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SUMMARY

The paper focuses on the identification of hydrogeochemical processes in groundwater within
the zone of influence of the Safonivske uranium deposit using the balance method and the
determination of water types with the help of the Piper diagram. A total of 70 datasets on the
chemical composition of water from the alluvial, acolian-deluvial, Sarmatian, Pliocene and
Kharkiv aquifers were considered. The average composition of groundwater was compared
with the drinking water standards. For most wells, the water was found to be of a mixed type,
but in some cases chloride and sulphate water was observed. Another characteristic feature is
the balance between the following pairs of ions: sum of (Na* + K*) and CI'; sum of (Mg®" +
Ca®") and sum of (SO4*" + HCOs"); Ca*" and Mg®". However, in some cases, direct ionic
exchange between sodium and potassium, between calcium and magnesium is most likely to
occur. According to drinking water standards, most of the groundwater within the zone of
influence of the Safonivske uranium deposit is not suitable for human consumption without
preliminary treatment.
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Introduction

The Concept of the State Target Economic Programme for the Development of the Nuclear Industrial
Complex defines mining of the Safonivske uranium deposit (Mykolaiv region) as a priority task
(CMU Resolution No. 943-r dated 9 October 2016); it is also included in the list of tasks and activities
for the implementation of the State Target Economic Programme "Nuclear Fuel of Ukraine" (CMU
Resolution No. 1004 dated 23 September 2009), which specifies mining of the deposit by in-situ
leaching method. The key objective of the Energy Strategy of Ukraine until 2035 is the intensive
development of the resource base of nuclear energy (CMU Resolution No. 605-r dated 18 August
2017).

Previously, in-situ leaching was used in Ukraine to mine the Devdadivske and Bratske deposits,
which are similar to Safonivske. In terms of geological-industrial settings, such deposits belong to the
sandstone-type deposits. According to the current classification, these uranium deposits are epigenetic
infiltration deposits associated with the Paleogene uranium ore-forming epoch, as indicated in their
passports. Pilot mining operations were carried out at the Safonivske deposit. All these deposits are
hosted in a sedimentary cover. They are relatively small in terms of reserves (1-3 thousand tonnes)
and poor in uranium content, but are profitable when mined using the method specified (Verkhovtsev
et al., 2019).

An important task of production activities is to protect the environment and mitigate environmental
impacts to acceptable levels. Mining operations cause some of the largest environmental impacts,
specifically on groundwater, and therefore an assessment of the environmental consequences of such
activities is required. It is therefore important to assess the groundwater quality, determine the
formation mechanisms of its chemical composition, and study the interaction in the water-rock system
before the start of in-situ leaching.

The aim of the study: to determine the formation mechanisms of the groundwater chemical
composition in the zone of influence of the Safonivske uranium deposit before the start of uranium
mining operations using the in-situ leaching method.

Methods and Materials

We applied the balance method of identifying hydrogeochemical processes in groundwater and its
geochemical evolution, which is detailed in the publications (Hounslow, 1995) and commonly used
worldwide in hydrogeological research (e.g., Ledesma-Ruiz et al., 2015; Ntanganedzeni et al., 2018;
Koliabina et al., 2021 etc.). To determine the water types, we used the Piper diagram, which is widely
applicable in hydrogeochemical studies (e.g., Ledesma-Ruiz, 2015, etc.).

The paper considers 70 data sets on the chemical composition of water from the alluvial, eolian-
deluvial, Sarmatian, Pliocene and Kharkiv aquifers (Hydroheolohicheskyi ocherk Nykolaevskoi
oblasti, 1958; Yabluchnyi et al., 1985; Yeremeieva, 2006; Hurievskykh, 2013) in the zone of
influence of the Safonivske uranium deposit (Kazankivskyi district of Mykolaiv region).

Results

The Piper diagram was used to determine the types of groundwater by their chemical composition
(Fig. 1). The Piper diagram shows that groundwater of mixed cationic composition prevails in the vast
majority of wells in all five aquifers examined. However, in some wells in the Kharkiv aquifer, the
waters are predominantly sodium, while calcium waters are predominant in several wells in Pliocene
and eolian-deluvial aquifers, as well as in one well in the Kharkiv aquifer.
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The waters of sulphate type predominate in a number of wells in the alluvial and eolian-deluvial
aquifer and one well in the Pliocene aquifer. The waters from two wells in the alluvial, one well in the
eolian-deluvial and one well in the Kharkiv aquifers are of the predominantly chloride type.
Hydrocarbonate-type water is observed in several wells of the alluvial, one well of the eolian-deluvial
and one well of the Pliocene aquifers.
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Figure 1 Piper diagram of groundwater chemical composition within the Kazankivskyi district,
Mykolaiv region, Ukraine

To assess the possible physicochemical mechanisms of groundwater composition formation, the
balance method was used, which consists in comparing the ratio of concentrations of the main cations
and anions in water (Fig. 2). Comparison of sodium and potassium concentrations with chloride ion
concentrations showed (Fig. 2a) that the concentration of (Na*+K™") is higher than the concentration of
CI' in the vast majority of wells in the Kharkiv aquifer and in several wells in other aquifers. This may
indicate alumosilicates dissolution or direct ion exchange with calcium and magnesium. Nevertheless,
the balance between (Na*+K*) and CI" is characteristic of most points in all other aquifers.

When comparing the sum of calcium and magnesium concentrations with sulphate and
hydrocarbonate (Fig. 2b), it becomes evident that keeping the balance between these cations and
anions is characteristic of most observation wells in all aquifers except the Kharkiv one. The Kharkiv
aquifer is characterised by an excess of sulphate and hydrogen carbonate ions over the total
concentration of calcium and magnesium, which indicates the precipitation of secondary calcium and
magnesium minerals (for example, montmorillonite) or direct ion exchange for sodium and
potassium. Most likely, in this case (Kharkiv aquifer) it concerns direct ion exchange of sodium and
potassium with calcium and magnesium, which is consistent with the above results (Fig. 2a).

When comparing the equivalent concentrations of calcium and magnesium (Fig. 2c), we can conclude
that in a large number of sampling points in the alluvial aquifer and several points in the eolian-
deluvial aquifer, the magnesium concentration is dominant over calcium, which may indicate
magnesium saturation due to dissolution of iron-magnesium minerals or calcium depletion due to
direct ion exchange or calcite precipitation.
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Figure 2 Balance of the ions Na* + K* and CI (a); Mg*>* + Ca’* and SO/ + HCO5 (b); Ca’* and
Mg’ according to balance method for identification of hydrogeochemical processes in groundwater
within the Kazankivskyi district, Mykolaiv region, Ukraine

When comparing the average concentrations of macroions in the groundwater of aquifers within the
zone of influence of Safonivske uranium deposit (Table 1) with the State Sanitary Rules and
Regulations 2.2.4-171-10 for drinking water, a significant excess of these concentrations over the
established standards was revealed, which indicates poor quality of groundwater. Further research is
required to assess the possible impact of in-situ leaching on groundwater quality, to establish the
mechanisms of chemical interaction in the water-rock system, and to determine the areas of possible
contamination from such activities. Thus, it is necessary to take a very cautious approach to the
uranium mining activities using the in-situ leaching method, with all possible measures taken to
minimise the impact of such activities on groundwater quality and prevent any additional
contamination both during mining operations and after they are completed.

Table 1 Average concentration of macroions in groundwater of different aquifers within the zone of
influence of the Safonivske uranium deposit

Aquifer Na'*, K*, Ca?", Mg, Cr, SO, HCOxs,
mg/dm® | mg/dm’ | mg/dm?® | mg/dm? | mg/dm’® | mg/dm’® | mg/dm?
Drinking water 200 130 80 350 500 -
standards
Alluvial 388.43 | 41.38 | 261.74 | 221.89 | 488.03 | 1007.57 | 436.26
Eolian-deluvial 690.83 | 46.17 | 320.18 | 350.65 | 631.45 | 2337.06 | 361.45
Sarmatian 269.73 | 2393 | 220.71 66.61 448.92 | 678.25 | 191.75
Pliocene 393.60 | 43.73 142.08 | 170.23 | 355.65 | 1297.20 | 186.18
Kharkiv 594.64 | 52.13 147.93 | 52.89 | 528.56 | 896.67 | 284.67
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Conclusions

Groundwater of mixed type prevails in most observation wells in the studied aquifers (alluvial, eolian-
deluvial, Sarmatian, Pliocene and Kharkiv).

In most sampling points groundwater is characterised by a balance between the following cation and
anion pairs: Na® + K* = CI; Mg?" + Ca?" = SO4* + HCOj5"; Ca?>" = Mg?*. However, in some cases, a
direct ion exchange between Na" + K* and Ca*" + Mg?* pairs is most likely observed. Also, increased
Mg?* concentrations and decreased Ca?* concentrations were found in a number of wells in alluvial
and eolian-deluvial aquifers.

According to the State Sanitary Rules and Regulations 2.2.4-171-10, most of the groundwater in the
studied aquifers within the zone of influence of the Safonivske uranium deposit is not suitable for
human consumption without preliminary treatment. Therefore, there is a need for additional research
to assess the impact of uranium mining by in-situ leaching and further development of methods to
mitigate the impact of such activities on groundwater quality to prevent its deterioration.
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