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Abstract. The article examines the hydrogeochemical history of continental saline, chloride
lakes Hilgant and Gorbunka, located in the southeast of Transbaikalia. Brief information is given
on the composition of host rocks and the chemical composition of water involved in the salt supply
to the lakes. The mineral and chemical compositions, values of the isotopic ratios of carbon and
oxygen of carbonates in different layers of lake bottom sediments are described. Indicator minerals
are distinguished that characterize different climatic conditions. The main conditions are identified
that characterize the content and ratios of the main chemical components and pH during changes in
the salinity of lake water. Based on ?!°Pb measurements, the current rate of sediment accumulation
in the lakes is calculated. Thermodynamic calculations analyzing water evaporation and under-ice
water concentration are discussed. The possibility of forming authigenic minerals is considered.
Ultimately, the geochemical evolution of the lakes is interpreted in relation to regional climate
changes in the recent past.
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Introduction

In recent years, the issue of salt lake evolution has
become a subject of increased interest mainly due to
climate change (Donchyts et al., 2016; Erler et al., 2018;
Yechieli et al., 2002; Maberly et al., 2020, Solotchin et
al., 2021; Maltsev et al., 2022), as they are considered
more representative for understanding patterns in
transformation of their biological component, water
chemical composition and mineral content of sediments
because of relatively rapid changes in hydrological
parameters compared to freshwater lakes (Khotinsky,
1977; Velichko, 1989, 2012; Subetto, 2009; Jones et al.,
2009; Tweed etal., 2011; Boros et al., 2014; Deocampo,
Jones, 2014; Mianping, 1997). The most promising
reconstructions of geochemical evolution directions of
lakes are sedimentary sections of bottom deposits that
record even minor environmental changes (Warren,
1989; Strakhov, 1993; Zheng, 2014 etc.).
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In Russia, modern research on diagenetic processes
is mainly focused on large water bodies such as lakes
in Karelia and Western Siberia (Bezrukova et al., 2017;
Gaskova et al., 2017; Leonova et al., 2018; Kolpakova
et al., 2020 and others), while smaller water bodies
receive less attention (Strakhovenko et al., 2010;
Sklyarov et al., 2010, 2017; Solotchina et al., 2013;
Solotchin et al., 2017), and there are only isolated
publications concerning the lakes of South-Eastern
Transbaikalia (Bazarova et al., 2011; Zamana et al.,
2011). In recent decades, much attention has been paid
to authigenic carbonate minerals and layered silicates of
lake bottom sediments, whose structural characteristics
and quantitative ratios in the section of lake deposits
change significantly in response to changes in natural
environment and regional climate (Solotchina, 2009;
Solotchina et al., 2017; Solotchin et al., 2024 and others).
By alternating “cold” and “warm” associations of
layered silicates, fluctuations in biogenic silica content,
(Ca, Mg)-carbonates and a number of other features in
the sections studied by these authors, climatic intervals
responsible for changing hydrochemical indicators
of lakes have been identified. In this regard, solving
problems related to the genesis of different chemical



Main Mechanisms of Lake Evolution...

gl"//\\(\

S.V. Borzenko, I.A. Komogortseva

wWww.geors.ru

types of lakes can be achieved through identification
of paragenetic associations composition of chemical
elements and minerals, sequence of their formation and
accumulation in sections of lacustrine deposits.

The aim of this work was to identify geochemical
markers in bottom sediments of small lakes existing
under identical landscape-climatic and geological-
geochemical conditions, as well as to detect the
relationship between authigenic and chemogenic
mineral formation with transformation of lake chemical
composition due to climate changes.

Research methods

This message presents the results of hydrochemical
studies conducted on Lake Hilganta and Lake Gorbunka
in different years. Chemical analysis measurements of
water samples were carried out using standard methods.
Calcium and magnesium concentrations were determined
by atomic absorption method in argon-acetylene flame
using a SOLAAR 6M spectrophotometer. The sodium
and potassium content was measured by flame emission
method. Potentiometric methods were used to determine
pH, Eh, CI". Titration was applied for determining
total dissolved inorganic carbonate concentration
(TDIC = CO* + HCO,). Sulfate ion was analyzed
turbidimetrically. Microcomponent composition of
waters and chemical composition of sediments were
determined by ICP-MS method.

Undisturbed sediment cores were sampled in
accordance with the requirements of GOST 17.1.5.01-
80. Polypropylene tubes 100 cm long with an internal
diameter of 4.5 cm were used as sampling devices.
Each sample was divided into layers depending on the
nature of the sediment (color, density, presence of any
inclusions). The results of X-ray structural analysis
of the mineral composition of lake bottom sediments
were obtained using powder diffraction method at the
National Research Tomsk State University and the
Shared Use Center “Geodynamics and Geochronology”
of the Earth Crust Institute SB RAS. XRD measurements
were performed on a DRON-4 instrument equipped with
an automated powder diffractometer (CuKa radiation,
graphite monochromator). Diffractograms were scanned
over the range of 20 from 3° to 65° with a step size of

0.05°, scanning time per point 4 s, slit width 0.5 mm.

To study the chemical composition and element
fractionation in bottom sediments, a modified sequential
extraction procedure of Tessier was used (Table 1)
(Tessier et al., 1979). Bottom sediment samples were
first dried to air-dry state and ground in jasper mortar
(particle size 75 pm). The mass of sediment taken for
analysis was 2 g. Between extraction stages, the residue
was washed with distilled water, dried again, and sample
weight was re-fixed. In addition to extracted fractions,
total contents of chemical elements were measured.

To determine the water surface area of lakes, images
from the Landsat TM, ETM+, and OLI satellites with a
resolution of 30 m and processing level Levell were used.
The data was obtained using the Earth Explorer service
(http://earthexplorer.usgs.gov/). Processing of satellite
imagery and calculation of water indices were carried out
using the tools in ArcGIS 10’s Image Classification and
Spatial Analyst modules. To clarify the physicochemical
conditions for formation of chemogenic minerals,
thermodynamic modeling of processes in the system
water-rock was conducted. Modeling was performed
using the PHREEQC software (Parkhurst, Appelo,
2013). Physicochemical calculations were done using
Pitzer’s database for highly mineralized waters (Pitzer,
1992). For assessing the degree of saturation of waters
by minerals, the saturation index (Q/K) was calculated,
whose values become positive at supersaturation (IgQ —
1gK > 0.3), while £0.3 characterizes equilibrium between
solution and mineral (Paces, 1983).

Research object

The lakes are located in the northern part of the
Daurian ecoregion, in a hilly steppe zone on the
watershed between the Onon and Aga rivers at an
altitude of 660—670 m above sea level, 250 km southeast
of Chita. The lakes are endorheic with water surface
area up to 0.5 km? and shallow (average depth ~0.5 m).
Hydrological characteristics of the lakes are subject to
significant chronological changes. The reason for such
variations is fluctuations in climatic conditions causing
periodic filling and drying out of the lakes. Changes in
lake water levels can be inferred from terraces formed
at heights ranging from 0.5 to 2 meters observed in

Stage Fraction Extractant Time and temperature
A Exchangeable IM KNO;, pH=7, V=20 mL T=25°C,t=5h
B Bound to Oxides and 0.04 M NH,OH-HCl in 25% HOAc, V = 20 mL T=96°C, =2 h
Carbonates (microwave)
T=85°C,t=1h
c Bouni/ltottorganic 0.02 M HNO; V=5 mL + 30% H,0,V =8 mL, pH 2 (microwave)
e 3.2 M NH;0Ac in 20% HNO, V = 7 mL T=25°C, =30 min
D Residual 1 portion 65% HNO; + 3 portion 32 % HCI1, V=20 mL T=220°C,t=1h

Table 1. Stages of sequential extraction
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the basins of Lake Gorbuinka and Lake Hilganta
respectively. According to data (Obyazov, 2007), long-
term fluctuations in atmospheric precipitation reveal
intra-century cycles lasting from 810 to 35 years. The
first decade of this century has been characterized as arid
in the region, marked by the driest climate over the past
two hundred years. According to the same author, the
sharp increase in aridity was caused by superimposition
of lower atmospheric moisture content onto higher air
temperatures compared to those of the preceding period.

In the seasonal dynamics of hydrological regime
of lakes there are also significant differences. These
differences are due to semi-arid sharply continental
climate with cold long winter and short warm summer.
The warm period with stable positive temperatures in
this region averages 190-200 days (from April 10-15
to October 23-27). Annual precipitation amount, most
of which falls during the summer season (80%), is
on average equal to 340 mm, which is almost two
times lower than evaporation rate. Water temperature
in summer fluctuates from 18 to 24 °C, while air
temperature below —15 °C lasts for about 80-85 days.
During winter, lakes freeze through to their bottoms, and
a layer of gudzhir (salts) forms on ice surface. Strong
winds scatter gudzhir across steppe areas. When ice
melts, lakes refill again with water.

Snowless winters and sharp temperature fluctuations
lead to intensive leaching of rocks represented by
Quaternary alluvial deposits (sands, gravels, etc.)
consisting of non-crystallized volcanic glass forming
the main mass (up to 20%), plagioclase (up to 70%)
and pyroxenes (up to 10%). Among accessory minerals
magnetite is found (up to 5%). Secondary minerals
are quartz, chlorite, clay material and iron hydroxides.
Terrigenous material enters lakes mainly through
temporary rain flows from drainage areas. Atmospheric
precipitation, groundwater and summer storm runoff are
the primary income components of lake water balance,
while evaporation from the lake surface represents its
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major expenditure component. Precipitation falling on
lake catchment areas belongs to ultra-fresh waters (total
dissolved solids — TDS = 10-50 mg/L), slightly acidic
(pH 5-6.5), mostly HCO, Ca type. Groundwaters are
also fresh (TDS <1 g/L), pH 7.0-8.5, predominantly
HCO, Ca-Mg type (Borzenko et al., 2020).

Results of study

Lake waters

The analysis of satellite images obtained using
Landsat TM, ETM+, and OLI instruments showed that
between 2004 and 2014 the lakes reached relatively low
surface areas (Fig. 1), which coincided with particularly
low average atmospheric precipitation amounting to 225
mm per year. In contrast, relatively large lake surfaces
were observed during a period of high water levels from
1980 to 1999, corresponding to an annual precipitation
rate of 370 mm.

The studied lakes belong to the rare Cl Na type for
this region (Borzenko, 2021). According to our epizootic
observations conducted between 2008 and 2022, salinity
in Hilganta Lake varied from 8 to 36 g/L, while pH
values ranged from 8.07 to 8.33 (Table 2).

Observations made over Gorbunka Lake from 2008
to 2022 indicated its water salinity fluctuated within
limits of 7 to 184 g/L, with pH ranging from 7.47 to
8.49. Maximum salinity was recorded in both lakes
during the driest year (2014), when their surface area
was minimal (Fig. 1).

Relatively lower water salinity in these lakes was
noted at the beginning of territory humidification
periods (in 2018 and 2021). Overall, chloride ions
dominated as the main anion in lake waters (74-91
eq%), followed by sodium cations among cations (77-95
eq%). The second most important anion by chemical
equivalents was sulfate (9-21 eq%). Relative content
of total dissolved inorganic carbon did not exceed 6
eq%. Among cations magnesium was the second most
significant component, varying from 4 to 20 eq%,
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Fig. 1. Scheme showing locations and areas of Hilganta and Gorbunka lakes (a) depending on atmospheric precipitation
amount (b). (Data from Federal State Budgetary Institution “Zabaykalskoye Upradleniye po gidrometeorologii i monitoringu
okruzhayushchey sredy” (Zabaykalsky Hydrometeorological Monitoring Agency)
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Eh mV 0 190 423 115 150 15 -116 123 29 66.5 -80.6 -3
pH 8.18 8.08 7.47 8.49 8.00 7.52 8.33 8.07 8.17 8.07 8.33 8.16
TDIC 304 161 124 441 163 119 380 276 255 206 369 247
SO, 6472 2148 14758 671 2522 6120 1663 6042 2110 3647 1316 3064
Cl 18984 12018 | 100291 | 3368 14430 37060 7225 15642 6212 13657 3723 7906
Ca mg/L| 18.6 59.1 160 314 19.4 27.1 29.7 99.5 62.9 54.1 23.2 69.9
Mg 681.5 468.1 3794.6 | 120.3 229.1 915.7 416.1 | 1408.1 | 509.8 895.3 352.7 | 702.4
Na 14720 7830 65000 2315 10171 24865 4704 10157 4047 8871 2435 5145
K 77.6 103.5 237.6 38.3 38 121.9 48.8 94.1 60.1 41 29.1 49
TDS* g/L 41 23 184 7 28 69 14 36 13 27 8 17
Li 400.00 | 312.35 | 1470.00 | 12.00 76.96 82.64 37.29 | 106.14 | 82.10 | 185.96 | 32.21 | 45.29
Se 52.00 40.30 191.00 | 20.00 | 42.00 85.00 4.18 1.20 1.15 1.24 0.20 0.50
Br 70233 61824 | 368587 | 33250 | 136508 | 211960 | 52778 | 166188 | 34489 | 80625 | 36220 | 64027
Rb ne/L 6.52 4.81 24.97 1.23 6.48 6.63 2.81 7.09 4.32 5.46 2.18 4.14
Sr 4230 3625 18506 1231 2797 3035 1442 7208 2863 5743 1105 3217
U 18.23 15.59 58.95 0.21 0.43 0.33 0.57 0.82 0.08 1.07 1.98 0.42
rMg/rCa 61 13 40 6 20 56 23 24 14 28 25 17
rSr/rCa i 0.227 0.061 0.116 0.039 0.144 0.112 0.049 0.072 0.046 0.106 0.048 | 0.046

Table 2. Main physico-chemical parameters of lake waters in different years. *TDS — total dissolved solids, TDIC = (HCO,™ +
CO,%), r — denotes equivalent concentration form throughout the table and further text

whereas calcium and potassium did not exceed 1.4 and
0.9 eq% respectively. As salinity increased in the lakes,
there was a decrease in TDIC content and pH values,
but other major anions and cations accumulated (Fig. 2).
Some trace elements also concentrated accordingly. At
maximum salinity levels we measured concentrations
reaching: lithium — 1.5 mg/L, bromine — 369 mg/L,
strontium — 18.5 mg/L, rubidium — 8.8 pg/L, selenium
— 191 pg/L, uranium — 59 pg/L.

The ratios of rMg/rCa and rSr/rCa in the two lakes’
waters changed differently. In Gorbunka Lake they
grew along with increasing water salinity, whereas in
Hilganta Lake such behavior persisted up to a salinity
level of 41 g/L after which further increase in salinity
led to reduction in those values.

Bottom sediments

A sediment core from Lake Gorbunka with a length
of 30 cm was divided into layers of thickness 3—7 cm
and additionally into 1-cm layers for studying the age
of sediments. The stratigraphic sequence of individual
sediment core layers is presented in Table 3. The
sediment core from Lake Hilganta with a length of
38 cm was divided into layers of thickness 3-8 cm
and additionally into 1-cm layers to study the age of

sediments. The stratigraphic sequence of individual
sediment core layers is shown in Table 4. According to
X-ray diffraction data, the mineral fraction of sediments
in the studied layers of both lakes contained universally
at different mass concentrations: kaolinite, hydromica,
quartz, feldspar, calcite, dolomite, halite, and traces of
smectite, chlorite, and interstratified minerals. The ratio
of mass fractions of lake bottom sediments minerals is
represented in Figs. 3a, b.

Overall, in the lake sediments, the mass fraction of
detrital material in the form of feldspar and quartz ranged
from 60 to 92%. These minerals were found in large
quantities in the sediments of Lake Hilganta (75-92%)).
In its sediment core section, their maximum amount was
observed at a depth of 3—8 cm. Towards the bottom of
the core, there was a decrease in their mass fraction with
a small peak at depths of 18-23 cm. In the sediments
of Lake Gorbunka, the content of quartz and feldspar
varied between 55 and 72%. Their maximum quantity
occurred within the layer 2025 cm, while the minimum
fell on the layer 4—7 cm. Carbonate minerals (calcite and
dolomite) were detected throughout the entire cores of
both lakes. In the sediment of Lake Gorbunka, calcite
and dolomite most often existed in equal proportions
(~5%) except for layers 7—12 and 20-25 cm where an
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inverse trend in their accumulation was noted. In Lake
Hilganta, traces of calcite were present in all sections
of the core but increased up to 5% by weight at a depth
of 18-23 cm. The mass fraction of dolomite was equal
to 5% in upper sediment layers (0—8 cm) and in the
interval 13—18 cm. Below these layers, dolomite was
only traceable. Between calcite and dolomite in this
lake’s sediments, a mirror-symmetric distribution pattern
of their mass fractions was more frequently observed. A
similar distribution was also seen between the amounts
of dolomite and clay (kaolinite + hydromica + smectites).
An opposite dependence was also traced between the
content of clay and feldspar. In the sediments of Lake
Gorbunka such dependencies manifested themselves
down to the layer 12—-15 cm deeper towards the base
clearly showing consistency in the distribution of

mass fractions of calcite and clay as well as calcite
and chlorite. In the sediments of Lake Hilganta these
relationships were clearer except for chlorite which was
not detectable across the whole thickness of its sediment
or in the layer 23—-30 cm where no clayey material was
absent.

Bottom sediments of both lakes, with minor
exceptions, contained halite, the mass fraction of which
reached 20% in the layer 0—4 cm of Lake Gorbunka and
10% in the surface sediment layer of Lake Hilganta.
It should be noted that at a depth of 3-8 cm in Lake
Hilganta no halite was detected. In underlying layers
it appeared only in trace amounts. In Lake Gorbunka,
the decrease in the mass fraction of halite was observed
down to the layer of 15-20 cm, but towards the bottom
of the core its share increased.
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Fig. 2. Relationships between (a) pH and TDS, (b) pH and TDIC, (c) TDS with major anion concentrations, (d) TDS with major
cation concentrations, and (e¢) TDS with some trace element concentrations
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0-7 cm 7-12 cm 12-15 cm 15-20 cm 20-25 cm 25-30 cm
Wet, black clay Dense black Dense gray clay | Dense grey clay Dense grey clay with a | Dense gray clay with
with a sharp clay with a with a faint with a faint slight clayey odor, a weak clayey odor,
sulfurous smell sulfurous smell | sulfurous smell, | sulfuric smell, containing a coarse contains coarse-
and plant residues | and plant without any containing plant fragment fraction with | grained

residues plant remains residues a diameter of 2-5 mm

Table 3. Physical and organoleptic data for individual layers of Lake Gorbunka sediment column

0-3 cm 3-8 cm 8-10 cm 10-12 cm 12-23 cm 23-30 cm 30-38 cm
Silt with a sharp | Dense gray clay Dense grey | Dense gray clay Soft gray clay Light-brown Light brown
sulfuric smell with a faint earthy |clay with a | with a faint clayey | with a faint clay |clay without clay without
and plant smell and a course- |faint clay |odor and a coarse scent and a any odor, with | odor and with
residues grained fraction odor fragment fraction coarse-grained plant residues | plant residues
fraction

Table 4. Physical and organoleptic data for individual layers of Lake Hilganta sediment column

Mass fraction Mass fraction

Lithology and age  of the mincral, % of the mineral, % 8"C(CO,"), 8"0(CO,") Mo, Co, Cu, Pb, Sr, Mn rMg/rCa rSr/rCa
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Fig. 3a. Lithologic column of Holocene section of Lake Gorbunka sediments, age model (*'°Pb), distribution of mass mineral
concentrations, carbonate 8'°C and 3'%0 isotopes, bulk contents of Mo, Cu, Co, Pb, Mn and ratios rMg/rCa and rSr/rCa. 1, 9 —
feldspars; 2, 12 — halite; 3, 10 — clay; 4, 13 — dolomite; 5, 11 — calcite; 14 — chlorite; 6 — carbon isotope ratio of carbonates; 7
— oxygen isotope ratio of carbonates; 15 — muds; 16 — coarse fragmental fraction; 17 — plant remains
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Fig. 3b. Lithologic column of Holocene section of Lake Hilganta sediments, age model (*'°Pb), distribution of mass mineral
concentrations, carbonate 6"*C and §'%0 isotopes, bulk contents of U, Li, Mo, Cu, Co, Sr, Mn and ratios rMg/rCa and rSr/rCa.
1, 9 — feldspars; 2, 12 — halite; 3, 10, 15 — clay; 4, 13 — dolomite; 5, 11 — calcite; 14 — amphibole; 6 — carbon isotope ratio of
carbonates; 7 — oxygen isotope ratio of carbonates; 16 — muds; 17 — coarse fragmental fraction; 18 — plant remains
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The distribution pattern for halite and ESP (presumably
stands for another substance or parameter not specified
here) most often showed an inverse relationship,
except for the layers near the base of the cores where
consistency in their quantity distribution was observed
in both lakes.

In the gross fraction of chemical element content
distribution determined by ICP-MS in the bottom
sediments profile of Lake Hilganta, the highest bulk
concentrations of Ca, Mg, Li, Sr, V, Fe, Zn, Sc, and Co
occur in the layer from 0 to 8 cm, whereas those of Al,
Ba, K, Na, Y — at the base of the core (Table 5).

In Lake Gorbunka, maximum concentrations for
most elements were observed within the interval of 0-15
cm of the core. The previously noted significant excess
concentration of Mg over Ca in lake waters diminished
throughout the entire length of sediment cores.
Furthermore, in the sediments of Lake Gorbunka, the
ratios of tMg/rCa < 1. Along the entire core sections, the
values of rSr/rCa in water and deposits are consistently
below 1 and exhibit an uneven distribution. Minimal
values of rMg/rCa and rSr/rCa were established at the
bases of both lakes’ cores.

To understand the complex behavior of chemical
elements, their content was analyzed in sediment cores

from Lake Hilganta using various extracts, taking into
account their total concentrations in individual layers.
The highest amount of Na was found in the layer 0-8
cm at stage “A” corresponding to dissolution of water-
soluble fraction of sediments (salts). Throughout the
core length there was a direct relationship between Na
content and feldspar quantity. At leaching stage “B”, Ca,
Mg, Sr, Ba, B, Mn, REE, B, Y and U were concentrated
in large amounts (Table 6); these elements are part of
carbonates, oxides and hydroxides (Borzenko, 2020).

Overall, there was consistency in the distribution
of the listed elements’ quantities in this solution with
respect to the amount of dolomite or calcite across the
core section from the upper layer to the base.

Maximum contents of Li and Al were identified in
the layer 0-8 cm, while P, K, Fe, Ni, Se, Zr, Th, Nb,
As, Zr, Nb, REE, Pb, Cu, Zn, As were found at their
highest levels in the layer 23-30 cm during stage “D”
corresponding to the decomposition of aluminosilicate
and silicate fractions. In this case, the curves representing
element content distributions along the entire length
of the core completely mirrored the curve for mass
fraction of feldspar. Silicon is concentrated in maximum
amounts within the layer 23—30 cm at the organic matter
decomposition stage (“C”).

Parameters Gorbunka Hilganta
cm 0-4 4-7 7-12 | 12-15 | 15-20 | 20-25 | 0-3 3-8 8-13 | 13-18 | 18-23 | 23-30 | 30-38
Al 5.69 6.2 6.34 6.7 6.05 | 5.43 | 54000 | 62300 | 60000 | 61000 | 60100 | 62700 | 65500
Ba 452 499 506 529 501 481 365 502 507 563 542 540 589
Ca 45400 | 45800 | 45100 | 40900 | 43000 | 68100 | 6100 | 4660 | 3850 | 3820 | 3410 | 2960 | 3390
Co 10 11 11 12 10 7 10 9 8 8 7 7 7
Cu 24 24 24 25 23 19 33 28 34 23 20 19 18
Fe 27500 | 29200 | 29800 | 29700 | 27100 | 20000 | 29000 | 27000 | 24800 | 25000 | 22600 | 22900 | 24000
K 19800 | 21400 | 21600 | 23600 | 21400 | 21000 | 17600 | 21900 | 22900 | 24800 | 23600 | 23400 | 25400
Li 49 52 51 50 45 31 43 38 33 32 28 28 30
Mg 23000 | 22300 | 20700 | 19400 | 19800 | 22600 | 24800 | 19200 | 18700 | 18800 | 16800 | 11500 | 9500
Mn 855 915 936 979 912 1010 | 709 735 725 746 659 483 412
Mo 1 1 <1 2 1 <1 11 3 2 2 2 2 3
Na 43100 | 35000 | 27500 | 26900 | 25700 | 22900 | 21500 | 19700 | 21200 | 22100 | 22300 | 23600 | 22800
P 600 600 600 600 600 500 900 600 600 600 500 400 400
Pb 24 20 20 19 17 14 18 17 16 17 18 16 18
Sc 8.6 9.2 9.4 9.8 8.6 6.4 7.5 7.5 6.9 6.8 6.4 6.7 7.2
Sr 770 736 692 596 628 838 1010 | 695 622 614 547 372 334
\Y% 65 71 72 76 64 41 76 66 54 53 50 54 59
Y 16.5 17 18.1 17.9 16.8 14.2 15.4 16.4 15.7 15.9 15.2 16.4 17.4
Zn 72 71 72 73 67 50 63 59 54 53 49 48 49
Zr 75.6 74 80.8 | 759 | 70.6 | 604 | 60.4 | 629 | 584 | 614 | 57.1 63 62.7
S 5300 | 4600 | 3400 | 3000 | 2700 | 1400 | 8000 | 2900 | 3700 | 3000 | 2700 | 2300 | 2600
Si 900 1200 | 1500 | 1300 | 1400 | 1100 | 1400 | 800 1000 | 800 400 400 400
rMg/rCa | 0.84 0.81 076 | 0.79 | 0.77 | 0.55 6.78 | 6.87 | 8.10 | 820 | 8.21 6.48 | 4.67
rSr/tCa | 0.170 | 0.161 | 0.153 | 0.146 | 0.146 | 0.123 | 0.166 | 0.149 | 0.162 | 0.161 | 0.16 | 0.126 | 0.099

Table 5. Concentrations of chemical elements (ppm) and values of rMg/rCa and rSr/rCa in separate sediment layers of two lakes
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Stage A Stage B Stage C Stage D
Parameters
0-8 8-23 | 23-30 | 30-38 0-8 8-23 23-30 0-8 8-23 23-30 0-8 8-23 23-30
Li 0.71 <mo <mo <1mmo 5.73 4.61 3.59 8.41 5.60 3.42 9.30 5.06 8.51
B 12.72 | 6.11 3.61 3.83 31.66 15.32 5.96 3.21 3.05 1.08 9.17 4.83 4.98
Na 4346 | 2873 | 3205 | 3048 256 212 122 56 36 84 <mo 211 1033
Mg 1796 | 1281 1174 | 1131 14930 | 7694 2172 2336 1675 394 2339 1223 2452
Al 0.4 4.5 6.0 3.8 993.6 | 736.2 | 675.9 3585.9 | 24904 | 1595.9 |13078.1| 7453.8 | 10141.4
Si 28.0 | 14.0 21.6 93.1 633.9 | 539.7 | 469.0 649.4 529.1 702.8 56.7 56.5 182.8
P <mo 17.9 <mo 15.3 180.7 142.3 71.1 100.8 83.4 28.8 298.6 | 212.8 | 345.0
S <mo | <mo <mo <mo 58 30 32 <10 <mo <mo <mo <mo <mo
K <mo <mo <mo <mo 358 489 426 678 528 245 1138 693 1396
Ca 349 418 396 504 9015 4490 1135 457 349 141 294 287 1331
Fe 9.6 20.0 <no 23.3 | 2080.0 | 1478.0| 1057.3 | 3674.0 | 29535 | 1657.6 | 6351.6 | 3729.7 | 6891.3
Mn 0.7 0.8 0.8 0.3 468.6 | 3623 123.1 76.0 49.3 40.5 85.1 55.8 113.2
Co <mo | 0.12 0.11 <mo 3.94 3.25 3.06 4.64 2.54 1.39 3.46 2.09 3.89
Ni 1.29 | 1.44 1.02 1.51 18.89 12.47 11.36 8.61 6.69 1.96 26.00 | 2248 | 29.75
Cu 1.53 | <mno <no 0.69 0.51 1.86 2.14 13.52 8.94 2.79 1493 | 26.05 | 76.60
Zn 1.35 1.73 2.23 2.19 3.79 7.45 0.10 16.27 12.03 7.91 23.03 | 144.14 | 429.14
As <mo | 0.36 0.11 0.20 1.25 2.05 1.06 2.00 1.55 0.93 8.84 7.80 18.64
Se 0.42 | <no <mo 0.27 0.27 0.34 2.10 <mo 0.43 <mo 12.73 7.65 24.34
Rb 64.7 | 69.9 74.6 213 1.1 1.2 0.8 7.4 5.5 35 21.8 11.9 21.2
Y <mo <mo <mo <mo 5.57 4.49 3.90 4.33 2.60 1.20 2.43 1.60 2.89
Zr 0.05 | <mo 0.05 0.03 0.89 0.39 0.59 0.08 0.08 <no 12.40 8.66 14.58
Nb 0.00 | <mo 0.00 0.00 0.02 0.01 0.01 0.01 <mo 0.14 0.81 0.45 1.73
Mo 9.15 | 4.18 4.65 | 10.44 0.71 0.34 0.13 <mo <mo <mo 1.88 0.59 1.28
Ba 9.7 10.8 12.5 26.1 61.2 51.6 48.0 53.1 37.5 7.7 33.9 16.3 29.1
REE 0.17 | 0.06 0.07 0.06 37.46 | 31.10 | 27.75 36.65 23.84 11.88 33.54 | 21.14 | 39.07
Pb 0.60 | 0.70 0.59 0.84 0.62 0.29 0.16 4.05 3.19 1.91 491 597 17.12
Th <mo <mo <mo <mo 33.78 5.91 2.20 2.41 1.73 1.00 4.42 2.76 6.33
U 4.09 | 0.71 0.15 0.16 4.66 1.05 0.50 0.90 0.97 0.12 0.74 0.46 0.64

Table 6. Chemical element content (ppm) in different leaching stages for individual bottom sediment layers of Lake Hilganta

Age and sedimentation rate

Knowing the dates of the most significant radionuclide
releases into Earth’s atmosphere makes it possible to
determine the age of bottom sediments and calculate
sedimentation rates based on their depth in deposits. For
example, large-scale nuclear weapons testing began in
1958. However, maximum intensity was reached at the
beginning of the 1960s, which is often recorded in vertical
distribution profiles of radionuclides in cores from
different regions worldwide. From that year onwards,
land-based and airborne explosions gradually ceased,
leading to a sharp decline in radionuclide concentrations
within bottom sediments. In Lake Hilganta, specific
activity of atmospheric *'°P__ decreased down to
minimal values at a depth of 12 cm (Fig. 4); thus, the
calculated lower boundary for the determinable period
corresponds to 1899 AD. In Lake Gorbunka, minimum
value of “excess” *'°P_was determined in a layer at 27
cm depth dated back to 1907 AD.

According to estimates derived from vertical
distributions of excess *'°P_ activities in Lake Hilganta,
average sediment accumulation rate during formation of
12-cm-thick bottom sediments amounts to 0.8 mm per
year. Sedimentation rate in Lake Gorbunka is twice as
high compared to Lake Hilganta.

Isotopic ratios of '*°Q and ¥>C carbonates

Relatively high values of 6'%0 in the surface layers
of two lakes and also at a depth of 23-30 c¢m in Lake
Hilganta may indicate higher salinity of waters during
carbonate formation. Conversely, lower 6'*0 values
suggest an increase in water content of the lake basin due
to dilution by freshened water. Changes in 6"*C values
of carbonates throughout sediment thickness occur as
a result of extraction of '*C through photosynthesis
when primary biological productivity increases during
dry periods, and input into the lake of soil-derived CO,
enriched with lighter carbon isotope (—12%o) during
wetter conditions on the territory (Galimov, 1968).
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Fig. 4. Vertical profiles of 2!°Pb activity in lake bottom deposits

Discussion

Factors controlling the chemical evolution of lakes

The climatic factor

Based on the actual data obtained from isotopic,
mineralogical and chemical compositions of sediments
in two lakes, areas of sedimentation have been identified
corresponding to stages of “shallow” and “deep” lakes.
According to dating results (based on ?'°Pb activity), the
most significant changes in water level and transition
between these states occurred over the last 20-25 years.
This period has already been mentioned as a transitional
one from wet to dry conditions (Obyazov, 2007). The
possibility of reduced water volume during the period of
2014-1999 due to climate aridization was confirmed by a
decrease in the proportion of coarse-grained material and
consequently lower mass fraction of terrigenous feldspar
and quartz in the surface layer of bottom sediments
in both studied lakes. During this time interval, halite
content reached its maximum values. Simultaneously,
there were maxima in Sr/Ca ratios, metal and metalloid
contents, as well as heavy oxygen and carbon isotopes
in carbonates.

Apparently, a “deep” lake existed during the periods
of 1986-1978, 1913-1907 and in 1899. These events
were accompanied by the presence of clastic material
in corresponding layers of the lake, an increase in mass
fraction of calcite and dolomite, as well as a decrease in
halite and clay fractions. Carbonates were isotopically
lighter everywhere in terms of carbon and oxygen. The
values of rSr/rCa were also relatively low. Consistency in
dates of lake filling was traced according to hydrological
data obtained from observations on the largest lakes in
this region — Barun-Torey and Zun-Torey, which were
abundant with water during these periods (Zamana,
Obyazov, 2004). According to the same authors,
Toreyskie Lakes dried up in the mid-1940s. In sediment
layers corresponding to that period, there was no clastic
material present, the amount of calcite and dolomite
decreased while the amounts of clay and halite increased.
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Additionally, in the sediments of Lake Hilganta, the
values of 6"*C and §'*O for carbonates rose.

Deeper into the core section (undated layers), an
uneven distribution of mass ratios of calcite, dolomite,
PS, clays and halite was observed in combination with
the amount of chemical elements in the bulk fraction and
corresponding leachates. The isotopic ratios of oxygen
and carbon in carbonates changed sympathetically. A
particularly distinct layer at a depth of 23-30 cm from
Hilganta Lake core (~ mid-18th century calculated based
on average sedimentation rate) was noted earlier for a
sharp increase in halite mass ratio, accumulation of some
chemical elements and heavy isotopes of carbon and
oxygen in carbonates, increased values of rMg/rCa and
rSr/rCa, as well as absence of coarse detrital material
fraction. Such distribution of all considered components
indicates a decrease in lake water volume due to changes
in territory humidity.

It is evident that variations in water level resulting
from fluctuations in climatic parameters were reflected
in processes of interaction between water and host
rocks. Since many minerals are not stable and can
easily precipitate or dissolve depending on temperature
oscillations, salinity, pH of water, and biogeochemical
processes.

Water rock interaction

Transformations in the chemical composition
of bottom sediments are a result of changes in
thermodynamic equilibria in the system “water —
rock”, which can be theoretically calculated using
programs for physico-chemical modeling applicable to
multicomponent systems. The latter include minerals
that come into contact with water and the water itself,
having different ionic compositions. An equilibrium
state was considered for a system formed by 19 chemical
elements (H, C, O, S, Cl, Na, Ca, Mg, Si, K, Fe, Mn, Al,
F, P, Sr, Pb, Mn, Zn), 100 simple and complex particles,
and 50 potential minerals (metal hydroxides, carbonates,
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sulfates, chlorides, quartz, kaolinite, montmorillonites,
illites, micas, plagioclases, feldspars, etc.).
Considering that groundwater is the main source of
chemical elements in lakes, it was primarily necessary
to understand the processes occurring in the system
“groundwater-rock”. The possibility of forming
authigenic aluminosilicate minerals, particularly clays, is
dictated by the following conditions. Saturation of water
with kaolinite Al,Si,0 (OH), can occur already at TDS =
0.1 g/, pH=16.9, Si content =0.37 mg/L and A1=0.18
ug/L. For montmorillonite formation Al Si,0, (OH), and
illites K Na Mg, Al Si O, (OH),, salinity mustbe
over 0.2 g/L, pH > 7.1-7.5, and Si content > 4.5 mg/L
(Borzenko, 2020). To form calcite CaCO,, water salinity
should exceed 0.6 g/L and pH > 7.3. A slight increase in
water salinity (> 1.0 g/L), pH, and concentrations of Ca*
+ Mg?* (> 0.01 g/L) leads to saturation with dolomite
CaMg(CO,),. At the same time, all groundwaters
remain out of equilibrium with such sulfate minerals as
gypsum CaSO (H,0),, bledite Na,SO,-MgSO,-4H,0,
glauberite Na,SO,-CaSO,, mirabilite Na,SO,(H,0),,
etc. Groundwaters are also not in equilibrium with
hydrohalite NaCl-2H,O and halite NaCl. No equilibrium
is observed concerning the most common minerals found
on lake shores, such as plagioclase (mainly NaAlSi,O,),
quartz (Si0O,), pyroxenes (Me,**[Si,O,]), which were
detected in the coastal zone of lakes. Therefore, during
high-water periods these minerals may enter lacustrine
sediments from watersheds and serve as sources of many
chemical elements and secondary mineral formations.

For thermodynamic calculations of equilibria in the
system “lake water —rock”, measured physico-chemical
parameters of lake water were entered into the database.
Evaporation and subglacial concentration were carried
out by removing H,O until a salinity of 360-380 g/L
at temperatures of 0 and 22 °C was reached. Naturally,
during winter the temperature of highly saline water
could be negative, but this fact was not taken into account
due to limitations of Pitzer’s database.

According to modeling results, the chemical type of
lakes did not change with decreasing volume of water.
The initial solution with a salinity of 7-8 g/L (Na-Cl
chemical type) was already in equilibrium state relative
to illite, smectite, and kaolinite (Fig. 5).

A relatively high value of saturation degree 1gQ/K
for clays was observed at 0 °C. Moreover, as the salinity
increased, the value of IgQ/K also increased. Equilibrium
between waters and primary host minerals such as
plagioclase, pyroxene, and quartz was not achieved.

Saturation of waters relative to strontianite SrCO3
was observed exclusively in Lake Hilganta up to a
salinity of 40 g/L and pH = 8.5 (at 0 °C). At both
temperatures, dolomite saturation occurred throughout
the entire range of salinities in Lake Hilganta. In Lake
Gorbunka, as salinity increased, the water saturation
index with respect to dolomite gradually decreased,
becoming equilibrated at 0 °C and pH < 8.1 for salinities
> 70 g/L. For calcite, the highest value of log Q/K was
noted at T = 22 °C in both lakes up to a salinity of
approximately 17 g/L and pH values between 8.17 and
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Fig. 5. Dependence of water saturation index value regarding minerals in lake bottom sediments (Ig Q/K) versus salinity and
temperature of water (a) Hilganta and (b) Gorbunka

GEORESURSY

ISSN 1608-5043 (Print)
ISSN 1608-5078 (Online)




GEORESURSY = GEORESOURCES

grm

2026. 28(1). Pp. 160-176

Www.geors.ru

8.25. Above this established salinity level, lake waters
were found to be in equilibrium with calcite at 0 °C.

It has been noted that the decrease in 1gQ/K values for
calcite and dolomite coincided with an increase in 1gQ/K
values for gypsum and mirabilite. Thermodynamic
equilibrium of water with gypsum was only established
for Lake Hilganta at a water salinity of 184 g/L and
pH 7.2. Babel & Schreiber (2014) emphasized that
the process of gypsum crystallization may depend on
the amount of halite present. Saturation of waters with
halite NaCl was observed at salinities greater than 368
g/L. According to calculations, water equilibrium with
mirabilite is possible at 0°C when total dissolved solids
(TDS) are > 80 g/L, and at 22 °C when TDS > 184 g/L
in both lakes. However, X-ray diffraction analysis did
not detect sulfate minerals in sediments. The lake waters
also proved non-equilibrium with soda minerals such as
gaylussite, nahcolite, soda etc.

Biogeochemical factor

It is known that the solubility of CaSO,-2H,0
increases significantly with increasing concentration of
NaCl in solution, therefore sodium chloride brines have
a huge capacity to accumulate SO,>. The processes of
gypsum and mirabilite formation were not established
in bottom sediments, probably due to well-known
interdependencies between the processes of gypsum
and carbonate mineral formation since “the conditions
for gypsum formation exclude those for carbonates
and vice versa” (Lange, Krijgsman, 2010). According
to our previous studies (Borzenko, Shvarsev, 2019;
Borzenko, Fedorov, 2024), hydrogen sulfide formed
as a result of bacterial sulfate reduction processes is
present almost everywhere in the bottom water layer
and bottom deposits of saline lakes in Transbaikalia, so
sulfur in bottom sediments mainly exists in reduced form
(Borzenko, 2020). It is evident that dolomite formation
process can proceed synchronously with bacterial sulfate
reduction according to the reaction:

CaCO, + Mg* + Come T SO, + 2H" = CaMg(CO,),
+HS + OH.

This reaction explains the frequently observed
mirror-symmetric distribution of calcite and dolomite
mass fractions along the core section. Moreover,
according to Sonnenfeld (1988), dolomite becomes
more stable at pH above 7.8 (while calcite stabilizes at
pH above 7.4). Apparently for this reason its relatively
high contents in sediments were recorded during the
period of a “deep” lake against the background of water
freshening and increasing pH.

It turns out that this process controls, on one hand, the
formation of dolomite in the anaerobic zone, while on the
other hand, upon oxygen influx from the oxidative zone
— calcite. Of course, both calcite and dolomite can form
under either anaerobic or aerobic conditions (Kolpakova
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et al., 2019), which explains their synchronous
distribution within individual sediment layers.

The main mechanisms of lake evolution

To reconstruct in detail the mechanisms occurring
during transformation of saline lake deposits, it is
necessary to understand all interaction processes within
the “water—rock” system. As known, aluminosilicates
dissolve via hydrolysis mechanism (Keller, 1963).
Based on alumino- and silicate hydrolysis reactions,
OH™ appears in water equivalent in quantity to positively
charged cations (Me™); however, under real natural
conditions dissolved CO, always exists in water, which
reacts with OH™ forming HCO,™ (Shartsev, 2000). Thus,
two opposing processes occur simultaneously in this
system: according to W.D. Keller’s reaction pH increases
while following Shvartsev’s reaction it decreases. If we
add that simple evaporation under laboratory conditions,
i.e., when there is no interaction between water and
rocks, leads to a decrease in solution pH (McCaftrey et
al., 1987), then it becomes clear why increasing water
salinity causes a reduction in pH.

As shown above, the groundwater feeding lakes is
not only saturated with respect to kaolinite and illite but
also includes montmorillonites of various compositions
(Mt-Ca, Mt-Na, Mt-K). At the same time, these waters
remain out of equilibrium with many other aluminum
silicate minerals from lake catchments, meaning they
will continue interacting with water and serve as a
source of chemical elements (Garrels, Christ, 1965;
Shartsev, 1991; Nordstrom et al., 1989 etc.). Once
entering lakes, this water finds itself in conditions
where its evaporation rate increases, leading not only
to concentration of CI" and SO,* ions but also of other
elements including Na, Mg, etc. Our studies demonstrate
that processes occurring within lakes involve not just
water evaporation but continued interaction with rocks.
Therefore, clay minerals continue forming. While some
fraction undoubtedly comes from the catchment area, an
increase in their mass proportion along with simultaneous
decrease in plagioclase content during dry periods
proves the possibility of their formation directly within
lakes themselves. Furthermore, evidence supporting
the fact that plagioclases are sources for numerous
chemical elements (including Na) lies in the concordant
distribution pattern between most element contents and
their total mass presence across sediment layers.

However, despite the presence of geochemical
barriers in the form of secondary minerals, many
chemical elements accumulate in lake water with
increasing salinity. Relatively high concentrations of Ca,
Mg and Sr are observed in lake water at its maximum
salinity and minimum pH. Thermodynamic calculations
have shown that saturation degree relative to carbonate
minerals decreases as water salinity increases. Thus,
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when salinity reaches 40 g/L, waters become non-
equilibrium with respect to strontianite, so under higher
salinity but lower pH conditions, strontium begins to
accumulate in water. From this point on, the values of
rS1/rCa change significantly.

With regard to calcite and dolomite, waters are
supersaturated relative to dolomite up to a salinity of
approximately 70 g/L, and relative to calcite up to a
salinity of about 17 g/L. Considering that the ratio rMg/
rCa in waters varies from 6 to 61, according to Drever
(2005), besides dolomite, magnesium calcites, aragonite,
magnesite and other Mg-minerals should also be formed
in sediments. However, apart from these mentioned
carbonate minerals, no other forms were detected. This
is explained by changes in migration forms of Mg and
Ca with increasing water salinity. If underground waters
and during desalination periods of lake waters dominate
Me?" and MeCO, . whose contents are controlled by
carbonates (Borzenko et al., 2021), then in lakes at a
salinity of ~40 g/L, dominant forms already include
MeSO,,,, and MeCl" (Fig. 6).

Further increase in salinity is accompanied by the
accumulation of exclusively MeCI". At the same time,
the proportion of carbonate complexes remains relatively
low (< 1 mol%).

It is likely that in these lakes water evaporates faster
than OH™ and consequently HCO,™ are concentrated,
so salinity and concentrations of mobile elements (Na,
Ca, Mg, Li, Br, Sr, Rb, Se and U) grow. In sediments
heavy isotopes of oxygen and carbon from carbonates
accumulate while the amount of TDIC (TDIC = HCO, +
CO,”) and pH of waters decrease. If the amount of TDIC
does not increase in a lake then contents of C1" and SO >
become higher forming chloride or sulfate types of lakes.

The simplest method for predicting the direction of
lake evolution is using the “Spencer triangle” (Fig. 7a).

The Ca-SO,~(CO, + HCO,) system can be illustrated
on a ternary phase diagram. The content of these

100 1~

components can be plotted on this diagram using
equivalent concentrations of Ca, TDIC and SO,
in waters. It is known that at the initial stage of
evaporative concentration of water accompanied by
calcite precipitation leads to changes in the chemical
composition of water towards the boundary between
TDIC and SO, (Hardie, Eugster, 1970), as shown by
arrows in Fig. 7a. Waters with composition 1 precipitate
sodium carbonates at the final stage of evaporation,
while waters with composition 2 precipitate sodium
sulfate. All waters may at some point precipitate halite
(for more details see Spencer, Hardie 1990). Transition
from calcite to gypsum represents the boundary between
“Neutral” and “Calcium Chloride Acidic” waters.
Neutral waters such as composition 3 precipitate calcite
and are removed directly from the calcite composition.
Continued concentration and precipitation of calcite
lead into the stability region of gypsum. Waters along
this boundary are depleted in TDIC, and gypsum is the
predominant precipitate.

Further concentration is accompanied by precipitation
of halite and many other salts including potassium and
magnesium sulfates and chlorides. Calcium-chloride
waters like composition 4 precipitate calcite and are
removed directly from the calcite composition. Further
evaporative concentration and calcite precipitation bring
these waters into the stability area of gypsum located
along the boundary between Ca and SO,. Waters move
along the phase boundary from the gypsum composition
point toward the Ca corner of the diagram. These waters
are depleted in SO, and further concentration results in
precipitation of halite as well as potassium, magnesium
and calcium chlorides.

The relationship between Mg and Ca can be
investigated using the Spencer triangle by replacing
the vertex of Ca with Mg (Fig. 7b). For groundwater,
the ratios of three components are located in the lower
right corner of the triangle, then water will evolve
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Fig. 6. Major migration forms of Ca and Mg in lake waters
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Fig. 7. Ternary phase diagrams in systems: a) Spencer triangle, Ca-SO,~HCO, b) Mg-TDIC-Ca and c¢) Mg-TDIC-SO,
illustrating composition during evaporation process of Lakes Hilganta and Gorbunka waters

towards the upper left corner (Fig. 7b), moving away
from calcite or Mg-calcite point. Four arrows on the
triangle (Deocampo, Jones, 2014) (Fig. 7c) represent
four conditions with different rCa/rMg ratios that form
Ca-Mg carbonates and Mg-carbonates at various times.
Waters low in calcium content produce Mg-bearing
carbonates earlier than waters high in calcium. Predicting
the exact timing of this process is difficult because it
depends on poorly understood kinetic processes. It also
depends on Mg binding to authigenic clay minerals
which may significantly affect Mg concentration
(Borzenko, Shvartsev, 2019). Once Ca has been depleted
and sufficient amount of produced TDIC allows dolomite
formation, points characterizing water composition shift
toward the apex of Mg-TDIC axis, thus determining
molar ratios rMg/rSO, and rSO /rTDIC in residual fluid.

Miiller and Teitz (1971) studied the formation and
diagenesis of inorganic Ca-Mg carbonates in 25 lakes
across Europe, the Middle East, and Africa. The salinity
of these brines was over 400 g/l (for example, Lake
Tuz). Precipitation of Mg-calcite occurred with solutions
having an rMg/rCa ratio from 2 to 7. When this ratio
exceeded 12, aragonite precipitated. An rMg/rCa ratio
> 7 in water leads to dolomite formation, while a ratio
> 40 transforms dolomite into huntite or magnesite.
Interactions between Ca-Mg carbonates and aqueous
rCa/rMg ratios are particularly well illustrated by
sediment core during relatively rapid lake level decline
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at the end of the last glacial period in Lake Bonneville
(Jones et al., 2009). In this interval of the core, the
proportion of carbonate mineral steadily increases
accompanied by increasing Mg content in calcite up to
11 mol %, after which aragonite becomes the dominant
carbonate phase. Dolomite then also appears in the
sediment column. The Mg and silica content of the clay
fraction gradually increase due to kerolite (hydrated
talc) interstratification within detrital smectite (Jones,
Spencer, 1999). Authors conclude that formation of
these two phases will depend on relative excess of
aquatic silica and alkalinity of the system rather than
just magnesium concentration. In highly alkaline lakes
of Eastern Africa, clayey Mg minerals precipitate earlier
than carbonates from relatively dilute waters (Deocampo
et al., 2009, 2010).

It turns out that, firstly, the process of interaction
between water and aluminosilicate rock does not allow
the pH value of water to shift into the area of “acidic”
waters as a result of their evaporative concentration,
since OH™ appears in the water, and secondly, due to
sulfate reduction, calcite transforms into dolomite,
accumulates OH™, and consequently increases the pH
of water.

A schematic representation of the general chemical
composition of water formed as a result of these factors,
with increasing relative solubility from top to bottom,
is presented in Fig. 8.
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Fig. 8. Block diagram depicting evolution of water
highlighting specific conditions for studied lakes. Primary
processes are framed, dissolved components marked outside
frames, while mineral precipitates and their formation
mechanisms indicated by oval shapes. SR stands for sulfate
reduction

In the diagram, dissolved substances (Ca, Mg, Na,
TDIC, SO,, CI) are referred to total amount of aqueous
compounds in equivalents. The scheme shows that
conditions Ca > TDIC favoring gypsum precipitation
occur at one of the last stages of lake evolution (TDS =
184 g/l and pH < 7.2). On the other hand, condition TDIC
> Ca occurs in more alkaline solution. At the same time,
everywhere the amount of Mg is significantly greater
than TDIC. Clay formation resulting from hydrolysis of
aluminosilicates and silicates takes place over the entire
range of salinity, so they will be present in sediments
and limit step by step mobility in waters not only some
part of Ca, Mg, Na, K, Si, Al but also many trace
elements (Shvartsev, 2000), including through sorption
processes (Pechenyuk, Semushina, 2021). Bacterial
sulfate reduction will change the ratio of Cl and SO,
Dolomite formation will alter the relationship between
Na and Mg. The role of TDIC will gradually decrease
under dominant evaporation process, therefore the pH
of the solution will gradually decrease. Appearance of
halite should lead to balancing Na with Cl, but ongoing
hydrolysis process will provide additional portion of
Na. Since initial solution represents Cl Na type, it will
remain such throughout the considered period.

Conclusion

The article presents detailed hydrogeochemical
studies of bottom sediments in the chloride lakes
Gorbunka and Hilganta. The lakes are located in a
semi-arid climate and represent the most rare for this
region Cl-Na chemical type. They are endorheic with
unstable hydrological regimes. During dry periods they
become shallower, while during wet periods their water

volume increases. Aquatic environment has neutral pH
at higher salinity levels but becomes alkaline when
salinity decreases. With increasing salinity there is no
accumulation of TDIC in water, but Cl" and SO,* ions
concentrate instead, however the increase in CI- content
outpaces that of SO,*". Simultaneously, elements such as
Na, Ca, Mg, Li, Br, Sr etc., accumulate synchronously.

Based on the activity values of “excess” ?!°Pb, ages
of individual layers of bottom sedimentation and rates
of sedimentation were determined. These data correlate
well with previously noted dates of drying up and filling
of the largest regional lakes Zun and Barun Torey.
Together with data on *'°Pb and distribution of mineral
contents across the depth profile of bottom sediments,
two stages of sediment formation have been established:
the stage of “shallow” lake and the stage of “deep” lake.
The more “shallow” period is represented by deposits of
minerals like halite, calcite, dolomite, clays. In contrast,
the more “deep” period (after abrupt changes in the lake’s
water balance), mineral complexes are characterized
either by absence or trace amounts of halite, larger
portions of dolomite and feldspars.

The data on chemical element fractionation along
the core also indicate changes in geochemical balance
during these two periods. High proportions of water-
soluble fractions of Na, as well as carbonate Ca, Mg, Fe,
oxide and hydroxide Fe, Mn, U, REE and others during
high salinity waters due to their intensive evaporation
determine differences between “shallow” and “deep”
stages of lakes.

Thermodynamic calculations have shown that newly
formed minerals limit the contents of many chemical
elements preventing them from accumulating in aqueous
solution. Such selective concentration leads to deep
differentiation of chemical element ratios in bottom
sediments.

Bacterial reduction of sulfate ions limits its content
in waters, therefore Cl- accumulates in large quantities.
Moreover, under hydrogen sulfide conditions dolomite
formation becomes preferable while under oxygenated
conditions calcite is favored.

Changes in lake geochemical balance resulting from
climatic fluctuations are mainly caused by changes in
the “water-rocks” system and evaporation processes
combined with intermittently active biogeochemical
processes.
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OcCHOBHBbIE MeXaHU3MbI IBOJTIOIUHU 03ep Xuiaranta u ['opoynka (FOro-Bocrounoe

3abaiikaJjibe)

C.B. bopsenxo®, U.A. Komoeopyesa

Hucmumym npupoonsix pecypcos, skonozuu u kpuoroeuu Cubupckoeo omoenenust PAH, Yuma, Poccus
" Omeemcmeennviti asmop: Ceéemaana Braoumuposna Bopsenko, e-mail: svb_64@mail.ru

B crarbe paccMarpuBaeTcs rTHAPOreOXMMHUYECKast HCTOPUS
KOHTHHEHTAJIBHBIX COJICHBIX, XJIOPUIHBIX 03ep XWITaHTa 1
TopOyHKa, pacmoNIOKeHHBIX Ha IOTO-BOCTOKE 3abalKalbs.
AHaTM3UPYIOTCS XUMUYECKHHA cocTaB, pH, comeHocTh, Be-
JUYUHBI COOTHOIIICHHS TeHETHYECKIX K03 durrenToB rMg/
rCa u rSr/rCa 03epHBIX BOA B pa3HbIC TOIBI KX OIPOOOBAHUS.
BbolenstoTcss OCHOBHBIE CBSI3M COJIEHOCTH C COIEP)KaHHEM
MaKpOKOMIIOHEHTOB 03epHBIX BOJ. [IpuBomsiTcst KpaTkue
CBEJICHUSI O MUHEPATBHOM M XUMHYECKOM COCTaBaX BOJIOBMeE-
IIAIOIINX TTOPOJT M XMMHUYECKOM COCTABE BOJIBI, yUACTBYIOMICH
B COJIEBOM IHUTaHWM 03ep. ONHCHIBAIOTCS MHUHEPAIBHBIA U
XUMHYECKUH COCTaBbI, 3HAYEHUSI H30TOITHOTO COOTHOIIICHUS
yIiiepoaa M KHCIopoJa KapOOHATOB B PA3HBIX CIOSAX JIOH-
HBIX OCAJIKOB 03€p. BBIAEISIOTCS MHHEpabI-HHIUKATOPbI,
XapaKkTepHU3yIOMNe pa3Hble KINMAaTHYECKHE OOCTaHOBKH.
Omnpenenstorcsi OCHOBHBIE YCIIOBHS, XapaKTEPU3YIOMINE CO-
JIeprKaHMs ¥ BETMUMHBI COOTHOIIEHHST OCHOBHBIX XUMHYECKHX
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KOMIIOHEHTOB U pH, B Ilepro M3MEHEHHSI COJIEHOCTH O3EPHBIX
Boj. Ha ocHoBe m3mepenuii >'°Pb paccunThIBatOTCS BO3pACT
U COBPEMEHHAasi CKOPOCTb HAKOIUICHUS OCAJKOB B 03€pax.
AHaJIM3UPYIOTCS TEPMOIMHAMUYECKHE PAcUeThl B CHCTEME
«BOZa — TOPHAs TIOPOZIa» MPH PA3HbIX TEMIIEpaTypax BOJIBIL.
PaccmarpuBatoTcst pU3NKO-XUMHAYECKIE yCIOBHS 00pa3oBa-
HUS QyTUTCHHBIX U XEMOTCHHBIX MHHEpPAJIOB. B KoHEUHOM
cyere, HHTEPIPETUPYETCs TEOXMMHUYECKas DBOJIFOLIUS 03ep B
CBSI3M C pETHOHAIBHBIMH U3MEHEHHSIMHU KIIMMaTa B HElaBHEM
MPOLIIIIOM.
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