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Abstract

Purpose. The research aims to improve the efficiency and reliability of repair-and-renewal operations in technological
wells in complex mining and geological conditions involved in in-situ uranium leaching by identifying and analyzing the in-
fluence of geological, geochemical and technical factors.

Methods. The research is based on a comprehensive analysis of field data on well designs, rock characteristics and geo-
chemical conditions of ore-bearing horizons. Filtration parameters, types of stripped rocks, composition of working solutions
and peculiarities of well operation with different operating durations are analyzed. Statistical analysis methods, including cor-
relation and regression analysis, are used to systematize the factors influencing the frequency and efficiency of repair activities.
The results are compared with laboratory experiments that assess the effectiveness of various chemical reagents taking into
account mineralogical-geochemical peculiarities of uranium ores.

Findings. The conducted analysis makes it possible to determine that the intensity of repair-and-renewal operations is direct-
ly dependent on a combination of several factors, among which the most important are the geological structure of ore-bearing
rocks and hydrochemical conditions of ore. It has been shown that with increased reservoir productivity, the need for frequent
repair-and-renewal operations increases, which is explained by more active operating mode and, consequently, an increased load
on operational elements. Characteristic patterns of changes in filtration coefficient and chemical composition of solutions in
filter intervals have been revealed, allowing for more accurate prediction of the time and volume of the necessary repairs.

Originality. Dependences of the quantity of repair-and-renewal operations of wells on reservoir productivity and geoche-
mical conditions of ore at different stages of in-situ uranium leaching through boreholes have been obtained.

Practical implications. The results obtained enable engineers and technologists to develop more reliable and flexible well
maintenance and repair plans tailored to specific geologic-hydrodynamic and geochemical conditions. It reduces the risks of acci-
dents, but also increases the overall uranium production level through more efficient use of equipment and working reagents.

Keywords: uranium leaching, mining productivity, repair-and-renewal operations, geological conditions, ore-bearing
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1. Introduction Therefore, particular attention is paid to improving

In the modern world, uranium mining is a strategically ~ underground leaching methods (in-situ leaching, ISL), which
important industry, as nuclear power continues to play a ~ minimizes env!ronmental impact and §|_gn|f|cantly re_duces
significant role in ensuring global energy security [1]-[3]. ca_pltal _e>_<pend|ture compared to traditional open-pit and
According to the International Atomic Energy Agency  Mine mining methods [5]j[7]._Arecent systematic review by
(IAEA), uranium accounts for a significant portion of the ~ Kunarbekova et al. [8] highlights current trends and future
fuel supply for nuclear power plants, and many countries are ~ development prospects of the mining and metallurgical
striving to develop cleaner, more efficient and safer uranium ~ industry in Kazakhstan, including advancements relevant
mining technologies [4]. to uranium extraction.
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One of the key components of successful uranium mining
using the in-situ leaching method is to ensure uninterrupted
operation of technological wells. These wells play a dual
role, serving, on the one hand, to supply leaching solution
(injection wells) and, on the other hand, to withdraw urani-
um-rich pregnant solution (extraction wells) [9], [10]. Since
the mining process is highly dependent on efficient solution
circulation, repair-and-renewal operations (RRO) in techno-
logical wells becomes crucial in maintaining stable produc-
tion, while reducing the risk of accidents. In the event of a
well failure, the cost of repairing the wells, and even more so
of replacing them (by drilling new wells), can be significant,
which will have a negative impact on the economic perfor-
mance of the mining enterprise [11]-[14].

The authors [15]-[17]emphasize that the improvement of
the efficiency of repair-and-renewal activities is largely de-
termined by timely and accurate diagnosis of the technical
condition of technological wells. In the above studies, a
comprehensive approach is proposed, including the use of
sensor monitoring systems, allowing real-time information to
be obtained on the dynamics of changes in the operating
parameters (pressure, flow rate, chemical composition of the
sampled solution, etc.). Sensor data are processed in integrated
systems, enabling rapid detection of adverse processes, such
as colmatation, corrosion, leakage, and take corrective ac-
tions. Similar conclusions have been reached by foreign re-
searchers working on the systems of smart wells in the oil-gas
industry, where the issue of the reliability of casing pipes and
operational control of wellbore condition is also of paramount
importance [18], [19]. This experience, transferred to the ura-
nium mining sector, confirms that timely and accurate diag-
nostics cannot only reduce financial losses, but also increase
the level of industrial and environmental safety [20]-[23].

At the same time, according to [24]-[26] data, the right
choice of materials and repair technologies remains an equal-
ly important factor influencing the durability and reliability
of technological wells. In uranium mining environments,
where aggressive acidic or alkaline reagents are commonly
used, conventional metals can corrode rapidly. In recent
years, there has been extensive research into the development
and implementation of polymer coatings and composite ma-
terials that provide increased resistance to aggressive chemi-
cal environments and mechanical wear. Successful experi-
ments in the field of using new types of cement slurries, as
well as high-strength composites for sealing joints between
pipe strings, have made it possible to increase the service life
of equipped wells. According to the data in [27], innovative
materials based on heat-resistant polymers have shown a
significant reduction in the corrosion coefficient and an in-
crease in the overall non-repair service life.

Against the background of the mentioned achievements,
an important place is occupied by the improvement of me-
thods of drilling and cementing of casing pipe strings, since
the quality of initial wellbore preparation largely determines
its further operation. The use of specialized drilling fluids
with optimal rheological properties that can significantly
increase the rate of drilling and improve the wellbore quality
is demonstrated in [28]. In parallel, new tamping methods
using microfoam concrete and chemically resistant additives
can more effectively prevent leaks and reduce the risk of
production interval colmatation.
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Despite the existence of a significant body of research
aimed at improving the efficiency of repair-and-renewal
operations in the uranium-mining sector, several important
issues remain insufficiently studied. In particular, there are
no systematic studies on a comprehensive analysis of the
influence of geological and geochemical factors (mineral-
petrographic composition of ore-bearing rocks, their permea-
bility, hydrochemistry of productive horizons) on the results
of RROs. In addition, the issue of the optimal ratio of injec-
tion and extraction wells in in-situ leaching blocks, which
can significantly affect the hydrodynamics of the reservoir
and, consequently, the efficiency of repair measures, has not
yet been properly highlighted. Finally, the literature hardly
considers the aspect of quantitative influence of frequency
and volume of repair-and-renewal operations on reservoir
productivity — most of the studies are limited to describing
technologies and materials without in-depth economic-
technological analysis.

In order to fill this gap, the present research examines in
detail one of Kazakhstan’s uranium facilities, the Mynkuduk
field. Kazakhstan remains the world leader in uranium mi-
ning in recent years, with a significant portion of resources
being developed using in-situ leaching method [4], [29]. The
Mynkuduk field, located in South Kazakhstan Oblast (some
sources point to Kyzylorda Oblast bordering South Kazakh-
stan), is one of the largest and most promising in terms of
uranium ore reserves. The Central site in this field is charac-
terized by relatively complex mining and geological condi-
tions as well as difficult hydrogeological conditions, with
technological blocks operating here for several years [30]. In
order to maintain high production performance and prevent
emergency situations at this site, regular repair-and-renewal
operations are performed to replace and repair filters, seal
shafts, reconstruct the annular space, etc. However, there
remain unresolved issues of optimizing these processes,
taking into account geochemical peculiarities, changes in
rock properties as the resource is exhausted [31], as well as
the influence of accumulated sediments and chemical com-
pounds on pipe walls [32].

The practical significance of the research conducted at
Mynkuduk field is conditioned not only by economic benefits
and the need to ensure stable production volumes, but also by
the increased requirements for industrial and environmental
safety in the context of intensified mining operations. Stu-
dying the patterns of change in the state of technological
wells and elaboration of recommendations for improving the
RRO can be adapted to other uranium fields in the world with
similar geological-hydrodynamic conditions. The results
obtained at Central site may serve as a basis for further im-
plementation of modern technologies within the framework of
the smart uranium-mining concept, actively developed by a
number of leading international scientific groups [33], [34].

Thus, the present research aims to identify and analyze
those factors that form a combined influence on the perfor-
mance and intensity of repair-and-renewal activities. These
factors, in addition to the characteristics of materials and
diagnostic methods already studied in a number of foreign
studies, include:

— geological peculiarities of ore-bearing rocks (physical-
mechanical properties, granulometric composition, degree of
homogeneity and stratification);
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— geochemical characteristics of the reservoir (mineralo-
gical composition, chemical reactions of leaching solutions,
formation of sediments and secondary minerals);

—technical parameters of wells (wellbore design and
diameter, filter types and sizes, casing string peculiarities,
cementing methods);

— hydrogeological conditions (permeability, filtration co-
efficient, interaction mode of injection and extraction wells);

— frequency and volume of RROs conducted, as well as
their correlation with mining productivity.

Despite numerous studies [15]-[17], [24]-[27], it is the
cumulative consideration of these factors with subsequent
quantitative analysis of their influence on the success of
RROs in the conditions of a particular site (in this case, the
Central site of the Mynkuduk field) remains an urgent scien-
tific-practical task.

The purpose of this paper is to determine the influence of
geological, geochemical and technical factors on the effi-
ciency of well repair-and-renewal processes at Central site of
the Mynkuduk field. To achieve this purpose, an extensive
analysis of operational monitoring data, results of geological-
hydrodynamic studies, as well as many years of experience
in conducting RROs at this site have been conducted. The
results obtained may contribute to further improvement of in-
situ uranium leaching methods, ensuring the more reliable
operation of technological blocks and reducing the risks of
emergency production stoppages.

Structurally, the paper includes a problem setting and
literature review (this section), the methodological part,
which reveals the details of the conducted research (analyti-
cal and experimental methods, statistical tools used, etc.), as
well as the results of the analysis and discussion of conclu-
sions, supported by schemes and tables. It will conclude with
recommendations for the practical application of the results
obtained and the direction of further research.

Thus, taking into account the above-mentioned trends
and knowledge gaps, it can be argued that the study and
systematization of factors influencing repair-and-renewal
operations in conditions of in-situ uranium leaching is a
demanded direction. The experience gained at the Myn-
kuduk field can play an important role in improving the
efficiency of uranium mining not only in Kazakhstan, but
also in other countries oriented towards safe and technolo-
gical development of nuclear power.

2. Research methods

The research is conducted using an integrated approach,
which includes several stages and methods. The initial stage
is a thorough collection of data on technical characteristics of
wells, which includes studying their design, filter sizes, and
information on the geological and hydrogeological parame-
ters of the field. This includes analyzing the rock granulo-
metric composition, geochemical composition and physical-
chemical properties of the pregnant solutions. The data ob-
tained are thoroughly processed, generalized and structured
according to the different technological blocks into which the
Central site of the Mynkuduk uranium field is divided.

The data collection stage is followed by an analysis
aimed at identifying relationships between well technical
parameters, field geology and the efficiency of repair-and-
renewal operations. This analysis includes assessing the
impact of parameters such as well design, filter size, and
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geological factors on the performance of the operations con-
ducted. It helps identify the key parameters that have the
greatest impact on well performance and the efficiency of
repair-and-renewal activities.

Systematization of geological and geochemical data is
important for understanding the field’s characteristics. A
detailed analysis, including rock types, chemical composi-
tion, and physical-chemical properties of pregnant solutions,
helps evaluate the influence of these parameters on the effi-
ciency of repair-and-renewal operations [35]-[39]. A list of
wells is then compiled, taking into account their geologic and
geochemical environment. For each well, the quantity of
RROs performed is determined. Then, the data are aggrega-
ted and presented in summary tables and graphs to provide a
visual comparison of RRO efficiency under different geo-
chemical conditions [40].

To analyze the impact of different methods of assessing
the efficiency of repair-and-renewal operations, data were
collected on various methods for assessing the efficiency of
RRO used in LLP Mining Company “ORTALYK”.

The Central Mynkuduk mine uses a variety of repair-and-
renewal methods designed to maintain technological wells.
These methods include:

— pneumatic impulse treatment of wells using the
“Hydroimpulse” unit (PIT);

— airlift well pumping (AP);

— hydro-swabbing of wells (HS);

—complex-1, including pneumatic impulse treatment
with purification (blowdown) and airlift pumping of techno-
logical wells (K-1);

—complex-1 with additional chemical treatment with
ammonium bifluoride (K-1 + ChT);

— hydrodynamic treatment of wells followed by chemical
treatment with ammonium bifluoride (HDT + ChT);

— hydro-swabbing of wells using chemical treatment with
ammonium bifluoride (HS + ChT).

Data on the quantity of RROs conducted and their effi-
ciency for the period 2021-2023 are also analyzed. This
makes it possible to identify the dynamics of changes in the
efficiency of the work performed and to compare the results
with the methods used to assess efficiency. Based on the
collected data, graphs are plotted showing the dependence
of RRO conducted efficiency on various parameters, such
as the productivity of wells before conducting RRO and
their injection capacity. This makes it possible to see the
influence of these parameters on the efficiency of the work
performed and to assess the conformity of the used assess-
ment methods with the actual results.

A correlation analysis is then performed to identify the
dependence between the quantity of RROs and geotechno-
logical parameters of ores and ore-bearing rocks at the Cen-
tral site of the Mynkuduk uranium field. The parameters
considered are the quantity of RROs in the wells, the produc-
tion rate of mineralization in the filter zone, the length of the
filters, the thickness of the 3" and 4" lithotypes in the filter
zone, as well as the filtration coefficients (Ks) of the 3 and
4" lithotypes in the filter zone.

When analyzing the RRO efficiency factor, data were
collected for the period from 2021 to 2023.

For more in-depth analysis, the change in the uranium
content in the pregnant solution over time and the values of
efficiency factors are also studied.
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3. Results and discussion

Pairwise correlation coefficients are calculated to analyze
the relationship between the quantity of RROs and techno-
logical characteristics of rocks. These coefficients are calcu-
lated both for individual extraction and injection wells, as
well as for all wells as a whole. In addition, the analysis is
conducted both annually and for the entire period from 2021
to 2023. The results obtained for block No. 10-51 are given
in more detail in Table 1.

The positive relationship between RRO and the length of
injection well filters can be explained by the fact that as the
length of filters increases, the probability of their clogging
and filling of the near-filter zone with various colmatation
products, both chemical and mechanical nature, increases.
This, in turn, leads to reduced well productivity and an in-
creased need for repair-and-renewal operations.

Based on the data of the 3" lithotype filter zone thick-
ness, ranging from 20 to 100% of the total filter length, and
the lack of a noticeable correlation between the quantity of
conducted repair-and-renewal operations and the 3™ lithotype
filtration coefficient in the zone of extraction well filters, it
can be assumed that there is a negative trend in conduct of
RROs with an increase in the 3™ lithotype thickness in ex-
traction wells. This may be due to the fact that an increase in
the 3" lithotype thickness may lead to changes in geological

well structure, which in turn may reduce the efficiency of
conducting RRO in these wells. At the same time, the data of
the table show that there is a positive correlation between the
performance of repair-and-renewal operations, well produc-
tivity and injection well filter length. This is also demon-
strated by the correlation graph in Figure 1.
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Figure 1. Dependency graph of the quantity of RROs on reservoir
productivity of technological block No. 10-51

Summarized total data on pairwise correlation coeffi-
cients for 2021-2023 are presented in Table 2.

Table 1. Pairwise correlation coefficients between the quantity of RROs and geotechnological parameters of technological wells of

block No. 10-51

. . . Kt in the filter zone Thickness Kt of the 3" Thickness of the
RR@ %Zp;'ty Proggm\znty, Ie:;ttﬁrm of the 3@ and 4" of the 3@ and 4" lithotype filter 3 lithotype
' lithotypes, m lithotypes, m zone, m/day filter zone, m
Extraction wells
RRO gty. in 2021 0.14 0.54 0.47 0.01 0.59 -0.44
RRO qty. in 2022 -0.15 0.18 0.61 -0.14 0.17 -0.55
RRO gty. in 2023 -0.33 0.30 0.56 0.14 0.22 -0.56
Total RRO -0.19 0.28 0.65 -0.05 0.25 -0.60
Injection wells
RRO gty. in 2021 0.60 0.60 -0.39 0.50 0.10 0.11
RRO gty. in 2022 0.67 0.62 -0.07 0.28 -0.10 -0.20
RRO gty. in 2023 0.59 0.56 -0.02 0.06 0.04 -0.11
Total RRO 0.71 0.67 -0.11 0.27 -0.02 -0.14
All the wells
RRO gty. in 2021 0.45 0.59 0.05 0.35 0.22 -0.15
RRO qty. in 2022 0.31 0.32 0.28 0.06 0.01 -0.32
RRO gty. in 2023 0.27 0.40 0.24 0.08 0.10 -0.28
Total RRO 0.36 0.43 0.27 0.11 0.07 -0.32

From the performed analysis of the available data, it fol-
lows that the positive correlation between the conduct of
repair-and-renewal operations and some technological pa-
rameters confirms the hypothesis that with an increase in the
values of these parameters, the RRO quantity increases. A
positive trend is noted in the cases of productivity — 7 times,
filter length — 4 times, thickness of the 3 and 4™ lithotypes —
5times. A negative correlation is also observed between
RROs and some technological parameters, which corre-
sponds to hypothesis that as the parameter values decrease,
the RRO quantity increases. Negative trend is observed in
cases with K in filter zone of the 3™ and 4™ lithotypes —
1 time, thickness of the 3" and 4" lithotypes — 1 time.

A positive correlation is between RROs and some techno-
logical parameters, which does not confirm the hypothesis
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under consideration. This is noted in the cases with K in the
filter zone of the 3™ and 4™ lithotypes — 6 times.

The correlation analysis between the quantity of RROs
conducted in technological wells and geotechnological pa-
rameters of ores and ore-bearing rocks shows multidirection-
al and generally insufficiently convincing results. Although
both positive and negative trends were expected to be found,
most of the analysis is uninformative because the correlation
coefficients are very low.

It was expected that high correlation coefficient values
would indicate a linear dependence between the quantity of
RROs and geotechnological parameters of the medium. In
reality, such a dependence has proved to be practically im-
possible, given the many objective and subjective factors
influencing the quantity of RROs conducted.



K. Yussupov et al. (2025). Mining of Mineral Deposits, 19(1), 132-141

Table 2. Summarized total data on pairwise correlation coefficients for 2021-2023 for technological blocks of the Central site of

the Mynkuduk field

Kt in the filter zone Thickness of the

Technological Well tvoe Productivity, Filter of the 31 and 4t 31 and 4t
block No. P kg/m? length, m lithotypes, m lithotypes, m
Extraction -0.49 -0.12 -0.64 0.05
In-situ leaching area Injection 0.14 0.00 0.38 -0.35
All the wells 0.03 0.01 0.28 -0.22
Extraction 0.54 -0.01 0.40 -0.50
63-4 Injection 0.32 0.09 -0.01 1.00
All the wells 0.34 0.07 0.18 -0.18
Extraction 0.54 -0.47 0.09 -0.02
68-1 Injection 0.27 0.08 0.15 -0.14
All the wells 0.28 0.02 0.03 0.00
Extraction 0.74 0.34 0.14 -0.18
68-2 Injection 0.16 0.29 0.26 -0.19
All the wells 0.11 0.21 0.28 -0.05
Extraction -0.12 -0.05 -0.06 0.35
69-1 Injection 0.30 0.19 0.06 0.42
All the wells 0.15 0.08 -0.08 0.42
Extraction 0.40 -0.10 0.13 -0.13
69-2 Injection 0.03 0.03 -0.19 0.23
All the wells 0.15 0.04 -0.09 0.38

Nevertheless, the analysis shows a positive trend between
the quantity of RROs and productivity in extraction and
injection wells. This result is logical: where there is more
ore, it is necessary to maintain high productivity of the tech-
nological wells, which requires more RROs.

The impact of geochemical rock types on the need to con-
duct RROs is further studied. Two main geochemical rock
types have been identified in the Central site of the Mynkuduk
field: grey-colored diagenetically recovered sediments and
epigenetically reservoir-oxidized red-colored rocks.

In order to assess the influence of geochemical conditions
on the quantity of RROs conducted, statistical data were
collected on the quantity of RROs of wells in non-oxidized
and oxidized rocks of different technological blocks.

This will allow the expected quantity of repair-and-
renewal operations to be predicted when new blocks are put
into operation, depending on the geochemical conditions
of the wells (Fig. 2).

25
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—e— innon-oxidized rocks (grey-colored)
in oxidized rocks (red-colored)
0
10-51 63-4 68-1 47-3 50-2 50-52 52-1 52-2
Block No.

Figure 2. Comparison of RRO quantity per 1 well in non-oxidized
and oxidized rocks

The analysis shows that the quantity of RROs in wells lo-
cated in the reservoir oxidation zone (ROZ) should exceed
the quantity in wells located in non-oxidized (grey-colored)
rocks by 20%.
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Field mining experience shows that the ratio between in-
jection and extraction wells significantly influences the effi-
ciency of operation and the quantity of RROs conducted. The
higher the share of injection wells compared to extraction
wells, the more intensive is the field mining.

Increase in the quantity of injection wells allows optimizing
their injection capacity while maintaining the required flow
rate in extraction wells. This reduces the load on injection
wells and reduces the quantity of work required to repair and
renew them. For example, at the Central Mynkuduk in-situ
leaching mine, the implementation of new standards, which
reduced the extraction well flow rate from 10 to 6 m*hour,
has led to a reduction in the load on injection wells and,
consequently, to a reduction in the quantity of RROs.

Thus, the ratio between injection and extraction wells
plays a key role in efficient mining of technological blocks.
The optimal value of this ratio is at least 3-4 injection wells
per 1 extraction well. Maintaining this balance not only re-
duces the quantity of repair operations, but also reduces the
acidification stage duration, which accelerates the overall
mining of technological blocks.

Putting new technological blocks into operation leads to
increased load on injection wells of adjacent blocks. This is
due to the need to supply large volumes of hydrogen-sulfide
water (HSW) to ensure a balance with the extraction wells of
all adjacent blocks. Such an increase in load leads to an in-
crease in the quantity of RROs in the injection wells in order
to provide the required injection capacity of the wells. This
can be clearly seen in the example of technological block
No. 10-51 (Fig. 3). Table 3 presents data on the efficiency of
the types of RROs for May 2023.

It should be noted, however, that this efficiency calcula-
tion methodology has the disadvantage in that the sample set
includes wells with different operating periods, which may
lead to more consistent results for certain types of RROs.

The graphs in Figures 3-6 demonstrate the dependence of
the efficiency of RROs conducted by LLP Mining Company
“ORTALYK” on the productivity of wells before conducting
RROs. To plot the graphs of RRO efficiency, sample sets are
formed for groups of wells with different flow rates and
injection capacities before conducting RRO.
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Table 3. Efficiency of the RRO types for May 2023

- Flow rate/ injection capacity, m%hour Efficiency,
RRO type Well Quantity before after increase standard %
PIT Injection 117 1.5 3.00 1.50 2.7 111.11
HS Extraction 13 3.5 7.90 4.40 7.9 100.00
HDT Extraction 13 4.1 8.10 4.00 6.2 130.65
AP Inj.+ Extr. 68 3.4 5.00 1.60 5.9 84.75
HS + Ch/T Extraction 17 3.7 8.30 4.60 6.3 131.75
HDT + Ch/T Extraction 17 3.9 8.80 4,90 6.2 141.94
Ch/O Extraction 6 3.5 9.10 5.60 6.2 146.77
K-1 Injection 107 0.9 2.10 1.20 2.2 95.45
100 120
90 .
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Figure 3. Dependence of the efficiency of airlift pumping in injec-
tion wells on injection capacity of wells before RRO
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Figure 4. Dependence of the efficiency of pneumatic impulse

treatment of injection wells on injection capacity of
wells before RRO
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Figure 5. Dependence of the efficiency of hydrodynamic treatment of
extraction wells on injection capacity of wells before RRO
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Flow rate before RRO

Figure 6. Dependence of the efficiency of hydro-swabbing in ex-
traction wells on injection capacity of wells before RRO

From the analysis of graphs, it follows that the efficiency
of conducting production flushing in injection wells is
achieved at injection capacity before RRO about 1.5 m%hour.
At the same time, flushing with reverse flow is effective in
injection wells if the injection capacity exceeds 2.0 m%/hour.
For hydrodynamic pressuring up in extraction wells, effi-
ciency is shown before RRO at flow rate of more than
4.0 m¥hour. When hydrostatic pressuring up is applied to
extraction wells, the efficiency increases in proportion to the
flow rate before conducting RRO. Thus, the efficiency of
RRO, according to LLP Mining Company “ORTALYK”
assessment system, depends on the initial flow rate and injec-
tion capacity of wells before conducting RRO.

Sometimes the analysis of RRO efficiency includes an
assessment of the inter-repair cycle (IRC) as a criterion for
success. However, it is important to consider that the IRC
only makes sense if the specified reduction standards of flow
rate or injection capacity are strictly adhered to. In practice,
the IRC is determined by geotechnical factors influencing the
change in well productivity after conducting RRO.

By processing the data on the quantity of RROs in injec-
tion wells (Fig. 7) and extraction wells (Fig. 8) for the period
from 2021 to 2023, the dependences of the efficiency of
RROs on the quantity of wells have been obtained.

The graphs presented show that the highest quantity of
wells were treated in 2022. However, the extraction wells
had average efficiency above 100%, which may indicate the
effective use of the method. At the same time, the average
efficiency of pneumatic impulse treatment of injection wells
from 2021 to 2022 was below 80%, and only exceeded 100%
in 2023. This is probably due to a decrease in the quantity
of repaired wells and the transition to a new regulation of
extraction well productivity, which reduced the flow rate
from 10.0 to 6.0-8.0 m%/hour.
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Figure 7. Graphs of efficiency and quantity of RROs in injection wells

In general, injection wells integrated into operation with
three extraction wells require more RROs than wells
connected to one or two extraction wells. Therefore, when
new adjacent blocks are put into operation, an increased
need for RROs can be expected to occur in injection wells
that were originally peripheral and operated with only one
or two extraction wells.
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Figure 8. Graphs of efficiency and quantity of RROs in extraction wells

Analyzing the operation of blocks at different stages of
ISL through boreholes, it becomes evident that the quantity
and types of necessary repair-and-renewal operations, as well
as material-resource costs of the inter-repair cycle are differ-
ent. Table 4 shows that the bulk of RROs is concentrated at
the active leaching stage, when uranium-rich pregnant solu-
tions begin to inflow.

Table 4. Summary table of characteristics of repair-and-renewal operations for cells of technological block No. 10-51 at different stages
of ISL through boreholes

ISL stage Cell no. Ayerage .'R.C - Total RRQ - .% RR(.). -
extraction  injection  extraction  injection  extraction  injection
10-51-01 51 57 3 19 15.8 17.6
10-51-02 59 43 3 27 375 27.6
N 10-51-06 76 56 3 23 10.3 21.7
Advanced acidification stage 10-51-08 67 71 > 11 5 20
10-51-010 34 48 5 29 28 23
For cell 57 56 16 109 15 22
10-51-01 52 37 8 44 42.1 40.7
Passage 10-51-02 49 51 3 48 375 49.0
of peak uranium 10-51-06 16 39 11 42 37.9 39.6
contents 10-51-08 22 90 21 19 66 35
10-51-010 32 36 8 42 44 34
For cell 34 51 51 195 48 40
10-51-01 60 61 6 26 31.6 24.1
Active Uranium 10-51-02 208 85 1 16 12.5 16.3
leaching content plateau 10-51-06 26 48 5 18 17.2 17.0
stage at the level 10-51-08 69 116 2 16 6 30
of 100 mg/dm? 10-51-010 76 59 4 32 22 26
For cell 88 74 18 108 17 22
10-51-01 114 49 2 19 10.5 17.6
Transition 10-51-02 no data 37 1 7 125 7.1
to an extraction 10-51-06 22 75 10 23 34.5 21.7
well productivity 10-51-08 45 48 7 8 22 15
of 8-6 m3/hour 10-51-010 no data 43 1 22 6 18
For cell 60 50 21 79 20 16

It is clear from the data provided that the volume of repair-

3. Assessment of the efficiency of standard RRO

and-renewal operations, as well as their IRCs are directly
dependent on the stage of the in-situ uranium leaching process:

1. The quantity of RROs increases significantly when
uranium-rich pregnant solutions approach the extraction
well, accounting for almost half of the total quantity of RROs
during the study period.

2. IRC for the same type of RRO varies depending on the
stage of the in-situ uranium leaching process.
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types is necessary, given the specific stage of the in-situ
leaching process.

The results of this research, conducted at the Central
Mynkuduk in-situ leaching mine, in contrast to previous
studies, emphasize many factors influencing the operation of
technological wells, including geologic peculiarities. It has
also been revealed that the efficiency of the work performed
depends on the stage of the uranium leaching process and can
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vary greatly depending on the time of well operation and
operating conditions.

This research has also identified a variety of factors that
need to be considered to develop optimal well maintenance
and operation strategies.

It has been determined that the quantity of operations
should be increased by 20% in wells located in the reservoir
oxidation zone compared to wells located in non-oxidized
(grey-colored) rocks. This approach allows optimizing repair-
and-renewal processes of wells depending on their geochemi-
cal environment and increases mining efficiency in the field.
The focus of this research is on the application of improved
methods for assessing the efficiency of RROs and optimizing
the technological repair-and-renewal processes of wells.

Directions for further research in this area may include
analysis of the impact of different RRO methods on long-
term well productivity.

4, Conclusions

The conducted research confirms that the operating mode
of technological wells is dependent on a variety of factors,
including both objective and subjective circumstances. Geo-
logic peculiarities such as geochemical rock types, the ratio
of extraction wells to injection wells, flow rate and injection
capacity play an important role in uranium ISL process.

It has been found that the efficiency of the same RRO
type can vary greatly depending on the stage of the leaching
process and well operating time. Assessment of the efficien-
cy of standard RRO types is necessary given the specific
stage of the in-situ leaching process. Geotechnological pa-
rameters of ores and rocks also have a significant influence
on the operation of technological wells. Correlation analysis
shows that the quantity of conducted RROs has a direct rela-
tionship with the productivity of mineralization and an in-
verse relationship with the average filtration coefficient in
the filter zone. The higher block productivity corresponds to
a greater quantity of RROs performed in the wells.

The research results can be used in the application of
geotechnological methods of uranium mining by ISL method
through boreholes.
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JocaigxeHHs: BIVIUBY Pi3HUX ()AKTOPIB HA PEMOHTHO-BIIHOBJIIOBAJIbHI POOOTH HA TEXHOJIOTIYHUX
CBEPAJIOBMHAX IPU re0TEXHOJIOTII YPaHy y CKJIAJHMX FPHUYO0-T€0JOTiYHUX YMOBaxX

X. FOcynos, C. Muxanoscbkuit, M. Xanin, K. Puc6ekos, A. Omapos, C. Azat, A. AkkoJioBa

Merta. [lixBuiieHHs €EKTHBHOCTI Ta HaAIMHOCTI PEMOHTHO-BIIHOBIIOBAJILHUX POOIT Ha TEXHOJIOTIYHUX CBEPIIOBHHAX y CKIAIHUX
TipHUYO-TEOJIOTIYHIX YMOBaX, 3a(isIHUX Y MiZ3¢MHOMY BHJIYTOBYBaHHI ypaHy, 3a PaXyHOK BHSBIICHHS Ta aHaJi3y BIUIMBY I'€OJOTiYHUX,
reOXIMIYHHX i TEXHIYHHUX (aKTOPIB.

Metoauka. JocmikeHHs: 6a3yBaocsi Ha KOMIIGKCHOMY aHai3i MOJbOBUX JaHMX IO KOHCTPYKIIiH CBEpATIOBHH, XapaKTEePHCTHK MO-
pin Ta reoXiMivHMX yMOBax pPyJOHOCHHMX TOpPH3OHTIB. Bynu mpoananizoBaHi mapamerpu (QinpTparii, THIM PO3KPHBHHX TOPiA, CKIaja pobo-
YHUX PO3YMHIB Ta OCOOJIMBOCTI eKCIUTyaTallil CBEp/UIOBUH 3 Pi3HOIO TpHBaNiCTIO poboTu. s cuctemaTn3anii pakTopis, 10 BIUTHBAIOTH HA
YacTOTy Ta pe3yJIbTaTHBHICTh PEMOHTHHX 3aXO/[(iB, 3aCTOCOBYBAJIMCSI METO/M CTATUCTHYHOTO aHAIi3y, BKIIOYAIOYH KOpesIUiiHuil i perpe-
ciitHuil aHamizu. Pe3ynpraTu 3icTaBisuUCs 3 TaOOPaTOPHUMH €KCIIEPUMEHTAMH, B SIKMX OI[IHIOBaJacs €(eKTUBHICTh Pi3HUX XIMIUYHHX peare-
HTIB 3 ypaxyBaHHSIM MiHEpAIbHO-TEOXIMIYHAX 0COOIMBOCTEH YPAHOBHX PY/.

PesyabtaTn. [IpoBeneHuil aHati3 JO3BOJIMB BCTAHOBUTH, IO IHTCHCHBHICTh PEMOHTHO-BIHOBIIOBAIIBHUX POOIT Oe3mocepeaHbo 3aie-
JKUTB BiJl IOEMHAHHS PAY (HaKTOPiB, cepell AKUX HaHOLIbII 3HAYYIIMMHU BHSBHJIMCH T€0JIOTIUHA Oy10Ba PYAOBMINIYIOUHX TTOPi Ta Tigpoxi-
MiuHi ymoBH pyau. [TokazaHo, 1110 Mpy MiJBHIIEHIH NPOAYKTHBHOCTI IIacTa 301IBIIYEThCS MOTPeda B YaCTHX PEMOHTHO -BiJHOBIIOBATEHHUX
ornepanisx, 0 HOSICHIOETHCSI aKTUBHIIINM PEXUMOM POOOTH i, OTXKE, IiJBUIICHUM HaBaHTAXXCHHSM Ha eKCIUTyaTalliiiHi eneMeHTH. Busiie-
HO XapakTepHi 3aKOHOMIpHOCTI 3MiHH KoedilieHTa GinpTparil Ta XiMIYHOTO CKJIaIy PO34MHIB B iHTepBanax (iIbTPIB, IO O3BOJSIOTH TOY-
Hillle IPOTHO3YBaTH TEPMiHH i 00CSATH HEOOXiJHOTO PEMOHTY.

HayxoBa noBu3HA. OTpUMAaHO 3aJIEXKHICT KUTBKOCTI PEMOHTHO-BIIHOBIIIOBAJBHUX POOIT CBEPIUIOBUH Bil NPOXYKTHUBHOCTI ILIACTa,
TeoXIMIYHUX YMOB PyIH Ha Pi3HUX CTAIifX Mi3EMHOTO CBEPUIOBUHHOTO BHIIyTOBYBAaHHS ypaHy.
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IMpakTnuna 3HayuMicTs. OTpuMaHi pe3yabTaTd JAIOTh MOXKIJIUBICTb IH)KEHEPaM 1 TEXHOJOraM po3poOuisiTh Okl HAZilHI Ta THYYKi
IUIaHH 3 OOCIYTOBYBaHHS Ta PEMOHTY CBEPIJIOBUH 3 ypaxXyBaHHIM KOHKPETHHX I'€OJOTO-TiAPOAMHAMIYHUX 1 reoXiMidHUX yMOB. Kpim Toro,
1€ 3HIKYE PU3UKU aBapiHUX CHUTyalil, ane i MiABUINYye 3aralbHUil piBeHb BHIOOYTKY ypaHy 3a PaxyHOK OUIbII e(eKTHBHOTO BUKOPHC-
TaHHS 00JIaHaHHS Ta pOOOYNX PEareHTiB.

Knrwuosi cnosa: suny2o8yeanns ypamy, npooyKmMuGHICnys 6U00OVMKY, PEMOHMHO-8IOHOBNIO8ANIbHE POOOMU, 2e002IUHI YMOBU, PYOOSMIC-
HI NOPOOU, MEXHON02IUHT OIOKU
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