an increase of water flow. The ionic composition of the researched transboundary
river changed from hydrocarbonate-calcium (inherent in natural waters) to sulfate-
sodium class. In the qualitative composition of water, the predominant main ions
become sulfates (SO2™) and cations (K + Na™),butchlorineanion (C17), which
occupied the subordinate state in the undisturbed flow regime began to increase,
which is associated, firstly with an increase of wastes into the transboundary Syr
Darya river basin. The water runoff for the disturbed (anthropogenically disturbed)
period relative to the undisturbed (natural) period decreased on average by almost
70%. A comparative assessment of the water content of the transboundary Syr
Darya river indicates the state of depletion of the water resources of the basin.

For each km* of water runoff in the undisturbed (natural) period of the flow
regime, there was an average of 554.0 thousand tons of ionic flow, while in the
disturbed (anthropogenically disturbed) period — 1170 thousand t/km?*. of ionic flow.

In the ion flow dynamics of transboundary waters, a certain regularity can be
traced in the characteristic developmental changes of Central Asian countries.
System analysis shows that:

1) With the rapid rates of water resource utilization in the basin, the ion flow in
river water increases;

2) With the deceleration of agricultural sector development and a decline in
production rates. The statistical method of data analysis reveals that at least 50% of
the ion flow, which in the average long-term period is about 620.0 thousand t/km?,
is brought exclusively by water runoff during the «vegetation period».

The determination of changes in hydrochemistry of the Syr Darya river flow
is anthropogenic activity, i.e. due to anthropogenic origin. The current trend of
decreasing water quality and transboundary waters mineralization growing is
progressing.

Data Availability. All study data are included in the article.
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