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Abstract—A 1.8 m thick core of the Holocene (7.9 14C kyr BP) sediments of Lake Itkul’ (Novosibirsk Region) has been studied. Based 
on the geochemical and lithostratigraphic properties of the bottom sediments, we have established the following stages of the lake evolu-
tion: (1) the beginning of sedimentation, 7.8–7.0 14С kyr BP; (2) extreme shallowing with a probable complete drying, ~7.0–5.5 14С ky BP; 
(3) rise in the water level, ~5.5–4.3 14С kyr BP; (4) repeated shallowing, 4.3–2.8 14С kyr BP; and (5) subsequent watering, 2.8–0 14С kyr BP. 
At present, the lake again tends to shallowing. We have established that Lake Itkul’ has mineral sediments with a high content of carbonates 
(up to 64%). The high concentrations of HCO3

– and Ca2+ and stable saturation (S/St > 1) of the surface water cause a shift of the carbonate–
calcium equilibrium toward the carbonate formation. The studied authigenic carbonates are aragonite and fine-grained aggregates of poorly 
crystallized calcite particles with different Mg contents. Aragonite is both biogenic (mollusk and ostracode shells) and chemogenic (formed 
during the lake shallowing). In addition to carbonates, the lacustrine sediments contain mixed-layer aluminosilicates, feldspars, and quartz. 
The presence of pyrite throughout the sediment section indicates reducing conditions and the activity of sulfate-reducing microorganisms. 
Carbonates (especially aragonite) are significantly enriched in strontium. Manganese does not form its own minerals but is present as an 
isomorphic impurity in authigenic carbonates.
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INTRODUCTION

Carbonates play a crucial role in the chemical composi-
tion of the ocean and atmosphere. They perfectly record the 
facies depositional environments and the composition of 
provenance rocks owing to diverse isomorphism of the crys-
tal lattice (Reeder, 1983). The presence of carbonates of dif-
ferent types in lacustrine bottom sediments reflects the vary-
ing physicochemical factors of sedimentation (throughout 
the lake evolution), such as the Mg/Ca ratio, water salt con-
tent, pH, carbonate alkalinity, and paleobasin bioproductiv-
ity, which, in turn, are controlled by the climate, topogra-
phy, lake basin structure, and intrabasin conditions (Last, 
2002; Solotchina, 2009).

In arid environments, carbonates primarily precipitate as 
highly magnesian calcite (and, sometimes, aragonite), and in 
humid environments, mostly as lowly magnesian calcite 
(Kholodov, 2006; Yudovich and Ketris, 2011). The compo-
sition and content of carbonate minerals can serve as good 
indicators of the regime of precipitation and lake water level 
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fluctuations. Small, highly mineralized lakes are sensitive to 
climate changes, which makes them a convenient object for 
study of the geochemistry of carbonate sediments and the 
sediment genesis environments (Solotchina et al., 2008; 
Sklyarov et al., 2010).

In contrast to terrigenous sediments, carbonate deposits 
undergo repeated (secondary) transformations during litho-
genesis owing to their high solubility; as a result, their struc-
ture changes. Dissolution of primary carbonates and subse-
quent migration, removal, or concentration of their mobile 
impurity elements (Mg, Sr, Fe, and Mn) are major factors 
governing the geochemical composition of carbonate depos-
its (Yudovich and Ketris, 2011). Carbonates are one of ma-
jor geochemical barriers for dissolved Sr2+ and Mn2+ (as 
well as Ca2+) during lithogenesis (Perel’man, 1989).

The main goal of our research was to study the geochem-
ical composition of the carbonate–mineral sediments of 
small Lake Itkul’ (southern West Siberia, Novosibirsk Re-
gion) and the distribution of chemical elements (Al, Fe, Na, 
K, Mg, Ca, Sr, Mn, Cu, Zn, etc.) in them. During sediment 
genesis, the geochemical behavior of Ca, Sr, and Mn in 
highly calcareous sediments is determined by the rate of 
precipitation of carbonates, which are a geochemical barrier 
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for these elements. Study of the distribution of carbonates 
throughout the Holocene section of the lacustrine bottom 
sediments and of variations in their Mg contents will help to 
reconstruct the main stages of the lake evolution.

THE OBJECT OF STUDY

The object of study is located in the forest–steppe zone of 
the Novosibirsk Region (Chulym district), within the East 
Baraba lowland (Fig. 1). There is a network of small rivers 
in this area, the Chulym River being the largest. Lake Itkul’ 
lies 2.5 km from the Chulym, beyond its valley, and is sepa-
rated from it by a linear hill (low ridge). The lake is not hy-
drologically connected to the river, as it lies at an absolute 
height of 141 m above sea level, whereas the river water line 
is at an absolute height of 136 m. There is an earlier active 
rill of excess-water runoff into the Chulym in the western 
part of the lake, with a float along it. Lake Itkul’ is located 
at the eastern edge of the area of an aeolian low ridge, in a 
lowland with Lake Chany at the center. The low-ridge strata 
are a bed of Late Glacial loess-like loams overlying all relief 
elements, except for river floodplains (Volkov et al., 1969). 
These deposits are exposed along the Itkul’ shores and are 
the main supplier of lacustrine sediments. In the north and 
south, the lake shores have an abrasion scarp formed in the 
loess-like loams of adjacent low ridges as a result of the 
wave activity. A geological survey (Organomineral..., 1990) 
showed that the low-ridge strata are formed by sand-silty 
clays. These deposits are calcareous and contain 10–15% 
calcite. The heavy fraction (2–3%) is composed of epidote, 

magnetite, titanomagnetite, goethite, and occasional zircon, 
garnet, and rutile. The sand-silty clays are saline.

Hollow Lake Itkul’ lies in the depression between low 
ridges and has a shallow bay in the west (Fig. 1). The lake 
without a bay is 5.2 km in length (with a bay, 8.7 km), the 
maximum width is 3.7 km, the average depths in its central 
part are ~1.5–1.8 m (the maximum depth is 3 m), the water 
area is 15.1 km2, and the drainage area is 124 km2. Itkul’ is 
a lake with a small watershed (the drainage factor is 8.2). 
The lake is fed with spring water and precipitation (Or-
ganomineral..., 1990) and is characterized by border over-
growing. The border is formed by a reed (Phragmites com-
munis Trin.) belt with spots of communities of sago 
pondweed (Potamogeton pectinatus L.) and clasping-leaved 
pondweed (P. perfoliatus L.) along it. A weed bed occupies 
no more than 10% of the total water area of the lake (Zaru-
bina, 2013).

METHODS

Sampling and preparation of water and bottom sedi-
ment samples. The lake water was sampled with a bathom-
eter, and its pH, Eh, and temperature were measured imme-
diately. Water for trace-element analysis was sampled into 
plastic containers and preserved by addition of concentrated 
nitric acid, following the recommended technique (Abaku-
mov, 1983). Water for hydrochemical analysis (cations and 
anions) was not preserved.

Two boreholes were drilled by the vibration method to 
depths of 1.8 and 1.9 m in the central part of the lake 

Fig. 1. Schematic map of the study area (Lake Itkul’, Novosibirsk Region, Chulym district). Inset shows Lake Itkul’ on a 1:200,000 scale map, 
with the drilling point and borehole coordinates.
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(55°03′54″N, 81°02′47″E), using a Livingstone piston sam-
pler. The penetrated lacustrine sediments are ~1.6 m thick 
and are underlain by low-ridge rocks. The drilling rig con-
sisted of a pneumatic pontoon with a displacement of 
~5 tons, a derrick with load-lifting mechanisms, and a pole 
drill 30 m in total length. The applied vibration drilling tech-
nology made it possible to penetrate the entire sediment 
strata and enter the underlying rocks. We obtained continu-
ous undisturbed cores of the lacustrine sediments, 7.5 cm in 
diameter and 1.8–1.9 m in length. The cores were removed 
from the sampler, and their pH and Eh were measured. Then 
the undisturbed cores were hermetically sealed in polyethyl-
ene and plastic cases and transported to the laboratory, 
where they were described and sampled at 2–5 cm intervals 
for different analyses.

Analytical methods. Hydrochemical analysis (determi-
nation of the contents of K+, Na+, Ca2+, HCO3

–, Cl–, SO4
2–, 

NO3
–, NO2

–, and PO4
3–) of the Itkul’ water was carried out in 

the Laboratory for Control of Natural and Waste Water 
Quality of the VerkhneOb’regionvodkhoz Federal State In-
stitution (analysts T.M. Bulycheva and G.N. Krivopalova), 
following generally accepted techniques (Technique..., 
2004, 2005; Mass Concentration..., 2006).

The bulk contents of Hg, Pb, Cd, Cu, Zn, Ni, Cr, Co, Fe, 
and As in solid and water samples were determined by atom-
ic-absorption spectrometry (AAS) at the Analytical Center 
for Multi-Elemental and Isotope Research of V.S. Sobolev 
Institute of Geology and Mineralogy, Novosibirsk (analysts 
V.N. Il’ina and N.V. Androsova). Analyses for Zn, Fe, and 
Mn were carried out by flame AAS. The contents of Hg were 
determined by the “cold steam” method with amalgamation 
of the element on a gold sorbent (analyst Zh.O. Badmaeva). 
The contents of Al, B, Ba, Ca, Mg, Sr, P, Na, K, Li, Cr, Ni, 
Co, Mo, Fe, Mn, Cu, Zn, As, Sb, and Ti in water and bottom 
sediments were measured by ICP-AES (analyst S.F. Neche-
purenko). Analyses for REE in the bottom sediment samples 
were performed by ICP-MS (chemical sample preparation by 
I.V. Nikolaeva; instrumental measurements by S.V. Pa-
lesskii). The contents of major rock-forming oxides were de-
termined by X-ray fluorescence analysis (analyst N.G. Kar-
manova). The mineral composition of the sediments was 
studied by XRD, using a DRON-4 diffractometer with CuKα 
radiation (analyst L.V. Miroshnichenko).

The radioactivity of the upper beds of the sediment was 
measured by semiconductor gamma spectrometry in the 
Laboratory of Geochemistry of Noble and Rare Elements 
and Ecogeochemistry of the Institute of Geology and Miner-
alogy, Novosibirsk, using a low-background gamma spec-
trometer with a coaxial well-type HPGe detector (200 cm3) 
with the following sensitivity to radionuclides: 0.05 Bq 

(210Pb, 226Ra, 238U, and 137Cs), 0.01 Bq (232Th), and 0.3 Bq 
(40K) (analyst M.S. Mel’gunov).

The quantitative content of carbonates in the sediments 
was determined following the technique described by 
Vorob’eva (1998). The content of organic carbon (Corg) in 
the samples was evaluated by Tyurin’s technique (Vorob’eva, 

1998) at the Institute of Soil Science and Agrochemistry, 
Novosibirsk (analyst L.D. Cherepakhina). The micromor-
phology and chemical composition of the bottom sediments 
were studied using a TESCAN MIRA 3 LMU electron scan-
ning microscope.

The forms of occurrence of chemical elements in the bot-
tom sediments were determined by the selective-dissolution 
method (stepwise leaching) (Klemt et al., 2000). To identify 
Mn forms, we applied this method adapted for carbonate 
sediments. After leaching, the obtained solutions were ana-
lyzed for Ca, Mg, Mn, and Fe by AAS (analysts I.V. Ma-
karova and L.D. Ivanova, V.S. Sobolev Institute of Geology 
and Mineralogy). Manganese oxides and hydroxides partly 
dissolve during this analysis of carbonates (Fedotov and 
Spivakov, 2008); therefore, we additionally used electron 
paramagnetic resonance (EPR) permitting separation of Mn 
of carbonates from Mn of oxide phases. The EPR spectra of 
the samples were recorded on a Brukker spectrometer with 
a double resonator at Voevodsky Institute of Chemical Ki-
netics and Combustion, Novosibirsk (analyst D.V. Stas’). 
The EPR spectra look like a typical spectrum of Mn2+ in 
calcite. They show six hyperfine doublets spaced ~94 Gs 
apart, with pairs of forbidden transitions between them. The 
content of Mn2+ in the sample calcites was determined from 
the integrated spectrum intensity, which was measured by 
double integration of the low-field hyperfine doublet and 
was compared with the integrated intensity of the standard 
sample. The content of Mn2+ in the latter measured by AAS 
is 80 mg/kg.

Determination of the accumulation of chemical ele-
ments in the bottom sediments. Organic, organomineral, 
and mineral bottom sediments can accumulate chemical ele-
ments to different degrees. The degree of element accumula-
tion can be expressed as an enrichment factor (EF), i.e., the 
ratio of the content of the i-th element under study to the 
content of a certain reference element (Sc, Al, Cr, or Ti). 
The EF value was calculated by the technique of Shotyk et 
al. (1966), by normalization of the contents of all chemical 
elements in the bottom sediments to the content of Al, a 
reference element (Lukashin, 1981; Monin and Lisitsyn, 
1983). To determine the geochemical specifics of the ob-
jects under study, we used argillaceous shales with a perma-
nent chemical composition (Li, 1991), typical of continental 
water reservoirs, as a reference sample. The EF value for 
the bottom sediments was calculated by the formula (Shotyk 
et al., 1966).

EF = (xi/xSc)samp/(xi/xSc)arg. shale,

where xi  samp is the content of the i-th chemical element in 
the object under study, xSc samp is the content of Sc in it, xi arg. 

shale is the content of the i-th chemical element in argilla-
ceous shale, and xSc arg. shale is the content of Sc in it.

Calculation of geochemical parameters. We estimated 
the contribution of terrigenous and authigenic calcium (Caterr 
and Caauth, %) to the Lake Itkul’ sediments, taking Al as a 
reference element (the contents of Al and Ca in the upper 
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continental crust are 7.74% and 2.94%, respectively (Wede-
pohl, 1995)), as follows:

Caterr = (Alsamp/Alcr) × Cacr,	 (1)

where Alsamp is the content of Al in the certain lacustrine-
sediment horizon, Alcr is the content of Al in the upper con-
tinental crust, and Cacr is the content of Ca in the upper con-
tinental crust (Wedepohl, 1995),

Caauth = Catot – Caterr,	 (2)

where Catot is the total content of Ca in the certain lacus-
trine-sediment horizon, Caterr is the content of terrigenous 
Ca calculated by (1), and Caauth is the content of authigenic 
Ca (chemogenic and biogenic).

The coefficient of Ca migration in water (Kх) was calcu-
lated by the formula (Perel’man, 1982)

Kx = mx × 100/a × nx,

where mx is the content of Ca in water, g/L, nx is the content 
of Ca in the bottom sediments, wt.%, and a is the water sa-
linity, g/L.

To evaluate the saturation of the Itkul’ surface water with 
CaCO3, we used the ratio of the ion activity product S = 
αCa2+ × αCO3

2– in the water to the experimental ion activity 
product for CaCO3 (St) (Alekin and Moricheva, 1962):

S/St = [Ca2+]×[CO3
2–] × (f ″)2 / SCaCO3(t°),

where SCaCO3(t°) is the ion activity product for CaCO3 at 
20  °С (sampling temperature) (Alekin and Moricheva, 
1962), f ″ is the activity coefficient at the ionic strength of 
the solution (μ) equal to 0.005, and the ion concentrations 
are given in mol/L.

Water with S/St < 0 is not saturated with CaCO3, water 
with S/St > 1 is oversaturated with CaCO3, and water with  
S/St = 1 is normally saturated with CaCO3.

THE CHEMICAL COMPOSITION  
OF THE LAKE WATER AND THE  
CARBONATE–CALCIUM EQUILIBRIUM

The Itkul’ surface water is predominantly of sodium hyd
rocarbonate composition (Alekin, 1970). It is oxidized (Eh = 

+0.167 V), oxygen-enriched (О2 (dissolved) =  6.5  mg/L), 
highly alkaline (pH = 9.1) brackish (TDS = 2098 mg/L) wa-
ter (Perel’man, 1989). Its main ionic composition is given in 
Table 1. The surface water has high concentrations of Сl–, 
SО4

2–, Nа+, and Mg2+. Ions Cl–, Na+, and Mg2+ might have 
been supplied to the water from the drainage soils with obvi-
ous signs of solodization and alkalinity (Syso, 2007). The 
inverse proportion of sulfate and calcium ions (SO4

2– > Ca2+) 
in the lake surface water (Table 1) indicates its metamor-
phization, with the replacement of Ca2+ by Na+ and Mg2+, 
which is specific to mineralized water. The limited solubility 
of CaCO3 (ensuring continuous removal of CaCO3 from the 

aqueous solution) determines low concentrations of Ca2+ 
relative to Na+ and Mg2+. The accumulation of HCO3

–, Na+, 
and Cl– in the lake is due to the metamorphization of its 
surface water by the evaporative-concentration mechanism, 
i.e., the concentrations of Cl- and the pH values ​​increase 
with the content of carbonates (Shvartsev, 1998; Zamana, 
2009).

In addition to major ions, we detected macroelements (Si, 
Al, P, and Fe) and trace elements (Ti, V, Cr, Mn, Co, Ni, 
Cu, Zn, Rb, Sr, Mo, Cd, Hg, and Pb) in the Itkul’ water, 
which determine the hydrogeochemical specifics of the lim-
nological geosystem of the lake. Its surface water is charac-
terized by high concentrations of Si (5700 μg/L), Al 
(405 μg/L), and Sr (500 μg/L) and elevated concentrations 
of Ti (7.2 μg/L) and U (1.2 μg/L) (Table 2).

Lake Itkul’ has favorable conditions for the precipitation 
of CaCO3: Its basin has an intricate structure, with vast open 
shallow-water zones prevailing over smaller deep zones. At 
shallow depths without water stratification, the carbonate 
formation zone covers the entire water layer of the lake. 

Table 1. Major hydrogeochemical indices of the Itkul’ surface water

Index Value

T, °С 19.6
pH 9.1
Transparency, cm 30
Eh, V +0.167
TH, mg-eq/L 9.44
О2, mg/L 6.5
CCO, mgО2/L 126.4
BCO, mgО2/L 3.7
Сorg, mg/L 47.4
HCO3

– , mg/L 1220.0
SO4

2– , mg/L 36.0
Cl– , mg/L 365.8
NO3

– , mg/L 1.1
NO2

– , mg/L 0.062
PO4

3– , mg/L 0.028
Ca2+ , mg/L 24.0
Mg2+ , mg/L 100.1
Na+ , mg/L 333.3
K+ , mg/L 17.1
NH4

+ , mg/L 0.41
TDS, mg/L 2098
Kх 0.1
S/St 2.25

Note. TH, total hardness of water; CCO, chemical consumption of oxygen; 
BCO, biologic consumption of oxygen; TDS, total dissolved salts; Kх, coef-
ficient of Ca migration in water; S/St, ratio of the activity product of Ca2+ 
and HCO3

– to the thermodynamic CaCO3 solubility product at 20 °С. Hy-
drochemical analysis of water was determined in the Laboratory of Control 
of Natural and Waste Water Quality of the VerkhneOb’regionvodkhoz Fed-
eral State Institution (analysts T.M. Bulycheva and G.N. Krivopalova).
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Table 1 presents major indices of the carbonate–calcium 
equilibrium in the lake water. The water is characterized by 
stable saturation conditions, S/St > 1 (on the background of 
high pH values), and the calcium–carbonate equilibrium is 
shifted to the precipitation of carbonates. Calcium is poorly 
mobile in the lake water (Kх = 0.1), which is atypical of cal-
cium in the surface hydrocarbonate water of most of fresh-
water lakes (Kх = 1–10 (Perel’man, 1982)). The poor migra-
tion of Ca in the brackish water of Lake Itkul’ (TDS = 2 g/L) 
is due to its active removal in the form of authigenic carbon-
ates. The current high concentrations of Mg2+ in the lake wa-
ter (0.1 g/L) favor the prevailing chemogenic precipitation of 
Mg–CaCO3 (with different contents of Mg).

THE STRUCTURE AND AGE OF THE SEDIMENTS 
AND THE SEDIMENTATION RATES

The Itkul’ sediments are ~1.6 m thick carbonatized min-
eral muds of homogeneous composition (Fig. 2). They con-
sist mostly of pelite and silt fractions and virtually lack a 
sand fraction. Apparently, sand present in a minor amount in 
the eroded loess strata does not reach the central zone of the 
lake. The sediment column is formed by beds of different 
colors: depth range 0–55 cm—light gray, 55–106 cm—dark 
gray, 106–138 cm—gray (with the range 136–138 cm being 
somewhat lighter), and 138–162 cm—dark gray. The lacus-
trine sediments occur to a depth of 162 cm. In the range 
136–138 cm, black dissemination 0.5–1.0 mm in size, ostra-
code shells, and rare plant and seed remains are found. In 
the range 145–160 cm, there are a small number of frag-
ments of bivalve and snail shells and of ostracodes. Below a 
depth of 162 cm, there are the underlying loess-like sedi-
ments of a low ridge.

Sedimentological analyses (Fig. 2) show significant dif-
ferences in the composition and properties of the loesses and 
lacustrine sediments. The lake beds are subdivided into 
2–4 depth ranges. In the depth range 60–55 cm, the average 

water content of the sediments drastically changes from 50 
to 60% because of a stepwise change in the average density 
of the sediments from 0.71 to 0.53 g/cm3. The changes in the 
sediment composition are reflected in the negative correla-
tion between the contents of the authigenic and terrigenous 
fractions. In the depth range 165–145 cm, there are the max-
imum content of the terrigenous fraction (~90%) and the 
minimum content of the authigenic fraction (~10%). In the 
depth range 145–125 cm, there are the maximum content of 
the authigenic fraction (up to 80%) and the minimum con-
tent of the terrigenous fraction (up to 10%). Upsection, the 
content of the terrigenous fraction shows a stepwise increase 
and the content of authigenic fraction decreases. Stable con-
ditions are observed in the depth ranges 120–105, 100–80, 
and 70–10 cm. The surface sample has a lower portion of 
the terrigenous fraction and a higher portion of the authi-
genic fraction, which reflects the current state of the lake. 
The ash content in the sediments is within 86–96%, drasti-
cally decreasing to 85.6% at a depth of 136 cm. This is the 
only change that shows correlation with the changes in the 
contents of other sediment fractions. In the rest of the sec-
tion, there are four rhythms of changes in the ash content, 
which probably reflect changes in the intensity of the inflow 
of terrigenous material into the lake but are poorly correlat-
ed with changes in the contents of other sediment compo-
nents. An increase in the ash content in the middle depth 
ranges (80–130 cm) on the background of the decreasing 
content of SiO2 and increasing content of CaO indicates a 
greater contribution of carbonates to the total ash content in 
this sediment zone (Fig. 2).

The above data on changes in the composition and prop-
erties of the sediments obviously reflect changes in the dep-
ositional environments and can be interpreted as fluctuations 
in the lake water level and as changes in the lake salinity. 
Figure 3a shows a rough coincidence of the visual boundar-
ies and the boundaries of changes in the sediment composi-
tion. The data on the ratio of terrigenous (T) and authigenic 

Table 2. Elemental composition of the Itkul’ surface water

Element μg/L Element μg/L Element μg/L Element μg/L

Si 5700 Cu 2.6 Ag 0.01 Eu 0.0300
Al 405 Zn 10 Cd 0.041 Gd 0.080
P 58 U 1.2 Sb 0.14 Tb 0.0100
Ti 7.2 Rb 3.4 Cs 0.02 Dy 0.050
V 12 Sr 500 Ba 75 W 0.01
Cr 2.3 Y 0.40 La 0.36 Pt 0.02
Mn 38 Zr 0.39 Ce 0.63 Hg <0.010
Fe 518 Nb 0.02 Pr 0.09 Pb 0.85
Co 0.8 Mo 1.5 Nd 0.320 Th 0.01
Ni <1 Pd 0.04 Sm 0.06

Note. The bulk concentrations of chemical elements were determined by AAS (analysts V.N. Il’ina, N.V. Androsova, and Zh.O. Badmaeva) and ICP MS 
(analysts S.V. Palesskii and I.V. Nikolaeva) at the Analytical Center for Multi-Elemental and Isotope Research of V.S. Sobolev Institute of Geology and 
Mineralogy.
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(A) fractions of the sediments are the most informative. If 
we interpret the increase in the portion of the terrigenous 
fraction as shore erosion and the increase in the portion of 
the authigenic fraction as an increase in water salinity, then 
we obtain the following sequence. At the initial stage (depth 
range 162–145 cm), a rather large freshwater lake appeared, 
which actively washed out its shores. Then, the water level 
drastically fell, and the water became saline (145–125 cm). 
Later, the water level rose step by step, and the lake gradu-
ally became fresh (125–10 cm). The subsurface sedimentary 
bed (10–0 cm) reflects a tendency toward a current decrease 
in water level and water salinization.

Accelerator mass spectrometry (AMS) radiocarbon dat-
ing (Table 3) showed that the bottom sediment strata formed 
in the middle Holocene over 7.8 14C kyr BP (8.8 cal kyr BP). 
The obtained dates, except for the date estimated at a depth 
of 20  cm, form a stratigraphically consistent sequence. 
Therefore, the date estimated at a depth of 20 cm was igno
red. The age model (Fig. 3b) shows a linear trend reflecting 
more or less regular sedimentation with an average rate of 
0.18 mm/yr. The trend deviates by ~200 yr toward rejuvena-
tion at the point 0 14C yr (1950 AD). The use of a polyno-

mial trend eliminates this drawback. Both trends are charac-
terized by high confidence R2.

The ages of the stratigraphic and geochemical boundaries 
were calculated from 14C dates. To reduce the error of calcu-
lation of these ages, we used the point 0 14C yr and linear 
interpolation between the dates. Applying linear interpola-
tion reduces the probable error of dating at distance from the 
points of the measured ages.

MINERALOGICAL AND GEOCHEMICAL  
CHARACTERISTICS OF THE SEDIMENTS

Сorg, Eh, and pH. Figure 2 shows the distribution of or-
ganic carbon (Corg) throughout the section of the Itkul’ bot-
tom sediments. The content of Corg is low (on average, 6%) 
and varies from 3.6% near the base to 9.3% near the roof of 
the section. In the depth range 136–138 cm, the content of 
Corg increases from 3.6 to 7.1%. The presence of even a 
small amount of organic matter (OM) in the sediments en-
sures reducing conditions in the upper depth ranges 
(0–2 cm), with Eh = –171 mV. With depth, the Eh values 

Fig. 2. Structure of the Itkul’ lacustrine sediments, their age, and vertical distribution profiles of density (D), water content (W), ash content (Ash), 
and contents of SiO2, carbonates (Crb), CaO, and Corg. 1, 0–55 cm, light gray loam (lacustrine mud), humid, with rare plant remains; 2, 55–138 cm, 
more compact dark gray loam, including darker clay with a sandy material (range 55–100 cm), a less compact bed (I) (107–114 cm), and a small 
light brown interbed (II) (136–138 cm); 3, 138–162 cm, dark brown argillaceous material with fragments of mollusk shells; 4, 162–180 cm, un-
derlying dark gray (bluish) loess-like loams. The ash content was determined at 450 °C; the 14С age of the sediments was determined by accel-
erator mass spectrometry. The contents of the sediment components were calculated on anhydrous basis.
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drastically decrease (–329 mV, 100 cm), reaching –377 mV 
at a depth of 180 cm. Thus, Lake Itkul’ lacks an oxidized 
sedimentary bed, and all geochemical processes in the bot-
tom sediments run under anaerobic conditions. The pH va
lues in the upper intervals of the sediments are lower as 
compared with the lake water (8.2 against 9.1). Apparently, 
the pH decrease is related to the destruction of OM resulting 
in CO2 and organic acids, which leads to acidification of the 
medium.

Chemical composition. The major component of the It-
kul’ bottom sediments is SiO2, whose average content in the 
section is 39.7% (Table 4). The average contents of CaO 

and Al2O3 are 15.1 and 9.5%, respectively. According to the 
prevailing components of their mineral part (CaO and SiO2), 
the Itkul’ sediments are of mixed carbonate-siliceous type. 
Following the classification by Lukashev et al. (1971), they 
are marly clay. The lower depth range of the lacustrine sedi-
ments (145–152 cm) is richer in SiO2 and Al2O3 than the 
overlying interval (0–136 cm). In the middle depth range 
(122–80 cm), the contents of SiO2 and Al2O3 are slightly 
lower, and the portion of CaO increases to 17.7–20.3% as 
compared with the upper range (10–66 cm). The highest 
CaO content (40%) is found in the narrow horizon 136–
138  cm. According to the contents of CaO and SiO2, the 

Fig. 3. Changes in the depositional environment (a) and age model (b) of Lake Itkul’. T, terrigenous fraction of the sediments; A, authigenic frac-
tion of the sediments. Designations follow Fig. 2.

Table 3. Results of radiocarbon dating and calibration of dates estimated for the Itkul’ sediments from the content of dispersed organic matter (TOC)

Depth, cm 14C age, kyr BP Range of calibrated ages, kyr BP Median value of the most probable age, kyr BP

20 2005 ± 153 – –
40 1873 ± 120 1542–2112 1808

60 2821 ± 136 2724–3345 2966

80 3985 ± 132 4092–4830 4456

100 4292 ± 140 4451–5299 4874

120 5486 ± 171 5914–6651 6270

140 7001 ± 170 7524–8174 7835

160 7829 ± 315 8044–9436 8718

Note. AMS radiocarbon dating was carried out by A.V. Petrozhitskii and E.V. Parkhomchuk at the Cenozoic Geochronology Common Use Center, Novo-
sibirsk. Calibration was made using the Calib 14C software (version 7.10): http://calib.org/calib/calib.html. 
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sediments in this range are lake lime. Below a depth of 
138 cm, the CaO content decreases to 10% (Fig. 2), and the 
content of MgO, to 1.9%.

Mineral composition. According to XRD data, the main 
minerals in the Itkul’ bottom sediments are plagioclase, cal-
cite, aragonite, and quartz (Fig. 4). Pyrite, mica, K-feldspar 
(absent at a depth of 136 cm), kaolinite (absent from the 
underlying loam at a depth of 170 cm), amphiboles (absent 
at depths of 100 and 136 cm), and chlorite are ubiquitous in 
the section. Ilmenite FeTiO3 was found in the upper hori-
zons (0–10 cm) of the bottom sediments (Fig. 4a). Traces of 

gypsum are found at depths of 100 and 136 cm, which might 
be due to a change in the lake water salinity.

Calcites (Mg-CaCO3 and CaCO3) occur throughout the 
bottom sediment section. Magnesian calcite is found in the 
depth range 0–136 cm and disappears below a depth of 
145 cm. Its total content in the section is much lower than 
the content of CaCO3 (Fig. 4). An exception is the depth 
range 120–138 cm, where the content of Mg-CaCO3 is high-
er than that of CaCO3. The upper depth ranges (0–80 cm) 
are poor in Mg-CaCO3. Aragonite is absent from most of the 
section; it occurs only in the depth range 80–100 cm and in 

Fig. 4. XRD spectra of different depth ranges of the Itkul’ bottom sediments: a, Argillaceous material with plant remains (10 cm); b, dark sandy 
clays with “humus” interbeds (120 cm); c, light clays (136 cm) and shells (1) (145–160 cm); d, sandy clays (150 cm). Minerals: Amph, amphibole; 
Ar, aragonite; Ilm, ilmenite; Kaol, kaolinite; Qtz, quartz; Kfsp, K-feldspar; Pl, plagioclase; M, mica; Chl, chlorite.
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the narrow horizon 136–138 cm, where its content is much 
higher than the contents of calcite and Mg-calcite (Fig. 4). 
In the depth range 145–150 cm, the content of calcite is 
minimum and Mg-calcite is absent. The content of calcite in 
the loess-like loams underlying the sediments is higher than 
its content in the sediment interval 145–150 cm. Magnesian 
calcite is absent from the underlying loams. Shells sampled 
from the depth range 145–160 cm are composed of predom-
inant aragonite and minor Mg-calcite (Fig. 4c).

Electron microscopy. In the electron scanning micro-
scope (SEM) images, carbonates are fine-grained aggregates 
of poorly crystallized particles of variably magnesian calcite 
(Fig. 5) as well as aragonite of Planorbidae and Ostracoda 
shells from the lower sediment intervals (Fig. 5c). Carbon-
ates of the shells are slightly enriched in Sr (Fig. 5e) and, 
sometimes, Mg; there are also shells formed by carbonates 
without impurities. Sometimes, carbonates of the sediments 
are sheared CaCO3 and Mg-CaCO3 plates up to 100 μm in 
size and larger (Fig. 5b, c). These are probably shell frag-
ments. Calcite from the middle depth range of the sediments 
(100–138 cm) contains an impurity of Mg (about 1–5 wt.%, 
according to SEM data). In argillaceous material from the 
upper depth range (0–10 cm), there are plant remains with 
surficial lamellar CaCO3 aggregates containing impurities of 
Mg (~1 wt.%) and Mn (0.5–0.8 wt.%) (Fig. 5f).

According to the SEM data, the sediments are rich in 
quartz and also contain K-feldspar and plagioclase. Pyrite is 
present both as framboids and as individual crystals (Fig. 5a, 
b, d). The presence of pyrite in the sediments on the back-
ground of low Eh values indicates the high activity of sul-
fate-reducing microorganisms. Single barite crystals were 
found at depths of 60 and 136 cm (Fig. 5c). Rutile and il-
menite crystals measuring ~10 μm were found in the upper 
2 cm horizon of the sediments. Ilmenite crystals up to 50 μm 
in size were also revealed at a depth of 150 cm (Fig. 5a, d). 

In the upper 0–2 cm range of the sediments, monazite crys-
tals 5–7 μm in size were detected. Under bedrock destruc-
tion, monazite, a stable and mechanically strong mineral, 
passes into placers together with ilmenite, rutile, and other 
genetically related minerals (Kozlovskii, 1984).

Distribution of chemical elements in the Itkul’ sedi-
ments is presented in Table 5 and in Fig. 6. The change in 
the chemical composition of the sediments throughout their 
section determines the distribution patterns of Al, K, Na, 
Mg, Fe, Ni, Li, Co, Ca, Sr, and Mn. For example, the con-
tents of Al, K, Na, Mg, Fe, Ni, Li, and Co in the depth range 
0–55  cm are high (Table 5), and in the range 55–114 cm 
they are slightly lower. The maximum contents of these ele-
ments are found in the underlying loess-like loams (162–180 
cm). The content of Al slightly decreases (to 3.8%) in the 
transitional interval (138–162 cm). In the depth range 136–
138 cm, the contents of the above elements are minimum, 
whereas the contents of Ca and Sr (and, in places, Mn) are 
extremely high. In general, the low contents of Al, Fe, K, 
Na, Zn, Ni, Cu, Pb, Cr, and Be and abnormally high con-
tents of Ca and Sr in this interval are due to the “dilution” of 
the terrigenous component of the sediment by carbonates, 
which actively precipitated at this stage of the lake evolu-
tion. The distribution of Be, Cr, and V throughout the sec-
tion matches the distribution of Al (Table 5). The distribu-
tion pattern of chalcophile elements (Cu, Zn, and Pb) is 
similar to those of lithophile elements (Al, K, Na, Ni, and 
Co) (but does not match the distribution patterns of As, Hg, 
and Cd). In the depth range 100–130 cm, the contents of Ca 
increase from 6–7 to 12–16%, i.e., twice (Table 5). The 
ranges with a high content of Ca also have high contents of 
Mn and, particularly, Sr (Table 5). In the range 55–110 cm, 
the content of Sr is twice as high as its clarke content, and in 
the 136 cm horizon (with a high content of aragonite), it is 
abnormally high, 3800 ppm.

Table 4. Chemical composition of the Itkul’ bottom sediments 

Horizon, cm LOI SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O SO3

wt.%

0–2 23.21 36.30 8.83 4.25 3.23 16.63 0.82 1.61 2.99
10–12 22.02 44.27 10.45 4.57 3.76 9.11 0.93 1.82 1.50
64–66 19.26 45.10 11.00 4.81 3.56 9.51 0.91 1.97 2.07
80–82 23.86 35.35 8.28 3.99 3.51 17.66 0.79 1.48 3.24
100–102 25.42 31.07 7.80 4.34 2.63 20.34 0.71 1.40 4.79
120–122 24.96 34.48 8.30 3.43 2.66 19.94 0.78 1.59 2.36
136–138 43.91 5.21 1.35 1.48 1.86 39.97 0.32 0.23 4.18
145–147 13.03 53.09 12.76 4.92 2.41 6.12 1.04 2.68 1.91
150–152 8.61 59.50 14.44 5.63 2.54 2.15 1.16 3.02 1.18
170–172 11.52 53.12 12.07 4.64 2.26 9.58 1.10 2.34 0.95
Average over the section 21.6±9.9 39.7±15 9.5±3.6 4.2±1.1 2.8±0.6 15.1±10 0.9±0.2 1.8±0.7 2.5±1.2

Note. Data are calculated on anhydrous basis. LOI, loss on ignition in air at 900 °C. Contents of major rock-forming oxides were determined by X-ray 
fluorescence analysis in the Laboratory of X-Ray Spectral Analytical Methods of V.S. Sobolev Institute of Geology and Mineralogy (analyst N.G. Kar-
manova). 
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Fig. 5. Photomicrographs of the Itkul’ sediments from the depth ranges: a, 0–2 cm; b, 105–110 cm; c, 136–138 cm (an ostracode shell is seen); 
d, 145–150 cm; spectra of a mollusk shell (e, 1) from a depth of 145 cm and of authigenic calcite (f, 2) from a depth of 10 cm. Minerals: Bar, 
barite, Ca, calcium carbonate, Mon, monazite, Pyr, pyrite framboids and crystals. Other mineral names follow Fig 4. M, carbonate-argillaceous 
substance (marly clay), R, plant remains (Photomicrographs were made by E.V. Lazareva using a TESCAN MIRA 3 LMU scanning electron 
microscope).
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The main source of Mg present in the sediments is its 
supply with clay minerals from the lake drainage area, 
which is well confirmed by the similar distribution of Mg, 
Si, and Al throughout the sediment column (Tables 4 and 5). 
Chlorite, amphibole, and kaolinite ubiquitous in the sedi-
ment section might also be the source of terrigenous Mg. 
Magnesian calcite precipitated from the lake water might be 
an additional (authigenic) source of Mg.

Correlation analysis revealed three groups of chemical 
elements according to their distribution throughout the bot-
tom sediment section. On calculation, we ignored the sam-
ple taken at a depth of 138 cm, because it differs signifi-
cantly from the other in the low contents of Fe, Al, K, Ni, 
Cu, and Pb and extremely high contents of Sr, Ca, and Li. 
As seen from the R-type analysis data (Fig. 7a), all 19 vari-
ables are divided into three groups according to the degree 
of correlation: Fe–Pb–Al–Na+Zn–Ni–Li–Co (conditionally 
alkaline); (2) K–Cd–Hg–As–Be–Cu–Cr; and (3) Mg–Mn–
Sr–Ca (conditionally basic), showing a weak negative cor-
relation with two other groups. The analysis showed a high 
degree of correlation of Fe, Na, and Al with Mn, Mg, Ca, 
and Sr. This provides an objective explanation of the divi-
sion of the sediment samples into three groups (Fig. 7b). 
The deep horizons of the bottom sediments are character-

ized by low contents of Ca, Mg, Sr, and Mn but extremely 
high contents of Fe, Al, Na, and As. The middle horizons, 
on the contrary, have high contents of Ca and Mn. The sam-
ples taken in the upper horizons show a specific trace-ele-
ment patterns and high contents of Al and Fe.

We have established a positive correlation among Ca, Sr, 
and Mn and their positive correlation with carbonates (0.62–
0.66) and strong negative correlation (–0.96 to –0.77) with 
Al, Fe, K, Na, Ni, Zn, Cu, Pb, Cr, and Be. The analysis data 
show a strong positive Ca–Sr correlation (0.89), a weak Ca–
Mn correlation (0.52), and almost no Ca–Mg correlation 
(–0.35). A strong negative correlation is observed for the 
pairs Ca–Ni (–0.96), Ca–Fe (–0.93), Ca–K (–0.92), Ca–Na 
(–0.90), and Ca–Al (–0.85).

Enrichment factors (EF). The calculated EF values for 
the averaged elemental composition of different beds of the 
Itkul’ sedimentary strata (Fig. 8) indicate that the contents of 
Fe, K, Na, and Mg are close to those in argillaceous shale 
(Li, 1991), which is explained by the marly clay composi-
tion of the sediments. At the same time, the sediments are 
depleted in Li and Be. In contrast to sapropel Lakes Bolshie 
Toroki and Minzelinskoe studied earlier (Mal’tsev et al., 
2014a,b), the Itkul’ sediments, poor in organic matter, are 
not enriched in Cu and Zn in the upper bed. In the above 

Table 5. Distribution of chemical elements throughout the section of the Itkul’ bottom sediments
Depth, 
cm

Ash 
con-
tent, %

Fe Al Ca Mg К Na Sr Mn Zn Co Ni Cu Pb Cd Cr Be Li As Hg

% ppm

1 90.0 2.45 4.18 10.5 1.6 1.4 0.98 1120 799 60 9.4 28 21 9.5 0.067 65 0.8 24 7.8 0.018
4 88.4 2.62 4.76 7.9 1.8 1.7 0.90 729 789 66 9.8 30 23 11.6 0.058 70 0.8 23 4.8 0.019

10 86.4 2.59 4.42 6.1 1.7 1.6 1.10 481 745 64 9.3 30 23 12.1 0.064 73 1.3 24 5.0 0.028

14 88.0 2.61 4.42 6.8 1.7 1.6 1.00 563 747 64 9.3 30 22 11.7 0.064 87 1.4 23 4.4 0.018

18 88.2 2.62 4.74 6.3 1.8 1.7 1.00 490 749 66 9.8 31 23 11.6 0.063 67 1.5 24 5.8 0.011

25 88.1 2.61 4.54 6.2 1.7 1.7 0.98 470 751 64 10.5 32 24 12.5 0.058 73 2.2 25 10.0 0.016

35 86.4 2.97 5.23 6.2 1.9 1.8 1.30 423 774 67 10.7 32 25 12.7 0.080 68 1.1 24 7.1 0.027

45 87.7 2.93 5.03 6.8 1.7 1.9 0.93 493 758 69 9.9 32 25 12.5 0.089 66 1.3 26 7.2 0.028

55 88.2 2.26 4.03 8.7 1.7 1.5 0.72 1098 776 55 7.5 25 21 9.0 0.080 52 1.2 23 9.7 0.026

75 85.7 2.44 3.66 11.8 1.3 1.2 0.69 1327 841 52 8.6 23 19 8.0 0.072 59 1.1 22 8.1 0.015

95 90.7 2.01 4.02 12.0 1.2 1.7 0.69 981 834 57 6.6 22 22 8.0 0.084 67 1.1 21 8.2 0.013

110 88.1 1.57 2.91 16.4 1.1 0.9 0.55 1259 999 49 6.3 20 17 5.1 0.097 49 0.6 18 8.0 0.024

130 94.2 2.80 4.60 3.7 0.9 2.5 1.33 336 332 67 9.3 32 27 11.1 0.110 72 1.7 26 15.9 0.029

136 85.6 1.00 0.68 22.0 0.8 0.2 0.30 3800 628 29 8.3 12 11 1.0 0.069 38 0.2 31 12.3 0.030

140 91.1 2.07 3.82 13.3 1.1 1.4 0.66 989 849 48 8.5 24 20 6.9 0.079 59 1.2 20 9.6 0.031

145 93.5 2.75 4.34 1.8 1.1 2.7 1.30 182 249 72 10.5 34 29 12.3 0.086 84 1.6 27 17.0 0.021

150 90.5 2.96 4.60 2.9 1.0 2.4 1.20 263 296 69 9.8 33 24 11.2 0.086 72 1.3 25 9.8 0.024

160 95.5 2.72 5.56 6.8 1.1 2.0 1.30 197 809 60 9.2 29 16 12.9 0.150 53 1.6 23 8.3 0.026

175 85.5 2.90 5.14 6.0 1.9 1.7 1.30 387 774 67 10.6 32 23 11.9 0.130 66 1.3 24 7.9 0.008
Sh – – – – 0.2 – – 1460 67 9.4 – – 4.7 – – – – – – –

Note. Ash content was determined at 450 °C. Sh, mollusk shells from the depth range 145–160 cm. Dash, not analyzed. The bulk contents of chemical 
elements were determined by AAS at the Analytical Center for Multi-Elemental and Isotope Research of V.S. Sobolev Institute of Geology and Mine
ralogy, Novosibirsk (analysts V.N. Il’ina and N.V. Androsova). The content of Hg was determined by the “cold steam” method with amalgamation of the 
element on a gold sorbent (analyst Zh.O. Badmaeva). 
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study we explained the high contents of these elements in 
the upper beds of sapropels mostly by their supply with OM.

The EF data show that all beds of the Itkul’ sedimentary 
strata are significantly enriched in Ca and Sr and the high-
carbonate range 136–138 cm is additionally enriched in Mg 
and Mn (Fig. 8). The enrichment of the sediments in Sr is 
due to its presence in carbonates, in particular, calcite and, 
especially, aragonite. Aragonite is known to be on average 
20–30 times richer in Sr than calcite (Yudovich et al., 1980; 
Yudovich, 2007; Yudovich and Ketris, 2011). The Mg en-
richment of the sediments at a depth of 136 cm is due to a 
significant domination of Mg-CaCO3 over CaCO3, which is 
observed only in this part of the section (Fig. 4).

The sources of Ca. We calculated the contents of authi-
genic (Caauth) and terrigenous (Cter) calcium in the Itkul’ bot-
tom sediments (Fig. 9). Authigenic calcium in the sediments 
is chemogenic (precipitated from the lake water) and bio-
genic (mollusk shells). Terrigenous calcium is of “mixed” 
nature and is present in (1) carbonates of the lake drainage 
area and (2) clay minerals of the sediments. The average 
content of Cater over the sediment section is 1.7%, which is 
close to the content of Ca in argillaceous shale (1.6%) (Li, 
1991). The maximum content, 2.1%, was established in the 
lower depth range of the sediments (150–160 cm), and the 

minimum one, 1.1%, in the range 107–114 cm. The average 
content of Caauth over the section is 7%. The minimum con-
tent, 0.1%, is in the depth range 145–150 cm, where carbon-
ates did not precipitate in the lake at the initial stage of its 
formation and Ca was supplied from terrigenous sources. 
A higher content of Caauth, 11.7%, is observed in the middle 
part of the section, and the maximum content, 20.5%, in the 
range 136–138 cm. At a depth of 130 cm, the content of 
Caauth drastically decreases, to 1.7%, whereas the content of 
Cater increases to 2.0%. The upper third of the section is 
characterized by a reduced content of Caauth, ~5%, and in the 
subsurface sediments it increases to ~10%.

Radioactivity. The data on the radioactivity of the upper 
sediment beds show an abnormal decrease in the content of 
210Pb toward the upper depth ranges. Its content is in general 
low, 26.6–20.5 Bq/kg (Table 6). Isotope 238U is evenly dis-

Fig. 6. Distribution of chemical elements throughout the Itkul’ bottom sediment column. “+”, the presence of aragonite in the sediments (XRD 
data), “–”, the absence of aragonite. Designations follow Fig. 2. The stages of the lake evolution are described in the text.

Fig. 7. Correlation analysis. a, Degree of correlation between variables 
and groups of variables (contents of chemical elements in the sedi-
ments); b, grouping of chemical analyses of the Itkul’ sediment sam-
ples by the cluster method. The upper line is the scale of correlation 
coefficients: a, R-type analysis; b, Q-type analysis.

Table 6. Radioactivity of the upper (0–20 cm) bed of the Itkul’ sediments

Depth, 
cm

238U, 
ppm

238U 210Pb 226Ra 232Th 232Th 137Cs 40K

Bq/kg Bq/kg

2 2.3 28.4 20.5 22.7 6.5 26.3 0.1 359

4 2.4 30.3 25.9 31.7 7.1 29.0 0.0 377

20 2.8 34.7 26.6 30.5 7.7 31.4 0.0 407

Note. Radioactivity was measured on a low-background gamma spectro
meter with a coaxial well-type HPGe detector (analyst M.S. Mel’gunov). 
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tributed throughout the sediment section and amounts to 
2.8–2.3 ppm. The content of 226Ra is 30.5–22.7 Bq/kg and 
decreases toward the upper depth ranges. Note that the con-
tents of 238U and 226Ra in the Itkul’ sediments are an order of 
magnitude higher than those in the sapropel of earlier stud-
ied Lake Minzelinskoe (Mal’tsev et al., 2014b). Apparently, 
this is due to a large amount of clay minerals in the Itkul’ 
sediments and a small amount of organic matter. The content 
of 137Cs in the Itkul’ sediments is below its detection limit.

Forms of element occurrence. Lithophile elements Al, 
K, and Na are present mostly in residual minerals of the It-
kul’ sediments, such as quartz, feldspars, plagioclase, am-
phibole, kaolinite, and mica (Fig. 10). Iron is present as part 
of organic matter and as sulfides, but since the content of 
OM in the sediments is low (Corg = 4–9%), iron occurs pre-
dominantly in pyrite identified by XRD (Fig. 4) and SEM 
(Fig. 5). A minor amount of iron in the form of carbonates 
was found in the depth range 95–100 cm. Calcium and 
strontium are present mainly as their carbonates; in the 
depth range 135–140 cm, the portions of Ca and Sr oxides 
and hydroxides highly increase. Magnesium occurs in di-
verse forms, with its carbonates being scarce and its residual 
minerals being, on the contrary, abundant, which is due to 
the argillaceous composition of the bottom sediments. In the 
depth range 95–100 cm, a slight increase in the content of 
Mg carbonates is observed. The range 135–140 cm is char-
acterized by the highest contents of Mg carbonates (calcu-
lated on the total Mg basis) in the section. Manganese oc-
curs mainly as its carbonates, but, following the stepwise 
leaching process, Mn oxides and hydroxides partly dissolve 
at the carbonate formation stage; therefore, oxidized Mn 
compounds can also be present in the sediments.

DISCUSSION

Mineral and geochemical indicators in the recon-
struction of the lake evolution. Lake Itkul’ formed in the 
middle Holocene at 7.8 14С kyr BP (8.8 cal ka), under the 
influence of a rapid and drastic change of the cold arid cli-
mate by the warm humid one (Treshnikov, 1986). After the 
melting of a glacier, a lake began to form at the place of 
loess-like loams.

I. At the initial stages of the lake formation (Fig. 6), at 
~7.8–7.0 14С kyr BP, silicate material (quartz, K-feldspar, 
mica, chlorite, and kaolinite) actively accumulated in the 
depth range 162–145 cm of the bottom sediments. This in-
terval has the highest contents (wt.%) of SiO2 (57), Al2O3 
(14), and K2O (3) supplied into the lake mostly with terrig-

Fig. 8. Enrichment factors (EF) of chemical elements in the Itkul’ bottom sediments in the depth ranges: 1, 0–55 cm; 2, 55–136 cm; 3, 136–
138 cm (light interbed with shell remains); 4, 138–162 cm; 5, 162–180 cm. Normalized to the contents of Al and clarke contents of elements in 
argillaceous shales (Li, 1991).

Fig. 9. Distribution of Ca throughout the Itkul’ bottom sediment col-
umn. Саauth, authigenic calcium (chemogenic and biogenic), Саter, ter-
rigenous calcium. Designations follow Fig. 2.
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enous products of destruction of Quaternary blanket depos-
its. All this indicates the high standing of the lake water and 
an active terrigenous supply from the drainage areas into the 
lake. At the high water level and low salinity of the lake, 
carbonates (calcites with a minimum impurity of Mg) poor-
ly precipitated. The absence of Mg-calcites from this lowest 
range of the bottom sediments might be due to diagenetic 
transformations of carbonates, in which Mg-calcite trans-
forms into more stable low-Mg calcite. However, it is most 
likely that the change in the Mg content of calcite reflects 
the changes in climate humidity and water content of the 
lake. Lowly magnesian calcite precipitates from the subsa-
line lake water moderately saturated with carbonates (Nechi-
porenko and Bondarenko, 1988). It is at the stage of the 
Lake Itkul’ formation (depth range 162–145 cm), during the 
high water level and low salinity, that the water lacked Mg-
calcites and had low total contents of carbonates.

II. At the stage of the lake shallowing (depth range 145–
130 cm), ~7.0 14C kyr BP, with a significant development of 
biota (mollusks), the contents of Mg-calcites and aragonites 
reached their maxima on the background of an increase in 
Corg content to 7.1%. The depth range 136–138 cm corre-
sponds to the maximum shallowing of the lake throughout 
its evolution. This is confirmed by the highest contents of 
carbonates and by domination of aragonite over calcites and 
of Mg-calcite over CaCO3 in this interval. Traces of gypsum 
in it indicate a strong shallowing of the lake and an increase 
in its salinity. Gypsum can precipitate at the initial stage of 
halogenesis, when water becomes saturated with NaCl. The 
maximum contents of Sr in the range 136–138 cm also re-
flect a strong shallowing of the lake. The contents of Mg in 
this range decrease less than the contents of Al, K, Na, and 
Fe, whereas the content of Ca drastically increases, which 
testifies to the active precipitation of Mg-calcites at the shal-

low-water stage of the lake evolution, when the produced 
chemogenic carbonates, mainly Mg-CaCO3, contained most 
of the total Mg. This is confirmed by the data on the forms 
of Mg occurrence, showing the maximum portion of Mg 
carbonate in the range 136–138 cm as compared with the 
rest section. The most active precipitation of carbonates in 
this range is evidenced by the maximum increase in the con-
tent of Caauth and by the highest total contents of Ca.

Upsection (depth range 130–0 cm), we observe a tenden-
cy for a slow stepwise rise in the lake water level and for the 
lake freshening. This process was accompanied by periodical 
slight fluctuations from shallowing to watering of the lake.

III. After the shallowing of the lake at ~7 14С kyr BP, 
there was a rapid rise in its water level at 7.0–5.5 14С kyr BP 
(depth range 130–125 cm). This range is characterized by a 
decrease in the contents of carbonates. A drastic drop in the 
contents of Ca and Sr in the range 130–120 cm on the back-
ground of an increase in the contents of Al and Fe indicates 
a rise in the lake water level. This rise is confirmed by higher 
contents of “Al group” elements, reflecting a more intense 
terrigenous input. The drastic decrease in the content of Ca-
auth to 1.7% on the background of the increase in the content 
of Cater to 2.0% at a depth of 130 cm also confirms a rise in 
the lake water level.

IV. At ~5.5–2.8 14C kyr BP, the lake water level fell 
(depth range 125–55 cm) as a result of the water evaporation 
and a less intense water inflow, which led to a higher lake 
salinity. Thus, the conditions became favorable for the pre-
cipitation of carbonates; this was reflected in the increased 
contents of Ca in the sediments. Note that the depth range 
120–100 cm (5.5–4.3 14С kyr BP) is characterized by the 
maximum shallowing of the lake over the period 5.5–2.8 14С 
kyr BP. The increase in the contents of Ca and Sr and the 
decrease in the contents of Mg and Al in the depth range 

Fig. 10. Forms of element occurrence in different depth ranges of the Itkul’ sediments: 1, exchange ions; 2, carbonates (for Mn, oxides and hy-
droxides as well); 3, oxides and hydroxides; 4, organic matter and sulfides; 5, residual (solid) substances.
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120–55 cm might indicate changes in the lake water param-
eters (salinity, carbonate alkalinity, pH, and temperature) 
and, hence, a more active chemogenic precipitation of cal-
cium carbonates from the Mg-poor water. According to Yu-
dovich et al. (1980), an increase in the water salinity led to 
the accumulation of Sr. Chemogenic carbonates became en-
riched in Sr, which is confirmed by the significant Sr enrich-
ment of this horizon as compared with the underlying ones. 
The amount of Mg-calcites in it is smaller than that at the 
previous shallowing stage (depth range 140–130 cm). This 
indicates a smaller shallowing of the lake than that marked 
in the depth range 136–138 cm. The range 120–100 cm is 
characterized by the maximum (for this stage) drop in water 
level and an increase in water salinity: domination of Mg-
CaCO3 over CaCO3, a drastic increase in the content of car-
bonates, and the absence of aragonite. The contents of Al 
and Fe significantly decrease on the background of the sta-
ble contents of Mg and a drastic increase in the contents of 
Ca and organic matter (Fig. 2). In the depth range 120–
55 cm, the increase in the content of Ca is not accompanied 
by an increase in the content of Mg (the latter, on the con-
trary, decreases, although calcites become more magnesian 
with depth). This is explained by the low portion of Mg in 
carbonates, because most of it is present in clay minerals.

V. An increase in the lake water level and a decrease in 
water salinity (depth range 55–0 cm, 2.8–0 14С kyr BP) 
strongly restrained carbonate formation (and, hence, led to a 
decrease in the content of Ca in the sediments) on the back-
ground of an intense inflow of terrigenous components 
(SiO2 and Al2O3). At this stage of the lake watering, the con-
tents of Ca and carbonates in the sediments decreased, 
which was expressed as a significant decrease in the portion 
of Mg-CaCO3 and the absence of aragonite. A terrigenous 
input increased, as evidenced by much higher contents of 
Al, Fe, Mg, and Na (Fig. 6, Table 5) and a higher content of 
Cater as compared with the underlying sediment intervals.

The composition of sediments formed at the current stage 
of the lake evolution (10–0 cm, the last ~100 yr) shows an 
increase in water salinity and in the contents of Ca and Sr in 
the sediments and a slight increase in the amount of Mg-
CaCO3. Hence, the lake tends for the next shallowing.

We have established that the Mg/Ca and Sr/Ca ratios in 
the bottom sediments, which depend on the Mg/Ca and Sr/
Ca ratios in the lake water (Sklyarov et al., 2010; Solotchina 
et al., 2012), change downsection (Fig. 6). The Sr/Ca ratio, 

an indicator of water salinity (Ricketts et al., 2001; Schwarz 
et al., 2017), increases in the middle depth range (100–
55  cm) of the sedimentary strata, especially in the range 
138–136 cm, which indicates the maximum salinity of the 
lake water in the corresponding periods. There is also a pos-
itive Sr/Ca trend in the uppermost sediment intervals (10–
0 cm), which points to a current increase in water salinity. 
The Mg/Ca ratio determining the type of precipitating car-
bonates does not increase downsection (55–110 cm) despite 
the presence of Mg-calcites. This is apparently because cal-
cites in the mentioned depth range are lowly magnesian.

Geochemistry of Sr and Mn in the carbonate sedi-
ments. The data on the forms of Sr and Mn occurrence in the 
lacustrine sediments show that these elements are present 
mostly in carbonates. This phenomenon is well described 
elsewhere (Mitterer, 1972; Yudovich et al., 1980; Ambatsian 
et al., 1997; Yudovich and Ketris, 2011; Kuznetsov, 2013) 
and is due to different factors, e.g., the similar ionic radii of 
Ca and Sr and the redox potential of the medium for Mn.

The migration capability of Sr in hypergenesis zone is 
determined by its ionic radius commensurate with that of 
Ca, which often leads to the isostructural replacement of Ca 
by Sr in calcites (Yudovich and Ketris, 2011). This fact is 
confirmed by a positive correlation between the contents of 
Ca and Sr in the Itkul’ sediments (Fig. 11). The maximum 
content of Sr (0.38%) is found in the depth range 136–
138 cm, where aragonite considerably dominates over cal-
cite, according to the XRD data. The Sr enrichment of ara-
gonite in Lake Itkul’ is due to the fact that ions Sr2+ in the 
crystal lattice are mostly octa-coordinated; therefore, arago-
nite having a rhombic syngony (in contrast to trigonal cal-
cites) is especially enriched in Sr (Yudovich and Ketris, 
2011; Kuznetsov, 2013). As seen from the XRD data (Figs. 4 
and 6), the drastic increase in the content of Sr (exceeding 
its clarke content) in the depth ranges 55–110 and 136–
138 cm matches the appearance of aragonite. Thus, we as-
sume that it is aragonite that provides high contents of Sr in 
the sediments. 

Aragonite in the Itkul’ sediments can be from two sourc-
es, chemogenic and biogenic (mollusk shells). The studied 
mollusk shells from the lower beds of the sediments con-
sisted mostly of aragonite (Fig. 4c), in contrast to marine 
shells with a calcite composition (Hallam and Price, 1968; 
Kennedy et al., 1969; Yudovich et al., 1980; Demina and 
Os’kina, 2012). In addition to aragonite, the shells contain 

Fig. 11. Contents of Mg, Sr, and Mn vs. contents of Ca in the Itkul’ sediments.
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an impurity of Mg-calcite. The geochemical data show (Ta-
ble 5) that the shells contain 0.14% Sr (four times higher 
than its clarke content), 0.22% Mg, and a minor amount of 
Mn (67 ppm). At a first glance, the mollusk shells can ex-
plain the origin of aragonite in the Itkul’ sediments and, 
hence, their enrichment in Sr. However, the depth ranges 
containing fragments of shells (145–160 cm) do not coin-
cide with the sediment intervals where aragonite was re-
vealed by XRD (80–100 and 136–138 cm). Therefore, the 
presence of aragonite in the depth range 80–100 cm and its 
largest amount in the range 136–138 cm have only one ex-
planation, namely, the chemogenic precipitation of arago-
nite from the highly saline water under significant shallow-
ing of the lake.

Chemical precipitation of aragonite is not typical of 
freshwater reservoirs of humid zones (Kholodov, 2006). 
Aragonite in the surface water of fresh lakes is metastable 
and usually does not precipitate; variably magnesian calcite 
precipitates instead of it. Aragonite commonly forms at 
great depths (in seas and oceans), at high pressures and high 
temperatures (Reeder, 1983). There might be exceptions, 
however. As shown earlier (Leeder, 1982; Nechiporenko 
and Bondarenko, 1988; Solotchina et al., 2013), aragonite 
can precipitate at shallow depths in water with a high con-
centration of magnesium ions (e.g., in salt lakes). Under 
such conditions, ions Mg2+ surrounded by a dense hydrate 
shell ([Mg(H2O)6]2+) are strongly adsorbed by calcite (Ber-
ner, 1975; Solotchina et al., 2013). The crystal–solution 
equilibrium is determined by the ion exchange at the crystal 
surface, and if the entire calcite surface is covered with a 
layer of adsorbed Mg, then a CaCO3 crystal behaves like a 
magnesite crystal (Reeder, 1983). Since the solution is not 
saturated with MgCO3, magnesite cannot grow. The solu-
tion, however, should get rid of excess CaCO3; therefore, 
aragonite crystals can grow. Hydrated magnesium ions ad-
sorb on aragonite much worse because of its specific rhom-
bic structure. Therefore, their adsorption has little effect on 
the rate of aragonite crystallization (Nechiporenko and 
Bondarenko, 1988; Solotchina et al., 2013). Apparently, 
precipitation of aragonite took place in Lake Itkul’ at the 
stage of its maximum shallowing and increase in its miner-
alization on the background of increasing concentrations of 
Mg2+ (depth range 136–138 cm). The maximum EF values 
and Sr/Ca ratio in the depth range 136–138 cm are indirect 
evidence for high concentrations of Mg2+ in the water in that 
period. This indicates a drastic increase in water salinity at 
that time. We also revealed a large amount of Mg-calcite in 
the above depth range.

Thus, an increase in water salinity and a high concentra-
tion of Mg2+ might have led to the precipitation of Mg-cal-
cite and, then, aragonite. An increase in water salinity as a 
result of the lake shallowing and the increased total carbon-
ate alkalinity favored precipitation of Mg-calcite. The sub-
sequent shallowing, increase in mineralization (causing 
metamorphization of water, according to the evaporative-
concentration mechanism), and increase in the content of 

Mg2+ led to the precipitation of aragonite. Based on the re-
port by Last (2002), Solotchina et al. (2012) described a 
similar sequence of the precipitation of Mg-calcite and ara-
gonite in salt lakes, reflecting an increase in the Mg/Ca ratio 
and salinity of the water: low-Mg calcite–high-Mg calcite–
aragonite–dolomite–magnesite/huntite. 

As for Mn, its incorporation into the carbonate structure 
is strongly affected by the redox potential of the medium, 
because manganese must be in a divalent state to replace Ca. 
In a highly oxidizing environment, such as lake water or up-
per oxidized beds of sediments, Mn ions (predominantly 
Mn4+) cannot be present in the carbonate phase. The redox 
potential gradually shifts toward reducing conditions only as 
the sediments become more and more isolated from surface 
oxygen. This shift is accompanied by the enrichment of car-
bonates with Mn (Ambatsian et al., 1997; Kuznetsov, 2013). 
In Lake Itkul’, however, reducing conditions (Eh = –171 mV) 
are observed already in the first 10 cm of the sediments. At 
the initial stages of carbonate formation, part of reactive 
(mobile) Mn here can enter the structure of carbonates 
formed at the water–sediments interface. Note that the alka-
line water (pH = 9.1) of Lake Itkul is not favorable for the 
migration of most metals, which can precipitate as poorly 
soluble carbonates already at the stage of sediment genesis 
(Perel’man, 1982). Data on the chemical composition of 
pore water in the carbonate sediments of Lake Bol’shie To-
roki (Mal’tsev et al., 2014b) showed that manganese is pres-
ent in their upper strata mostly as Mn (II) (up to 90%). 
Therefore, Mn can replace Ca in carbonates both at the stage 
of sediment genesis and at the early stage of diagenesis. This 
agrees with the strict linear correlation between the contents 
of Mn and Ca (Fig. 11). The XRD analysis revealed no own 
Mn-minerals in the sediments (Fig. 4). The EPR analysis 
confirmed that the Itkul’ carbonates contain 189 to 422 mg/kg 
Mn, which amounts to 23–55% of its total content in the 
lacustrine sediments (Table 7). Note that the sediment hori-
zons containing aragonite (136–138 cm) have a lower total 
content of Mn than the “calcite” zones (Table 5). The pos-
sible reason is that manganese does not enter the crystalline 
structure of aragonite, which is confirmed by literature data 
(Yudovich and Ketris, 2011, 2014). The analysis of mollusk 
shells composed of aragonite also shows that their content 
of Mn is an order of magnitude lower (67 ppm) than the to-
tal content of Mn in the sediments (710 ppm). The SEM 
data confirm that the mollusk shells and ostracodes are free 
of Mn.

Geochemistry of Pb and 210Pb. The upper horizons of 
the sediments do not show an increase in the total content of 
Pb and the content of 210Pb marking the anthropogenic im-
pact on the environment over the past 100 years. There is 
only one explanation for this fact: Technogenous lead sup-
plied from the atmosphere into the Itkul’ water with high pH 
(9.1) transforms into dissolved bicarbonate Pb(HCO3)2 and 
does not accumulate in the sediments. The observed increase 
in the content of 210Pb downsection (Table 6) (although the 
opposite pattern should be observed, i.e., a decrease in the 
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content of 210Pb because of its decay) is apparently due to a 
change in pH. The drop in pH from 9.1 to 8.2 in the sedi-
ments (as compared with the lake water) decreases the mo-
bility of Pb in deeper horizons. As a result, Pb is less easily 
leached from the solid phase into the pore water downsec-
tion. Therefore, lead insignificantly accumulates in the 
deeper horizons of the bottom sediments.

Thus, most of the lead accumulating in the Itkul’ sedi-
ments is terrigenous (poorly mobile); it is supplied with clay 
particles into the lake, which is confirmed by the similar dis-
tribution patterns of total Pb and Al, K, and Fe (Table 5). In 
contrast, 210Pb arriving at the lake from the atmosphere as a 
result of anthropogenic pollution does not accumulate in the 
sediments and transforms into dissolved bicarbonate. This 
phenomenon calls for a more detailed study.

CONCLUSIONS

(1) The bottom sediments of Lake Itkul’ are character-
ized by a heterogeneous chemical composition, different 
distributions of Al, Fe, Na, K, Mg, Ca, Sr, Mn, Cu, Zn, Pb, 
and carbonates throughout the section, and different con-
tents of Mg in calcites, which is mostly due to changes in 
the sediment genesis environments and to the rise or fall in 
the lake water level. At the stages of the lake shallowing, the 
conditions were favorable for the precipitation of carbon-
ates, which led to an increase in the contents of Ca, Sr, and 
Mn in the sediments. At the stages of the water level rise, 
the terrigenous input from the lake drainage area intensified, 
and thus the contents of Si, Al, Fe, Na, and K in the sedi-
ments increased.

(2) The sedimentary strata of the lacustrine bottom sedi-
ments formed in the middle Holocene over a period of 
7.8 14C kyr BP (8.8 cal kyr BP). Lake Itkul’ passed through 
the following stages of evolution: (1) the beginning of sedi-
mentation, 7.8–7.0 14С kyr BP; (2) extreme shallowing with 
a probable complete drying, ~7.0–5.5 14С kyr BP; (3) rise in 
the water level, ~5.5–4.3 14С kyr BP; (4) repeated shallow-
ing, 4.3–2.8 14С kyr BP; and (5) subsequent watering, 2.8–0 
14С kyr BP, with a tendency for shallowing at present. The 
stages of strong shallowing of the lake are characterized by 
an increase in the Mg content of calcites and by the presence 
of aragonite in the sediments.

(3) At the stage of the maximum shallowing of the lake at 
~7 14C kyr BP, the conditions were favorable for the pre-
cipitation of aragonite. An increase in water salinity and a 
high concentration of Mg2+ led to the active precipitation of 
aragonite and Mg-calcite. The increasing water salinity and 
total carbonate alkalinity led to the precipitation of Mg-cal-
cite. The subsequent shallowing of the lake and increase in 
its salinity resulted in metamorphization of the water, an in-
crease in the portion of Mg2+, and precipitation of aragonite.

(4) The carbonate sediments of Lake Itkul’ are signifi-
cantly enriched in Sr. The study has shown that Sr is present 
in the sediments mostly in the carbonate form. The degree of 
Sr enrichment of the sediments depends on the type of car-
bonates. The maximum contents of Sr (an order of magni-
tude higher than the clarke ones) have been found in the 
sediment range with domination of aragonite over CaCO3 
and Mg-CaCO3, because aragonite is much richer in Sr than 
calcites, especially Mg-calcite. The depth range 145–150 cm 
with the lowest content of calcite has the minimum content 
of Sr.

(5) The geochemistry of Mn in the Itkul’ carbonate sedi-
ments is determined mainly by the distribution of CaCO3 
throughout the section: Intervals with a high content of car-
bonates are richer in Mn. In these highly calcareous sedi-
ments, Mn does not form its own minerals and is partly 
present as an isomorphic impurity in sedimentary carbon-
ates precipitated chemically from the lake water. This is 
confirmed by the SEM and EPR data: The latter show that 
the lake carbonates contain on average 37.5% Mn and that 
carbonates of the aragonite-rich depth ranges of the bottom 
sediments are poorer in Mn.
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