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Abstract

Purpose. To determine the mineralogical composition of colmatants formed during uranium in situ leaching at the North
Kharasan, North Karamurun, and Irkol deposits of the Syrdarya uranium province and to evaluate their structural response to
chemical decolmation treatments to substantiate deposit-specific approaches to well treatment.

Methods. Colmatant samples collected from the inner surfaces of submersible pump assemblies in production wells were
examined using X-ray diffraction (XRD) and scanning electron microscopy (SEM). Quantitative phase composition was deter-
mined using a PANalytical X’Pert MPD PRO diffractometer. The samples were treated with two decolmation solutions: Solu-
tion 1 containing 10% HF and Solution 2 containing 5% HF, 10% H>SOs, and 1% surfactant. SEM observations were used to
compare changes in surface morphology, crystal fragmentation, and formation of cavities and voids before and after treatment.

Findings. Carbonate minerals constitute a major fraction of the studied colmatants, accounting for approximately 57% at
North Kharasan, 29% at North Karamurun, and 45% at Irkol. North Kharasan is characterized by an ankerite-dominated
assemblage, North Karamurun by a mixed carbonate-phosphate composition with a 51% phosphate fraction, and Irkol by a
carbonate-rich assemblage containing 18% gypsum. Both decolmation solutions substantially disrupted the colmatant struc-
ture. The 10% HF solution generally caused more intensive local destruction, whereas the composite solution produced a com-
parable overall structural effect while reducing the HF concentration by half. For gypsum-rich colmatants, HF treatment may
promote CaF» precipitation, requiring sufficient pumping and subsequent flushing.

Originality. The study integrates quantitative XRD characterization of operational colmatants with SEM-based assessment
of their responses to two chemical treatments. It establishes a direct relationship between deposit-specific mineralogical com-
position and the selection of decolmatation approaches.

Practical implications. The results provide a mineralogy-based framework for selecting effective decolmatation treatments at
uranium ISL deposits. The composite 5% HF + 10% H,SO4 + 1% surfactant formulation can be considered for further field vali-
dation, while gypsum-rich systems require additional measures to prevent secondary colmatation caused by CaF, precipitation.

Keywords: in situ leaching; uranium mining; colmatation, colmatants; mineralogical composition; X-ray diffraction;
decolmation; gypsum precipitation; well treatment
1. Introduction the ability to exploit low-grade sandstone-hosted uranium
deposits that may be economically unattractive for conven-
tional mining [3]-[5]. Kazakhstan remains the world’s lead-
ing uranium producer, accounting for approximately 39-43%
of global output. In 2024, uranium production by NAC Kaza-

In situ leach (ISL) mining, also referred to as in situ re-
covery (ISR), has become the dominant technology for ura-
nium extraction worldwide, accounting for more than 56% of
global uranium production in recent years [1], [2]. In contrast

to conventional open-pit and underground mining, ISL ena-
bles uranium recovery directly within the ore-bearing for-
mation without large-scale excavation of the rock mass. This
approach offers important advantages, including reduced
surface disturbance, lower capital and operating costs, and

tomprom JSC increased by 10% to 23270 t U3Os [6].

The technological cycle of uranium ISL includes injec-
tion of a leaching solution into the productive horizon, disso-
lution and mobilization of uranium-bearing compounds,
recovery of pregnant leach solution (PLS) through produc-
tion wells, sorption extraction of uranium, clarification of the
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barren solution, and its subsequent re-acidification and
reinjection [7], [8]. In addition to uranium, ISL process solu-
tions may contain a range of associated dissolved elements,
making their chemical composition inherently multicompo-
nent. Investigations of productive wells at uranium ISR sites
have identified rare-earth and other associated metals. At the
same time, recent studies have also considered the recovery
of scandium from solutions generated during uranium extrac-
tion [9], [10]. Sulfuric acid is widely used as the principal
lixiviant at uranium deposits in Kazakhstan because of its
high leaching efficiency, availability, and relatively low cost.
Nevertheless, reagent consumption represents a substantial
component of operating expenditure, while fluctuations in
sulfuric acid prices directly affect the economic performance
of ISL operations [6],[11],[12]. The efficiency of acid
leaching is also strongly dependent on the mineralogical
composition of the host rocks. Elevated carbonate contents
increase acid consumption through neutralization reactions
and may significantly alter the geochemical conditions with-
in the productive horizon [13], [14]. For deposits with high
carbonate contents, alkaline or neutral carbonate-based
leaching systems may be considered, although such systems
generally exhibit lower extraction kinetics [15], [16].

More broadly, studies of hydrometallurgical and under-
ground leaching systems demonstrate that mineralogical
phase transformations, pretreatment conditions, reagent
composition, and solution transport strongly control extrac-
tion efficiency. Such relationships have been demonstrated
for microwave-assisted leaching of technogenic zinc-bearing
materials; alkaline treatment and subsequent leaching of
wolframite concentrates; sulfuric acid leaching of copper
smelting slags; and underground leaching of polymetallic
ores. Related studies also emphasize the potential of com-
bined mining and leaching approaches for improving the
utilization of mineral resources [17]-[21].

One of the major operational problems affecting the long-
term efficiency of acid ISL is progressive well colmatation, or
clogging, caused by the accumulation of mineral precipitates
and fine particles within the near-wellbore zone and filtration
pathways [22], [23]. Interaction between sulfuric acid solu-
tions and carbonate, aluminosilicate, and iron-bearing miner-
als of the host rocks may result in the formation of secondary
mineral phases, including gypsum, iron oxyhydroxides, and
aluminosilicate compounds [24], [25]. Their precipitation
reduces effective porosity and permeability, thereby decreas-
ing the injectivity and productivity of technological wells.
Mineral alteration and pore plugging associated with acid ISL
have been experimentally documented for sandstone-hosted
uranium deposits, where secondary gypsum and iron-bearing
precipitates were shown to substantially modify the pore
structure of the leached formation [26]. These processes are
closely related to oxidation-reduction conditions within the
reservoir and therefore influence uranium recovery, specific
reagent consumption, and the overall techno-economic per-
formance of ISL operations [27]-[32].

Biological approaches have also been investigated to con-
trol redox conditions and intensify uranium ISR. Studies of
bacterial iron oxidation and uranium-bacteria interactions
have examined the application of microbial processes to
uranium leaching, including field-oriented and industrial
implementations. Similar bioleaching approaches have also
been investigated for other metal-bearing materials, demon-
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strating the broader potential of microbial pretreatment under
acidic leaching conditions [33]-[37].

Recent developments in reactive transport modeling have
considerably improved the understanding of mineral dissolu-
tion and secondary precipitation during uranium ISL. Three-
dimensional simulations have shown that mineral dissolution
may increase porosity in the vicinity of injection wells. In
contrast, secondary precipitation near production wells can
produce a substantial decrease in both porosity and permea-
bility [38], [39]. Kinetic reactive transport modeling of col-
umn experiments has further demonstrated the sequential
development of gypsum and iron-bearing secondary phases
along the solution flow path, confirming the importance of
mineral precipitation in the evolution of filtration properties
during uranium ISR [12]. Industrial-scale reactive transport
simulations have also demonstrated the potential of coupled
geochemical-hydrodynamic models to reproduce the evolu-
tion of mineral dissolution and precipitation fronts over pro-
longed periods of ISL operation [40]. At the pore and miner-
al scales, the spatial distribution of clay and carbonate phases
has been identified as an important factor controlling solu-
tion flow paths, reagent-rock interaction, and the subsequent
development of permeability restrictions [41]. Detailed pet-
rological and mineralogical investigations of sandstone-
hosted uranium deposits have also demonstrated that pre-
leaching characterization of clay and carbonate assemblages
is essential for assessing their response to leaching solutions
and the potential development of colmatation [42].

Permeability deterioration is not caused exclusively by
chemical precipitation. Mechanical colmatation may occur as
a result of migration and accumulation of fine-grained clay
and silt particles under the hydrodynamic influence of the
injected lixiviant [43], [44]. This mechanism becomes par-
ticularly important in low-permeability and clay-rich sand-
stone formations. Various approaches have therefore been
proposed to improve filtration characteristics and enhance
mass transfer during ISL, including blasting-enhanced per-
meability techniques [45], [46], -electrokinetic treatment,
ultrasonic stimulation, and solution pulsing [47]-[50]. At the
same time, mineralogical characterization of ores and host
rocks remains an essential component of ISL design because
the initial distribution of carbonate, clay, and other reactive
minerals largely determines the subsequent geochemical
response of the productive horizon to leaching [51], [52].

Reactive transport studies further indicate that precipita-
tion behavior can be controlled by a relatively limited num-
ber of mineralogical and geochemical parameters. For exam-
ple, three-dimensional modeling of the Tortkuduk uranium
deposit demonstrated the importance of initial beidellite,
calcite, and iron hydroxide contents for reproducing the evo-
lution of the leaching system [53]. Streamline-based mode-
ling approaches have also been proposed to substantially
reduce the computational requirements of large-scale ISL
simulations [54], [55]. Thermodynamic and kinetic models
have provided additional insight into the sequence of mineral
dissolution and precipitation and the saturation behavior of
gypsum, calcite, and iron-bearing secondary phases under
changing lixiviant compositions [39], [S6]. Such results
demonstrate the potential of numerical modeling for predict-
ing colmatation-prone zones; however, the reliability of these
predictions ultimately depends on representative mineralogi-
cal data obtained from actual operating systems.
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The restoration of well productivity requires decolmation
methods capable of disrupting or dissolving the mineral
framework of accumulated deposits. Previous studies have
shown that carbonate phases may constitute a major fraction
of colmatants formed during uranium ISL and that their
composition should be considered when selecting chemical
treatment solutions [8], [S7]. Physical intensification tech-
niques, including alternating electric current, magnetic treat-
ment, and ultrasonic vibrations, have also been investigated
to improve mass transfer and metal recovery [47], [S8]. More
recently, fluoride-based chemical treatments have received
particular attention because of their ability to interact with
siliceous and other poorly soluble mineral components.
Ammonium fluoride in combination with a sodium carbonate
buffer has been proposed as an alternative decalcification
reagent [59]. At the same time, hydroxyethylidene diphos-
phonic acid (HEDP) has been investigated for preventing
gypsum precipitation during ISL operation [60]. These stud-
ies indicate that both preventive and restorative approaches
can help maintain well performance; however, their effec-
tiveness depends strongly on the mineralogical composition
and structural characteristics of the colmatant. The long-term
performance of uranium ISL well fields also depends on the
construction, maintenance, repair, and regeneration of tech-
nological wells, which remain important areas for improving
the operational efficiency of uranium recovery [61]-[64].

Despite significant progress in reactive transport mode-
ling and the development of different well stimulation and
decolmation techniques, a direct relationship between the
mineralogical composition of colmatants formed under actual
ISL operating conditions and their structural response to
specific chemical treatment solutions remains insufficiently
characterized. In particular, comparative experimental data
that combine quantitative phase identification with micro-
scopic evaluation of colmatant destruction are limited for
uranium deposits in the Syrdarya province. Such information
is necessary not only for identifying the dominant mecha-
nisms of colmatation but also for selecting treatment formu-
lations according to the specific mineralogical composition
of deposits formed at individual uranium mining sites.

Therefore, this study aims to determine the mineralogical
composition of colmatants collected from production wells at
the North Kharasan, North Karamurun, and Irkol uranium
deposits in Syrdarya province and to evaluate their response
to two chemical decolmatation solutions using X-ray diffrac-
tion (XRD) and scanning electron microscopy (SEM). The
results obtained are further used to substantiate deposit-
specific approaches to chemical well treatment, based on the
predominant mineral phases and the observed structural
changes in the colmatants.

2. Materials and methods

2.1. Geological and mineralogical characteristics
of the productive horizons

The mineralogical composition of the ores and host rocks
is an important factor controlling the interaction between the
lixiviant and the productive horizon during uranium ISL.
Integrated geological and satellite remote sensing data have
also been used to forecast roll-front uranium provinces and
delineate prospective uranium-bearing areas [65]. The host
rocks of the Syrdarya depression are characterized by a het-
erogeneous mineral composition dominated by quartz, feld-
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spars, rock fragments, clay minerals, carbonates, organic
matter, sulfides, and uranium-bearing phases (Table 1).
Numeric values represent quantitative ranges (wt.%).

Quartz constitutes the dominant mineral component of
the host rocks, with contents ranging from 30 to 80%. Feld-
spars and clay minerals may also occur in substantial propor-
tions, reaching up to 40 and 45%, respectively. Their abun-
dance is important for the filtration behavior of the produc-
tive horizon because fine-grained clay material may migrate
with the solution flow and contribute to mechanical colmata-
tion, while swelling and ion-exchange processes may addi-
tionally reduce pore-space accessibility.

Table 1. Mineral composition of ores and host rocks of the
Syrdarya depression deposits

Mineral / mineral aggregate Content, %

Quartz 30-80
Feldspars 5-40
Rock fragments 5-30
Accessory minerals minor
Clay minerals (illite, kaolinite, montmorillonite,

: . 5-45
glauconite, chlorite)
Carbonates (calcite, siderite, dolomite, ankerite) 0-5
Organic matter (plant detritus, bitumens, etc.) 5-15
Sulfides (pyrite, marcasite, minor Mo, Cu, Zn,
Pb sulﬁd(erg abundant
Uranium mineralization minor

Carbonate minerals, including calcite, siderite, dolomite,
and ankerite, generally account for up to 5% of the host-rock
composition. Despite their relatively low bulk abundance,
these phases are highly reactive under sulfuric acid leaching
conditions and therefore play an important role in the for-
mation of secondary mineral precipitates. According to [8]
and [24], carbonate contents above approximately 1.5% can
promote chemical scale formation upon interaction with
sulfuric acid solutions.

The coexistence of quartz, aluminosilicate minerals, clay
phases, and carbonates creates favorable conditions for the
formation of compositionally heterogeneous colmatants.
Accordingly, the mineralogical characteristics of the produc-
tive horizons provide the necessary background for interpret-
ing the phase composition of deposits collected from the
technological equipment of the studied wells.

2.2. Sample collection and preparation

Colmatant samples were collected from the inner surfaces
of submersible pump assemblies installed in production wells
at three uranium deposits of the Syrdarya province: North
Kharasan, North Karamurun, and Irkol. All three deposits are
operated using in situ leach (ISL) technology with sulfuric
acid as the principal leaching reagent.

Three representative samples were selected for further
mineralogical and microstructural analyses. Sample 1, col-
lected from the North Kharasan deposit, and Sample 3, ob-
tained from the Irkol deposit, consisted of reddish, pulveru-
lent precipitates containing relatively coarse homogeneous
fragments and individual sand particles. Sample 2, collected
from the North Karamurun deposit, was characterized by a
white powder with beige inclusions.

Before X-ray diffraction analysis and decolmation expe-
riments, the collected precipitates were dried and subsequent-
ly ground in an agate mortar to obtain a homogeneous fine
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powder suitable for further laboratory investigation. This
preparation procedure was applied to reduce sample hetero-
geneity and ensure representative conditions for subsequent
mineralogical and microstructural analyses.

2.3. X-ray diffraction analysis

The phase composition of the colmatant samples was
determined by X-ray diffraction (XRD) using a PANalytical
X’Pert MPD PRO diffractometer. Measurements were per-
formed with CuKa radiation using a Ni filter. The accelerat-
ing voltage was 30 kV, and the tube current was 10 mA.
Diffraction patterns were recorded over a 26 range of 10-90°
at a scanning rate of 1°/min.

The interplanar spacings were calculated according
to Bragg’s law:

nA=2dsin@ ,

where:

n — order of reflection;

A — X-ray wavelength;

d — interplanar spacing;

6 — diffraction angle.

Phase identification was performed using the ICDD
PDF-2 diffraction database. Diffraction peak intensities were
evaluated on a 100-point scale.

)

2.4. Decolmation treatment and SEM analysis

The prepared colmatant samples were subjected to laborato-
ry treatment with two decolmation solutions. Solution 1 con-
sisted of 10% HF and 90% process water, whereas Solution 2
contained 5% HF, 10% HSO4, 1% surfactant, and 84% pro-
cess water. For each experiment, 0.5 g of powdered colmatant
was placed on a glass slide and treated with 2 mL of the corre-
sponding solution at room temperature (22 = 2°C). The contact
time was 30 min. After treatment, the samples were rinsed with
deionized water and dried at room temperature.

The use of hydrofluoric acid was associated with its high
reactivity toward gypsum, aluminosilicate, and siliceous
components present in colmatant deposits [66]. In Solution 2,
sulfuric acid was additionally introduced to promote the
dissolution of aluminum- and iron-bearing phases, while the
surfactant was used to improve the reagent’s penetration into
the pore space of the deposits.

The surface morphology of the colmatant samples before
and after chemical treatment was examined using a TESCAN
MIRA 3 FEG-SEM scanning electron microscope equipped
with a Schottky field-emission cathode. The electron beam
energy range was 200 eV-30 keV, and the beam current was
continuously adjustable from 2 pA to 400 nA. The micro-
scope resolution in high-vacuum mode was 1.2 nm at 30 keV
using the SE detector and 3.5 nm at 1 keV using the In-Beam
SE detector. The maximum field of view exceeded 8 mm at a
working distance of 10 mm.

3. Results and discussion

3.1. Mineralogical composition of colmatants
3.1.1. North Kharasan deposit

The X-ray diffractogram of the colmatant sample collec-
ted from the North Kharasan deposit is characterized by
distinct and stable diffraction reflections, indicating a
relatively high degree of crystallinity of the precipitated
mineral phases (Fig. 1).
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Figure 1. Diffractogram of the colmatant from the North Kha-
rasan deposit

Phase identification confirmed the presence of carbonate,
oxide, phosphate, sulfide, and aluminosilicate-related com-
ponents within the deposit. The quantitative phase composi-
tion of the sample is presented in Table 2.

Table 2. Mineralogical composition of the colmatant from the
North Kharasan deposit

Component Chemical formula  Content, %
Quartz SiO2 2
Aluminum phosphate AlIPO4 11
Iron oxide (magnetite) Fe304 14
Magnesium sulfide MgS 11
Calcium aluminum hydroxide CaAlx(OH)s-2H20 1
Ankerite Ca(Mg,Fe,Mn)(CO3)2 51
Dolomite CaMg(COs)2 6
Amorphous phase — 4

The mineralogical composition indicates that ankerite is
the dominant phase, accounting for 51% of the total sample
mass. Together with dolomite, the total carbonate fraction
reaches 57%, demonstrating the predominant role of car-
bonate minerals in the formation of the North Kharasan col-
matant. The high carbonate content is consistent with chemi-
cal interactions between the sulfuric acid lixiviant and the
carbonate-bearing components of the productive horizon,
which promote the dissolution of primary carbonate mine-
rals, followed by the formation and accumulation of second-
dary mineral phases. The remaining crystalline phases include
magnetite (14%), aluminum phosphate (11%), and magnesi-
um sulfide (11%), while calcium aluminum hydroxide occurs
only in a minor amount (1%). The amorphous fraction consti-
tutes 4% of the sample. The amorphous fraction may corre-
spond to poorly crystallized iron oxyhydroxide phases.

Overall, the XRD results indicate that the North Kharasan
colmatant is predominantly chemical in origin, with Fe-
bearing carbonate phases constituting the principal compo-
nent of the deposit. This composition supports the interpreta-
tion that reactions between sulfuric acid solutions and car-
bonate minerals of the host rocks are among the key mecha-
nisms responsible for colmatant formation under ISL condi-
tions. The obtained results are consistent with previously
reported observations of secondary mineral precipitation
during acid in situ leaching [3], [13], [26].

3.1.2. North Karamurun deposit

The X-ray diffractogram of the colmatant sample collect-
ed from the North Karamurun deposit is characterized by
relatively weak diffraction reflections, indicating a more
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heterogeneous mineral structure than that of the North Kha-
rasan sample (Fig.2). The diffraction pattern suggests a
mixed composition involving carbonate, phosphate, sili-
ceous, and sulfide phases. The quantitative phase composi-
tion of the sample is presented in Table 3.

Progem2 (04 0609 4717

T T
80 0 80

Posifion ['2Theta] (Copper (Cul)
Figure 2. Diffractogram of the colmatant from the North
Karamurun deposit

Table 3. Mineralogical composition of the colmatant from the
North Karamurun deposit

Component Chemical formula Content, %
Magnesite MgCOs3 16
Dolomite CaMg(COs)2 13
Quartz SiO2 14
Sphalerite (zinc sulfide) ZnS 6
Iron pyrophosphate FexP207 15
Berlinite AIPOg4 16
Monetite CaHPO4 20

The mineralogical composition differs markedly from that
of the North Kharasan sample. The total carbonate fraction is
approximately 29% and consists of magnesite (16%) and do-
lomite (13%). At the same time, phosphate-bearing phases
represent the dominant group in the sample: monetite accounts
for 20%, berlinite for 16%, and iron pyrophosphate for 15%,
giving a combined phosphate fraction of 51%. Quartz consti-
tutes an additional 14%, while sphalerite is present at 6%.

The coexistence of carbonate, phosphate, and siliceous
phases indicates that the North Karamurun colmatant has a
more complex mineralogical origin. Carbonate and phos-
phate phases are primarily formed by chemical precipitation
during the interaction of the leaching solution with reactive
mineral components. In contrast, the presence of quartz indi-
cates an additional contribution from mechanically transport-
ed fine mineral particles. Accordingly, the colmatant can be
interpreted as having a mixed chemical-mechanical origin.

The relatively high proportion of phosphate minerals is a
distinctive feature of the North Karamurun sample. Previous
studies have shown that interactions between acidic lixiviants
and phosphate-bearing minerals in sandstone aquifers may
promote the formation of secondary phosphate precipitates,
which can contribute to pore-space clogging alongside the
more commonly reported carbonate-sulfate phases [67].

Overall, the XRD results demonstrate that colmatation at
the North Karamurun deposit is controlled by a multicompo-
nent assemblage rather than by a single dominant carbonate
phase. The substantial contribution of phosphate minerals,
together with carbonates and quartz, should therefore be
taken into account when selecting chemical decolmation
reagents, since the treatment must be capable of acting on
mineral phases with different chemical reactivities.
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3.1.3. Irkol deposit

The X-ray diffractogram of the colmatant sample collect-
ed from the Irkol deposit is characterized by sharp and well-
defined diffraction reflections, indicating the predominance
of well-crystallized mineral phases (Fig. 3).
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Figure 3. Diffractogram of the colmatant from the Irkol deposit
The identified mineral assemblage includes carbonate,
sulfate, phosphate, and siliceous components. The quantita-

tive phase composition of the sample is presented in Table 4.

Table 4. Mineralogical composition of colmatant from the Irkol

deposit

Component Chemical formula Content, %
Quartz SiO2 23
Gypsum CaS04-2H,0 18
Berlinite AIPO4 14
Ankerite Ca(Mg,Fe,Mn)(CO3)2 7
Fe-bearing dolomite Ca(Mg,Fe)(COs)2 14
Dolomite CaMg(COs)2 24

The Irkol colmatant is characterized by a substantial car-
bonate fraction of approximately 45%, comprising dolomite
(24%), Fe-bearing dolomite (14%), and ankerite (7%). In
contrast to the North Kharasan sample, where ankerite is the
dominant carbonate phase, the Irkol sample is dominated by
dolomite and Fe-bearing dolomite.

A distinctive feature of the Irkol sample is the relatively
high gypsum content, which reaches 18%.

CaCO; + 2H" — Ca?* + H,0 + CO,1; ©)
Ca?* + S04 + 2H,0 — CaSO, - 2H,0. 3)

Gypsum precipitation is particularly favored where disso-
lution of calcium-bearing minerals provides Ca** for interac-
tion with sulfate ions present in the lixiviant [38], [39]. Its
accumulation within the pore space can contribute to a pro-
gressive reduction in permeability. The presence of gypsum
indicates intensive interaction between calcium-bearing mineral
phases and sulfate-rich leaching solutions under sulfuric-acid
ISL conditions. This observation is consistent with published
reactive transport studies showing that gypsum precipitation
can be an important mechanism for secondary mineral accu-
mulation and permeability reduction during leaching.

Quartz accounts for 23% of the sample, while berlinite
constitutes 14%. The relatively high quartz content indicates
that mechanically transported siliceous particles contribute to
the formation of the colmatant, in addition to chemically
precipitated phases. Thus, the Irkol deposits can be consi-
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dered to have a mixed origin, with chemical precipitation
remaining dominant but mechanical particle transport also
contributing to the final mineralogical composition.

Overall, the XRD results show that the Irkol colmatant is
distinguished by the simultaneous presence of a large car-
bonate fraction and a significant gypsum component. This
combination is particularly important from the standpoint of
subsequent decolmation treatment, because carbonate and
sulfate phases may respond differently to acidic and fluoride-
containing reagents. The identified mineral assemblage,
therefore, provides the mineralogical basis for interpreting
the SEM results obtained after chemical treatment and for
developing deposit-specific decolmation strategies.

3.1.4. Comparative analysis of colmatant composition

Comparative analysis of the XRD results reveals substan-
tial differences in the mineralogical composition of colmatants
formed at the three studied deposits. Despite these differences,
carbonate minerals constitute a major component in all sam-
ples, accounting for approximately 57% at North Kharasan,
29% at North Karamurun, and 45% at Irkol. This general
tendency indicates that interaction between sulfuric-acid lixi-
viants and carbonate-bearing components of the productive
horizons plays an important role in colmatant formation
throughout the studied part of the Syrdarya uranium province.

At the same time, each deposit is characterized by a dis-
tinct mineral assemblage. The North Kharasan colmatant is
strongly dominated by ankerite, which constitutes 51% of the
sample and determines its predominantly carbonate charac-
ter. In contrast, the North Karamurun sample contains a con-
siderably lower carbonate fraction. It is distinguished by a
high proportion of phosphate phases, including monetite,
berlinite, and iron pyrophosphate, which together account for
51% of the phases. The Irkol colmatant occupies an interme-
diate position in terms of carbonate content but differs from
the other samples by the simultaneous presence of a substan-
tial gypsum fraction of 18%.

The proportion of quartz also varies considerably be-
tween the deposits, increasing from only 2% at North Kha-
rasan to 14% at North Karamurun and 23% at Irkol. Together
with the differences in carbonate and phosphate phases, this
variation indicates that colmatant formation is controlled not
by a single precipitation mechanism but by a combination of
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chemical reactions and the accumulation of mineral particles
transported within the filtration flow. Nevertheless, the pre-
dominance of reactive carbonate and secondary mineral
phases suggests that chemical processes remain the principal
mechanism of colmatation in the studied wells.

According to [68], the CO, content of the host rocks
increases from approximately 0.45% in the upper part of
the Maastrichtian ore-bearing zone to 1.11% in the lower
Campanian zone. In comparison, individual intervals may
contain 3-4%. The proportion of silty-clay particles smaller
than 0.05 mm varies from 8 to 25%. Such heterogeneity
provides different conditions for mineral dissolution,
secondary precipitation, and fine-particle migration during
ISL operation.

Thus, the XRD results demonstrate that the composition
of colmatants is deposit-specific: North Kharasan is charac-
terized by an ankerite-dominated carbonate assemblage,
North Karamurun by a carbonate-phosphate assemblage, and
Irkol by a carbonate assemblage with a pronounced gypsum
component. These differences are important for subsequent
decolmatization treatment because the effectiveness of chem-
ical reagents depends on the mineral phases that form the
colmatant framework. Accordingly, the mineralogical results
provide the basis for interpreting the structural changes
observed during SEM analysis after treatment with the two
decolmation solutions.

3.2. SEM evaluation of decolmation efficiency
3.2.1. North Kharasan deposit

The untreated colmatant sample from the North Kharasan
deposit is characterized by a dense framework composed
predominantly of tabular crystalline formations with clearly
expressed striated surfaces (Fig. 4a). The measured crystal
dimensions range from approximately 15 to 37 pm, including
L1=20.03 yum, L3=37.34 um, and L5=15.09 pum. The
crystals are randomly oriented and tightly packed, with
visible cracks and open voids practically absent, indicating a
compact structure in the untreated colmatant.

Treatment with Solution 1 resulted in pronounced destruc-
tion of the original framework (Fig.4b). Deep cavities and
large cracks formed between the crystalline particles, while the
initial tabular morphology became strongly deformed.

MIRA3 TESCAN|

20pm
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Figure 4. SEM images of the North Kharasan colmatant: (a) untreated sample; (b) after treatment with Solution 1; (c) after treatment

with Solution 2
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Numerous fine-grained products were also observed on
the crystal surfaces, indicating intensive interaction between
the reagent and the mineral components of the colmatant.
Treatment with Solution 2 also caused substantial structural
changes (Fig. 4c). The dimensions of the preserved crystal-
line fragments decreased to approximately 13-17 um, with
measured values of LI1=13.25pum, L2=14.73 um,
L3=13.87 um, and L4 =17.45 um. Numerous globular
aggregates of secondary reaction products appeared on the
surface, while channels and voids developed within the inter-
crystalline space.

(a)
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Viow Hold: 93.7 ym

SEM HV: 10.0 kv wo:sATmm |
View ficld: 131 pm Det: SE 20 ym
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| MIRA3 TESCAN

e

IHT Zeede

SEM MAG: 5.42 kx  Dalejnidly): 0710121

20pm

Thus, both solutions effectively disrupted the dense struc-
ture of the North Kharasan colmatant. Solution 1 produced
more pronounced framework destruction, whereas Solution 2
also generated a developed system of voids and channels
while reducing the size of the original crystalline formations.

3.2.2. North Karamurun deposit

The untreated North Karamurun sample is characterized by
densely packed elongated platy crystals with relatively smooth
surfaces and uniform relief (Fig. 5a). The measured crystal
dimensions range from approximately 5 to 19 pm, including
L1=19.23 pm, L2 =17.90 um, L3 =4.74 pm, L5 =9.34 um.

(©)

g7 ]
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Figure 5. SEM images of the North Karamurun colmatant: (a) untreated sample; (b) after treatment with Solution 1; (c) after treatment

with Solution 2

Among the samples studied, treatment with Solution 1
caused particularly severe structural damage at North
Karamurun (Fig. 5b). The original platy morphology was large-
ly lost, and the dimensions of the remaining fragments de-
creased to approximately 1.5-6.7 um. The measured values were
L1=2.42 ym, L2 =4.44 um, L3 =3.33 um, L4 = 1.59 um, and
L6 =6.69 pm. The treated surface developed a porous, spongy
morphology with deep cavities and rounded etch pits, indicat-
ing intensive chemical attack on the colmatant framework.

Treatment with Solution 2 also caused considerable de-
struction (Fig. 5c¢). The size of the remaining fragments de-
creased to approximately 3.5-8 um, with L1 =8.06 um,
L2 =7.04 um, L3 = 5.52 um, and L4 = 5.76 um. Granular
debris was formed over the treated surface, although some
platy fragments retained recognizable morphological features.
The degree of cavern development was therefore somewhat
lower than that observed after treatment with Solution 1.

The SEM observations demonstrate that the North
Karamurun colmatant is highly susceptible to both decolma-
tion formulations. Nevertheless, Solution 1 resulted in great-
er morphological degradation and a larger reduction in frag-
ment size than Solution 2.

3.2.3. Irkol deposit

The untreated Irkol colmatant consists mainly of densely
packed, elongated prismatic and acicular crystalline forms
(Fig. 6a). Spherical formations observed on individual crystal
surfaces indicate the presence of additional finely dispersed or
poorly crystallized phases within the colmatant structure. After
treatment with Solution 1, the original structure was substan-
tially destroyed (Fig. 6b). Deep cavities and through-going
voids developed within the colmatant framework, while pre-

140

served fragments decreased to approximately 3.0-7.6 um. The
measured dimensions were L1=7.10 um, L2=7.61 pm,
L3=5.53 um, L4 =3.07 pm, and L5 = 3.02 pm.

Treatment with Solution 2 also caused pronounced mor-
phological changes (Fig. 6¢). The treated surface contained
numerous globular and spongy aggregates of secondary reac-
tion products, along with large cavities approximately 20 um
in diameter. At the same time, some crystalline fragments
measuring approximately 7-10 pm remained within the al-
tered structure. Thus, both solutions produced substantial
degradation of the Irkol colmatant structure. Solution 1 pre-
dominantly caused fragmentation and development of
through-going voids, whereas Solution 2 resulted in exten-
sive cavern formation accompanied by the accumulation of
secondary reaction products.

3.2.4. Comparative efficiency of the decolmation solutions

Comparative analysis of the SEM images from all three
deposits demonstrates that both investigated solutions are
capable of substantially disrupting the initial colmatant
framework. In all cases, chemical treatment resulted in frag-
mentation of crystalline formations, the development of
cracks, cavities, and voids, and the formation of secondary
reaction products on the treated surfaces.

Solution 1, containing 10% HF, generally caused some-
what more severe structural damage. This effect was particu-
larly evident for the North Karamurun sample, where the
dimensions of crystalline fragments decreased to approxi-
mately 1.5-6.7 um, compared with approximately 3.5-8 um
after treatment with Solution 2.

However, the difference between the two treatments was
not fundamental.
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Figure 6. SEM images of the Irkol colmatant: (a) untreated sample; (b) after treatment with Solution 1; (c) after treatment with Solution 2

Solution 2 also produced extensive destruction of the
colmatant structure at all three deposits, including the for-
mation of channels, cavities, voids, and fragmented mineral
aggregates. Its principal technological advantage is reducing
HF concentration from 10% to 5%, corresponding to a two-
fold decrease in hydrofluoric acid consumption.

According to the experimental formulation, the lower HF
concentration in Solution 2 is supplemented with 10% H>SO4
and 1% surfactant. The sulfuric acid component contributes to
interactions with carbonate and iron-bearing phases, while the
surfactant improves the solution’s penetration into the pore
space of the colmatant. This combined action helps compen-
sate for the lower HF content and explains the comparable
degree of structural disruption observed in the SEM images.

Overall, the SEM results indicate that Solution 1 causes
somewhat greater local destruction of the colmatant frame-
work, whereas Solution 2 achieves a comparable overall
decolmatation effect with substantially lower HF consump-
tion. From the perspective of reagent consumption and sub-
sequent field application, this difference provides the basis
for considering the composite formulation in the deposit-
specific treatment strategy discussed in Section 3.3.

3.3. Deposit-specific decolmation strategy

The combined XRD and SEM results demonstrate that
the selection of a decolmation treatment should account for
the mineralogical composition of the colmatant formed at a
particular deposit. Although both investigated solutions pro-
duced substantial structural disruption, the composite formu-
lation containing 5% HF, 10% H>SOs, and 1% surfactant
(Solution 2) achieved an overall effect comparable to that of
10% HF while reducing the HF concentration by half. There-
fore, Solution 2 can be considered the principal experimen-
tally evaluated formulation for further field-oriented assess-
ment at the studied deposits.

At the North Kharasan deposit, the colmatant is dominated
by ankerite, which accounts for 51% of the total mineral com-
position. The predominance of Fe-bearing carbonates indicates
that dissolution of carbonate phases is a key requirement for
effective treatment. The sulfuric acid component of Solution 2
can promote the decomposition of carbonate minerals, where-
as HF contributes to the dissolution of siliceous components:

Ca(Mg,Fe,Mn)(COs3); + 2H>SO4 — CaSO4 +
+ (Mg,Fe,Mn)SO,4 + 2CO»1 + 2H,O4HF + Si0; —

5 SiF4t + 2H:0. @)
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This combination is consistent with the mineralogical
composition of the North Kharasan colmatant and with the
structural destruction observed after treatment with Solution 2.

At the North Karamurun deposit, the colmatant has a
more complex multicomponent composition, including approx-
imately 29% carbonates, 51% phosphate phases, and 14%
quartz. This mineralogical heterogeneity requires a reagent
system capable of interacting with several mineral groups. The
combined HF-H,SO, formulation is therefore particularly rele-
vant: HF acts on siliceous and phosphate-bearing phases, while
sulfuric acid contributes to the dissolution of the carbonate
fraction. The interaction with dolomite can be represented as:

CaMg(COs3), + 2H2S04 —
— CaSO4 + MgSO4 + 2CO,T + 2H20. (5)

For this type of multicomponent colmatant, ammonium
bifluoride (NH4HF>) has also been proposed in the literature
as a possible alternative to HF because it can generate hydro-
fluoric acid in situ:

2NH4HF; + H,SO4 — (NH4)2SO4 + 4HF. (6)

However, NH4HF; was not experimentally investigated in
the present study, and its potential application should there-
fore be regarded as a literature-based option rather than as a
result established by the current experiments.

The Irkol deposit requires particular consideration be-
cause its colmatant contains approximately 45% carbonate
minerals, 18% gypsum, and 23% quartz. For the Irkol depos-
it, a combined approach is proposed that involves preventing
gypsum accumulation during routine ISL operations and
periodically removing accumulated carbonate-siliceous de-
posits. HEDP-based inhibition has previously been proposed
to limit gypsum precipitation, whereas the experimentally
investigated HF-H2SO4-surfactant formulation can be con-
sidered for the removal of existing deposits.

A specific limitation of HF-containing treatment in gyp-
sum-rich systems is the possible formation of insoluble cal-
cium fluoride:

CaS04-2H,0 + 2HF — Canl + H,SO4 + 2H,0. (7)

Formation of CaF, may lead to secondary colmatation
of the near-wellbore zone. Therefore, treatment of gypsum-
rich colmatants with HF-containing reagents should be
accompanied by sufficient pumping and subsequent flush-
ing to remove newly formed solid particles before resump-
tion of normal well operation. This consideration is particu-
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larly important for the Irkol deposit due to its relatively
high gypsum content.

The relationship between predominant colmatant
composition and the corresponding treatment approach is
summarized in Table 5. The proposed treatment scheme
combines the experimental results obtained in the present
study with previously published approaches for mineral

phases that were not independently tested here. In particu-
lar, the use of NH4F + Na,CO; for siliceous colmatants
and of NH4HF2-based formulations for mixed deposits
is derived from the literature [59], [66]. By contrast,
Solution 2 was experimentally evaluated for the
carbonate-, phosphate-, and gypsum-bearing colmatants
considered in this study.

Table 5. Recommended chemical treatment methods according to predominant colmatant type

Predominant type Key mineral(s) Recommended reagent Basis
Carbonate, Fe-bearing Ankerite 5% HF + 10% H2S04 + 1% surfactant This study
Carbonate, Mg-bearing Dolomite, magnesite 5% HF + 10% H2S04 + 1% surfactant This study
Phosphate-rich mixed AIPO4, CaHPO4, Fe2P207 5% HF + 10% H2S04 + 1% surfactant This study
Siliceous SiO2 NH.F + Na;CO3 (buffer) [59]
Gypsum, removal CaSO4-2H20 5% HF + 10% H2SO4 + pumping This study
Gypsum, preventive CaSO4 precipitate HEDP inhibitor [60]
Mixed multicomponent All types NH4HF? + H2SO4 + surfactant + pumping [66], this study

Overall, the results indicate that a deposit-specific deco-
lorization strategy should be based on the dominant mineral
phases rather than on a universal reagent formulation. The
XRD data identify the mineralogical controls on colmatant
composition, whereas the SEM observations provide direct
evidence of the structural response to chemical treatment.
Their combined application therefore provides a basis for
selecting and further validating decolmation treatments under
field conditions.

4. Conclusions

The combined XRD and SEM investigation demonstrated
that colmatants formed during uranium in situ leaching at the
North Kharasan, North Karamurun, and Irkol deposits have
markedly different mineralogical compositions. However,
carbonate phases constitute a major fraction in all three cas-
es. The total carbonate content reached approximately 57%
at North Kharasan, 29% at North Karamurun, and 45% at
Irkol. North Kharasan was characterized by ankerite-
dominated colmatants, North Karamurun by a mixed car-
bonate-phosphate assemblage, and Irkol by a carbonate-rich
composition with a significant gypsum component.

The SEM observations confirmed that both investigated
decolmation solutions substantially disrupted the initial col-
matant structure. Treatment with 10% HF generally produced
somewhat more intensive local destruction, particularly for
the North Karamurun sample, where the dimensions of resid-
ual fragments decreased to approximately 1.5-6.7 um. At the
same time, the composite solution containing 5% HF, 10%
H>SO4, and 1% surfactant produced a comparable overall
structural effect while reducing the HF concentration by half.

The results indicate that the efficiency of decolmatation
treatment should be evaluated in relation to the predominant
mineral phases that form the deposits. Fe-bearing carbonate
colmatants such as those at North Kharasan require effective
dissolution of carbonate phases. In contrast, the multicompo-
nent carbonate-phosphate-siliceous composition at North
Karamurun requires a reagent system capable of interacting
with several mineral groups. At Irkol, the simultaneous pres-
ence of carbonates and 18% gypsum requires particular at-
tention because HF-containing treatment may generate insol-
uble CaF,, creating a potential risk of secondary colmatation.
Adequate pumping and flushing should therefore accompany
such treatment under field conditions.
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The proposed treatment matrix provides a mineralogy-
based framework for selecting decolmation approaches.
The experimentally investigated composite HF-H,SOs-
surfactant formulation can be considered for further field
validation at the studied deposits, while NH4F-, NH4HF»-,
and HEDP-based approaches included in the treatment
strategy are derived from previously published studies and
require independent verification under the specific geo-
chemical conditions of the deposits.

Further research should focus on pilot-scale testing of the
composite decolmation solution under operational well con-
ditions, comparative evaluation of HF- and NH4HF,-based
formulations, and integration of experimentally determined
colmatant compositions into reactive transport models. Such
studies would make it possible to relate mineral precipitation
dynamics to well productivity decline and to refine deposit-
specific treatment protocols for uranium ISL operations.
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XRD-xapakrepuctuka Ta SEM-ouinoBanHus eQeKTUBHOCTI JeKOJIbMAaTAIil

XK. Ceitos, XK. Kenxeraes, 0. [Tlepmenes, A. IllamnikoBa, A. Mongarananosa, b. Tokrapynn

MeTta. BusHaunty MiHepaoriyHui CKiIaa KOJIbMATaHTIB, CHOPMOBAHUX Y TIPOLEC] MiZ3EMHOTO CBEPAJIOBUHHOTO BUIIYTOBYBAaHHS ypaHy
Ha poposuuiax IliBHiunuii Xapacan, IliBaiunuii Kapamypyn ta Ipkonas Cupnap’THCbKOT ypaHOBOPYAHOI MPOBIHI, 8 TaKOX OLHHUTH iX
CTPYKTYpPHY peakliiilo Ha XiMi4Hy JIeKoJIbMaTaliiiHy 00poOKy A oO0rpyHTYBaHHs An(epeHliHoBaHuX MiIXO0MIB 10 0OPOOKU CBEPIUIOBUH 3
ypaxyBaHHSIM O0COOJIMBOCTEH KOHKPETHOTO POJOBHIIIA.
MeToaunka. 3pa3Ku KOJIbMATaHTIB, BifiOpaHi 3 BHYTPIMIHIX IIOBEPXOHb BY3JIiB 3aHYPIOBAILHIX HACOCIB BUIOOYBHHUX CBEPUIOBHH, JJOC-
JJDKYBaJI MeTo#aMH peHTreHiBebkoi mudpakmii (XRD) Ta ckanyBanpHOI enekrponHoi Mikpockonii (SEM). KinskicHuil a3oBuii ckian
BH3Ha4Yamu 3a jomnomoroio muppakromerpa PANalytical X Pert MPD PRO. 3pa3ku 06po0isinn 1BoMa IeKoJIbMaTallifHIMKE pO3YHHAME:
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Posuunom 1, mo mictus 10% HF, ta Po3unnom 2, mo mictus 5% HF, 10% H2SO4 i 1% noBepxHeBo-aKTUBHOI pEeHOBHHU. 3a pe3yIbTaTaMy
SEM-pociipkeHs TOPIBHIOBAIM 3MiHH MOP(OIIOTii MOBEpXHi, (parMeHTAIII0 KPHCTATIYHAX YTBOPEHb, a TaKOXK (OpMyBaHHS KaBepH i
MOPOKHUH JI0 Ta MicIs XiMiYHOT 0OPOOKH.

Pe3zyabTaTn. BeranosneHo, 1o kapOoHaTHI MiHEpalId CTaHOBIATH 3HAYHY YacCTKy AOCHIMXEHHX KOJNbMATaHTIB: ONU3bKO 57% Ha pomo-
Bumi IliBHiuanit Xapacan, 29% — Ilisaiunuit Kapamypys i 45% — Ipxons. [t IliBHiuHOrO XapacaHy XapakTepHa IepeBara aHKepuTy, Uit
ITiBHiuHOTO KapamypyHy — 3mituanuii kapoonatHo-(ocdarHuii ckiaz i3 yactkoro Gocdarnux pas S51%, a st [pkoinro — KapOOHATHUI CKiIaz
31 3HaYHUM BMicToM Tincy (18%). O6uaBa nexonpMaraniiiai po34rHH 3a0€3MeU I ICTOTHE pYHHYBaHHS CTPYKTYypH KOJIbMaTaHTiB. Po3unH i3
10% HF 3aramom cripnauHsIB OLIBII iHTEHCHUBHE JIOKaJbHE PYHHYBaHHS, TOJI K KOMIIO3HI[IHHII pO34nH 3a0e311edyBaB MOPiBHIHHMI 3araib-
HUH CTPYKTYypHUH edeKT 3a 3MeHmeHHs1 konnenrtpanii HF yxBidi. [l KolbMaTaHTIB i3 BUCOKUM BMicToM rincy oopooka HF moxe cripusiti
yTBOpeHHI0 ocany CaFz, mo notpedye 3abe3nedeH s JOCTaTHBOTO 0OCSTY BiKadyBaHHS Ta IOJAJIBIIOTO IPOMUBAHHS CBEPIOBUHHU.

HayxoBa HoBu3Ha. KoMIUIekCHO MmoeaHaHO KijbKicHy XRD-XapakTepucTHKy KOJbMATaHTIB, COPMOBAHUX Y PEaJbHUX YMOBaX €KC-
ryaramii cBepaoBHH, i3 SEM-ouiHIOBaHHAM iX CTPYKTypHOI peakuii Ha ABa XiMiyHI JAeKoJbMaTaliiHI po3unHHU. BcraHoBIEHO B3ae-
MO3B’5130K MIXK Crieli(piuHIM [UTs1 KOXKHOTO POJOBHIIA MiHEPAJIOTIYHIM CKJIaJ0M KOJbMATAHTIB i BHOOPOM MiZXOMAy A0 iX AeKOoJbMartarii.

IpakTnuna 3nauumMictTb. OTpuMaHi pe3yabtatd GOPMYIOTh MiHEPAJIOTiYHO OOIPYHTOBaHY OCHOBY UIsi BHOOPY CIIOCOOIB eKONbMaTa-
niitHoi 06pOOKY CBEp/UTOBHH Ha POJOBHUINAX YPaHy, IO PO3POOIIOTECS METOIOM IiI3EMHOTO CBEPJIOBHHHOTO BHITyTOBYBaHH:. Kommosn-
niitamnit po3uns 5% HF + 10% H2SO4 + 1% moBepXHEBO-aKTHBHOI PEYOBHHH MOXKe OyTH PEKOMEHIOBAHWH JUI1 MOJANBINOI HEepeBipKU B
MPOMUCIIOBUX YMOBAaX, TOMI K JUIs CUCTEM i3 IMiJBHIICHUM BMICTOM TillCy HEOOXIJHO IMepeadadaTtd TOJATKOBI 3aX0U MO0 3armo0iraHHs
BTOPHHHIH KOJIbMaTallii, mos’si3aniii 3 yreopeHusm CakFa.

Kntouosi cnosa: niozemue c8eponoguHHe BUNY208Y8AHHA, 8UO0OYBAHHA YPAHY, KOIbMAMAYIA, KOIbMAMAHMU, MIHEPANOIYHUL CKIAO;
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