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SUMMARY 

 

The impact on natural waters is particularly critical when using the underground well leaching method. 

Therefore, mitigating the negative effects on natural waters to an acceptable level is the cornerstone of 

uranium extraction using this method. The aim of the work: to determine the mechanisms of formation 

of the chemical composition of groundwater in the alluvial aquifer in the area of influence of the 

Safonivske uranium deposit, which is promising for uranium extraction using the underground well 

leaching method. In the waters of the study area, albite, halite, anhydrite, gypsum, anorthite, chlorite, 

and talc are dissolve, and aragonite, calcite, Ca-montmorillonite, and illite are precipitate. The 

concentration of Ca2+ is determined by the dissolution of carbonate minerals and the precipitation of 

Ca-montmorillonite. The concentration of magnesium is determined by a combination of chlorite and 

talc dissolution processes and illite precipitation. Quartz and Ca-montmorillonite precipitation is 

possible across the entire pH range, while chlorite precipitation occurs at pH values > 7.6 - 7.8 units. 

The processes of carbonate minerals and hematite precipitation occur in all waters, with the exception 

of two wells located in the town of Bashtanka, whose water is characterized by more acidic pH values 

compared to others. Goethite precipitation occurs in the waters of all wells at all pH values. 
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Introduction 

 

The mining of the Safonivske uranium deposit (Mykolaiv oblast) has been included in the State 

Economic Program for the Development of the Nuclear Industry (Cabinet of Ministers of Ukraine 

(CMU) Resolution No. 943-r of 09.10.2016) as one of the priority tasks, as well as in the State Economic 

Program “Nuclear Fuel of Ukraine” (CMU Resolution No. 1004 of 23.09.2009), which specifies 

uranium extraction at this deposit using the underground leaching method. The development of mineral 

resources for nuclear energy is one of the key tasks of Ukraine's Energy Strategy (CMU Order No. 605-

r of 18.08.2017). 

 

The Safonivske uranium deposit is of the sandstone type and, according to the classification, is an 

epigenetic-infiltration Paleogene uranium ore formation located in a sedimentary cover, as indicated in 

the deposit passport. Successful experimental and industrial testing has been carried out at this deposit. 

The Safonivske deposit is small (reserves range from 1 to 3 thousand tons) and not rich in uranium 

content, but it is profitable for extraction by underground well leaching (Verkhovtsev et al., 2019; 

Yaroshenko et al., 2023). In Ukraine, this method has been used to mine the Devladivske and Bratske 

deposits, which are similar to the Safonivske deposit. 

 

The mining industry has a negative impact on the environment, including groundwater. The impact on 

natural waters is particularly critical when using the underground leaching method, therefore mitigating 

the negative effects on natural waters to an acceptable level during uranium extraction using this method 

is a cornerstone of this production activity. To assess the environmental impact of such activities on 

groundwater, it is necessary to determine its quality, identify the mechanisms of chemical composition 

formation, and determine the mechanisms of interaction in the water-rock system before starting 

underground leaching. 

 

Purpose of the work: was to determine the mechanisms of the chemical composition formation of 

groundwaters in the alluvial aquifer in the influence area of the Safonivske uranium deposit, which is 

promising for uranium extraction by underground well leaching. 

 

Method 

 

The modelling was performed using USGS PHREEQC software (PHREEQC Software, 2021). The 

purpose of the calculations was to determine which minerals dissolve or precipitate. For this purpose, 

saturation indices (SI) are usually used (Appelo & Postma, 2005): 

 

�� = log���	/��
�, 
 

where IAP is the product of ion activity, calculated from the results of chemical analysis of water; Ksp – 

is the solubility product for a given mineral. If SI = 0, the mineral is in equilibrium with the water; if 

SI > 0, the mineral may precipitate; if SI < 0, the mineral dissolves. 

 

Thirty-two data sets on the chemical composition of water from wells and boreholes in the alluvial 

aquifer in the area potentially affected by the development of the Safonivske uranium deposit using 

underground borehole leaching were considered. The initial data on the chemical composition of 

groundwater in the study area were taken from the reports of the Ukrainian geological stock materials 

of “Geoinform”. (Hydroheolohicheskyi ocherk Nykolaevskoi oblasti, 1985; Yabluchnyi et al, 1985; 

Hurievskykh, 2013). 

 

Results 

 

The results showed (Fig. 1, 2) that the waters are saturated with respect to aragonite, calcite, 

Ca-montmorillonite, and illite, respectively, so their precipitation can be expected. The waters are not 

saturated with albite, halite, anhydrite, gypsum, anorthite, chlorite, and talc (SI < 0), so they dissolve. 
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The presence of all these minerals in the rocks was established during the exploration of the deposit. 

(Verkhovtsev et al., 2019). 

 

To assess the role of mineral precipitation/dissolution in the formation of the chemical composition of 

groundwater, the ratio between saturation indices and the content of major cations and anions in water 

was analyzed. 

 

  

  

  
Figure 1. Dependence of saturation indices (SI) on the concentration of cations and anions in 

groundwaters in the alluvial aquifer of the influence area of the Safonivske uranium deposit 

 

Fig. 1a and 1b show that there is a close ratio between the concentration of Cl- and SI in halite (R2 = 0.8) 

and the concentration of sodium and SI in halite and albite (R2 = 0.83 and 0.89, respectively). Thus, it 

can be assumed that the concentration of Na+ is determined by the dissolution of two minerals, and the 

concentration of Cl- by only one. 

 

As Fig. 1 shows, there is a fairly close relationship between the saturation indices of sulphate minerals 

and the concentration of Ca2+ (Fig. 1c) and SO4
2- (Fig. 1d). Moreover, for Ca, the relationship is clearly 

expressed for gypsum and anhydrite (R2 = 0.72 for both minerals) and is almost absent for calcite, 

anorthite, aragonite and Ca-montmorillonite. The less significant relationship between calcium 

concentration and SI carbonate minerals is probably explained by the dissolution of carbonate minerals 

and the precipitation of Ca-montmorillonite. Accordingly, the concentration of Ca2+ is determined by 

the dissolution of carbonate minerals and the precipitation of Ca-montmorillonite. 
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A similar close relationship is observed between the concentration of hydrocarbonate and SI carbonate 

minerals (Fig. 1f). In most waters, carbonate minerals are precipitated, with the exception of two wells 

located in the town of Bashtanka, whose waters are characterized by more acidic pH values compared 

to others. 

 

The absence of any relationship between the concentration of Mg2+ in water and SI aluminosilicates 

and silicates (Fig. 1e) indicates that the concentration of this cation is determined by a combination of 

chlorite and talc dissolution processes and illite precipitation. 

 

We also examine the dependence of mineral saturation indices on the pH value of groundwater in the 

alluvial aquifer (Fig. 2) of the studied area. It was found that the pH values for most samples of alluvial 

aquifer water are within a fairly narrow range of 7.2 - 8 units. The only exception is one well in the 

town of Bashtanka, where the pH value is 6.3 units. The modelling results showed that carbonate 

minerals (aragonite, calcite) can precipitate (SI > 0) in waters with a pH > 7.2. There is a certain 

relationship between the pH and SI of carbonate minerals (R2 = 0.66 for aragonite and 0.7 for calcite) 

– as the pH increases, the precipitation of carbonate minerals increases, which corresponds to the 

classical logic of the processes of interaction between water and rock. 

 

  

 
Figure 2. Dependence of saturation indices (SI) on the pH of groundwater in the alluvial aquifer of 

the area of influence of the Safonivske uranium deposit 

 

For clay minerals and micas, according to the coefficients of determination, the dependence of SI on 

pH values is evident for chlorite (R2 = 0.8), to a lesser extent for quartz (0.69), and Ca-montmorillonite 

(0.58). Moreover, for chlorite, SI increases sharply with increasing pH, while for quartz and 

Ca-montmorillonite, it decreases slightly. Quartz and Ca-montmorillonite can precipitate (SI > 0) in the 

entire available pH range, while chlorite can precipitate at pH values > 7.6–7.8 units. The SI of other 

minerals in this group (K-mica, K-feldspar, illite, kaolinite) does not depend on pH values (R2 < 0.15). 

This picture fully corresponds to the general patterns of weathering processes of these minerals. 

 

For goethite and hematite, there is a clear dependence of SI on pH (R2 = 0.74) – saturation indices 

increase with increasing pH and are higher than 0 in the entire range present in the studied waters, which 

indicates the possibility of precipitation of these minerals under these conditions. This picture fully 

corresponds to the general patterns of weathering processes of these minerals. 
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Conclusions 

 

In the waters of the study area, albite, halite, anhydrite, gypsum, anorthite, chlorite, talc dissolve, and 

aragonite, calcite, Ca-montmorillonite, illite precipitate. 

 

The concentration of Ca2+ is determined by the dissolution of carbonate minerals and the precipitation 

of Ca-montmorillonite. The concentration of Mg2+ is determined by a combination of processes 

involving the dissolution of chlorite and talc and the precipitation of illite. 

 

The precipitation of quartz and Ca-montmorillonite is possible in the entire available pH range, and 

chlorite at pH values > 7.6 - 7.8 units. 
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