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ABSTRACT. This paper explores the use of ¥’Cs derived from Chernobyl as an indicator of sediment supply and transport
within small agricultural catchments by analyzing the depth distribution of radionuclides, with a focus on post-Chernobyl
changes in the activity concentration of radionuclides. To this end, depth-incremental sampling was carried out along routes
of sediment transport within a small agricultural catchment subject to intense radioactive contamination in the Tula region.
Some points were set to repeat the position of those made 27 years earlier and to understand the dynamics of deposition
and the */Cs content in the sediment load. It has been suggested that a decrease in the activity concentration of *’Cs can be
used as an indicator of the relative age of deposits. Assuming this, the pattern of erosion product deposition on the sides and
bottom of the dry valley was determined. This pattern was found to be stable and consistent with the observed geomorphic
features and climate trends: the rate of accumulation in the valley bottom over the past 27 years has dropped almost twice,
coinciding with a decrease in snowmelt runoff during springtime and no increase in intense rainfall. Grain-size analysis of the
collected samples showed that selective transfer of clay particles may occur, but over a short delivery distance, it is unlikely
that the sorting process will significantly alter the downward trend of ¥’Cs concentrations. The proposed approach has the
potential to significantly improve the accuracy of sediment budget estimations and environmental quality assessments.
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INTRODUCTION transformation of sediment budgets due to changes in
the intensity of erosion and sediment delivery processes
Due to anthropogenic impact, which results in (Owens 2020).
disturbances of the natural canopy, accelerated erosion Several artificial compounds that are brought into the
on the interfluve slopes plays a major role in the sediment  environment are successfully used to investigate erosion
budget (Vanwalleghem et al. 2017). Yet, the products of  and sedimentation, including heavy metals (Dai et al.
erosion are mostly re-deposited along pathways from 2013; Wang et al. 2019; Elbaz-Poulichet et al. 2020;), fly
cultivated slopes to the river channels (Sidorchuk 2018). ash (Olson et al. 2008; Davis & Fox 2009; Gennadiev et al.
Emerging sediment fluxes are discontinuous; they begin 2010), and radioactive isotopes (Zapata 2003; Alewell et al.
with single events of short erosion periods on the slopes,  2017). The latter is closely linked to regular and occasional
continue along the thalwegs of hollows and valleys toward  discharges from nuclear facilities (UNSCEAR report 2000)
permanent watercourses, and extend beyond the outlets and nuclear weapons tests (Aoyama et al. 2006). Among
of river catchments, where they partly mix with products of ~ other anthropogenic fallout radionuclides ’Cs is most
riverbed deformations and become trapped by floodplains ~ often used as a tracer (Zapata 2002).
and reservoirs. Exploration of accumulated deposits using The highest '™Cs activity concentration usually
high-resolution chronomarkers and tracers along the  occurs during the 'Cs fallout from the atmosphere,
routes of sediment transport may help understand the  unless the soil has been affected by perturbations and

59


https://doi.org/10.24057/2071-9388-2020-136
https://doi.org/10.24057/2071-9388-2020-136
https://crossmark.crossref.org/dialog/?doi=10.24057/2071-9388-2025-3910&domain=pdf&date_stamp=2026-10-01

GEOGRAPHY, ENVIRONMENT, SUSTAINABILITY

2025

erosion, intense migration of radionuclides (Jagercikova
et al. 2015), and material from a more contaminated area
has been transported and deposited at the sediment
sinks. Considering the pointed limitations, precise dating
of sediments becomes possible by using '’Cs depth
distribution (Foucher et al. 2020).

The distribution of radionuclides above the layer
associated with massive fallout, such as that from the
Chernobyl accident, can be seen as a record of changes in
activity concentrations in sediments carried and deposited
after the event. These variations are determined by activity
concentration in the material from a specific sediment
source, the proportion of sources contributing to the
sediment flux, and the possible sorting of particles and
aggregates during transportation. If the long-term trend in
the behavior of *’Cs in mobilized sediment for a selected
location is predictable, then it is possible to link activity
concentrations with the age of the accumulated sediment.

The aim of this research is to assess the potential use
of the Chernobyl-derived '*’Cs depth distribution not only
as an accurate chronomarker but also as a geochemical
indicator of sediment fluxes in a small agricultural
catchment affected by intense Chernobyl fallout in Central
Russia. To this end, the following questions were raised:

1. How did the '¥/Cs activity concentration change
in sediments that reached the lower boundary of the
cultivated fields and then entered a dry valley bottom over
the post-Chernobyl period?

2. Is there a significant difference in the grain-size
composition of material deposited in different geomorphic
units, indicating the potential influence of sorting during
transport on the radionuclide content?

3.Whatis the sedimentation rate in the dry valley along
different sediment transfer routes, and can it be related to
the activity concentration values of sediment believed to
be older than 19867

4.How long does it take for sediment to move from the
arable slope to the catchment outlet, considering changes
in erosion and sediment load from the slopes?

Materials and methods

The study area is located in the southern part of the Tula
region near Plavsk town in the central part of a zone heavily
contaminated with *¥/Cs following the Chernobyl accident
in 1986 (Fig. TA). The chosen catchment has been studied
over the past few decades using Chernobyl-derived ¥'Cs
as a soil erosion tracer (Golosov et al. 1999a,b; Golosov et
al. 2000; lvanova et al. 2000; Panin et al. 2001; lvanov 2017;
Ivanov, Ivanova 2023; Ivanov et al. 2023, 2024a). Despite
this, the catchment still has high potential for in-depth
exploration of erosion and sediment transport processes.
Surveys from different years allow us to observe the long-
term transformation of sediment and contaminant fluxes.

The area of the study site is 0.25 km?, and the elevation
difference is 52 m:from 187 m asl near its mouth (see Fig. 1B)
to almost 236 m on the watershed surface. A major part of
the drainage area is occupied with arable interfluve slopes
of 1°=7°. The rest of the catchment area is represented by

steep (up to 25°) sides and a gently sloping bottom of a dry
valley (Fig. 1B).

The bedrock represented by Carboniferous limestone is
covered by a loess-like loam (Ratnikov 1960) that serves as a
soil-forming deposit for leached (Luvic Chernic Phaeozems)
and podzolized (Luvic Greyzemic Chernic Phaeozems)
according to the WRB-22 classification. According to the
Plavsk weather station, the average annual precipitation is
approximately 650 millimeters. Since the early 1990s, there
has been a clear trend towards an increase in average winter
air temperatures and a decrease in snowmelt runoff, up to
its complete disappearance in some years (Barabanov et al.
2018), due to the lower depth of soil freezing and the higher
infiltration capacity of the soil during the snowmelt season.

The lower boundary of arable slopes is usually outlined
with lynchets: a ramparts emerged due to ploughing.
Therefore, the transfer of mobilized sediments outside the
slope occurs mainly through slope hollows, where slope
runoff is concentrated (Panin et al. 2001). Before plowing
ramparts (lynchets), erosion products accumulate at the foot
of arable slopes. Accumulation in this zone plays a significant
role in the sediment budget, comparable to the sediment
load entering receiving watercourses (Ivanov et al. 2024b).
The material that is carried outside the slope is deposited in
the form of slopewash fans and covers on the sides of the
valley. The rest of the sediments are transferred along the
fluvial network and mainly deposited inside valleys.

As far as water flow is predominantly controlled by local
topographic features, the specific routes of sediment transfer
can be identified and studied separately. In our study, three
routes were investigated with depth incremental sampling
points (Fig. 1D, Table 1).

The first route is located in the western part of the
catchment. The slope runoff from the neighboring slopes
is concentrated along the lynchet, so its transfer to the
valley bottom is observed in the corner of the cultivated
field. Two sampling points were selected here: one at the
foot of the slope before the fulfilled lynchet (LF-1) and one
on the side of the dry valley (LS-1), where conveyance of
mobilized material was expected. The second route passes
through the central part of the study area and includes
three sampling points: on the slope of the fulfilled lynchet
(LF-2), on the side of the dry valley (LS-2), and in the upper
reaches of the valley's bottom (LB-1). The third route starts
at the lower reach of the bottom of a large slope hollow
(LF-3), passes through a well-defined slopewash fan on the
side of the valley (LS-3), and continues along the bottom dry
valley bottom, where two sampling points were selected: in
the upper reaches (LB-2) and near the mouth (LB-3). In the
central part of the valley bottom, there is a local area with
bottom gully incision. The position of the gully head has not
changed significantly since it was first observed in 1997.The
locations of LB-2 and LB-3 were selected to be close to the
soil sections examined in 1997 by Golosov et al. (1999a) for
comparison purposes within the 1997-2024 time window
(see Fig. 1Q).

The depth incremental sampling was conducted in
two ways. Soil cores were collected using a hand auger at
points LF-1, LF-2, LS-2, LF-3, and LS-3. At points LS-1, LB-1,

Table 1. The routes of sediment delivery reaching the foot of arable slope

Route Sampling points Soil losses 1986-2022, t*
1 LF-1-LS-1 4834
2 LF-2-1S-2-1B-1 3583
3 LF-3-LS-3-LB-2-1B-3 73792

*after lvanov et al. 2024b
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LB-2, and LB-3, we dug pits to describe the soil profile and
collect samples from the walls of the soil sections. Sampling
was performed at 3-5 centimeter intervals: either from the
wall of the soil section or by cutting a core directly with the
hand auger. All samples were delivered to the laboratory
and dried out. They were then weighed and ground before
being placed in petri dishes for further examination of '¥’Cs
activity, using a gamma spectrometer with a high-purity
germanium (HPG) detector manufactured by ORTEC (USA)
with an error not exceeding 10%. All activity values were
recalculated for 1986, taking into account radioactive
decay. For the samples of Route 3 (LF-3, LS-3, LB-2 and
LB-3) the grain-size composition was determined using a
Malvern Mastersizer 3000 particle size analyzer to figure
out any sorting during transport.

Results

After examining samples from set points along
the first route, it was learned that some of the material
was accumulated at the foot of the slope during the
post-Chernobyl period, while the rest was deposited
downstream in the valleys. The depth distribution of
¥Cs from LS-1 demonstrates heavily contaminated
strata, whose thickness is several times greater than the
depth of ploughing. Due to the intensive deposition, the
sampling depth at this site was insufficient to collect all
the soil material containing Chernobyl '¥Cs (Fig. 2A). On
the valley's side, accumulation also occurred. The layer
with highest activity concentration corresponding to the
fallout was identified at depth of 25-30 cm. The upper 25
cm strata is argued to be deposited later (Fig. 2B).

Obviously, the concentration of activity in the
accumulated material shows a downward trend. As can
be seen from LF-1 (Fig. 2A), despite repeated cultivation
resulting in mixing of the upper layer of soil, values

dropped from 2124+34 to 1386+27 Bqg kg'. Given no
disturbance after the accumulation in point LS-1, the
activity concentration dropped by almost two times, from
2564+1011t0 1324+30Bgkg. Assuming that the sediments
redeposited at the studied points have the same origin,
the activity concentration can be used as a parameter to
correlate the '*’Cs depth distributions. Thereby the almost
equal range of concentration indicates that accumulation
in LF-1 and LS-2 took place simultaneously. Even if the
lynchet had been morphologically pronounced sometime
after the Chernobyl fallout, the concentration of runoff was
enough to deliver sediment beyond the cultivated field.
For the second route, the situation is quite different. At
the point LF-2, activity concentrations of '*’Cs exceeding
1500Bg kg™ are only seenin the upper30 centimetersand are
distributed almost evenly. Downwards in the soil profile, *’Cs
content starts todrop (Fig. 3A). Therefore, it can be concluded
that there has been no significant accumulation before the
cultivated field boundary. On the adjacent side of the valley
(point LS-2), the accumulation during the post-Chernobyl
period has been no more than 9 cm (Fig. 3B). In addition, the
concentration of *’Cs in the upper 6 cm of sediment, which
can be linked to post-Chernobyl accumulation, turned out
to be higher than in the material deposited at the foot of
the slope: 2392+132-2752+168 Bqg kg™ versus 1791+167-
1940+173 Bqg kg (Fig. 3B). It may indicate that sediment
deposition on the valley side occurred when the activity
concentration of '*’Cs in the sediment runoff was higher.
Currently, no accumulation is detected. Down by the route
in the valley's bottom examination of sediments at the
point LB-1 showed that a maximum of '*’Cs activity lies
almost on the surface (Fig. 3C). The only upper 3 cm layer
which can be argued to have accumulated after 1986 has
a very high concentration of 3352+72 Bq kg™'. This is much
higher than the concentrations in sediments that were
accumulated nearby at the LS-2 point. Considering that

SK. ] E 37.144 E 37.145 E 37.146 E 37.147
"Cs deposition, kBq m” (RN i A ; i A e
1480-3700 U § s.1 a KawoA® .];l‘;LA
P 5o . ’ g g
555-1480 " Lapki catchment  © | 2 FG
185-555 N S b o ¢ z
s ORoslay] =3 yudinovo o o
37-185 (0 € Vi
<37 p Dyat
BYERD L = o
GEOMI o ]
o e BRYANSK® O At = ey
{ 2=F %o, — = <
é [ oo -y~
- \ ~ oSN L ORI
\ . L o , 8 ;%\L kg \Y{I =
1 ovozybkov ¥ L;\(sv 2 2
L - i . Pos \| & 7
< Q a { il &
S e \6%0 ) / = &
o ( “
i, \- WL KURSK (g / b
(- CHERNIGOV % ]
s Slavitich v
P nobyl NPP T N

N 53.667
N 53.667

LB-Io -11|

/
/
\

53.666

N

T T ™
E37.144 E 37.145 E 37.147

Fig. 1. The map of '¥’Cs Chernobyl fallout (after Izrael et I., 1996) and location of the study area (A). The photo of
the mouth of the Lapki catchment was made in 2021 (B). Observed routes of sediment transport (D): 1 - catchment
boundary; 2 - steep eroded slopes; 3 - observed routes of sediment transport; 4 — arable slopes; 5 - dry valley's sides;
6 - dry valley's bottom; 7 -slopewash fans and covers; 8 - counter lines, a.s.l.; sampling points with depth incremental
sampling on different geomorphic units: 9 - foot of arable slopes, 10 - dry valley sides and slopewash fans, 11 —dry
valley bottom
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Fig. 2. The depth distribution of '*’Cs at points LF-1 (A) and LS-1 (B)
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Fig. 3. The depth distribution of 137Cs at points LF-2 (A), LS-2 (B) and LB-1 (C)

samples near the surface are subject to vertical migration
of radionuclides, including that along plant roots, it is more
likely that there was no accumulation in this location.

At the foot of the slope, at point LF-3, the distribution is
similar to that seen in the previously described example at LF-1
(Fig. 2A), indicating intensive accumulation due to high values
of slope runoff delivered through the slope hollow (see Table
1). The activity concentration varies between 1263+118 and
14844114 Bqg kg-1, and there is no obvious decreasing trend
observed (Fig. 4A).

High accumulation is also seen on the surface of the
slopewash fan at point LS-3, with more than 39 centimeters
accumulated between 1986 and 2022 (Fig. 4B). The upper 24
cm of the sediment are characterized by a gradual increase in
13’Cs concentration moving down, with values that lie close to
those observed in LF-3, ranging from 1188+77 to 1437498 Bq
kg™ In the deeper part (24-39 cm), this growth becomes more
intense: from 1580+112 to 2651+172 Bg kg™ and indicates
older material than observed at the point LF-3.

In upper reach of the valley bottom (LB-2), the thickness
of post-Chernobyl accumulation drops to 27 cm. Here, there is
a clear increase in ¥’Cs concentration, starting at the surface.
It is likely that most of the accumulation occurred during a
short period after the fallout, when the concentration did not
decrease to levels observed in LS-3 and the upper part of LF-3:
from 3469+173 to 1380476 Bq kg™ (Fig. 4C).

Along the valley bottom, the rate of accumulation
continues to decline, and near the mouth of the valley (LB-3),
the accumulation is less than 18 cm over the period 1986-2024.
The concentration of activity in the accumulated sediments
ranges from 1664+98 to 3416+159 Bq kg™ (Fig. 4D). This range
is almost like that observed at the upper reach (LB-2), indicating
the same age of the deposited material. It turns out that
modern products of soil erosion are hardly represented here.
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Grain-size analysis of the collected samples suggests
that there has been a selective transfer of clay particles. The
percentage of particles smaller than 2 microns gradually
decreases from 12.48% at the foot of the arable slope to
9.66% near the dry valley’s mouth. At the same time, the
proportion of particles thicker than coarse silty (16 microns)
shows an increase as they move downstream (Fig. 5).

The grain-size composition shows no clear trend in the
vertical distribution. At the observed points, each fraction
has random fluctuations which show (Fig. 6).

Comparison of ¥Cs depth distributions obtained in
1997 (Golosov et al,, 1999a) and in 2024 showed that the
depth of the peak of activity concentration has changed:
in LB-2 from 12-15 cm in 1997 (Fig. 7A) to 27-30 cm in
2024 (Fig. 7B) and in LB-3 from 7-9 cm (Fig. 7C) to 15-18
in 2024 (Fig. 7D). Accordingly, in both locations, the rate of
accumulation over 27 years decreased almost twice: from
1.1-14 cm year' to 0.7-0.8 cm year' in LB-2, and from 0.6
0.8 cm year' to 04-0.5 cm year' in LB-3. The deposition
was still much higher in the valley's upper part (LB-2
compared to LB-3), but the ratio of the accumulation rates
of LB-2 to LB-3 was stable, at 1.4-2.3in 1997 and 1.4-2.0in
2024. Also, the mean activity concentration in the upper
samples, 1798 Bg kg in LB-2 versus 2358 Bqg kg ' in LB-3,
indicates a different age of sediment (Fig. 7 A, C).

DISCUSSION

Summarizing the results presented, the following
points can be made. The transport of sediment and
radioactive isotopes from agricultural slopes is primarily
determined by the concentration of slope runoff. This, in
turn, is influenced by both the topography of the slope and
the microrelief at its foot. It is clearly indicated by the depth
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distribution of ¥’Cs in sediments on both sides of the lower
boundary of the cultivated field. The decrease in ¥Cs
activity concentrations in sediments mobilized on arable
slopes and redeposited downstream is typical for all cases
observed. This decrease was not linear, with a rapid decline
shortly after fallout, becoming smoother over decades until
relatively stable values recently. The selective transport of
clay particles could affect activity concentration during
transportation. The depth distribution of *’Cs suggests an
increase in accumulation in the buffer zone on the slopes
of the dry valley and in the upper reach of the dry valley.
This pattern is consistent with observed climate trends:
decreasing snowmelt runoff and no increase in intense
rainfall.

The obtained picture is consistent with the current
understanding of the lateral migration of particulate *'Cs
in areas with intense fallout. The Chernobyl incident was
followed by a sharp increase in the contamination of the
subsurface soil layer. Within the arable slopes, activity
concentration dropped shortly after plowing, which depth
was recommended to increase for remediation purposes
(Alexakhin et al. 1992). A similar situation was observed
in the affected areas of Fukushima, where the activity
concentration of '¥Cs in terrestrial environments decreased
rapidly relative to expectations due to active land use and
decontamination efforts (Onda et al.,, 2020). Afterwards, it
was expected that concentration would decrease due to a
number of factors.

There would be a loss of upper, highly contaminated
soil layers due to erosion and harvesting, which would result
in the involvement of deeper and cleaner material during
plowing. Freeze-thaw processes can lead to unstable
soil surfaces and the development of intense rill erosion
in springtime, which in turn causes a decrease in activity
concentrations in mobilized sediment (Wakiyama et al.
2019; Igarashi et al. 2021). However, given the increasing
average temperature and the reduction of snowmelt
runoff in the beginning of the XXI century (Baranov et al.
2018), this factor does not seem to play a significant role.
Also, activity concentration values would decline as a result
of the complex migration of radionuclides primarily down
through the soil profile. However, the latter effect was
expected to be negligible (Golosov et al. 2013).

The sorting of material occurs along the entire
transportation pathway and can potentially affect the
concentration of *’Cs in sediments. Shamshurina et al.
(2011) found that activity concentration correlates with the
share of soil aggregates. In the soils of the upper and middle
slopes, approximately 50% of the total '*’Cs inventory is
associated with aggregates larger than 2 mm. In the lower
part of slopes, this share rises to about 70%. As the material
moves and aggregates break down, sorting occurs primarily
based on the size of individual particles. The selective
deposition of larger particles leads to the enrichment of the
sediment load with clay and fine silt (Golosov et. 2000). In
turn, the selective transport of clay and silt particles may
lead to the intensive migration of bound radionuclides
(Evrard et al. 2015; Konoplev et al. 2016). However, over
a short delivery distance, it is unlikely that the sorting
process will significantly alter the downward trend of ¥'Cs
concentrations. Given a single sediment source, the activity
concentration of *’Cs can be used as an indicator for the
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relative age of the deposited sediment.

As the number of sediment sources increases, the
picture of contamination is likely to become more
complicated, but changes in activity concentrations may be
used for fingerprinting tasks (Schuller et al. 2013; Evrard et
al. 2020). If the radiocesium content from different sources
is varying, it is possible to understand their contributions by
comparing the '*’Cs depth distribution in deposits before
and after the confluence of sediment fluxes.

Panin et al. (2001) reported that the long profile of the
valleygradually decreasesfromits upperreachestoitsmouth
but has some slight convexities along the way, indicating
separate episodes during the period of cultivation. As it has
been declared, for the valley that receives sediment load
from the explored catchment, the main way that deposits
can be mobilized is through the incision of bottom gullies.
Otherwise, the valley bottom provides long-term storage
for eroded sediment and radionuclides. This statement may
be supported by the fact that the activity concentrations in
the upper samples in soil sections along the slope and at
the bottom of the selected valley have different values, and
consequently, sediments are of different ages. Sediments
downstream are found to be older than those upstream, as
can be seen in the example of LB-2 and LB-3 (Fig. 4C, D).
This pattern has been consistent over decades (Fig. 5). Thus,
distribution of the '¥’Cs activity concentration may act as a
geochemical indicator of geomorphic disconnectivity.

Using the distribution of activity concentration as a
proxy for the age of sediment mobilization may help us to
better understand sediment accumulation by correlating
it with specific time periods. Sediment budget studies on
small catchments are a useful way to validate estimations
of soil erosion and sediment delivery from cultivated slopes
to dry valleys and further along fluvial networks (Walling
et al. 2002; Reid and Dunne 2016; Zhidkin et al. 2023)
obtained results may be used to calibrate existing models.
As accelerated erosion is a major source of sediment-
associated contaminants, including radioactive ones (Lal
1994, Quinton and Catt 2007; Konoplev et al. 2021; Rashmi
etal. 2022), the rate at which eroded material is delivered to
watercourses is critical for assessing current environmental
quality and forecasting future scenarios.

CONCLUSION

Since intrabasin sediment deposition constitutes a
significant part of the sediment budget in river catchments
with intensive anthropogenic influence, any additional time
markers to explore sedimentation would be instrumental
and should be included in the toolbox. The study conducted
has shown that the pattern of Chernobyl-derived ’Cs
contamination has a close relationship to sediment
redistribution in almost all decades after the fallout. The
decrease of activity concentration during the post-Chernobyl
period demonstrates high potential as a surrogate of relative
age. This finding is consistent with previous research and
sheds light on the potential use of '*’Cs depth distribution
as a proxy of the sediment age during post-Chernobyl
accumulation. However, the proposed approach requires
a clear understanding of the long-term variation in the
radionuclide content in material eroded from slopes and
transported into the fluvial system. Il



GEOGRAPHY, ENVIRONMENT, SUSTAINABILITY 2025

REFERENCES

Aoyama, M., Hirose, K., Igarashi, Y. (2006). Re-construction and updating our understanding on the global weapons tests 137Cs fallout.
Journal of Environmental Monitoring, 8(4), 431-438, https://doi.org/10.1039/B512601K

Alewell C,, Pitois A, Meusburger K., Ketterer M., Mabit L. (2017). 239+240Pu from “contaminant” to soil erosion tracer: Where do we
stand? Earth-Science Reviews, 172, 107-123. https://doi.org/10.1016/j.earscirev.2017.07.009

Alexakhin PM,, Vasiliev AV, Dikarev V.G. et al, (1992) Sel'skohozjajstvennaja radiojekologija [Agricultural radioecology]. Ecologiya,
Moscow (In Russian)

Barabanov AT, Dolgov S.V, Koronkevich N.I, Panov V., Petel’ko A.l. (2018) Surface runoff and snowmelt infiltration into the soil on
plowlands in the forest-steppe and steppe zones of the East European Plain. Eurasian Soil Science. 51 (1), 66-72, https://doi.org/10.1134/
51064229318010039

Dai Z, Feng X, Zhang C, Shang L, Qiu G. (2013). Assessment of mercury erosion by surface water in Wanshan mercury mining
area. Environmental research, 125, 2-11, https://doi.org/10.1016/j.envres.2013.03.014

Davis C.M. and Fox J.F. (2009). Sediment fingerprinting: review of the method and future improvements for allocating nonpoint source
pollution. Journal of Environmental Engineering, 135(7), 490-504. https://doi.org/10.1061/(ASCE)0733-9372(2009)135:7(490)

Elbaz-Poulichet F, Guédron S., Anne-Lise D., Freydier R, Perrot V., Rossi M., Piot C,, Delproux S., Sabatier, P. (2020). A 10,000-year record of
trace metal and metalloid (Cu, Hg, Sb, Pb) deposition in a western Alpine lake (Lake Robert, France): Deciphering local and regional mining
contamination. Quaternary Science Reviews, 228, 106076. https://doi.org/10.1016/j.quascirev.2019.106076

Evrard O, Laceby J. P, Lepage H., Onda Y, Cerdan O, Ayrault S. (2015). Radiocesium transfer from hillslopes to the Pacific Ocean after
the Fukushima Nuclear Power Plant accident: A review. Journal of environmental radioactivity, 148, 92-110. https://doi.org/10.1016/j.
jenvrad.2015.06.018

Evrard O, Chaboche P A, Ramon R, Foucher A, Laceby J. P. (2020). A global review of sediment source fingerprinting research
incorporating fallout radiocesium (137Cs). Geomorphology, 362, 107103. https://doi.org/10.1016/j.geomorph.2020.107103

Foucher A, Chaboche PA, Sabatier P, Evrard O. (2021). A worldwide meta-analysis (1977-2020) of sediment core dating using fallout
radionuclides including 137Cs and 210Pbxs. Earth System Science Data Discussions, 13(10), 1-61. https://doi.org/10.5194/essd-13-4951-2021

Gennadiev AN, Zhidkin, A.P, Olson K.R., Kachinskii V.L. (2010). Soil erosion under different land uses: assessment by the magnetic tracer
method. Eurasian soil science, 43, 1047-1054. https://doi.org/10.1134/51064229310090127

Golosov V.N.,, Panin AV, Markelov M.V,, (1999a). Chernobyl 137Cs redistribution in the small basin of the Lokna river, Central Russia. Phys.
and Chem. of the Earth, Part A: Sol. Earth and Geodesy, 24(10), 881-885 https://doi.org/10.1016/51464-1895(99)00130-1

Golosov VN, Walling D.E., Panin A.V, Stukin E.D,, Kvasnikova E.V, lvanova N.N. (1999b) The spatial variability of Chernobyl-derived 137Cs
inventories in a small agricultural drainage basin in central Russia. Applied Radiation and Isotopes, 51(3), 341-352. https://doi.org/10.1016/
S0969-8043(99)00050-0

Golosov V.N., Walling D.E., Kvasnikova E.V, Stukin E.D., Nikolaev A.N., Panin A.V. (2000). Application of a field-portable scintillation detector
for studying the distribution of 137Cs inventories in a small basin in Central Russia. Journal of Environmental Radioactivity, 48(1), 79-94.

Golosov VN, Belyaev VR, Markelov M.V. (2013). Application of Chernobyl-derived 137Cs fallout for sediment redistribution studies:
lessons from European Russia. Hydrological processes, 27(6), 781-794. https://doi.org/10.1002/hyp.9470

Jagercikova M., Cornu S, Le Bas C,, Evrard O. (2015) Vertical distributions of 137Cs in soils: a meta-analysis. Journal of Soils and Sediments,
15, 81-95 https://doi.org/10.1007/511368-014-0982-5

lgarashi Y, Onda Y, Wakiyama Y., Yoshimura K, Kato H., Kozuka S, Manome R. (2021) Impacts of freeze-thaw processes and
subsequent runoff on 137Cs washoff from bare land in Fukushima. Science of Total Environment, 769, 144706. https://doi.org/10.1016/j.
scitotenv.2020.144706

Ilvanov M.M. (2017) A geomorphological approach to the assessment of radioactive contamination in small lowland agricultural
catchments. Geomorfologiya, 1, 30-45 (in Russian) https://doi.org/10.15356/0435-4281-2017-1-30-45

lvanov M.M., Golosov V.N,, Ivanova N.N. (2023) The sediment budget and migration of 137Cs in Chernobyl affected area: 30 years of
investigations in the Plava River basin, Tula region. Geomorfologiya i Paleogeografiya, 54(1), 55,73 (in Russian). https://doi.org/10.31857/
S0435428123010054

Ivanov M.M. and Ivanova N.N. Express analysis of vertical distribution of 137Cs to assess the rates of erosion and accumulation processes
in the zone of intense radioactive contamination. Eurasian Soil Science, 56(4):524-533, 2023. http://dx.doi.org/10.1134/51064229322602591

Ilvanov MM, Ivanova N.N., Golosov V.N., Usacheva A.A, Smolina G.A, Fomicheva D.V, (2024a) Assessment of Changes in Chernoby!
Contamination and Erosion Rates for Arable Soils Using Resampling Method. Eurasian Soil Science, 57(9), 1499-1508 https://doi.org/10.1134/
51064229324601112

Ilvanov M.M,, Ivanova N.N., Krasnov S.F. (2024b) The role of lynchets in the redistribution of products of anthropogenic soil erosion.
Moscow University Soil Science Bulletin, 79(3), 298-305 http://dx.doi.org/10.3103/50147687424700212

Ivanova N.N., Golosov V.N., Markelov M.V. (2000) Sopostavlenie metodov ocenki intensivnosti jerozionno-akkumuljativnyh processov
na obrabatyvaemyh sklonah [Comparison of methods for estimating the intensity of erosion-accumulation processes on cultivated slopes].
Pochvovedenie, 7, 876-887 (In Russian).

Izrael YA, De Cort M., Jones AR, Nazarov I.M,, Fridman S.D., Kvasnikova E.V,, Stukin E.D, Matveenko LI, Pokumeiko Yu.M, Tabatchyi K,
Tsaturov Y. (1996). The atlas of cesium-137 contamination of Europe after the Chernobyl accident.

Konoplev A, Golosov V., Laptev G, Nanba K., Onda Y, Takase T, Wakiyama Y., Yoshimura K. (2016). Behavior of accidentally released
radiocesium in soil-water environment: looking at Fukushima from a Chernoby! perspective. Journal of environmental radioactivity, 151,
568-578. https://doi.org/10.1016/jjenvrad.2015.06.019

Lal R. (1994). Global overview of soil erosion. Soil and Water Science: Key to understanding our Global environment, 41, 39-51. https://
doi.org/10.1007/978-981-16-9310-6_14

Konoplev A, Kanivets V., Zhukova O., Germenchuk M., Derkach H. (2021) Mid-to long-term radiocesium wash-off from contaminated
catchments at Chernobyl and Fukushima. Water Research, 188, 116514. https://doi.org/10.1016/j.watres.2020.116514

Olson KR, Gennadiyev A. N., Golosov V.N. (2008). Comparison of fly-ash and radio-cesium tracer methods to assess soil erosion and
deposition in Illinois landscapes (USA). Soil science, 173(8), 575-586. DOI: 10.1097/55.0b013e318182b094

Onda Y, Taniguchi K., Yoshimura K., Kato H., Takahashi J,, Wakiyama Y., Coppin F, Smith H. (2020). Radionuclides from the Fukushima
Daiichi nuclear power plant in terrestrial systems. Nature Reviews Earth & Environment, 1(12), 644-660. https://doi.org/10.1038/543017-020-
0099-x

66



Ivanov M. M., Golosov V. N., lvanova N. N. et al. GEOCHEMICAL INDICATION OF SEDIMENT FLUXES USING ...

Owens PN. (2020). Soil erosion and sediment dynamics in the Anthropocene: a review of human impacts during a period of rapid
global environmental change. Journal of Soils and Sediments, 20, 4115-4143. https://doi.org/10.1007/511368-020-02815-9

Panin AV, Walling D.E,, Golosov V.N. (2001) The role of soil erosion and fluvial processes in the post-fallout redistribution of Chernobyl-
derived caesium-137: a case study of the Lapki catchment, Central Russia. Geomorphology, 40(3-4), 185-204 https://doi.org/10.1016/50169-
555X(01)00043-5

Quinton JN.and CattJ.A.(2007). Enrichment of heavy metals in sediment resulting from soil erosion on agricultural fields. Environmental
Science & Technology, 41(10), 3495-3500 https://doi.org/10.1021/es062147h

Rashmi I, Karthika K.S., Roy T., Shinoji K.C,, Kumawat A, Kala S., Pal R. (2022). Soil Erosion and sediments: a source of contamination and
impact on agriculture productivity. In Agrochemicals in Soil and Environment: Impacts and Remediation(pp. 313-345). Singapore: Springer
Nature Singapore. https://doi.org/10.1007/978-981-16-9310-6_14

Ratnikov All. (1960) “Geomorphological and agro-soil districts of Tula oblast,"in Soil Zoning of the USSR (Mosk. Univ.,, Moscow), 92-115
(in Russian)

Shamshurina ENN., Paramonova T.A., Golosov V.N. (2011) Vlijanie jerozionno-akkumuljativnyh processov na radiacionnuju obstanovku
agrolandshaftov Kurskoj oblasti [The influence of erosion-accumulative processes on the radiation situation of agricultural landscapes of the
Kursk region] Geografija i prirodnye resursy, (4), 40-45. (in Russsian)

Sidorchuk A.Y. (2018). The fluvial system on the East European plain: Sediment source and sink. Geography, Environment, Sustainability,
11(3), 5-20. https://doi.org/10.24057/2071-9388-2018-11-3-05-20

United Nations Scientific Committee on the Effects of Atomic Radiation, 2000. Sources and Effects of lonizing Radiation, United Nations
Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) 2000 Report, Volume I: Report to the General Assembly, with Scientific
Annexes-Sources. United Nations. https://doi.org/10.18356/49c437f9-en

Reid L.M.,,and DunneT. (2016). Sediment budgets as an organizing framework in fluvial geomorphology. Tools in fluvial geomorphology,
357-380. https://doi.org/10.1002/9781118648551.ch16

Schuller P, Walling D.E,, Iroumé A, Quilodran C, Castillo A, Navas, A. (2013). Using 137Cs and 210Pbex and other sediment source
fingerprints to document suspended sediment sources in small forested catchments in south-central Chile. Journal of environmental
radioactivity, 124, 147-159. https://doi.org/10.1016/jjenvrad.2013.05.002

Vanwalleghem, T,, Gémez, J. A, Amate, J. |, De Molina, M. G, Vanderlinden, K, Guzman, G,, Laguna A, Girdldez, J. V. (2017). Impact of
historical land use and soil management change on soil erosion and agricultural sustainability during the Anthropocene. Anthropocene, 17,
13-29. https://doi.org/10.1016/j.ancene.2017.01.002

Wakiyama Y., Onda Y, Yoshimura K., Igarashi Y, Kato H. (2019). Land use types control solid wash-off rate and entrainment coefficient
of Fukushima-derived 137Cs, and their time dependence. Journal of environmental radioactivity, 210, 105990. https://doi.org/10.1016/j.
jenvrad.2019.105990

Walling D.E,, Golosov V.N., Panin A.V., He Q. (2000) Use of radiocaesium to investigate erosion and sedimentation in areas with high levels
of Chernobyl fallout. Tracers in geomorphology, 183-200

Walling D.E., Russell M.A.,, Hodgkinson R.A,, Zhang,Y. (2002). Establishing sediment budgets for two small lowland agricultural catchments
in the UK. Catena, 47(4), 323-353. https://doi.org/10.1016/50341-8162(01)00187-4Get rights and content

Wang L, Chen G, Liu Y, Li R, Kong L, Huang L, Wang J,, Kimpe LE., Blais JM. (2019). Environmental legacy and catchment erosion
modulate sediment records of trace metals in alpine lakes of southwest China. Environmental Pollution, 254, 113090. https://doi.org/10.1016/j.
envpol.2019.113090

Zapata F. (Ed)). (2002). Handbook for the assessment of soil erosion and sedimentation using environmental radionuclides (Vol. 219, pp.
9348054-9). Dordrecht: Kluwer Academic Publishers. https://doi.org/10.1007/0-306-48054-9

Zapata F. (2003). The use of environmental radionuclides as tracers in soil erosion and sedimentation investigations: recent advances
and future developments. Soil and Tillage Research, 69(1-2), 3-13. https://doi.org/10.1016/S0167-1987(02)00124-1

Zhidkin A., Gennadiev A, Fomicheva D., Shamshurina E., Golosov, V. (2023). Soil erosion models verification in a small catchment for
different time windows with changing cropland boundary. Geoderma, 430, 116322. https://doi.org/10.1016/j.geoderma.2022.116322

67



