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SUMMARY

The conditions of **Sr migration with strongly alkaline groundwater at the Chornobyl NPP
industrial site are analyzed. In well 1-2A, in a strongly alkaline environment, volumetric
activities increase by 5-100 times to 25-500 Bg/l. The observations were carried out as part of
the radiohydroecological monitoring in the area of the New Safe Confinement - Shelter
Object (NSC-SO).

The relationship between the concentrations of the main Ca*", Na™ and K ions and the
formation of high volumetric *°Sr activities in the observation well 1-2A was determined by
the method of geochemical statistics.

According to the thermodynamic modeling data, complex *°Sr compounds formed in a
strongly alkaline environment STOH' and SrCO;° were determined, the mobility of which
with groundwater is much higher than that of *°Sr?>* cation.

It has been determined that the increase in ionic strength of solution (ISS) of groundwater
from 2.5 to 8.12 mmol/L coincides with the beginning of the increase in groundwater pH
from 7 to 11 and is = 5 years ahead of the front of the spread of high *°Sr concentrations.
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Introduction

Numerous scientific papers (Wallace et al., 2012, Amphlett et al., 2009, Singh et al., 2009, Rui Zuo et
al., 2019, and Thorpe et al., 2014) have shown that in an alkaline aqueous environment, 60 to 100% of
strontium is sorbed to the surface of the solid phase (soils). For example, in (Wallace et al., 2012), in
laboratory experiments modelling Sellafield groundwater, it was reported that in unbuffered (pH 5.5)
and HCOsbuffered (pH 7.2) groundwater, the degree of °°Sr sorption increased significantly, up to
61.8% and 98.9%, respectively. Between pH 6 and 8, almost complete (> 99%) sorption of *°Sr in
sediments occurs. However, field long-term monitoring studies (Kovalenko et al., 2021, Lytvyn et al.,
2016, Panasyuk et al., 2011) in the Shelter Object area show that *°Sr concentrations in strongly
alkaline groundwater can increase by 500 times to 2100 Bg/L.

The purpose of the presented work is to determine the factors that influence the increase of *°Sr
migration capacity in strongly alkaline groundwater based on real monitoring observations.

Method and Theory

The behaviour of *°Sr migration forms was analysed using the «Geochemist's Workbench Community
Edition» software package. To identify the regularities of migration processes, we modelled the
distribution of various complex *°Sr compounds such as SrCOs, STHCO;, SrSO4, STOH*, SINOs* with
groundwater through wells 1-2A.

To analyse the monitoring data, we used such programs from the Geochemist's Workbench suite as
GSS - The Geochemist's Spreadsheet and SpecE8 (Bethke, Farrel, & Sharifi, 2022).

Using SpecE8, we calculated various forms of °°Sr occurrence and calculated the ionic strength of
solution (ISS) of groundwater from well 1-2A.

A correlation analysis of the dependencies between the volumetric activity of *°Sr and ISS, K* and
Na® concentrations was performed using the method of geochemical statistics (Kovalenko et al.,
2021).

Results

As an example, the paper analyses the results of monitoring observations for well 1-2A. The data on
pH dynamics and °°Sr volumetric activity can be conditionally divided into three periods.

As can be seen from (Fig. 1), the pH in the observation period I fluctuates mainly within the range of
7.5 - 8.5. At the same time, the volumetric activity of **Sr is 1-2 Bq/l. Period II is characterized by a
pH of 8-11, and *°Sr concentrations are recorded in the range of 1-4 Bq/l. The pH values in the third
period mainly vary between 10.5 and 11.5. Volumetric activity of **Sr varies from 25 to 500 Bg/l.
That is, according to long-term monitoring observations, almost complete sorption of *°Sr by soils is
not recorded. On the contrary, there is a significant increase in volumetric activity of °°Sr in
groundwater.

Figure 2 shows the dynamics of Ca?", Na* and K" ions migration, *°Sr and pH and ISS from the
contamination source to the observation well 1-2A. It is assumed that the source of contamination is
the release of highly active water from the NSC-OS premises into the environment. It is clear that the
time of appearance of individual water components from the contamination source in water samples
from the observation well depends on the rate of their migration with groundwater. This situation is
illustrated in Fig. 2.
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Figure 1 Dynamics of pH and volumetric activity of *’Sr in groundwater samples from well 1-24
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Figure 2 Dynamics of pH, volumetric activity of *°Sr and concentrations of individual components of
chemical analysis in groundwater samples from well 1-24

As can be seen from Fig. 2, in the process of migration, Na* and K* ions and certain indicators, such
as pH and ISS, were 4-5 years ahead of the *°Sr propagation front. However, due to the similarity of
properties, fluctuations in calcium ion concentrations occur almost synchronously with the dynamics
of °Sr concentrations. This confirms the quality of the monitoring work.

It is known that an increase in ISS to values above 5 mmol/L contributes to the migration capacity of

0Sr with groundwater (Wallace et al., 2012).

The study of the relationship between *°Sr and ISS concentrations in groundwater samples using
geochemical statistics (Kovalenko et al., 2021) showed a low degree of correlation (Fig. 3). The
correlation coefficient K = 0.32 (K = 1-P, where P is a well-known P-criterion), i.e., the relationship
between ionic strength and *°Sr concentrations in water samples from wells 1-2A is weak.
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Figure 3 Correlation between *’Sr volumetric activity and ionic strength in groundwater samples
from well 1-24

This is not surprising, since the propagation rates of the chemical composition components, which in
this case are represented by ISS, are different. Therefore, their maximum values are recorded in
samples from wells with a time shift. The difference in the rate of spreading of chemical composition
components and *°Sr ions with groundwater can be levelled by moving ISS values relative to *°Sr
volumetric activity values in the data tables by five years. At the same time, the correlation coefficient
obtained by the method of geochemical statistics becomes high and reaches the value of K=0.98
(P=0.02) (Fig. 3). The situation is similar with the correlation between *°Sr and K* and Na* ions.
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Figure 4 Correlation between *’Sr volumetric activity and ionic strength in groundwater samples
from well 1-24, taking into account different rates of *’Sr and ISS propagation in groundwater (with a
S-year shift).

Low values of P, and, accordingly, the value of K~=I, according to the method of geochemical
statistics, correspond to a high degree of correlation between the bulk activity of *°Sr and individual
components of the chemical composition.

The calculation of *°Sr forms in a strongly alkaline environment in the Geochemist's Workbench
Community Edition program shows an increase in °°Sr concentrations in the form of complex
compounds STOH" and SrCOs°, which are poorly sorbed by soils. Moreover, the fraction of °Sr in the
form of SrOH" and SrCO3° in strongly alkaline groundwater can increase up to 2% and 35%,
respectively. This explains the significant increase in the migration capacity of *°Sr with groundwater.
The soluble complex compound SrCO;°, which has a charge of 0, is not sorbed by soils and appears in
groundwater under the condition of an alkaline environment.

Conclusions

The following factors contribute to the increased migration of °°Sr in strongly alkaline groundwater
and decrease in soil adsorption:

- increase of *°Sr concentrations in strongly alkaline groundwater in the form of SrCO;° and SrOH*,
which are little bit or not sorbed by soils;

- increase in ISS of groundwater, which is a factor of decrease in sorption properties of soils in
relation to *Sr.
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In general, it should be noted that the increased migration of °°Sr in a strongly alkaline environment
may be caused by a number of factors that are not considered in this work, such as subtle mechanisms
of change in the charge of the surface of sorbent particles under the influence of ionic strength,
changes in the ability of colloidal particles to coagulate, competition between radioactive and natural
strontium for sorption sites on the surface, and their different ability to desorb in case of changes in
physicochemical conditions in solution. These processes require further analysis and consideration.
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