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ARTICLE INFO ABSTRACT

Keywords: The purposes of this study are to determine the content and origin of anthropogenic fallout radionuclides (FRN)
Cesium-137 in soils of Mount Khuko, located in the western sector of the Caucasus Mountains and to assess the possibility to
Chernobyl ) use them for evaluation of sediment redistribution for the alpine grasslands,.

i‘;ﬁ{j*of bomb testing The field study was carried out in August 2019 near the top of Mount Khuko, located in the western part of the
Erosionu main Caucasus Mountain Ridge. Integral and incremental soil samples were collected from the different
Sedimentation morphological units of the studied area. The content of 1*’Cs and 2*'Am in soil samples was evaluated using

laboratory gamma-spectrometry. A part of samples was selected for Pu isotopes extraction and then alpha-
spectrometric analysis.

It was established that the ¥’Cs contamination of soils in the studied area has at least two sources of origin.
The first source is the 3’Cs bomb-derived fallout after the bomb tests in 1950-60th, which is widespread across
the globe. The second source is 1*’Cs Chernobyl-derived fallout High random variability (Cv = 25-42%) was
found within reference sites, located at the undisturbed areas on the local flat interfluves due to high variability
of soil characteristics (grain size, density, organic matter content etc.). However minimum spatial variability
(range 12,2-14,3 kBq/m?) was identified for the mean value of 1*’Cs inventories for all 5 reference sites located
in the different parts of the studied area. It is difficult to separate individual peaks of the bomb-derived and
Chernobyl-derived '*7Cs falloutin sediment sinks with low sedimentation rates.

Application 23240y as an additional chronological marker allows to identify the origin of above mention
peaks in the soils of alpine grasslands and of dry lake bottom.

Semenkova et al., 2018), various Pu and 241 Am isotopes (Sholkovitz,
1983; Livens and Baxter, 1988; Penrose et al., 1990; Clark, 2000; Hinton

1. Introduction

Technogenic fallout radionuclides (FRN), together with natural ra-
dionuclides 2'°Pb., and 7Be, are widely used as tracers in sedimentation
studies (Ritchie et al., 1974; Ritchie and McHenry, 1990; Zapata, 2003;
Collins and Walling, 2004; Davis and Fox, 2009; Haddadchi et al., 2013;
Golosov et al., 2018). The most successful for these purposes are those
radionuclides that are firmly bound to soil particles. These include
technogenic 137¢Cs (Squire and Middleton, 1966; Adeleye et al., 1994;
Von Gunten and Benes, 1995; Efremov, 1988; Salbu, 2006, 2009;

* Corresponding author. Institute of Geography RAS, Russia.

and Pinder, 2001; Choppin, 2007; Romanchuk et al., 2016). The correct
application of radioisotope techniques is possible if there is confirmed
information about the sources of their emissions, the spatial variability
of the initial deposition and the characteristics of their behavior in the
environment. This information is available for several regions (Lee et al.,
1998; Zhang and Hou, 2019; Meusburger et al., 2020), and is also
generalized for the entire globe (Kelley et al., 1999; Taylor, 2001). The
use of 1%7Cs as an tracer has proven to be extremely useful for assessing
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the rate of erosion and sedimentation, primarily in watersheds with a
high proportion of arable land and grassland (Owens et al., 1997;
Walling and He, 1997, 1999; Ritchie, 2000; Panin et al. , 2001 Zapata,
2002; Hassan and Ergenzinger, 2003; Ritchie and Ritchie, 2005; Belyaev
et al., 2009; Olson et al., 2013). There are various sources of origin for
137Cs that have been identified for most of Europe, Japan and some other
regions, including global fallout from nuclear bomb tests and regional
and local radioactive accidents. The presence of 137Cs of various origins
in sediment makes it possible to estimate the intensity of sedimentation
rates in different time windows based on the interpretation of the 3’Cs
depth distribution curves (Golosov et al., 2018). Plutonium, and espe-
cially its isotopes 23%24%Py, has also been considered in recent years as
one of the most promising long-lived radioactive tracers (Arata et al.,
2016a;b; Alewell et al., 2017). The determination of 2Am (a daughter
radionuclide 2*'Pu) is an alternative to radiocaesium dating, which al-
lows the identification of the 1963 peak in the accumulative strata
corresponding to the period of maximum bomb-derived fallout (Appleby
et al., 1991; Arnaud et al., 2006; Oldfield et al., 1995; Arnaud et al.,
2006; Appleby, 2002; Lusa et al., 2009; Corcho-Alvarado et al., 2014).
High mountain systems, such as the Caucasus, acting as barriers to the
migration of air masses (Barry, 1992; Efimov and Anisimov, 2011) leads
to the formation of high precipitation on the windward slopes (Kono-
nova, 2015; Tashilova et al., 2019), and intense and uneven accumu-
lation of FRN in soil (Stewart et al., 1959; Lance et al., 1986; Bunzl and
Kracke, 1988; UNSCEAR, 1993; Blagoeva and Zikovsky, 1995; Wright
et al., 1999; Kvasnikova et al., 1999). It is assumed that there are two
sources of radionuclide inputs in Caucasus: bomb-derived fallout during
nuclear weapons tests with a maximum fallout in 1963 (UNSCEAR,
1982; Hirose et al., 1987), and Chernobyl fallout from April-May 1986,
(Izrael et al., 1996; De Cort, 1998). Contamination by technogenic ra-
dionuclides of the Caucasus and, in particular, its Northern macroslope
remains insufficiently studied. It is reflected in a few publications,
although in recent years there has been a certain increase in their
number (Kordzadze et al., 2013; Buraeva et al., 2015; Kekelidze et al.,
2017; Urushadze and Manakhov, 2017; £.okas et al., 2018; Kuzmenkova
et al., 2020; Pyuskyulyan et al., 2020).

The study of the bottom sediments of the lake Khuko in the Western
Caucasus revealed a high content of technogenic radionuclides. Due to
extremely low rates of sedimentation, technogenic radionuclides were
concentrated in the near-surface part of the 0.5 cm thick sedimentary
strata (Kuzmenkova et al., 2020). It was assumed that the high con-
centration of 13”Cs was constituted after the Chernobyl accident. At the
same time, the relatively high concentration of 2*'Am is associated with
the fallout of radionuclides during the nuclear bombs testing in the open
atmosphere. A high concentration of 2°%24°py was detected, which
could potentially indicate some exotic source of radionuclides. Howev-
er, an analysis of the 2*°Pu/23°Pu isotopic ratio indicated bomb-derived
fallout as the most likely source (Kuzmenkova et al., 2020).

A similar set of radionuclides and their concentrations have already
been recorded earlier in cryoconites of the Agishi glacier in the central
part of the Caucasus Range (Georgia) (f.okas et al., 2018). But in the
given case, the main reason is a process of concentration of radioactive
atmospheric aerosols on the surface of the glacier with the participation
of microorganisms (cyanobacteria). For the conditions at Khuko Lake,
there is no evidence that such a concentration mechanism takes place.

The purpose of this study is to determine the local variability of
technogenic radionuclides in the soils of the Mount Khuko, and assess-
ment of possibility of their use as tracers. Within the framework of this
study, the following tasks were solved:

1. Determination of the '37Cs fallout of the initial spatial variability in
soils of the Mount Khuko at reference sites and comparing the ob-
tained values with regional studies and available radioecological
maps.
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2. Conducting a field gamma-spectrometric survey for the evaluation of
spatial distribution of the radionuclides within the different
morphological units of the study area.

3. Investigation of the radionuclide (137Cs, 239,240py and 241Am) depth
distributions in the local sediment sinks and evaluation to possibities
to use them for evaluations of sedimentation rates for the different
time windows.

2. Materials and methods

The study was carried out in the beginning of August 2019 on the top
of the Mount Khuko, located in the western part of the main Caucasus
Mountain Ridge. (Fig. 1). The mountain is part of the watershed line
between the Pshekhashkha (a tributary of the Pshekha River) and the
Shakhe Rivers, and it is located 7 km northwest of Mount Fisht (highest
top of the main Caucasus Ridge in the Western Caucasus). The summit of
Mount Khuko Kh is located within the belt of alpine meadows. The upper
border of the forest belt is located somewhat lower along the slopes.

Lake Khuko (see SM-1 A, C) has an area of 27,500 m? with a
maximum depth of 10 m and a small catchment area (~120,000 mz). It
maintains a positive water balance due to intense precipitation (=1500
mm year ') and a thick snow cover, which can persist until July
(Efremov, 1988). Under the conditions of a general warming of the
climate in the end of XX and first decades of XXI centuries, there are
significant fluctuations in the annual precipitation with a slight increase
in February—March and October—-November (Aleshina et al., 2018). The
topography of Mount Khuko is characterized by high complexity and
may be subdivided into three morphological units: northwestern, cen-
tral, and southeastern (see SM-1 A). The northwestern and central units
were apparently a single system, starting from the Khuko Lake, which is
currently isolated from the cascade of shallow lake-like depressions
occupying the northern slope of the mountain (see SM-1 B). Currently,
these lake-like depressions turn into swamps and gradually dry up. A
large proportion of the northwestern part of the mountain and the
catchment area of the Khuko Lake are covered with beech forest and
shrubs adjacent to alpine grasslands.

The southeastern unit of the mountain top is represented by a ridge
with relatively gentle northern and steep southern slopes. The northern
slope is dissected by a series of shallow hollows that break the contin-
uous herbaceous cover. Downstream they flow into the channel of a
stream flowing down from the slope of the mountain. In the mouths of
some hollows, there are traces of material accumulation in the form of
proluvium fans with dense grass vegetation (see SM-1 D).

The soil cover is represented by light loamy soddy-calcareous
leached soils of mountain meadows (Molchanov, 2010) with an
average thickness of up to 40 cm (SM-2 A). In the lower part of the soil
profile, the share of parent rock fragments, represented by limestones
and marls, exceeds 50% (Kazeev et al., 2012). In deluvial sediments
filling the bottom of hollows and sediments composing proluvium fans,
The proportion of clay and sandy particles increases significantly in the
sediments of the hollow bottoms and prolivium fans (see SM-2 B).

2.1. Sampling procedure

5 relatively flat undisturbed locations were selected as a reference
sites for evaluation of the initial spatial variability of '*’Cs fallout. (see
Fig. 2). Soil samples were taken at five points on each reference loca-
tions. Samples were taken in the corners of a square with sides of
2.5-3.0 m and the point of intersection of its diagonals. The sections
with depths maximum 30-40 cm were dug in the each sampling loca-
tions. In some cases, a bedrock matter was excavated (see SM-2 A).
Samples were cut from the front wall of the section. The size of the each
sample was 10 x 10 x 10 cm in size. It was assumed that a depth of 10
cm is sufficient for the evaluation of the total inventory of radionuclides.

Two areas were identified, where it was expected both erosion and
deposition processes during the last decades. The first area is
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Fig. 1. Location of Mount Khuko on the map of radioactive contamination of Europe with '*’Cs (bomb-derived and Chernobyl-derived) (Izrael et al., 1996).
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Fig. 2. Topography and sampling sites location at the studied area (the Mount Khuko).

represented by the bottoms of hollows and proluvium fans in the
southeastern morphological unit (Fig. 2, SM-1 D). They are clearly
distinguished in the relief in the form of depressions with a flat bottom
and smooth elevations up to 1 m in height in the lower parts. They are
also well labeled with thicker, more moisture-loving grass vegetation
(see SM-3). The second area is represented by the bottoms of drying
lake-like depressions in the northwestern part of the study area (Fig. 2,
SM-1 B). Totally, two cores were collected at the bottoms of dry lakes
and five cores were collected at the bottoms and fans of the hollows
(Fig. 2). Depth increment sampling was carried out in areas of expected
sedimentation using a metal sampler with an internal diameter of 3 cm
(see SM-4 A, B). Samples were cut into 1 cm thick sections directly inside

the sampler. After that, each of the samples was packed in separate
plastic bags, and the sampler was cleaned using wet wipes.

2.2. Field gamma-spectrometry survey

The field gamma-spectrometric survey was undertaken at the top
area of the Khuko lake using a detector with a 63 x 63 mm Nal (T1)
crystal packed in an aluminum case 80 mm in diameter and a resolution
of at least 6.3%. The spectrometer was placed in backpack on the height
of 1 m above the ground. The measurement error count rate of regis-
tration of '*’Cs in the measurements points (CPS) consists of two: the
error of the initial calibration (when the new activity was converted to
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cps) and the statistical. The error was estimated as 20% for the inves-
tigated points during the moving. A GPS receiver was connected to the
detector, and the AtomSpectraGPS software was used. The exposure
time was from 10 to 15 min, depending on the counting rate (see SM-4
C). The peak of the registration intensity of gamma quanta in the region
of 661.7 keV was clearly visible in each of the spectra obtained in the
field (see SM-5).

2.3. Laboratory analysis

At the initial stage rocks and particles bigger than 2 mm were
separated from the sample using a set of sieves.The samples were dried
in an oven at a temperature of 105 °C. Bulk density was assessed. Further
samples were crashed, and were packed in containers with a fixed
cylindric geometry for subsequent gamma spectrometric analysis.
Determination of the gamma-active radionuclides content was carried
out using an ORTEC GEM-C5060P4-B gamma spectrometer using ul-
trapure germanium (HPGe) semiconductor detector with a beryllium
window, and relative efficiency of 20%. The detection efficiency of '*”Cs
(661.7 keV) - 2.5% (1-3 g samples) and 1.5% (30-100 g samples), >*'Am
(59.3 keV) - 18% (1-3 g samples) and 7% (30-100 g samples). The
exposure time of the samples was from 60 000 to 250 000 s, depending
on the observed intensity of registration of the desired radionuclides.
Sample weights with fixed geometry ranged from 1 to 3 g for the samples
sliced in sampler and 30-100 g for samples taken in soil section within
reference sites. The minimum detected activity (MDA) for 137¢g isotopes
was 0.06 Bq for the reference sites samples, and 0,5 Bq for the core
samples.

Two cores with contrasting vertical distribution of '*’Cs were
selected for the determination of Pu isotopes via alpha spectrometry:
one core from hollow and one from dry lake. Before the extraction
samples were ashed (450 °C, 8 h). A sample weighing 1 g was investi-
gated. Complete acid decomposition was carried out by sequential
addition of concentrated hydrofluoric acid, a mixture of HF:HNOs in a
ratio of 3:1, dry boric acid in a mixture with concentrated hydrochloric
acid, and concentrated nitric acid with the addition of 30% Hy0-. After
each stage, the resulting solution with the test sample was evaporated to
wet salts. Obtained wet salts were dissolved in 7.5M HNOs3. For the
extraction of plutonium anionite grade AB-17 x 8 was used. The crys-
talline NaNOy was added to the target solution for stabilization the
isotopes of plutonium in Pu(IV). The solution was heated for 5 min at a
temperature of 100 °C and kept until the release of brown vapor ceased
(this step speeds up the nitrite decomposition reaction). The resulting
solution was passed through a column with a previously prepared resin,
then the column was sequentially washed with 7.5M HNOs, 9M HCI,
7.5M HNOs, and distilled water. Plutonium isotopes were separated by
washing off the anionite with hydrochloric acid hydroxylamine heated
to 40 °C, then precipitated from the resulting solution with cerium
fluorides. To control the radiochemical yield, 10 pL of 236Pu with an
activity of 0.2 Bq was added to the ashed sample. The preparation of
counting samples consisted of co-precipitation of plutonium with CeF3
on a Resolve filter (Methods developed by Eichrom Technologies LLC).
The analysis of the content of alpha-emitting radionuclides (**®Pu,
239,240py) was carried out on an ORTEC Alfa-Esemble-2 alpha spec-
trometer with an ENS-U900 with silicon detector (UL-TRA-AS). The
minimum detected activity (MDA) for Pu isotopes was 0.05 Bq.

3. Results
3.1. 137Cs inventories at the reference sites

Examination of samples taken at the reference sites recorded rela-
tively high level of the 37Cs fallout. The average level of soil contami-
nation of the Mount Khuko, estimated at 5 points, varies in the range of
12.2-14.3 kBq m2, which is quite consistent with the data of the pub-
lished map of initial radioactive contamination of European Russia
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(Fig. 1), where the density of surface soil contamination in the study
area ranges from 10 to 40 kBq m2 (Izrael et al., 1996; De Cort, 1998).
High local spatial variability of 137Cs was identified within each of five
reference sites. It is largely due to the high proportion of coarse material
(coarser than sand) in shallow soils. The average coefficients of variation
(CV) were relatively high for the all reference locations (42%: Kh-Ref-1 -
34%, Kh-Ref-2 - 25%, Kh-Ref-3 - 43%, Kh-Ref-4 - 45%, Kh-Ref-5 - 63%).
(Table 1).

3.2. Results of filed gamma-spectrometric survey

The presence of significant '*’Cs concentrations in the soil of the
studied area was also confirmed by the conducted field gamma-
spectrometric survey (Fig. 3).

The points with obtained values of input count rate (counts per
second — CSP) were subdivided into groups based on the previously
mentioned morphological units: into the northwestern, central, and
southeastern parts of the studied area.

The lack of correlation between measurement point elevation and
input count rate (CPS) was detected for the northwestern and central
morphological units of Mount Khuko (Fig. 4 A, B). Such a result is
generally expected for conditions with high variability of the soil grain
size and low rates of erosion and sedimentation, which is indirectly
confirmed by the very low sedimentation rate in the Khuko lake (Kuz-
menkova et al., 2020).

For the south-eastern morphological unit, where clear geomorpho-
logical signs of erosion and sediment redeposition were found, a weak
inverse correlation between elevation and input count rate (CPS) was
revealed. This fact may indicate an increase in **Cs deposits along with
the sedimentation of eroded soil particles at lower positions. When
considering the above dependencies, it is worth taking into account the
previously described heterogeneity of '*’Cs deposition on the soil

Table 1
Some characteristics of samples taken at the reference locations (the leached
soddy-calcareous soils of alpine meadows).

Reference Sampling Bulk Proportion, % 187¢s
st PO G ng, G, PO
organic boulders
matter

Kh-Ref-1 1 410 100 0 19.9 £ 0.2
2 300 100 0 11.5+ 0.1
3 188 100 0 109 £ 0.1
4 228 100 0 9.6 + 0.2
5 490 87 13 10.1 £ 0.1
mean 323 97 3 124 £ 6.4

Kh-Ref-2 1 718 100 0 15.6 £ 0.1
2 560 100 0 142+ 0.2
3 676 79 21 12.9 £ 0.2
4 634 100 0 7.9+0.1
5 594 100 0 10.5 + 0.1
mean 636 96 4 12.2 £ 6.7

Kh-Ref-3 1 196 100 0 9.6 £ 0.1
2 287 70 30 19.7 £ 0.5
3 448 100 0 8.6 +0.1
4 208 100 0 18.2 £ 0.1
5 250 100 0 8.3+0.1
mean 278 94 6 12,9 +£ 8.2

Kh-Ref-4 1 508 100 0 16.8 + 0.2
2 489 100 0 9.9+0.1
3 591 87 13 7.5+ 0.3
4 573 100 0 19.9 + 0.3
5 338 100 0 8.1+0.1
mean 500 97 3 124 +7.1

Kh-Ref-5 1 629 100 0 24.2+0.2
2 718 100 0 10.7 £ 0.2
3 502 100 0 23.6 £ 0.2
4 332 100 0 6.5+ 0.1
5 393 88 12 6.5+ 0.1
mean 515 98 2 143 +7.7
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Fig. 3. Input count rate of registration of >’Cs (CPS) in the measurement points of the different parts (morphological units) of the studied area (Mount Khuko).

surface to avoid incorrect interpretations. Nevertheless, the obtained
correlation indirectly justifies the choice of a site for sampling layer-by-
layer samples at the tops of proluvium fans.

3.3. 137Cs depth distribution interpretation

The '¥Cs depth distributions at the bottoms of the two studied
hollows are presented in Tables 2 and 3. In the case of the hollow Kh-H-
1, all three collected cores showed different types of '*’Cs depth dis-
tribution (Table 2). The core Kh-H-1/1 was the only example that con-
tains two separate maximums of '*’Cs inventory at depths of 0-1 and
4-5 cm. It can be assumed that the upper maximum associated with
Chernobyl-derived '3”Cs fallout in May 1986. In this case, the maximum
content of 1¥’Cs at a depth of 4-5 cm should be attributed to maximum
of bomb-derived '*’Cs fallout in 1963. However, this assumption seems
to be erroneous, since in this case, the pre-Chernobyl '*’Cs inventory
should be of the order of 16 kBq m2. This is too high for bomb-derived
fallout. In addition, the insignificant '*”Cs inventory in the 1-2 cm layer
compared to the '*’Cs deposits in the upper and lower layers allows to
suggest that the peak at a depth of 4-5 cm is more likely associated with
the Chernobyl fallout in May 1986. In this case, the relatively high 1*7Cs
concentration in the surface layer can be associated with a washout from
the catchment area of the hollow.

The location of maximum of '*’Cs inventory in the layer 1-2 cm
indicate the lack of sediment deposition in central part of hollow bottom
(core Kh-H-1/2). It is the most likely overlap of the peaks of bomb-
derived and Chernobyl fallout in thte given sampling point. The such
situation is typical for areas with high levels of Chernobyl fallout
(Golosov, 2002).

137Cs depth distribution is relatively uniform from the surface to the
10 cm depth in the core Kh-H-1/3, located at the proluvium fan
(Table 2). Such a**’Cs depth distribution indicates that this is sediments
redeposited during post-Chernobyl period. The option with a possible
erosion of the Chernobyl peak seems unlikely, due to the low gradient of
the surface and the dispersion of runoff within the fan. Therefore, the

accumulation of material carried out from the catchment areas of the
hollows most likely led to the burial of the surface exposed at the
moment of the Chernobyl fallout, and the sampling depth was insuffi-
cient for the evaluation of the location of the ¥ Csinventory maximum
associated with Chernobyl fallout.

The depth distributions of '*’Cs in sediments of the bottom of the
hollow Kh-H-2 (Table 3) are different. Total deposits of 13'Cs in Kh-H-2/
2 are three times higher than in Kh-H-2/1, which may be explained by
uneven erosion and redeposition of sediments along the hollow’s bot-
tom. At the same time, two peaks of cesium reserves were found in Kh-H-
2/2, unlike a single one in Kh-H-2/1, which is very similar to the dif-
ference in depth distributions seen in the bottom of the first hollow.

In the bottoms of the two drying up lakes, the upper 10 cm is rep-
resented by organogenic deposits with a maximum of '*’Cs deposits at a
depth of 3-4 cm (Table 4). Such a distribution turns out to be quite
expected. It is clearly indicating the very low input of the sediment from
the catchment area, and hence a low rate of sedimentation, which
mainly associated with dead plant residues.

3.4. Vertical distribution of 2>*>2*py deposits and 2*>24°Pu/'37Cs ratio
in samples taken from the hollow (Kh-H-1/1) and dry lake (Kh-L-2)

Radiochemical extraction of Pu was performed for two cores with the
most contrasting 1%7Cs distribution. The core Kh-H-1/1 was selected first
due to the presence of two distinet maximums of 13’Cs deposits, both of
which were proposed to have 1Cs of Chernobyl origin, and the deter-
mination of Pu in these samples helped to test this hypothesis. The
second studied core was Kh-L-2. The main goal was to separate the 13’Cs
deposits of bomb-derived and Chernobyl-derived origin in the context of
low sedimentation rates and the possible overlapping of the both 137Cs
peaks. In each of the selected cores, the Pu isotope radiochemical
extraction procedure was performed for the top 6 samples. In all sam-
ples, only 23%240py isotopes were reliably detected, as in the study of
bottom sediments of Lake Khuko. Plutonium isotopes 2*'Pu and 2*®Pu
were not detected. (Kuzmenkova et al., 2020) (Table 5).
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Fig. 4. Dependencies between elevation of the sampling points and obtained CPS values for different morphological units of Mount Khuko: A — NW part, B — central

part, C — SE part.

In the core Kh-H-1/1, there is an unsystematic distribution of
239.249py deposits with a high variability — in the upper 5 cm layer (CV —
50%). At the same time, the 23%24°pu,/137Cs ratio turns out to be typical
for the Chernobyl fallout, which confirms the hypothesis that deposits
up to 4 cm accumulated over the post-Chernobyl period, and the peak of
the Chernobyl '*7Cs fallout is located at a depth of 4-5 cm. There is an
increase in the 23%240pu/137Cs ratio in the sample collected from the
depth of 6-7 cm. It indicates a likely greater contribution of bomb-
derived fallout to the formation of '*’Cs deposits.

The clear maximum of 23%240py was recorded at a depth of 3-4 cm in
the core Kh-L-2, where the largest 1*7Cs inventory was also observed. On
the whole, such distribution does not contradict the situation of over-
lapping bomb-derived and Chernobyl-derived peaks, given that the
overlying layer with a low concentration of 2%240py contain more than
half of the total '*’Cs inventory in the core. The 23%20pu/!%7Cs ratios
with the maximum values in the lower part of the section confirm this
explanation. In general, a trend with an increase in the 23%24%py,/1%7Cs

ratio with depth in the soils was previously noted for mountain catch-
ments (Meusburger et al., 2018), where radioactive contamination was
associated with bomb-derived and Chernobyl-derived fallouts (Alewell
et al., 2014).

221 Am was detected in samples but unfortunately, the uncertainty
was too high to make quantitative analysis (more than 45%). Hence,
investigation of americium content requires radiochemical extraction,
which is planned to conduct in the future.

4. Discussion

Obtained results indicate that the '3”Cs contamination of the soils of
Mount Khuko has a complex origin with the contribution of at least two
documented sources of FRN, namely: bomb-derived fallout after bomb
tests in the 1950-60th and the Chernobyl accident. Intensive deposition
of FRN in soils of Mount Khuko was most likely due to high precipitation
on the windward slopes of the Caucasus Mountains, which is a favorable
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Table 2
137Cs vertical distribution in cores taken from the hollow Kh-H-1.
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Kh-H-1/1 (bottom) Kh-H-1/2 (bottom)

Kh-H-1/3 (proluvium fan)

Depth, 137¢s Depth, 137¢s Depth, 137¢s
cm . . - cm . . . cm . . -
Deposits, kBq Specific activity, Bq Deposits, kBq Specific activity, Bq Deposits, kBq Specific activity, Bq
m~?2 kg! m2 kg ! m2 kg!

0-1 7.08 + 0.14° 3163 £ 47 0-1 5.93 £0.18 9379 + 281 0-1 0.92 £+ 0.07 587 + 47

1-2 1.07 £+ 0.08 667 + 47 1-2 10.6 + 0.21 7428 + 149 1-2 1.04 + 0.08 585 + 47

2-3 3.23 +£ 0.07 1579 + 32 2-3 4.25 +0.13 2325 + 70 2-3 2.02 + 0.08 598 + 24

3-4 3.50 £ 0.14 1236 + 49 3-4 2.05 £+ 0.06 760 + 23 3-4 2.75 + 0.11 513 +21

4-5 4.25 + 0.13 1547 + 46 4-5 1.34 £ 0.07 423 + 21 4-5 1.99 + 0.06 484 + 15

5-6 2.03+0.10 606 + 30 5-6 0.57 £+ 0.05 182 £ 15 5-6 2.05 £+ 0.08 409 + 16

6-7 1.09 £+ 0.07 233 £ 14 6-7 0.47 £ 0.05 90 £9 6-7 1.52 + 0.08 372 +19

7-8 0.47 + 0.06 67 +8 7-8 0.18 £ 0.03 57 £10 7-8 1.70 £+ 0.09 384 +19

89 0.37 + 0.04 44+ 5 89 0.23 £+ 0.04 46 £ 8 89 2.12 + 0.09 369 + 15

9-10 0.30 = 0.04 49 +7 9-10 0.16 + 0.03 27 £6 9-10 215+ 0.11 345 + 17

Total 23.4 +0.87 - Total 25.8 £0.85 - Total 18.26 + 0.85 -

2 Layers with maximum'%’Cs inventory are pointed with bald font.

Table 3 Table 4
Vertical distribution of'®’Cs in cores from the hollow Kh-H-2. Vertical distribution of'*’Cs inventory in cores taken from dry lake bottoms.

Kh-H-2/1(bottom) Kh-H-2/2 (bottom) Kh-L-1 Kh-L-2

Depth, 137¢s Depth, 137¢cs Depth, 137¢cs Depth, 137¢s

em Deposits, Specific em Deposits, Specific em Deposits, Specific em Deposits, Specific
kBq m~2 activity, Bq kBq m~2 activity, Bq kBq m~2 activity, Bq kBq m~2 activity, Bq

kg~! kg! kg! kg!

0-1 0.43 + 918 £ 101 0-1 4.61 + 3878 + 194 0-2* 113 £ 792 + 40 0-1 0.79 + 941 + 57
0.05 0.23 0.06 0.02

1-2 0.87 + 1022 £ 72 1-2 2.69 + 3537 + 141 1-2 1.23 £ 1085 + 54
0.06 0.11 0.09

2-3 2.09 + 982 + 39 2-3 4.42 + 4458 + 134 2-3 112 + 991 + 59 2-3 1.93 £ 1468 + 73
0.08" 0.18 0.07 0.04

3-4 2,00 + 717 £ 29 3-4 4.61 + 4128 + 206 3-4 1.56 £ 2191 £ 110 3-4 2.54 + 1509 + 60
0.08 0.21 0.08 0.10

4-5 0.65 + 196 + 16 4-5 2.55 + 2010 + 121 4-5 3.48 + 2137 + 64 4-5 0.89 + 357 £ 25
0.05 0.15 0.10 0.03

5-6 0.33 + 79+9 5-6 2.52 + 2009 + 121 5-6 2.60 + 1506 + 60 5-6 0.28 &+ 141 £17
0.04 0.15 0.10 0.01

6-7 0.24 + 63+5 6-7 1.5+ 0.05 1369 + 41 6-7 0.78 + 415 + 29 6-7 0.14 + 43 +£8
0.02 0.06 0.03

7-8 0.16 &+ 60 + 8 7-8 0.74 + 764 + 69 7-8 0.35 + 181 £+ 22 7-8 0.09 + 31+£10
0.02 0.07 0.04 0.03

8-9 0.06 20+7 8-9 0.54 &+ 442 + 40 8-9 0.20 + 98 £ 16 8-9 0.07 = 20£5
0.02 0.05 0.03 0.02

9-10 0.08 + 17 + 4 9-10 0.13 + 107 £11 9-10 0.19 + 70 £11 9-10 0.09 + 19+5
0.02 0.01 0.03 0.02

Total 6.91 + - Total 24.32 + - Total 11.41 = - Total 8.05 + -
0.44 1.21 0.57 0.39

2 Layers with maximum'®’Cs deposits are pointed with bald font.

condition for the fallout of bomb (UNSCEAR, 1993) and Chernobyl
origin (Kvasnikova et al., 1999) radionuclides. This situation is quite
typical for the mountainous areas of Europe: the Alps, Massif Central,
the Ardennes, and the Rhine Mountains (Meusburger et al., 2020). The
presence of two sources at different times implies the possibility of
determining sedimentation rates over different periods second half of
the XX and the beginning of the XXI centuries. Two different peaks of
137Cs content may be attributed to the moment of fallouts associated
with the maximum fallout of radionuclides during the period of nuclear
tests, which in the northern hemisphere took place in 1963, and Cher-
nobyl fallout in the period from late April to May 1986. Under the
conditions of the climate change in the Caucasus region (Toropov et al.,
2019) and subsequent changes in the environment (Solomina et al.,
2015, 2016), the possibility of using radioisotope methods to assess the
rate of sedimentation is crucial to obtain information about environ-
mental feedback on climatic changes (Kuzmenkova et al., 2020; Grachev
et al., 2020). However, the sampling and subsequent interpretation of
the depth distribution of radionuclides should be taken into account

*a large number of plant roots did not allow to accurately divide this layer into
intervals of 0-1 and 1-2 cm.

with serious constraints.

Relatively low rates of sedimentation, the step size of depth incre-
mental sampling may be too big to isolate deposits of various origins due
to the their possible overlapping, as was revealed in the majority of
observed cores. Under conditions when the level of Chernobyl
contamination significantly exceeds bomb-derived fallout, the over-
lapping process is quite typical (Golosov, 2002). Based on the available
radioecological maps and results of thte our observations described
above, we can conclude that within the study area, the largest part of
137Cs inventories was associated with the Chernobyl fallout. Neverthe-
less, in some points, the ratio of radionuclide fallout of different origin
can vary greatly due to the peculiarities of sediment lateral migration.
As it was found for the soils of Mount Aragat in the monitoring zone of
the Armenian NPP, located outside the area with relatively high level of
Chernobyl contamination, '*’Cs inventory may reach values of
10.5-11.47 kBq m? (Pyuskyulyan et al., 2020). This is very close to the
level of radioactive contamination of the soils of Mount Khuko. At the
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Table 5
Vertical distribution of?*>2*°pu inventory and**2*°pu/'%’Cs ratio in samples
from the cores Kh-H-1/1, Kh-L-2 and expected sources of *3”Cs deposits.

Depth, 239,240py 239.240py, /137 Source of 1¥7Cs
a b
em deposits, Bq  Specific (1988) fallout
m~2 activity, Bq
kgt
Kh H-1/1 (hollow)
0-1 21.3 +£0.9 9.5+ 0.4 0.001 + 0.0001 Chernobyl
1-2 152 +1 8.6 +£ 0.6 0.007 + 0.001 Chernobyl
2-3 26.6 £1.2 12.8 + 0.6 0.004 + 0.0003 Chernobyl
3-4 48.4 +£ 2.1 17.1 £ 0.7 0.007 + 0.001 Chernobyl
4-5 19.7 +£ 0.9 7.2+0.3 0.002 + 0.0002 Chernobyl
5-6 sample is lost
6-7 29.3+1.3 6.3+ 0.3 0.013 + 0.001 Chernobyl,
Global
Total® 131 +£5.8 - 0.003 + 0.0002 Chernobyl
Kh-L-2 (lake)
0-1 18.5 + 0.9 221 +1.1 0.011 + 0.001 Chernobyl?
1-2 24+0.1 21+0.1 0.001 + 0.0001 Chernobyl
2-3 205 +1 15.6 + 0.8 0.005 =+ 0.0004 Chernobyl
3-4 160 + 8 95 + 4.8 0.031 + 0.003 Global
4-5 56.1 + 3 23.7 +1.3 0.032 + 0.003 Global
5-6 50.7 £ 2.5 25.2+1.2 0.087 + 0.009 Global
Total 311 £ 155 - 0.02 + 0.002 Chernobyl,
Global
Lake Khuko (Kuzmenkova et al., 2020)
0-0.5 - 0,027 + 0003 Chernobyl,
Global

2 values are recalculated to 1988 for comparison published data.

b threshold values for detection of'>’Cs source were taken from Kuzmenkova
et al. (2020) u Meusburger et al. (2020): Chernobyl <0.008; Chernobyl, Global
0.008-0.029; Global >0.029.

¢ only upper 5 cM

4 according to the depth of sampling, performed isotope ratio may be assumed
as possible for Chernobyl fallout.

same time, on the territory of Georgia, such a high level of radioactive
contamination of at least arable soils was observed only on the Black Sea
coast and it was not recorded in the eastern high-mountainous regions
(Urushadze and Manakhov, 2017), located on the possible migration
pathways of air masses between the Chernobyl nuclear power plant and
Mount Aragat. Participation of exotic sources of radionuclides is un-
likely. However, the results of the study of cryoconite in the central part
of the Caucasus mountains to the probability of some undocumented
sources of radionuclide contamination of the given region (fLokas et al.,
2018). The most likely explanation for the occurrence of such high
values with an average density of bomb-derived '*’Cs fallouts in the
northern hemisphere of 3.42 kBq m2 (UNSCEAR, 1982) may be the
concentration of the finely dispersed fraction of sediments eroded from
the slopes, in which the most intense fixation of radionuclides is
observed.

If this process takes place, then the formation of peaks of 137¢s de-
posits is possibly caused not by direct fallout, but by sorting of material
during erosion and redeposition. Such an explanation in the presence of
Chernobyl contamination is quite consistent with the observed distri-
bution in cores Kh-H-1/1 and Kh-H-1/3. In the case of Kh-H-1/1 and Kh-
H-2/2, the maximum deposits in the near-surface layer could have been
formed by a local source of thin and highly radioactive material. In core
Kh-H-1/3, the “Chernobyl peak” was not identified at all, either due to
erosion, or insufficient sampling depth or due to both of these reasons at
the same time. Moreover, in the sediments accumulated already after
1986, there is no clear trend towards a decrease in the '*’Cs content,
which is not typical for catchments in Chernobyl affected areas (Kono-
plev et al., 2020). The unevenness of the participation of local sources in
the formation of slope sediment runoff turns out to overcome the process
of mixing and averaging the concentration of radionuclides in the ma-
terial during transportation.

Based on the foregoing, it follows that a situation may arise in which
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an unambiguous interpretation of the vertical distribution with clearly
pronounced peaks of 13’Cs deposits, becomes difficult without the use of
additional time markers. In the absence of disturbance, the peak of
239,240py, inventory can be used as an additional chronomarker (Lal
et al., 2013), although the process of its determination by alpha or mass
spectrometry is much more laborious in comparison with gamma
spectrometry. This marker can be even more reliable than 1%’Cs, due to
the possibility of determining its origin by isotopic ratios. The high
variability of 23%24°py deposits in the Kh-H-1/1 core indicates a
nonlinear increase in deposits during sedimentation. Assuming the
absence of a significant input of Pu isotopes from the atmosphere, it may
indicate the uneven participation of various sources in the formation of
slope sediment runoff within relatively compact areas. In this regard, the
application of models that use Pu stock changes to assess erosion and
sediment accumulation (Meusburger et al., 2018; Arata et al., 2016a;b)
should be carried out with a statistically reliable set of field data that
allows for local variability of the initial radionuclide fallout.

5. Conclusion

The soils of the alpine belt of the Western Caucasus are contaminated
by bomb-derived and Chernobyl-derived '*”Cs. This makes it possible to
estimate the sedimentation rates over two time windows.

High spatial variability of the '*”Cs initial deposition was revealed
for the reference sites located in the zone of alpine meadows in the
Western Caucasus. This is due to the high unevenness of various char-
acteristics (density, texture, grain size etc.) of thin soils in this altitudinal
belt. At the same time, the average *’Cs inventory at the five surveyed
reference sites within the study area are quite close, varying in the range
from 12 to 14 kBq m™.

The relationship between the elevation of the area and the content of
137Cs was established only for the morphological unit with traces of
erosion-accumulative processes clearly expressed in the relief.

Assessment of the %7Cs depth distribution in the sediment sinks
(bottom of hollows, proluvial cones and bottoms of dry lakes) made it
possible to determine the rates of modern accumulation, which reached
maximum values in the proluvial fan. However, only the use of
239+24%py a5 an additional chronomarker made it possible to reliably
separate the sediments deposited in the post-Chernobyl period and for
the period 1963-1986 in areas with low accumulation rates.
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