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Abstract

The Aral Sea is well known throughout the World as an inland lake disappearing due to
unsustainable use of natural water resources for economic purposes. The degradation of the
sea led to irreversible transformations of the ecosystem in the region and other destructive
consequences. It has become a natural laboratory, allowing the study of the morphometric
transformation of the properties of its waters under the influence of environmental condi-
tions. This article is devoted to the study of temporal variability in the biogeochemical and
physical characteristics with an emphasis on the metamorphosis of the ionic composition
of the Aral waters and its individual water bodies (i.e., the Large and Small Aral Seas,
Lakes Chernyshev and Tshchebas) in the period 1873 —2022 based on newly obtained
(2021 and 2022) and literature data. Periods of hydrochemical evolution are identified
reflecting the order of salt deposition lasting for several years. The latest of these periods
lasted from 2014 to 2022 waters in the salinity range of 126-244 %.. It was characterized
by the SO;7/CI" ratio of 0.31, while Mg?*/Na* 0.34 and Ca®*/Na* 0.02. Migration curves
for the Aral Sea’s water reflect the influence of a number of regional features on the forma-
tion of the ion-salt composition of waters was constructed. The biogeochemical features of
the final stage of the Aral Sea are discussed using the example of the former bay and now
lake Chernyshev. Its salinity of ~243 %o and the microbial community inhabiting it, along
with the ionic composition, determines the properties of its waters.
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1 Introduction

The Aral Sea’s disaster well known throughout the world and more than a thousand works
are devoted to a comprehensive study of the Aral problem (Kostyanoy and Kosarev 2010).
Since the 1960s, economic activity has intensified in the Aral Sea Basin (ASB) and the
area of irrigated lands and water intake from rivers filling the sea have doubled. As a result
of land management in ASB during the period between 1982 and 2015, the area of arable
land expanded by~3% and~67% of the water area turned into barren land (Berdimbetov
et al. 2021). Along with climate change resulting in a loss of ~90% of the water volume
(Yang et al 2020) and an increase in the region’s climatic continentality (Breckle et al.
2012). It have caused increased aridization, rising groundwater levels, soil salinization,
degrading 54.5% of the region’s land area from 1982 to 2015 (Jiang et al. 2019). The mean
air temperature and potential evapotranspiration rate revealed significant increases from in
ASB (Berdimbetov et al. 2021). Precipitation in most of the region has not changed sig-
nificantly over the past 50-60 years but has decreased slightly in the western part of the
region and increased more significantly in the irrigated areas (Lioubimtseva and Henebry
2009). Desertification of the territories around the Aral Sea has led to the formation of a
new desert, Aralkum (Breckle et al. 2012), which contributes to the occurrence and inten-
sification of dust storms polluted with salts and pesticides (White 2014; Indoitu et al. 2015;
Wang et al. 2022). These changes have caused devastating ecological, economic and social
consequences in the region (Kostyanoy and Kosarev 2010; Aladin et al. 2017) and also sig-
nificantly changed the morphometric characteristics of the water bodies (Zavialov, 2009).

The shrinking surface area of the Aral Sea has changed the natural landscape in the
ASB. Since 1989, the sea has been successively divided into five separate water bodies:
four permanent (the western basin of the southern (Large) Aral Sea, the northern (Small)
Aral Sea, Chernyshev and Tshchebas lakes) and one temporarily (the eastern basin). These
water bodies differ in their hydrological and physicochemical properties (Roget et al.
2009). Mineralization, total alkalinity, and ion concentrations have increased, while pH
value has decreased and relative ionic composition has transformed across all remaining
water bodies. The ecosystem of the water body largely depends on the mineralization and
ionic composition of its water, and changes in these factors have a detrimental effect on
the water bodies ecosystem (Oberhinsli et al. 2007). The irreversible changes to the salt
composition of the Aral waters resulted a loss of biological diversity (Sapozhnikov and
Kalinina 2018; Plotnikov et al. 2021).

A number of works early have been devoted to the study of the hydrochemistry of the
Aral Sea and, in particular, the major ion composition, since the end of the nineteenth cen-
tury (Table 1). Studies of the entire water area of the sea in order to calculate possible
changes in hydrochemical conditions when taking water from rivers in the 1950s give an
idea of the hydrochemistry of the sea in its conditionally natural period (Blinov 1956). All
subsequent studies recorded irreversible changes in the hydrochemical regime of the sea
and its ecosystem. After 1985, there was a 10-year break in the studies of the Aral Sea, and
since the 2000s by Shirshov Institute of Oceanology of Russian Academy of Sciences (10
RAS).

Historically, the chemical composition of the Aral Sea’s waters differed significantly
from that of the seawater and is classified as lake water. It was formed by the runoff of
the Amu Darya and Syr Darya rivers under the control of evaporation and infiltration pro-
cesses. Professor K. Schmidt was the first to note the unique composition of the Aral Sea’s
water in 1874, and the first chemical analysis was conducted by A. Neschel and published

@ Springer



1

Page 3 of 26

(2025) 31:1

Aquatic Geochemistry

¥'201 w 0 800¢ ‘dunf
L'L6 (34 0 BIEP ON  900¢ ‘Tequiaidog
6¢
S0'S6 134 -0 ¥ 600z ‘equdeg
00T
L'98 134 wsngny Tudy
(z100)
‘[e 19 AO[eIARZ I'cL (34 0 elep ON 2002 ‘Amng (a4
cLee 99 L G861
¥9°'1¢C Byep ON 81 7861
S1'oc elep ON 14! €861
0C BIRp ON 6 861
SL'LT €9 L 1861
9l elep ON o1 6L61 oG 0BIE]
LTSI Blep ON ¥'0-C0 Ll LL6T
(0661)
eASRAISIYD)
pue yiurog ol 89 0 8 s61 BOS IV
1601 9 0 I 0s61 Ise0) I1seyq
S001 Blep ON 0 8 961
(9661) aourg ol €9 0 8 gzol elep ON
(9661) aourg
“(8061) S10g 0v'01 89 0 S €L81 Isn3ny wed [enus) e [e1y S81e]
(09) Kyturfes () sordures eare Jurpdwes
Qoua1ofey  ordwes aferoAy (wr) yydop aye yidop Surdweg JoroqunN Surjdwes Jooyeq  9yj JO UONEBIOT]

sa1pnys snoradid woiy ejep Arewwng | ajqel

pringer

NS



(2025) 31:1

Aquatic Geochemistry

Page 4 of 26

£y’ eee Cl-L C
LL6ST 4! $—0 € 610C “Pquardeg
L8'VET €10 !
19°'1L el 0 I 810¢ ‘199010
YLTYC 4! 1
¥6'18 Cl 0 1 910T ‘1990110
£6°6¢€C €l=L [4
(Tz00)
‘Te 30 stuolnIpuy 1€yl 4! s—0 € S10T 99010 1ed enua)
Y2601 C
(#002)
[[sueyI=qO e]
pue yoLIpaLy 878 < 0 BIRp ON 200¢ Isn3ny yred uroylioN  /Aeg AdysAuroy)
LT'6€1 0€-6¢ 4
(12020)
‘Te 39 stuolnIpuy 6v'9¢l 0¢ S1-0 4 610C ‘KeN w
124! 6C 6C—0 4 L10T ‘199010
(6100) Ao[eIARZ
pue SIuornIpuy €9°LTl 0] 0 1 910T ‘UdTeN w
LT'6€1 0e=¢¢ 4
(1200
‘Te 3 stuolnipuy 6v'9¢l 0€ S1-0 C 610C ‘AeiN (44
(1200)
‘[e 30 stuolnipuy £9¢1 123 0 ! ¥10T ‘199010 (44
1491 44 0 600C Isnsny 5
(09) Aurres (ur) sorduwres eare Jurpdwes m.o
QuaIgjoy  ordwes oSeroay (ur) yydop aye] yydop Surdueg Joroquny Surjdwes Jooyeq  9yj JO UONEBIO] Qmu..

(ponunuoo) Lajqer 4l



Aquatic Geochemistry (2025) 31:1 Page 5 of 26 1

in 1870. Doctor L. S. Berg noted in 1907 that the Aral water was similar in composition
to the Caspian Sea water, but contained more gypsum and less NaCl. It differed from sea’s
waters by a significantly higher sulfate-chlorine ratio (Blinov 1956). They has represented
an intermediate type between sodium chloride oceanic and hydrocarbonate-calcium fluvial,
belonging to the sodium group of the chloride class with a mass fraction of CI” of 35%,
SO;™ of 32%, Na* of 20%, Mg of 7%, of 1%, and Ca®* of 4% (Amirgaev, 2007). The
salinity of the water in the open part of the sea fluctuated between 9.6-10.3 %o before 1960
(Bortnik and Chistyaeva, 1990).

Currently, in the hyperhaline water bodies, the concentration of sulfates, bicarbonates,
and calcium ions has significantly decreased, whereas the concentration of chlorides and
magnesium ions has increased. The sulfate-to-chloride ratio, which previously averaged 0.9
for the entire sea (Bortnik and Chistyaeva, 1990), had reduced threefold in the Large Aral
by 2019, by 1.4 times in Tshchebas Lake, and by twofold on the surface and 1.4 times
at the bottom of Chernyshev Lake. The metamorphosis of the waters in individual water
bodies of the Aral Sea continues and salinity increases. With the exception of the slightly
saline Small Aral, other individual bodies of water in the Aral Sea are hypersaline lakes
with salinity levels reaching 140 %o in the western basin, 60 %o in Lake Tshchebas, and
160-242 %o in Lake Chernyshev. The construction of the Kokaral Dam in 2005 allowed
for the regulation of water flow from the Small Sea through the Berg Strait, facilitating the
partial restoration of the lake’s ecosystem to conditions akin to those before 1960, with a
salinity of 10-11%. but whit change ionic composition and the sulfate-to-chloride ratio
is more then 1 (Andrulionis et al. 2021, 2022). It should be noted that individual reser-
voirs of the Aral Sea, being currently hyperhaline, differ in their composition and proper-
ties from a number of other known hyperhaline lakes such as the Dead Sea and Lake Urmia
(Andrulionis et al. 2023).

The most important physical characteristics, such as salinity and density, as well as their
determination accuracy by indirect methods, depend on ionic variations. The study of the
physical properties of hyperhaline lakes is complicated by the unique chemical composi-
tion of their waters. Typically, in seawater, the relationship between density, temperature,
salinity, and pressure is determined by the EOS-80 equation of state, with salinity calcu-
lated based on electrical conductivity. Accurate salinity calculation on electrical conductiv-
ity is impossible in Aral Sea due to differences its relative ion-salt composition from the
composition of standard seawater. However, variations in the electrical conductivity-salin-
ity-density relationship introduce errors when determining the thermodynamic properties
of seawater using electrical conductivity, as it largely depends on the concentration of the
major ions (Pawlowicz 2013). Determining salinity and density using standard hydrophysi-
cal measurement methods with an STD probe does not yield reliable results, with potential
density calculation errors reaching up to 10 kg/m> and more (Andrulionis et al. 2016). This
work analyzes data obtained by the most accurate methods. Salinity was calculated based
on the sum of the major ions, while density was measured using a laboratory densitometer
and the evolution of the Aral sea’ s water density in period 2014 — 2022 was presented in
this paper.

The purpose of this work is to trace the evolution of its physical and biogeochemical
properties from the time of the first explorations of the slightly saline sea-lake to its hyper-
saline state and note the features of metamorphosis of the main properties of lake waters.
Discuss the relationship between the detected changes and environmental conditions and to
assess the current state of the disappearing Aral Sea. For this purpose, data for the entire
period of study of the ionic composition of Aral waters from 1873 to 2022 were analyzed
using historical data from Table 1 and new data from Table 2. The results are presented
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Fig.1 Study area and location of sampling sites during field campaigns of 2021 and 2022 (A): red points
show off-shore sampling stations, green points show sampling from groundwater sources. The Aral Sea
drainage basin (red line) and main tributary rivers (B)

graphically. Early observations of the evolution of the ionic composition of the Aral waters
before 2019 were presented in the works (Andrulionis et al. 2021, 2022) and salinity
before 2015 in (Plotnikov et al. 2023). The hydrochemical evolution of the Aral Sea water
composition is determined by the migration of its components over time. It is reflected
in this work in the form of migration curves determining the influence of a number of
regional features on the formation of the chemical composition of the waters (Samarina
1977). Understanding the metamorphosis of the ionic composition as salinity increases is
of particular relevance, especially in the context of a sharply continental climate. It can be
compared with theories presented in scientific studies based on laboratory experiments, for
example, in (Valyashko 1962; Sanford and Wood 1991). We have determined the microbi-
ome composition of deep waters in the former bay, and now the most hypersaline part of
the Aral Sea - Lake Chernyshev. This expands our understanding of the processes that form
the composition of the lake waters and the life forms that exist in extreme conditions of
salinity over 240 %o and anoxia.

This study provides a foundational understanding of the Aral sed s water composition
behavior. It is important for predicting this lake’s future and similar lakes under changing
climatic conditions. It can help in the development of technologies for modeling biogeo-
chemical processes of water and bottom sediment formation, as well as their dynamics in
inland water bodies (Izhitskiy et al. 2014; Foldvary et al. 2023).

2 Geographical location of the study area

The Aral Sea is located in Central Asia, spanning the territories of Uzbekistan and Kazakh-
stan. Prior to its desiccation, the sea level stood at 53 m above sea level (m.a.s.l.) with a
surface of approximately 66,000 km?, a volume of 1064 km?, and a maximum depth of
66-69 m in the western part and 29 m in the northern part (Blinov 1956; Kosarev 1975).
Today, it consists of five distinct water bodies—four permanent and one temporarily
filled (Fig. 1). The dates of the field study locations and sampling stations are presented
in Table 3. The deepest part of the lake remains in the western basin of the Large Aral

@ Springer
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Table 3 Information about water sampling stations in residual reservoirs of the Aral Sea and in groundwa-
ter sources in the drying zone in 2021 — 2022, considered in this work

Site Season Station (type) Depth (m) N (©) E (°)
Large Aral Sea, western basin October, 2021 A2 (lake) 28 45.08 58.39
w1 (lake shore) 0.5 45.09 58.34

gl (spring) - - -
June, 2022 A2 (lake) 26 45.08 58.39
September, 2022 w2 (lake shore) 0.5 45.71 58.65

g2 (spring) - - -
Lake Chernyshev September, 2022 C5 (lake) 6 45.96 59.23
23 (spring) - 45.99 59.22
Lake Tshchebas T1 4.5 46.30 59.71
Small Aral Sea S1 14 46.51 60.16

Sea, with an area of approximately 2,300 km? by 2021, a volume of 32.59 km® (Ginzburg
et al. 2022), and a depth of around 27 m. The sea depth had decreased by 39 m and the
sea s level probably is now ~ 14 m.a.s.l. Chernyshev Lake until the 1960s had a depth of
40 m and Tshchebas Lake —30 m, (Blinov 1956), but now they are~6 and ~4 m, respec-
tively. The Small Aral Sea, previously the northern section of the Aral Sea with a depth of
29 m, saw its depth more than halve to~14 m. The Small Aral is connected to the Large
Aral by the Syr Darya River, whose flow toward the Large Aral has been regulated by the
Kokaral Dam, constructed across the Berg Strait in 2005. Presently, the Syr Darya River
is the primary water supplier to the Large Aral, as the waters of the Amu Darya River are
largely consumed by the economic demands of the population before they can reach the
sea. The long-term average annual freshwater volume, previously 56 m?, has dropped to
5.9 m> (Aladin et al. 2017). The increase in water intake caused its deficit (Lyubimtseva,
2014; Jiang et al. 2019).

3 Materials and methods

Water samples from the residual reservoirs of the Aral Sea and three groundwater sources
on the dried seabed were collected by the staff of the Shirshov Institute of Oceanology,
during three field studies conducted in Kazakhstan and Uzbekistan in October 2021, June
2022, and September 2022. These samples were taken from various reservoirs of the Aral
Sea and from three underground sources located along the western coast of the Large Aral
Sea and Lake Chernyshev (Fig. 1). The water samples were collected using a 5-L Niskin
bottle at the locations specified in Table 3. One 5-L water bottle was taken from each water
horizon. One sample was obtained from each bottle. The concentrations of seven major
ions were determined from each sample. The analysis for each ion was carried out at least
five times, from which the average value was calculated and taken as the result. A total
of 23 samples were analyzed based on the results of two expeditions in 2021 and 2022.
Water samples were filtered through a 0.7 um GF/F Whatman membrane filter to remove
suspended matter and organic matter and placed in 100-250 ml glass containers. The major
ion content of the Aral Sea waters was analyzed in accordance with methods adapted for
hypersaline waters, following analytical standards and state standard reference materials
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(Andrulionis and Zavialov 2019; Andrulionis et al. 2023). Concentrations of chlorides,
sulfates, calcium, magnesium, total inorganic carbon, and total alkalinity were measured
using potentiometric titration on a Metrohm 905 Titrando automatic titrator, with indica-
tor electrodes selected based on the reaction type and ion under analysis. Total dissolved
inorganic carbon was determined in mmol/kg and converted to g/kg as HCO;. The concen-
tration of potassium ions was determined gravimetrically. Sodium was determined by the
difference between the total anions and cations in molar equivalent, and then recalculated
to g/kg. The salinity of the Aral Sea water samples being studied was determined by sum-
ming up the concentrations of the major ions.

Measurements of water density for the studied samples were conducted in the labora-
tory at in situ temperatures and atmospheric pressure. The density measurements were
performed using a precision Anton Paar DMA 5000 M densitometer (Austria), with a
measurement error of + 107 g/cm? (Instruction Manual DMA 2010). The density values,
initially obtained in g/cm3, were recalculated and expressed in conventional density units o,
in kg/m? using the formula:

ot = p—1000 (1)

where p is the density of water in kg/cm®.

The standard deviation when measuring o, in the studied hyperhaline water samples did
not exceed 0.05 kg/m?.

The study of the microbial community of Lake Chernyshev water sample was carried
out using methods of metagenomic DNA isolation, PCR amplification, and high-through-
put sequencing of 16S rRNA gene fragments (Benlloch et al. 2002). The filter was homog-
enized by grinding with liquid nitrogen, and the metagenomic DNA preparation was iso-
lated using a Power Soil DNA Isolation Kit (MO BIO Laboratories Inc., Carlsbad, USA).
The detailed methodology has been previously described by Kadnikov et al. (2023) and
Savvichev et al. (2023). The studies were carried out using an Illumina MiSeq sequencer.
The total number of identified 16S rRNA fragments used to identify microbial communi-
ties was 14,393. They were identified using the SILVA program and the GTDB database.

4 Results

4.1 Hydrochemical characteristics of the residual water bodies of the Aral Sea
in 2021 and 2022

The main hydrochemical characteristics of water samples from individual waterbodies of
the Aral Sea and coastal groundwater sources collected in 2021-2022 are presented in
Table 2. The depth of individual parts of the lakes was in the range of 6 —27 m, salinity
11 —244 %o, density 6.42—202.71 kg/m?, total alkalinity (AT) from 2.59 — 16.66 mmol/kg
and pH from 7.5 —8.5. All water bodies belong to the chloride class (CI” >SO§‘ >HCO3)
and the sodium group (Na*+K*>Mg?* > Ca®") but the waters of the slightly saline Small
Aral Sea currently belong closer to the mixed class (the contribution to the total miner-
alization of CI™ and was 50 and 48%), and the mass contents of Mg2+ and Ca”* are almost
equal (Na* +K*>Mg* = Ca®").

The western basin of the Large Aral Sea remains the deepest of the separated parts of
the sea. The salinity, density, and relative content of the major ions in the salt composition
measured in October 2021 and June 2022 were very similar while the level dropped by 1 m
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to 2022. Salinity ranged from 155 to 160 %o, and o, ranged from 130 to 135 kg/m®. AT of
the studied waters averaged ~ 14.32 mmol/kg. The water column of the lake exhibited ther-
mohaline stratification in both 2021 and 2022. This is indicated by a decrease in tempera-
ture, an increase in salinity in the layer below 15 m. The presence of chemical stratification
of the water column is indicated by a change in the relative content of ions to the bottom
(starting from 20 m) toward an increase the SOi_ /CI” ratio by 11% in 2021 and by 7% in
2022 compared to the rest of the water column.

The waters of the Small Aral Sea had a salinity of about 11. This is the lowest value
compared to other water bodies and corresponds to the salinity of the sea in the condi-
tionally natural period. The total alkalinity was also the lowest and amounted to 2.81 and
2.59 mmol/kg on the surface and in the bottom layer, respectively. The pH value of the
waters on the surface was 2.5% higher than at the bottom. The temperature of the bottom
layer of water was lower by 12%. The salinity and the SO,>/CI- value were slightly higher
in the surface layer than at the bottom (by 1.5 and 3.6%, respectively), probably due to the
increased water temperature on the surface, while the differences in the content of other
ions were not significant.

A significant reduction in the bay’s water level, halved over the past three years, led
to its disconnection from the deeper parts of the Aral Sea, resulting in the formation of
a separate lake (former Chernyshev Bay). The hydrochemical characteristics of the, as
observed in September 2022, are presented in Table 2. The salinity was~243 %o, and
the density was~203 kg/m®. Chemical stratification was present in the lake, as evidenced
by variations in the relative content of the major ions between the upper water layer at
depths of 0-4 m and the lower (bottom) layer of ~6 m. Chemical stratification is critical
for maintaining redox boundaries through anaerobic decomposition of organic matter. In
stratified and near-neutral pH lake waters, sediment particles are entrained into dense bot-
tom waters where maximum organic degradation and H,S formation occur. These condi-
tions influence the speciation of dissolved inorganic and organic matter, solid-state reac-
tions, mineral transformation, and sedimentation (Jones and Deocampo 2003). The relative
chloride content was lower in the bottom layer, while sulfate levels were higher by ~3% in
the lake waters. The increased content of sulfates is attributed to their release during the
decomposition of organic matter and the dissolution of mineral compounds (Friedrich and
Oberhinsli 2004). The Mg?* / Na** ratio was 0.34 and 0.31 in the upper and lower layers,
respectively. The content of Ca** and remained in trace amounts. The decrease in the con-
tent of K* at the bottom was negligible, at just 0.1 %o. As is well known, potassium ions
precipitate last when water reaches a brine state (Sonnenfeld 1984). Lake Chernyshev has
the highest salinity of all the individual water bodies > 243 %o. The decrease in the relative
content of Na?*, K* and Mg?* indicates oversaturation of the bottom brine with these ions.
This evidence suggests that Lake Chernyshev represents the final stage of the hydrochemi-
cal degradation of the Aral Sea.

Lake (former bay) Tshchebas has a depth of about 3 m in 2022. It is well mixed to the
bottom, and its physical and chemical characteristics are almost identical. It occupies an
intermediate position in its properties between the Large Aral Sea and Lake Chernyshev.
The salinity of its waters was about 114 %o, the density was about 94 kg/m>, AT was about
7 mmol/kg, the SO,* / CI” ratio was about 0.7 both on the surface and at the bottom.
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4.2 Microbial community of deep waters of Lake Chernyshev

The taxonomic composition of microorganisms in the bottom layer of Lake Chernyshev
of properties its water was studied. The studies showed that 84.44% of all 16S rRNA
sequences were archaea (Fig. 2). They were represented by 3 phyla: Halobacteriota,
Nanohaloarchaeota and Nanoarchaeota, with representatives of Halobacteriota clearly
dominating. It was found that uncultured archaea of the genus Halorubrum (phylum
Halobacterota), constitute 41.85% of the OTU (operational taxonomic units) of the
entire community detected. They are the main representatives of archaea in red, salty
brines across most continents of the Earth (Gémez-Villegas et al. 2018) and the largest
genus of archaea in the class Halobacteria, whose representatives are obligate anaer-
obes. Most species have a bright red color due to the carotenoid bacterioruberin and
may also contain bacteriorhodopsin. They caused the pink color of the waters of Lake
Chernyshev. Uncultured archaea of the genus Woesearchaeales (phylum Nanoarchae-
ota) (OTU 0.32%) leading to anaerobic heterotrophic lifestyle with a pronounced defi-
ciency in metabolic capabilities and the need for mandatory trophic interactions with
other microorganisms, in particular with methanogenic archaea (Liu et al. 2018). Their
presence indicates the existence of methanogenesis processes and the presence of meth-
ane in the lake waters.

The bacterial community of the bottom waters of Lake Chernyshev is inferior in
number to the archaeal community (OTU 15.08%) (Fig. 2). Bacteria were represented
by 7 phyla: Acetothermia, Bacteroidota, Chloroflexota, Desulfobacterota, Bacteroidetes
(Firmicutes), Halanaerobiaeota, Pseudomonadota (Proteobacteria). The community
includes Salinibacter (phylum Bacteroidota) (OTU 6.38%). The type species, Salini-
bacter ruber, is an extreme halophile found in natural and artificial brines worldwide
and thrives in salt concentrations of 20-30% (Oren 2013) and shares many features with
archaea of the family Halobacteriaceae in the same habitats. The second most abun-
dant bacteria were the genus Halopeptonella (phylum Pseudomonadota) (OTU 5.93%).
The type culture of Halopeptonella vilamensis found in the lake is strictly aerobic and
typically forms pink to purple colonies. It grows at NaCl concentrations of 7.5-25%
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(Menes et al. 2016). Minor representatives of the microbiota included sulfate-reducing
anaerobic halophilic bacteria of the genus Desulfohalobium (phylum Desulfobacterota)
(OTU 0.05%), previously isolated from sediments of the pink hypersaline Lake Retba
in Senegal (Ollivier et al. 1991), anaerobic halophilic bacteria of the genus Halanaero-
bium (phylum Halanaerobiaeota) (OTU 0.81%), previously isolated from groundwater
sources as well as from oil field groundwater (Lipus et al. 2017), and bacteria of the
genus Izimaplasma (phylum Bacillota (Firmicutes)) (OTU 0.06%), known to inhabit
deep-sea methane seeps (Skennerton et al. 2016).

4.3 Groundwater sources

On the western coast of the South Aral Sea, small groundwater seepage sources (gl, g2,
and g3) were discovered on the dried-out bottom in October 2021 and September 2022
(Table 2). Two of them (gl and g2) had a salinity of ~50 and 19 %o, respectively, and
flowed into the main part of the lake, and g3 had a salinity of 108 %¢ and flowed into Lake
Chernyshev. The water samples from these sources differed in mineralization and the ratio
of major ions, both from each other and the waters of the Large Aral Sea and Lake Cherny-
shev. The SOi_/ CI™ ratio in source gl was 0.60, in g2 — 0.16, in g3 — 4.27. The composi-
tions of sources gl and g2 were dominated by chlorides and sodium ions, but contained
significant amounts of bicarbonates (~1.5%). Source g3 was distinct from the other water
samples due to its higher concentrations of sulfates and bicarbonates, which exceeded the
levels found in the lakes, with Na* being the predominant cation.

4.4 Evolution of the major ion composition of the waters of the Aral Sea
in the period 1873 —2022

The five stages of ionic composition metamorphism of the Aral Sed s waters lasting several
years reflect the order of precipitation of salts from the brine (Fig. 3). At the first stage, in
the salinity range of 11-23 %o in period 1960-1985, the SO}/ CI ratio was 0.88, the Mg**
/ Na* ratio was 0.24, and the Ca®* / Na* ratio was 0.18. Until the 1990s, minerals such as
calcium and sodium carbonates, sulfates (gypsum, mirabilite, glauberite), chlorides (hal-
ite), etc., precipitated (Bortnik and Chistyaeva 1990). Then there was a 10-year break in
the studies of the Aral Sea, which were resumed in the early 2000s (Zavialov et al. 2009).
At the next stage (2002-2006) with salinity of 72-98 %o the SOi_/ CI ratio was 0.73, the
Mg2+ / Na* ratio was 0.24, and the Ca?* / Na* ratio was 0.03. The notable decrease in
the calcium and sulfates suindicates massive precipitation of as gypsum. The third stage
(2008-2009) was characterized by a salinity range of 100—~115%o and the SOZ‘/ CI ratio
of 0.52, the Mg?* / Na* ratio of 0.27 and the Ca®>" / Na* ratio of 0.02. By this stage, the
content of SOZ‘, Ca?*, and Na™ had further decreased. The fourth stage was documented
during our research period 2014-2022 and applies to both the Large Aral Sea and Cherny-
shev Lake. It corresponds to a salinity of 126-244 %o and the SOﬁ‘/ CI ratio was 0.31,
while Mg2+ / Na* was 0.34, and Ca®* / Na* was 0.02. By this time, the sulfate content
had decreased, probably due to the precipitation of sodium sulfate. The fifth stage is char-
acteristic of the lower layer of the chemically stratified Chernyshev Lake at a salinity of
243 %o. The SO;7/ CI ratio was 0.37, the Mg / Na* ratio was 0.31, and the Ca®* / Na*
ratio was 0.01. The observed stages of the Large Aral Sea s waters can be associated with
fluctuations (periods of increase and decrease) in the lake volume. Fluctuations, despite
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Fig.3 Evolution of the major ionic composition of the waters of the deep-water part of the Aral Sea from
1873 to 2022, and from former Chernyshev Bay from 2002 to 2022. Fully filled circles indicate the val-
ues of the relative content of elements in the composition belonging to the deep-sea part of the sea, white
circles with colored contours—to the upper layer of the Chernyshev Bay, white diamonds with a colored
contour—in the lower layer. The solid line indicates trends in changes in ion content in the deep-sea part
of the Aral Sea, dotted lines—in the Chernyshev Bay: frequent dotted lines—in the surface layer, rare—in
the bottom layer. The blue frames highlight the stages of the evolution of the composition, and the Roman
numerals indicate the stage number, which corresponds to the salinity interval: lin the range 10—-23 %o
(1873 —1985); 2 lin the range 72-98 %o (2002 —2006); 3 lin the range 100-115%0 (2008 —2009); 4 lin
the range 126-244 %o (2014 —2022) and the 5 stage is typical only for the bottom waters of part of Lake
Chernyshev

the general trend toward a decrease in the volume and area of the lake during its degrada-
tion, were caused by alternating processes of continental runoff and evaporation (Wu et al
2022). Also, the concentrations of dissolved ions in salt lakes are controlled by the lithol-
ogy of parent rocks, evaporation, loss of dissolved substances by minerals and biota (Jones
and Deocampo 2003).

Figure 3 reflects the features of the formation of the modern chemical composition of
the Aral Sea waters. The migration curves of the components of the main composition of
the Aral Sea waters on the graph reflect the patterns of behavior of the components asso-
ciated with their chemical properties. These curves reflect the influence of a number of
regional features (geological, climatic, geomorphological and hydrogeological conditions)
(Samarina 1977). The figure shows that the migration intensity of ions varies. In the main
part of the Aral Sea, CI” migrates better than SOi_ and its concentration increases, while
the concentration of SOi_ decreases. Among the cations, Na™ migrates better. In the deep
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waters of Chernyshev Lake in 2022, the situation changes dramatically: the concentration
of SO;~ and Na* decreases.

The precipitation of components from the Aral Sed s waters in the form of an insoluble
sediment occurs gradually upon reaching the saturation limit (individual for each ion). The
maximum relative content of chloride ion in the water was 51% on average, while the salin-
ity of the water was in the range of 157 —243 %o, and the minimum was ~35% at a salinity
of 10 (the conditionally natural state of the lake). The maximum content of sulfates (~31%)
was observed at a salinity of 10— 18 %o, and the minimum~ 15% at a salinity of ~243 %eo.
The highest content of hydrocarbonates was in conditionally natural conditions at a salinity
of lake waters of ~ 10 %o and amounted to~ 1.6%, they began to fall out of the composition
first and their content in trace amounts (about 0.3%) is found in lake waters starting from a
salinity of 90 to 243 %o. Sodium cations content was on average ~26% at a average salinity
of ~95 %o in the Large Aral and on average 27% at a salinity of ~235 %o in Lake Cherny-
shev, and their minimum of ~22% corresponds to the conditionally natural conditions of
the lake at a salinity of ~ 10 %o. The maximum calcium (4.5% on average) was observed in
the composition at salinity of 10%o, and its minimum (~0.2%) at salinity of ~243 %o. The
maximum content of potassium (2%) and magnesium (8.5%) was at a salinity of 156 — 162
%o, and the minimum was ~ 1% and ~ 5.5%, respectively, in the conditionally natural period
of the lake.

The conditions that developed in the bottom layer of Chernyshev Bay during biogeo-
chemical reactions force us to consider this layer separately from the rest of the water mass
of the Aral Sea. These processes, contributing to the formation of chemical stratification,
make adjustments to the order of precipitation-inflow of ions. As can be seen in Fig. 3, a
tendency toward a decrease in SOi‘/ CI” in the surface layer and its increase in the bot-
tom layer was observed for several years. The situation on the surface in 2022 remained
unchanged, while in the bottom layer a decrease in the sulfate-chlorine ratio by about 50%
was compared to previous values. The trend toward a decrease in the Mg* / Na* ratio in
the bottom layer over several years showed an increase 2022, while on the surface, weak
growth continues to be observed.

5 Discussion

Salt lakes are widespread throughout the world. They constitute a significant portion of
the planet’s inland aquatic ecosystems and have significant aesthetic, cultural, economic,
recreational, scientific, conservation and ecological functions. Global trends of increas-
ing anthropogenic impact and climate change are currently leading to the degradation of a
number of lakes on the planet’s arid zones (O’Reilly et al. 2015; Yakushev et al. 2021). The
fate of the Aral Sea may soon befall such endorheic lakes as, for example, the Dead Sea in
Israel (Khlaifat et al. 2010), Lake Urmia in Iran (Karbassi et al. 2010), the Caspian Sea,
located at the junction of Europe and Asia (Lahijani et al. 2024), the Great Salt Lake in
northern Utah (Baxter 2018), etc. These lakes are experiencing heightened anthropogenic
pressures and climate change which, along with hydrology are interconnected through
complex processes, where changes in one system induce changes in the others. Under-
standing the fundamental biogeochemical processes is necessary for predicting the lake’s
future under changing climatic conditions as well as to manage water use and maintain
favorable conditions in these lake basins.
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The degradation of the lake’s aquatic ecosystem had the following sequence: excessive
intake of river water - decrease in lake level—increase in salinity and metamorphosis of
water composition—reduction in the biodiversity of hydrobionts. The morphometric lakes
characteristics since the intensive water withdrawal in the early 1960s significantly changes
in have occurred. During this period of desiccation for 62 years, the lake’s maximum depth
decreased by ~59%, while water salinity increased up to 24-fold. The content of HCOJ
and Ca®" decreased more then by 1.4 and 4%, respectively and they have been present now
only in trace amounts in the lake’s waters. While the relative content of Na*, K* and Mg**
increased over the entire period of the sea’s desiccation by 1, 0.6, and 3.4%, respectively.
The rate of decline in lake water levels now is~1 m per year. The rate of metamorphosis
of the Aral Sea’s water composition in the western basin has slowed in the range 2014 to
2022, while the lake level and volume continue to decrease (Yang et al. 2020).

The pH values tend to decrease over time in all water bodies of the Aral Sea. In October
1953, pH was typically between 8.3 and 8.4 (Blinov 1956), in September 2012 and Octo-
ber 2013 in the Large Aral it averaged to 8.1 (Makkaveev et al. 2018), in September 2022,
according to our data, it was also 8.1 in the Large Aral Sea, 8.0 in the Small Aral Sea, and
7.5 and 8.2 in the hyperhaline lakes Chernyshev and Tshchebas, respectively. Usually, Salt
lakes are characterized by a mildly basic reaction pH="7.5-8.5, associated with Ca—Mg
carbonates (Jones and Deocampo 2003). A downward trend in pH values is observed.

Processes are currently underway in Lake Chernyshev differ from ones to the west basin
of the Large Aral Sea. The lake level is rapidly declining, leading to significant transfor-
mations in the water column and its composition. Over the past decade, the depth of the
lake has decreased from 22 to 6 m, and the SOﬁ‘/ CI ratio at the surface and bottom has
dropped by 2.5-fold probably due to the consumption of SOi_ in the sedimentation pro-
cess with the formation of the minerals eugsterite, bloedit, konyaite, and thenardite and
other (Reykhard et al. 2019) and a some part is consumed in the process of life by sulfate-
reducing bacteria (Skrzypek 2024). The irregular migration of the major ions in the upper
layer of Lake Chernyshev which can be seen in the Fig. 3 due to periodic desalination by
continental runoff. But there are overall trends indicating an increase in the SOi_/ CI” and
Mg?* / Na* ratios both in Lake Chernyshev and in the western basin of the Large Aral Sea.

Historically, to around 20 species of fish and approximately 200 species of free-living
invertebrates lived in the Aral Sea (Plotnikov et al. 2014). Since 2017, the Southern Aral
Sea’s macrofauna has been reduced to crustaceans, specifically Artemia parthenogenetica,
while the microbial community has continuously adapted over the past 50 years (Shurygin
et al. 2019). Several species of phyto- and bacterioplankton, benthic microphytes (diatoms
and cyanoprokaryotes) were observed (Sapozhnikov and Kalinina 2018). Halophilic micro-
bial communities in the lake are highly diverse and include both ubiquitous Proteobacte-
ria and unique microbial populations representing new species or genera (Shurygin et al.
2019). Currently, clear distinctions are evident between surface and benthic communities
in the four remaining water bodies of the Aral Sea and reflect the varying physicochemi-
cal conditions of the environment (Izhitsky et al. 2016). The microbiological composition
of the waters and dried shores in certain parts of the Aral Sea includes bacteria, yeasts,
and fungi (Mavloniy and Ruzieva 2020; Kondrasheva et al. 2022; Klimashik et al. 2022).
Increased mineralization and changes in the ionic composition of the Aral Sea’s waters
have led to alterations in its microbial community. For example, elevated magnesium con-
centrations are likely contributing to changes in the composition of the halophilic archaeal
microbial community (Podell et al. 2014) while the microbial community contributes to
the metamorphism of the composition of the laké s waters, especially under anaerobic con-
ditions. In Lake Chernyshev, microbial activity determines the physicochemical properties
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of the waters: water color, chemical stratification and ion and gas composition of the
waters. In Oktober 2022 according to (Askerov et al. 2023), species-level differences in
bacterioplankton were identified in the waters of the western part of the Large Aral Sea’s
western basin and in Lake Chernyshev. Aerobic bacteria from the genera Spiribacter, Halo-
peptonella, and Halanaerobacter and species of Salinibacter were dominant in the surface
waters of Lake Chernyshev in October 2022, aerobic bacteria of the genera Spiribacter,
Halopeptonella and Halanaerobacter, as well as Salinibacter species, dominated in the sur-
face waters of Lake Chernyshev in October 2022. Due to their heterotrophic activity, they
release monomers, including volatile fatty acids, which are consumed by halophilic sulfate-
reducing bacteria and methanogenic archaea in the microbiome of deeper waters of Lake
Chernyshev. The isolation and identification of microbial strains capable of surviving in
hyperhaline water bodies are critical for identifying the most resilient species, understand-
ing their mechanisms of adaptation to extreme conditions, and enriching the collection of
microorganisms in Central Asia. These strains could potentially be utilized in breeding and
genetic engineering to develop biological products for agricultural use (Podell et al. 2014;
Davranov et al. 2023). The study of the colonization of the Aral Sea by extremophiles
during its transition from a brackish to a hyperhaline reservoir provides insights into the
regional and global distribution of microbes (Shurygin et al., 2019) which is regulated by
changes in ionic composition.

Until 1960, the Aral Sea in the vicinity of the modern Small Aral Sea was character-
ized by a salinity of 10.0-10.5 g/kg. The trend of the general slowdown in the decline of
the Small Aral Sea’s water level has been observed since 2009 (Yang et al. 2020). The
slightly saline Small Aral with today, it is of great importance for the economic use and
well-being of the Aral region ecosystem (Savoskul et al. 2003; Izhitsky and Ayzel 2023;
Izhitsky 2023), and is heavily dependent on the quality of river runoff (Abdimutalip et al.
2022). The increasing intensity of economic activity in the Central Asian countries within
the river basin is deteriorating the quality of its waters and the waters of the Small Aral
(Rzymski et al. 2019). Nevertheless, a reduction in pesticide use in recent years has had a
positive effect (Amirgaliev et al. 2023). Presently, the Syr Darya River is the primary water
supplier to the Large Aral, as the waters of the Amu Darya River are largely consumed by
the economic demands of the population before they can reach the sea. Over subsequent
decades, the salinity of the Small Aral Sea increased to~34 g/kg by the early 2000s. But,
after construction of a dam restricting the flow of the Syr Darya River, salinity returned to
the previous values of 10-11 g/kg, but with a significantly altered ion-salt composition. In
1950s the SOi_/ CI  ratio by mass was about 0.9 (as well as for the whole sea) and by 2019
it increased 1.5 times to 1.4 (Andrulionis et al. 2022). The SOi_/ CI  ratio was less in Octo-
ber 2022 and amounted to 1.27. Modern research indicates an overall improvement in the
environmental situation in the Syr Darya river basin in recent years (Kurbaniyazov et al.
2022; Amirgaliev et al. 2023).

Tshehebas Lake was once one from deep a bay in the Aral Sea (up to 30 m). It and was
separated from the main part and in 2004 formed an isolated lake and is now the smallest
of the remaining water bodies. Its maximum depth now is less about 3 m. The lake is peri-
odically filled by Small Aral Sea water through the Dike Kokaral, as well as from atmos-
pheric precipitation and, probably, underground runoff. But the tendency for the lake to
gradually dry up indicates a reduction in the flow of water from these sources and deepens
and ionic composition of its water.

The significance of groundwater sources on the western coast of the South Aral Sea in
the water and chemical balance of the lake remains unclear. No comparable data on the
composition of these underground sources authors could be found. It is possible that these
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Fig.4 Haline and density stratifications evolution of Lake Chernyshov water column in the period from
2002-2022

waters, which are initially fresher, become salinized and change composition as they travel
across the saline soil of the former seabed. These sources, along with others emerging on
the dried bottom of the Aral Sea, may contribute to the water balance of the Aral Sea. His-
torical studies by Blinov (1950s) found no signs of groundwater release, such as noticeable
decreases in salinity at the bottom of the main part of the sea during the sea’s conditionally
natural state. However, by 1998, it was established that the salinity of the former Cherny-
shev Bay was 15% lower (10 %o) than that of the former Tshchebas Bay, indicating the
presence of groundwater desalinating the sea’s waters (Amirgaliev 2007). Today, due to
the significant reduction in the sea’s surface area, these sources are now found on the dried
bottom of the northern part of the sea. Chemical composition of groundwater and surface
water, the lake help understand how saline lakes function biochemically, hydrological
and ecologically. Surface water and groundwater interactions in different ecosystem types
remain poorly understood, particularly with regard to water flows, biogeochemical pro-
cesses, groundwater ecology and geochemistry in inland wetland systems in drier regions.
Geochemical modeling and quantitative assessment of the stable isotopic and chemical
composition of ground and surface waters and sediments can explain their hydrological
relationship with salt lakes and what hydrochemical and hydrological regimes are responsi-
ble for their formation (Skrzypek et al. 2013).

5.1 Evolution structure of the water column of former Chernyshev Bay in the period
from 2002 to 2022

The former Chernyshev Bay of the Aral Sea became a stratified water body after 1991. Ver-
tical heterogeneity of the water column was first recorded in 1992, when the halocline was
located at a depth of 15 m. At that time, salinity was 1.5 g/kg higher than at the surface
and 1.3 g/kg higher at the bottom (2-5 m) (Amirgaliev 2007). Over time, this stratification
intensified. By 2002, a hydrogen sulfide pollution layer had formed beneath the halo- and
pycnocline, starting at a depth of 10 m, and this layer continued to expand over the next dec-
ade. In October 2014, the halocline was located approximately 5 m below the surface mixed
layer (Izhitsky et al. 2016). The evolution of the bay’s water column structure between 2002
and 2022 is shown in Fig. 4, which illustrates the stages of its transformation as the bay
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continued to dry out over 10 years. In 2015-2016, the lake covered an area of 80 km?, and
thermo-calcareous stratification was characterized by a lower layer from a depth of ~5 m.
At this time, salinity in the bottom layer reached its highest values, and the lake developed
heliothermal properties, with the lower layer being warmer (Izhitsky et al. 2021). Modern
bedding conditions characterized by high biomass, have led to the formation of a hydrogen
sulfide layer and anoxia in the lower layers of the lake (Zavialov 2005). Methanogenesis
processes have also developed in these anoxic layers (Izhitskaya et al. 2019), affecting all
chemical parameters of the water. Seasonal phases of active mixing generally did not impact
the bottom anaerobic layer (Makkaveev et al. 2018; Izhitsky et al. 2018). As shown in Fig. 4,
in 2002 the water column of the bay exhibited nearly uniform salinity, with average values
of 90 %o in the upper layer and 109 %o in the lower layer. By 2015 thermohaline stratifica-
tion has increased significantly and the salinity gradient has increased. In 2016 the salinity
gradient has increased and reached its maximum. The reduced salinity of the surface waters
in 2016 and 2018 may be attributed to the inflow of slightly saline waters from the Small
Aral Sea, facilitated by discharges through the Kokaral Dam. In 2019, its values began to
decrease with the increase in salinity of the upper layer of the lake waters and by 2022, ther-
mohaline stratification has stratification disappeared though chemical stratification persisted
near the bottom. From 1960 to 2022 the Chernyshev Lake s water level has decreased by
85% and its depth dropped from 40 to 6 m.

5.2 Evolution of salinity in the waters of the Aral Sea from 1873 to 2022
and density from 2014 to 2022

Figure 5 illustrates how the salinity of the Aral Sea’s waters changed during the period
1873 to 2022 of the lake. The most rapid increase in salinity began in the early 1990s,
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Fig.6 Changes in the values of water salinity (solid lines) and density (dotted lines) in individual water
bodies of the Aral Sea during the period 2014-2022

coinciding with the division of the sea, first into the Southern and Northern (Large and
Small) sections, and then, as salinity exceeded 40 %o, into Lake Tshchebas and Cherny-
shev Bay. Maximum salinity in the Small Sea in the early 2000s was ~34 %o (Amirgaliev
2007; Cawater-info), but since 2005 it has gradually returned to the pre-desiccation values
of 10-11 %o. The salinity values of other individual water bodies of the Aral Sea continued
to grow, accompanied by metamorphism of the composition and an increase in the density
of the waters. Figure 5 shows that salinity increases unevenly in water bodies depending on
the various geomorphological features of each of them.

Instrumental measurements of the density of Aral Sea waters began in 2014, when the
lake had already fragmented into several individual reservoirs. Figure 6 presents the results
of a study on the density of these residual reservoirs compared to their salinity. The data
align closely, confirming the reliability of the methods adapted for analyzing hypersaline
waters.

This work does not account for seasonal variations in salinity and ionic composition in
the Aral Sea’s individual reservoirs, nor does it consider the changes caused by desalina-
tion from precipitation and continental runoff. The research was primarily conducted dur-
ing the driest seasons (summer and autumn). Investigating seasonal changes in these char-
acteristics will offer a more comprehensive understanding of the metamorphic processes
affecting the composition and hydrophysical properties of salt laké s waters.

6 Conclusion

Results of this study indicate that the degradation of the Aral Sea, now represented by a set
of residual separate lakes with salinity ranging from 11 %o to 243 %o, is still ongoing. This
degradation is manifested by decreasing water levels, reduced water volume, increased
salinity and density, and metamorphosis of the ionic composition due to anthropogenic
impact and climate warming. Metamorphization of the Aral Sea waters during the drying
up of the sea in 1960-2022 was due to a successive decrease in the major ions from the
composition during precipitation in the form of respective mineral compounds under the
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influence of various factors such as evaporation, changes in water temperature, and activity
of biota. Five stages of the hydrochemical evolution of the Aral Sea waters in the period
from 1960 to 2022 are distinguishable. Metamorphism of the chemical water composition
was reflected in a decrease in the SOi_/ CI- and Ca**/Na* ratios, an increase in the Mg2+/
Na™ ratio by factors of 3, 1.6, and 10, respectively, as well as a decrease in pH values over
time. It was found that since 2014, the intensity of ionic metamorphosis and the rate of
salinity increase in the western basin of the Large Aral Sea have slowed down. It will prob-
ably remain so for a long time, since it almost corresponds to the composition of the upper
layer of waters of Lake Chernyshev, which is in the final phase of degradation of the Aral
Sea.

In contrast, Lake Chernyshev has experienced an intensification of changes, with its
water level halving in just three years and the salinity of the upper layer increasing. For
the first time since 2002, thermohaline stratification in the lake’s water column was nearly
neutral. By 2022, the maximum salinity (~243 %o), previously confined to the lower layer,
had reached the surface. This was accompanied by a decrease in the SOi_/ CI" ratio over
time and an increase in the Mg?*/Na* ratio, the presence of dissolved hydrogen sulfide and
methane in the bottom layer, which has also influenced the taxonomic structure of micro-
organisms. The microbiological community was dominated by anaerobic archaea. The
archaeal community was led by uncultured Halorubrum, which gave to the lake waters
their pink hue. Minor components included Woesearchaeales and bacteria of the genus
Izimaplasma, both indicating ongoing methanogenesis in the lake’s deep waters. Addition-
ally, the presence of Desulfohalobium points to active sulfate reduction processes.

The current state of Lake Chernyshev represents the terminal stage of degradation of
the Aral Sea, highlighting the physical and chemical transformations of its waters and their
microbial composition.
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