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SUMMARY 

The paper considers 4 scenarios of radionuclides release into the geological environment 
during radioactive waste geological disposal and evaluates the impact of changes in 
hydrogeochemical conditions on the efficiency of radionuclides release and retention. 
Geochemical simulation results indicated that the saline water inflow impacts negatively on 
the migration ability of uranium, plutonium and americium, but the complete replacement of 
the basic water with saline water will contribute to the reduction of the their migration ability. 
During saline and basic water mixing, the migration ability of neptunium decreases. The 
glacial water inflow reduces the migration ability of all radionuclides, while the amount of 
oxygen dissolved in fresh water is not enough to shift redox conditions to the positive range 
and transfer redox-sensitive radionuclides to higher oxidation levels, at which they are more 
mobile. In general, the radionuclide concentration increase with TDS increasing. Only at the 
water - RW (SNF) ratio > 10 g of UO2 per 1 l of water the sparingly soluble phases of 
americium, plutonium and neptunium will not form in saline water. In water with salinity of 
62 g/L (from the depth of 800 m) at these ratios the matrix (UO2) can completely dissolve.  
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Introduction 
 
Purpose: to assess the influence of environmental changes on the  release and retention of 
radionuclides during geological disposal of radioactive waste (RW). 
 
Using the basic simplified model of the RW geological disposal system, (Shestopalov et al., 2018), 
which was developed previously and corresponds to the scenario of normal evolution of the 
geological disposal system (GDS) in the crystalline rocks of the CEZ, a series of calculations were 
performed. These allowed us to assess the trends of changes in radionuclides concentration as a result 
of their release from the RW (SNF) matrix, due to its interaction with groundwater under changes in 
physical and chemical conditions caused by the realization of one of the alternative scenarios 
(Shestopalov et al., 2018, Shybetskyi et al., 2021). 
 
Thus, at this stage, thermodynamic simulation of the source of radionuclide release into the geological 
environment was performed and the effect of changes in hydrogeochemical conditions on the 
efficiency of RW release from the matrix was evaluated. 
 
Four scenarios were investigated. They are as follows: 
 
STM 0. Normal evolution of GDS. 
STM 1. Influence of changes in redox conditions within the  disposal area. 
STM 2. Influence of changes in groundwater salinity within the disposal area. 
STM 3. Influence of changes in the groundwater chemical composition within the disposal area. 
 
Method of research 
 
All calculations were performed using the GEMS software package (Gibbs Energy Minimization 
Software for Geochemical Modeling, http://gems.web.psi.ch/). 
 
The calculations were performed with a single basic model system, which, according to the 
groundwater chemistry of aquifers in the crystalline rocks of the CEZ, is described by the following 
set of chemical elements: Ca-Mg-Na-K-S-Cl-C-Fe-Mg-Si-O-H-Transuranium Elements (U, Np, Pu, 
Am). 
 
The RW (SNF) matrix was simulated by UO2 with addition of the extremely long-lived radionuclides 
Pu, U, Np, Am in quantities corresponding to the estimated composition of SNF from Ukrainian NPPs 
(INSC PROJECT - U4.01/09 B, Task 3, 2014). 
 
The model system includes aqueous and gaseous phases, as well as phases of sparingly soluble 
compounds of transuranic elements (U, Np, Pu, Am). 
 
Initial data 
 
We analyzed existing data (345 boreholes and wells) on the groundwater chemistry of the aquifer in 
the fractured zone of crystalline rocks and their weathering crust (AR-PR2) within the Sheet M-35-XІ 
(Korosten) (Report, 2005). After applying certain criteria (depth of wells, minimum content of 
nitrates, the presence of charge balance) 5 types of water, occurring in the study area, were identified. 
The most common is bicarbonate-calcium water (27 samples), chloride-calcium water (8 samples), 
bicarbonate-sodium water (3 samples), sulfate-calcium water (3 samples), chloride-sodium water (1 
sample). For all these types of water the calculations corresponding to the STM 0 and STM 3 
scenarios were performed. To investigate STM 1 and STM 2 scenarios, the average composition of 
the most common bicarbonate-calcium water was calculated. 

http://gems.web.psi.ch/
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To investigate STM 0 and STM 3 scenarios we also used archive data on the groundwater chemistry 
from 6 boreholes in the Cenomanian-Callovian aquifer within the Chernobyl area. To investigate the 
STM 3 scenario, we used archive data on the groundwater chemistry from the deep (1927 m) borehole 
in Kyiv (aquifers at the depth of 360, 600 and 800 m) (Venchkovskaya, Rovensky, 1974). For  the 
STM 2 scenario, the composition of glacial water presented in the POSIV A 2014-04 report (Hellä et 
al., 2014) was chosen. 
 
Results obtained 
 
STM 0 and STM 3 scenarios 
 
The simulation results showed that the main factors affecting the radionuclide release are the water - 
RW (SNF) ratio (hereinafter – WRR) and the total anion content in water. In all types of water, the 
waste matrix (simulated by UO2) is practically insoluble (in groundwater, concentration of U < 2∙10-9 
mol/L). Noticeable dissolution of the matrix may occur only in interaction with high-salinity water 
from the depths of 600 and 800 m at low WRR. Americium is the most mobile element (concentration 
of Am > 1∙10-8 mol/L). For all range of WRR, the migration ability of plutonium and neptunium 
depends on the type of water - in high-salinity chloride - sodium water from the depth of 360, 600 and 
800 m, plutonium is more susceptible of migration than neptunium. In low-salinity water (including 
glacial) neptunium is more susceptible of migration than plutonium. The migration ability of Pu, Np, 
Am is determined by the formation of sparingly soluble compounds, respectively, PuO2(hydrated), 
NpO2(am), and AmCO3OH. At a high WRR (> 10 g UO2 per 1 L of water) in interaction with high 
salinity chloride - sodium water from the depth of 360, 600 and 800 m, sparingly soluble Pu, Np, Am 
compounds are not formed, and in interaction with water from the depth of 800 m at the WRR > 10 g 
of UO2 per 1 L of water, the matrix (UO2) is completely dissolved. 
 
Salinity and anionic composition of water exert the greatest influence on RW (SNF) solubility and 
migration ability of radionuclides (their concentration in water): in a low salinity water the 
concentration of Pu, Np, Am increases with increasing salinity and total content of anions (especially 
total content of bicarbonates and sulfates), while in saline water it decreases. 
 
Figure 1 shows cases of the dependence of radionuclide concentration (migration ability) on the water 
- RW (SNF) ratio and on the total content of sulfates and bicarbonates. 
 

  
А) B) 

 
Figure 1 Dependence of radionuclide concentration (migration ability) as applied to plutonium on: 
A) water - RW (SNF) ratio; B) total content of sulfates and bicarbonates 
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STM 1 and STM 2 scenarios 
 
These scenarios were investigated using data on the average composition of the most common 
bicarbonate-calcium water, as well as data on the groundwater composition from deep borehole in 
Kyiv and data on the glacial water composition presented in the POSIVA_2014-04 report. 
 
In the STM 1 scenario, changes of redox conditions in the RW disposal area were simulated by 
mixing the basic water (average composition of the most common hydrocarbonate-calcium water) and 
glacial water (fresh and oxygenated). The ratio of basic water to glacial water was 0, 20, 40, 60 and 
100 % (0 - pure basic water; 100 - pure glacial water). 
 
In the STM 2 scenario, the changes in the salinity of groundwater in the disposal area were simulated 
by mixing basic water (average composition of the most common bicarbonate-calcium water) and 
saline water from the depth of 360, 600 and 800 m (deep well in Kyiv). The ratio of basic water to 
saline water was 0, 20, 40, 60 and 100 % (0 - pure basic water; 100 - pure saline water). 
 
The simulation showed that mixing of saline and basic water (STM 1 Scenario) and mixing of basic 
and glacial water (STM 2 Scenario) exert different effects on radionuclide concentrations in the 
resulting waters. 
 
As the share of fresh (glacial) water increases, the concentration of neptunium, americium and 
uranium in the resulting water decreases. The concentration of plutonium in the mixtures is less than 
that in pure water. The pH values tend to shift towards a more acidic range. 
 
Figure 2 shows a case of dependence of radionuclide concentration (migration ability) on mixing the 
basic (bicarbonate-calcium) water with saline and fresh water. 
 

 
 

Figure 2 Dependence of plutonium concentration (migration ability) on mixing the basic 
(bicarbonate-calcium) water with saline and fresh water 
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The concentration of neptunium in the resulting water decreases with increasing the fraction of saline 
water. The concentration of plutonium, uranium and americium in the mixtures is higher than in pure 
water. The pH values tend to shift towards a more alkaline range. 

 
For both scenarios, the degree of oxidation of redox-sensitive radionuclides (neptunium, plutonium 
and uranium) remains minimal (+4). Redox potential remains negative. The type of sparingly soluble 
compounds for all considered radionuclides does not change. 
 
Conclusions 
 
To summarize investigated scenarios, we can conclude the following. 
 
The inflow of saline water to RW disposal area negatively affects the migration ability of uranium, 
plutonium and americium (their concentration in the resulting water increases), but complete 
replacement of the basic water by saline water will contribute to reducing the migration ability of 
these radionuclides. When mixing saline and basic water, the migration ability of neptunium 
decreases (concentration decreases). 
 
The inflow of fresh (glacial) water reduces the migration ability of all radionuclides, while the amount 
of oxygen dissolved in fresh water is not enough to shift redox conditions to the positive range and 
transfer redox-sensitive radionuclides to higher oxidation levels, at which they are more mobile. 
 
In general, the tendency is observed to increase radionuclide concentration with increasing water 
salinity. The differences are 2-4 orders of magnitude, however, only at the water - RW (SNF) ratio > 
10 g of UO2 per 1 L of water the sparingly soluble phases of americium, plutonium and neptunium 
will not form in saline water. In water with salinity of 62 g/L (from the depth of 800 m) at these ratios 
the matrix (UO2) can completely dissolve. 
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