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The purpose of this article was to use a mathematical modeling in order to study the migration of
various pollutants, including radionuclides, from poorly sorbed to highly sorbed ones that travel from
groundwater to pressure groundwater through a separating layer, an aquiclude, and has varying
permeability. Among others, the field of hydrogeological researches performs search and exploration
of groundwater deposits. Search is the first stage which is carried out in unexplored territories,
followed by exploration, the second stage, which is performed in the promising territories that were
revealed during the first stage.

Our studies follow the first stage, because the territories of our choice, located in the Kaluga Region and
affected by the Chernobyl accident, were unexplored. We focused on studying the migration of pollutants
from groundwater through the aquiclude of the pressure waters. The direction of our search was determined
by the aquiclude’s ability to let the pollutants through, which is considered the most unfavorable conditions
for groundwater, or its ability to keep the pollutants out, which is considered a favorable condition.
However, both of these stages do not exist separately in natural and artificial conditions, because they
simply merge together, but, in order to study that, a thorough geological and hydrogeological knowledge of
the territory is needed, which we do not possess for the study area. Therefore, our research was carried for
both stages: in the first one, the aquiclude was assumed to be permeable, while in the second one it was
assumed impermeable.

For each stage, exploratory numerical experiments were carried out using mathematical modeling.
The object of those studies was the part of the Kaluga Region, most affected by the accident at the
Chernobyl nuclear power plant. Studies concerning the first stage have been already completed and
published by our crew (Belousova, Rudenko, 2021a, 2021b), while the results of the second stage and
generalizing results of both studies are presented in this article. We studied the migration of various
pollutants, including radionuclides, from groundwater through an impermeable aquiclude to the
confined aquifer. We used the same profiles that were studied in the first stage, but applied slightly
modified scenarios and used different coefficients of pollutant sorption distribution (Kd).

Numerical experiments of the second stage were carried out according to the following scenarios: 1 —
(1-3-1), 2 — (1-6-1), 3 — (1-10-1), 4 — (6-60-6), 5 — (26-260-26), 6 — (100-1000-100). The first digit is
the Kd value (I/kg) in the 1% layer, the second digit — 2" layer, the third digit — 3" layer. This selection
of coefficients was determined by the fact that their values were assigned to be higher in the aquiclude
than in the upper and lower aquifers.

Each scenario was applied for two conditions: with and without radioactive decay. The starting
condition was the contamination degree of groundwater, just like the contamination degree of the
ground in the radioactive trace zone of the study area. However, such a spread of contamination by
either radionuclides or other pollutants is not actually (in natural conditions) observed in the
groundwater of this territory. Pollutant concentrations can be specified in g/l, maximum permissible
concentration (MPC) and background concentrations, but we used MPC. Kd of various pollutants
were selected from the known values for the Bryansk Region (Belousova, Rudenko, 2021a, 2021b);
regarding radionuclides, the Kd values mainly refer to the unsaturated zone of contamination.

We established that the main factors forming the pollutant migration are the radioactive decay of the
said pollutants, their sorption properties, and the hydrodynamic dispersion of groundwater flow,
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which, in turn, depends on the geological and hydrogeological conditions of the study area and the
aquiclude permeability. The studied situation proves that aquicludes cannot ensure a full protection of
pressure groundwater from pollution.
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radionuclides, sorption, radioactive decay.
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In this research we studied the pressure groundwater in the part of the Kaluga Region most
affected by the accident at the Chernobyl nuclear power plant. Our purpose was to use the method
of numerical experiment as part of mathematical modeling to study the migration of various
pollutants (from poorly sorbed to highly sorbed), including radionuclides, through groundwater and
pressure groundwater.

Numerical experiments of the second stage were carried out according to the following
scenarios: 1 — (1-3-1), 2 — (1-6-1), 3 — (1-10-1), 4 — (6-60-6), 5 — (26-260-26), 6 — (100-1000-100).
The first digit is the Kd value (I/kg) in the 1%t layer, the second digit — 2" layer, the third digit —
3" layer. This selection of coefficients was determined by the fact that their values were assigned to
be higher in the aquiclude than in the upper and lower aquifers. Each scenario was applied for two
conditions: with and without radioactive decay. The previously created MT3D was used to model
pollutant migration under each scenario (Zheng, Papadopulos, 1990). To study the migration using
this model, we made two profiles and several individual plots and assessed the ecological condition
of groundwater, watershed layer and in pressure groundwater. We used this model to simulate the
processes of geofiltration and pollutants migration in the Kaluga Region (Antonov et al., 2013;
Belousova, 2015; Belousova, Rudenko, 2021a).

While using the model, we compared each scenario for the pollution development and analyzed
the determining factors. We established that the main factors forming the pollutant migration are the
radioactive decay of the said pollutants, their sorption properties, and the hydrodynamic dispersion
of groundwater flow, which, in turn, depends on the geological and hydrogeological conditions of
the study area and the aquiclude permeability.

We discovered that in the case of the impermeable aquicludes, polluted groundwater usually
could not get into the confined aquifer at all, while in the case of the permeable ones, pollution
could reach the pressure waters. It should be clarified that entirely “impermeable” and “permeable”
aquicludes do not exist under natural conditions, because there is a thick layer of confining rocks of
a complex lithological structure with industrial and natural disturbances.

The results of our researches on this topic can be used in assessing the ecological conditions of
groundwater in different areas and at different scales; in designing and constructing the water
intakes for fresh groundwater; in designing and organizing groundwater monitoring in those areas
that were affected by the Chernobyl accident (Data on radioactive contamination ..., 2018;
Radiation situation..., 2019)..

Modeling of Geological Migration of Pollutants

At the previous stage of our research, we showed that there is a danger of radionuclides
polluting groundwater due to their migration from the surface that was contaminated during
Chernobyl accident (Belousova, Rudenko, 2020). At the current stage, we consider the possibility
of pollution entering the pressure waters from contaminated groundwater.

The hydrogeological conditions are characterized by a variety of non-pressure and confined
aquifers (Belousova, Rudenko, 2021a, 2021b). Non-pressure aquifers include waters of Quaternary
(alluvial, glacial, fluvioglacial, swamp and proluvial horizons), Cretaceous and Jurassic deposits.
They all are connected and do not have sustained aquicludes inside their complex.

The previously conducted analysis of the existing groundwater pollution in the Kaluga Region,
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showed the chemical pollution in various aquifers. From the Quaternary to the Devonian, every
aquifer is polluted and almost each of them contains stable strontium, barium, fluorine, nitrates,
chlorides and sulfates.

We analyzed the pollutants according to the degree of their sorption and classified them at the
previous stage of our research using literature sources. As the results of that analysis show, the Kd
values of many chemical elements significantly exceeded thousands of I/kg (Ni = 152-5365 I/kg)
due to the lithological composition of the water-bearing rocks and the state of the certain chemical
element. To assess the vulnerability of pressure groundwater to pollution coming from groundwater,
we used a simplified concept of sorption and divide the elements into 2 categories: poorly sorbed
(Kd = 0-6 I/kg) and highly sorbed (from 6 to 1000 I/kg). Further below, the range of Kd is explained
in detail.

We should emphasize that radionuclide migration was mainly studied in the unsaturated zone
before, i.e. in the soils and rocks of the aeration zone, where Kd varies from 1 to >1000 I/kg
depending on the lithological composition. Such studies are almost non-existent for groundwater,
since it has been believed for some time that groundwater was protected from any radionuclides,
even though their insignificant amounts were still found in groundwater of the Bryansk Region.

Thus, ®’Cs and °°Sr and other highly sorbed pollutants with a similar range of distribution
coefficients, as well as neutral but poorly sorbed pollutants, such as nitrates, sulfates, chlorides and
oil products, were chosen for our model to simulate the pollution processes in the groundwater and
pressure groundwater.

To model the mass transfer in groundwater, we used MT3D that works on the basis of the
MODFLOW transport model (Belousova, Rudenko, 2021a, 2021b). The initial distribution of the
pollutants concentration in groundwater was conditionally similar to the surface distribution of
radiation in the Chernobyl zone in the Kaluga Region. Their concentration can be determined in g/I,
Bg/l, maximum permissible concentration (MPC) or background concentrations; but we prefer to
use MPC (Fig. 1). Additionally, it should be noted that such contamination of groundwater in the
radioactive zone in the study area is not actually observed.

To study the migration with MT3D (Antonov et al., 2013), we selected 2 profiles: one along the
I-1 line, from the northeast to the southwest of the study area, and one along the 11-11 line, from the
southwest to the southeast, along the groundwater flow lines stretching from the watershed to the
discharge area, i.e. to the river (Fig. 2).

The analysis of the ecological conditions was carried under various scenarios for 4 estimated
periods: 30, 60, 100 and 300 years (picked due to the half-life of radionuclides and the duration of
water intakes). We considered the following scenarios: with radioactive decay for radionuclides,
without the decay for other pollutants, for poorly sorbed pollutants and for highly sorbed pollutants.

Changes in the pollutant concentrations with different Kd without decay
for two time periods (30 years, 300 years) and two profiles

Profile I-1, initial pollutant concentrations throughout the individual plots: 1 — 8 MPC, 11 —
6 MPC, 12 -4 MPC, 13 -2 MPC, 14 — 4 MPC, 15 -2 MPC.

30 years after the Chernobyl accident (Table 1; Fig. 3a) the pollutant concentration values in
the 1% layer are clearly grouped when the Kd is 1-10 (Scenarios 1-3) and 6-1000 (Scenarios 4-6).
On the plot No. 1, there are maximum concentrations (7-8 MPC) under Scenarios 4-6 and a drop of
MPC down to 6-7 under Scenarios 1-3. Similar situations are observed at plots No. 11 and 14, while
at No. 12, 13 and 15, in the area of groundwater discharge, every value of MPC, once equal, would
drop down to 2, which indicates a significant role of hydrodynamic dispersion of groundwater flow.
The concentrations at any Kd changes little compared to the initial concentrations that were
observed before the accident. In the 2" layer (aquiclude; Fig. 3b) the insignificant concentrations
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are found at No. 1 (from 0.1 to 0.033 MPC) under Scenarios 1-3, while at No. 11 and 14 they are
even lower and do not exceed 0.1 MPC. Other plots only have insignificant traces of pollution.
Pollutants with high Kd under Scenarios 4-6 are also found in insignificant concentrations.
In the 3" layer there are no pollutants no matter the plot or scenario, which means that they cannot
penetrate the aquiclude.

Legend:

137Cs concentration
(Ku/km?)
higher than MPC (>1.0)

2 times
4 times
6 times
8 times
10 times

B > 10 times

Data provided by the
Hydrometeorological Centre

Fig. 1. Cartographic chart of surface contamination with *’Cs radionuclide in the south of Kaluga
Region (Map ..., 1991).

300 years after the Chernobyl accident (Table 2; Fig. 3c) pollutants in the 1%t layer are clearly
redistributed according to their Kd: those with low Kd (Scenarios 1-3) migrate more intensely,
sometimes reaching the 2" layer; while the ones with high Kd (Scenarios 4-6) are found in almost
the same concentrations. Pollutants with small Kd accumulate in the 2" layer (aquiclude; Scenarios
1-3) up to 3.5 MPC (Fig. 3d), with high concentrations only at the plot No. 11, low ones at No. 1
and 14, and only traces registered at other plots. It should be noted that the maximum
concentrations 30 years after the accident shifted from No. 1 to 11 due to the hydrodynamic
dispersion of the groundwater flow, because the plot No. 1 is located on the watershed and the flow
sources from it, bearing pollutants that have accumulated in it over time. No pollutants are found in
the 3 layer.

Profile 11-11, initial pollutant concentrations throughout the individual plots: 1 — 8 MPC, 2 —
6 MPC, 3-8 MPC,4-12 MPC,5 -6 MPC, 6 —2 MPC, 7 -2 MPC, 8 - 10 MPC, 9 -8 MPC, 10 —
12 MPC.

30 years after the Chernobyl accident (Table 1; Fig. 4a) the situation in the 1% layer is the same
with the I-I profile, with the same differentiation by scenarios, although with an insignificant
pollutants concentration from the initial concentration. The concentrations in this layer are high,
reaching their maximum of 12 MPC. The 2™ layer (Fig. 4b) has the same tendencies with the I-I,
i.e. the insignificant accumulation of pollutants under Scenarios 1-3 that do not exceed 0.33 MPC
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at the lowest Kd and are considered insignificant at the high Kd. The role of the hydrodynamic
dispersion is important in this case as well, because it shifts the maximal concentrations from one
plot to another: for example, from No. 8 in the 1% layer to No. 1 in the 2" layer. No pollutants are
found in the 3" layer.

Fig. 2. Schematic location of I-1 and I1-11 profiles, including key plots on the model of the studied
object.

300 years after the accident (Table 2; Fig. 4c) the pollutants in the 1% layer are redistributed the
same way according to their Kd: those with low Kd (Scenarios 1-3) migrate more intensely and reach
the 2" layer in insignificant amount; while the ones with high Kd (Scenarios 4-6) are found in almost
the same concentrations. Insignificant concentrations of pollutants with small Kd accumulate in
the 2" layer (Scenarios 1-3) up to 0.22 MPC (Fig. 4d); however, insignificant accumulations can be
seen everywhere aside from the plots No. 5-7, where it’s almost zero. It should be noted that in this
case the maximal concentrations shifted as well from one point to another due to the hydrodynamic
dispersion of groundwater flow. No signs of accumulations were found in the 3™ layer.

In addition to the aforementioned periods, we carried out calculations for 60 and 100 years,
the results of which can be found in Tables 1 and 2.

Changes in the pollutant concentrations with different Kd with decay
for two time periods (30 years, 300 years) and two profiles

Profile I-1, initial pollutant concentrations throughout the individual plots: 1 — 8 MPC, 11 —
6 MPC, 12 -4 MPC, 13 -2 MPC, 14 — 4 MPC, 15 -2 MPC.

30 years after the accident (Table 1; Fig. 5a) there are the same tendencies of pollutants in
the 1%t layer forming groups according to their Kd, as it was observed for the pollutants with decay
in the same layer. However, their concentration is twice as low (3.5 MPC) due to them reaching one
half-life (which equals 30 years for radionuclides).
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Table 1. Change in concentration of highly sorbed pollutants in groundwater, watershed and
pressure water during their migration (30 and 60 years).

o ) Kd 1-3-1 Kd 1-6-1 Kd 6-60-6

| = decay | no decay decay | nodecay decay | no decay

5| & Layer No.

a 1| 2 [ 1| 2 |1 2 [ 1] 2 1| 2 | 1] 2
30 years

13 {0.989|0.00015 | 1.967 | 0.00020 | 0.989|0.00008 | 1.966 |0.00010 [0.867|0.00001 | 1.990 | 0.00001

12 {1.985|0.00037 | 3.945 | 0.00073 |1.985|0.00028 | 3.945 |0.00037 {1.736|0.00003 | 3.990 | 0.00004

11 [2.891|0.00527 | 5.746 | 0.00695 |2.891|0.00266 | 5.645 |0.00351 {2.589| 0.00031 | 5.950 | 0.00036

I 1 ]3.491|0.02430 | 6.938 | 0.03180 |3.491|0.01230| 6.938 | 0.01610 |3.387|0.00148 | 7.786 | 0.00172

14 11.890|0.00465 | 3.757 | 0.00613 | 1.890|0.00235 | 3.757 |0.00309 |1.719| 0.00027 | 3.952 | 0.00032

15 [0.963|0.00033 | 1.913 | 0.00044 | 0.963|0.00017 | 1.913 |0.00022 {0.863| 0.00002 | 1.983 | 0.00002

16 |0.000|0.00000 | 0.000 | 0.00000 |0.000|0.00000 | 0.000 |0.00000 |0.000|0.00000 | 0.000 | 0.00000

0.957|0.00066 | 1.902 | 0.00087 |0.957|0.00033| 1.901 | 0.00044 |0.862| 0.00039 | 1.980 | 0.00005

0.976|0.00017 | 1.940 | 0.00045 |0.976|0.00009 | 1.940 | 0.00012 |0.865|0.00001 | 1.988 | 0.00001

2.928|0.00033 | 5.829 | 0.00043 |2.928|0.00017 | 5.819 | 0.00022 |2.595| 0.00002 | 5.965 | 0.00002

5.873|0.00439 |11.670| 0.00581 |5.873|0.00222 |11.627|0.00293 |5.193| 0.00025 | 11.937 | 0.00030

3.870/0.00075 | 7.691 | 0.00098 |3.870|0.00038 | 7.691 | 0.00050 |3.454|0.00004 | 7.940 | 0.00005

2.81410.02070 | 5.559 | 0.02730 |2.814|0.01050 | 5.593 | 0.00014 |2.575| 0.00123 | 5.920 | 0.00143

3.491|0.02430 | 6.938 | 0.03180 |3.491|0.01230 | 6.938 | 0.01610|3.387|0.00148 | 7.786 | 0.00172

4.635|0.02040 | 9.212 | 0.02685 |4.635|0.01030 | 9.212 | 0.01300 |4.283|0.00120 | 9.845 | 0.00141

|k, IN WO

3.887|0.01470 | 7.726 | 0.01943 |3.887|0.00743 | 7.726 | 0.00980 | 3.457| 0.00086 | 7.947 | 0.00100

[N
o

5.771|0.02050 {11.470| 0.02712 |5.771|0.01040|11.470|0.01300 |5.176| 0.00120 | 11.897 | 0.00141

60 years

13 ]0.489|0.00024 | 1.933 | 0.00043 |0.490|0.00012 | 1.933 | 0.00022 |0.377|0.00001 | 1.978 | 0.00002

12 10.985|0.00079 | 3.890 | 0.01344 |0.985|0.00040 | 3.890 | 0.00068 |0.755| 0.00004 | 3.979 | 0.00007

11 |1.381|0.00805 | 5.454 | 0.01424 |1.381|0.00406 | 5.453 | 0.00719 |1.118| 0.00046 | 5.892 | 0.00075

I 1 ]1.474|0.03560 | 5.820 | 0.06137 |1.474|0.01800| 5.819 |0.03100 |1.428|0.00216 | 7.530 | 0.00953

14 10.898|0.00637 | 3.545 | 0.01063 |0.897|0.00322 | 3.545 | 0.00537 |0.741| 0.00036 | 3.909 | 0.00057

15 ]0.462|0.00049 | 1.826 | 0.00086 |0.462|0.00025 | 1.825 |0.00043 |0.373|0.00003 | 1.965 | 0.00005

16 |0.000|0.00000 | 0.000 | 0.00000 |0.000|0.00000 | 0.000 |0.00000 |0.000|0.00000 | 0.000 | 0.00000

0.458|0.00097 | 1.808 | 0.00167 |0.458|0.00049 | 1.808 | 0.00084 |0.372| 0.00006 | 1.962 | 0.00009

0.476|0.00026 | 1.882 | 0.00045 |0.476|0.00013 | 1.882 | 0.00023 |0.375|0.00001 | 1.976 | 0.00002

1.428|0.00048 | 5.640 | 0.00083 | 1.428|0.00024 | 5.640 |0.00042 |1.125] 0.00003 | 5.929 | 0.00004

2.870|0.00662 |11.335| 0.01164 |2.870|0.00334 |11.335| 0.00587 |2.252| 0.00037 {11.870 | 0.00061

1.866|0.00118 | 7.367 | 0.00213 | 1.865| 0.00060 | 7.367 |0.00107 |1.494|0.00007 | 7.875 | 0.00012

1.313|0.03050 | 5.185 | 0.05309 | 1.313|0.01540| 5.185 |0.02080 |1.107| 0.00180 | 5.896 | 0.00287

1.474|0.03560 | 5.820 | 0.06137 | 1.474|0.01800| 5.819 |0.03100 |1.428| 0.00216 | 7.530 | 0.00953

2.13410.03020 | 8.425 | 0.05249 |2.134|0.01520 | 8.425 | 0.02652 |1.836| 0.00170 | 9.679 | 0.00286

OOk, INWIdMO|lO|N

1.875(0.02280 | 7.406 | 0.04060 | 1.875|0.01150 | 4.405 | 0.02052 |1.496| 0.00130 | 7.883 | 0.00213

[y
o

2.773|0.03040 | 10.950 | 0.05296 |2.773|0.01540 | 10.950 | 0.02674 |2.238| 0.00170 | 11.793 | 0.00279

[N
w

0.989|0.00005 | 1.966 | 0.00006 |0.843|0.00000 | 1.990 |0.00000 [0.842|0.00000 | 1.998 | 0.00000
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Continuation of Table 1.

o ) Ks 1-10-1 Kd 100-1000-100 Kd 26-260-26

<l s decay | nodecay decay | nodecay decay | nodecay

% E Layer No.

a 1| 2 [ 1| 2 1] 2 |1 2 [ 1] 2 [ 1] 2
30 years

12 |1.985| 0.00017 | 3.945 | 0.00022 |1.686| 0.00000 |3.990| 0.00000 |1.684| 0.00001 | 3.998 | 0.00001
11 |2.891| 0.00160 | 5.745 | 0.00211 |2.528| 0.00002 |5.990| 0.00002 |2.524| 0.00007 | 5.988 | 0.00008
1 |3.491| 0.00739 | 6.938 | 0.00969 |3.366| 0.00009 |7.980| 0.00010 |3.350| 0.00035 | 7.949 | 0.00040
14 11.890| 0.00141 | 3.757 | 0.00186 |1.685| 0.00002 |3.990| 0.00002 |1.681| 0.00006 | 3.998 | 0.00007
15 |0.963| 0.00010 | 1.913 | 0.00013 |0.843| 0.00000 |1.990| 0.00000 {0.841| 0.00000 | 1.996 | 0.00001
16 [0.000| 0.00000 | 0.000 | 0.00000 |0.000 | 0.00000 |0.000| 0.00000 |0.000| 0.00000 | 0.000 | 0.00000

0.957| 0.00020 | 1.901 | 0.00027 {0.843| 0.00000 |1.990| 0.00000 [0.841| 0.00001 | 1.995 | 0.00001
0.976| 0.00005 | 1.940 | 0.00007 {0.843| 0.00000 |1.990| 0.00000 [0.841| 0.00000 | 1.997 | 0.00000
2.928| 0.00010 | 5.819 | 0.00013 |2.528 | 0.00000 {5.990| 0.00000 |2.525| 0.00000 | 5.991 | 0.00001
5.873| 0.00134 | 11.672 | 0.00176 |5.056 | 0.00002 {11.990| 0.00002 |5.051| 0.00006 | 11.985 | 0.00007
3.870| 0.00026 | 7.691 | 0.00030 |{3.370| 0.00000 |8.000| 0.00000 |3.366| 0.00001 | 7.985 | 0.00001
2.814| 0.00631 | 5.592 | 0.00830 |2.527 | 0.00008 {5.990| 0.00009 |2.520| 0.00129 | 5.981 | 0.00033
3.491| 0.00739 | 6.938 | 0.00969 |3.366 | 0.00009 |7.980| 0.00010 |3.350| 0.00035 | 7.949 | 0.00040
4.635| 0.00620 | 9.212 | 0.00816 |4.210| 0.00008 {9.990| 0.00009 |4.199| 0.00028 | 9.963 | 0.00021
3.887| 0.00448 | 7.726 | 0.00591 {3.371| 0.00005 |7.990| 0.00006 |3.367| 0.00020 | 7.987 | 0.00017
5.771| 0.00625 | 11.470 | 0.00824 |5.055| 0.00007 (11.990| 0.00009 |5.047| 0.00028 | 11.975 | 0.00033
60 years
13 10.489| 0.00007 | 1.933 | 0.00013 |0.355| 0.00000 |1.990| 0.00000 |{0.354| 0.00000 | 1.997 | 0.00001
12 10.985| 0.00024 | 3.891 | 0.00041 |0.710| 0.00000 |{3.990| 0.00000 {0.709| 0.00001 | 3.995 | 0.00002
11 |1.381| 0.00245 | 5.453 | 0.00433 |1.065| 0.00003 {5.990| 0.00005 |1.060| 0.00011 | 5.974 | 0.00018
I 1 |1.473] 0.01080 | 5.819 | 0.01870 |1.420| 0.00013 |7.970| 0.00022 |1.400| 0.00051 | 7.887 | 0.00083
14 10.898| 0.00194 | 3.545 | 0.00323 |0.710| 0.00002 {3.990| 0.00003 {0.707| 0.00009 | 3.978 | 0.00013
15 0.462| 0.00015 | 1.825 | 0.00026 |{0.355| 0.00000 |1.990| 0.00000 |{0.354| 0.00001 | 1.992 | 0.00001
16 {0.000| 0.00000 | 0.000 | 0.00000 {0.000| 0.00000 {0.000| 0.00000 |{0.000| 0.00000 | 0.000 | 0.00000

OOk, INW|IdO[O|N

[N
o

0.458| 0.00029 | 1.808 | 0.00051 |0.355| 0.00000 |1.990| 0.00001 |0.353| 0.00001 | 1.991 | 0.00002
0.477| 0.00008 | 1.882 | 0.00014 |0.355| 0.00000 |1.990| 0.00000 |0.354| 0.00000 | 1.995 | 0.00001
1.428| 0.00015 | 5.640 | 0.00025 |1.065 | 0.00000 |5.990| 0.00000 |1.060| 0.00001 | 5.983 | 0.00001
2.870| 0.00201 |11.335| 0.00354 |2.130| 0.00002 [11.990, 0.00004 |2.126| 0.00009 | 11.969 | 0.00014
1.866| 0.00036 | 7.367 | 0.00065 |1.420| 0.00000 |7.990| 0.00001 |1.410| 0.00002 | 7.970 | 0.00003
1.313| 0.00931 | 5.185 | 0.01620 |1.064 | 0.00011 |5.980| 0.00017 |1.050| 0.00042 | 5.967 | 0.00067
1.473| 0.01080 | 5.819 | 0.01870 |1.420| 0.00013 |7.970| 0.00022 |1.400| 0.00051 | 7.887 | 0.00083
2.133| 0.00919 | 8.425 | 0.01590 |1.773| 0.00011 |9.970| 0.00017 |1.760| 0.00041 | 9.923 | 0.00067
1.875| 0.00694 | 7.405 | 0.01236 |1.420| 0.00008 |7.990| 0.00013 |1.420| 0.00030 | 7.972 | 0.00050
2.774] 0.00925 |10.953 | 0.01610 |2.129| 0.00011 [11.980 0.00017 |2.120| 0.00040 | 11.951 | 0.00065

OO L, |INWIdMO|O|N

[N
o

Notes to Tables 1-2: the 3" layer is not included, because the values at the key plots were zero.
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The hydrological dispersion is also present here, affecting mostly the pollutants with the lower Kd,
as well as their accumulation that happens after they flow into the nearby computational cells;
however, the dispersion does not affect the highly sorbed pollutants too much. The 2" layer
(aquiclude) is similar (Fig. 5b) to the Layer 2 of the I-1, with lower concentrations: plot No. 1
without decay — 0.032 MPC, with decay — 0.024 MPC, which means that aquiclude accumulates
less of poorly sorbed pollutants with decay, while the highly sorbed ones leave traces. No pollutants
were found in the 3" layer.

300 years after the accident (Table 2; Fig. 5c) the pollutants with high Kd (Scenarios 4-6)
are almost entirely absent in the 1% layer (up to < 0.001 MPC), while the amount of ones with lower
Kd (Scenarios 1-3) is insignificant (up to 0.004 MPC).

Therefore, we can affirm that radioactive pollutants with different Kd undergo the almost
complete decay. The concentration of pollutants in the 2" layer (Fig. 5d) increases slightly
compared to the ones 30 years after the accident: for example, the concentration of poorly sorbed
pollutants reached 0.025 MPC at the plot No. 1 after 30 years, increasing to 0.042 MPC after
300 years, which cannot be considered a significant value, but can indicate the traces of these
pollutants in the aquiclude. No pollutants were found in the 3" layer.

m Kd 26-260-26
® Kd 100-1000-100

9 2)
g‘ 8
g
2 6
o5 mKd 1-3-1
©3 4 mKd 1-6-1
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> o = Kd 6-60-6
£
0

13 12 11 1 14 15 16
Observation Plot

. 0.035
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g 505 mKd 1-3-1
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= 0.01 = Kd 6-60-6
= 0005 L L m Kd 26-260-26
o 0 — : : : : , ® Kd 100-1000-100

13 12 11 1 14 15 16
Observation Plot

Fig. 3a, b. Distribution of pollutant concentrations for different Kd, Profile I-I: a) 30 years, Layer 1
without decay; b) 30 years, layer 2 without decay.

ECOSYSTEMS: ECOLOGY AND DYNAMICS, 2023, Vol. 7, No. 2



USE OF ANUMERICAL EXPERIMENT IN STUDYING MIGRATION OF ... 48

9
- C)
s 8
g 7
s 6 mKd 1-3-1
2Q 5 mKd 1-6-1
0z g m Kd 1-10-1
g 5 = Kd 6-60-6
>
2 m Kd 26-260-26
“ ) = Kd 100-1000-100
13 12 11 1 14 15 16
Observation Plot
g 3 g 9
S 3 uKd 1-3-1
% 5 25 m Kd 1-6-1
58 2 = Kd 1-10-1
g€ 1-513 = Kd 6-60-6
(]
S 05 = Kd 26-260-26
0 . : i . . . mKd 100-1000-100

13 12 11 1 14 15 16
Observation Plot

Fig. 3c, d. Distribution of pollutant concentrations for different Kd, Profile I-I: ¢) 300 years,
Layer 1 without decay; d) 300 years, Layer 2 without decay.

Profile 11-11, initial pollutant concentrations throughout the individual plots: 1 — 8 MPC, 2 —
6 MPC, 3-8 MPC, 4—-12 MPC,5-6 MPC, 6 —2 MPC, 7 -2 MPC, 8 - 10 MPC, 9 -8 MPC, 10 —
12 MPC.

30 years after the accident (Table 1; Fig. 6a) the general tendencies of the radioactive pollutants
distribution in the 1% layer are the same with the non-radioactive ones (Fig. 4a). The only difference
is the concentration values which are twice lower for the radioactive pollutants: plot No. 4 —
12 MPC (no decay) and 6 MPC (decay), with the same picture at other plots due to the one half-life
of the radionuclides. In addition, there is a shift of maximal concentrations that were registered for
the pollutants with high Kd and no decay, as well as for the ones with decay and low Kd. This is
due to hydrological dispersion that actively brings pollutants with low Kd from the nearby cells,
instead of those with higher Kd. The 2™ layer (Fig. 6b) mostly accumulates the poorly sorbed
pollutants that come from the 1% layer (up to 0.025 MPC) and has traces of highly sorbed ones.
No pollutants were found in the 3 layer.

300 years after the accident (Table 2; Fig. 6¢) the 1%t layer has the same tendencies and changes
with the layer from the I-1, however the concentration of poorly sorbed pollutants at the plot No. 1
has dropped from 12 to 0.009 MPC due to ten half-lives of the radionuclides. The poorly sorbed
pollutants in the 2" layer (Fig. 6d) have increased insignificantly under Scenarios 1-3 at the plot
No. 1 — up to 0.04 MPC compared to 0.024 MPC after 30 years (Fig. 6b); however, only the traces
of highly sorbed ones were found. No pollutants were found in the 3 layer.
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Table 2. Change in concentration of highly sorbed pollutants in groundwater, watershed and pressure
water during their migration (100 and 300 years).

s Kd 1-3-1 Kd 1-6-1 Kd 6-60-6

| 2 decay | no decay decay | nodecay decay | no decay

"'é 2 Layer No.

a 1] 2 | 12 2| 1] 2 | 1] 2 1] 2 | 1] 2

100 years

13 ]0.191|0.00027 | 1.891 |0.00066| 0.191 | 0.00014 | 1.891 | 0.00033 |0.110|0.00002| 1.978 |0.00003
12 10.386|0.00100 | 3.820 |0.00241| 0.386 | 0.00050 | 3.820 | 0.00112 |0.220|0.00005| 3.965 |0.00013
11 |0.524|0.00926 | 5.193 |0.02200| 0.524 | 0.00468 | 5.193 | 0.01111 |0.325{0.00510| 5.837 |0.00119

| 1 ]0.503|0.04010 | 4.978 |0.09000{ 0.503 | 0.02030 | 4.977 | 0.04570 |0.406|0.00244| 7.309 [0.00551
14 10.328|0.00808 | 3.246 |0.01900| 0.328 | 0.00408 | 3.246 | 0.00959 |0.214|0.00046| 3.844 |0.00105
15 |0.177{0.00058 | 1.725 (0.00137| 0.174 | 0.00029 | 1.725 | 0.00069 {0.108{0.00003| 1.944 |0.00007
16 |0.000|0.00000 | 0.000 (0.00000| 0.000 | 0.00000 | 0.000 | 0.00000 |0.000|0.00000| 0.000 |0.00000
7 10.170| 0.00116 | 1.690 |0.00274| 0.170 | 0.00059 | 1.690 | 0.00138 {0.107|0.00007| 1.937 |0.00015
6 |0.183|0.00031| 1.810 |0.00073| 0.183 | 0.00015 | 1.809 | 0.00037 {0.109]0.00002| 1.962 |0.00004
5 10.548| 0.00058 | 5.419 |0.00139| 0.551 | 0.00029 | 5.419 | 0.00070 {0.327|0.00003| 5.884 |0.00007
4 11.106|0.00781 | 10.934 |0.01870| 1.060 | 0.00394 | 10.943 | 0.00945 |0.655|0.00043|11.790 |0.00099
3 10.709|0.00132 | 7.018 |0.00313| 0.709 | 0.00066 | 7.018 | 0.00158 [{0.433|0.00002| 7.803 [0.00017

. 2 10.480| 0.03560 | 4.748 |0.08360| 0.479 | 0.01810 | 4.747 | 0.04233 {0.319|0.00204 | 5.738 [0.00470
1 ]0.503|0.04010 | 4.978 |0.09000{ 0.503 | 0.02030 | 4.977 | 0.04570 |0.406|0.00244| 7.309 [0.00551
8 10.769|0.03490 | 7.608 |0.08130| 0.769 | 0.01770 | 7.607 | 0.04111 {0.528|0.00200| 9.493 |0.00462
9 10.709|0.02590 | 7.017 |0.06200| 0.709 | 0.01310 | 7.016 | 0.03134 {0.435/0.00140| 7.828 |0.00319
10 [1.010|0.03590 | 10.018 |0.08490| 1.012 | 0.01820 | 10.010 | 0.04291 |0.648|0.00200| 11.661 |0.00464

300 years

13 [0.002|0.00031 | 1.477 | 0.002 | 0.002 | 0.00031 | 1.477 | 0.00097 |0.000|0.00002| 1.936 |0.00011
12 10.004|0.00108 | 3.483 | 0.006 | 0.004 | 0.00108 | 3.483 | 0.00313 |0.001|0.00006| 3.896 |0.00033
11 |0.004|0.00927 | 3.673 | 3.520 | 0.004 | 0.00927 | 1.962 | 3.51700 |0.001|0.00055| 5.463 |0.00368

I 1 ]0.003{0.04170| 1.550 | 0.177 | 0.003 | 0.04170 | 1.547 | 0.09070 [0.001(0.00260| 5.848 [0.01580
14 10.002|0.00857 | 2.229 | 0.041 | 0.002 | 0.00857 | 2.223 | 0.02000 |0.001|0.00048| 3.571 |0.00260
15 [0.001|0.00063 | 1.262 | 0.004 | 0.001 | 0.00063 | 1.262 | 0.00183 |0.000|0.00003| 1.832 |0.00022
16 [0.000|0.00000 | 0.000 | 0.000 | 0.000 | 0.00000 | 0.000 | 0.00000 |0.000(|0.00000| 1.676 |0.00000
7 10.001|0.00126 | 1.739 | 0.007 | 0.001 | 0.00126 | 1.739 | 0.00362 {0.000(0.00007| 1.817 |0.00042
6 |0.002|0.00034| 1.849 | 0.002 | 0.002 | 0.00034 | 1.849 | 0.00105 {0.000(0.00002| 1.887 [0.00012
5 10.005|0.00064 | 4.401 | 0.004 | 0.005 | 0.00064 | 4.401 | 0.00185 {0.001{0.00003| 5.656 [0.00021
4 10.009|0.00859 | 8.548 | 0.052 | 0.009 | 0.00859 | 8.550 | 0.02610 |0.002|0.00045|11.360 |0.00298
3 |0.005|0.00147 | 5.262 | 0.093 | 0.005 | 0.00147 | 5.262 | 0.00471 {0.001|0.00008| 7.387 [0.00056

] 2 10.004|0.03760 | 2.723 | 0.195 | 0.004 | 0.03760 | 2.716 | 0.09960 {0.001|0.00220| 5.213 [0.01360
1 ]0.003{0.04170| 1.550 | 0.177 | 0.003 | 0.04170 | 1.547 | 0.09070 [0.001|0.00260| 5.848 [0.01580
8 10.005|0.03720 | 4.210 | 0.190 | 0.005 | 0.03720 | 4.201 | 0.09600 {0.001{0.00210| 8.476 [0.01350
9 |0.006|0.02830 | 5.261 | 0.174 | 0.006 | 0.02830 | 5.257 | 0.08843 [0.001|0.00150| 7.415 |0.01050
10 [0.006|0.04000 | 6.209 | 0.209 | 0.006 | 0.04000 | 6.206 | 0.10600 [0.002|0.00210 |10.998 [0.01350
13 [0.191|0.00008 | 1.890 |0.00020| 0.101 | 0.00000 | 1.990 | 0.00000 [0.100|0.00000| 1.995 |0.00001
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Continuation of Table 2.
g‘ s Kd 1-10-1 Kd 100-1000-100 Kd 26-260-26
| 2 decay | no decay decay | nodecay decay no decay
"'é 2 Layer No.
a 1| 2 | 1 [ 2| 1| 2 | 1] 2 1] 2 1 | 2

100 years

12 |0.386| 0.00030 |3.820 | 0.00073 | 0.202 |0.00000 | 3.990 [0.00001|0.202 | 0.00001 | 3.990 |0.00003

11 |0.525( 0.00282 |5.193| 0.00669 | 0.303 [0.00003 | 5.980 [0.00007|0.301 |0.00012| 5.961 |0.00028

1 ]0.503| 0.01226 |4.976| 0.02756 | 0.402 |0.00015| 7.950 |0.00035|0.396 | 0.00057 | 7.831 |0.00133

! 14 |0.328| 0.00246 |3.246 | 0.00578 | 0.202 [0.00003 | 3.990 [0.00006|0.200 | 0.00010| 3.963 |0.00025

15 |0.174| 0.00018 |1.725| 0.00042 | 0.101 [0.00000 | 1.990 |0.00000|0.100 |0.00001 | 1.987 |0.00002

16 |0.000| 0.00000 |0.000 | 0.00000 | 0.000 |0.00000 | 0.000 |0.00000| 0.000 |0.00000 | 0.000 |0.00000

7 10.171| 0.00035 |1.690| 0.00083 | 0.101 |0.00000 | 1.990 |0.00009 | 0.100 | 0.00002 | 1.984 |0.00003

6 |0.183| 0.00009 |1.809| 0.00022 | 0.101 |0.00000 | 1.990 |0.00000 | 0.100 | 0.00000 | 1.990 |0.00001

5 |0.547| 0.00018 |5.419| 0.00042 | 0.303 |0.00000 | 5.990 |0.00000 | 0.302 | 0.00001 | 5.972 |0.00002

4 |1.106| 0.00237 |10.943| 0.00569 | 0.607 |0.00003 |11.980 |0.00006|0.604 | 0.00010|11.9500.00023

| 3 |0.709| 0.00040 |7.018| 0.00095 | 0.404 |0.00000 | 7.980 |0.00001 | 0.402 |0.00002 | 7.953 |0.00004

2 |0.479| 0.01090 |4.747| 0.02550 | 0.303 |0.00012 | 5.980 |0.00029 | 0.300 | 0.00048 | 5.937 |0.00110

1 |0.503| 0.01226 |4.976| 0.02756 | 0.402 |0.00015| 7.950 |0.00035|0.396 | 0.00057 | 7.831 |{0.00133

8 |0.769| 0.01060 |7.607 | 0.02477 | 0.505 |0.00012 | 9.960 |0.00028|0.500 | 0.00047 | 9.878 |0.00109

9 |0.709| 0.00791 |7.016| 0.01800 | 0.404 |0.00009 | 7.990 |0.00021 | 0.400 | 0.00033 | 7.958 |0.00077

10 |1.012| 0.01090 |10.017| 0.02585 | 0.606 |0.00012 |11.980 |0.00028|0.603 | 0.00047 | 9.917 |0.00108
300 years

13 |0.002 | 0.00009 |1.476| 0.00059 | 0.000 |0.00000 | 1.990 |0.00001|0.000 |0.00000 | 1.984 |0.00003

12 |0.004| 0.00033 |3.483| 0.00188 | 0.000 |0.00000 | 3.990 [0.00002|0.000 |0.00001 | 3.975 |0.00008

11 |0.004| 0.00856 |3.672| 3.51600 | 0.001 [0.00003 | 5.965 [0.00023|0.001 |0.00013| 5.869 |0.00088

| 1 ]0.002| 0.01300 |1.544| 0.05480 | 0.001 |0.00016 | 7.847 |0.00100|0.001 | 0.00060 | 7.430 |0.00410

14 |0.002| 0.00262 |2.227 | 0.01249 | 0.000 |0.00003 | 3.972 {0.00016|0.000 | 0.00010 | 3.894 |0.00063

15 |0.001| 0.00019 |1.262| 0.00410 | 0.000 |0.00000 | 1.980 |0.00001|0.000 |0.00001 | 1.959 |0.00005

16 |0.000| 0.00000 |0.000 | 0.00000 | 0.000 |0.00000 | 0.000 |0.00000|0.000 |0.00000| 0.000 |0.00000

7 0.001| 0.00038 |1.739| 0.00218 | 0.000 |0.00000 | 1.980 |0.00003|0.000 | 0.00002 | 1.955 |0.00010

6 |0.002| 0.00010 |1.365| 0.00063 | 0.000 |0.00000 | 1.990 |0.00001 |0.000 | 0.00000 | 1.973 |0.00005

5 |0.005| 0.00019 |4.401| 0.00112 | 0.001 |0.00000 | 5.980 |0.00001|0.001|0.00001 | 5.917 |0.00005

4 |0.009| 0.00262 |8.548 | 0.01575 | 0.002 |0.00003 |11.960 |0.00018|0.002 | 0.00010 |11.846|0.00070

3 |0.005| 0.00045 |5.262| 0.01136 | 0.001 |0.00000 | 7.960 |0.00004 | 0.001|0.00002 | 7.851 |0.00013

. 2 |0.003| 0.01170 |2.713| 0.06000 | 0.001 |0.00013 | 5.948 |0.00087 | 0.001 | 0.00050 | 5.804 |0.00332

1 ]0.002| 0.01300 |1.544| 0.05480 | 0.001 |0.00016 | 7.847 |0.00100|0.001 | 0.00060 | 7.430 |0.00410

8 |0.005| 0.01150 |4.198| 0.05845 | 0.001 |0.00013 | 9.890 |0.00087 | 0.001 | 0.00049 | 9.617 |0.00332

9 |0.006| 0.00873 |5.255| 0.05339 | 0.001 |0.00009 | 7.960 |0.00066 | 0.001 |0.00035 | 7.858 |0.00251

10 |0.006| 0.01190 |6.205| 0.06396 | 0.002 |0.00013 |11.935|0.00084|0.001 |0.00049 |11.755|0.00378

Changes in the pollutant concentrations with different Kd
Scenario 1-6-1, Profile I-1. 30 years after the accident the distribution of pollutant
concentrations without decay changed insignificantly in the 1%t layer compared to the initial
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concentrations (Fig. 7a). For example, the initial 8 MPC at the plot No. 1 dropped to 7 MPC, then to
6 MPC after 60 years, to 5 MPC after 100 years and finally to 1.5 MPC after 300 years, the latter
change being the result of the hydrological dispersion of the groundwater flow. The concentration
of pollutants with decay halved at all plots (Fig. 7a) after 30 years, i.e. after one half-life of
radionuclides, affected by the groundwater dispersion: the initial 8 MPC at the plot No. 1 dropped
to 3.5 MPC after 30 years, but it should have been 4 MPC instead, which means that a 0.5 MPC
decrease was the result of dispersion as well, i.e. of the pollutants flowing into nearby cells.
The same trend was observed at other plots of this profile, and only minor traces of pollutants were
found over 300 years.

In the 2" layer (aquiclude; Fig. 7b) pollutants without decay were found only after 300 years
(3.5 MPC at the plot No. 1), with only insignificant concentrations observed for previous periods
(Tables 1, 2). Concentrations with decay (Fig. 7c) were very insignificant after 300 years:
0.042 MPC at No. 1, ranging from 0.012 to 0.02 MPC for earlier periods and never exceeding
0.005 MPC at other plots, which means that only traces of pollutants are present there.
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Fig. 4a, b. Distribution of pollutant concentrations for different Kd, Profile Il: a) 30 years, Layer 1
without decay; b) 30 years, Layer 2 without decay.
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Fig. 4c, d. Distribution of pollutant concentrations for different Kd, Profile Il: ¢) 300 years, Layer 1
without decay, d) 300 years, Layer 2 without decay.

Profile 11-11. Distribution of pollutants (Fig. 8a) with and without decay in the 1% layer is
mostly similar to those in the same layer of I-1 (Fig. 7a). However, we registered differences in
the 2" layer (Fig. 8b). While the maximal concentrations for every period were noted at the plot
No. 4 in the 1% layer (Fig. 8a), they shifted to No. 2 (Fig. 8b) due to increasing hydrological
dispersion. However, the maximum of pollutants without decay in the 2" layer of 11-11 decreased
from 3.5 (Fig. 7b) to 0.1 MPC (Fig. 8b) compared to the same layer of I-I, while the pollutants
with decay decreased from 0.04 to 0.02 MPC. Pollutants with decay accumulate and increase
over time: for example, at the plot No. 1 there is 0.01 MPC 30 years after the accident,
but 0.04 MPC 300 years after. Pollutants without decay accumulate as well: No. 10 — 0.04 MPC
after 30 years, but 0.11 MPC after 300 years. It should be noted that these accumulations are
insignificant and considered to be only traces of pollution.

Scenario 1-10-1, Profile I-1. Changes in the pollutant concentrations with and without decay
are very insignificant (Table. 1, 2) in the 1% layer (Fig. 9) and similar to the changes under Scenario
1-6-1. However, after 300 years pollutants without decay reach 3.7 MPC at the plot No. 11
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compared to 2 MPC under Scenario 1-6-1 (Fig. 7a), which can be the result of hydrological
dispersion over a long period of calculations. The situation in the 2" layer is almost the same.
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Fig. 5a, b, c. Distribution of pollutant concentrations for different Kd, Profile I: a) 30 years, Layer 1
with decay; b) 30 years, Layer 2 with decay; c) 300 years, Layer 1 with decay;

ECOSYSTEMS: ECOLOGY AND DYNAMICS, 2023, Vol. 7, No. 2



USE OF ANUMERICAL EXPERIMENT IN STUDYING MIGRATION OF ... 54

0.05 d)
& 004
T mKd 1-3-1
g § 003 = Kd 1-6-1
o g = Kd 6-60-6
5 0o l = Kd 26-260-26
0 — : : : , ™ Kd 100-1000-100
13 12 11 1 14 15 16

Observation Plot

Fig. 5d. Distribution of pollutant concentrations for different Kd, Profile I: d) 300 years, Layer 2
with decay.
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Fig. 6¢, d. Distribution of pollutant concentrations for different Kd, Profile Il: ¢) 300 years, Layer 1
with decay; d) 300 years, Layer 2 with decay.

Profile 11-11. Changes in pollutants concentrations with and without decay in the 1% layer
(Fig. 10a) are very insignificant (Tables 1, 2) and similar to those under Scenario 1-6-1. However,
60 years after the accident, the value without decay reached 6.7 MPC at the plot No. 9 compared to
4.2 MPC under Scenario 1-6-1 (Fig. 7a), due to the dispersion of the underground glow.
The 2" layer is quite similar to the 1%, i.e. its pollutants with decay accumulate and increase over
time (Fig. 10b): for example, there was 0.006 MPC at the plot No. 1 after 30 years, but 0.013 MPC
after 300 years. Pollutants without decay accumulate as well, from 0.008 MPC at No. 10 after
30 years to 0.065 MPC after 300 years.

Comparing this data with the previous scenario, we can say that accumulation decreased due to a
better confinement that prevents them from penetrating onto the aquiclude. For example, without decay
there was 0.11 MPC at No. 10 after 300 years under Scenario 1-6-1, but 0.065 MPC under Scenario 1-
10-1; with decay there was 0.04 MPC under Scenario 1-6-1, but 0.012 MPC under Scenario 1-10-1.

Scenario 6-60-6, Profile I-1. The concentration of pollutants without decay decreases
insignificantly in the 1% layer (Fig. 11a) compared to their starting values: for example, from
7.8 MPC at the plot No. 1 after 30 years compared to the initial 8 MPC and to 3.5 MPC with decay
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(due to decay itself). These numbers indicate that pollutants are well-confined in the 1% layer due to
the increased sorption at high Kd values in both layers.

The concentrations decrease in the 2" layer (Fig. 11b): without decay there is 0.016 MPC
at No. 1 after 300 years, but 3.5 MPC under Scenario 1-6-1 (Fig. 7b); with decay there is 0.0025
and 0.042 MPC under Scenario 1-6-1 (Fig. 7B).
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Fig. 7. Scenario Kd 1-6-1, distribution of pollutant concentrations over time: a) Profile I;
b) Profile 1, Layer 2 without decay; c) Profile I, Layer 2 with decay.
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Fig. 8. Scenario Kd 1-6-1, distribution of pollutant concentrations depending on time: a) Profile 11,
Layer 1, b) Profile II, Layer 2.

Profile 11-11. Just like in the I-1, the concentration of pollutants without decay slightly decrease
in the 1% layer (Fig. 12a) compared to the initial values for all studied periods. For example,
without decay it is 11.8 MPC at the plot No. 12 after 30 years compared to the initial 12 MPC;
with decay it is 5.5 MPC (due to decay itself). These figures indicate that pollutants are well
confined in the 1% layer due to an increasing role of sorption at high Kd in both layers.
In the 2" layer (Fig. 12b) the concentrations decrease: without decay it is 0.016 MPC at the plot
No. 1 after 300 years, but 3.5 MPC under Scenario 1-6-1 (Fig. 7b); with decay it is 0.0015 and
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0.042 MPC under Scenario 1-6-1 (Fig. 7c). In general, there is a trend similar to Scenario 1-6-1;
however, the concentration without decay increased up to 0.009 MPC at No. 1 after 60 years due to
the influence of hydrological dispersion where the groundwater supply is located (Fig. 2).

Further consideration of the model results for Scenarios 26-260-26 and 100-1000-100 is
meaningless, because all pollutants are concentrated in the 1% layer, practically reaching zero in
the 2" (aquiclude; Tables 1, 2), which indicates the complete impermeability of the aquiclude
within the studied profiles.
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Fig. 9. Scenario Kd 1-10-1, distribution of pollutant concentrations depending on time, Profile I,
Layer 1.

Discussion of results obtained during areal modeling

The results of areal modeling of pollutants migration in the study area are shown in Figure 13.
We carried out modeling according to two scenarios: 1-3-1 for poorly sorbed pollutants and 100-
1000-100 for highly sorbed ones, with and without decay, for the 1% layer (groundwater) and the 2"
layer (aquiclude), for two estimated periods of 30 and 300 years.

For this experiment, the surface contamination with *’Cs radionuclide that appeared in the
south of the Kaluga Region after the Chernobyl accident was taken as the initial contamination of
groundwater. The Figure 1 shows that it consists of 2 isolated sections, western and eastern, within
the radioactive zone, where the concentration of 13’Cs exceeds the MPC by more than 10 times.

Migration of poorly sorbed pollutants under Scenario 1-3-1 without decay throughout
the study area (Fig. 13.1). 30 years after, the configuration of areal pollution is still preserved
in the 1% layer (Fig. 13.1A), but its maximum decreases to 9 MPC; in the 2" layer (Fig. 13.1B)
it changes greatly, appearing mainly in the eastern section and decreasing to 0.045 MPC.

300 years after, the pollution configuration changes greatly in the 1% layer (Fig. 13.1C),
mainly remaining in the western section, while its maximum decreases to 7 MPC. In the 2" layer
(Fig. 13.1D) it also changes greatly, appearing mainly in the eastern section and increasing to
0.8 MPC compared to the initial concentration after 30 years.

Migration of highly adsorbed pollutants under Scenario 100-1000-100 without decay
(Fig. 13.2). 30 years after, the pollution configuration in the 1% layer (Fig. 13.2A) practically
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matches the initial one (Fig. 1), and its maximum exceeds 10 MPC. In the 2" layer (Fig. 13.2B),
it changes greatly, appearing mainly in a small part of the eastern section and decreasing to
0.0003 MPC.

300 years after, the configuration changes slightly in the 1% layer (Fig. 13.2C), and its
maximum decreases to 9 MPC. However, in the 2" layer (Fig. 13.2D) it changes noticeably,
appearing mainly in the eastern section and increasing to 0.04 MPC compared to the initial
concentration after 30 years.

14 a)

12

= <%= 30 years, Layer 1 with decay

10 = @= 60 years, Layer 1 with decay
100 years, Layer 1 with decay
8 == 300 years, Layer 1 with decay
6 == 30 years, Layer 1 without decay

60 years, Layer 1 without decay

=== 100 years, Layer 1 without decay
=—>= 300 years, Layer 1 without decay

Pollutants concentration,
MPC

Observation Point

0.07 b)
= 0.06 l\/\/} == 30 years, Layer 2 with decay
o .
= 60 years, Layer 2 with deca
© 0.05 Y ¢ i /
£ / 100 years, Layer 2 with decay
§ O 0.04 / = = 300 years, Layer 2 with decay
g > 0.03 == 30 years, Layer 2 without decay
S / == 60 years, Layer 2 without decay
= .02 i
= 0.0 100 years, Layer 2 without decay
S \
a 001 - === 300 years, Layer 2 without decay

0 h 1

7 6 5 4 3 2 1 8 9 10
Observation Point

Fig. 10. Scenario Kd 1-10-1, distribution of pollutant concentrations depending on time, Profile II:
a) Layer 1, b) Layer 2.

Migration of highly sorbed pollutants under Scenario 1-3-1 with decay (Fig. 13.3).
30 years after, the configuration of areal pollution remains in the 1% layer (Fig. 13.3A), but its
maximum decreases to 4.5 MPC. In the 2" layer (Fig. 13.3B) it changes greatly, appearing mainly
in the eastern section and decreasing to 0.02 MPC.
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Fig. 11. Scenario Kd 6-60-6 Distribution of pollutant concentrations depending on time, Profile I:
a) Layer 1, b) Layer 2.

300 years after, the pollution configuration in the 1% layer (Fig. 13.3C) changes greatly, with
insignificant pollution in a limited part of the eastern section — up to 0.02 MPC compared to the
initial 0.004 MPC. It changes greatly in the 2" layer (Fig. 13.3D), appearing mainly in the eastern
section; its area decreases compared to the initial area after 30 years, and its MPC increases to 0.04.

Migration of highly sorbed pollutants under Scenario 100-1000-100 with decay (Fig. 13.4).
30 years after, the areal pollution configuration in the 1% layer (Fig. 13.4A) practically matches the
initial one (Fig. 1), but its maximum exceeds 3.6 MPC; in the 2™ layer (Fig. 13.4B) it changes
greatly, appearing mainly in an insignificant part of the eastern section and decreasing to 0.0003
MPC.

300 years after, the configuration changes slightly in the 1% layer (Fig. 13.4C), and its
maximum decreases to 0.0009 MPC; in the 2" layer (Fig. 13.4G), however, it changes greatly,
appearing mainly in the eastern section and dropping to 0.0004 MPC.
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Fig. 12. Scenario Kd 6-60-6, distribution of pollutant concentrations depending on time, Profile II:
a) Layer 1, b) Layer 2.

Therefore, poorly sorbed pollutants without decay remain in the western section after 300
years in the 1% layer, while pollutants of the eastern section tend to migrate and their insignificant
amounts can be found in the 2" layer (aquiclude).

Highly sorbed pollutants without decay remain in both areas in the 1% layer, with slightly
different concentration compared to the ones after a 30-year period; in the 2" layer their
insignificant concentrations occupy a small part of the eastern section.

Poorly sorbed pollutants with decay are practically absent in the study area, but their traces can
be found in the 1% layer of the eastern section, forming a small area in the 2" layer in insignificant
concentrations.

Highly sorbed pollutants with decay remain in both areas in the 1% layer, and their
concentration significantly differs from the 30-year period, decreasing to 0.0009 MPC, which is
considered small, meaning those are only traces. In the 2" layer, their insignificant concentrations
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occupy a small area of the eastern section.
This indicates that *3’Cs and °°Sr radionuclides will completely decay within 10 half-lives.

Comparison current results with the previous research stage

Further below we consider specificity of the pollutant migration through a permeable aquiclude
that we studied on the previous stage of this research (Belousova and Rudenko, 2021a, 2021b) and the
one studied at the current stage. Modeling results of both stages are shown as 3D maps in Figure 14.

To study the permeable aquiclude (Fig. 14A), we set Kd equal for all three layers (6-6-6), while
for the impermeable aquiclude (Fig. 14B), we set Kd higher than its values in the groundwater of
the 1%t and 3' layers (1- 3-1).

With the permeable aquiclude (Fig. 14A), the migration of pollutants without decay occurs in
all layers over 300 years. In the 1% layer (groundwater) MPC does not exceed 4; in the 2" layer
pollutants accumulate intensively up to 4 MPC; in the 3" layer (pressure waters) accumulation is
up to 2 MPC in some areas.

With the impermeable aquiclude (Fig. 14B) without decay the intensity of migration varies
greatly in all layers over 300 years. In the 1% layer there are significant concentrations above 5 MPC;
in the 2" layer this process is very isolated, its area decreases, and its MPC drops to 3; in the 3" layer
this process is limited and the concentrations are insignificant — up to 0.05 MPC. It should be noted
that pollutant migration was not found in any of the points of the 3" layer of both profiles.

Conclusions

The object of our studies was the part of the Kaluga Region, most affected by the accident at
the Chernobyl nuclear power plant.

There is almost no experimental data on the radionuclides migration in the saturated zone
(groundwater) and their parameters, and only some parts of the Bryansk Region were explored
superficially in the radioactive zone caused by the accident. However, they mostly belong to the
unsaturated or protective zone. Therefore, instead of field or laboratory studies, we chose numerical
experiments and carried them out for the region.

Numerical experiments study the migration of pollutants in the saturated zone, i.e. their flow
from groundwater through the aquiclude to pressure groundwater. In this study, we considered both
137Cs and °°Sr and other pollutants, from poorly sorbed to highly sorbed ones, found in the pressure
waters of the studied territory.

To simulate the process of mass transfer in groundwater, the MT3D model based on
MODFLOW was chosen. Along with flow hydrological dispersion, this model takes into account
the sorption of pollutants and radioactive decay.

Given that geological, hydrogeological and hydrogeochemical data concerning the studied
object do not guarantee a sufficient reliability of our forecasts, especially in the case with
aquicludes, the study was carried out in two stages. Results of the first stage (migration of through
a permeable aquiclude) have been already completed and published by our crew
(Belousova, Rudenko, 2021a, 2021b), while the results of the second (migration through an
impermeable aquiclude) are given in this article.

Numerical experiments of the second stage were carried out according to the following
scenarios: 1 — (1-3-1), 2 — (1-6-1), 3 — (1-10-1), 4 — (6-60-6), 5 — (26-260-26), and 6 — (100-1000-
100), where the first digit is the Kd value (I/kg) in the 1% layer, the second digit — 2" layer, the third
digit — 3" layer. This set of coefficients was determined by the fact that their values were assigned
to be higher in the aquiclude than in the upper and lower aquifers. Each scenario was applied for
two conditions: with and without radioactive decay.
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Fig. 13.1. Cartographic chart of the distribution of concentrations of we poorly akly sorbed (Scenario 1-3-1) and highly sorbed (Scenario 100-1000-
100) pollutants in the simulated area with/without decay.
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Fig. 13.2. Cartographic chart of the distribution of concentrations of poorly sorbed (Scenario 1-3-1) and highly sorbed (Scenario 100-1000-100)
pollutants in the simulated area with/without decay.
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Fig. 13.3. Cartographic chart of the distribution of concentrations of poorly sorbed (Scenario 1-3-1) and highly sorbed (Scenario 100-1000-100)
pollutants in the simulated area with/without decay.
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Fig. 1.4. Cartographic chart of the distribution of concentrations of poorly sorbed (Scenario 1-3-1) and highly sorbed (Scenario 100-1000-100)
pollutants in the simulated area with/without decay.
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The degree of groundwater contamination was taken as the initial conditions, similar to the
contamination degree of the surface in the radioactive zone of the study area. However, such a wide
spread of contamination by radionuclides or other pollutants is not observed in the groundwater
under natural conditions in this area. The pollutants concentration can be determined in g/l, Bg/l,
maximum permissible concentration (MPC) or background concentrations; but we prefer to use
MPC. Coefficients of pollutant sorption distribution (Kd) of various pollutants were selected from
the known values for the Bryansk Region (Belousova, Rudenko, 2021a, 2021b); the radionuclides
Kd values mainly refer to the unsaturated zone of contamination.

Analysis of the modeling results obtained during the numerical experiments was carried out for
2 profiles and for the studied territory, using maps.

We established that, as Kd increases, the high concentration of pollutants remains in
groundwater, while poorly sorbed pollutants with minimal Kd can partially remain in the aquiclude.
It should be noted that in the 3" layer (pressure waters) pollutants were not found at all, although
they appear at other plots.

According to Kd values, we found out that at Kd > 60 I/kg, pollutants cannot penetrate into the
aquiclude, i.e. the aquiclude is almost impermeable. For radionuclides, the radioactive decay plays
the main role in their migration: for example, 30 years after the accident at the Chernobyl nuclear
power plant, the concentration of $3’Cs and *°Sr decreased by half, because 30 years is their actual
half-life; therefore, in the next 300 years they will completely decay. For non-radioactive pollutants,
the process is different: they accumulate in the aquiclude and penetrate into pressure waters,
significantly worsening the local ecology, while other long-lived radionuclides (such as plutonium-
209) have a half-life of 24,095 years and will pose a severe danger in those areas of the nuclear fuel
fallout (such is the area of the Chernobyl nuclear power plant itself).

The main factors forming the pollutants migration are their radioactive decay, their sorption
properties and, finally, the hydrological dispersion of groundwater flows, which in turn depends on
the geological and hydrogeological conditions of the area.

Results of both research stages. With the permeable aquiclude, the migration of pollutants
without decay occurs in all layers over 300 years. With the impermeable aquiclude without decay the
intensity of migration varies greatly in all layers over 300 years: in the 1% layer there are significant
concentrations found; in the 2" layer this process is very isolated, its area and concentration decrease;
in the 3" layer this process is limited.

However, neither of these aquicludes can exist separately under natural conditions, because
usually confining strata is like a patchwork quilt, since it is made of several areas with both
impermeable and permeable aquicludes. Aquicludes cannot be impenetrable throughout their entire
length, because they contain natural disturbances, such as lenses, permeable rocks, neotectonic
cracks, and artificial disturbances, such as drilling wells.

Therefore, in order to study the processes of pollutant migration and predict their further
development under complex hydrogeological conditions, it is necessary to study thoroughly the
geological and hydrogeological structure, as well as the hydrogeochemical conditions of the chosen
objects territories, and to conduct experimental studies of mass transfer in order to parameterize all
the processes causing it, for the further numerical modeling and forecasting of the development of
the real ecological situation at the research areas.
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Lens craThm — H3yYeHHE METOIOM MAaTEMaTHYECKOTO0 MOJETHPOBAHUS MPOIECCOB MHUTPAIUU
pa3IU4YHBIX, OT c¢Jab0 J0 CUIBHO copOupyeMbix 3arpsi3Hstonmx Bemiects (3B), Brirouas
PaJMOHYKITH/IBI, U3 TPYHTOBBIX B HAMOpPHBIC MOA3EMHBIE BOJIBI Yepe3 pa3/elibHBIA CIIOH — BOJOYIOp
pa3anH0171 CTCIICHU NPOHUI[ACMOCTH. B IMMPAKTUKE TUAPOr€OIOrMICCKUX I/ICCJ]CI[OBaHI/Iﬁ CymieCTBYCT
Takoe HalpaBlieHHe, KaK MOMCKH W pa3Belka MECTOPOXKICHWI mon3eMHbIX Boi. [lepBas cramus —
IMOUCK, OCYHICCTBIACTCA Ha MNPAKTUYCCKHU HCEU3YUYCHHBIX TEPPUTOPHUAX, a BTOpass — pa3BE€IKa,
OIrpaHUYMBACTCA TEPPUTOPUAMHU, TAC 110 HOaHHBIM HepBOﬁ CTaIun BBIABJIAIOT IICPCIICKTUBHBIC
TEPPUTOPHH.

HaHHBIe HCCJIICAOBAaHHUS MOXKXHO OTHECTH K HepBOfI, MO CKOBOM cTagun, Korjga MH3Yy4YCHHOCTbH
TEPPUTOPHH B paMKax 3aJaHHOW TEMATHKH MPAKTHYECKH OTCYTCTBYET IJIsl BBIOPAHHOW TEPPUTOPUHU
Kanykckoit o0nactu, mocTpajaBiieid or aBapuud Ha UepHOOBUIBCKOH aTOMHOW 3JICKTPOCTaHIIUU
(HADC). Ilouck ObT cocpemoTOYEH HA M3YYEHHH MHUTPAIMN 3arpsi3HSIONINX BEIIECTB B TPYHTOBBIX
BOJaX, a M3 HUX — dYepe3 BOAOYIOp B HANOpHbIX Bojax. HampasieHue moucka onpenensioch
CITIOCOOHOCTHIO BOAOYIIOPOB IPOITyCKaTh depe3 ce0st 3B ¢ omHo#t cTOpoHBI (caMble HEOIAroMpUsATHEIE
JUTSI TIOA3EMHBIX BOJ YCJIOBHS), a ¢ JApyroil — He mpomyckarh 3B (OmarompusrtHbeie ycioBus). B
OPUPOIHBIX M B TEXHOTCHHBIX YCIOBHSAX 00a cilydas HE CYyLIECTBYIOT IO OTACNbHOCTH (OHH
CIMBAIOTCS), YTO TPEOYeT XOpOIIeH TI'eoloro-ruApPOreoIOrnYecKol  M3YYeHHOCTH TEPPUTOPHH,
OTCYTCTBYIOIIEH IjIs H3ydyaeMoll MecTHOcTH. Hammm wcciaemoBaHusi ObUIM MPOBEACHBI 1O 00OMM
HaIpaBICHUSIM IIOUMCKOBBIX MCCJIENOBAaHMM, M1 IEpBOrO  Cly4yass BOAOYIOp IPUHUMAJICS
MIPOHULIAEMBIM, Il BTOPOTO — HENPOHHUIIAEMBIM.

Jns Kaxmoro THINA IIOMCKOBOM CTaguu OBIIM IIPOBENEHbI KakK Obl pa3BENOYHbIE YHCIEHHO-
9KCIEPUMEHTAIIbHBIC HCCIIENOBAHNS (YMCICHHBIH SKCIIEPUMEHT) C NIPUMEHEHHEM MaTeMaTH4YeCKOro
MonenupoBanus. OOBEKTOM HWCCIENOBaHUI SBIAETCS 4YacTh TeppuTopuu Kamyxckoil obmacti,
HambOonee mocTtpafaBmas oT aBapuu Ha YADC. HccrmemoBaHusi 1Mo mMepBOMY HAIPaBIICHUIO OBLITH
3aBepIIeHbl U omyoanKkoBanbl paHee (bemoycosa, Pynenko, 2021a, 6). PesynmpTaTsl BTOpO# CTamuu u
o0o0maromue pe3yapTaTbl HCCIENOBAHMH OOOMX IIOMCKOBBIX HAIpPaBICHUH NPUBOIIATCA B
HacTosel crtarbe. Ha naHHOM 3Tane npojomkaercs: HCCleqoBaHUE IPOLECCOB MUTPALIUH PA3IUYHBIX
3B, BKIOUYas pPaAUOHYKIUIbl, W3 TPYHTOBBIX BOJI B HANOPHBIA BOAOHOCHBIA TOPU30HT YEpe3
HENPOHHUIIAEMBIH BOIOYIIOP II0 TEM XK€ pa3pe3aM, 4TO M Ul IEPBOr0 HAINIPABJIEHUS, HO IO HECKOJIBKO
M3MCHEHHBIM CIICHAPUAM U C APYrUM HabopoM koddduitmenToB pacnpenenenus copoimu 3B (Kd).
YucreHHbIe SKCIIEPUMEHTBI BTOPOT'O 3Tara MpOBOIUIIOCH 110 CiaeAyronmM cieHapusim: 1 — (1-3-1), 2 —
(1-6-1), 3 — (1-10-1), 4 — (6-60-6), 5 — (26-260-26), 6 — (100-1000-100). ITepBas mppa — 3HAYCHHE
Kd (w/kr) B mepBoM ciioe, BTOpas — BO BTOPOM CJO€, TpEThsl — 3HAUYEHHE B TPETbEM CJIOE.
Taxo# nogbop k03hHUIMEeHTOB pacHpeneneHuss 00YyCIOBIIEH 3aJaHMEM WX 3HAYeHHH Ha MHOPAIOK
Oonbllie B BOZOYIIOPE, YEM B BEPXHEM U HIDKHEM BOJOHOCHBIX TOPU30HTAX.

Kaxxnplii crenapuii mpoBomwiIcs Al IBYX YCIIOBHMM: C paJMOaKTHBHBIM pacmajzoM M 0e3 pacmaja.
3a HavanbHBIE YCIOBHA ObUIa NPUHSTA CTEHEHb 3arps3HEHUs TPYHTOBBIX BOJA IO aHAJOIMU CO
CTENCHBIO 3arpsS3HEHMs] IIOBEPXHOCTHM 3€MJM B 30HE PAAMOAKTHBHOIO cliela Ha H3ydaeMoi
TEPPUTOPHUH, XOTA B HPUPOAHBIX YCIOBUSX Ha 3TOH TEPPUTOPUM B TPYHTOBBIX BOAAX TAKOI'O
pacmpocTpaHeHHUsl 3arps3HeHHs HHU pPAAMOHYyKIMAaMH, HHA JApyrumMud 3B  He Habmromaercs.
Konuentpanuu 3B moryt Obite 3agansl B r/m, I1JIK, (OHOBBIX KOHIEHTpalUsX; B HAIlleM Ciydae
ucnonbzoBasuchk [1JIK. Koadduuuentsr pacnpenenenus copouuu pasnuusbsix 3B mopbupanucek u3
W3BECTHBIX 3HAauYeHWH i Teppuropuil bpsHckoit obnactu (benoycoBa, Pynenko, 2021a, 20216),
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JUIsL paiioOHYKITHI0B 3HaueHUsI Kd B OCHOBHOM OTHOCSITCSI K HEHACBIIIICHHOM 30HE.

VYCTaHOBIICHO, YTO TJIABHBIMH (akTopaMu ()OPMUpPOBAaHUs HpoleccOoB murpanuu 3B sBistorcs B
MEPBYIO OYepe/ib PaJMOaKTUBHBINA pacnan 3B, Bo BTopyto — copOunoHHbIe cBoiicTBa 3B, a B Tperbio —
THIPOAUCIIEPCHUS] TMOTOKOB IOJ3EMHBIX BOJ, KOTOpas B CBOI OuYepelb 3aBUCHT OT T€OJIOro-
THIPOT€OJIOTUUECKUX YCIOBHI H3y4aeMOW TEPPUTOPHUH W CTEICHU IMPOHHMIAEMOCTH BOIOYIIOpA.
PaCCMOTpCHHaH CUTyanus CBUACTCILCTBYET O TOM, YTO BOAOYIIOPEI HE ABJIAIOTCA MOJTHOM FapaHTI/ICI\/'I,
00eCIIeunBaloIIeH 3alUIIIEHHOCTh HATIOPHBIX MTOJ3EMHBIX BOJ] OT 3arpsA3HCHUS.

Kntouegvie cnosa: TPYHTOBBIC BOJbI, IOA3EMHBIC HANOPHBIC BOJbI, MOJCIMPOBAHHUE IIPOLIECCOB
MUTpaINH, 3arPA3HSIONICE BEIECTBO, PAAHUOHYKIUIBI, COPOLIHS, paliOaKTHBHEIA pachal.
bnacooaprocmu. ABTOPHI BRIpaXKaroT OJIaroJapHOCTh OE3BpEMEHHO yIllealleld coTpynHuie MuHseBoi
10.B. 3a moAroToBKY MaTepHaloB K JaHHOH CTaTbe.

Qunancuposanue. Pabora BBINOIHEHa B paMKax TOCYAAapCTBEHHOro 3ajaHusi VIHCTHTyTa BOIHBIX
npobnem PAH: tema Ne FMWZ-2022-0002 «VccnenoBaHusi TeO’KOJIOTHYECKAX IPOIECCOB B
THUAPOJIOTNYCCKUX CUCTEMAX CYIIH, q)OpMI/IpOBaHI/IH KadeCTBa IMOBCPXHOCTHBIX M NOA3EMHBLIX BOI,
Hp06.]'[eM Y1ipaBJICHUSA BOAHBIMU pECYpCaMU U BOJOITIOJIL30BAHHUEM B YCIIOBUAX W3MEHEHUN KJIMMaTa 1
AHTPOIIOT€HHBIX BO3JIEHCTBUNY.
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