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Abstract: Lake sediments accumulate various pollutants and act as efficient natural archives suitable
for reconstruction the environmental conditions of the past. In contrast to fairly good knowledge of
mineral sediments in lakes of European and North America boreal lakes, Siberian lakes of the boreal
zone remain quite poorly studied. In this work, two cores of lake sediments of the Ob River valley
were investigated. Elemental analyses were carried out on the sediments, losses on ignition were
determined, and the rate of sedimentation was measured from the activity of Pb-210 and Cs-137.
According to the content of organic matter, bottom sediments belong to different types: clastic (Lake
Inkino, located in the Ob River floodplain) and organogenic (Lake Shchuchie on the second terrace).
The rate of sedimentation in Lake Shchuchie is several times higher than that in Lake Inkino. The
sediments of Lake Inkino are similar in composition (including the pattern of rare earth elements) to
the suspended particulate matter of the Ob River as well as to average detrital matter of the upper
continental crust. Sediments of Lake Shchuchie (sapropels) are enriched in a number of heavy metals.
Based on the elemental composition, signs of diagenetic processes and authigenic mineral formation
were determined, such as accumulation of carbonates and the formation of manganese oxides and
hydroxides. There is an enhanced recent input of Cr, Co, Cu, Zn, Cd, Sb, Pb, and Bi in the upper
layers of sediments as a result of atmospheric anthropogenic pollutant deposition.

Keywords: lake bottom sediments; western Siberia; Ob River valley; floodplain; sapropel; rate of
sedimentation; elemental composition; REE; pollution

1. Introduction

Lake sediments tend to accumulate various pollutants; therefore, they are efficient natural
archives and can be used to reconstruct the environmental conditions of the past [1-9]. A
unique feature of lake sediments is that their rate of accumulation is tens to hundreds of
times higher than that in adjacent seas, and thus, the resolution of stratigraphic methods is
much higher in lakes than in the seas [2,10].

Undisturbed bottom sediments contain records of past environments and allow for the
establishment of background levels of input of some pollutants [2-5,11]. Lake sediments
composition reflects the conditions and processes that occurred in lake and its watershed
throughout the history of sediment formation. Particles originating in watershed are
deposited in lakes. Therefore, lake sediments can be used to display spatial variation
of trace elements in different regions, and thus, lake sediments may serve as a medium
in evaluating the background concentration of metals [1,12]. Early diagenesis processes
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occurring in lake sediments are responsible for post-deposition mineralization of organic
matter and therefore play an important role in sediment matter transformation and controls
the post-depositional redistribution of trace elements [13].

Atmospheric transport is an important pathway for the entry of dispersed sedimentary
matter and trace element contamination into oceans, seas, and lakes [14-16]. Lacustrine
sediments of some industrialized regions are well-studied in relation to the accumulation
of heavy metals (Cu, Ni, Zn, Pb, etc.) [2,3,17,18]. Sediments of lakes remote from local
sources of anthropogenic pollution accumulate information on the influx of pollutants from
the atmosphere, essentially from global sources, via long-range atmospheric transfer. This
makes it possible to trace changes in atmospheric pollution and compare the current level
with the pre-industrial period [1,19-23].

There are several works of the accumulation of heavy metals by lake sediments
performed in the south and north of western Siberia [11,23-27]. However, the lakes in the
southern taiga zone of western Siberia have been studied to a lesser extent. There are small
lakes in the Ob River middle course flooded during spring period, located within large
rivers floodplains, and upland lakes situated at the upper terraces of the river that are not
flooded during the spring period [28]. Upland lakes serve as a major source of dissolved
organic carbon, metals, and other solutes to the rivers and small streams and are subjected
to strong influence of mires [28].

The present study is aimed at filling the gap in knowledge of lake sediments of
the western Siberian boreal zone, and it focuses on resolving spatial variation of trace
element concentration in sediments and quantifying rate of sediment accumulation of two
contrasting lakes of the region—a floodplain lake and a terrace lake, both located within
the middle course of the Ob River in the boreal taiga zone.

2. Materials and Methods
2.1. Sampling Sites Description

Lake Inkino (Ink) is located in the floodplain (2.3 km from the main stem) of the middle
course of Ob River on its left bank (Figure 1). The area of the lake is 77,100 m?, and the
average depth is 3.5 m. The bottom of the lake is muddy with a great deal of decomposed
organic matter. Vegetation along the coast is forb-canary grass-sedge meadows. Lake
Shchuchie (Sch) is located on the 2nd upper terrace of the Ob River (right bank), 4.9 km
from the main stem. The area of the lake is 160,600 m?, and the average depth is 7.8 m.
The bottom is also muddy, but unlike the floodplain lake, Lake Shchuchie’s sediments are
dominated by well-decomposed peat. Vegetation along the lake shore is represented by
birch-pine and pine-birch forest. The lake is surrounded by a transitional bogs (sphagnum-
forb, woody shrub-sphagnum-grass, and pine sphagnum-sedge bog). The distance between
two sampling sites in approximately 23 km.

2.2. Sample Collection and Description

Sampling was performed in Lakes Inkino and Shchuchie during the summer baseflow
period in August 2020 using an inflatable boat. One sediment core was collected from each
lake using a Large Bore Interface Corer (Aquatic Research Instruments®, Hope, ID, USA)
equipped with a polycarbonate core tube (60 cm length, 10 cm inner diameter). The corer
was manually inserted into non-perturbed sediment.

The core Ink, 36 cm long, is represented by a clayey-muddy sediment dark gray in
color that is also homogeneous and slightly lightened in the upper part. Weak layering
is identified. Small soft nodules of a light brown color, up to 1 mm in diameter, are
rarely scattered in the lower part of the core. In the upper part of the core, there are semi-
decomposed small pieces of herbaceous plants. At all depths, there is a smell of hydrogen
sulfide. The sampled core was subdivided into 1 cm layers down to a depth of 14 cm and
into 2 cm layers deeper.
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Figure 1. Map of sampling sites.

The core Sch, 24 cm long, is represented by dark brown muddy sediment that is homo-
geneous and darker to black in the lower part. Interlayering with layers of a darker color
occurs in core. In the upper part, sediments are enriched with the remains of decomposed
organic matter. There are inclusions of well-decomposed and semi-decomposed peat at all
depths. Soft black concretions up to 2 mm in diameter are found in the lower part of the
core. At all depths, there is a smell of hydrogen sulfide. The sampled core was subdivided
into 1 cm layers down to a depth of 10 cm and into 2 cm layers deeper.

In the laboratory, the samples were dried in a freeze dryer Martin Christ Alpha 24
LDplus and ground to powder in planetary mill Fritsch Pulverisette.

2.3. Elemental Analysis and Determination of Loss on Ignition

Samples were digested with a mixture of concentrated acids (HC1O4, HF, HNO3, HCI,
H3BO3) in open Teflon reactors. Aliquots of 14°Nd, ®'Dy, and 74Yb were used to control
the chemical output during the sample digestion procedure. An internal standard (In) was
used to monitor instrument drift. The quality of the analytical procedure was controlled
by processing a blank sample and the reference materials ST-2a CRM Ne 8671-2005 (trap
powder) and BHVO-2 (basalt powder). The elemental composition of sediments was de-
termined using atomic emission spectroscopy (ICP-AES) and inductively coupled plasma
mass spectrometry (ICP-MS). For atomic emission determination, an iCAP-6500 spectrome-
ter from Thermo Scientific (USA) was used. For ICP MS, an X-7 mass spectrometer from
Thermo Elemental (USA) was used. These methods determined the concentrations of the
following elements: Na, Mg, Al, P, S, K, Ca, Ti, Mn, Fe (ICP-OES) Li, Be, B, Sc, V, Cr, Mn,
Co, Ni, Cu, Zn, Ga, As, Se, Rb, Sr, Y, Zr, Mo, Nb, Ag, Cd, In, Sn, Sb, Te, Cs, Ba, REE, Hf, Ta,
W, T1, Pb, Bi, Th, and U (ICP-MS). The detection limit (DL) of the elements was defined as

DL=Ci+3s

where Ci is the average content of element i when measuring procedure blank samples; s is
the standard deviation for element i when measuring procedure blank samples. DLs varies
depending on the method and element. ICP-OES DLs varies from 0.00001 (Mn) to 0.013
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(Ca) m/m%, and ICP-MS DLs were 0.03 (for T1) to 0.9 pg/g (for Cu and Zn). Accuracy of
the measurements varies depending on the element. In general, measured concentrations
of CRM are within 9% of their expected values. Precision of the measurements for all
elements determined by the ICP-OES method did not exceed 20% when measuring the
content of these elements up to 5 DL and 10% when measuring the content of more than
5 DL. Precision of the measurements for all elements measured by ICP-MS did not exceed
30% when the content of these elements was measured up to 5*DL and did not exceed
15% when the content was measured >5 DL. Further details of the analytical procedure are
provided in ref. [29].

Loss on ignition (LOI) at 550 °C was determined in sub-samples for estimating organic
content in sediments according to [30]. Note that at this temperature, no decomposition
of carbonates occurs. Therefore, the LOI value can be considered as a fast, inexpensive
method of approximating for determining organic matter contents in sediments with
precision and accuracy comparable to other more sophisticated geochemical methods that
are widely used in paleolimnology [30-32]. However, it should be noted that the value of
LOI also includes chemically bound water. We did not use a dehydration step at 150 °C
(see, e.g., [33,34]) to account for hydrated minerals (e.g., gypsum) because such minerals
are either unlikely to form in acidic and organic-rich lake waters (Shchuchie) or have not
been identified in the Ob River suspended matter [35], which dominates the sediment
formation in Inkino.

2.4. Radioactivity Measurements

Between 1 and 8 g of freeze-dried sediments were placed in a container of cylindrical
geometry, and the gamma-ray spectrum was measured on an HPGe GEM-C5060P4-B
detector (Ortec, Ametek Inc., Berwyn, PA, USA) for ~90,000 s. The radioactivity of 210pp
was determined using the 46.5 keV gamma line 137Cs from the 661.6 keV line. For efficiency
calibration, standard materials IAEA 447 (moss-soil) and TAEA 448 (soil from oil field) were
used. The spectra were processed using the SpectraLine software, (LRSM, Russia, version
1.4.2792). Radium-226 activity, determined via the 24Bi 609 keV gamma line, was below
the detection limit in all samples (<30 Bq/kg). Therefore, all 2!°Pb signals were considered
as nonequilibrium.

Quantification of sedimentation rates was carried out according to the model of con-
stant initial concentration [36-38], in which it is assumed that both the rate of sedimentation
and the constant specific activity of the deposited material are constant. For age-dating
by 219Pb, we used the upper part of the vertical profile, in which the change in 21°Pb
activity was the most pronounced. The vertical profile of technogenic '3’Cs was used as an
additional confirmation of the dating, assuming that its supply began around 1952.

2.5. Mathematical Processing Radioactivity Measurements

When interpreting the data, the REE concentrations were normalized to the compo-
sition of the North American shale (NASC) [39]. To characterize the REE distribution
spectrum, the values of the cerium (Cean) and europium (Euan) anomalies as well as the
ratio of light REE to heavy REE (LREE/HREE) were calculated according to [40]

Cean = (2Cep)/(Lay + Pry);
Euan = (2Eup)/(Smp + Gdy);

(LREE/HREE)nasc = (Lan + 2Prn + Ndp)/(Efn + Tmp + Ybp + Lup),

where X, is normalized to NASC composition values.
The REE pattern was also described with the ratios (La/Yb), and (La/Sm), normalized
to NASC.
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To assess the sources of matter input, the enrichment factors (EF) were calculated
relative to the average composition of the upper continental crust (UCC) [41]:

EF = (TE/Alsample)/(TE/AIUCC)/

where TE/ Al is the ratio of the element to aluminum in the sample and in UCC, respectively.
Low EF values (less than 3) suggest predominantly detrital sources of the element.

Statistical data processing included the calculation of correlation coefficients and,
based on the correlation matrix, a hierarchical analysis with clustering of variables using
the Statistica 7 program. Clustering of variables was carried out using the Ward’s method,
and Pearson’s correlation coefficient was used as a linkage distant.

3. Results
3.1. Lake Inkino of the Floodplain

The LOI values decrease gradually down the core from 19.9 to 3.2% (Table 1). The
content of Al,Oj3 varies from 13.0 to 16.0%, its distribution over the column is uneven, and
there is a gradual decrease in Al towards the lower parts of the column (Figure 2). A similar
vertical distribution is typical for Mg, K, Fe, as well as for a number of trace elements (Li,
Be, Sc, V, Ni, Rb, Cs, etc.). The distribution of Ca and Sr shows higher contents in the lower
part of the core (at horizons deeper than 18 cm). Distribution of many trace elements as
well as LOI shows a distinct boundary of 18 cm, below which the contents of elements
(except for Ca and Sr) decrease. Manganese has a maximum content at 26-28 cm horizon,
while its content decreases in deeper horizons. Vertical distribution of Cd, P, Pb, Bi, and Zn
shows high contents of elements in the top 2 cm of the core and a gradual decrease towards
the bottom of the core (Figure 3). Despite the revealed distribution trends, the elemental
composition of Lake Inkino sediments is very uniform. The value of the relative standard
deviation (RSD), which characterizes the scatter in the abundances of elements, varies from
3 to 41%. At the same time, for many elements, the RSD values do not exceed 15%, and the
largest scatter was obtained for chalcophile elements: Cu (18%), As (21%), Mo (41%), Cd
(37%), and Bi (17%).

Table 1. Major and trace elements concentration in lake sediments, river suspended particulate matter
(SPM)m and upper continental crust (UCC).
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s 2 ~ P> =
S5 S e S B 7
- Lak Lak s £ 3 %3 5
= - axe axe 13 N g 2.2 2 uCC
¢ = Inkino Shchuchie = »n =R =1 =
= & s 50
v -] < 9 T E o =
= £ % £ 5§ 2
o R s N <
Range 0-1cm Range 0-1cm [11,25] [35] [41]
Na 0.82-1.47 0.82 0.02-0.09 0.05 0.4 1.2 0.37 0.37 0.42
Mg 1.26-1.59 1.26 0.07-0.15 0.07 0.5 1.1 0.55 0.44 3.48
Al 6.85-8.48 6.85 0.45-1.64 0.45 2.2 6.9 3.09 2.59 1.92
P 0.06-0.09 0.06 0.03-0.19 0.03 0.70 0.49 0.05
K o 1.65-2 1.65 0.05-0.13 0.05 0.6 2.2 0.70 0.65 2.76
Ca © 0.87-1.37 0.87 0.87-1.26 0.87 1.3 14 1.71 0.89 0.09
Ti 0.38-0.48 0.38 0.01-0.03 0.01 0.78 0.81 0.07
Mn 0.06-0.08 0.06 0.11-0.24 0.11 339 225 1.42 0.80 0.56
Fe 3.7-4.91 3.70 2.86-7.34 2.86 1 3.1 7.56 6.98 3.52
LOI 2.7-19.9 19.9 58.9-90.1 60.7 50%-70% 15%-30%
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Range 0-1cm Range 0-1cm [11,25] [35] [41]
Li 31.2-46.1 43.62 1.27-2.46 1.82 10 26 15.6 11.6 24
Be 226 235 0.33-0.71 0.53 21
Sc 14.3-18.9 169 1-2.31 1.58 14
% 106-142.7 136 7.0-04.2 20.7 32 75 61.4 57.9 97
Cr 76.6-110.1 97 7.4-30.3 214 44 57 47 415 9
Co 15.3-23.2 2.7 5.5-141 47 7 9 327 24.6 17.3
Ni  ug/g  462-644 61 7.69-66 31 23 33 26.9 241 47
Cu 26.8-50.8 51 437-288 83 20 27 16.4 14.6 28
7n 84-149 149 25.7-406 307 110 71 1128  90.1 67
Ga 14.7-20 17.8 0.86-1.51 1.27 8.46 6.65 17.5
As 38-95 7.43 7.2-13.3 9.29 34.8 19.3 48
Rb 79.3-117.2 110 3.97-7.04 5.14 363 28.8 84
Sr 122-174 126 38.8-59.1 499 171 108 180 132 320
Y 224274 241 2.07-7.09 5.39 9.75 9.01 21
Zr 92-115 99 6.04-14.7 9.88 34.8 34.6 193
Nb 9.2-10.7 9.17 0.43-1.06 0.82 15.7 15.1 12
Mo 03-1.6 1.44 1.21-2.52 137 0.49 0.46 1.1
cd 0.1-0.5 0.55 0.08-0.83 0.74 0.43 0.2 0.35 032 0.09
Sb 1.1-15 15 0.15-0.38 0.28 0.85 0.39 0.73 0.72 04
Cs 4.5-7 6.55 0.31-0.44 032 24 1.65 49
Ba 428-500 471 165-257 165 163 231 617 404 628
La 27.7-31.1 277 1.6-5.4 436 6.80 23.20 13.9 126 31
Ce 59.6-66.7 60.3 3.78-13.9 12.1 14.80 45.20 28.9 26.4 63
Pr 6.7-75 6.72 0.43-1.59 1.26 32 2.96 7.1
Nd 26.8-29.7 26.8 1.85-6.64 535 5.40 19.60 124 11.6 27
Sm 5.5-6.4 5.75 0.43-1.51 1.16 1.10 430 253 231 47
Eu 1.2-14 1.23 0.09-0.34 0.26 0.30 0.90 0.59 0.54 1
Gd 49-55 493 0.4-1.38 1.1 1.20 4.40 25 2.8 4
™ M8/8 0.7-0.9 0.75 0.06-0.21 0.17 0.20 0.70 0.34 031 0.7
Dy 41-47 432 0.34-1.22 0.95 1.92 1.78 39
Ho 0.8-0.9 0.83 0.07-0.24 0.19 9.75 033 0.83
Er 2328 2.47 0.22-0.73 0.55 0.36 0.99 23
Tm 0.3-0.4 0.34 0.03-0.1 0.08 1.06 0.14 03
Yb 21-28 248 0.21-0.71 0.57 0.50 2.20 0.15 0.93 1.96
Lu 0.3-0.4 0.35 0.03-0.1 0.07 0.10 0.30 0.97 0.14 031
Hf 2529 248 0.15-0.43 0.29 1.10 5.40 0.14 463 53
Ta 0.7-0.8 0.67 0.03-0.06 0.04 48 1.07
W 14-18 1.72 0.1-0.18 0.18 1.17 1.02 1.9
Tl 03-05 0.45 0.02-0.35 021 0.95 0.17 0.9
Pb 15.8-25.9 25.85 1.12-3.97 397 14 14 02 12.8 17
Bi 0.2-0.4 0.43 0.02-0.05 0.04 12.8 0.16
Th 8.6-10.9 9.79 0.6-2.05 14 3.02 10.5
U 1.82.7 248 0.15-0.31 0.18 3.78 0.72 27
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Figure 2. Vertical distribution of LOI and element oxides (in %m/m) in Ink and Sch sediments.
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Figure 3. Vertical distribution of trace elements (in ppm) in Ink and Sch sediments.

3.2. Lake Shchuchie of the 2nd Terrace

The LOI value varies from 59 to 90%, which corresponds to sapropels (Table 1). The
LOI gradually increases with depth. According to its chemical composition, the core can
be divided into two heterogeneous sections: 07 cm and 7-24 cm. In the upper part, there
is a higher aluminum content and lower LOI values. The vertical distribution of Al, Mg,
K, Ti, Sc, Rb, Cr, Zn, Cs, Cd, Bi, etc., shows distinct division into two intervals—a higher
and more uniform content at the depth 0-7 cm and lower and decreasing with depth in the
interval of 7-24 cm (Figures 2 and 3). The contents of Pb are distributed in a similar way;
however, in the depth 0-3 cm, its content is 1.5-2 times higher than in the underlying layers.
Fe, P, Y, and REEs are characterized by higher uniform contents in the interval of 0-7 cm
and decrease deeper; however, in the interval of 12-18 cm, the contents show a maximum.
Mn, Mo, and Ba show lower contents in the interval of 0-7 cm, and deeper, their contents
increase and have peaks. Sediments of the Lake Shchuchie are more heterogeneous in
composition compared to those of Lake Inkino. The RSD value varies from 9 to 57%. Co,



Minerals 2022, 12, 1497

8of 17

C/ CNASC

0.2

C/CNASC

0.01

La

Cu, Zn, Cd, T, Pb, and P show the greatest variability (the RSD value of these elements is
40% and higher).

3.3. Rare Earth Elements

Distribution of REEs in sediments of Lake Inkino indicates a high homogeneity. The
shale-normalized REE spectrum varies very little, being quite close to that of the shale [39],
but there is a slight enrichment of medium masses and depletion of heavy masses REEs
relative to shale (Figure 4a). Lake Shchuchie’s sediments are depleted in REEs relative
to shale [39] (Figure 4b). The spectrum shows enrichment of medium masses REEs, as
in the Ink sediments. There is a small but detectable positive cerium anomaly in the Sch
sediments (Cean values vary from 0.99 to 1.13).

Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu

Ink

Lake Inkino sediments ——(Ob river SPM

(@)
© Sch
7 _g” —
L —01 —12 —23 34 —45 ——56
—67 ——78 8-9 910 ——10-12 ——12-14
14-16 16-18 18-20 2022 2224
(b)

Figure 4. (a) Range of REE-normalized values in Lake Inkino sediments and in Ob River SPM [42];
(b) REE-normalized values in Shchuchie Lake sediments. The numbers indicate the different depth
horizon, shown by lines of different colors.

3.4. Cluster Analysis

Hierarchical cluster analysis allows to group the elements in accordance with the
similarity of their distribution (Figure 5).
There are three clusters of elements in Lake Inkino sediments:

e Inkl—Na, Ca, Sr, Mn, and P; Ti—the group combines elements showing content
increases in horizon of 18-36 cm. All these elements have negative correlation with Al;
o Ink2—Mg, Al, K, Ba, W, Cr; Fe, Nj, Li, V, Cs, Be, T, Sc, Ba, Rb, Th, Mo, and U; Co, Cu,
Bi, Pb, and As; Sb, Zn, Cd, and Ag;
e Ink3—REEs, Y, and Zr.
Clusters Ink2 and Ink3 are negatively correlated with cluster Ink1.
There are three clusters of elements in Lake Shchuchie sediments, too:
Sch1—Na, Ca, and Sr; REEs, Y, Cs, and U;
Sch2—Mg, Ti, Rb, Zr, Th, Cr, Zn, K, V, Bi, Cu, P, and Fe; Al, Cd, Pb, and Sb; Co, Ni, As,
and Cu;
e  Sch3—Mn, Mo, and Ba.
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Figure 5. Tree diagram for Lakes Inkino (a) and Shchuchie (b) sediments elemental composition.

3.5. Enrichment Factors

Ink sediments are similar in composition to the average composition of the upper
continental crust (UCC) [41], and enrichment is not detected for most elements. The
variance of EF values in the sediments core is quite low, which suggests a homogeneity
of the sediments composition and its coherence to the detrital matter. Only two elements
show EF values exceeding 3: Cd and Sb, indicating the additional source of their input
(Figure 6). Vertical variability of EF values was revealed for Mo, Co, Pb, Cu, Zn, Bi, and
Cd. These elements show decreasing enrichment with depth. Sch sediments are enriched
with many elements compared to UCC. EF values greater than 3 were calculated for Ba,
Cu, Ca, Sb, Ni, Fe, P, Mo, As, Mn, Zn, Co, and Cd (Figure 6). There is an increase in EF with
depth for many elements with high EF values. The EF for Mn sharply increases at a depth
of 7 cm; the EF for Mo and Ba increase simultaneously with Mn EF.

100
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Figure 6. Enrichment factors of elements in upper horizons of Ink and Sch sediments.

3.6. Radioactivity of Lake Sediments

The estimate of the sedimentation rate in Inkino is 0.75 mm/year, which coincides
with both the upper layers for 2!°Pb and for '¥Cs. Thus, the upper 11 cm of core Ink
has accumulated over the past 150 years. It appears to be impossible to estimate the
sedimentation rate in Sch sediments by 2!°Pb due to low activity and failed measurement
statistics. The estimate for 1*Cs is about 2.3 mm per year. Based on this estimate, the upper
24 cm core has accumulated over the past 100 years.

4. Discussion

Sediments of the two lakes are sizably different in the organic matter content: Ink
sediments refer to the clastic type of sediments, while Sch sediments refer to sapropels [43]. It
was previously reported that sapropels are widespread in the south of western Siberia [11,25].
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As a result, the contents of most trace elements are controlled by organic matter, which either
promotes additional accumulation of heavy metals or leads to a dilution of the detrital matter
in the sediments [44,45].

4.1. Lake Inkino

Vertical distribution of LOI values in Ink sediments indicates the accumulation of
organic matter and chemically bound water in minerals in the upper parts of the core.
The upper layer of Ink sediments shows higher concentrations of a number of elements
(P, Cu, Zn, Cd). Some of these elements are biogenic and participate in the processes of
photosynthesis, nitrogen metabolism, etc. [44]. An increase in the concentrations of these
elements in the upper parts of the sediment is considered to be associated with their input
together with organic matter, whereas a decrease in their concentration in the lower parts
of the core can be linked to processes of organic matter decomposition, which liberates
these elements to the porewater [13,46].

A comparison of the composition of Ink sediments with that of suspended particulate
matter (SPM) of the Ob River shows the similarity of their elemental composition (Figure 7).
The difference between the contents of such elements as Al, Ti, V, Cr, Co, Ni, and Ba in
the Ob SPM and in the upper sediment layer of the lake does not exceed 13%. However,
the Ob River SPM shows significantly higher content of Fe, Mn, as well as Cu, Zn, As, Pb,
and Ca compared to the lake sediments. This enrichment of the Ob SPM was reported by
different authors both for the average river SPM composition [42] and for the Ob SPM near
the mouth of its tributary, the Irtysh River [47]. The content of Mn is three times higher in
the Ob River SPM compared to the Lake Inkino sediments. Compared to the world river
SPM average, the WSL rivers exhibited lower concentrations of all elements except Mn and
P, which relates to high content of organic detritus in river SPM. This reflects presence of
peat particles and vegetation debris as important components of RSM. Further, WSL rivers
contain sizable amounts of Mn?* oxidation products, which are supplied from surrounding
lakes and bogs, leading to an enrichment in Mn [35]. According to ref. [48], SPM of the
rivers of the Asian part of Russia is also enriched in Mn, Fe, Cr, Ni, Cu, and Zn as well as
in Ca and Sr. In terms of aluminum content, Ink sediments and river SPM are close to the
UCC average composition [41]; the contents of Ni, Rb, Ba, and U are also similar.

20
| H Ink, 0-1 cm
J M Sch, 0-1 cm
i m Ob SPM
o | B Permafrost-free zone WSL river SPM
9
g 10 i
9] ,
0 -
Mg Al P K Ca Ti Mn Fe V Cr Co Ni Cu Zn As Cd Sb Pb

Figure 7. UCC-normalized element concentrations in lake sediments and SPM of Ob river [49] and of
the permafrost-free zone rivers of WSL [35].

The REE composition and pattern of the Ink sediments are similar to those of the Ob
SPM [49] in terms of total REEs, Cean and Euan values, and ratio of light and heavy REEs
(Figure 4a, Table 2). Thus, the main source of the sedimentary material in the Lake Inkino
is the Ob River SPM, which is consistent with the location of this lake in the floodplain
of the river. The lower contents of Fe and Mn compared to the Ob SPM may be due to
the reduction and mobilization of these elements during sedimentation in the presence of
organic matter [50].
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Table 2. REEs distribution features in the upper layer of Sch and Ink sediments and in other objects
of western Siberian lowland (WSL).

Object Y REE Cean Euan (La/Yb)n (La/Sm), (LREE/HREE)NASC References
Ink, 0-1 cm 145.0 0.96 1.02 1.09 0.86 1.15 This stud
Sch, 0-1 cm 28.2 1.12 1.02 0.73 0.67 0.93 y
Different lake BS types in western Siberian lakes
Organogenic 315 1.14 1.32 1.10 [11]
sediments
Clastic sediments 106.3 0.91 1.02 0.96 [11]
River SPM of WSL
Ob River 148.6 1.00 1.06 1.16 0.98 1.15 [49]
Small rivers of the 69.0 0.94 1.03 1.39 0.98 1.32 [35]
permafrost-free zone
Average WSL 63.3 0.94 1.03 1.31 0.97 1.27 [35]

Based on Ca and Al vertical distribution, which shows an increase in the content of Ca
with a simultaneous decrease in the content of Al in layers deeper than 18 cm (Figure 2), it
can be assumed that carbonate minerals occur in the interval of 18-36 cm, which is possibly
associated with authigenic Ca, Mg, or Fe carbonate formation. At the same time, in contrast
to carbonate-type sediments described in ref. [11], there is no significant enrichment in
calcium, magnesium, and strontium—elements associated with authigenic carbonates—in
the entire core. The accumulation of authigenic carbonates is widespread in lake sediments
in the more southern regions of western Siberia [51-53]. The age of the boundary layer
of 18 cm is estimated at approximately 240 years. In addition to the difference in the
accumulation of Al and Ca, the intervals above and below this depth also differ in the REEs
composition. Above this layer, there is no Ce anomaly (the Ce,, value is 0.96-0.98), and
below, there is a weakly expressed negative Ce anomaly (Cean 0.91-0.93). The Cean values
are negatively correlated with the Mn content (correlation coefficient —0.65), which suggests
that accumulation of REEs is not related to the formation of oxides and hydroxides of Mn.
In addition, in the interval of 18-36 c¢m, there is an enrichment in light REE. (La/Yb), ratio
in the interval of 18-36 cm is 1.21-1.35, whereas in the surface layers, it is 1.05-1.13. There
is a direct correlation between calcium and light REEs (the correlation coefficient between
(La/Yb), and Ca is 0.89). The change in the mobility of light REEs relative to heavy REEs
may be associated with a change in the pH [40,54].

The combination of elements during hierarchical correlation analysis into one cluster,
as a rule, reflects their accumulation of elements in certain carrier minerals or mineral
associations. The Ink2 cluster, which combines a large group of elements, including Al, Mg,
and K, is associated with the aluminosilicate phase of sediment (clay and clastic fraction). In
contrast, the cluster Ink3 (REEs, Y, Zr) could be associated with zircons, which form a heavy
clastic fraction in the sediment. Placer zircon deposits are known in Tomsk region [55]. The
vertical distribution of elements from the Ink3 cluster shows higher contents in the interval
0-18 cm, which indicates an accumulation of heavy clastic fraction in the upper part of the
core, which is possibly associated with a more intense input of clastic material from the
lake catchment as a result of an increase in atmospheric precipitation during this period.

Clusters Ink2 and Ink3 reflect a detrital source of matter, which is opposed to an
authigenic (chemogenic) source—cluster Ink1, which combines elements increasing in the
range of 18-36 cm: Ca, Na, Sr, P, Ti, P, and Mn. Titanium in sediments shows little mobility
in contrast to manganese and phosphorous [56]. It is difficult to assume co-precipitation of
these elements in one mineral phase during low-temperature diagenetic processes. Thus,
the positive correlation between Mn and Ti (correlation coefficient 0.74) may be due to the
coincidence of several factors, such as an increase in sediment grain size (which may lead
to an increase in titanium content [56]) and increased oxidation processes in the watershed
or in sediments, which may lead to Mn accumulation. Calcium exhibits a direct correlation
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with Alin the interval 0-18 cm; thus, Ca is suggested to be predominantly part of clastic
minerals, and carbonate accumulation does not occur in this interval, and a negative
correlation is in the interval 18-36 cm, which confirms the assumption of chemogenic
carbonate accumulation in this interval although not on a large scale given that calcium
concentrations are rather low—1.04%-1.37%. Thus, Ink sediments are clearly subdivided
into two intervals, which is apparently determined by a change in the climatic conditions
during sedimentation: drier and warmer conditions, which are favorable for carbonate
sedimentation and for the 18-36 cm interval, and wetter and cooler, which are favorable for
an increase in the input of heavy clastic fraction—for the upper interval. Further studies
are needed to assess whether this is linked to the change of the river bed position, degree
of lake overgrowth by macrophytes, amount of PSM delivered form the Ob River during
the spring flood, or simply due to the change of human activity in the vicinity of the lake.

4.2. Lake Shchuchie

According to the composition of sediments, the Sch core is clearly divided into two
horizons: the upper 7 cm of the core is characterized by a higher proportion of detrital
matter and an increase in the proportion of organic matter with depth between 7 and 24 cm.
Based on the assessment of sedimentation rates, the 7 cm boundary has an age of about
30 years. The upper 7 cm is very homogeneous in composition, and the uppermost layers
are not distinguished by the concentration of biogenic elements, as it was revealed in Ink
sediments. An increase in the proportion of detrital matter may indicate an increasing
intensity of mineral soil erosion at the watershed.

Sch sediments are depleted in most elements compared to the composition of the
Ob River SPM. The concentrations of Na, Mg, Al, K, Ti, Sc, V, Cu, Ga, Rb, Zr, Y, light
REEs, Nb, Cs, Ta, W, Pb, Bi, and Th in Sch sediments are 5-20 times lower than in the Ob
SPM, which reflects dilution of the detrital matter of sediment with organic matter. Sch
sediments are also depleted in Ca, Mn, Fe, Ni, As, Sr, and Ba compared to the Ob SPM;
their concentrations in river SPM are 1-3 times higher. The concentrations of P, Co, Zn, Mo,
and Cd are 1.5-2.5 times higher in Sch sediments (Figure 7).

Based on the EF values, additional sources other than the detrital ones can be suggested
for the following elements: Co, Ni, Cu, Zn, As, Mo, Cd, Sb, Ba, P, S, Ca, Mn, and Fe. The
relative enrichment of the upper horizon compared to the lower ones was obtained for Ni, P,
Zn, Co, and Cd, which may indicate both the accumulation of biophilic elements (nutrients
such as Zn and P) associated with organic matter and recent increase in the input of these
elements, in particular from anthropogenic sources [1-3,5,8,9,20]. The enrichment in other
elements increases with depth, which may be linked to diagenetic processes (precipitation
of manganese and iron oxides, authigenic mineral formation, etc.) [50]. The EF values for
manganese sharply increase at a depth of 7 cm, and the contents of Mo and Ba increase
synchronously with Mn. The EF values for manganese sharply increase at a depth of
7 cm, and the contents of Mo and Ba increase synchronously with Mn. This is likely to
occur due to the fact that the content of organic matter, which is enriched in Mn, Mo, and
Ba, also sharply increases at this depth [44]. The additional accumulation of manganese
occurs in the range of 12-24 cm. It is interesting to note that simultaneous precipitation
of oxygenized Ce does not occur since the value of Ce,y, is inversely correlated with Mn
(Figure 8). Low Cean values (0.99-1.08) were obtained in the 7-24 cm interval where
manganese accumulates, while in the 0-7 cm interval, the Ceay value is 1.12-1.13. Thus, the
Cean value is a feature of the sedimentary material entering the lake rather than a result of
the coprecipitation of Mn and Ce in oxygenized conditions.
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Figure 8. MnO vs. Ce,p scatter plot.

According to the REE distribution, Sch sediments are characterized by a 5-fold deple-
tion compared to the Ob SPM (Table 3), which may refer to dilution by organic matter [11].
Sch sediments differs from the Ob SPM not only in REE content but also in the presence
of positive Ce,, in the upper 7 cm of the core and depletion of light REE throughout the
depth. According to Strakhovenko et al. (2010) [11], organogenic lake sediments in the
south of western Siberia are characterized by enrichment in light REEs. Light REEs are
more mobile during chemical weathering, and their mobility increases with decreasing
pH [54]. Because Lake Shchuchie shores are waterlogged, perhaps this behavior of REEs is
caused by the acidic environment [28] in the lake due to the influx of humic acids from the
surrounding mires.

Table 3. Contamination factor values in sediments of Lakes Inkino and Shchuchie.

C A% Cr Co Ni Cu Zn
Sch 2.9 2.9 8.5 4.0 1.9 11.9
Ink 1.0 1.2 1.1 1.0 1.2 1.4
C¢ Cd Sb \ Tl Pb Bi
Sch 9.5 1.1 1.8 10.0 3.5 2.2
Ink 2.6 1.2 1.0 0.9 1.2 1.2

Clusters of elements identified during the correlation analysis characterize mineral
associations in sediments of Lake Shchuchie. Detrital and authigenic complexes of elements
are revealed similar to Ink BS. Cluster Schl is associated with accumulation of detrital
minerals (as we can tell from the set of chemical elements [57]): plagioclases (Na, Ca, Sr)
and monazite (REEs + Y, Cs, U)—a weathering-resistant mineral of the heavy fraction. This
is consistent with numerous occurrences of monazite ores reported on the territory of the
Tomsk region [58]. We assume that the elements related to monazite (REEs, U, Cs) are
unevenly distributed over the depth of the core: their concentrations are uniform in the
interval of 0-7 cm, have a pronounced peak at a depth of 14-16 cm, and sharply decrease
at deeper horizons. Most elements exhibit significant positive correlations with Al, which
suggests that these elements are related to the aluminosilicate mineral phase (clusters Ink2
and Sch 2) (Figure 9). The Sch3 cluster is interpreted as being controlled by the authigenic
manganese oxides.
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Figure 9. Correlation coefficients between the content of aluminum and other elements and LOL

4.3. Assessment of Anthropogenic Impact

Since organic matter affects the content of heavy metals, it is reasonable to compare
sapropel and clastic lake sediments separately. Compared to lakes in the south of western
Siberia [25], lake sediments in the middle course of the Ob River are enriched in Co, Ni,
Zn, and Cd; Ink sediments show higher contents of Cr, Cu, and Sb (Figure 10). Note
that there is no sign of local Pb pollution in lake sediments due to the rather pristine
context of the middle course of the Ob River sampled in this work, unlike in the case of
the lake sediments of industrialized regions [12]. Therefore, elevated concentration of
heavy metals can be associated with both the features of the lake’s watershed and global
anthropogenic pollution.

300 |
g
1
g 200 &
J 1 J
100 -
0 - -0
Cr Co Ni Cu Zn Pb Cd Sb
®Ink, 0-1cm W Sch, 0-1 em mUCC
M Lakes of 5. Norway W Sapropels of South of WSL Clastic sediments of South WSL

Figure 10. Heavy metal content in the studied lake sediments, in UCC [41], in the lake sediments of
different types of western Siberia [25] and of south Norway [12].

To describe the contamination by toxic elements of the lake sediments, we defined a
contamination factor (Cf;) accordingly:

Cf, =C%/Cy

where C%!;—the concentration of the element i in upper 0-1 cm layer of sediments, and
C"j—the concentration of the element in preindustrial time [59]. Preindustrial level in the
western Siberia corresponds to the end of XIX century, corresponding to the depth of 24 cm
in Shchuchie sediments and 8 cm in Inkino sediments.

Cf values greater than 1 suggest moderate sediment contamination with Cr, Co, Cu,
Zn, Cd, Sb, Pb, and Bi (Table 3). Sch sediments show higher Cf values, which is caused not
so much by anthropogenic pollution as by bioaccumulation of heavy metals. Cf values in
the Ink sediments corresponds to a moderate level of pollution.
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5. Conclusions

Sediments of the studied lakes are related to two main types—clastic (Lake Inkino),
located in the floodplain of the Ob River, and organogenic (Lake Shchuchie), located at
the river terrace in the vicinity of peat bogs. The difference in the landscape position of
the two lakes determines the patterns of heavy metals accumulation in sediments. The
two lakes are likely to have different composition of accessory minerals of heavy fraction
(rare-metal minerals) despite the proximity of sampling sites. The patterns of the REEs
suggest the similarity of the Lake Inkino sediments to the Ob River suspended particulate
matter. Sediments of the Lake Shchuchie are depleted in REE due to the high content of
organic matter but enriched in Mo, Mn, P, Fe, As, Zn, and Cd. Diagenetic processes proceed
differently in sediments of two studied lakes. The sampled cores allow reconstructing
the history of sedimentation over the past 100 years or more. Sediments of both lakes
are enriched in Cd, Sb, and other trace metals. The enrichment in these metals is mainly
governed by natural processes; however, compared to preindustrial sediments, there is
an enhanced recent input of Cr, Co, Cu, Zn, Cd, Sb, Pb, and Bi in the upper part of the
sediment core.
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