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Abstract—Hydrochemical studies were carried out in the western basin of the South Aral Sea, within Uzbeki-
stan, during the expedition in 2019. Water samples were collected in the deep-water part of the western basin
from various horizons. The maximum depth of the lake at the time of sampling was 30 m. This work is a part of
studies of the evolution of residual water bodies of the Aral Sea. It describes the evolution of the chemical com-
position of the Aral-Sea water observed in the lake since the beginning of its desiccation and continuing to the
present time in all residual water bodies of the Aral Sea. It is established that currently the deep-water part of the
western basin of the South Aral Sea has a salinity of ~140‰ and occupies an intermediate position between the
brackish North Aral Sea and the hypersaline Chernyshev Bay of the South Aral Sea. The salinity of the lake
increases every year and has seasonal changes along with fluctuations in the lake level. It is found that the density
increases by 1.2 kg/m3 both in the surface and bottom layers with increasing salinity by each 1‰.
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INTRODUCTION

The hydrochemical parameters are important indi-
cators of the state of a body of water. Studying the
hydrochemical characteristics of the Aral Sea makes it
possible to understand the mechanisms of the forma-
tion of brines, evaporates, and sediments in hypersa-
line lakes of this type, as well as to predict the state of
salt lakes depending on environmental changes.

The hydrochemical regime of the Aral Sea, like that
of any other basin, is closely related to its physical and
geographical position. It is influenced by geography,
geology, climatology, water dynamics, continental run-
off, and other factors [18, 29]. In the past few decades,
regional changes in the environment have affected the
mineral composition of the Aral-Sea waters. The Aral
Sea was formed more than 10 thousand years ago and in
the middle of the 20th century until the 1960s had the
fourth largest area among inland water bodies. This
closed endorheic lake is located in an arid zone with a
semi-arid climate and a moisture index (IM) of 0.07 in
the existing range for arid regions of 0.05–0.2 [9]. We
report the history of the formation of individual water
bodies of the Aral Sea in [3]. It may be briefly noted that
the level of the sea before the 1960s fluctuated around
53.5 m above the level of the World Ocean [6]. It
decreased to 30 m in 2004, [35] and to 26 m by 2010
[10]. According to our calculations, in 2019 it was ~18 m

above the World Ocean level. To date, the sea level has
dropped by 36 m (56%).

According to various sources [6, 10], the maximum
sea depth at its deepest part (Station A2) was 66–68 m
until the 1960s. In 2000, it was 46.5 m [35]; in 2014,
34 m; in 2015, 32.6 m [28]; in October 2017, 29.5 m [4].
Currently the western basin of the South Aral Sea is
the deepest of the remaining individual bodies of
water. According to our data, its depth was 30 m in
May 2019. The northern end of the South Aral Sea,
the Chernyshev Bay, turned into an almost isolated
reservoir, although it is still connected to the main part
of the basin by a channel.

The average salinity of the seawater in the period
from 1949 to 1960 was 9.0–10.8‰ [10]. Its increase in
the western basin of the South Aral Sea in the period
from 1960 to 2010 had a different intensity: from 2 to
14‰ per year, and on average 7‰. In the period from
2014 to 2017, the salinity on the surface was 126–
140‰ [4].

The decrease in the sea’s area resulted in the for-
mation of desert areas (playa) around the body of
water. Such playas are formed via the shrinking of
lakes and their drying out. At present, playas occupy
more than 60000 km2 in Central Asia. The playa area
of the Aral Sea exceeds 30000 km2. They contribute to
the appearance and intensification of salt and dust
storms, which negatively affect the ecology and health
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of the population in the region [19, 20, 32, 33]. Storms
raise sediments from the drained bottom of the Aral
Sea, represented by precipitated particles that contain
many sulfates, chlorides, pesticides, heavy metals and
other elements, once brought into the lake by rivers
[23, 26]. The scale of dust carry-over from the dried
bottom of the Aral Sea is estimated by various authors
as 15 to 75 million tons per year or higher [19]. In turn,
residual lakes are the catchment points for a certain
amount of dust particles, thereby reducing the nega-
tive impact of dust and sandstorms on the environ-
ment [30].

Degradation of the sea has long been of scientific
interest, and there are more than 1000 publications
describing these studies. The consequences of the Aral
Sea drying up were the following: climate change in
the Aral-Sea region, decline of the economy and the
fishing industry, a catastrophic decrease in the biodi-
versity of the natural ecosystems of the sea itself and
river delta regions, as well as an increase in the fre-
quency and strength of salt and dust storms [23, 26].

The drying up of the sea caused an increase in water
salinity and a change in the ratios of the components
of its chemical composition. The reasons for the dry-
ing up of the Aral Sea are assumed to be anthropogenic
(80%) and climatic (20%); the latter are associated
with a general increase in aridity throughout Central
Asia [11, 14]. The Aral-Sea region is characterized by
wide variability of the IM index. Some researchers
believe that the climatic factor plays a decisive role
there. This is explained [9] by the “inland dry phase of
the climate”, which exacerbated the processes of
desertification in the Aral region in the 20th century,
along with the anthropogenic impact.

The drying up of the sea changed the morphomet-
ric characteristics of the Aral-Sea waters. This resulted
in profound transformations of the hydrological, physi-
cal, and chemical regimes in its separate parts [8]. Fig-
ure 1 shows satellite images that clearly demonstrate
changes in the area of the Aral Sea as a result of its dry-
ing up from 1964 to 2018.

Our study is aimed at hydrochemical investigation
of the largest and deepest part of the Aral Sea. The
results of studies of the western and eastern basins of
the South Aral Sea in earlier periods were described in
[10, 34]. The concentrations of major ions, salinity,
total alkalinity, pH, water density in the water samples
from the studied body of water are analyzed, and the
relationship between these parameters is revealed.

A separate task is to compare the data obtained
with historical data, and to study the evolution of the
ionic composition of the Aral-Sea waters under
changing hydrological conditions. Using the data
obtained during the expedition in 2019, we analyze the
distribution of the components of the main ionic com-
position over a depth from 0 to 30 m.

EXPERIMENTAL
Investigation of the water was carried out in the

deepest part of the western basin of the South Aral Sea
at Station A2, where hydrochemical and hydrophysi-
cal studies are regularly carried out by researchers of
the Institute of Oceanology, Russian Academy of Sci-
ences. The location of Station A2 is shown in Fig. 2,
and its coordinates are given in Table 1. This table
shows the coordinates of sampling stations in the
period from 2014 to 2017 as well. The results of these
studies were published earlier in our paper [4].

Water samples from the Aral Sea were delivered to
the laboratory in a hermetically sealed plastic con-
tainer for analysis within 3–7 days. Sampling and stor-
age of the samples was carried out in accordance with
the standards in [9].

The total alkalinity (AT) was measured via acid–
base titration, according to [15, 16]. After analysis of
the pH and total alkalinity, the samples were filtered
through a GFF 0.7-μm membrane filter and placed in
glass containers with a volume of 100–250 mL. The
chlorine content and the concentration of major ions
(sulfate, calcium, and magnesium) were measured by
potentiometric titration. A Metrohm 905 Titrando

Fig. 1. Satellite images of the state of the Aral Sea in 1964 [24], 2015, and 2018 [25].

1964 2015 2018



OCEANOLOGY  Vol. 61  No. 6  2021

CURRENT EVOLUTION OF THE SALT COMPOSITION OF WATERS 901

automatic potentiometric titrator with indicator elec-
trodes selected in accordance with the type of occur-
ring reaction and the detected ion was used for this
purpose. The methods of analysis of the concentra-
tions of major ions in hypersaline bodies of water are
described in detail in [4]. The mean-square deviations
of the concentrations of the studied ions did not
exceed the values reported in Table 2. The analysis of
each sample was carried out 3–6 times, depending on
the detected ion. The potassium-ion concentrations
were measured gravimetrically. The concentration of
sodium ions was determined as the difference between
anions and cations in mol/kg and recalculated to ‰. 

The optimal sample volume for each analysis was
determined empirically, depending on the ion to be ana-
lyzed. If necessary, the samples were diluted with deion-
ized water with an electrical conductivity of ≤0.2 μS/cm,
prepared using a laboratory deionizer, during analysis.

The total dissolved inorganic carbon was calculated
from the total alkalinity and expressed as  [31].
The salinity of the studied samples was determined by
summing the contents of major ions. Measurement of
the salinity of waters of hypersaline bodies of water
using standard hydrophysical measuring equipment
results in huge errors due to a difference in their ion–
salt composition from the “canonical” oceanic one [6,
8, 21]. The salinity of seawater is the sum of all miner-
als dissolved in 1 kg of seawater, provided that all bro-
mine is replaced with an equivalent content of chlo-
rine, all carbonates are converted to oxides, and all
organic matter is removed [6, 31]. Therefore, the
method of summing the concentrations of major ions
can be considered as the most reliable for analyzing
salinity, especially in water bodies with an ionic com-
position that is different from the oceanic one. In
addition, the calculation of salinity using the chlorine
coefficient cannot be applied as well due to a constant

3HCO−

Fig. 2. Scheme of the current Aral Sea and location of the A2 sampling station. 
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Table 1. Coordinates of water-sampling stations in the western basin of the South Aral Sea in 2014–2019

Station Maximum depth 
in the point of sampling, m

Depth 
of sampling, m

Year 
of sampling Month of sampling Coordinates

A2
34.1 34 2014 October

45°4′46.1″ N
58°23′25.1″ E29.2 29 2017 October

30.1 30 2019 May

Near the coast 0.5 0
2016 April 45°5′37.13″ N

58°20′22.94″ E2017 October
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change in the ratio of ions in the Aral Sea [2]. Other
methods of measurement of the salinity in the Aral
Sea, such as the gravimetric method (by the weight of
the dry residue after evaporation of the sample), as
well as the method of measurement of the speed of
sound, are described in [13].

The density of the water column is usually obtained
from the calculated data of the hydrophysical CTD
probe, i.e., by the equation of state, which, leads to
significant deviations from the real values of the salin-
ity, and, consequently, density, in bodies of water with
an ion–salt composition different from that of the
ocean. In this study, we measured the density of the
Aral-Sea water using an Anton Paar DMA 5000 M
density meter. The error in measurement of the water
density is ±10–6 g/cm3 [17]. The density was measured
at 21°C and atmospheric pressure. 3–4 measurements
were performed for each sample. The standard devia-
tion in some cases reached 0.06 kg/m3, but more often
was 0. The average value was taken as the result.

The temperature during sampling in 2019 was mea-
sured using a CastAway CTD hydrophysical probe.

RESULTS
Hydrochemical data obtained upon expeditions to

the Aral Sea in 2019 compared to earlier data for 2014–
2017 [4] are reported in Table 3.

It is evident from Table 3 that in the three-year
period from 2014 to 2017, the level of the Aral Sea in
the studied area decreased by 4.8 m. Most likely, the
sea experiences seasonal f luctuations, which can be
observed by comparison of the depths in October 2017
and in May 2019. The water level was almost one
meter higher in May 2019, than that in October 2017,
while the salinity was lower by 3%. This is probably
due to the spring inflow of continental runoff. The
salinity in the studied period from 2014 to 2019 ranged
from 126 to 140‰. The relative ratios of major ions in
the Aral Sea during this period f luctuated depending
on the level of the water body and its salinity.

In 2019, the SO4/Cl weight ratio ranged within
0.30–0.35 at the surface and within 0.34–0.35 in the
bottom layer. The Ca/Na ratio was slightly lower at the
bottom (0.023–0.025). There was a slight increase in

the content of hydrocarbon ions in the bottom layer.
The HCO3/Cl ratio was 0.007 in all water samples
obtained from different horizons (Table 3). The salin-
ity in the bottom layer in 2019 was higher than that in
the surface layer by 2.4%.

The graph (Fig. 3) shows the distribution of major
ions in the water column from the surface to the bot-
tom. From a depth of 15 m and below and at a salinity
of ≥137‰, a change in the relative content of major
ions is detected. The content of chloride ions is 1.2%
lower, and the content of sulfates is 14.7% higher in
the bottom layer than in the surface layer. The content
of sodium ions is higher by 4.6% and potassium ions
by 7.0% in the bottom layer than that in the surface
layer. The content of calcium and magnesium ions in
the bottom layer is lower than that on the surface by
5.0 and 4.5%, respectively. Changes in the ionic com-
position at depths below 15 m indicate chemical strat-
ification in the water column.

It should be noted that in previous years of our
research, the chemical stratification was much more
pronounced than in 2019 and was often accompanied
by the presence of hydrogen sulfide in the lower layer
[10]. For example, according to our observations in
2017 compared to 2019, the difference in the relative
content of ions in the surface and bottom layers was
6.4% for chlorides and 20% for sulfates, whereas in
2019, it was 1.2% for chlorides and 14.7% for sulfates
under conditions of almost the same salinity (Table 3).

The pH value in 2019 was in the range of 7.82–7.86,
indicating a slightly alkaline reaction of the medium,
and did not change significantly with depth. The total
alkalinity in the bottom layer was higher by 4% in
comparison with the surface layer, while the salinity
was higher by 2.4%.

Laboratory measurements of the Aral-Sea water
using a precision density meter allowed us to obtain
density values at the temperature recorded upon
sampling (in situ) at depths of 0, 10, 20, and 30 m. Fig-
ure 4 shows the profiles of the temperature and density
over the depth from 0 to 30 m in 2019. It is evident that
the water density increases with decreasing tempera-
ture for the temperature values measured upon sam-
pling (in situ). The increase in density is caused by an
increase in salinity, but this process is not linear. For

Table 2. Mean-square deviations of the analyzed hydrochemical parameters of water in the western basin of the Aral Sea
in 2019, ‰ and % of the average value

Depth Са2+ Mg2+ K+ Cl− рН AT

m ‰ % ‰ % ‰ % ‰ % ‰ % ‰ % % mmol/kg %

0 0.02 3.0 0.02 0.2 0.05 2.1 0.28 0.4 0.08 0.4 0.005 1.1 0.01 0.1 0.24 2.0
15 0.03 4.1 0.03 0.2 0.04 1.7 0.08 0.1 0.05 0.2 0.001 0.2 0.03 0.4 0.07 0.6
25 0.01 1.7 0.05 0.5 0.05 1.9 0.41 0.6 0.05 0.2 0.002 0.4 0.01 0.2 0.22 1.9
30 0.04 5.3 0.02 0.2 0.02 0.8 0.14 0.2 0.16 0.7 0.014 3.1 0.04 0.5 0.18 1.9

2
4SO −

3HCO−
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example, the difference in salinity for the samples
taken from the surface and from a depth of 15 m was
1.08‰, while the difference in density was 4.10 kg/m3.
The difference in the density values for the samples
from depths of 15 m and 25 m was 4.9 kg/m3, while the
salinity in the sample from 25 m exceeded the salinity
in the sample from 15 m by 2.1‰. The difference
between the density values in the samples from 25 and

30 m was only 0.4 kg/m3, while the difference in salin-
ity was 0.04‰. Thus, there is a sharp increase in den-
sity and a decrease in temperature in the water layer
from 0 to 15 m.

There are significant differences in the ionic com-
position between the lower horizons (25–30 m) and
the upper layer (0–25 m). This provides evidence for
the presence of two-layer chemical stratification in the

Fig. 3. Distribution of the major ions with depth in the western basin of the South Aral Sea at Station A2 in 2019. 
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water column of the lake in May 2019. The data on the
density and temperature allow us to suggest the pres-
ence of chemical and thermohaline, as well as density
stratification in May 2019. Stratification of the water
column was previously observed for this part of the
Aral Sea and was much more pronounced, as was
reported in our papers [10, 28].

DISCUSSION OF THE RESULTS
The history of exploration of the Aral Sea begins in

1870 and the first results were reported in [5]. Figure 5
shows the published historical data on the ionic com-
position of the Aral-Sea water, which mainly presents
data on the surface layer of the sea. Data on the con-
centrations of the components of the major-ion com-
position of the Aral Sea in the period up to 1902 were
taken from [5]; until 1952, from [6]; 1980–1985, from
[1, 8]; 2002–2009, from [10]; for 2014 and 2017, from
[4]; and for 2019, from this study. The graph shows
that the changes in the ratios of the major ions became
more pronounced from the 1970s.

The evolution of the salt composition of closed
water bodies in general, and for the Aral Sea, in partic-
ular, is a complex process that depends on such condi-
tions as water and air temperature, air humidity, and
concentration of the salt solution. These factors affect
the order of the precipitation of salts and their re-dis-

solution from the precipitate. At the same time, salts
may transform from one to another under the influ-
ence of these conditions [7, 18]. The process of evolu-
tion of the Aral-Sea waters is of particular interest due
to the unique initial ionic composition of its waters.
Metamorphization of the Aral-Sea waters in the 1980s
resulted in a change in their type [10]. The Aral-Sea
waters initially belonged to the sodium-sulfate type,
which is intermediate between the sodium-chloride
type of oceanic waters and calcium-bicarbonate type
of continental ones. They had a sulfate/chlorine molar
ratio of 0.68 and a weight ratio of 0.9 [6]. By October
2005, the weight ratios were 0.67 in the surface layer
and up to 0.82 in the bottom layer [10]. In April 2017,
these ratios were 0.35 in the surface layer and 0.45 in
the bottom layer [4], and according to our latest data,
in May 2019, it was 0.30 in the surface layer and 0.34
in the bottom layer. Thus, there is an annual decrease
in the relative content of sulfates in the composition of
the Aral-Sea waters.

Figure 5 shows no significant changes in the salt
composition of the waters up to the 1970s. However,
the salinity of the Aral Sea already increased by this
time; this most likely resulted in an intensive decrease
in the content of calcium and magnesium carbonates,
which started to precipitate in the Aral Sea at a salinity
of 10‰ and higher [10]. Simple and complex sodium
and magnesium carbonates are precipitated even in

Fig. 5. Evolution of the major-ion composition in the period of monitoring from 1870 to 2019, according to our results and the
data from [1, 4–6, 8, 10]. 
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the early stage of lake-water accumulation [18]. How-
ever, the content of these salts is not very high, and the
analysis of bottom sediments showed that by 2008,
over 50 years of drying of the Aral Sea, the contribu-
tion of magnesium carbonates was only 2% of all pre-
cipitated salts [10]. Thus, it may be assumed that the
precipitation of magnesium carbonate occurred in the
period from 1960 to 1970.

Significant changes in the evolution of the chemical
composition have become noticeable since the 1980s
(Fig. 5), when the salinity exceeded 22‰ and the pre-
cipitation of salts started, most likely predominantly in
the form of calcium sulfate. It was previously shown that
the precipitation of sulfates in the water of the Aral Sea
begins at a salinity of 22–23‰ [6, 8] or 25–26‰ [2]. A
decrease in the relative content of calcium ions, along
with sulfates, is evident in Fig. 4 at a water salinity of
~23‰. The precipitation of gypsum CaSO4 ⋅ 2H2O
most likely occurred at that time (after 1985). It is evi-
dent from Fig. 5 that the calcium content (white
rhombs) decreases sharply below the 3-% limit.

The relative content of major ions in the water of
the western basin of the Aral Sea changes from year to
year as well (Fig. 5). By 2019, compared with the
period before 1960, the relative content of chlorine
ions increased by a factor of 1.5; sodium, by a factor of
1.05; potassium, by a factor of 3.2; and magnesium, by
a factor of 1.5. The content of other components
decreased: sulfates, by a factor of 2; hydrocarbonates,
by a factor of 5; and calcium ions, by a factor of 7. With
increasing mineralization by more than 20‰ (in the
period after 1981), a sharp increase in the sodium con-
tent became noticeable. It slightly decreased after the
2000s, when the salinity of the water reached ~100‰.
The content of magnesium ions remained rather stable
and even increased when the brine reached a salinity
of more than 110‰.

The relative content of magnesium, as well as
potassium, in the surface layer of the water of the
South Aral Sea has remained quite stable for many
years. Potassium is usually precipitated in salty lakes as
minerals like kainite KCl⋅MgSO4⋅3H2O, sylvite KCl,
and carnallite KMgCl3⋅6H2O. These salts are formed
in modern salty lakes via precipitation from residual
brine during the period of drying or at the “dry lake”
stage in the upper part of the salt deposit [7, 18].
Potassium and magnesium are the most conservative
cations. They persisted in the water column of the Aral
Sea as well, even when the water salinity in the Cher-
nyshev Bay reached 240‰ in 2016 [3].

As a result, when the water level decreased by 56%,
the relative content of chlorides in the water of the
western basin of the South Aral Sea increased by a fac-
tor of 1.5; sodium, by a factor of 1.05; potassium, by a
factor of 3.2; and magnesium, by a factor of 1.5. The
contents of sulfates, hydrocarbonates, and calcium
decreased by factors of 2, 5, and 7, respectively.

Although in this study we did not analyze the gas
composition of the Aral-Sea waters, research by scien-
tists of the Institute of Oceanology showed the presence
of hydrogen sulfide and methane mainly in the bottom
horizons of the residual water bodies. It was accompa-
nied by the presence of anaerobic conditions in deep sea
waters, which have a significant effect on the hydro-
chemical regime and geochemistry of waters [12, 28,
34]. It can be briefly noted that at the end of 2002,
hydrogen sulfide H2S was first discovered in the Aral
Sea, at Chernyshev Bay, which is the northern end of
the South Aral Sea. A summary of monitoring for the
H2S content in 2002–2010 was presented in [10].

The depth of anoxic-layer occurrence in the west-
ern basin of the South Aral Sea varied over a wide
range (from 15 to 35 m), and the H2S concentrations
ranged from 5 to 80 mg/L. In 2012, samples from a
depth of 30 m and more exhibited the distinct smell of
H2S and the complete absence of O2; in 2013, the
upper limit of H2S was at 18 m [12]. The presence of
hydrogen sulfide was detected in the bottom layers in
2014 and 2017, but its concentration was not studied.
In May 2019, there were no tangible signs of hydrogen
sulfide in the samples under study. It is known that, for
example, in the spring and summer of 2004, the pres-
ence of hydrogen sulfide in the bottom layer was not
detected as well, which was associated with deep con-
vection events in the winter period in 2003–2004 [10].

Study of the water density of the Aral Sea

In our study [3], the values of the density and salin-
ity were reported for two hypersaline and one slightly
saline water body of the Aral Sea, namely the Cherny-
shev Bay of the South Aral Sea, Lake Tshchebas, and
the North Aral Sea, and an extrapolation was pre-
sented to compare the changes in the physical-chemi-
cal properties of the studied water bodies that occurred
from the beginning of the lake drying out. The data for
extrapolation for the North Aral Sea, Chernyshev Bay,
and Lake Tshchebas were taken from [4, 10, 22, 28].
We added extrapolation of the density and salinity data
for water in the deep-water part of the western basin of
the South Aral Sea for the period of 2014–2019 to the
graph from [3] for a more complete understanding of
the evolution of the Aral-Sea water (Fig. 6). This graph
reflects the course of the physicochemical evolution of
waters of individual water bodies of the Aral Sea,
including the western basin of the South Aral Sea.

The graph shows that the changes in the ionic com-
position were followed by significant changes in the
physical characteristics of the waters of individual
water bodies of the Aral Sea, and the trend lines pre-
dict their likely further state under conditions existing
at present. When the studied bodies of water reach the
maximum salinity, the value recorded in Chernyshev
Bay (242‰), the deviation between the density values
with Lake Tshchebas would be 30 kg/m3; with the
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North Aral Sea, 70 kg/m3 [3]; and with the deep-water
part of the South Aral Sea, 9 kg/m3. Therefore, we can
conclude that the deep-water part and Chernyshev
Bay, being parts of the South Aral Sea, acquired their
own physical-chemical properties in the course of the
sea drying out, different from other individual water
bodies of the Aral Sea, as well as from each other.

Such differences are explained by the different
hydrological regimes of these water bodies, their
depths, areas, and remoteness from the continental
runoff. The currently existing separate parts of the
Aral Sea began to differ in terms of their hydrochemi-
cal characteristics, as well as in the hydrophysical
parameters in the course of evolution. The density of
water, the temperature of evaporation and freezing in
each water body are now different.

CONCLUSION
The hydrochemical characteristics of waters from

the western basin of the Aral Sea were obtained during
an expedition in 2019. The salinity of the water was
analyzed, but its measurement with standard hydro-
physical equipment for electrical conductivity leads to
significant errors due to a difference in the ionic com-
position of the water from that of the ocean. Studies of
the density of the Aral-Sea water using high-precision
equipment made it possible to analyze its distribution
in the water column from the surface to the bottom
and to detect the presence of density stratification.

It was found that the sea level experiences sea-
sonal f luctuations up to 1 m, which is accompanied

by a change in the salinity of the lake and should
result in a pronounced seasonal variation in the ion–
salt composition.

It was shown that significant changes occurred in the
content of the components of the major ionic composi-
tion, as well as the salinity and density in the course of
evolution of the Aral-Sea waters during its drying out.
Thus, when the water level decreased by 56%, the rela-
tive content of chlorides in the water of the western basin
of the South Aral Sea increased by a factor of 1.5; the
content of sodium ions, by a factor of 1.05; the content
of potassium ions, by a factor of 3.2; and the content of
magnesium ions, by a factor of 1.5. On the contrary, the
content of sulfates, hydrocarbonates, and calcium,
decreased by factors of 2, 5, and 7, respectively. The evo-
lution of the ionic composition of waters from the deep-
water part of the South Aral Sea continues to the present
day. It entails changes in the physical properties of
water, such as the density and salinity, and affects evap-
oration rates and the freezing point of water as well.

ACKNOWLEDGMENTS

We are grateful to all the participants of the Aral-Sea
expeditions for collection and delivery of the water samples
and personally to Academician D.Sc. M.V. Flint for ship-
ping the samples in 2016.

FUNDING

This study was carried out as a part of State Task
no. 0149-2019-0003 (data analysis) and was partially sup-

Fig. 6. Dependence of the density on the salinity of water at a temperature of 25°С in different water bodies of the Aral Sea 2014–
2019. 

0 50 100 150 200 250
1.00

1.05

1.10

1.15

1.20 t = 25�С

t = 25�С

9.6
1.0060

1.0062

1.0064

1.0066

North Aral Sea, 2015–2019

Tshchebas Bay, 2015–2019

Chernyshev Bay, 2016–2019

South Aral Sea,
deep-water area, 2014–2019

D
en

si
ty

, g
/c

m
3

Salinity, ‰

North Aral Sea, 2015–2019

10.0 10.4 10.8



908

OCEANOLOGY  Vol. 61  No. 6  2021

ANDRULIONIS et al.

ported by the Ministry of Education and Science of the Rus-
sian Federation, agreement no. 14.W03.31.0006 (sampling)
and by the Russian Foundation for Basic Research and
DFG, project no. 20-55-12007 (laboratory measurements).

REFERENCES

1. O. A. Alekin and Yu. I. Lyakhin, Ocean Chemistry:
Manual (Gidrometeoizdat, Leningrad, 1984) [in Rus-
sian].

2. N. A. Amirgaliev, The Aral Sea–Syr Darya River Basin:
Hydrochemistry and Water Toxicology (Bastau, Almaty,
2007) [in Russian].

3. N. Yu. Andrulionis, P. O. Zavialov, and A. S. Izhitskiy,
Oceanology, 2021 (in press).

4. N. Yu. Andrulionis and P. O. Zavialov, “Laboratory
studies of main component composition of hyperhaline
lakes,” Morsk. Gidrofiz. Zh. 35 (1), 16–36 (2019).

5. L. S. Berg, The Aral Sea: Physical-Geographical Mono-
graph (Tipogr. M.M. Stasyulevicha, St. Petersburg,
1908), Vol. 5, no. 9.

6. L. K. Blinov, Hydrochemistry of the Aral Sea (Gidrome-
teoizdat, Leningrad, 1956) [in Russian].

7. M. G. Valyashko, The Pattern of Formation of Deposits of
Potassium Salts (Moscow State Univ., Moscow, 1962)
[in Russian].

8. Hydrometeorology and Hydrochemistry of the Seas of
USSR, Vol. 7: The Aral Sea, Ed. by V. N. Bortnik and
S. P. Chistyaeva (Gidrometeoizdat, Leningrad, 1990)
[in Russian].

9. GOST (State Standard) 17.1.5.05-85: Nature Protec-
tion. Hydrosphere. General Requirements for Surface and
Sea Waters, Ice, and Atmospheric Precipitation Sampling
(Izd. Standartov, Moscow, 1986) [in Russian].

10. P. O. Zavialov, E. G. Arashkevich, I. Bastida, et al.,
Large Aral Sea in the Beginning of 21st Century: Physics,
Biology, and Chemistry (Nauka, Moscow, 2012) [in
Russian].

11. A. N. Zolotokrylin, “Indicator of climate aridity,” Arid.
Ekosist. 8 (16), 47–69 (2002).

12. P. N. Makkaveev, P. O. Zavialov, V. V. Gordeev, et al.,
“Hydrochemical characteristics of the Aral Sea in
2012–2013,” Water Resour. 45, 188–198 (2018).

13. P. N. Makkaveev and P. A. Stunzhas, “Measurements
in hyperhaline brines: a case study of the present Aral
Sea,” Oceanology (Engl. Transl.) 57, 892–898 (2017).

14. V. N. Mikhailov, A. D. Dobrovol’skii, and S. A. Do-
brolyubov, Hydrology (Vysshaya Shkola, Moscow,
2007) [in Russian].

15. Total Alkalinity of Sea Water. Measurement by Titrimetric
Method (Zubov State Oceanographic Inst., Moscow,
2010) [in Russian].

16. Manual on Chemical Analysis of Sea Waters (Gidrome-
teoizdat, St. Petersburg, 1993) [in Russian].

17. Instruction Manual DMA 4100 M, DMA 4500 M, DMA
5000 M, Firmware Version V1.70 (Anton Paar, Graz,
2010).

18. P. Sonnenfeld, Brines and Evaporites (Academic, Lon-
don, 1984; Mir, Moscow, 1988).

19. V. M. Starodubtsev and V. A. Bogdanets, “Develop-
ment of soil cover on the drained bottom of the Aral
Sea,” Probl. Osvoeniya Pustyn’, No. 3, 34–40 (2007).

20. N. Aladin, T. Chida, J.-F. Cretaux, et al., “Current sta-
tus of Lake Aral—challenges and future opportunities,”
in Proceedings of the 16th World Lake Conf. “Lake Eco-
system Health and Its Resilience: Diversity and Risks of
Extinction” (Bali, 2017), pp. 448–457.

21. N. Andrulionis, I. Zavialov, E. Kovaleva, et al., “Site-
specific equation of state for coastal sea areas and inland
water bodies,” in Proceedings of XXVI International Coast-
al Conf. “Managing Risks to Coastal Regions and Commu-
nities in a Changing World” (St. Petersburg, 2016).

22. J. Friedrich and H. Oberhansli, “Hydrochemical prop-
erties of the Aral Sea water in summer 2002,” J. Mar.
Syst. 47, 77–88 (2004).

23. Y. Ge, J. Abuduwaili, and L. Ma, “Lakes in arid land and
saline dust storms,” E3S Web Conf. 99, 01007 (2019).

24. Earth shots. https://earthshots.usgs.gov/earthshots/
node/91#ad-image-0-0.

25. PROBA-V images. http://proba-v.vgt.vito.be/en/proba-
v-gallery.

26. R. Indoitu, G. Kozhoridze, M. Batyrbaeva, et al.,
“Dust emission and environmental changes in the dried
bottom of the Aral Sea,” Aeolian Res. 17, 101–115
(2015).

27. E. S. Izhitskaya, A. V. Egorov, P. O. Zavialov, et al.,
“Dissolved methane in the residual basins of the Aral
Sea,” Environ. Res. Lett. 14 (6), 065005 (2019).

28. A. S. Izhitskiy, P. O. Zavialov, P. V. Sapozhnikov, et al.,
“Present state of the Aral Sea: diverging physical and
biological characteristics of the residual basins,” Sci.
Rep. 6, 23906 (2016).

29. B. F. Jones and D. M. Deocampo, “Geochemistry of
saline lakes,” in Treatise on Geochemistry (Elsevier,
Amsterdam, 2003), Vol. 5, pp. 393–424.

30. P. Micklin, “Efforts to revive the Aral Sea,” in The Aral
Sea: The Devastation and Partial Rehabilitation of a Great
Lake (Springer-Verlag, Berlin, 2014), pp. 361–380.

31. F. J. Millero, Chemical Oceanography, 4th ed. (CRC
Press, Boca Raton, FL, 2013).

32. The Aral Sea Environment, Ed. by A. Kostianoy and
N. Kosarev (Springer-Verlag, Berlin, 2010).

33. K. White, “Nature and Economy in the Aral Sea Ba-
sin,” in The Aral Sea: The Devastation and Partial Reha-
bilitation of a Great Lake (Springer-Verlag, Berlin,
2014), pp. 301–335.

34. P. O. Zavialov, A. A. Ni, T. V. Kudyshkin, et al., “On-
going changes of ionic composition and dissolved gases
in the Aral Sea,” Aquat. Geochem. 15, 263–275
(2009).

35. P. O. Zavialov, Physical Oceanography of the Dying Aral
Sea (Springer-Verlag, Berlin, 2005).

Translated by A. Bobrov

SPELL: OK



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




