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Abstract

Purpose The main aim of this study was to investigate factors influencing the long-term distribution of '*’Cs activity
concentrations in the bottom sediments of the dam lake, Koronowo Reservoir, 32 years after the Chernobyl nuclear power
plant accident. For this purpose, selected properties of the collected sediment samples, such as grain size, mineralogical
composition, and organic matter (OM) content, were investigated.

Materials and methods The samples of lake sediments were collected with a Kayak-type gravity corer. The spatial and
vertical distributions of '3’Cs and *°K activity concentrations in the bottom sediments were investigated based on gamma
spectrometry measurements. The particle size distribution of surface lake sediments was determined using a laser particle
size analyzer. SEM and XRD were used for the mineralogical analysis of the collected sediment samples. Additionally, the
content of organic matter was examined in all samples using an elemental analyzer.

Results The '*’Cs content was significantly elevated in the case of fine-grained (< 63 um) surface lake sediments (classified
as silts, which are deposited in the profundal zone of Koronowo Lake) and ranged from 12.5+4.1 t0 29.2+4.0 Bq kg ™! It
was found that the increased concentration of '*’Cs activity is more closely related to the content of the silt fraction (263 pm)
than to the clay fraction (<2 um) in the collected surface lake sediments. The content of clay minerals also showed a significant
positive correlation with '¥’Cs activity concentration in the surface lake sediments of Koronowo Lake. A similar relationship
was noticed for the OM content, but it may be suspected that it is the result of radiocesium-bearing particle accumulation
in OM-rich sediments.

Conclusion The most important factor influencing the spatial distribution of '*’Cs activity concentrations in the surface
lake sediments of Koronowo Lake, apart from the bottom morphology and grain size of sediments, is the content of clay
minerals. Moreover, the increased detrital inflow to the lake after the construction of the dam could have probably affected
the vertical distribution of '*’Cs activity concentrations in the bottom sediments, as evidenced by, e.g., the measurements of O
activity concentration.

Keywords Cesium-137 - Potassium-40 - Lake sediments - Chernobyl fallout - Mineralogical composition - Grain-size
distribution

1 Introduction
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2009; Putyrskaya et al. 2020). The deposited '*’Cs has also
been redistributed within and beyond contaminated areas
by surface process such as fluvial transport (e.g., Tanaka
et al. 2015; Ivanov et al. 2021). Diaz-Asencio et al. (2017)
emphasized that intensified erosion of a catchment area
increases the load of particles and thus the influx of pol-
lutants into the fluvial system. Moreover, anthropogenic
changes in river morphology (related to, e.g., dam con-
struction) may affect the storage of sediments contaminated
with ¥7Cs (Kurikami et al. 2014; Diaz-Asencio et al. 2017,
Funaki et al. 2019; Sekudewicz and Gasiorowski 2022). As a
consequence, the reservoirs may trap significant amounts of
radiocesium-bearing particles, which can also pose a serious
environmental risk if this radionuclide is rereleased into the
fluvial system (Ivanov et al. 2021). On the other hand, bot-
tom sediments can provide a valuable source of information
concerning the long-term redistribution of '*’Cs (Konoplev
et al. 2019). On this basis, changes in, e.g., the level of con-
tamination of transported particles by *’Cs or the sediment
load can be reconstructed.

The distribution of '3’Cs in lake sediments is signifi-
cantly related to the characteristics of the lake and its
catchment area, and sediment properties such as particle
size, mineralogical composition and organic matter (OM)
content (He and Walling 1996; Fan et al. 2014; Tanaka et al.
2015; Tachi et al. 2020a, b; Park et al. 2021; etc.). One
of the most important factors that may affect the accumu-
lation and distribution of '*’Cs in freshwater ecosystems
are transport processes and related sorting of sediment
particles (e.g., Tanaka et al. 2015; Huon et al. 2018). It
has been widely observed that the concentration of *’Cs
activity generally increases while the particle size decreases
(He and Walling 1996; Fan et al. 2014; and others). This
increase is because the fine-sized (< 63 um) particle frac-
tion is characterized, e.g., by a large specific surface area
and an increased content of clay minerals, which affects the
binding of '*’Cs and makes it an important carrier of this
radionuclide (He and Walling 1996; Spezzano 2005; Funaki
et al. 2019; Mouri 2020). Therefore, studying the particle
transport processes and the properties of sediments may
be the key to understanding the behavior of radiocesium in
freshwater ecosystems (Fan et al. 2014). However, it should
also be noted that the relation between the distribution of
radiocesium and the grain size of sediment particles still
remains unclear (Hagiwara et al. 2020). It was observed,
for example, that the silt-size (2—-63 pm) particle fraction
of bottom sediments at the midstream Kuchibuto, Kuroiwa,
and Fushiguro sites contains more '*’Cs than the clay-size
(<2 pm) particle fraction (Tanaka et al. 2015).

Another important factor that could influence the accu-
mulation of '*’Cs in lake sediments is their mineralogical
composition (Ashraf et al. 2014; Tanaka et al. 2015; Huon
et al. 2018; Hagiwara et al. 2020). This influence is due to
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the sorption and fixation of Cs is particularly determined
by the type and amount of phyllosilicate minerals (Sawh-
ney 1972; Zachara et al. 2002; Tachi et al. 2020a; Park et al.
2021). Depending on their different physicochemical prop-
erties, such as chemical composition, expandability, cation
exchange capacity (CEC), and layer charge, they are able
to bind Cs to varying degrees (Cornell 1993; Mukai et al.
2016; Park et al. 2021). Moreover, in the case of clay miner-
als, the sorption of Cs is highly controlled by the specific
sorption at frayed edge sites (FES) and the exchangeable sorp-
tion at regular exchange sites (RES) (Sawhney 1972; Cornell
1993; Zachara et al. 2002; Tachi et al. 2020b). The miner-
alogical composition of lake sediments can be additionally
used to trace the origin of particles contaminated with '¥’Cs
(Hagiwara et al. 2020). It may indicate, for example, whether
the accumulated particles originate from eroded surrounding
rocks or were produced within the reservoir (Diaz-Asencio
et al. 2017). It was also found that *°K can be used as an indi-
cator of detrital layers in sediment records (Putyrskaya et al.
2020). The validity of the use of “°K in the study of sediment
distribution was also emphasized by Somboon et al. (2018),
who indicated that such analyses can readily help to reveal
differences in the mineral composition of sediment samples.

Understanding the role of OM in the distribution of '*’Cs is
also very important, as it can affect the mobility and bioavail-
ability of radiocesium in freshwater ecosystems (Kaminski
et al. 1994; Staunton et al. 2002; Fujii et al. 2018). On the
other hand, the adsorption of radiocesium by OM is rather
negligible; therefore, the mechanism of '*’Cs accumulation
in OM-enriched sediments still remains unclear (Fujii et al.
2018). Moreover, it is known that the presence of OM might
even inhibit the sorption of Cs* on clay minerals by block-
ing access to FESs (Rigol et al. 2002; Fan et al. 2014; Suga
et al. 2014). Therefore, the accumulation of 137Cs can be more
closely related to a combination of factors determining its
immobilization, such as the grain size of sediment particles,
their mineral composition, and OM content (Kim et al. 2007,
Fujii et al. 2018; Tachi et al. 2020b). In addition, the compo-
sition of OM can be used as an indicator of anthropogenic
impacts or environmental changes (Meyers and Ishiwatari
1993; Contreras et al. 2018). For instance, it may indicate the
origin of organic particles, as it is known that the C/N ratio
for nonvascular aquatic plants is typically between 4 and 10,
while for vascular terrestrial plants, it is greater than 20 (Prahl
et al. 1980; Ertel and Hedges 1984; Meyers and Ishiwatari
1995; Lamb et al. 2006; Contreras et al. 2018). On this basis,
the C/N ratio is considered to be a representative proxy of the
origin of OM deposited in freshwater sediments.

The main aim of the present study was to investigate
the major factors influencing the distribution of 3’Cs
activity concentrations in the bottom sediments of Koronowo
Lake 32 years after the Chernobyl nuclear power plant
accident. For this purpose, the most critical factors that can
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potentially affect the migration and accumulation of '*’Cs in
lake sediments (grain size, mineralogical composition, and
OM content) were investigated. To better track the transport
processes occurring in Koronowo Lake, the origin of organic
particles in the collected lake sediments was determined based
on C/N ratio measurements. For the same purposes, the min-
eralogical composition of inorganic particles and the concen-
tration of “°K activity in the collected sediment samples were
analyzed. Selected parameters of the collected sediment cores
were also examined to investigate factors influencing the ver-
tical distribution of '*’Cs activity concentrations in the bottom
sediments of Koronowo Lake. The obtained data were used to
reconstruct changes in sedimentation processes and to assess
their potential impact on the delivery and redistribution of
radiocesium-bearing particles in this reservoir over time.

2 Materials and methods
2.1 Study area

The study area was located in the main basin of Koronowo
Lake (Fig. 1). This lake is an artificial reservoir that was cre-
ated in 1961. It is situated in the lower part of the Brda River
(left tributary of the Vistula River) in the lowland in northern
Poland. The surface area, capacity volume level, maximum,

A

Fig.1 Sampling area A (Szatten 2016;
modified) and geological setting B
of Koronowo Lake (Wieczorek and

; Wielonek
Stoiriski 2008; modified) A

Brda River

0.5 1 km

and mean water depth of Koronowo Lake are 1560 ha, 81.0
million m?, 21.2 m, and 5.7 m, respectively. The catchment
area of the studied lake is equal to 4299 km? and is mainly
covered with agricultural lands and forests (Szatten et al.
2018). The average discharge of the Brda River (the main
tributary of Koronowo Lake) in 1962-2015 was approxi-
mately 23.7 m® s~! (Hydropower Plant Koronowo 2015).
The sediment budget in this lake is dominated by suspended
sediments, which are delivered mainly by the Brda River.
The total load of sediments supplied from the upper basin
of the Brda River to Koronowo Lake in 2015 was estimated
to be 2439 t, while their outflow from the lake was approx.
1743 t (Szatten et al. 2018).

The main basin of Koronowo Lake is located from
Wielonek to the dam in Pieczyska (Fig. 1A). It contains
32.7 million m? of water, which constitutes over 1/3 of all
water retained in this reservoir. It is the main area for sedi-
ment accumulation, especially in the zones near the dam,
estuary of inflows, and bays (Szatten et al. 2018). This
part of the lake is also characterized by more limnetic con-
ditions with increased biological production in the bays.
The main basin of this lake is located in an area formed
mainly by glacial outwash sands and gravels (Fig. 1B).
In the northern part, there are also humic sands and silts,
while in the southern part (near the dam), glacial tills and
deluvial sands occur. The northern part of the study area is

14/25 13
N B 1
A 5. 14251
el 16
pallic ¢ 3

Om - 14 23

1.0

2.5 Poland 7 _14/26 .

5.0

Koronowo

S Q e 1i

12.5 W study area e 15/23

15.0

17.5 7 14

20.0 / 23 14/26

== Dam in Pieczyska
< Lipkusz @ Sampling site
Lake Humic sand
Deluvial sand
Subglacial sand and gravel

Glacial sand and gravel (outwash plain):
14/25| - on sand and gravel

- on glacial till

- Glacial sand and gravel on glacial till
Sand and silt

Glacial till

@ Springer



3192

Journal of Soils and Sediments (2022) 22:3189-3208

located mainly in an uncultivated area covered with conif-
erous forest, while in the southern part, there are more
buildings, marinas, and recreational areas.

2.2 Sampling and sample treatment

A fieldwork campaign was carried out on the main basin
of Koronowo Lake in October 2018 (Fig. 1). One soil pro-
file, 20 surface lake sediment samples, and 2 sediment
cores were collected. The soil profile (S1) had a length of
25-cm depth and was divided in the field into 4 sections
depending on the lithology (Fig. S1; Supplementary Mate-
rial). Lake sediments were collected using a Kayak-type
gravity corer (55 mm in internal diameter). Surface lake
sediments (0—3-cm depth) were collected in 6 transects
from the littoral and profundal zones of the lake. Sedi-
ment cores were taken from the deepest points of the lake’s
bottom in the northern part of the main basin (core P1:
sampling site 2, lake depth: 9 m, profile length: 32 cm)
and in the southern part near the dam (core P2: sampling
site 13, lake depth: 15 m, profile length: 27 cm). The sedi-
ment cores were divided in the field into 1-cm thick slices.
All samples were packed in plastic bags and stored in a
refrigerator at 4 °C. Then, all samples were transported to
the laboratory, where they were weighed, dried (for 48 h
at 60 °C), homogenized, and prepared for the analyses.

2.3 Grain-size and elemental analysis

The grain size distribution of surface lake sediments was
measured using sieve analysis (for particles > 1000 pm)
and a CILAS 1190 laser particle size analyzer at the Insti-
tute of Geology CAS. The instrument was set in wet dis-
persion mode, providing a range from 0.04 to 1000 pm.
The data were obtained after dispersion in KOH, remov-
ing carbonates by HCI and removing organic matter by
H,0, and HNO;. The obtained results are reported in
three fractions: clay (up to 2 pm), silt (2-63 pm), and
sand (63-2000 pm). Surface sediments were classified
according to the Shepard sediment classification diagram
(Shepard 1954) using the “ggtern” R package (Hamilton
and Ferry 2018).

The contents of total organic carbon (TOC) and total
nitrogen (TN) were measured in all collected samples using
a Vario CUBE elemental analyzer. Sulfanilic acid was
used as a standard for analysis. Prior to analysis, carbon-
ates were removed from the samples with 5% hydrochlo-
ric acid. Milled and homogenized samples (5—6 mg) were
transferred into tin capsules. The uncertainties of the TOC
and TN measurements were lower than 0.6% and 0.18%,
respectively.
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2.4 XRD and SEM—EDS analyses

All surface lake sediment samples and selected samples
from sediment cores P1 (at 20-cm depth) and P2 (at 6-cm
and 27-cm depth) were examined using X-ray and SEM—
EDS methods. Mixtures of powdered samples, the internal
standard (10 wt.% ZnO), and 4 ml of methanol were milled
in a McCrone micronizing mill for 5 min to obtain homog-
enous samples with narrow grain-size distributions. Then,
the specimens were prepared for X-ray analysis using the
side-loading method, which minimizes the preferred ori-
entation (Srodor et al. 2001). The mineral composition of
the samples was determined with a Thermo Electron ARL
X’TRA diffractometer at Clay Minerals Laboratory in the
Institute of Geological Sciences PAS. It is equipped with a
12-position sample holder and a Peltier cooled solid-state
detector operating in a Bragg—Brentano geometry using
CuKa radiation (40 kV, 30 mA). Diffraction patterns were
collected in a 20 range of 2.5-65° with a step size of 0.02°
(5 s/step).

Qualitative and quantitative analyses were performed
using Q-min software, which works based on a combina-
tion of the mineral intensity factor (MIF) technique and
preregistered pure standards collection. Determination of
mineral composition was achieved by fitting the measured
XRD pattern of the sample with patterns of pure standards
(érodor’l et al. 2001). During matching, some ranges were
excluded from matching, and some were optimized with
higher weights. These were the ranges with stable reflec-
tions of the internal standard and clay minerals.

The accuracy of the quantitative XRD analysis
depends to a large extent on the crystallinity of the
selected phases—the higher the crystallinity is, the
higher the sensitivity and precision of this method. For
example, in the case of phases such as calcite, gypsum,
anhydrite, and ankerite/dolomite, their detection is pos-
sible in the presence of even below approximately 1%,
while for smectitic clay minerals, it is approximately 5%.
The precision of the obtained results also depends on
the crystallinity of the phases, but generally, it can be
assumed to be equal to + 3-5% of the absolute values
(Raven and Self 2017).

The surface lake sediment samples were analyzed using
a scanning electron microscope (SEM) FE-SIGMA VP
(Carl Zeiss Microscopy GmbH) in conjunction with two
energy-dispersive X-ray spectrometers (Quantax XFlash
6110, Bruker Nano GmbH). The powdered samples were
placed on an aluminum mount with conductive carbon tape
and coated with a carbon layer (20 nm) with a vacuum
coater (Quorum 150 T ES). Analyses were performed with
a 60-pm aperture and 20-keV acceleration voltage.
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2.5 Gamma spectroscopy

The concentrations of '*’Cs and “°K activity in all collected
samples were measured using a low background gamma
spectrometer (Canberra-Packard) with a Broad Energy
Germanium (BE5030) detector (FWHM =1.28 keV at
661.7 keV for '¥’Cs and 1.72 keV at 1460.8 keV for “°K).
All samples were analyzed in a round polyethylene cup (flat
cylinder geometry). The energy calibration was performed
using a radioactive standard. The reference material IAEA-
SL-2 was used to verify the quality of the measurements.
The obtained spectra were analyzed with Genie 2000 soft-
ware. The average counting time per sample ranged from 24
to 72 h. The counting time and uncertainty of the measure-
ments depended on the minimal detection activity (MDA)
and the sample mass (from 2 to 45 g). The uncertainty of the
137Cs and K activity concentration measurements ranged
from 11 to 39% and from 9 to 44%, respectively. The MDA
of 137Cs and *’K varied from 0.34 to 6.8 Bq kg™' and from
4.4 to 81.3 Bq kg™, respectively. All measured '*’Cs and
40K activity concentrations were converted to the first day
of sampling (October 24, 2018).

2.6 Data analysis

137¢g, 4K, and TOC and TN spatial distribution maps were
generated using the inverse distance weighting (IDW) inter-
polation method ArcGIS ver. 10.6 (Esri Co., Ltd., Redlands,
CA, USA). Statistical analyses were performed using R 4.0.3
(R Core Team 2020). The Shapiro—Wilk test (confidence
level 95%) was used to test the normal distribution of the
analyzed data. Spearman’s rank correlation coefficients were
calculated to assess the relationship (p value <0.05) between
measured variables. To conduct a principal component anal-
ysis (PCA), the data were centered, scaled, and then tested
to examine their suitability using the Kaiser—Meyer—Olkin
(KMO) test.

3 Results
3.1 Surface lake sediments
3.1.1 Particle size distribution and organic matter content

The surface lake sediments were classified as fine- (<63 um)
and coarse-grained (> 63 pm) sediments. According to Shep-
ard’s classification diagram, the fine-grained sediments were
classified as silt (sample nos. 2-5, 7, 10, 11, 13, 15, 16, and
18-19), whereas the coarse-grained sediments were recog-
nized as sand (sample nos. 6, 8, 9, 14, 17, and 20) and silty
sand (sample nos. 1 and 12) (Figs. 2 and 3). The obtained
data showed that the grain size of surface lake sediments is
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Fig.2 Shepard’s classification diagram of surface (0-3-cm depth)
lake sediments in Koronowo Lake

significantly related to the depth of the reservoir (Table 1).
Most fine-grained surface lake sediments occur in the “old,”
pre-reservoir Brda Valley, where the lake is now the deep-
est (Fig. 1). The sand fraction dominates (R,= —0.61, p
value <0.05) in the littoral zone, whereas the clay (R,=0.49,
p value <0.05) and silt fractions (R,=0.62, p value <0.05)
dominate in the profundal zone of the lake (Table 1). The
silt fraction prevails in all fine-grained surface lake sedi-
ments (Fig. 3A). A relatively high content of clay fraction
was also observed in samples collected from the shallower
(at approx. 2 m of a depth) part of the lake (sampling sites
no. 12 (12.4%) and 1 (8.6%)). The average water content
of fine- (arithmetic mean, n=12) and coarse-grained bot-
tom sediments (arithmetic mean, n=_8) was 89% and 31%,
respectively, whereas the average wet bulk density was 1.08
gcm ™ and 1.63 g cm ™, respectively.

The average contents of TOC and TN in fine-grained sur-
face lake sediments (arithmetic mean, n=12) were 17.9%
and 2.6%, respectively, while those in coarse-grained surface
lake sediments (arithmetic mean, n=_8) were 1.3% and 0.3%,
respectively. The elevated content of OM (expressed as the
content of TOC and TN) was observed mainly in the case
of fine-grained bottom sediments deposited in the deepest
parts of Koronowo Lake (Figs. 4 and 5). The content of
OM in surface lake sediments deposited in the littoral zone
was much lower than that in the profundal zone, except for
sands collected at sampling sites no. 1 and 17 (in which the
content of TOC was up to 3.4% and 5.2%, respectively). The
C/N ratio calculated for fine-grained surface lake sediments
ranged from 5.4 to 9.3. Due to the results being below the
detection limit, it was not possible to calculate the C/N ratio
for coarse-grained surface lake sediments, except for sam-
ples no. 1 (C/N=20.9), 14 (C/N=4.5), and 17 (C/N=5.5).
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Fig.3 Grain-size distribution A
and mineralogical composition
B of surface (0-3-cm depth)
lake sediments in Koronowo

A

Lake. Sampling sites are pre-
sented in Fig. 1

SO ~NDUTRWN =

-

0% 25% 50% 75% 100%

3.1.2 XRD and SEM-SEM analyses

Silts were mainly composed of calcite (up to~65%), amor-
phous material (up to~30%), clay minerals (muscovite,
chlorite, kaolinite, smectite group, and illite—smectite)
(from ~ 8 to ~ 14%), quartz (up to~ 13%), and an admixture
of plagioclase, potassium feldspar, gypsum, ankerite/dolo-
mite, and vivianite (Fig. 3B). The sands and silty sands
were mainly composed of quartz (up to~88%), calcite (up
to~11%), potassium feldspar (up to~8%), clay minerals
(up to~5%), plagioclase (up to~5%), and an admixture of
aragonite, gypsum, ankerite/dolomite, and hematite. The
highest contents of the kaolinite, muscovite, illite—smectite,
and smectite group in silts were approximately 1.6, 3.8,
7.4, and 9.6%, respectively. In the case of sands and silty
sands, the muscovite and smectite group were not identi-
fied, while the highest concentrations of kaolinite, chlorite,
and illite—smectite were approximately 1.3, 0.4, and 4.9%,
respectively. The most enriched fine-grained bottom sedi-
ments in clay minerals were samples no. 2, 3, and 10. In
the case of coarse-grained bottom sediments, the highest
content of clay minerals was observed in samples no. 1, 14,
and 17. The contents of clay minerals, amorphous material,
and calcite in the surface lake sediments of Koronowo Lake
are significantly positively correlated with the depth of the
lake, the silt and clay fraction contents, and 137Cs and OM
contents (Table 1). They are also significantly negatively
correlated with the wet bulk density of the collected bottom
sediments and the contents of “°K, sand fraction, quartz,
potassium feldspar, and plagioclase.

The SEM—EDS analyses showed that the amorphous
material was represented mainly by the remains of organic
debris composed of amorphous silica and organic material
(Fig. 6A—C). Based on the conducted analyses, the presence
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of quartz, calcite, potassium feldspar, plagioclase, and clay
minerals was confirmed. The presence of authigenic calcite
(Fig. 7A) and vivianite (Fig. 7C) was observed in the case of
fine-grained surface lake sediments. Additionally, iron oxy-
hydroxides (Fig. 6D) and framboidal pyrites (Fig. 7D) were
also recognized. The presence of monazite, zircon, hematite,
and titanium oxides (e.g., samples no. 14, 17) was observed
in the case of sands and silty sands (Fig. 7B).

3.1.3 Spatial distribution of '3’Cs and *°K activity
concentrations

The '¥’Cs content in the surface lake sediments of Koronowo
Lake is characterized by a bimodal distribution, which is
related to the elevated content of this radionuclide in fine-
grained sediments and the decreased content in coarse-
grained bottom sediments (Figs. 4 and 5). The average
137Cs activity concentrations in fine-grained bottom sedi-
ments are almost four times higher (17.67 +3.96 Bq kg™ /;
arithmetic mean, n=12) than in coarse-grained bottom
sediments (5.08 +0.82 Bq kg~!; arithmetic mean, n=38).
Relatively high concentrations of '¥’Cs activity were also
measured in sample no. 14 (21.2+2.6 Bq kg™') and 17
(7.8 +1.3 Bq kg™1), which contain significant amounts of
sandy fraction (Fig. 3A).

Similar to '¥’Cs, the content of *°K in the surface lake
sediments of Koronowo Lake is also characterized by a
bimodal distribution. In the case of fine-grained bottom
sediments, the content of *°K is lower (160.2+36.7 Bq kg_l;
arithmetic mean, n=12) than in coarse-grained bottom
sediments (237.9 +22.0 Bq kg™'; arithmetic mean, n=8).
The highest concentrations of “°K activity were detected in
the surface lake sediments collected from sampling site no. 1
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Fig.4 Spatial distribution of A
137Cs and B *°K activity con-
centrations (Bq kg™, C total
organic carbon (TOC), and D
total nitrogen (TN) (%) content
in surface (0-3-cm depth) lake
sediments of Koronowo Lake

0 0.5 1km

mmm Dam in Pieczyska

(299.1+26.3 Bq kg™), 12 (282.1 +25.5 Bq kg™!), and 14
(284.48 +24.85 Bq kg™").

The spatial distributions of *’Cs and “°K activity con-
centrations in the surface lake sediments of Koronowo Lake
are presented in Fig. 4. They showed that bottom sediments
deposited in the profundal zone of the lake contain more '*’Cs
than in the littoral zone, which is the opposite in the case of
40K. Apart from the depth of the lake, the *’Cs content is
also significantly positively correlated with the silt fraction,
amorphous material, clay minerals (especially illite—smectite
and smectite group), and organic matter (expressed as TOC
and TN) in the surface lake sediments of Koronowo Lake
(Table 1; Fig. 8). There is also a significant negative correla-
tion between '37Cs and the sand fraction, quartz content, and
wet bulk density of the collected sediment samples. The content of
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40K is significantly positively correlated with the wet bulk
density of the collected sediment samples and the contents of
sand fraction, quartz, potassium feldspar, and plagioclase.
There is also a significant negative correlation between the
content of “°K and amorphous material, calcite, clay miner-
als, and OM in these surface lake sediments.

3.1.4 PCAresults

The PCA of selected parameters indicates that Axis 1 and Axis
2 explained 78% and 8.6% of the variance of the components,
respectively (Fig. 8). The first PCA axis (PC1) was dominated
by high positive loading of the depth of the lake and the con-
tent of '¥’Cs, TOC, clay minerals, silt, and clay fraction and by
high negative loading of the wet bulk density and the content
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of potassium feldspar and quartz. '*’Cs showed high positive
loading to the first (PC1) axis (R*=0.74, p<0.001). Potassium
40K, instead of *’Cs, had high negative loading to the first
(PC1) axis (R*=-0.72, p <0.001) and high positive loading to
the second (PC2) axis (R*=0.66, p<0.001).

The PCA biplot shows that the surface lake sediments of
Koronowo Lake can be divided into three groups. The first
group includes fine-grained sediments (silts) with signifi-
cantly elevated contents of '*’Cs, clay minerals, and OM.
The second group is represented by coarse-grained sedi-
ments (sands) characterized by higher values of wet bulk
density. These sediments are also characterized by elevated
contents of “°K, quartz, and potassium feldspar and low
contents of '3’Cs. The last group is represented by coarse-
grained sediments with a higher silt fraction (samples no. 1,
12, and 14). This group is also characterized by low concen-
trations of '¥’Cs activity (except for sample no. 14, which
contains 21.2+2.6 Bq kg™! of 13’Cs) and elevated concen-
trations of “°K activity.

3.2 Lake sediment columns

3.2.1 Lithology, mineralogical composition, and organic
matter content

The lithology of core P1 (sampling site no. 2) was constant
along the entire length of the sediment column and was

presented by brown silts up to a depth of 29 cm, where the
presence of black sand with organic debris was observed
(Fig. 9). Similarly, in core P2 (sampling site no. 13), brown
silts were also observed with no significant changes in
lithology over the entire length of the sediment column.
The average wet bulk densities in core P1 (arithmetic mean,
n=232) and core P2 (arithmetic mean, n=27) were 1.3
gem ™ and 1.1 g cm™, respectively. In core P1, the wet bulk
density of sediments was variable along the entire length of the
sediment column with a slight increase from a depth of 19 cm,
while in core P2, it was much more constant with a slight
increase from a depth of 25 cm.

The mineralogical composition of lake sediments in the
top part (0-3-cm depth) of core P1 was the same as that in
the surface sediment sample at sampling site no. 2 (Fig. 3B).
At a depth of 20 cm, the mineralogical composition of the
collected sediment samples differed significantly from that
in the surface layer of the sediment column. A much lower
content of calcite (~25%) and amorphous material (~13%),
as well as elevated contents of quartz (~ 18%), potassium
feldspar (~5%), gypsum (~4.3%), and plagioclase (~3.4%)
with an admixture of anhydrite (~0.8%) and ankerite/dolomite
(~0.7%), were observed. Additionally, a significant increase
in the content of clay minerals (from~ 14 to~30%) was rec-
ognized in this sediment layer, where illite—smectite, smec-
tite group, muscovite/phlogopite, and chlorite were equal to
approximately 17%, 5.6%, 5%, and 3%, respectively.
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Fig.8 The PCA biplot based on the selected parameters in surface
(0-3-cm depth) lake sediments of Koronowo Lake: Cs-137, activity
concentration (Bq kg™!); K-40, activity concentration (Bg kg™!); TOC,
total organic carbon (%); Blk., wet bulk density (g cm_3); Depth,
depth of the lake at sampling point (m); Clay, clay fraction (%); Silt,
silt fraction (%); Qtz, quartz (%); Kfs, potassium feldspar (%); CL,
sum of clay minerals (kaolinite, muscovite, chlorite, illite—smectite,
smectite group) (%). Sampling sites are presented in Fig. 1

The mineralogical composition of lake sediments in the
surface layer (0-3-cm depth) of core P2 was the same as

that in the surface sediment sample at sampling site no. 13
(Fig. 3B). At a depth of 6 cm in this core, there was not
much difference in the mineralogical composition of the col-
lected sediments compared to the surface layer, except for a
slightly lower content of potassium feldspar (by 1%), higher
content of calcite (by 2%), presence of chlorite (~1.3%),
and lack of muscovite. In the bottom part (27-cm depth)
of core P2, slightly lower contents of calcite (~38%) and
amorphous material (~13%) and higher contents of quartz
(~16%), potassium feldspar (~5%), gypsum (~3%), pla-
gioclase (~2.7%), and aragonite (~2.2%) were observed. A
significant increase in the content of clay minerals (from ~ 8
to~20%), including smectite group (~ 8.6%), illite—smectite
(~8.3%), chlorite (~2.4%), and muscovite (~0.7%), was also
recognized in this sediment layer. The SEM—EDS analysis
confirmed the presence of such mineral phases as potassium
feldspar, plagioclase, calcium carbonates, and clay minerals
in the selected sediment samples in both cores. The amor-
phous material, similar to the case of surface lake sediments,
was identified mostly as organic debris (e.g., diatoms). Some
amounts of zircon, titanium oxides, monazite, and framboi-
dal pyrite were also identified in the selected sediment sam-
ples in both cores.

The average contents of TOC and TN were equal to 9.5% and
1.05% in core P1 (arithmetic mean; n=30) and 16.6% and 2.1%
in core P2 (arithmetic mean; n=27), respectively. The contents

Fig.9 Lithology and vertical wet bulk
distribution of '3’Cs and “°K Core ®¥Cs K density TOC TN C/N
activity concentrations (Bq A P1 (Bq kg (Bq kg (g cm® (%) (%)
kg™"), content of total organic 0,
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of TOC and TN in core P1 decreased with depth, while core
P2 was more constant over the entire length of the sediment
column, with a slight decrease from 22 cm depth (Fig. 9). The
C/N ratio calculated for lake sediments from the top to a depth
of 26 cm of core P1 (C/N ratio ranged from 9.6 to 12.05) indi-
cated the autochthonous origin of deposited OM. At a depth
of 30 cm in this core, a significant admixture of terrestrial OM
(C/N ratio>20) was observed (Meyers and Ishiwatari 1993;
Lamb et al. 2006; Contreras et al. 2018). The C/N ratio calcu-
lated for lake sediments of core P2 also indicated the primary
sources of OM (C/N ratio ranged from 8.1 to 10.3) over the
entire length of this sediment column.

3.2.2 Vertical distribution of '*’Cs and *°K activity
concentrations

The vertical distribution of '*’Cs and *°K activity concen-
trations differed significantly between the collected sedi-
ment columns (Fig. 9). In core P1 (sampling site. no. 2), an
elevated content of '3’Cs was observed at depths between
12 and 30 cm in this core. The highest content of '¥’Cs
(106.6+12.8 Bq kg™!) was measured at a depth of 24 cm in
this sediment column. A significant decrease in '*’Cs content
occurred above 30 cm of the core depth, where pre-reservoir
sediments were identified. The vertical distribution of 1*’Cs
activity concentrations in core P2 (sampling site no. 13)
showed a gradual increase in the content of this radioisotope
from a depth of 20 cm (Fig. 9). The highest 1*’Cs content was
observed at the bottom of the core (124.8+16.7 Bq kg™}). A
sharp peak in '*’Cs content (91.8+10.4 Bq kg™!) was also
observed at a depth of 6 cm in this sediment column.

An increase in *°K activity concentration, as in the case
of ¥7Cs, was observed in the sediments located at a depth of
approximately 14 to 30 cm in core P1 (Fig. 9). The highest
40K activity concentration (488.2+52.9 Bq kg™!) was meas-
ured at a depth of 25 cm in this core. Almost two times lower
concentrations of “°K activity were observed in core P2. A
gradual increase in the content of “°K was also observed above
20 cm of the core depth. The highest concentration of “°K
activity (251.8+55.3 Bq kg~!) was detected, similar to '¥’Cs,
at a depth of 27 cm in this sediment column.

4 Discussion

4.1 Key factors controlling the distribution of 3’Cs
in bottom sediments of Koronowo Lake

4.1.1 Particle size distribution and transport processes
Grain size is one of the most important factors determining

the spatial distribution of '3’Cs activity concentrations in
the bottom sediments of Koronowo Lake. This is mainly

because radiocesium can be easily adsorbed onto fine-
sized particles due to their large specific surface area (He
and Walling 1996; Fan et al. 2014; Funaki et al. 2019). It
is also associated with a higher content of clay minerals
(able to bind '*’Cs), which are more prevalent in fine-
grained sediments (Cremers et al. 1988; Spezzano 2005;
Tanaka et al. 2015; Hagiwara et al. 2020). The obtained
results showed that fine-grained surface lake sediments
of Koronowo Lake contain more '*’Cs than coarse-grained
surface lake sediments, similar to e.g. the case of the
Ogaki Dam Reservoir (Funaki et al. 2019). Moreover, the
observed high correlation between the content of '*’Cs and
silt (R;=0.66; p value > 0.05) indicated that the silt-sized
fraction is a major contributor to the distribution of '*’Cs
in the studied lake, which was also observed in the case of
the Tomioka River (Hagiwara et al. 2020). Tanaka et al.
(2015) also noticed that the silt-sized fraction contained a
greater amount of '¥’Cs than the clay-sized fraction, which
is supposed to accumulate more radiocesium (Livens and
Baxter 1988; Spezzano 2005; Funaki et al. 2019). This
phenomenon may be related to the transport of the finest
particles by a river in near-permanent suspension (as wash
load) and pass through the dam lake without deposition
(Tanaka et al. 2015; Sedlacek et al. 2022).

The transport processes influencing the sorting of sedi-
ment particles may therefore also be responsible for the
distribution of '3’Cs in the bottom sediments of Koronowo
Lake. They may provide, for example, the accumulation
of fine-grained particles with '*’Cs in the deepest part of
the lake (along the course of the river) and near the dam
(Figs. 1 and 4A). This is probably caused by the physical
transport of smaller radiocesium-bearing particles through
the river and its deposition downstream as a result of the
decreasing river flow velocity (Carlsson 1978; Spezzano
2005; Tanaka et al. 2015; Hagiwara et al. 2020). The sec-
ond possible transport mechanism of radiocesium-bearing
particles may be horizontal movement, which in a shallow
lake (such as Koronowo Lake) may be caused by wind-
wave action and river flow (Hilton et al. 1986; Luettich
et al. 1990). However, in our case, the horizontal move-
ment might be slightly different than, for example, in a
shallow Lake Nishiura (Tsuji et al. 2019). This is because
Koronowo Lake is narrower and more elongated, so there
may be a gradual movement of sediments with '*’Cs from
the slopes of the reservoir to the center of the “old Brda
valley” and further along the reservoir (Figs. 1 and 4A).

Similar transport processes may also influence the depo-
sition of coarse-grained bottom sediments (characterized by
a low content of '*’Cs) in the shallower parts of Koronowo
Lake (Figs. 1 and 3A). These coarse particles probably origi-
nate from the shore of the lake, which is eroded by wind-
wave action and/or water-level fluctuations and transported
short distances due to their higher settling velocity (Tanaka
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et al. 2015; Funaki et al. 2019). Such an origin of these
bottom sediments might be evidenced by the presence of
allogeneic minerals (such as titanium and zircon), and min-
erals enriched with potassium “’K (such as potassium feld-
spar and plagioclase) (Madruga et al. 2014; Hagiwara et al.
2020; Bobos et al. 2021) (Figs. 3B and 7B). This would also
explain the heterogeneous spatial distribution of *°K activity
concentrations in the surface lake sediments of Koronowo
Lake (Fig. 4). In addition, the presence of vascular land plant
remains may also indicate the input of terrestrial material
into the lake, as indicated by the relatively high C/N ratio
(>20) in these bottom sediments (e.g., at sampling site no.
1) (Meyers and Ishiwatari 1995; Lamb et al. 2006; Contreras
et al. 2018).

It should also be noted that in some coarse-grained bottom
sediment samples (sampling sites no. 14 and 17), a signifi-
cantly increased content of '*’Cs was observed (Figs. 1 and 5).
This indicates that the particle size distribution does not
simply explain the spatial distribution of '*’Cs activity concen-
trations in the bottom sediments of Koronowo Lake. Tanaka
et al. (2015) also emphasized that the distribution of 137Cs
could not be simply related to the specific surface area of
the particles due to the complicated origin of riverbed sedi-
ments. Somboon et al. (2018) found, for example, that the
coarser fractions of material deposited in river channels and
floodplain zones might contain significant amounts of radi-
ocesium. In our case, this phenomenon may be hypotheti-
cally related to the intensified accumulation of radiocesium-
bearing particles near the dam due to a decrease in the flow
velocity of the stream and limited outflow from the lake.

4.1.2 Mineralogical composition of surface lake sediments

Apart from the particle size distribution, the mineralogical
composition has a very significant influence on the distribu-
tion of *’Cs in bottom sediments in aquatic ecosystems (Kim
et al. 2006; Fan et al. 2014; Mukai et al. 2016; Hagiwara et al.
2020; and others). Many studies have shown that Cs binding
is especially strong with micaceous minerals and their weath-
ered minerals, such as illites and vermiculites (Sawhney 1972;
Cremers et al. 1988; Cornell 1993; Poinssot et al. 1999; Park
et al. 2021). In our case, clay minerals have a dominant effect
on the sorption and thus the distribution of '*’Cs in the bot-
tom sediments of Koronowo Lake, which may be evidenced
by a significant positive correlation between the content of
137Cs and clay minerals (R,=0.6, p value <0.05) (Table 1;
Fig. 8). A similar correlation was observed in samples from
various regions around the world (Fan et al. 2014; Tanaka
et al. 2015; Mukai et al. 2016; Bobos et al. 2021; etc.). How-
ever, it should be noted that there are also areas where bottom
sediments with similar clay mineral contents are characterized
by different *’Cs activity concentrations, e.g., samples col-
lected at sampling sites no. 1 (2.07+0.42 Bg kg™') and 14

@ Springer

(21.2+2.6 Bq kg™") (Figs. 1 and 5). This phenomenon may
be hypothetically related to a different source and/or level of
supplied '¥’Cs. Regardless, the tendency for an increase in
the concentration of '¥’Cs activity with the amount of clay
minerals in the surface lake sediments of Koronowo Lake is
maintained.

An increased content of clay minerals was observed,
especially in the case of fine-grained surface lake sedi-
ments of Koronowo Lake (Fig. 5). A similar relationship was
widely reported by many other researchers (Cremers et al.
1988; Tanaka et al. 2015; Funaki et al. 2019; etc.). Moreo-
ver, it was noticed that the correlation between the content
of clay minerals and silt fraction (R;=0.74, p value <0.05) is
higher than with the clay fraction (R;=0.66, p value <0.05)
(Table 1). This relationship may be hypothetically associated
with the aggregation of clay minerals (e.g., with organic
matter) and their deposition in the reservoir, while other clay
size particles are transported downstream (De La Rocha
et al. 2008; Tanaka et al. 2015; Fujii et al. 2018).

Among all clay minerals identified in the surface lake
sediments of Koronowo Lake, the most abundant were clay
minerals 2:1, such as the illite—smectite and smectite group.
The relationship between the content of '¥’Cs and the illite—
smectite and smectite group was equal to 0.58 and 0.51 (p
value <0.05), respectively (Table 1). This significant posi-
tive correlation can be related to a good sorption capacity
of radiocesium by these minerals (Sawhney 1972; Zachara
et al. 2002; Kim et al. 2006; Fan et al. 2014; Tachi et al.
2020a; Park et al. 2021). The slight difference in the value
of the correlation coefficient between the illite—smectite and
smectite group is related to the higher selectivity of Cs* by
illite (Tamura and Jacobs 1960; Bobos et al. 2021). For other
clay minerals, muscovite was identified only in selected
samples of fine-grained bottom sediments (sites no. 3, 4,
13, 16, and 19). Although these samples were characterized
by increased concentrations of *’Cs activity, no significant
correlation was found between the contents of muscovite
and "¥’Cs. Another clay mineral, kaolinite, was identified in
small amounts (approximately 1%) and only in several sam-
ples. There was also no significant relationship between the
content of kaolinite and *’Cs, which may also be explained
(apart from its low content) by the fact that 1:1 clay miner-
als are characterized by low cesium sorption and selectivity
(Kim et al. 1996; Park et al. 2021). Other clay minerals, such
as chlorite, have been recognized in negligible amounts and
therefore do not appear to have a significant effect on '¥’Cs
binding.

Calcium carbonates, such as calcite, were found in sig-
nificant amounts in fine-grained surface lake sediments
characterized by an increased content of '*’Cs. This con-
vergence, however, may be accidental and determined by
the precipitation of authigenic calcite (Fig. 7A) from the
water column in the deep parts of the reservoir, where clay
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minerals are dominant (Figs. 1 and 3B). This hypothesis
might be supported by Kénya et al. (2005), who showed
that calcite practically does not sorb cesium, while dolomite
and ankerite show only a slightly greater ability to bind this
radionuclide (Kénya et al. 2005). Another calcium carbon-
ate phase, aragonite, was noticed only in coarse-grained
surface lake sediments deposited in the coastal zone of the
lake. These are likely mollusk shell fragments indicating the
probable wave-related bottom erosion in the shallow parts
of this reservoir.

Other organic debris (e.g., diatoms) composed of amor-
phous silica were quite abundant in the bottom sediments col-
lected from the profundal zone of Koronowo Lake (Fig. 6B,
C). Despite their high content in the bottom sediments
enriched with 137Cs, it is difficult to claim whether their pres-
ence influences the fixation of this radioisotope. Belousov
et al. (2019) observed that sorption of Cs* on diatomite is
more related to the presence of kaolinite and smectite in
the studied samples. This is probably because the physical
adsorption of radiocesium on the mineral surface, which
occurs in the case of diatomite, is of less importance than
the process of chemical sorption (Nenadovi¢ et al. 2015).
The second amorphous material, identified in the collected
sediment samples by XRD and SEM analyses, is composed
of iron oxyhydroxides (Fig. 6A). Their presence may have
some significance for *’Cs binding, as it has been found
that deposition of Fe(OH); on the surface of clay minerals
leads to an increase in the sorption of radiocesium (Kobets
et al. 2014). Among the iron-containing minerals observed
in fine-grained bottom sediments of Koronowo Lake, there
were also vivianites and framboidal pyrites (Fig. 7C, D).
Their presence does not affect the distribution of '3’Cs but
indicates the presence of anaerobic conditions in the deep
parts of the lake (Wilkin et al. 1996; O’Connell et al. 2015).

A significant negative correlation coefficient
(R,=—0.50, p value <0.05) with the content of 37Cs was
demonstrated by quartz, which occurs mainly in coarse-
grained surface lake sediments of Koronowo Lake (Table 1).
This is because the sorption capacity of radiocesium by
quartz is negligibly small (Muuri et al. 2016). The plagio-
clase and potassium feldspar, also common in the collected
sands and silty sands, showed an insignificant negative
correlation with this radioisotope (Table 1). This indicates
that these minerals have little effect on the distribution of
137Cs activity concentrations in the bottom sediments of
Koronowo Lake. However, Hagiwara et al. (2020) have
shown that feldspars could contribute to '¥’Cs migration in
the Tomioka River basin. It is also worth noting that the
contents of plagioclase (R;=0.75; p value <0.05) and potas-
sium feldspar (R;=0.79; p value <0.05) in the surface lake
sediments of Koronowo Lake show a strong positive corre-
lation with “°K content (Table 1; Fig. 8). This may indicate
a possible influx of terrestrial material into the lake, which

could have been eroded and transported from the shore by
wind-wave actions and/or water-level fluctuations. A simi-
lar application of “°K analysis was demonstrated by Bobos
et al. (2021), who associated an increased content of this
radioisotope with the sediments formed because of granite
weathering.

4.1.3 Content of organic matter and its origin

The distribution of radiocesium in soils and sediments may
be related to the content of OM; however, the mechanism of
137Cs accumulation in OM-rich sediments is still considered
to be unclear (e.g., Naulier et al. 2017; Fujii et al. 2018). In
the present study, most organic matter (expressed as the con-
tent of TOC and TN) accumulated in fine-grained surface
lake sediments deposited in the deepest parts of Koronowo
Lake (Figs. 1 and 4). This is probably related to the larger
surface area of finer particles, which enable adsorption of
the monolayer of organic matter (Keil et al. 1994; Kim et al.
2006). Moreover, such an increase in nutrients and OM from
the littoral to the profundal zone was recognized as typical
in eutrophic lakes in Poland (Tadejewski 1966; Frink 1969).

Along with an increase in the content of OM in collected
bottom sediment samples, an increase in the concentration
of 137Cs activity was observed (Fig. 5). This relationship
may indicate that OM could play an important role as a car-
rier of radiocesium in the studied lake, although it has a
lower affinity than illite (Rigol et al. 2002; Naulier et al.
2017; Fujii et al. 2018). Kim et al. (2007) observed a similar
relationship for marine sediment samples collected from the
East Sea near Wuljin, where the TOC content showed an
even better correlation with '¥’Cs activity concentrations
than other single factors. Although the PCA in our case can
also confirm a high correlation between the content of TOC
and '¥7Cs, the content of clay minerals seems to be of greater
importance (Fig. 8). On this basis, we can hypothesize that
the observed relationship may result from a combination of
various factors, i.e., the accumulation of '¥’Cs with fine-
grained inorganic particles in OM-rich sediments (Kim et al.
2007). Fuji et al. (2018) also explained that this phenom-
enon can be related to the formation of microaggregates with
autochthonous OM and minerals by extracellular polymeric
substances. This hypothesis can also be considered in our
case, as the examples of microaggregates consisting mainly
of clay minerals and OM were observed in the collected sed-
iment samples during SEM analysis. Additionally, the C/N
ratio calculated for the collected bottom sediments indicated
that OM deposited in the profundal zone of Koronowo Lake
is of autochthonous origin (consisting of phytoplankton and
to a lesser extent zooplankton), while in the littoral zone, it is
rather a mixture of primary production and influx of organic
particles washed off from the soil around the lake and frag-
ments of terrestrial plants (Lamb et al. 2006).

@ Springer



3204

Journal of Soils and Sediments (2022) 22:3189-3208

It should also be noted that the part of the fine-grained
bottom sediments of Koronowo Lake with a significantly
elevated content of OM was characterized by average con-
centrations of '*’Cs activity (Fig. 5). Bobos et al. (2021)
observed that some OM-rich and fine-grained bottom sedi-
ments were characterized by a low '3’Cs content. They
claimed that this phenomenon may be associated with the
inefficient immobilization of radiocesium by clay minerals
(e.g., illite) in an environment enriched with OM. A simi-
lar mechanism cannot be excluded in our case. Another
potential cause of this phenomenon may be the release
of 137Cs from lake sediments as a result of ion exchange
with, e.g., NH4Jr (e.g., Evans et al. 1983; Hazotte et al.
2016). Kaminski et al. (1994) noticed that such a process
may generally occur in OM-rich sediments of eutrophic
lakes, of which Koronowo Lake is an example. Moreo-
ver, the presence of minerals (e.g., framboidal pyrite and
vivianite) indicating the presence of anaerobic conditions
(which may lead to the degradation of OM and the appear-
ance of NH,) may additionally support this assumption.
However, to confirm this hypothesis, it may be necessary
to examine the chemical composition of the pore water for
the presence of competing ions with Cs*.

4.2 Vertical distribution of '*’Cs activity
concentrations in bottom sediments of Koronowo
Lake

The main source of '3’Cs accumulated in the bottom sedi-
ments of Koronowo Lake was the Chernobyl accident, but
the record of *’Cs deposited as a result of nuclear weapons
testing cannot be ruled out, since this reservoir was created
in 1961 (Ciesla et al. 1994; Evrard et al. 2020). Moreover,
the presented research showed that '*’Cs is still supplied to
Koronowo Lake despite more than 30 years having passed
since the Chernobyl nuclear power plant accident. This is
evidenced by the presence of this radioisotope in the surface
layer of the collected sediment columns (Fig. 9).

Because the emitted cesium radioisotopes were bound to
particles shortly after their direct atmospheric deposition, a
distinct peak of '*’Cs activity concentration can be commonly
observed in the vertical profiles of sediment records in the
contaminated areas (Appleby 2008; Klaminder et al. 2012;
Beresford et al. 2016; Ivanov et al. 2021; and others). How-
ever, this is the case when mixing of sediments is negligible
and cesium is strongly bound to the sediments (Konoplev
et al. 2022). In our case, the Chernobyl-derived peak in both
collected sediment cores is difficult to distinguish and cannot be
described, for example, by the Gaussian function, as in the case
of the Schekino Reservoir (Ivanov et al. 2021). The vertical dis-
tributions of '*’Cs activity concentrations in the collected sedi-
ment cores may be due to chemical processes, such as advection
or diffusion of '*’Cs through the pore waters, rather than physical
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processes, such as sediment mixing by wind-wave action
or bioturbation (Robbins et al. 1977; Putyrskaya and Klemt
2007; Klaminder et al. 2012).

The observed shape of the vertical distributions of '*’Cs
activity concentrations may also be determined by the
increased supply of radiocesium to Koronowo Lake along
with contaminated particles after the construction of the
dam. This hypothesis may be confirmed by the fact that
dams significantly affect sedimentation in the river system,
converting the reservoirs into major sediment traps (Diaz-
Asencio et al. 2017; Funaki et al. 2019). Increased erosion
in the catchment area may, in turn, intensify the particle
load into the reservoir along with the associated pollutants
(Betancourt et al. 2010; Diaz-Asencio et al. 2017). There-
fore, the elevated concentrations of '*’Cs activity in the
sediment profiles could correspond, apart from the direct
deposition of radiocesium with atmospheric fallout, to an
increased delivery of contaminated particles to Koronowo
Lake from its catchment. Subsequently, the amount of sup-
plied '*’Cs could have decreased over time as sedimentologi-
cal conditions stabilized and catchment erosion decreased.
This hypothesis can be confirmed by the elevated content of
40K (known as an important indicator of detrital influx) in
similar layers of sediment columns as for '*’Cs (Somboon
et al. 2018; Putyrskaya et al. 2020) (Fig. 9). Similarly, the
vertical distribution of the C/N ratio in core P1 showed that
the source of OM in these sediment layers was of alloch-
thonous origin and changed over time to primary produc-
tion. This hypothesis may also be justified by a change in
the mineralogical composition of lake sediments in the col-
lected sediment cores, indicating a decrease in the content of
deposited quartz and potassium feldspar over time. There is
no doubt, however, that additional sediment cores should be
collected, and more detailed studies of their mineralogical
composition and particle size distribution should be carried
out to better support this hypothesis.

The conducted research also showed that the vertical dis-
tribution of the analyzed parameters in the collected sedi-
ment columns differs significantly from each other (Fig. 9).
Although such a small number of collected sediment col-
umns does not allow for the study of changes occurring over
time in the entire Koronowo Lake, it is possible to determine
the most important differences between the northern and
southern parts of this study area. One of them is the higher
sedimentation rate in the area near the dam (southern part
of the reservoir) than in the northern part of the lake. This
undoubtedly influences the observed vertical distribution of
137Cs activity concentration in the collected sediment cores
(Fig. 9). A clear boundary is visible between the pre-dam and
post-dam sediments in core P1, which makes it possible to calcu-
late the sedimentation rate (0.51 cm y‘l) in this part of the lake.
Such a boundary has already been associated with reservoir
age in other studies and used as an additional time maker to
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validate the results of sediment dating with 2!°Pb or *’Cs
(Foster et al. 2011; Waters et al. 2015). No such boundary
occurs in core P2, but a significant increase in 137Cs activ-
ity concentrations at the bottom of the core can be noticed
(Fig. 9). Accordingly, it can be assumed that the Chernobyl-
derived peak is probably below a depth of 27 cm in this sedi-
ment column. Based on this assumption, it can be concluded
that the sedimentation rate in the area near the dam is much
higher than that in the northern part of the lake (Fig. 1A).
This difference is caused by the preferential particle deposi-
tion near the dam due to limited outflow from the reservoir,
decreasing river flow, and higher primary production associ-
ated with more limnetic conditions in this area (Szatten et al.
2018). Moreover, the sharp increase in the '*’Cs content
at a depth of 6 cm may be related to mixing of sediments
or an accidental influx of contaminated particles from sur-
rounding soils, which are located in a cultivated area. This
anomaly may also be related to the increased concentration
of *’Cs activity in the coarse-grained surface sediment
sample collected at sampling site no. 14 (Figs. 1A and 8).
However, to prove this hypothesis, it would be necessary to
analyze additional soils and bottom sediment samples from
this part of the lake.

5 Conclusions

The obtained results showed that '*’Cs is still supplied to the
lake, as evidenced by its presence in the collected surface lake
sediments. It was observed that the spatial distribution of '*’Cs
activity concentrations is strongly related to the valley-type
bottom morphology of the studied lake. Therefore, the highest
content of '*’Cs (from 12.5+4.1 to 29.2+4.0 Bq kg™!) was
detected in the fine-grained (< 63 pum) bottom sediments col-
lected from the deepest part of the lake, reflecting the “old,”
pre-reservoir course of the Brda River (in the central part of the
lake, where more limnetic conditions prevail and close to the
dam). It was also noted that the '¥’Cs activity concentration was
more strongly related to the silt fraction (2—63 um) than to the
clay fraction (<2 um) in the collected surface lake sediments.

The conducted research showed that the most important
factor influencing the distribution of '*’Cs activity con-
centrations in the surface lake sediments of Koronowo
Lake, apart from the bottom morphology and grain size
of sediments, is the content of clay minerals. A signifi-
cant positive correlation was particularly observed between
the content of '¥’Cs and the illite—smectite and smectite
group. A positive significant correlation between
the content of '*’Cs and organic matter (expressed as the con-
tent of TOC and TN) was also determined. Moreover, the OM
associated with the elevated content of radiocesium was found
to be of autochthonous origin. These results may indicate the
probable influence of OM on the distribution of '*’Cs in the

bottom sediments of Koronowo Lake. It can be assumed, however,
that this dependence may also be the result of the accumulation
of radiocesium-bearing particles in lake sediments rich in OM.

The vertical distribution of '*’Cs activity concentrations
in the collected sediment cores showed that the Chernobyl-
derived peak of radiocesium is not simply represented by
a distinct peak associated with direct atmospheric depo-
sition. The observed peak shape may be hypothetically
related to the intensified delivery of contaminated sedi-
ments with *’Cs from the catchment area as a result of its
erosion after the construction of the dam. This hypothesis
may be evidenced, for example, by an increased content
of “°K at similar depths as '*’Cs in the collected sediment
columns, which may indicate an intensified detrital influx
at that time. This may also be confirmed by the increased
content of minerals, such as quartz, plagioclase, and potas-
sium feldspar in the deeper parts of the collected sedi-
ment columns. However, to better support this hypothesis,
additional cores should be collected, and a more detailed
mineralogical analysis should be performed.

To summarize, the presented studies indicate the key fac-
tors that influence the distribution of '*’Cs activity concentra-
tions in lake sediments of valley-type dam lake 32 years after
the Chernobyl accident. The obtained results can be used to
predict the long-term behavior of '*’Cs in the bottom sedi-
ments of reservoirs, which may be useful for radiological mon-
itoring in other areas contaminated with cesium radioisotopes.
This is particularly important, as it has been shown that
dam lakes can accumulate large amounts of contaminated
particles, which can pose a potential radiological hazard.
The obtained results also showed that '*’Cs can be used as
a tracer to reconstruct changes in sedimentation conditions
over time in such lakes. It can be applicable, for example,
in the case of studies concerning the problem of reservoir
siltation. Moreover, considering climate change and the
growing demand for electricity and drinking water, the
presented conclusions may be relevant for the construction
of a dam in areas contaminated with '¥’Cs in the future.
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