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ABSTRACT

The study aims to investigate uranium species in the sediments of the natural-technogenic system within a sludge

storage facility in Russia. The relevance of this work is underscored by the need to assess the geochemical mobility of

radionuclides, a critical factor for predicting their migration and environmental impact. The objective of the research was

to determine the uranium species in both peat and sedimentary rock samples of the sludge storage facility and the adjacent

area. Laboratory analyses included XRD, XRF analysis using synchrotron radiation, and scanning electron microscopy to

study the composition and properties of minerals. The uranium species were further identified using a modified Tessier

sequential extraction method. The results revealed that uranium predominantly occurs in a stable silicate-bound form (up to

80%) in sedimentary rocks, indicating minimal geochemical mobility. In contrast, in peat deposits, uranium is primarily

associated with manganese and iron oxides (30–60%) as well as organic matter (5–40%), with the most mobile forms

constituting less than 5%. The decrease in uranium concentration with distance from the facility was attributed to sorption

onto organic matter and co-precipitation with mineral compounds, manganese and iron oxides, which serve as effective

natural sorbents. The findings highlight the critical role of organic matter and metal oxides in limiting uranium migration,

thus identifying them as key components in the formation of natural barriers for radionuclides. These results are crucial for

assessing environmental risks associated with radioactive waste management and for developing strategies to minimize the
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ecological impact of sludge storages.
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1. Introduction

Radioactive waste storage facilities created by enter-

prises involved in the nuclear fuel cycle represent a distinct

class of geochemical anomalies [1]. The chemical forms in

which radionuclides can be released into the environment

are highly diverse and depend on the technological processes

employed during their synthesis [2]. Developing a scientif-

ically substantiated forecast regarding changes in radionu-

clide properties during their migration and redistribution

requires understanding and accounting for the specific lo-

cal conditions governing their interaction with the environ-

ment [2–6]. Notably, the forms in which radionuclides occur

determine their geochemical mobility, transport rate, biolog-

ical hazard, and potential impact on humans [4–8].

The physicochemical mechanisms governing the trans-

port of anthropogenic radionuclides remain insufficiently

studied, primarily due to methodological challenges and the

inherent complexity of identifying radionuclide forms in

aquatic systems, given their ultra-low concentrations [9–11].

Scientific interest in determining elemental forms has grown

steadily since the late 20th century. Foundational studies

have emphasized the necessity of examining the forms of

radionuclide occurrence [12–16]. A primary focus of such re-

search is to identify the forms of occurrence of heavy metals,

radionuclides, and major cations to elucidate the factors driv-

ing the formation of stable geochemical bonds, depending

on the hydrogeological and biogeochemical parameters of

the environment [7, 11–13, 17–30]. Studies also explore the mi-

gration patterns and forms of occurrence of metals, spatial

variations in the transport of strongly sorbent compounds [31],

and the distribution of elements among suspended, dissolved,

and precipitated fractions [5, 32–34].

Uranium contamination is of particular importance, as

uranium is classified as a long-lived radionuclide with sig-

nificant environmental and biological risks. Its geochemical

behavior depends primarily on its oxidation state, with hex-

avalent uranium being highly mobile and tetravalent uranium

tending to form stable precipitates [9, 30, 35, 36]. The mobility

of uranium is further influenced by environmental factors

such as pH, redox potential, organic matter, and the pres-

ence of metal oxides, which act as either sorbents or co-

precipitants [30, 37]. These factors are critical for defining

the environmental fate of uranium, particularly in natural-

technogenic systems impacted by radioactive waste storage

facilities. Understanding the mechanisms behind uranium

transport and immobilization is essential for mitigating its

environmental impact and ensuring the safety of ecosystems

and human health [37].

The geochemical mobility, migration rate, sedimenta-

tion dynamics, and biological hazard of toxic elements in

water are determined by their forms of occurrence, which, in

turn, are influenced by key environmental parameters: pH,

redox potential, salinity, and the chemical type of solutions,

as well as the total organic matter content. Questions con-

cerning the quantitative changes in aggregated states under in

situ-controlled parameters remain highly debated [30, 31, 35, 36].

The sources of radionuclides, along with the mecha-

nisms of their migration and deposition, play a central role in

defining their forms of occurrence in the environment [37, 38].

The intensity of anthropogenic radionuclide migration and

their impact on ecosystems and living organisms are pressing

scientific and practical issues [39, 40]. A detailed investigation

of the forms of occurrence of macronutrients, alongside ra-

dionuclides, is essential for understanding the mechanisms of

substance transport in aquatic systems. Such studies reveal

the key factors that govern radionuclide behavior, which are

necessary for developing migration models and long-term

forecasts of their behavior within a system.

The aim of this study is to determine the forms of ura-

nium occurrence in the underlying sediments of the natural-

technogenic system of the tailings storage facility at the

Novosibirsk Chemical Concentrates Plant (NCCP) and the

surrounding area. Specifically, the study focuses on identify-

ing the predominant forms of uranium, assessing their envi-

ronmental mobility, and understanding the mechanisms that

influence its distribution. These findings will contribute to

developing more accurate models of radionuclide migration
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and inform strategies for improving environmental safety at

radioactive waste storage facilities.

2. Materials and Methods

2.1. Object of Study

The object of this study is the low-level radioactive

waste (LLRW) tailings storage facility of NCCP and the ad-

jacent area affected by the enterprise’s operations (Figure 1).

The area designated for waste storage covers approximately

120 hectares. The tailings repository consists of two sec-

tions: one that has been decommissioned and mothballed,

and another that has been operational since 1964.

The repository serves as a long-term storage facility

for LLRW. The basin of the operational section is enclosed

by a permeable dam constructed from local soils contain-

ing uranium ore tailings. Slurry containing liquid LLRW is

transported via pipeline to the repository dump. Until the

mid-20th century, the enterprise processed ores for uranium

mineral extraction. Currently, however, the plant produces

uranium dioxide powder without ore processing. This techno-

logical shift has altered the composition of the waste; modern

waste is devoid of uranium decay products, accounting for

the absence of gamma activity in these deposits [41].

The following liquid waste disposal scheme is used at

the facility: acidic highly mineralized solutions are neutral-

ized with lime slurry (a solution of Ca(OH)2), followed by

the discharge of neutralized solutions into the dump. Sus-

pended particles precipitate, and a portion of the neutralized

solutions mix with groundwater, infiltrating the underlying

deposits through the bottom and walls of the sludge repos-

itory. In the process of the acidic tails’ neutralization, the

solution quickly becomes supersaturated with respect to cal-

cite, gypsum, dolomite, and barite. If the initial solutions

contain high concentrations of fluoride ion, then during neu-

tralization there is an active formation of fluorite (CaF2),

which in some cases can form the bulk of the waste [42]. Wa-

ter seeps not only through the bottom and walls of the sludge

repository, but also filters through the dam, leaving the sur-

face flow of the stream towards the river [43]. Apart from acid

anions, water can have an increased content of uranium and

heavy metals. The content of uranium in waters is influenced

by their redox potential; under the reducing conditions, ura-

nium changes to a four-valent form and precipitates from

solutions. The nitrate ion, acting as a strong oxidizer, raises

the redox potential (Eh) in waters to +300–+400 mV; ura-

nium is therefore in hexavalent form, which prevents its

precipitation on clays and organics [41].

Figure 1. Sampling scheme at the sludge storage site.

Host rocks at the site are represented by middle Qua-

ternary fluviolacustrine sediments and can be divided into

three layers. A 3–9 m thick layer of loam is located at the

bottom. The overlying layer is composed of intercalations

of yellowish-brown loam with sandy loam and fine-grained

sand. The layer at the top consists of loess-like yellowish-

brown loam with a thickness of 8–15 m. Along the stream, a

swampy floodplain has formed, underlain by peat deposits

with a thickness of up to 2 m. Amore detailed description of

stratigraphy and stratigraphic section is available in previous

studies [35, 42, 44].

2.2. Sample Collection andAnalytical Methods

During the summer season, sediment samples were

collected from the dump, peat deposits along the stream,

and rock deposits from a borehole located near the dump

(Figure 1). Peat samples were taken from pits at depths

of 0–0.6 m using disposable polyethylene bags. Rock sedi-

ments were obtained during borehole flushing. Each sample

weighed approximately 500 g. The collected samples were

air-dried, ground using a vibratory mill, and sieved. Quarter-

ing was performed to ensure representative subsampling for

all samples.

X-ray diffraction (XRD) was conducted on fractions

ground to a grain size of 1–2 mm. Samples were further
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pulverized in an agate mortar with alcohol and applied onto

glass slides. Samples were analyzed in triplicate. Analy-

ses were conducted in triplicate using a DRON-8 automated

powder diffractometer (Innovation Center “Burevestnik”,

Russia) with CuKα radiation and a Mythen 2R1D multichan-

nel detector. Diffraction patterns were scanned over a 2θ

range of 3°–65° with a step size of 0.1°, and the dwell time

at each point was 5 s. The primary beam slit width was

0.5 mm, and the samples were rotated at a speed of 1 rpm.

The relative error of peak intensity measurement was 5% for

mass fractions >10% and 10% for mass fractions <10%.

The bulk elemental composition of the sediments was

analyzed using X-ray fluorescence (XRF) with synchrotron

radiation and detection via an Si(Li) detector at the Siberian

Synchrotron and Terahertz Radiation Center (INP SB RAS).

For quality control, the IAEA/SOIL-7 standard (Laboratory

Seibersdorf, Vienna, Austria) was included with each batch

of digestion. Instrumental uncertainties were below 10%.

The composition, size, and quantitative distribution of

mineral phases were studied using a MIRA 3 LMU scan-

ning electron microscope (Tescan Ltd) equipped with an

INCA Energy 450 XMax 80 microanalysis system (Oxford

Instruments Ltd – NanoAnalysis Ltd). This system utilized

thermionic field emission. Imaging conditions included

secondary electron (SE) and backscattered electron (BSE)

modes, an accelerating voltage of 20 kV, a beam current of

1.6 nA, and an acquisition time of 10 s per analysis. Mi-

croinclusions in minerals smaller than 20 μm were identified

considering the composition of surrounding minerals. Detec-

tion limits for most elements ranged between 0.2–0.3 wt.%.

For trace elements, acquisition times were extended to 150 s

to improve detection limits.

2.3. Experimental Procedure

The experimental determination of uranium forms in

sediments was conducted using a modified selective fraction-

ation method based on the Tessier procedure [45].

The following sequential extraction procedure was em-

ployed:

1. Water soluble uranium: Extraction with distilled water

(H2O, V = 25 ml, T = 25°C, t = 1 h);

2. Exchangeable uranium: Extraction with 1M NH₄OAc

solution (pH 7, V = 25 ml, T = 25 °C, t = 1 h);

3. Uranium bound to carbonates Extraction with 1M

NH₄OAc buffered with HOAc (рН 5, V = 25 ml, T =

25 °C, t = 5 h);

4. Uranium bound to humic acids: Extraction with

0.01M NaOH solution (pH 11, V=25 ml, T = 25 °C, t

= 12 h);

5. Uranium bound to oxides: Extraction with 2M

NH₂OH·HCl in 25% HOAc (pH 2, V = 25 ml, T = 96

°C, t = 6 h);

6. Uranium bound to organic matter: Extraction with

30% H₂O₂ containing 0.02M HNO₃ (рН 2, V = 20 ml,

T = 85 °C, t = 24 h);

7. Residual uranium: Acid decomposition using a mix-

ture of HF-HNO₃-HClO₄-HCl.

At the end of each extraction step, the residue was

washed with 10 ml of distilled water and centrifuged at 4500

rpm. The initial sample weight for each experiment was 2 g.

The resulting solutions from each stage were trans-

ferred into 15 ml tubes for subsequent analysis of chemical

composition. Elemental determinations, excluding uranium,

were carried out using an inductively coupled plasma opti-

cal emission spectrometer (ICP-AES) Agilent 5100 (Agilent

Technologies, Australia). Uranium concentrations were ana-

lyzed using an inductively coupled plasmamass spectrometer

(ICP-MS) NexION 300D (PerkinElmer, USA). The relative

error of these methods did not exceed 3%.

3. Results and Discussion

3.1. Chemical Composition and Properties of

Sediments

The results of the chemical analysis of the sediments

are presented in Table 1. In the sediments of the dump,

uranium concentrations exceed background levels by three

orders of magnitude, reaching 200 g t−1. In the peat deposits

of the stream behind the dam, the uranium concentration

decreases sharply to 40 g t−1. However, further downstream

in the peat deposits of the swamp, uranium concentrations

increase significantly, reaching 730 g t−1.

Such variation can primarily be attributed to the high

content of organic matter in peat deposits: due to the substan-

tial inflow of water masses and reduced streamflow velocity,

the floodplain becomes increasingly waterlogged. Humic

acid, the primary component of peat organic matter, plays a

significant role in binding trace elements through chelation
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on its surface [46]. Additionally, under these conditions, the

number of microorganisms consuming nitrate ions increases,

thereby reducing and precipitating uranium [35, 36]. The high

organic matter content in peat deposits also promotes ura-

nium sorption processes, immobilizing it [44].

Table 1. Bulk elemental composition of sediments.

Elements
Peat Sediments Rock

Dump Stream Swamp Stream Fork Sediments

As

ppm

1968 992 3097 1144 29

Ba 934 633 1076 1050 561

Co 210 900 252 291 28

Cr 58 161 103 65 132

Cu 162 183 515 217 41

Li 81 237 248 54 111

Mo 259 55 395 417 1.2

Ni 327 350 521 615 77

Pb 219 42 714 247 27

Sr 267 4.7 168 209 262

U 206 42 730 79 0.5

V 80 235 158 86 181

W 223 216 305 78 2.3

Zn 263 697 437 313 114

Al

%

2.9 2.9 10.7 4.1 3.6

Ca 6.8 6.8 4.9 1.5 2.0

Fe 3.5 3.5 7.2 3.7 3.5

K 0.7 0.7 3.1 1.1 1.1

Mg 0.3 0.3 2.0 0.4 0.5

Mn 4.2 4.2 1.8 3.7 7.9

Na 0.9 0.9 1.2 0.7 0.6

P 0.2 0.2 0.2 0.2 0.2

Ti 0.1 0.1 0.5 0.2 0.2

S 0.4 0.4 0.2 0.4 0.2

The increased uranium concentration in peat deposits

highlights the role of reducing conditions in immobiliz-

ing uranium, favoring its stabilization in tetravalent forms.

These forms are significantly less mobile than their hexava-

lent counterparts, commonly found under oxidizing condi-

tions [30, 35, 36]. This geochemical behavior underscores the

critical influence of organic matter and associated microbial

activity in controlling uranium mobility and distribution.

In peat deposits collected from the stream fork, the

uranium concentration is 80 g t−1. With increasing distance

from the facility, the concentration decreases, reaching 5.5

g t−1 in pond sediments, which still exceeds background

levels — according to Taylor [47], the Clarke concentration

of uranium is 2.5 g t−1.

Despite the proximity to the contamination source, ura-

nium concentrations in rock sediments are 0.5 g t−1.

In addition to uranium, elevated levels were observed

for heavy metals, particularly arsenic and lead, as well as

lithium and zinc: their concentrations in samples from the

dump were 1970, 220, 81, and 263 g t−1, respectively, ex-

ceeding background levels by orders of magnitude — the

Clarke concentrations of arsenic are approximately 7 g t−1,

lead 10 g t−1, lithium 20 g t−1, and zinc 70 g t−1 [47]. The

high concentrations of these metals are linked to industrial

processes: metallic lithium and its compounds are produced

at NCCP; zinc is used in uranium ore processing; manganese

serves as a reducing agent in the technology; while arsenic

and lead are impurities associated with uranium mineral-

ization [43]. These elevated concentrations of heavy metals,

alongside uranium, suggest potential synergetic effects on

mobility and environmental risks.

X-ray diffraction analysis revealed a high organic mat-

ter content in the peat— over 50% of the total mass (Table 2).

Additionally, manganese and iron oxides (hausmannite and

hematite) were found at levels ranging from 5% to 20%. The

deposits also include calcite, micaceous minerals, and quartz.

Silicates, feldspars (including plagioclase), and amphiboles

are present in subordinate amounts.

In rock sediments, the mineral composition corre-

sponds to that of sands, sandy loams, and loams of the Qua-

ternary sediments: a significant amount of quartz was identi-

fied, with lesser amounts of plagioclase, potassium feldspar,

and mica. Amphibole and calcite were identified as minor

minerals.

3.2. Uranium Speciation in Sediments Based

on Selective Fractionation Experiments

The results of selective fractionation experiments re-

vealed that the majority of uranium in the sediments transi-

tions into poorly soluble forms (Figure 2).

In the rock sediments, nearly 80% of uranium is present

in its most stable form associated with silicates (residual ura-

nium), 15% is found in the oxidizable form (uranium bound

to organic matter), and 5% is associated with iron and man-

ganese oxides. X-ray diffraction analysis did not reveal any

discrete uranium mineral phases. Thus, all uranium in the

rock sediments is isomorphically incorporated into accessory

minerals.

In peat sediments, uranium is primarily characteristi-

cally associated with manganese and iron oxides. In the

stream fork and swamp deposits, 55% of uranium is bound

to iron and manganese, in the stream deposits — 45%, and

in the dump deposits — 35%. Approximately 40% of ura-
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Table 2. Mineralogical composition of sediments based on XRD analysis.

Sample Mineralogical Composition

Peat sediments

Dump
˃50% of X-ray amorphous phase (organic matter); 3–5% of calcite, hematite (Fe₂O₃),

hausmannite (Mn₃O₄), mica; 2–3% of quartz, chalcopyrite; 1% of plagioclase

Stream

20–25% of X-ray amorphous phase (organic matter); 20–25% of mica; 10–15% of

chlorite, chlorite/smectite, quartz; 2–3% of plagioclase, calcite, chalcopyrite; 1% of

amphibole and potassium feldspar

Swamp

˃50% of X-ray amorphous phase (organic matter); 10–15% hausmannite (Mn₃O₄);

10–15% of hematite (Fe₂O₃); 3–5% of mica, quartz, anhydrite; 2–3% of

chlorite/smectite, plagioclase; 1% of amphibole

Stream fork
˃50% of X-ray amorphous phase (organic matter); 10–15% hausmannite (Mn₃O₄);

3–5% of mica, chlorite/smectite, quartz; 2–3% of feldspars, amphibole

Rock

sediments

20–25% of quartz; 20–25% of chlorite/smectite; 10–15% of mica and chlorite; 3–5%

of plagioclase; 2–3% of potassium feldspar and calcite; 1% of amphibole

nium in the dump deposits is associated with organic matter,

20–25% in the stream and swamp deposits, and about 5% in

the stream fork deposits. This distribution can be attributed

to the binding properties of humic acids, which, as a signifi-

cant component of organic matter, retain uranium through

active functional groups [46]. Between 10% and 20% of ura-

nium in the peat is associated with the carbonate fraction,

and a similar proportion is bound to silicates. Only 5% of

uranium is observed in the water-soluble form. These find-

ings confirm that organic matter and metal oxides are critical

in limiting uranium mobility under reducing conditions. The

high proportion of uranium bound to oxides and organic

matter reflects its affinity for stable geochemical phases in

such environments, reducing the risk of migration. These

mechanisms highlight the importance of hydrogeochemical

conditions in designing effective containment strategies for

radionuclide storage systems [30, 37].

Analysis of the sediments using scanning electron mi-

croscopy (SEM) confirmed the presence of the following

minerals: a large amount of iron and manganese oxides,

barite, and apatite; to a lesser extent, quartz, plagioclase,

alkali feldspar, and pyrite (chalcopyrite occurs in minor

amounts), as well as chlorite and fluorite. Rutile is occa-

sionally observed (Figure 3a), which is associated with the

low migration capacity of titanium under exogenous condi-

tions, leading to its accumulation in waterlogged areas. In

one instance, a silver-selenium compound identified as nau-

mannite (Figure 3b) (a disilver selenide with iron impurities)

was detected, as well as phosphosilicate (Figure 4a).

Figure 2. Uranium speciation in sediments.

(a) (b)

Figure 3. SEM images: (a) feldspar grain (Fsp) with rutile (Rt);

(b) naumannite.

Uranium is found in significant quantities with metal
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oxides, more commonly with manganese than with iron.

XRD analysis of the peat revealed a high content of man-

ganese oxides (hausmannite) and iron oxides (hematite),

comprising 5–15% of the total mass (Table 2). No discrete

uranium mineral phases were detected. The formation of

uranium mineral phases associated with metal oxides was

confirmed using SEM (Figures 4b and 5a,b). Since man-

ganese concentrations in peat exceed those of iron (Table 1),

uranium is primarily associated with hausmannite (Figure

5a). Manganese oxides form fine-grained inclusions, appear-

ing as either individual fragments no larger than 10 µm or

as loose, larger clusters resembling concretions, with sizes

exceeding several hundred microns. The uranium content in

these minerals varies between 0.5 and 10 wt%. The strong

association of uranium with manganese oxides suggests that

manganese plays a more dominant role than iron in uranium

immobilization. This association aligns with previous stud-

ies indicating the high sorption capacity of manganese oxides

for radionuclides under reducing conditions [37].

In smaller amounts, uranium associated with iron was

detected in the sediment samples. Uranium phases were con-

centrated around the periphery of iron hydroxide grains, with

uranium content reaching a few percent by weight (Figure

6a). Additionally, in the stream fork peat sample, a mag-

netite grain was observed with a rim containing uranium at

a concentration of 0.4 wt% (Figure 6b). The cross-sectional

size of the grain is 60 µm, and its surface is fractured, but

organic relics can be traced.

In the swamp peat sample, plate-like crystals of uranyl

phosphate with a tetragonal structure were observed, which

were not found in other areas of the sludge storage facil-

ity. Similar mineral forms are described in Doynikova et

al. [48], where tetragonal calcium phosphorus silicate was

identified in the Dalmatovskoe deposit, Russia, with the

formula (U⁴⁺,Ca,Fe)[(Si,P)(O,OH)₄]. The size of individual

crystals ranges from 5 to 40 µm, with uranium concentrations

reaching 66 wt%.

All samples showed a high content of organic matter,

ranging from 20% to over 50%. More detailed examination

of the peat samples using EDSmapping for uranium revealed

high uranium concentrations (Figure 7a,b). Uranium was

evenly distributed over the surface of the peat particles, sug-

gesting sorption by the peat’s organic matter. The uranium

content varied from 7 to 38 wt%.

(a) (b)

Figure 4. SEM images of uranium mineral phases: (a) with phos-

phosilicate; (b) with manganese oxides.

(a) (b)

Figure 5. SEM images: (a) hausmannite containing uranium; (b)

hematite grain containing uranium.

(a) (b)

Figure 6. SEM images: (a) magnetite grain with uranium

(Mgt—magnetite); (b) coffinite.

4. Conclusions

The conducted study identified the main forms of ura-

nium occurrence in the sediments of the sludge storage fa-
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cility of Novosibirsk Chemical Concentrates Plant and the

adjacent areas. It was established that in rock sediments,

uranium predominantly exists in a stable residual form as-

sociated with silicates, whereas in peat deposits, up to 55%

of uranium is associated with iron and manganese oxides,

and up to 40% is bound to organic matter. The most mobile

forms of uranium (water-soluble and exchangeable) account

for less than 5% of the total content.

(a) (b)

Figure 7. SEM images: (a) peat particle with uranium; (b) EDS

mapping of the peat particle for uranium.

The results showed that uranium concentration signifi-

cantly decreases with distance from the tailings repository,

primarily due to sorption processes involving the organic

matter in peat deposits and co-precipitation with mineral

components. Manganese and iron oxides, as well as humic

acids, play a pivotal role in limiting uranium migration, as

confirmed by X-ray diffraction analysis and scanning mi-

croscopy data.

These findings highlight the necessity of considering

the specific features of the geochemical environment when

developing strategies for the environmentally safe manage-

ment of sludge storage facilities. Natural sorbents, such as

organic matter and metal oxides, can provide the foundation

for effective natural barriers to limit radionuclide migration.

These results are critical for assessing environmental risk

and planning measures to minimize the negative impact of

low-level radioactive waste on the environment.

Future research should account for various environ-

mental conditions, such as changes in redox potential, the

composition of surface and groundwater, including radionu-

clide migration forms, and the role of microbial processes

in radionuclide transformation. These factors will provide a

broader context for understanding radionuclide interactions

in diverse geochemical systems. Such studies will enhance

predictive models of radionuclide behavior, assess their po-

tential for bioremediation strategies, and inform waste man-

agement practices at specific facilities.
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