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SUMMARY

The PyLEnM framework based on unsupervised machine learning (ML) algorithms was
applied to analyse Chernobyl groundwater monitoring data set comprising of 74 monitoring
wells within the 10-km zone of Chernobyl nuclear power plant for the period from 1990 to
2019. Concentrations of *°Sr and '*’Cs in groundwater were studied depending on the
groundwater water level, surface deposition of fallout radionuclides, monitoring borehole
design characteristics and distance from the source of release. No strong positive correlation
of radionuclide groundwater concentrations with land surface contamination was determined,
suggesting that a larger set of attributes is needed to explain variability of groundwater data.
Time trends of *°Sr in groundwater and results of ML analyses are consistent with the
conceptual model assuming a gradual release from dissolving fuel particles and its downward
transport through vadose zone to groundwater. The results for '*’Cs can likely be explained
by a combination of facilitated transport and fixation to clay minerals in the topsoil layer. The
conducted pilot computational analysis of the Chernobyl dataset offers further opportunities
for in-depth research on the application of AI/ML-guided analyses in order to improve
conceptual understanding of radionuclide migration process and draw lessons from radiation
monitoring experience.
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Introduction

The 1986 Chernobyl Nuclear Power Plant (ChNPP) accident resulted in a fallout of radionuclides
(137Cs, °°Sr, and Pu isotopes), and caused a widespread contamination of soil, surface water and
groundwater in the Chernobyl Exclusion Zone (ChEZ) and surrounding areas. For the past 37 years,
the post-accident soil and water monitoring datasets, collected by Chernobyl “Ecocenter” radiation
monitoring service and other Ukrainian research organizations have comprised tenth of thousands of
records.

Recently machine learning (ML) based methods, data-driven approaches representing a subset of
artificial intelligence (AI) have shown significant potential in complementing traditional
hydrogeological research methods thanks to their ability to detect intrinsic but possibly unapparent
patterns and key factors in large complex datasets (Haggerty et al., 2023).

Below we present a pilot application of the unsupervised machine learning framework using PyLEnM
(Python for Long-term Environmental Monitoring) software package (Meray et al., 2022) to analyze
factors influencing radionuclide migration to groundwater and infer insights into respective
conceptual models based on the Chernobyl groundwater monitoring dataset.

Materials and Methods

The analyzed data set is based on a subset of the groundwater monitoring database of Chernobyl
“Ecocenter” radiation monitoring service. It comprises data from 74 monitoring wells located within
the 10-km zone of ChNPP for the period from 1990 to 2019. Concentrations of radionuclides in
groundwater measured in these wells have likely been influenced by downward migration of
radionuclides deposited in the topsoil, releases of radionuclides from multiple waste disposal dumps
in the Chernobyl Exclusion Zone (such as buried “Red Forest”), and seepage of contaminated surface
water, for example, from the Chernobyl Cooling Pond. The monitoring well network, sampling and
analytical methods used to collect this data set are described in (Bugai et al., 2022).

The elements of the PyLEnM package used in this study included functions designed to facilitate data
exploration through various data summarization and visualization processes, as well as functions
designed for unsupervised learning analyses such as correlation analyses, principal component
analyses (PCA) and clustering (Meray et al., 2022).

The following parameters were included to analysis: - '*’Cs and *°Sr concentrations in groundwater; -
land surface contamination densities by *’Cs and *°Sr; - distance from the source of release (damaged
Chernobyl Unit 4); - groundwater levels; - depth of the well screen. Correlation analysis utilized
yearly averaged concentrations of '*’Cs and °’Sr, and water levels, which allowed to compensate for
possible outliers. Radionuclide concentrations in groundwater were log-transformed to ensure
approximately symmetric data sets. The initial Excel monitoring database described in (Bugai et al.,
2022). was re-organized as Python data frame (MySQL format). Radionuclide land surface
concentrations at individual locations were estimated based on soil sampling data set of Kashparov et
al. (2003) using kriging interpolation.

Results and discussion

The visualization of analyzed groundwater monitoring dataset for 1*’Cs and *°Sr is shown in Figure 1.
The '37Cs time series in wells usually show decreasing in time groundwater concentration trends. The
%Sr time series in many cases show increasing in time (early period), then relatively stable or
decreasing concentration trends.
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Figure 1 Visualization of radionuclide groundwater monitoring data (log-transformed) using
PyLEnM: (a) —'3’Cs dataset, (b) *°Sr dataset

Initial statistical analysis has shown good correlation between surface contamination by *’Cs and *°Sr
(Pearson correlation coefficient R?=0.99), and inverse correlation of soil contamination to distance to
the source of release (R?=-0.76). Therefore, the subsequent analyses used only one parameter ‘Surface
contamination’ (representing the sum of surface contamination densities by '3’Cs and *°Sr).

Example correlation analysis of groundwater monitoring data for '*’Cs and *°Sr, groundwater level
depth (GW _level), well screen depth (Screen_depth) and surface contamination density by '3’Cs and
%Sr (Surf_contamin) for 2017 is shown in Figure 2. It should be noted that the data for 2000 — 2019,
corresponding to the period of significantly developed radionuclide migration process in the
subsurface, show parameter correlation patterns which are generally similar to data for 2017.

%0Sr and '¥’Cs show distinctive concentration time trends and correlation patterns in groundwater in
ChEZ during the post-accident period, which is not surprising considering different geochemistry and
sorption behavior of these radionuclides (Bugai et al., 2020). Surprisingly, no strong positive
correlation of radionuclide groundwater concentrations with land surface contamination was
determined. The limited set of characteristics used in this pilot analysis is likely not sufficient to
explain variability of observed radionuclide concentrations in groundwater. Negative correlation of
9Sr with sampling depths in groundwater is in agreement with the transport model assuming
migration to groundwater from a near-surface source term. At the same time, results of correlation
analyses for '*’Cs are not consistent with a conceptual model of transport by advection-dispersion
from the near-surface source-term.
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Figure 2 Correlation analysis of monitoring data and sampling locations characteristics for 2017
(graphics using PyLEnM tool)

Mann-Kendall statistical analysis of trends for *°Sr in groundwater (Bugai et al., 2022) which show
relatively stable or decreasing groundwater concentration trends during last decade and results of
present ML analyses are generally consistent with the conceptual radionuclide migration model
assuming a gradual release from dissolving fuel particles of Chernobyl release and radionuclide
downward transport through vadose zone to groundwater.

Long-term trends for '*’Cs which show gradually decreasing groundwater concentrations and results
of correlation analyses for this radionuclide can be possibly explained by the conceptual model which
represent a combination of facilitated contaminant transport to groundwater and radionuclide fixation
to clay minerals in the topsoil layer. The facilitated transports mechanisms of '*’Cs can be possibly
caused by natural process such as colloidal transport (Cheng & Saiers, 2015), depression-focused
recharge (Shestopalov et al., 2015) or by “artificial factors” related to well design and sampling
protocol (Rastorguev 1. & Rastorguev A., 2022).

Conclusions

The conducted pilot computational analysis of the Chernobyl monitoring dataset provided important
insights into factors affecting radionuclide migration to groundwater. The extensive Chernobyl
radiological databases offer further opportunities for in-depth research on the application of AI/ML-
guided analyses in order to improve conceptual understanding of radionuclide migration process and
draw lessons from experience of monitoring of radioactivity releases to the environment.
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Possible next steps include analysis of such additional factors as topography, land use, soil lithology
and mineralogy, concentrations of competing cations, etc. It is also of interest to test ML based
models (e.g., multiple regression, artificial neural networks) to describe radionuclide groundwater
concentrations as a function of various soil and groundwater attributes and determine key parameters.
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