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Abstract: We studied 46 small, drainless lakes in various landscape types: The sub-taiga (Vasyugan
plain), forest–steppe (Baraba lowland), and steppe and subzone of ribbon forests (Kulunda plain).
Sampling of lake components (sediments, water, and biota) was performed. The materials were
analyzed via a combination of modern analytical methods (atomic absorption spectroscopy, X-ray
fluorescence, scanning electron microscopy and X-ray diffractometry). It was found that in the
south of Western Siberia, lakes with a bicarbonate-sodium water composition are widespread
against the background of general landscape zoning. This composition contributes to the abundant
growth of biota in the lakes, which leads to the processes of authigenic carbonate formation from
calcite–dolomite series and aragonite on geochemical barriers, i.e., drifting biota–water, submerged
biota–water, and water–bottom sediments against a background of terrigenous demolition and
organic matter accumulation. The article shows the differences in the composition and structure
of low-temperature carbonate minerals formed on various geochemical barriers. It was found that
low-magnesium calcite and aragonite are the most common authigenic carbonates in small lakes in the
south of Western Siberia and are formed on all three geochemical barriers in lakes. High-magnesium
calcites and Ca-excess dolomites are formed only at the water–bottom sediment barrier in lakes with
HCO3–Na and Cl–HCO3–Na water composition at pH > 9 and with a total dissolved solids > 3 g·L−1

(in some lakes of HCO3-Na composition with a TDS < 3 g·L−1 and pH > 9).
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1. Introduction

One of the characteristics of Western Siberia is the extensive system of lake basins. There are
more than 20,000 lakes in the south of its territory alone. Most of them are small and have an area of
less than 10 km2 [1,2]. Small lakes are more severely affected by environmental changes than large
reservoirs, which is reflected in their sedimentary records. Bottom sediments contain information
about the behavior of elements in the processes of modern sedimentation, e.g., in the patterns of their
distribution and concentration in different landscape settings in conditions of increasing anthropogenic
influence. The occurrence and development of small lakes is directly related to the formation of terrain
and changes in natural and climatic conditions. The study of sedimentation processes in small lakes has
shown that there is a certain set of factors that affects the sediment’s geochemical composition [3–10].
The hallmark of each lake is the composition of the water, bedrock, and soil of the catchment area, the
sediments and biota, and the life processes which occur both in the lake itself and the corresponding
coastal zone. The substance that makes up the bottom sediment has different origins: Allogeneic
(introduced from the catchment area) and authigenic (formed directly in the lake). Thus, the bottom
sediments of lakes consist of terrigenous, chemogenic, biochemogenic, and biogenic material.
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The influence of the biota contained in the water body on bottom sediment formation, especially
carbonate, has been noted in work by a number of scientists [11–19]. The biogeochemical aspect of
sedimentary processes and processes of carbonation still attract the attention of researchers; however,
because of the complexity of the research objects, many issues remain open to discussion. One of
the problems is to identify the mechanism of modern dolomite formation in lakes and the factors
that influence this process. It should be noted that not enough attention is paid to small inland
reservoirs, despite the fact that mineralized and saline lakes of semiarid and arid zones make up a
fifth of all inland lakes [20–25]. However, in a number of studies by Siberian scientists [4,22,26,27],
the issues of carbonate formation on the water–bottom interface in small lakes of the Tazheran steppe
(the Baikal region, Eastern Siberia) were considered. As a result of the conducted research, it was
found that Mg-calcites, Ca-excess dolomites, and aragonite predominate among the carbonate minerals.
Similar studies have also been conducted in a number of areas of Western Siberia (the south of the
Vasyugan plain, the Baraba lowland, and the Kulunda plain), where carbonates are formed in lake
sediments [5,6,24].

The aim of this work was to determine the carbonate-mineral formation factors in the
water–biota–bottom sediments’ system of small lakes in the south of Western Siberia. The process of
authigenic carbonate formation was considered in various landscape types of the region. The main
focus of the study was the peculiarities of the carbonate-forming process on geochemical barriers in
lakes, i.e., drifting biota–water, submerged biota–water, and water–bottom sediments.

2. Materials and Methods

2.1. Materials

The objects of study were small lakes (with an area under 10 km2, and a depth up to 5 m),
located within areas of sub-taiga (Vasyugan plain), forest–steppe (Baraba lowland), steppe (Kulunda
plain), and the ribbon forests’ subzone (Kulunda plain), using values of total dissolved solids (TDS),
from freshwater to brine, according to the classification by A. M. Ovchinnikov [28]. The selection of objects
was carried out along the meridian from north to south, covering several landscape types (Figure 1).

Figure 1. The layout of the studied small lakes in the south of Western Siberia. Symbols: Red circle—the
Vasyugan plain lakes, yellow rhomb—the Baraba lowland lakes, green square—the Kulunda plain lakes.

The territory of the south of Western Siberia has its own climatic features. It is located at the
intersection of climatic regions and is exposed to the most diverse air masses—The southern Central



Minerals 2020, 10, 552 3 of 17

Asian and Northern polar. This fact determines the continentality and aridity of the climate, which is
expressed in a large variability of atmospheric pressure, temperature, humidity, and other meteorological
elements both daily and annually. Each landscape type has its own local characteristics but, in general,
hot dry summers and cold winters are typical. Precipitation is low: 230–350 mm to 500 mm per year.
The main sources of lake nutrition are meltwater, rainwater, and groundwater, while strong winds
accelerate the evaporation of moisture from the surface of snow cover and water areas. The period of
lake-ice cover lasts on average 7–9 months, with a short period of melting (up to 1–2 weeks).

All the studied lakes were grouped into lake systems (Table S1: Studied lakes (territories,
landscapes, and lake systems)). Lake systems contain lakes that are located compactly in the same
landscape and climatic conditions and have a single or similar catchment area and water sources.
This allowed us to consider the physical, chemical, geochemical, and mineral features of the small
lakes, both within the same landscape type, and in comparison with lakes of different landscape types.
The lake systems in this work are called by the name of the nearest settlement.

There are the Kyshtovskaya and Samus’kaya lake systems in the West Siberian sub-taiga landscape
(Vasyugan plain). The lakes of this zone belong to the Vasyugan relict system of lakes [29].

The Baraba lowland lakes, located in the West Siberian forest–steppe landscape, belong to the
Om’-Ichan hillock-hollow system of lakes, which is a part of the Ob’-Irtysh interfluve [29]. There are the
Gzhatskaya, Bergul’skaya, Novokievskaya, Kuibyshevskaya, Barabinskaya, Chulymskaya, Zdvinskaya,
Karasukskaya, and Terengulskaya lake systems.

The Mikhailovskaya and Petukhovskaya systems belong to the lakes of the Kulunda plain
(the West Siberian and Kazakhstan dry steppe). Lakes of the ribbon forests’ subzone are divided into
two systems: Salty lakes of ribbon forests and slightly salted lakes of ribbon forests [29].

Field and analytical studies have shown that the bottom sediments of small lakes in the south of
Western Siberia are organic–mineral silts (sapropels and mineral silts), differing in the ratio of organic
and mineral components (ash content) and chemical composition. The genesis features and diverse
composition determine the classifications and characteristics of organic–mineral silts (sapropels).
There are types depending on the ash content and classes according to the Si/Ca ratio, as well as the
dominant primary products, i.e., planktonic, macrophytic, and mixed. Mineral silts are the bottom
sediments with an ash content higher than 85% [30,31].

The article used materials collected from fieldwork in 2012–2018, performed as part of a combined
expedition with the institutes of the Siberian branch of the Russian Academy of Sciences: Institute
for Water and Environmental Problems, Institute of Soil Science and Agrochemistry, and Institute
of Catalysis.

Bottom sediment sampling (942 samples) was carried out from the catamaran with a cylindrical
sampler (diameter 82 mm, length 120 cm) with a vacuum seal (Taifun Research and Production
Association, Russia). Sampling using a cylindrical sampler allowed collecting stratigraphic undisturbed
sediment cores. The sampling site was selected far from settlements or at the maximum distance from
them. The sampling point was located in the central part of the lake. The core of bottom sediments
was tested in layers with a step of 3 or 5 cm, to a depth of 50 to 250 cm. Each sample was numbered
according to the number in order and packed in a plastic bag. The sediment was weighed after
sampling, then dried to an air-dry state, first in the field, then in the laboratory (at room temperature
for further determination of mercury content or in a laboratory drying cabinet (LOIP LF 240/300-VS1,
Laboratory equipment and devices, Saint Petersburg, Russia) at 50 ◦C for determination of major and
trace elements.

Water samples for all analyses were taken in the center of the lake. When sampling, bottles of
1 and 0.5 L (plastic bottles for determining the major and trace element composition) and 0.33 L (glass
bottles for determining the content of mercury) were used. Water samples for the trace elements
composition and Hg were preserved with 0.1 H nitric acid.
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Soil samples were taken by pressing a metal ring with a diameter of 82 mm and a height of 50 mm
to the depth of the entire soil section. All soil samples were dried and weighed according to the method
for bottom sediments.

In addition, samples of water (201), aquatic biota (38), and soil (137) were taken and analyzed.
Physical and chemical variables of water and bottom sediments material were recorded in situ (pH-
Eh, TDS) using an ANION-7000 portable liquid analyzer (Biomer, Novosibirsk, Russia).

2.2. Methods

Analytical studies of the lake components were conducted in the Analytical Center for
multi-elemental and isotope research SB RAS and in the Laboratory of Geochemistry of Noble
and Rare elements of the Institute of Geology and Mineralogy SB RAS, Novosibirsk.

Major and trace elements were determined via atomic absorption using a Solaar M6 instrument
equipped with a Zeeman and deuterium background corrector (Thermo Electron, Waltham, MA,
USA). Two versions of atomic absorption were used: Flame atomization (acetylene-air and nitrous
oxide-acetylene) to quantify the content of a wide range of chemical elements, the content of which in
the samples was > 0.0001 mass%, and electrothermal atomization for the quantitative determination of
lower contents (less than 0.000001 mass%). Atomic absorption determination allowed us to identify:
Li, Rb, Cs, Na, K, Sr, Ba, Al, Ca, Mg, Fe, Mn, Ti, V, Cr, Ni, Co, Cu, Zn, Pb, Mo, Be, Cd, Sb, and As.
For analysis, certified atomic absorption spectroscopy methods were used, which are included in the
State Register or methods developed in the Laboratory of Geochemistry of Noble and Rare elements of
the Institute of Geology and Mineralogy SB RAS, Novosibirsk. The laboratory has a bank of standard
samples (domestic and foreign) of more than 40 items that were used in the analysis. Standard samples
of the appropriate composition were analyzed with each batch of samples, which allowed us to control
the accuracy of the analysis. The laboratory regularly participates in the Interlaboratory comparison
tests. Interlaboratory comparison tests results confirmed a high quality assessment of atomic absorption
analysis. The detection limits of various trace elements are shown in (Table 1). The procedure for
preparing samples for analysis depended on the type of substance being tested.

Table 1. Detection limits of trace elements by atomic absorption method.

Element Soil, Bottom Sediments,
(g·t−1)

Biota,
(mg·kg−1)

Water,
(µg·L−1)

Hg 0.01 0.01 0.02
Sb 0.2 0.03 0.1
Cd 0.015 0.001 0.005
Pb 6.0 0.1 0.1
Ni 7.5 0.1 0.1
Co 5.0 0.03 0.1
Cu 2.5 1.0 0.1
Cr 7.5 0.5 10
Zn 0.5 0.1 1.0
Ba 12.0 5.0 10
Be 0.5 0.2 0.01
Mn 5.0 2.0 2.0
Mg 2.5 1.0 -

The major element composition was determined by X-ray fluorescence analysis (ARL-9900-XP,
Applied Research Laboratories, Austin, TX, USA). X-ray fluorescence analysis was performed from
fused tablets: The analyzed sample was dried at 105 ◦C for 1.5 h to determine the hygroscopic humidity.
Then it calcined at 960 ◦C for 2.5 h to determine the mass loss during calcination and then mixed with
a fluxing agent (66.67% lithium tetraborate, 32.83% lithium metaborate, and 0.5% lithium bromide) in a
ratio of 1:9 (the total weight of the mixture was 5 g). The mixture was melted in platinum crucibles in an
induction furnace Lifumat-2.0-Ox (Linn High Therm, Hirschbach, Germany). To check the correctness
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of the analysis, the following state standard samples of rock composition were used: MU-1, MU-3,
MU-4, SA-1, SCHT-1, SCHT-2, SDO-1, SDU-1, SG-1A, SG-2, SG-3. SGS1, SGS2, SGS-1, SGS-5, GSM-2,
GSM-3, SI-1, SI-2, SMS-1, SMS-2, SUP-1, ST-1.

The sample morphology and phase and elemental compositions were determined using a scanning
electron microscope, MIRA 3 TESCAN (Tescan, Brno-Kohoutovice, Czech Republic). The current
modification of the equipment used a Si (Li) energetic detector (OXFORD, Oxford Instruments,
Abingdon, UK). The method allowed quantitative chemical analysis to be carried out on microvolumes.
The INCA Energy 300 program (Labspec 5) was used for quantitative chemical analysis with reference
standards (2145 definitions of mineral compositions). All microphotographs presented in this work
were taken using the SEM MIRA 3 TESCAN.

X-ray diffractometry (XRD) was used to determine sample mineral composition (ARLX’TRA,
Thermo Fisher Scientific (Ecublens) SARL, Waltham, MA, USA) (emission CuKα).

For phase analysis, the samples were scanned in a range from 2◦ to 65◦ (2Θ) with a step of 0.05◦;
the scanning time at the point was 3 s. For studying the XRD profiles of the sediment carbonate
component, scanning was carried out in the range from 28◦ to 32◦ (2Θ) with the same step, but a longer
scanning time (15 s). The differential diagnostics of low-temperature calcite–dolomite carbonates
presented certain difficulties due to their high dispersion (crystallite sizes < 10 µm). XRD analysis was
performed using the most intense reflections of hkl = 104 in the area of angles 28–32◦ 2Θ CuKα for
trigonal carbonates. The values of the d104 interplane distances ranged from 3.036 Å (calcite) to 2.887 Å
(stoichiometric dolomite) and served as a magnesium measure of the carbonate minerals.

Magnesium-calcites were divided into three groups according to the d104 value:

(1) Low-magnesium calcites with a MgCO3 content in the structure of <4–5 mol. % (3.036 Å > d104 >

3.020 Å),
(2) Intermediate-magnesium calcites with 5–18 mol. % MgCO3 in the structure (3.02 Å > d104 >

2.98 Å), and
(3) High-magnesium calcites with 30–43 mol. % MgCO3 (2.94 Å > d104 > 2.91 Å).

Ca-excess dolomites, in the structure of which the excess of CaCO3 can reach 7 mol. % with respect
to stoichiometric dolomite, are characterized by the values of d104 from 2.910 to 2.887 Å (Figure 2).

Figure 2. Practical application of the modeling complex XRD-profiles’ method of low-temperature
carbonates in lacustrine sediments. Experimental profiles—dotted line, model profiles (individual and
total)—solid line. The total content of carbonates in the sample was assumed to be 100%.

Decomposition of the extended diffraction maxima, which had a complex configuration and
represented a superposition of several peaks of carbonate phases with different Mg contents in the
structure, into individual peaks using the Pearson VII function allowed us to establish the position and
integral intensity of each peak and obtain quantitative ratios of carbonates [4,32].
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3. Results

3.1. Biota Contribution in Small Lakes (the South of Western Siberia)

The sources of autochthonous organic matter in the studied lakes were primary producers
(phytoplankton and macrophytes), as well as consumers and decomposers (zoo- and bacterioplankton).
Primary producers (phytoplankton, phytoperifiton, phytobenthos, and macrophytes) in the reservoir
during photosynthesis create organic matter that is processed in the food chain and enters the bottom
sediments. All subsequent stages after photosynthesis are stages of mineralization and destruction [33].
The interaction of the production and destruction of organic matter ultimately determines, along with
other factors, the parameters of the bottom sediments. In a collaborative article with biologists [34],
the fluxes of organic compounds (organic carbon, nitrogen, and phosphorus) and the contribution
of phytoplankton with regard for its grazing by zooplankton, zooplankton, and macrophytes were
calculated for small lakes in south of Western Siberia. It is reasonable to expect that organic matter
in the sapropel of lakes should contain compounds found in the plankton biomass (proteins, lipids,
and polysaccharides), as well as the components of the biomass of the higher plants. However,
the autochthonous organic matter was significantly modified while recycled in the “microbial loop”,
and this notably affected the final forms of compounds coming to the sapropel. The significant biogenic
contribution to the organic matter flow into the bottom sediments of small lakes in the south of Western
Siberia was considered circumstantially in various papers [33–35].

3.2. Water Composition in Small Lakes (the South of Western Siberia)

The water TDS of the studied lakes varies significantly from freshwater and brackish, found in all
landscape types, to brines in the steppe landscape. In areas with a humid climate (Vasyugan plain),
ultra-fresh and freshwater are mainly formed as a result of excess moisture, as well as the migration of
easily soluble salts and soil formation products to lower soil horizons. In the zones of the semiarid
and arid climate of forest–steppe and dry steppe (Baraba lowland, Kulunda plain), more intensive
accumulation of easily soluble salts occurs, and water in a full range of salinity is formed, from fresh
to brine. The water chemical composition in the studied lakes is mainly bicarbonate with variations
in the cationic composition of Ca–Na–Mg. It forms because of the water transformation caused by
evaporation and winter cryogeochemical processes (Figure 3).

Figure 3. Ferre Triangle of lake water composition, taking into account the total dissolved solids’ (TDS)
values and landscape type. (a) anionic composition of water, (b) cationic composition of water.
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The waters are mostly alkaline (pH > 8), with the exception of some sub-taiga lakes (pH 6.3–6.7).
The Eh indicator of water in all lakes is positive and changes within the range of 287–375 mV regardless
of the landscape. The content of oxygen dissolved in water in most lakes is quite high and varies from
134% (11.47 mg·L−1) to 72% (6.29 mg·L−1), and only in some lakes is it significantly lower (<50%),
which is explained by the active processes of organic matter destruction occurring during bottom
sediment formation.

3.3. Bottom Sediments in Small Lakes (the South of Western Siberia)

Lacustrine bottom sediments are organic–mineral silts (sapropels and mineral silts) with an ash
content of 45–94% with a massive, small-lumpy, nutty-lumpy texture. Sometimes there are the remains
of vegetation. The color of the bottom sediments is bluish-green, tobacco-green to black. There is often
a strong smell of hydrogen sulfide. The sediments have a high viscosity (mainly in the lower horizons).
Humidity throughout the depth of the core varies from 98% to 70%.

Regardless of the landscape type, most lakes are characterized by the organic–mineral (ash content
30–50%) and mineral–organic (ash content 50–70%) types of sapropel. The distribution of sapropel
classes (Si/Ca ratio) among all the considered lakes is uneven. Lakes with a silicon-class sediment
predominate. Most lakes are mixed in terms of the dominant production type. Features of the
composition and genesis of bottom sediments of various classes are considered in detail in [35].

The major and trace element composition of small lakes’ bottom sediments in the south of
Western Siberia has been studied. The concentration of trace elements occurs mainly because of the
minerals of the terrigenous component of deposits: Quartz, feldspar, and mica. A significant role
also belongs to the dark-colored minerals contained in the fragments of rocks from the catchment
areas (epidote, hornblende, actinolite, cummingtonite, and accessory minerals: Ilmenite, rutile, titanite,
magnetite, hematite, zircon, monocyte, etc.), represented as sharp-angled, unpolished, clastic forms,
and well-rounded grains of eolian origin [3,29,36].

Comparison of the element concentrations in the lacustrine bottom sediments of various landscapes
in the south of Western Siberia with the composition of the upper continental crust showed accumulation
of Ca, Mg, Sr, Ni, Cu, Cd, and Sb during modern sedimentation and depletion of K, Al, Si, Ti, Th,
and Ba, as well as Fe, Co (Figure 4). The depletion of elements, including Na, K, and Al, is caused
by the effect of the dilution of the sediment by carbonates and organic matter. A detailed description
of the mineral composition of the small lakes’ bottom sediments in the south of Western Siberia is
discussed below.

Figure 4. The multi-element spectrum of the average values of the studied elements for bottom
sediments of lake systems in the south of Western Siberia normalized to the values of the upper
continental crust concentrations according to Wedepohl, K.H. [37].
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Calcite–dolomite carbonates and aragonite are widely distributed among modern authigenic
minerals in small lakes in the south of Western Siberia. Siderite, rhodochrosite, and magnesite are
occasionally found in subordinate quantities. The formation of authigenic carbonate minerals occurs at
geochemical barriers: Drifting biota–water (cyanobacterial mats, macrophytes/algae drifting on the water
surface), submerged biota–water (submerged macrophytes and/or algae), and water–bottom sediments.

Carbonate formation on the geochemical barriers drifting biota–water and submerged biota–water
can be seen with the naked eye. Mineral formation occurs directly on and under cyanobacterial mats,
on the surface of submerged algae, and underwater parts of macrophytes. The size of individual
formations reaches 30–50 µm, and their clusters 0.5–1 cm. They can be spread over the entire surface of
cyanobacterial mats and/or submerged biota. At the water–bottom sediment boundary, the size of
individual formations does not exceed 20–30 µm, and their clusters are about 100–150 µm, which can
be observed using SEM.

Authigenic aragonite and low-magnesium calcite are the main minerals of the drifting biota–water
and submerged biota–water borders in Lake Linevo. At the same time, authigenic carbonate
mineralization occurs at the water–bottom sediment boundary. The formed carbonates complement
the carbonates that move from the drifting biota–water and submerged biota–water borders and,
without dissolving, are buried in the sediment (Figure 5).

Figure 5. Diffractograms of Lake Linevo carbonate minerals (Kyshtovskaya system, Vasyugan plain)
formed on geochemical barriers: Water–bottom sediments (black color) and submerged biota–water
(gray color).

4. Discussion

The full salinity range of the lake waters is due to the surface features of the Baraba lowland and
the Kulunda plain. The territory is characterized by the presence of a strictly parallel, north-eastern
stretch of alternating hillocks and hollows in which there are numerous small and large lakes, swamps,
and drylands. Under the conditions of structural and geological control, there is a local redistribution
of moisture and easily soluble salts: Their flow is from the hillocks to the inter-hillocks spaces [31]. It is
established that the known meridional change in the ionic composition and TDS of waters in the south
of Western Siberia from north to south (from the sub-taiga to the dry steppe zone) is complicated by
the presence of a large number of small lakes with a bicarbonate-sodium (soda) water composition.
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It is known that soda water, which is found in the considered landscape types, contributes to the
abundant development of biota [12,38]. The development of biota of various species (cyanobacterial
mats, macrophytes/algae drifting on the water surface, submerged macrophytes and/or algae) in
turn leads to the processes of the biomineralization, biorecovery, biosorption, and bioaccumulation
processes (their difference is schematically explained in [39]). New complexes are formed in solution,
local pH and Eh conditions are changing, and biominerals appear. The influence of different biota
types was considered, for example, in the works [15,40–43].

Lakes of all of the landscape types were grouped according to the value of TDS. The first group was
made up of freshwater lakes (TDS < 1 g·L−1). The composition of water was mainly bicarbonate-sodium.
Bottom sediments were sapropels mainly characterized by the mineral–organic type of the calcium
class. Less common sapropels were the organic–mineral and mineralized types. Authigenic minerals
were single grains (~60 µm) and clusters of grains of low-magnesium calcite and aragonite (Figure 5).

The second group was made up of brackish lakes (TDS 1.1–3 g·L-1). The main composition of
water was bicarbonate-sodium with a significant content of Cl− and/or SO4

2−. Bottom sediments were
similar in composition to the first group. However, in the authigenic part of the bottom sediment,
increased values of intermediate- and high-Mg calcites were found with a subordinate amount of
low-Mg calcite (Figure 5).

The third group was made up of salt lakes (TDS 3.1–10 g·L−1) and brines (TDS > 50 g·L−1).
Bottom sediments were a mineralized type of sapropel and mineral silts. In lakes with a composition of
water characterized by sodium bicarbonate, grains of high-magnesium calcite and Ca-excess dolomite
were precipitated. Calcite, low-magnesium calcite, and aggregations of aragonite grains (3–5 µm) were
formed in lakes with sodium-chloride brines (Figure 5).

The Ca-excess dolomite formation in lacustrine sediments was of particular interest. It should
be emphasized that the mixed, layered structure of Ca-excess dolomite was closer to the structure of
high-Mg calcite than the structure of dolomite sensu stricto [32]. The generally accepted opinion is that
the Ca-excess dolomite is a so-called “protodolomite”, i.e., a transitional metastable phase that occurs
at the early stages of dolomite formation, and does not arrive to crystal-chemical confirmation, at least
in normal P-T conditions.

Authigenic Ca-excess dolomite is an extreme member of the Ca–Mg series of anhydrous carbonates
and has a different genesis than stoichiometric dolomite [44]. Variations in CaO and MgO content in
Ca-dolomite are shown in the range of 10–15%-eq relative to stoichiometric dolomite (Figure 6). In our
case, we can trace the entire spectrum of calcite–dolomite series’ carbonates formed in small lakes in
the south of Western Siberia from low-magnesium calcites to Ca-excess dolomites.

Living organisms, in accordance with their physiological characteristics, have the ability to use
chemical elements from the environment to form the skeleton, and include them in enzymes and the
cycle of substances in the process of photosynthesis, etc. [15,45]. It was found that at the drifting
biota–water and submerged biota–water borders, authigenic minerals form thin films on the primary
skeleton of algae (pseudomorphoses by filaments and cells of microorganisms) (Figure 7b). The films
consist of fine-grained aragonite and/or calcite and are formed during the life of algae in lakes of all the
studied landscape types and in a wide variety of TDS values.

Another possible way of carbonates being formed is through mineral deposition, which results
from the concentration of individual elements when living matter creates specific local pH and Eh
conditions during photosynthesis. In addition to aragonite (Figure 7a), new formations of magnesium
sulfates (Figure 7b) or magnesium carbonates (Figure 7c,d) were found in the composition of thin
films on the primary framework of algae. The formation of primary magnesium minerals may be due
to the presence of Mg2+ in the center of the chlorophyll molecule. It is known that photosynthetic
organisms, while extracting carbon dioxide dissolved in water, shift the pH to alkaline values and
thereby stimulate the deposition of carbonates.
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Figure 6. Ferre Triangle of calcite–dolomite series’ carbonate (%-eq) composition formed in small lakes
in the south of Western Siberia taking into account the value of TDS (g·L−1). The composition of calcite
(rhombus) and dolomite (inverted triangle) corresponds to the theoretical formula.

Figure 7. Microphotographs of authigenic minerals at the drifting biota–water and submerged
biota–water borders: (a) Photo of Ctenocladus circinnatus Borz (Lake Petukhovo) [46]; (b) mineral
films (Mg-sulfate) on the surface of the algobacterial colony (Lake Petukhovo); (c) mineral films
(Mg-carbonate) on the surface of the algobacterial colony (Lake Urmannoe) and their replacement by
carbonates: 1—MgCO3, 2—CaCO3; (d) 1—MgCO3-substituted algobacterial colony (Lake Tanatar—6),
2—CaCO3.

Anaerobic decomposition of the initial sedimentary organic matter produces gases (CO2, H2S,
NH3, etc.) through a large amount of bacterial activity in the first centimeters of bottom sediments.
It contributes to the dissolution and disappearance of magnesium sulfates and carbonates, as well as
aragonite partially, followed by biochemogenic deposition of calcite (Figure 8a,b) and high-magnesium
calcite of various morphologies (Figure 8c) in lakes from fresh to brines. Aggregates of low-magnesium
calcite and calcite are among the most common authigenic minerals in small lakes in the south of
Western Siberia (Figure 8d).
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Figure 8. Microphotographs of authigenic carbonates at the water–bottom boundary. Calcite (a,b)
and low-magnesium calcite (c,d): (a) Rhombohedral crystals of different sizes (Lake Danilovo),
1—CaCO3; (b) 1—dendrite aggregates (presumably the fusion of thin scalenohedral crystals) and
2—their replacement by low-magnesium calcite; (c) zonal–concentric formations of low-magnesium
calcite (Lake Karbalyk); (d) pseudomorphoses of low-magnesium calcite on the remains of macrophytes
(Lake Peschanoe).

Chemogenic Ca-excess dolomites with different calcium contents (Figure 9a,b) and high-magnesium
calcites (Figure 9c,d) are deposited mainly at the water–bottom sediment boundary in lakes with
bicarbonate-sodium (soda) and chloride–bicarbonate–sodium water compositions with a TDS > 3g·L−1

and pH > 9. Biochemogenic high-magnesium calcites and Ca-excess dolomites are deposited at the
water–bottom sediment boundary in lakes with a bicarbonate-sodium (soda) water composition with a
TDS < 3g·L−1 and pH > 9.

Figure 9. Microphotographs of authigenic carbonates at the water–bottom boundary. Ca-excess dolomite
(a,b) and high-magnesium calcite (c,d): (a) Rhombohedral crystals of various sizes (Lake Tanatar—4),
1—Ca-excess dolomite; (b) 1—fouling of thin rhombohedral crystals of Ca-excess dolomite around
terrigenous grains and mortmass, 2—grains of high-magnesium calcite (Lake Rublevo); (c)—intergrowth
of thin scalenohedral crystals of high-magnesium calcite (Lake Tanatar-6); (d)—micrograins of
high-magnesium calcite (Lake Petukhovo).

Variations in the carbonates’ composition, in turn, correlate with the values of TDS, pH, and water
composition. In lakes of HCO3–Mg–Na water composition (TDS 2.1–2.6 g·L−1), carbonates are
characterized by high-magnesium calcite and Ca-excess dolomite. In lakes of a HCO3–Na and
HCO3–Cl–Na water composition, (TDS 9, 41.5 g·L−1) carbonates are characterized by Ca-excess
dolomites (Table 2).

In lakes of a Cl–HCO3–Na, Cl–Mg–Na, and Cl–Na composition (TDS 52.3–54.2 g·L−1), the main
carbonate was Ca-dolomite (Table 2). For all the above-mentioned lakes, the pH of water varied in
the range 9.0–9.6. In lakes of a Cl–Na composition, such as Lake Malinovoe, aragonite was formed
(TDS = 396.6 g·L−1, pH 7.6). In Lake Krasnovishnevoe (TDS = 297.3 g·L−1, pH 7.7), there were only
low levels of calcite impurities.



Minerals 2020, 10, 552 12 of 17

Table 2. Comparison of physical and chemical parameters and water composition of small lakes in the
south of Western Siberia with the results of X-ray diffractometry (XRD).

Lake TDS, g·L−1 Ph Water Composition Mineral Composition

Demkino 1 9.0 bicarbonate magnesium-sodium, fresh Main phase high-Mg-Cal, impurity smectite

Rublevo 1.5 9.1 bicarbonate magnesium-sodium, saltish Main phase high-Mg-Cal, Ca-Dol, impurity
smectite, Qtz, KFsp

Tanatar-4 9.0 9.5 bicarbonate sodium, salt Main phase Ca-Dol, impurity high-Mg-Cal,
disordered smectite, Qtz

Tanatar -6 41.5 9.8 bicarbonate-chloride sodium, brine Main phase Qtz, Pl, Ca-Dol, Cal, halite,
impurity KFsp, trona, disordered smectite

Petukhovo
(ribbon forests) 52.3 9.8 chloride- bicarbonate sodium, brine

Main phase Ca-Dol, Qtz, impurity Cal,
halite, Pl, disordered smectite and

illite-smectite, trona, KFsp

Petukhovo (steppe) 54.2 9.5 chloride magnesium-sodium, brine Main phase Qtz, Pl, Ca-Dol, impurity
Ca-Dol, KFsp

Jodnoe 177 9.6 chloride sodium, brine Main phase NaCl, Ca-Dol, Cal, Qtz,
impurity thenardite

Krasnovishnevoe 297.3 7.7 chloride sodium, brine Main phase Qtz, NaCl, impurity Pl, KFsp,
gypsum, small impurity Cal

Malinovoe 396.6 7.6 chloride sodium, ultrabrine Main phase NaCl, aragonite, impurity Qtz,
Pl, Cal, Ca-Dol

High-Mg-Cal—high-magnesium calcite; Ca-Dol—Ca-excess dolomite; Cal—calcite; Qtz—quartz; KFsp—potassium
feldspar; Pl—plagioclase.

The Al/Ca ratio is the best representation in terms of showing the correlation between the allogenic
and authigenic parts of small lake sediments through the distribution of elements along the core.
Aluminum demonstrates the amount of terrigenous fraction in the sediment and calcium shows mainly
authigenic fraction. Silicon, being a rock-forming element, in this case, cannot be used to characterize
the terrigenous component, because there is a large number of diatoms in the lacustrine bottom
sediments. In general, the small lakes studied are characterized by a higher content of Ca in the upper
horizons of bottom sediments, which is associated with the formation of authigenic calcite–dolomite
carbonates on the geochemical barriers (Figure 10). This is evidence of a hot and dry climate in the
summer and a long period of lake-ice cover, possibly even complete freezing in the winter. As a result,
the supersaturation boundaries of the solution are reached, and favorable conditions for the formation
of calcite–dolomite series’ carbonates arise.

Figure 10. Vertical distribution of the Al/Ca ratio by depth for silicon, calcium, and mixed classes of
bottom sediments of small lakes in the south of Western Siberia.
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Cryogenic mineral formation is when the temperature decreases and the amount of unfrozen
water decreases, respectively, causing the concentration of salts in it to increase. As the solution
reaches eutectic points, salt crystallization begins. In multicomponent systems, such as natural waters,
the eutectic points may shift slightly in one direction or another as compared with the empirical data
for simple systems, but the sequence of salt precipitation is usually preserved [47].

Significant changes in TDS even occur during the summer period in lakes Rublevo and Demkino
(Kulunda plain). For these lakes, it was found that in June, the TDS value was 0.77 and 0.93 g·L−1,
and then in August, it was 1.5 and 1 g·L−1, respectively. Fluctuations in the physical–chemical
parameters were associated with landscape–climatic characteristics, such as shallow lake depths (up to
3 m), wind mixing, the absence of the thermocline in lakes, and the presence of reducing conditions
at the water–bottom sediments’ boundary, as evidenced by the formation of framboidal pyrite since
the first centimeters of sediments (Figure 11). High water pH is not only the result of organic matter
decomposition in the lakes, the soil and rocks of the catchment area also play a significant role.

Figure 11. (a) Lake Karbalyk (1)—framboidal pyrite from the depth of 0–5 cm of the bottom sediments.
(b) Lake Kukley (2)—framboidal pyrite and a cluster of pyrite crystals from the depth of 0–5 cm of the
bottom sediments.

As a result, even with the TDS from 0.77 to 1.5 g·L−1 in different periods, high-magnesium calcites
and Ca-excess dolomites were formed in lakes Rublevo and Demkino along the entire depth of the
bottom sediment core (Table 3). It should be noted that all the minerals had a low degree of crystallinity.
A significant amount of X-ray amorphous component was found on diffractograms, and this may not
only be due the presence of organic matter.

The landscape features of the study area promote the burial of carbonate minerals in bottom
sediments-lakes are located in the same azonal landscape (eolian) [29]. The eolian fraction being
introduced into the bottom sediments was considered in [36], using the example of “black dust storms”
typical of the steppe of the south of Western Siberia. Plowing of virgin lands in the 1960s (flat, unpaved
territories) increased the eolian component in bottom sediments. It, in turn, contributes to the burial of
authigenic minerals in organic–mineral silts, and now, because of the flat-low terrain and climate of
the territory, and particularly in the winter and spring period, the eolian component’s “hurricane-like”
demolition heavily affects the lakes.
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Table 3. Bottom sediment mineral composition of small lakes Rublevo and Demkino (Kulunda plain).

Lake Depth (cm) Mineral Composition

Rublevo 0–5 Main phase high-Mg-Cal, small impurity Qtz, Ca-Dol,
magnesite; and a lot of X-ray amorphous component

75–82 Main phase carbonates series high-Mg-Cal – Ca-Dol,
impurity smectite, Qtz

Demkino 0–5 Main phase high-Mg-Cal, small impurity Qtz; and a lot of
X-ray amorphous component

60–65 Main phase carbonates series high-Mg-Cal – Ca-Dol,
impurity smectite

High-Mg-Cal—high-magnesium calcite; Ca-Dol—Ca-excess dolomite; Qtz—quartz.

Thus, in the autumn–winter period, small lakes in the south of Western Siberia with a depth
of 3–5 m are covered with ice up to 1.5 m thick, which significantly increases the TDS of unfrozen
water under the ice, since the volume of water decreases several times. As a result of a long period
of ice covering (7–9 months), eolian material accumulates on the lake ice surface and during the
spring–summer melting period, it is released into the lake. This leads to carbonate mineral burial in
the bottom sediments.

5. Conclusions

In the small, drainless lakes of the south of Western Siberia, in all the landscapes studied,
calcite–dolomite carbonate series’ minerals and aragonite are formed on geochemical barriers: Drifting
biota–water (cyanobacterial mats, macrophytes/algae drifting on the water surface), submerged
biota–water (submerged macrophytes and/or algae), and water–bottom sediments.

The wide distribution of bicarbonate-sodium waters in the south of Western Siberia breaks
the general zoning of lake waters in the considered landscapes and contributes to the abundant
development of biota of various species. It, in turn, leads to the processes of concentration and
redistribution of substances, as well as to local changes in the environment in the water body.

The shallow depth (up to 5 m) of lakes, the sharply continental climate, the mainly subzero
temperatures, and the ice and snow cover contribute to a significant cryogenic effect, which influences
authigenic mineral formation in the small lakes. Water metamorphization contributes to consistent
precipitation of minerals corresponding to water freezing. Ice and snow cover together with the flat
landscape and extremely diverse air masses contribute to the accumulation of eolian material in the
lake area. When the ice and snow cover melts, this material is released into the lake and leads to
authigenic mineral burial in the bottom sediments.

Minerals formed during the life of aquatic biota at the drifting biota–water and submerged
biota–water borders form thin films on the primary framework of algae. They consist of sulfates and/or
carbonates of magnesium. In this case, the magnesium ion in the chlorophyll molecule becomes the
seed for the process of carbonation. Mineral aggregates are formed consisting of fine-grained aragonite,
carbonates, and/or magnesium sulfates.

Biochemogenic low-magnesium calcite, calcite, and aragonite are formed in lakes with TDS
from ultra-fresh to brine (from <0.2 to 400 g·L−1), mainly at the drifting biota–water and submerged
biota–water borders. Chemogenic calcite is deposited in sodium-chloride brines mainly at the
water–bottom sediment boundary.

Chemogenic high-magnesium calcites and Ca-excess dolomites are deposited at the water–bottom
sediment boundary in lakes with bicarbonate-sodium (soda) and chloride-bicarbonate-sodium water
compositions with TDS > 3 g L−1 and pH >9.

Biochemogenic high-magnesium calcites and Ca-excess dolomites are deposited at the water–bottom
sediment boundary in lakes with a bicarbonate–sodium (soda) water composition with TDS < 3 g L−1

and pH > 9 as a result of changes in physical and chemical conditions due to a combination of landscape,
geochemical, and biogenic factors.
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