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Abstract: Long-term and continuous lake sedimentary records offer enormous potential for interpreting
paleoenvironmental histories and for understanding how terrestrial environments might respond to
current global warming conditions. However, sedimentary records that contain the Late Glacial and
Holocene epochs are scarce in deep continental high-mountain regions. A 150 cm sediment core was
obtained from Lake Kaskadnoe-1 in the East Sayan Mountains (South Siberia, Russia, 2080 m above sea
level), containing a unique record of the last 13,200 calibrated years (cal yr). Chronological control was
obtained by AMS 14C dating. Here, we show the first detailed X-ray fluorescence (XRF) geochemical
record, with the goal of broadening our knowledge of the paleoenvironmental history of the East
Sayan Mountains in the past. The determination of major compounds and trace elements (Sr, Zr) was
performed from each centimeter of the Lake Kaskadnoe-1 sediment core. The inorganic geochemistry
indicates significant variations in elemental composition between two major lithological units of the
sediment core: the Late Glacial dense grey silty clay (150–144 cm), and the upper interval (0–143 cm)
mostly consisted of dark biogenic-terrigenous silt, accumulated during the Holocene. The Late Glacial
sediments accumulated 13,200–12,800 cal yr BP are characterized by high values of CIA, Mg/Al, K/Al,
and Mn/Fe, and are depleted in Si/Al, Fe/Al, and Ca/Al. During the Younger Dryas cold episode, LOI
enrichment was probably caused by the presence of less oxic conditions, as seen in lower Mn/Fe values,
due to a longer period of lake ice-cover. The Early Holocene (12,000–7500 cal yr BP) is associated with
a decreasing trend of mineral matter with fluvial transport to Lake Kaskadnoe-1 (low K/Al, Mg/Al)
and stronger chemical weathering in the lake basin. The increase in Ti/Al, K/Al and CIA values over
the last 7500 years suggests an increase in the terrigenous input into the lake. Low LOI values can be
possibly explained by the presence of less dense vegetation cover in the basin. In summary, our data
indicate that the geochemical indices and selected elemental ratios mirror the sedimentation conditions
that were triggered by environmental and climate changes during the Late Glacial and Holocene.

Keywords: geochemistry; lacustrine sediments; Late Glacial; Holocene; major element composition;
Lake Kaskadnoe-1; South Siberia; environmental change

1. Introduction

Mountain lakes and their catchments are, due to their remoteness, the most sensitive to
global climate changes [1–3]. In the high-altitude areas of the East Sayan Mountains, there are
many lakes of various origins [4–8]. Lake basins can be combined into four groups: groups
determined by volcanic activity, glacial processes, postglacial fluvial processes, and complex
factors. The lakes of the first group are directly associated with the lava flows and volcanoes
of the Jom-Bolok River Valley. They are located both at the bottom of the valleys and in the
apical mountain belt. Lakes of fluvial origin are presented by floodplain water basins. Some
lakes in the studied region were formed by a complex of relief-forming processes, and their
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basins have a polygenetic nature, mainly of the glacial-fluvial type [9]. The Oka Plateau, where
most of the lakes are of volcanic and glacier origins, is one of the few existing regions in the
world of active Late Glacial and Holocene volcanism [10–13]. To date, there have been several
studies conducted to provide some data on the structure, sources, and possible mechanism of
those eruptions [13–16]. It is known that the eruptions of lava were multiphase [13], began in
post-glacial time, and probably have not ended yet [15,16]. The recent dendrochronological
analysis has shown that the latest eruption occurred during the period 682–792 A.D. [16].
The first tephrochronological studies of the Lake Kaskadnoe-1 sediments provided the most
complete record of volcanic activity in the Jom-Bolok region [6]. This record represents the
longest of the currently known, reliably dated sequence of the Holocene eruptions in Northern
Asia. Reconstructions have shown that the first phase can be traced back to 13,200 cal yr BP
and lasted until 6000 cal yr BP. The dormant period spans 6000–1000 cal yr BP. The second
phase of eruptions began 1000 cal yr BP and probably is not finished yet [6].

However, knowledge of the last glaciation, landscapes, and climate of this area is still
very poor. Thus, it was found that in the Sartan period (marine isotope stage 2), the glaciers
here occupied vast areas; however, the glacial processes occurred mainly within mountain
valleys and corries [17]. The mean weighted exposure ages of glacial sediments localized
within valleys of the Oka Plateau are 16,440 ± 380 cal yr BP and 22,800 ± 560 cal. yr BP [17].

However, high-resolution paleoenvironmental records in the East Sayan Mountains
are still scarce and depend predominantly on pollen, diatoms, and a single geochemical
record from several lakes [7]. Thus, a multiproxy study on an alpine lake ESM-1 [4] at the
modern tree line showed that steppe and tundra biomes were extensive in the East Sayan
landscapes during the early Holocene. Boreal forests quickly expanded by 9100 cal yr BP, and
dominated the landscape until ca 700 cal yr BP, when the greatest period of compositional
turnover occurred. At this time, the alpine meadow landscape expanded and Picea obovata
colonised new habitats along river valleys and lake shorelines, because of the prevailing cool,
moist conditions [4]. Previously published pollen records from Lake Kaskadnoe-1 [8], Lake
Khikushka [18], and Lake Sagan-Nur [19] (Figure 1) show changes in vegetation and climate
present since ca 13,400 cal yr BP [18]. Predominantly open steppe- and tundra-like vegetation
dominated the area during the Allerod interstadial, with noticeable participation of boreal
trees. A short-term reduction in the forest biome at ca. 12,600–12,500 cal yr BP could be a
response of regional vegetation to climate deterioration during the Younger Dryas stadial.
The strengthening of the forest biome between 12,500 and 11,200 cal yr BP occurred due to the
expansion of Picea, Abies, and Larix. Climate warming and a decrease in effective moisture
after 11,200 cal yr BP led to the degradation of dark coniferous forests in the study area and
to a gradual expansion of Pinus sylvestris and Pinus sibirica in the East Sayan Mountains.
The warmest climate existed during the Early Middle Holocene, ca. 11,200–6500 cal yr BP.
The Larix stands may have been re-established in the study region soon after 5000 cal yr BP.
This trend is parallel to a decrease in summer insolation and an increase in winter insolation.
Although the study site is in an area with active volcanism, there is no clear evidence that
volcanic eruptions influenced the local vegetation [8].

The above indicate that, to date, there has been little paleoecological research con-
ducted on the Oka Plateau using a geochemical approach. Meanwhile, inorganic geo-
chemical analyses have proved to be a powerful tool to study the evolution of lacustrine
sediments and catchments [20–22]. Therefore, in this study, we present sediment stratig-
raphy and geochemical data including the geochemistry of major elements and some
trace elements, elemental ratios, chemical indexes of alteration (CIA), and biogenic silica
SiO2bio and pollen indices along a 150 cm sediment profile from Lake Kaskadnoe-1 with
the objectives of understanding the geochemical processes and improving paleoecological
information from the Late Glacial and Holocene about the Oka Plateau in the southern part
of East Siberia.
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Figure 1. (A) Map based on Shuttle Radar Topography Mission (SRTM) v4.1 data [23], showing the
position of the study area in the south of the Baikal region (upper right inset), and the position of
Kaskadnoe-1 Lake on the Oka Plateau. Other red dots correspond to the previously studied sections
of lake sediments of the Late Glacial–Holocene age in the East Sayan Mountains. (B) Position of Lake
Kaskadnoe-1 near volcanic centers of Late Pleistocene-Holocene eruptions. The white arrow shows
the direction of lava flows. (C) Bathymetric map with the coring site location. Numbers from 2080 to
2140 refer to elevations in meters above sea level. The contours of the Oka plateau are shown by a
dotted line.

2. Regional Setting

The remoteness from the oceans and the high elevation of the Oka Plateau above sea
level result in the dominance of a sharply continental climate with long and cold winters
due to the effects of the Siberian anticyclone. In spring and autumn, west-north-west
cyclonic activity increases. Summers are cool, and precipitation is brought mainly by
cyclones from the south-southwest. The amplitude of the average temperatures between
the warmest and coldest seasons is 50 ◦C [24]. The mean annual precipitation does not
exceed 430 mm, and the mean annual near-surface air temperature is −4 ◦C. Because of the
purity and sparsity of the atmosphere, the amount of summer insolation is high. This leads
to significant surface heating during the day and rapid cooling at night, thus activating the
processes of physical weathering of rocks and soils [25].

Lake Kaskadnoe-1 lies at 2080 m above sea level (Figure 1). The lake has a maximum
depth of 7 m and a surface area of 2.5 km2. The mountains, surrounding the lake, are
composed of Paleozoic intrusive rocks (plagiogranite, granodiorite, pegmatite, diorite,
gabbro-diorite, gabbro, and gabbro-norites) of the Tannuol complex [6]. Loose sediments
occurring on slopes of the lake basin include Late Pleistocene–Holocene glacial, mudflow,
and slope formations. Young volcanic rocks of the Jom-Bolok lava field are absent in the
lake catchment and appear only 1.35 km SE of the lake (Figure 1B).

The lake is a tarn lake and originated as a result of glaciers retreating due to their
melting. In winter, frozen soil and sediments around the lake are not deep due to the early
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lying snow cover in autumn, the considerable snow cover thickness, and the late melting
of the snow cover in spring. The lake is fed mainly by atmospheric precipitation, snow
melt water; the water may also come from the catchment area in the form of groundwater
flow through permeable slope sediments. The excess water flows out through a stream and
sediments on the southeastern shore of the lake.

The lake catchment has discontinuous vegetation cover; meadows predominate with
shrubby birch (Betula nana ssp. rotundifolia), and there are rare occurrences of Siberian
larch (Larix sibirica), willow (Salix sp.), and prostrate fir (Abies sibirica). In the lake basin,
the vegetation consists of different shrubs and scattered larch trees. Locally, the lake
shores and shallow water are occupied by coastal-aquatic vegetation dominated by sedges
(Cyperaceae) in association with grasses (Poaceae).

3. Material and Methods
3.1. Sample Collection and Sediment Lithology

In 2015, we conducted a bathymetric survey using the three-dimensional 6-beam
digital depth sounder Humminbird Matrix 748x3D (Johnson Outdoors Marine Electronics,
Seongnam, Korea). As a result of that survey, a bathymetric map was obtained (Figure 1C).
The coring operation was performed using rope-operated UWITEC Piston Corer (Nieder-
reiter, Mondsee, Austria) with PVC liners of a 63 mm inner diameter. The sedimentary
sequence was continuously cored, including penetration into the underlying glacial sed-
iments. A 150 cm long core was retrieved. The core sediments were described in 2 cm
intervals using the smear slide method in three replicates. On the basis of the dominant
constituents, the sediment was classified and the dominant and minor lithology was in-
dicated. The particles identified under a microscope were highlighted in the following
groups: <10 µm (clay), 10–50 µm (silt), and >50 µm (sand).

3.2. AMS 14C Dating

As the terrestrial plant remnants and shells of aquatic mollusks are absent in the
sediments of Lake Kaskadnoe-1, a bulk organic sediment fraction was used for radiocarbon
dating. Seven AMS14C ages were obtained in the Poznan Radiocarbon Laboratory (Table 1).
The radiocarbon ages were then calibrated using R package clam [26] and the IntCal20
calibration curve [27].

Table 1. AMS 14C dates and calibrated ages for the Lake Kaskadnoe-1 core. Calibration was
performed using R package version 2.5.0. https://CRAN.R-project.org/package=clam (accessed on
27 February 2023) [27].

Sample ID Core
Depth, cm

14C yr BP

14C Ages Corrected on
Reservoir Effect of

980 Years

Calibrated
95.4% Range

(cal yr BP)

Modeled Age,
cal yr BP

Poz-76417 11 2070 ± 30 1090 ± 30 933–1057 1000
Poz-76459 67 7060 ± 50 6080 ± 50 6801–7147 6950
Poz-76460 91 8960 ± 50 7980 ± 50 8649–8991 8840
Poz-76461 113 9820 ± 60 8840 ± 60 9650–10,163 9920
Poz-76462 128 11,160 ± 60 10,180 ± 60 11,513–12,076 11,830
Poz-76463 142 11,820 ± 70 10,840 ± 70 12,711–12,957 12,790
Poz-76604 149 12,310 ± 70 11,330 ± 70 13,114–13,348 13,220

3.3. Determination of Major and Trace Element Composition

Samples for the determination of major compounds and trace elements (Sr, Zr) were
selected from each centimeter of the Lake Kaskadnoe-1 sediment core. Extra pure lithium
metaborate was dried at 450 ◦C for 4 h. The samples (110 mg) were carefully mixed with
1.1 g of extra pure lithium metaborate and 7 drops of a 40 mg/mL LiBr solution as a releasing
agent in a platinum crucible and fused in the automatic electric multi-position furnace TheOX
(Claisse, Québec, QC, Canada)) at 1050 ◦C for 19 min. The dilution factor was 1:10. This
procedure allows the formation of fused glasses of a diameter of 10–12 mm [28]. The XRF

https://CRAN.R-project.org/package=clam
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spectra were measured by wavelength-dispersive XRF spectrometer S4 Pioneer (Bruker AXS,
Karlsruhe, Germany). The calibration curves were constructed using the certified reference
materials of sedimentary rocks [28].

The principal component analysis (PCA) of major elements was accomplished using
the correlation matrix of major and trace elements in the “factoextra” package of the R
software version 1.0.5 [29].

To evaluate the conditions of sedimentation in Lake Kaskadnoe-1, the loss on igni-
tion (LOI) method was applied. LOI was analyzed following standard procedures [30];
sediments at 1 cm intervals were dried at 105 ◦C for 24 h and combusted at 550 ◦C for 4 h.
This allowed the determination of the organic matter (LOI) in 149 sediment samples. The
lithology of core sediments was described in 2 cm intervals using the smear slide method
in three replicates. The previously published results from the Lake Kaskadnoe-1 sediment
core, including biogenic silica SiO2bio, sediment physical properties, and pollen [8], were
utilized for interpretation in the present study.

4. Results
4.1. Lithology and Chronology

The visual inspection of the sediments showed two major lithological units: between
150 and 144 cm, the Lake Kaskadnoe-1 core is characterized by dense grey silty clay with
a minor admixture of sand; the upper interval (0–143 cm) mostly consists of dark-olive
biogenic-terrigenous silt (Figure 2). The results of the smear slide method demonstrated the
more complicated lithological composition of the Lake Kaskadnoe-1 sediments and revealed
that the sand content, in general, does not exceed 8%. The content of sand is rather high, at
13,200–12,800 cal yr BP, and then it decreases from 12,800 to 12,000 cal. yr BP. In sediments
accumulated during the last 7500 cal. years, sand shows a gradually decreasing trend.
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Figure 2. Results of applying the CLAM age-depth model of the Lake Kaskadnoe-1 core based
on seven calibrated AMS radiocarbon dates (weighted mean age, dotted red line), overlaying the
calibrated distributions of individual 14C ages (blue), with 95% probability intervals (gray shaded).

The obtained dates suggest the accumulation of the recovered core sediments during
the Late Glacial and Holocene. The results of the radiocarbon dating are given in Table 1,
and the 14C age-depth model is shown in Figure 3. An almost linear age-depth relationship
suggests continuous sedimentation. However, the obtained results show that the radio-
carbon age of the uppermost sediments (11–12 cm) turned out to be older than expected
(Table 1). Therefore, a reservoir effect could be an issue in Lake Kaskadnoe-1. To overcome
this problem, a lake reservoir effect of 980 14C years was determined as the intercept of the
Lake Kaskadnoe-1 age-depth model at the modern sediment surface. Such a method is
commonly in use [31,32].
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Therefore, when constructing the age model, we subtracted the supposed reservoir
age of 980 years from all the radiocarbon dates prior to their calibration to calendar ages as
is usually performed [33]. The sedimentation rate was calculated between adjacent dates
by the median values.

Minerals 2023, 13, x FOR PEER REVIEW 6 of 16 
 

 

 

Figure 2. Results of applying the CLAM age-depth model of the Lake Kaskadnoe-1 core based on 

seven calibrated AMS radiocarbon dates (weighted mean age, dotted red line), overlaying the cal-

ibrated distributions of individual 14C ages (blue), with 95% probability intervals (gray shaded). 

 

Figure 3. Core lithology and variations in major elements and some trace elements and LOI content 

in the Lake Kaskadnoe-1 sediments. Following the geochemical analysis, the percentages of 2 mi-

croelements and 10 oxides of each of the 150 samples were estimated. Three local geochemical 

zones (LGZ 1‒3) with differing percentages of elements and oxides were identified. The CONISS 

program [34] for stratigraphically constrained cluster analysis by the method of incremental sum of 

squares was used to draw LGZ boundaries. Symbols for lithological description: 1—gray dense 

clay; 2—dark-olive biogenic-terrigenous silt with different proportions of diatom valves. 

4.2. Variations in Major Elements and Trace Elements 

Variations in the major elements and some trace elements including Na2O (Na, %), 

MgO (Mg, %), total Fe2O3 (FeO + Fe2O3) (TFe, %), Al2O3 (Al, %), TiO2 (Ti, %), SiO2 (Si, %), 

Figure 3. Core lithology and variations in major elements and some trace elements and LOI con-
tent in the Lake Kaskadnoe-1 sediments. Following the geochemical analysis, the percentages of
2 microelements and 10 oxides of each of the 150 samples were estimated. Three local geochemical
zones (LGZ 1–3) with differing percentages of elements and oxides were identified. The CONISS
program [34] for stratigraphically constrained cluster analysis by the method of incremental sum of
squares was used to draw LGZ boundaries. Symbols for lithological description: 1—gray dense clay;
2—dark-olive biogenic-terrigenous silt with different proportions of diatom valves.

4.2. Variations in Major Elements and Trace Elements

Variations in the major elements and some trace elements including Na2O (Na, %), MgO
(Mg, %), total Fe2O3 (FeO + Fe2O3) (TFe, %), Al2O3 (Al, %), TiO2 (Ti, %), SiO2 (Si, %), MnO
(Mn, %), K2O (K, %), P2O5 (P, %), CaO (Ca, %), Sr (%), and Zr (%) are illustrated in Figure 3.

The contents of all major elements, except for P, and trace elements show their maxima
between 13,200–12,800 cal yr BP (local geochemical zone 3b, LGZ) in the gray glacial clay
layer. Between ca 12,800–12,000 cal yr BP (biogenic-terrigenous silt layer, LGZ 3a), the
values of Na, K, Ca, Mg, Al, Si, Ti, Mn, Sr, and Zr decline, and LOI increases. Between
12,000 and 7500 cal yr BP (LGZ 2), the contents of all major elements remain almost constant,
and concentrations of only Na, Mg, Al and Si slightly increase. After 7500 cal yr BP (LGZ 1),
the contents of all elements increase apparently, whereas the LOI value tends to decrease
gradually and markedly. The value of P reaches its maximum in the uppermost 2 cm of
the core.
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A number of studies have demonstrated that Al normalization can correct the problem
of variable dilution in element records because of the input of total organic carbon. There-
fore, we normalized the elements to Al, which is the most insoluble (under both oxic and
anoxic conditions) and common terrestrially derived element [35] for the sake of evaluating
the chemical solution and migration relative to Al. When normalized to Al, the contents
of all the major elements in the Lake Kaskadnoe-1 record, except for P, and of the trace
elements, show their maxima between 13,200–12,800 cal yr BP (local geochemical zone 3b,
LGZ) in the gray glacial clay layer. Between ca 12,800–12,000 cal yr BP (biogenic-terrigenous
silt layer, LGZ 3a), the values of Na, K, Ca, Mg, Al, Si, Ti, Mn, Sr, and Zr decline, and LOI
increases. Between 12,000 and 7500 cal yr BP (LGZ 2), the contents of all major elements
remain almost constant, and concentrations of only Na, Mg, Al and Si slightly increase.
After 7500 cal yr BP (LGZ 1), the contents of all elements increase apparently, whereas the
LOI value tends to decrease gradually and markedly. The value of P reaches its maximum
in the uppermost 2 cm of the core (Figure 4).
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Figure 4. Changes in selected sediment characteristics and geochemical indices of the Lake
Kaskadnoe-1 core. Vertical dotted lines indicate mean ratio values. Mean sedimentation rates
(MSRs) were calculated between adjacent dates and are expressed in cm per 1000 years. Three
local geochemical zones (LGZ 1–3) with differing geochemical records were identified based on the
statistical evaluation of samples by principal component analysis (PCA) and demonstrated good
agreement with LGZ 1–3 boundaries identified by the CONISS program. Subzones within LGZ -3
were identified by visual inspection.



Minerals 2023, 13, 449 8 of 15

Principal component analysis (PCA) was used to reduce the dimensionality of the
elemental dataset, in order to try to identify the main factors controlling the elemental
distributions and to aid the interpretation of the geochemical behavior of specific elements.

The results are summarized in the variable loadings on the first two principal com-
ponents as illustrated in Figure 5. Two axes explain 57% of the total variance. PCA axis-1
accounts for 40% of the total and is characterized by high positive loadings of K/Al, Mg/Al,
Mn/Al, Fe/Al, Ca/Al, and LOI, and high negative loadings of CIA, Si/Al and Mn/Fe
ratios. PCA axis-2 (17% of the total variance) is characterized by a high positive loading
of clay, and a negative loading of a silt fraction and the Si/Al ratio. The elements with
high loadings on PCA axis-1 (K, Mg, Fe, Ca, Na) occur mainly in oxides and siliciclastic
material, which are typically land-derived through the erosion of lithogenic material and
are indicative of surface runoff processes. The second component is dominated by clay
(positive loading) and silt (negative loading). In general, a correlation biplot reveals that
elements distributed in the sedimentary strata could be divided into three distinct element
clusters, and these clusters were considered as the local geochemical zones (LGZ 1–3).

Minerals 2023, 13, x FOR PEER REVIEW 9 of 16 
 

 

 

Figure 5. Summary of the principal component analysis of element ratios and distribution of se-

lected indices along the studied core; 1—the group of ratios and indices related to silicate weath-

ering and the supply of clastic material; 2—the group of ratios and indices associated with the 

supply of clastic material and weathering, leaching, and soil development; 3—the group related to 

the variations in the sediment grain size. Red circles —LGZ -1, green triangles—LGZ -3, and violet 

diamonds—LGZ -3. 

5. Discussion 

5.1. Potential Climatic Implication of Major Elements and Some Trace Elements 

Following [36,37], bottom sediments retrieved from glacial Lake Kaskadnoe-1 are 

regarded as the sedimentary archive from the watershed. The point is that the continen-

tal climate of East Siberia causes minor chemical weathering during warm periods and 

strong physical weathering during cold periods. Thus, the elemental composition of the 

cores primarily depended on physical weathering, during which the elements were 

mainly supplied into the proglacial lakes as clastic material [7]. This is particularly true 

for the sediments of lakes located near glaciers [7]. The geochemical composition of 

sediments is primarily influenced by erosion and biotic processes in the watershed, as 

well as by the sediment grain size, and only slightly depends on sediment chemical al-

teration in the lake’s fresh cold water [38]. These processes reflect changes in the paleo-

ecological environment and respond to those changes. At the same time, Fe and Mn 

variations in sediments could be used as indicators of the past redox conditions in the 

soils within the catchment area or in the sediments themselves [39,40]. 

Climatic conditions are known to be responsible for the chemical composition of 

dissolved substances and play a major role in determining the intensity of weathering 

processes in watersheds [41]. It is also accepted that geochemical weathering processes 

in lake catchments are related to moisture and thermal regimes [37]. In the case of Lake 

Kaskadnoe-1, which is a semi-closed-basin lake that is fed by precipitation and ground-

water, the materials, derived from various sources in the watershed due to weathering, 

are directly delivered to the lake. Therefore, characteristics of chemical elements in lake 

sediments can serve as indicators of the weathering history in the lake catchment. The 

measured and calculated major oxides were used to calculate the CIA index, which re-

flects the intensity of silicate weathering. Accordingly, CIA attains values of about 50 in 

non-weathered rocks, and attains values close to 100 in weathered varieties. A CIA in-

dex of less than 70 is an indicator of an incipient chemical weathering stage. A CIA index 

of >80 indicates high chemical weathering [42]. The analysis of the CIA relationships with 

indicators characterizing grain size (Al/Si) made it possible to determine the suitability of 

Figure 5. Summary of the principal component analysis of element ratios and distribution of selected
indices along the studied core; 1—the group of ratios and indices related to silicate weathering and
the supply of clastic material; 2—the group of ratios and indices associated with the supply of clastic
material and weathering, leaching, and soil development; 3—the group related to the variations in the
sediment grain size. Red circles —LGZ -1, green triangles—LGZ -3, and violet diamonds—LGZ -3.

5. Discussion
5.1. Potential Climatic Implication of Major Elements and Some Trace Elements

Following [36,37], bottom sediments retrieved from glacial Lake Kaskadnoe-1 are
regarded as the sedimentary archive from the watershed. The point is that the continental
climate of East Siberia causes minor chemical weathering during warm periods and strong
physical weathering during cold periods. Thus, the elemental composition of the cores
primarily depended on physical weathering, during which the elements were mainly
supplied into the proglacial lakes as clastic material [7]. This is particularly true for the
sediments of lakes located near glaciers [7]. The geochemical composition of sediments is
primarily influenced by erosion and biotic processes in the watershed, as well as by the
sediment grain size, and only slightly depends on sediment chemical alteration in the lake’s
fresh cold water [38]. These processes reflect changes in the paleoecological environment
and respond to those changes. At the same time, Fe and Mn variations in sediments could
be used as indicators of the past redox conditions in the soils within the catchment area or
in the sediments themselves [39,40].
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Climatic conditions are known to be responsible for the chemical composition of
dissolved substances and play a major role in determining the intensity of weathering
processes in watersheds [41]. It is also accepted that geochemical weathering processes
in lake catchments are related to moisture and thermal regimes [37]. In the case of Lake
Kaskadnoe-1, which is a semi-closed-basin lake that is fed by precipitation and groundwater,
the materials, derived from various sources in the watershed due to weathering, are directly
delivered to the lake. Therefore, characteristics of chemical elements in lake sediments can
serve as indicators of the weathering history in the lake catchment. The measured and
calculated major oxides were used to calculate the CIA index, which reflects the intensity
of silicate weathering. Accordingly, CIA attains values of about 50 in non-weathered
rocks, and attains values close to 100 in weathered varieties. A CIA index of less than
70 is an indicator of an incipient chemical weathering stage. A CIA index of >80 indicates
high chemical weathering [42]. The analysis of the CIA relationships with indicators
characterizing grain size (Al/Si) made it possible to determine the suitability of the CIA
indicator as a proxy for the intensity of chemical weathering and climatic variations in the
lake sediments [43].

Higher Ti/Al values can reflect the transportation of more terrigenous materials to
the lake due to water runoff to the lake and can serve as an indicator of precipitation
increase [44]. However, this ratio can be also indicative of the eolian input [45] as well as
grain size changes [46]. The Mg/Al and K/Al ratios are used to reflect changes in fluvial
transport to the lake [46,47].

Further, we use the above information on the paleoecological significance of geochem-
ical indices and elemental ratios from the Lake Kaskadnoe-1 sediments to reconstruct the
natural environment in the lake’s basin.

5.2. Variations in Catchment CIA and Climate in the Past 13,200 cal Years

According to the age model, between 13,200 and 12,800 cal yr BP, dense silty clay
accumulated in Lake Kaskadnoe-1. Higher sand content, Mg/Al, K/Al, Si/Al values and
the lowest amount of SiO2bio are indicative of siliciclastic matter input from the watershed
with the meltwater of local glaciers. Elevated CIA and Sr/Al values may imply still-weak
chemical weathering processes and/or intensive silicate weathering in the Lake Kaskadnoe-
1 basin. At this time, the glacier was likely located around or very close to the lake, thus
suggesting the maximum influx in the mineral matter produced by glacier erosion into
the lake. Probably, when the glacier was close to the lake and was actively melting, there
was an intensive formation of new material due to the physical weathering of the glacier
bed. We assume that higher sand content and higher Mg/Al, K/Al, and Si/Al values
describe the inflow of fine-grained material formed as a result of glacier erosion into the
lake. Similar changes in the “mobile” state of the glacier were also observed in other
mountainous regions of East Siberia [7]. The large amount of suspended minerogenic
particles probably had a negative effect on the algal taxa, which found expression in very
low values of biogenic silica. The mean sedimentation rate was high at this time (Figure 4),
coinciding with the maximum mineral influx.

The clay layer formation coincided with a fast rate of glacier degradation possibly
due to warming during the Bølling-Allerod interstadial. An intensive glacier melting on
the Oka Plateau during the warming of the Bølling-Allerod interstadial correlates well
with the retreat of the Grigoriev Glacier in the Tien Shan Mountains due to a wetter and
warmer climate [48], glacier degradation in the Russian Altai mountains [49], and the air
temperature increase in Greenland by 14,000 cal yr BP by almost 6 ◦C [50]. Moreover, the
clay layer formation (fluvioglacial deposits) was produced almost simultaneously with
the formation of fluvioglacial deposits of the Tompuda end moraine (located on the east
shoreline of Lake Baikal) until 12,000 cal yr BP [7]. The warming of the Bølling-Allerod
interstadial seems to be the cause of regional deglaciation both around Lake Baikal and
in the Oka Plateau. For instance, cosmogenic 10Be ages of erratic boulders in the southern
coastal area of Lake Baikal are concentrated in the period 15,000–13,000 cal yr BP [51].
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As demonstrated by the pollen indices, abundances of pollen, indicative of tundra
shrubs, such as Betula nana (Figure 6), were at the high values around Lake Kaskadnoe-
1, similarly to the present case. High pollen accumulation rates (PARs) (Figure 6) and
the abundance of spruce Picea and Larix pollen suggest their distribution in the Lake
Kaskadnoe-1 basin shortly after deglaciation, which coincided with their expansions in the
adjacent areas of the Altai Mountains, Lake Baikal [48,52].
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Figure 6. Comparison of palaeoenvironmental indicators from Lake Kaskadnoe-1 and the δ18O
records from Greenland, as an indicator of the northern hemisphere (NH) air temperature [53], and
from Chinese stalagmites [54], as an indicator of the Pacific moisture-bearing monsoon intensity, and
the NH June insolation at 55◦N [55], plotted on their respective time scales. The black horizontal lines
delineate the identified local geochemical zones (LGZ 1–3) shown in Figures 3 and 4. The uppermost
dotted horizontal line highlights the appearance of larch trees near the Lake Kaskadnoe basin due to
changes in the Late Holocene environment. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

A higher abundance of dry land herb pollen at that time (Figure 6) implies the occur-
rence of relatively warm summers, leading to the heating of the south-facing slopes, which
favored the development of steppe vegetation. The sum of the pollen indices indicates a
fairly dense vegetation cover and developed soils, which may have prevented the inflow of
coarse mineral matter into the lake from the slopes.

Later, ca 12,800–12,000 cal yr BP, the biogenic-terrigenous silt started to accumulate.
The share of organic matter increased. Decreases in dry bulk density values, sand content,
and the K/Al ratio (Figures 3 and 4) are indicative of a weaker influx of large terrigenous
matter with the glacial meltwater. At that time, the glacier was likely already in retreat.
On the other hand, an increase in so-called terrigenous elements (Si/Al, Mg/Al, Fe/Al,
Ti/Al, and Na/Al) and lower CIA values may suggest the more intensive input of fine
terrigenous matter to the lake as the glacier flour. We also suggest that the increasing trend
of the Ca/Al values could be a consequence of the input of the pelitomorphic carbonate of
the glacial flour from the moraine sediments of the lake catchment.

The local glaciers likely decreased in area again, and a finer mineral fraction entered
the lake as a result of moraine sediment erosion. Higher Ti/Al values could indicate both
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high soil moisture in the lake basin and the intensification of aeolian transport under
windy conditions. However, the pollen indices indicate thick snow cover and plentiful
soil moisture (Figure 6), which provided a favorable environment for Picea, Larix, and
the maximum presence of Abies ca. 12,000 cal yr BP. The high soil moisture supports the
conclusion that titanium arrived within the clastic fraction mostly from the basin slopes
rather than via aeolian transport.

The increase in LOI could have resulted from both the influx of plant organic matter
into the lake and/or a reducing environment in the internal conditions of the lake. Lower
Mn/Fe ratios also suggest a reducing environment. Since the 12,800–12,000 cal yr BP inter-
val corresponds to the first half of the Younger Dryas cooling [56], a reducing environment
in Lake Kaskadnoe-1 could have been likely be due to the longer ice-covered period.

The next time interval, 12,000–7500 cal yr BP, is associated with a decreasing trend of
mineral matter with fluvial transport to Lake Kaskadnoe-1 (Ti/Al, K/Al, Mg/Al, Fe/Al)
and weak chemical weathering in the lake basin (low CIA index). An increase in the
Mn/Fe ratio suggests that the increased mixing of the water column was likely due to a
longer period of open water in a warmer than previous climate. Minor changes in Ca/Al
and Sr/Al ratios reflect the continued input of fine pelitomorphic carbonate as a result of
moraine sediment erosion. The authors believe that this process was facilitated not only
by the meltwater of glaciers and snowfields but also by a higher amount of precipitation,
which is suggested by the pollen indices (Figure 6). A decrease in the amount of Picea
along with an increase in that of Abies and mesophytic shrub alder Alnaster fruticosa pollen
indicate mild winters, cool summers, high soil humidity, a thick snow cover, and the lack of
late-spring/summer frosts [57]. The dense vegetation cover (highest PARs) likely prevented
the influx of coarse-grained material into the lake and contributed to the input of nutrients,
thus leading to an increase in the productivity of the lake system (higher SiO2bio).

A continuous increase in the pollen percentages of pines (Figure 6, Pinus curve),
reflects the progressive expansion of pine forests and the strengthening position of the taiga
biome in East Sayan and is in line with many other pollen records from across Eurasia [58].
Between 12,000 and 7500 cal yr BP, higher-than-present summer insolation in the middle
latitudes of the Northern Hemisphere (Figure 6) promoted a stronger-than-present summer
monsoon (Figure 6) and intensified south-easterly moisture transport to South Siberia.
Warm summers contributed to the full degradation of the glacier in the Lake Kaskadnoe-1
basin since there is a high correlation between glacier mass changes and regional summer
temperatures for the glaciers of East Siberia [59].

Over the time interval between 7500 and 5500 cal yr BP, further decreases in Sr/Al,
K/A, Mg/Al, Na/Al, and Fe/Al values (Figure 5) suggest a minimum fluvial input. Ti/Al
values may point to the increased eolian contribution in the lacustrine sediments during a
more arid climate within the Lake Kaskadnoe-1 basin. These conclusions can be supported
by the pollen indices and lower LOI values. Noticeable decreases in the amount of Abies,
Picea, Alnaster pollen and low PSRs values imply lower soil moisture and/or annual
precipitation, and they imply the disappearance of arboreal vegetation from the basin of
Lake Kaskadnoe-1.

The decrease in humidity was likely the major reason of the lower input of mineral
matter into the bottom sediments, resulting in low MSRs. The maximum distribution of
Pinus (Figure 6) supports the conclusion that the changes in geochemical indices were
due to a dramatically reduced meltwater inflow and/or a lower amount of atmospheric
precipitation. This conclusion is consistent with the maximum distribution of both pines
in the Altai-Sayan Region and with the highest reconstructed temperature index for sites
located above the upper forest limit from 9000 to 6000 cal yr BP [60,61]. A warmer-
than-earlier climate resulted in the stronger weathering of surrounding rocks and aquatic
productivity, as seen in the increased CIA and SiO2bio values (Figure 6).

The geochemical and pollen indicators show that the Late Pleistocene glaciers car-
dinally shrunk or fully disappeared from the Lake Kaskadnoe-1 basin by 7500 cal yr BP,
which is in line with their disappearance in other locations in the south of East Siberia [7].
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The increase in Ti/Al and K/Al values over the last 5500 years suggests an increase in
the terrigenous input into the lake. The decreasing Mg/Al, Ca/Al, and Sr/Al ratios imply
the very weak erosion of moraine sediments in the basin of the lake due to a noticeable
reduction in the water flows that drained the slopes. The low LOI values can be possibly
explained by the less dense vegetation cover in the basin. The increase in Mn/Fe and Ti/Al
ratios implies the more intensive mixing of the water column due to increased wind activity
and/or the shorter periods of ice cover.

The pollen indices indicate that scarce arboreal vegetation (larch) existed close to the
Lake Kaskadnoe-1 basin (Figure 6), suggesting a colder and more humid climate in the
Lake Kaskadnoe-1 watershed based on the ecological and climatic preferences of larch [62].
The general climate cooling in the Altai-Sayan region later than 5500 cal yr BP led to
the glacial advances in the Russian Altai ca 5000 cal yr BP (the most extensive Holocene
advance) [63] and to the permafrost aggradation and reconstructed changes in the local
and regional vegetation [64]. However, the higher CIA values indicate the occurrence of
slightly intensified chemical weathering in the lake basin, thus suggesting that heat and
moisture are sufficient to maintain the present equivalent weathering intensity.

6. Conclusions

The first inorganic geochemistry record of Lake Kaskadnoe-1 sediments indicates down-
core variations in elemental composition over the past 13,200 cal years. In sum, with the
pollen, biogenic silica, LOI records, and the lithological description of the lake sediments,
the inorganic geochemistry shows that the Lake Kaskadnoe-1 sediments resulted from a
combination of fluvioglacial and climate interactions throughout the Late Glacial–Holocene.
The fine clay sediments formed in 13,200–12,800 cal yr BP shows that Lake Kaskadnoe-1
already existed at the core location. At that time, the glacier was likely located around or very
close to the lake, thus suggesting a maximum influx of the mineral matter produced by glacier
erosion into the lake. The formation of Lake Kaskadnoe-1 at 13,200 cal yr BP may indicate
that the Bølling-Allerød warming was most likely a trigger for deglaciation and the formation
of glacial lakes in East Siberia.

The onset of biogenic-terrigenous silt accumulation at 12,800–12,000 cal yr BP indi-
cates the glacier retreat from the lake basin. However, minerogenic matter sedimentation
still dominated.

The higher aquatic productivity and presence of the most productive terrestrial land-
scapes, reconstructed for the period 12,000–7500 cal yr BP, were probably related to the
wettest climate conditions throughout the whole period of sediment accumulation in Lake
Kaskadnoe-1. Geochemical indices reflect the input of chemically weakly altered, relatively
coarse-grained sediments brought from the basin slopes by the water flows.

Since 7500 cal yr BP, an increase in the rate of chemical weathering has been seen.
There was a maximum increase in aquatic productivity, suggesting there has been the
highest nutrient input into the lake over the last 13,500 years.

As the volcanic rocks are lacking in the basin and catchment area of Lake Kaskadnoe-1,
the authors could not find a clear association between the geochemical composition of
bottom sediments from Lake Kaskadnoe-1 and volcanic activity.
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