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Проведен комплекс физико-химических исследований твердых радиоактивных от-

ходов (РАО) приповерхностного хранилища конверсионного уранового производства. 

Установлено, что состав отходов представлен преимущественно соединениями кальция: 

гипсом, кальцитом и фторидом кальция. Уран содержится во всем объеме РАО. При этом 

по глубине залегания шлама он сконцентрирован неравномерно. Содержание урана в от-

ходах составляет 0,005-0,65 масс.%. При формировании твердой фазы отходов уран пре-

имущественно адсорбировался на поверхности основных компонентов шлама, часть его 

осаждалась в виде кальцийсодержащего уиксита Ca2(UO2)2(Si2O5)3·10H2O, уранофана-

альфа Ca(UO2)2(SiO3OH)2·5H2O и уранкалкарита Ca(UO2)3CO3(OH)6·3H2O. Изотопный со-

став урана, содержащегося в отходах хранилища, в пределах погрешности соответ-

ствует нормальному изотопному составу природного урана. Приповерхностное храни-

лище постоянно подвержено воздействию естественных природных факторов. Инфиль-

трация атмосферных осадков приводит к выщелачиванию из твердых РАО ряда компо-

нентов, в том числе и урана. При этом он переходит в раствор в виде [(UO2)2CO3(OH)3]
-, 

[UO2(CO3)2]
2-, [UO2(CO3)3]

4- и Ca2UO2(CO3)3. Последующая миграция урана с инфильтрую-

щимися водами способствует его распространению в пределах всего шламового поля, 

включая рекультивационный слой грунта и приповерхностный водоем. В отдельных 

областях хранилища содержание урана в рекультивационном слое грунта достигает 

0,043 масс.%. Концентрация урана в прудке составляет 17,97 мг/дм3. Химический со-

став вод прудка характеризуется высоким содержанием хлорид-ионов (1,29 г/дм3), 

кальция (630 мг/дм3), сульфат-ионов (224 мг/дм3), гидрокарбонатов (122 мг/дм3). Водоем 

связан с грунтовыми водами, что повышает угрозу выхода загрязняющих веществ за пре-

делы хранилища. 

Ключевые слова: приповерхностное хранилище, радиоактивные отходы, уран, изотопный со-

став, физико-химические характеристики 
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A complex of physicochemical studies of solid radioactive wastes (RW) of the near-surface 

storage facility from conversion uranium production was carried out. It has been established that 

the composition of the wastes is represented mainly by calcium compounds: gypsum, calcite, and 

calcium fluoride. Uranium is distributed throughout the entire volume of wastes. At the same time, 

uranium is unevenly concentrated along the depth of the sludge. The content of uranium in the 

wastes is 0.005-0.65 wt. %. Uranium was predominantly adsorbed on the surface of sludge by main 

components during the formation of the wastes solid phase. Uranium was partially precipitated in 

the form of calcium-containing weeksite Ca2(UO2)2(Si2O5)3·10H2O, uranophane-alpha 

Ca(UO2)2(SiO3OH)2·5H2O, and urankalcarite Ca(UO2)3CO3(OH)6·3H2O. The isotopic composition 

of uranium contained in the storage wastes corresponds, within the error, to the normal isotopic 

composition of natural uranium. Near-surface storage is constantly exposed to natural factors. 

Infiltration of atmospheric condensation leads to leaching of some components from solid RW. At 

the same time, uranium goes into solution in the form of [(UO2)2CO3(OH)3]
-, [UO2(CO3)2]

2-, 

[UO2(CO3)3]
4- and Ca2UO2(CO3)3. The subsequent migration of uranium with infiltrating water 

contributes to its distribution within the entire sludge field, including the reclamation soil layer and 

the near-surface pond. In some areas of the storage facility, the uranium content in the reclamation 

soil layer reaches 0.043 wt.%. The concentration of uranium in the pond was 17.97 mg L-1. The chem-

ical composition of the pond water was characterized by a high content of chloride-ions (1.29 g L-1), 

calcium (630 mg L-1), sulfate-ions (224 mg L-1), hydrocarbonates (122 mg L-1). The pond is con-

nected to groundwater, which increases the risk of pollutants escaping beyond the storage facility. 

Key words: near-surface storage facility, radioactive wastes, uranium, isotopic composition, physico-

chemical characteristics 

 

INTRODUCTION 

The Chepetsky Mechanical Plant SC - ChMP 

SC (Glazov, Udmurt Republic) is currently one of the 

largest in the world and the only Russian manufacturer 

of zirconium, hafnium, calcium products and low-tem-

perature superconducting materials. The enterprise oc-

cupies a leading position in the production of niobium, 

titanium, and its alloys. However, the current environ-

mental problems of the plant are associated with ura-

nium manufacturing, which was organized at the enter-

prise in 1946 as part of the USSR Atomic Project and 

stopped in 2016 due to the decision to concentrate the 

entire sublimate cycle at the site of SСhC SC (Seversk, 

Tomsk region). 

Uranium production was removed, but the nu-

clear legacy remained. This legacy is a classic triad for 

nuclear industry enterprises, which were created in the 

1940s - 1950s: 

1) non-decommissioned buildings, technolog-

ical sites and installations that were used for production 

of nuclear reactors fuel and other materials for defense 

purposes; 

2) areas of radiation contamination remaining 

on the territories of technological sites; 

3) significant volumes of radioactive wastes 

(RW) with high specific activity, accumulated in near-

surface storages. 

At the stage of organizing the uranium produc-

tion, priority was given to the main goal – the creation 
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of a nuclear bomb. Therefore, the solution of many en-

vironmental problems was relegated to the back-

ground. Currently, a lot of work is required to reduce 

the anthropogenic impact of the enterprise on the envi-

ronment. And the most important task for ChMP SC is 

the conditioning of radioactive wastes located in the 

near-surface storage facilities of the plant. 

The near-surface storage facility N 1 was built 

on the territory of ChMP SC in 1951 to dump solid ra-

dioactive wastes, and the near-surface facility N 2 was 

constructed in 1965. The latter is currently operational 

and is used to store wastes from other production of the 

enterprise. At the present time, the focus is on near-

surface storage N 1, which was decommissioned in 

1980. This storage received wastes from uranium, cal-

cium, and zirconium productions. Therefore, the com-

position of wastes during the formation of its solid 

phase in the storage was heterogeneous. About 2 mil-

lion tons of radioactive wastes have been accumulated 

in near-surface storage N 1 over the years of exploita-

tion. This object is located on the left bank of the 

Cheptsa river near its bed. This river is a water artery 

for many settlements. Thus, the near-surface storage N 1 

is a source of increased danger to the river ecosystem, 

as well as households and the health of the inhabitants 

of the Udmurt Republic. Currently, whole complexes 

of engineering solutions are used to prevent the ingress 

of harmful substances into the environment: the stor-

age facility is surrounded by a system of fortifications, 

drainages, observation wells. However, an analysis of 

world experience has shown that such measures are of-

ten not enough. Near-surface storage facilities are ex-

posed to natural factors, which leads to sludge weath-

ering and leaching of various elements from RW [1-12]. 

The natural degradation of engineered barriers de-

signed to contain radioactive particles can lead to their 

release beyond the perimeter of storage through infil-

tration into groundwater. The risk of these processes 

increases with the extension of the wastes storage pe-

riod [10-15]. The consequences of radioactive isotopes 

release outside the storage are difficult to compensate, 

since the purification and regeneration of soils and wa-

ter ponds from radionuclides requires the involvement 

of significant financial and labor resources [16]. Obvi-

ously, the damage to the health and well-being of citi-

zens cannot be compensated at all. Therefore, the con-

ditioning of radioactive wastes located in the near-sur-

face storage facility N 1 of ChMP SC is an important 

environmental task today. In addition, the demand for 

nuclear power and for uranium increases every year. 

Rich deposits are gradually depleted, and there is a 

shortage of uranium, which is replenished only at the 

expense of stockpiles [17]. Therefore, radioactive 

wastes are a promising technogenic source of uranium 

for the needs of the nuclear industry. 

It is first necessary to carry out a complex of 

physicochemical studies of RW accumulated in the 

near-surface storage N 1 of ChMP SC to specify the 

approaches to their conditioning and to assess the pos-

sibility of uranium extracting from sludge for further 

use in the nuclear fuel cycle. The purpose of this work 

is to determine the composition of radioactive wastes, 

to establish the forms of uranium in RW and the mech-

anisms of uranium precipitation during the formation 

of the solid phase, the zones of its concentration and 

migration activity during the wastes storage. 

EXPERIMENTAL 

Near-surface storage N 1 of ChMP SC consists 

of three sites separated from each other by dividing 

dams and protected by an external dike. Sampling was 

carried out from all three sites over the entire depth of 

the wastes (up to 7 m). The sludge samples were dried 

at 60 °C and dispersed in a ceramic mortar for further 

physicochemical studies. 

The method of X-ray diffraction (XRD) analy-

sis was used to establish the phase composition of solid 

radioactive wastes. XRD patterns of the samples were 

recorded using a STOE STADI P diffractometer 

(STOE, Germany). Qualitative analysis of XRD pat-

terns was carried out using the ICDD PDF-2 Release 

2016 X-ray powder diffraction database. Quantitative 

analysis was performed using the Rietveld method. 

Chemical composition of radioactive wastes 

was determined by the method of wave X-ray fluores-

cence (XRF) analysis using an ARL ADVANT'X 

4200W spectrometer (Thermo Scientific, Switzer-

land). The morphological characteristics of the surface 

of the RW samples were analyzed using scanning elec-

tron microscopy (SEM). The determination of the 

sludge composition was carried out using the electron 

probe microanalysis (EPMA). The samples were stud-

ied by SEM and EPMA using a two-beam electron-ion 

scanning microscope Auriga CrossBeam (Carl Zeiss, 

Germany) with an attachment for spectral X-ray micro-

analysis Oxford X-Max 80 (Oxford Instruments, UK). 

A NexION 350X inductively coupled plasma 

mass spectrometer (Perkin Elmer, USA) was used for 

quantitative elemental analysis of the samples and to 

establish the chemical composition of waters from the 

near-surface storage. The content of fluoride, nitrate, 

and chloride-ions in solutions was determined by the 

potentiometric method using appropriate ion-selective 

electrodes. Concentrations of bicarbonate and car-

bonate-ions were determined by titration with 0.1 n so-

lution of HCl in the presence of methyl-orange and 
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phenolphthalein indicators. Determination of sulfate-

ions was carried out by atomic emission spectrometry 

with inductively coupled plasma (ICP-AES) on an Op-

tima 2100 DV (PerkinElmer, USA). The solutions 

were analyzed for sulfur content by ICP-AES method 

and then the obtained values were recalculated to sul-

fate-ion. 

The VERTEX 70 (Bruker, Germany) instru-

ment was used for infrared (IR) spectroscopic studies. 

IR-spectra were processed using Opus Version 6.5 soft-

ware. Sludge samples were pressed into tablets with po-

tassium bromide. The measurements of solid-phase spec-

imens were carried out in the range of 400-4000 cm-1. 

The procedure for analyzing the isotopic com-

position of uranium included preliminary radiochemi-

cal preparation of samples (leaching of uranium from 

the sludge, sorption purification, electrodeposition on 

stainless-steel disk) and measurement using a Multirad-

AS alpha spectrometer (STC “Amplitude”, Russia). 

Leaching of uranium from solid radioactive 

wastes with distilled water was carried out in a labora-

tory reactor with stirring at temperature of 20-22 °C 

during 1 h. The weight of the sludge specimen for leach-

ing was 50 g, and the volume of water was 0.25 L. 

RESULTS AND DISCUSSION 

Near-surface storage N 1 of ChMP SC consists 

of 3 sites separated from each other by dividing dams. 

Site N 1 was used from 1951 to 1966 for the disposal 

of uranium production wastes, which was dumped into 

the center of the site, where a non-drying pond is cur-

rently located. Site N 2 was used from 1952 to 1980 for 

the discharge by hydrotransport of solutions and sludge 

from uranium, zirconium, and calcium production of 

ChMP SC. At the same time, zirconium and calcium 

manufacturing wastes were dumped separately. That is 

why site N 2 consists of two zones: zone 1 was used to 

dump of zirconium production wastes, and the zone 

2 was used for calcium production wastes storage. Site 

3 was operated from 1952 to 1975 to dump various hy-

drate sludges and dry wastes. The conservation of near-

surface storage facility N 1 was carried out at the end 

of the exploitation life. The conservation procedure in-

cluded dehydration of the accumulated wastes, fol-

lowed by covering the territory with two layers of soil 

with a total thickness of 0.65 m. In the early 2000s, the 

thickness of the reclamation layer was increased by 

backfilling with soil mined using a dredger in the water 

area of the Cheptsa River to strengthen the isolation of 

radioactive wastes from environment. 

According to research results, the thickness of 

the soil reclamation layer of the near-surface storage is 

3-4 m. This layer mainly consists of quartz (more than 

60 wt. %). The phase composition also includes aluno-

gen, anorthite, albite, gismondine, muscovite, calcite, 

and gypsum. In addition, an increased content of Fe (2-

6 wt. %) and Ti (0.3-0.6 wt. %) indicates the presence 

of titanium- and iron-bearing minerals in the reclama-

tion layer. Also, uranium (0.001-0.045 wt. %) was 

identified in the composition of this soil layer. 
Solid radioactive wastes are located below the 

reclamation layer of soil. The composition of RW is 
characterized by a high degree of heterogeneity both in 
terms of locations and depth of occurrence. On the ter-
ritory of site 1, the predominant phase of the wastes lo-
cated below the reclamation soil layer is CaSO4·2H2O. 
Gypsum content in the sludge was 64-87 wt. % de-
pending on the depth of occurrence. In addition, the 
RW contain 9-16 wt. % of calcite. The presence of cal-
cite is due to the chemical composition of wastewater 
from uranium production and the method of their pro-
cessing. Industrial effluents were characterized by a 
high content of sulfate-ions because of specific of the 
technological schemes used at ChMP SC for pro-
cessing of uranium ores and concentrates. Wastewater 
was treated with lime milk containing up to 50% cal-
cite before its discharging into the near-surface stor-
age. Therefore, gypsum and calcium carbonate are the 
basis of the solid phase of uranium production wastes. 
According to results, the sludge also contains 2-13 wt. % 
of quartz. The content of uranium in the wastes of map 1 
is 0.01-0.08 wt. %. At the same time, the high content of 
calcite and silicon in waste pulps led to the formation of 
calcium-containing weeksite Ca2(UO2)2(Si2O5)3∙10H2O 
in several zones of the sludge storage facility [18]. 

Uranium production wastes located in the 
near-surface storage are characterized by an increased 
content of Mn (1.39-3.82 wt. %) and F (0.98-6.36 wt. %). 
Several refining operations, including fluoride refin-
ing, were used at the ChMP SC to obtain nuclear-grade 
uranium. Fluoride refining wastes cause high fluorine 
content in the sludges. The appearance of Mn in sludge 
is explained using pyrolusite for uranium oxidation at 
the stage of leaching and indicates the presence of res-
idues of the uranium ores leaching of in wastes. Mineral 
composition of ores supplied for processing also causes 
the appearance of Fe (1-4 wt. %), K (0.2-1.0 wt. %), As 
(0.1-0.3 wt. %), P (0, 1-0.2 wt. %), Pb (0.1-0.24 wt. %) 
in the waste sludge. 

According to results of SEM and EPMA (Fig. 1a, 

Table 1), individual particles containing a large amount 

of Ba (10-50 wt. %) were found in the wastes from ura-

nium production. There are As (0.7-1.1 wt. %), Pb 

(0.5 wt. %), U (0.14-0.26 wt. %) and Fe (0.9-19 wt. %) 

in the composition of these particles. Analysis of radi-

oactive wastes samples using the energy dispersive 

spectrometry (EDS) method showed that As, Fe, Pb, U 
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are distributed over the entire surface of the sludge. In 

barium-containing wastes, Ba is concentrated only in 

the form of individual particles of barium sulfate, 

which was used to separate radium during the pro-

cessing of uranium ores. 

 

 
a 

 
b 

 
c 

Fig. 1. SEM images of particles and points of analysis by the 

EPMA method: a – uranium production wastes; b – zirconium 

production wastes; c - wastes of calcium production  

Рис. 1. СЭМ-изображения частиц и точки анализа шлама ме-

тодом РСМА: а – отходы уранового производства; b – отходы 

циркониевого производства; c – отходы кальциевого произ-

водства 

 

Table 1 

Results of analysis of sludge particles by SEM with 

EPMA (wt.%) 

Таблица 1. Результаты анализа частиц шлама мето-

дом СЭМ с РСМА  

Element 
Spectrum of the point 

1 2 3 4 5 6 

O 20 53 27 30 58 65 

F - - 37 9.9 - - 

Mg 0.3 1.2 1.4 0.3 5.8 11 

Al 0.7 2.7 0.6 - 0.8 1.5 

Si 3.7 4.2 3.8 0.5 2.2 4.6 

P - 0.5 - - 0.1 0.2 

S 14 6.5 - - 0.3 0.3 

Cl - - - - 0.2 0.1 

K - 0.5 - - - - 

Ca 1.8 5.7 15 2.2 32 15 

Ti - - 0.2 - - - 

Zr - - 0.7 56 - - 

Mn - 6.3 0.1 - - 0.2 

Fe 0.5 7.1 0.7 - 0.7 1.5 

Ni - - - - 0.2 0.3 

Cu 0.6 0.3 0.4 - 0.1 0.3 

Nb - - 7.1 - - - 

Mo - - 1.3 - - - 

As - 1.0 - - - - 

Ba 58 11 - - - - 

Pb - 0.5 - - - - 

U 0.3 - 4.8 1.1 - - 

 

There is a layer of wastes from zirconium pro-

duction at a depth of 4-5 m in zone 1 of site 2. The main 

phases of these wastes are calcite (about 60 wt. %) and 

calcium fluoride (more than 23 wt. %). As a results of 

chemical analysis, Zr was detected throughout the en-

tire sampling depth of zone 1, while its maximum con-

tent (1.27 wt. %) was detected precisely in the sludge 

layer at a depth of 4-5 m. The presence of Mo (0.4 wt. %), 

Nb (0.1 wt. %) and Hf (0.01 wt. %) in this layer of 

sludge is associated with technological wastes gener-

ated during the zirconium production. According to 

SEM and EPMA (Fig. 1b, Table 1) there are separate 

large particles 10-20 μm in size, containing about  

50 wt. % Zr and 0.1-1.0 wt. % U. In addition, a signif-

icant number of points were found on the surface of the 

sludge, where the zirconium content was 0.1-3.0 wt. %. 

It was established that Nb is concentrated on the sur-

face of calcium fluoride, Mo, Zr, Cu, Mn, Fe, and a 

large amount of uranium (up to 4.8 wt. %) were found 

together with it. Points with a high content of Pb (6-

29 wt. %), as well as points with a large percentage of 

Ba (9-36 wt. %), were found during analysis of individ-

ual sludge particles. In the detected particles, Ba is found 

together with U (0.3-0.6 wt. %) and Zr (1.2-3.0 wt. %). 

The source of U, Mn, and Pb in the sludge of zone 1 
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(site 2) is wastes from uranium production (residues 

after uranium leaching from ores). The content of ura-

nium in this layer according to the results of chemical 

analysis is 0.44-0.65 wt. %. Uranium in the sludge is 

concentrated together with Zr, Mn, Pb in the form of in-

dividual particles, its content varies from 0.1 to 5.0 wt. %. 

Analysis of wastes samples by EDS method showed 

that Zr, Mo, Pb and significant amounts of uranium are 

distributed over the entire surface of the sludge. 

Uranium production wastes are located below 

the layer of zirconium manufacturing wastes at a depth 

of 5-7 m. Gypsum (58-86 wt. %) is the predominant 

phase of these wastes. Sludge also contains calcite (5-

12 wt. %) and quartz (6-23 wt. %). The content of ura-

nium is 0.08-0.2 wt. %, and it is partially present in 

the form of Ca2(UO2)2(Si2O5)3∙10H2O in several 

waste layers. 

The layer of wastes from the calcium produc-

tion of ChMP SC, consisting of calcite (more than  

83 wt. %) and quartz (5-16 wt. %), and characterized by 

an increased content of Mg (8.71 wt. %), Cu (0.33 wt. %) 

and Ni (0.35 wt. %) is located at a depth of 3-4 m in 

zone 2 of site 2. Individual particles containing these 

elements (Fig. 1c, Table 1) were identified by SEM and 

EPMA. According to the EDS results, magnesium, 

nickel, copper, and uranium are distributed over the en-

tire surface of the sludge. The content of uranium in 

this layer of wastes is 0.005-0.014 wt. %. At the same 

time, in a number of areas of this facility zone, uranium 

is partially present in the form of uranophane-alpha 

Ca(UO2)2(SiO3OH)2∙5H2O. This uranium mineral was 

part of the ore material processed at the enterprise. Ac-

cording to the technological scheme, cakes after ura-

nium leaching from ores after washing were sent to a 

near-surface storage, and the identified uranophane-al-

pha may be part of the unleached uranium minerals. 

However, more probably, occurrence of this phase in 

the sludge is caused by formation of the compound 

from aqueous solutions supersaturated with calcite in 

the presence of silicon during the formation of a solid 

wastes phase [18]. Uranium production wastes are lo-

cated at a depth of more than 4 m. They mainly consist 

of gypsum (80-88 wt. %). Calcite (3-7 wt. %) and 

quartz (2.7-7 wt. %) are also present in the sludge. The 

content of uranium in these wastes is 0.02-0.055 wt. %, 

the element partially present in the form of 

Ca2(UO2)2(Si2O5)3∙10H2O. 

Sludges from zirconium and calcium produc-

tions were sent to a near-surface storage facility to pre-

vent dust formation of uranium-containing wastes and 

reduce their specific activity. 

Below the reclamation soil layer of site 3 (at a 

depth of more than 4 m) there are wastes consist mainly 

of calcite (62-76 wt. %) and are characterized by an 

increased content of Mg (6.6-10.2 wt. %), Ni (0.19-

0.26 wt. %), Cu (0.23-0.88 wt. %) and Cl (more than 

0.5 wt. %). This sludge also contains quartz (6- 

21 wt. %), gypsum (up to 1.5 wt. %), hilsherite and 

thaumasite (up to 27 wt. %). Uranophane-alpha 

Ca(UO2)2(SiO3OH)2∙5H2O and urankalcarite 

Ca(UO2)3CO3(OH)6∙3H2O were found in a number of 

wastes layers in this site of the sludge field. These min-

erals can be part of the uranium leaching cake, which 

was dumped into a near-surface storage facility. How-

ever, both uranophane-alpha and urancalcarite can pre-

cipitate from aqueous solutions supersaturated with 

calcite; therefore, considering the composition of radi-

oactive wastes, the occurrence of these compounds 

during the formation of the solid phase of wastes is not 

excluded [18, 19]. As in the case of site 2, calcium pro-

duction wastes were sent to this area of the storage fa-

cility to prevent dust formation of uranium sludge and 

reduce the radioactive background. The content of ura-

nium in wastes is about 0.011 wt. %. 

As a results of IR-spectroscopy, the main com-

ponents of solid radioactive wastes were reliably iden-

tified. The IR-spectra of uranium production wastes 

(Fig. 2) contain characteristic for CaSO4·2H2O adsorp-

tion bands, associated with vibrations of water mole-

cules and sulfate-ion: 3547 and 3492 cm-1 (νas, H2O), 

3404 and 3242 cm-1 (νs, H2O), 1686 and 1622 cm-1 (s, 

H2O), 1115 cm-1 (νas, SO4
2-), 668 and 602 cm-1 (as, 

SO4
2-) [20, 21]. The presence of calcite in the compo-

sition of solid radioactive wastes causes the occurrence 

in the IR-spectra of bands belonging to the vibrations of 

the carbonate-ion: 2515 cm-1 (2s + as, CO3
2-), 1798 cm-1 

(νs + as, CO3
2-), 1434 cm-1 (νas, CO3

2-), 874 cm-1 (s, 

CO3
2-), 712 cm-1 (as, CO3

2-) [21, 22]. The IR-spectra 

of the wastes also have absorption bands characteristic 

of silicon dioxide: 1023 cm-1 (νas, Si–O–Si), 798 and 

779 cm-1 (νs, Si–O–Si), 520 and 468 cm-1 (, Si–O–Si) 

[23-25]. The absorption bands associated with vibra-

tions of various bonds in uranium minerals are in the 

same wave intervals as the bands characteristic of cal-

cite, quartz, and gypsum; therefore, they cannot be ac-

curately determined by this method. At the same time, 

in the IR-spectra of wastes containing uranophane-al-

pha, there are bands characteristic of this mineral at 

446 and 587 cm-1, which are associated with defor-

mation vibrations of Si-O-Si [26, 27].  

As a results of XRD, uranium compounds 

were found only in a number of zones of the near-sur-

face storage. However, according to chemical analysis 

and EPMA, uranium is contained in the entire volume 

of wastes located below the reclamation soil layer. At 

the same time, uranium is unevenly concentrated along 
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the depth of the sludge, its content in the waste layers 

ranges from 0.005 to 0.65 wt. %. Uranium sedimented 

mainly because of co-precipitation with the main com-

ponents of the sludge during the processing of the 

wastewater with lime milk without the formation of its 

own mineral phases. Uranium is able both to be ad-

sorbed on the surface of calcite and gypsum and to be 

introduced into their structure at the stage of precipita-

tion. In this case, the main process of the uranium tran-

sition to the solid phase is adsorption [28-32]. 

 

 
Fig. 2. IR-spectra of different types of wastes: 1 – wastes of cal-

cium production (containing uranophane-alpha); 2 – wastes of zir-

conium production; 3 – wastes of uranium production 

Рис. 2. ИК-спектры различных типов отходов: 1 – отходы 

кальциевого производства (содержащие уранофан-альфа);  

2 – отходы циркониевого производства; 3 – отходы уранового 

производства 

 

Near-surface storage is constantly exposed by 

natural factors. Infiltration of atmospheric condensa-

tion leads to leaching of uranium and other elements 

from solid radioactive wastes. The subsequent migra-

tion of uranium with infiltrating waters contributes to 

its distribution within the entire sludge field, including 

the reclamation soil layer. Uranium is adsorbed from 

soil water by components of the surface layer of the 

soil (quartz, zeolites, feldspars) and by compounds of 

solid radioactive wastes (calcite, gypsum, calcium flu-

oride). The degree of absorption is determined by the 

nature of the adsorbent and the form of uranium, which 

depends on the chemical composition and acidity of 

waters [31-38]. Results of investigation of uranium 

leaching with water from various wastes of storage fa-

cility showed that this element is actively extracted into 

solution even without the use of acidic or alkaline rea-

gents. In this case, the concentration of uranium in the 

water phase rises with an increase in its content in the 

sludge (Table 2). Pregnant solutions obtained during 

uranium leaching from gypsum-containing wastes are 

characterized by a high content of sulfate-ions and cal-

cium. In the case of wastes from zirconium and cal-

cium production contained calcite as main phase, the 

concentration of bicarbonates in solutions is higher 

(Table 3). The pH value of the solutions after leaching 

is in the range 7-8 (Table 2). Uranium is present in 

pregnant solutions at such conditions in the form of 

[(UO2)2CO3(OH)3]-, [UO2(CO3)2]2-, [UO2(CO3)3]4- and 

Ca2UO2(CO3)3 [30, 33, 39]. The presence of the latter 

form enhances uranium migration because of limiting 

the U adsorption by any components of the reclamation 

layer of soil and radioactive wastes [39]. 

 
Table 2 

Parameters of solutions obtained after uranium leach-

ing with water from solid radioactive wastes 

Таблица 2. Параметры растворов, полученных в 

ходе выщелачивания урана водой из твердых РАО 

Initial content of U 

in RW, wt. % 

Parameters of solutions after leaching 

Concentration of U, mg L-1 pH 

0.014 0.07 7.95 

0.017 0.12 7.12 

0.055 1.01 7.18 

0.175 6.0 7.19 

0.435 9.4 7.67 

 

Table 3 

Chemical composition of solutions obtained during the 

leaching of uranium with water from wastes of uranium 

(U), zirconium (Zr) and calcium (Ca) production, mg L-1 

Таблица 3. Химический состав растворов, получен-

ных в ходе выщелачивания урана водой из отходов 

уранового (U), циркониевого (Zr) и кальциевого 

(Ca) производств, мг/дм3 

Component 
Type of wastes 

U Zr Ca 

Ca 503.3 44.5 29.9 

Mg 76.8 48.5 60.2 

Na 8.8 11.0 9.8 

Al 0.72 0.73 0.71 

Fe 10.7 6.2 5.8 

Mn 0.15 0.11 0.11 

Mo 9.1 17.1 0.10 

U 6.0 9.4 0.07 

HCO3
- 122 229 366 

SO4
2- 3089 252 104 

NO3
- 7.7 26.2 1.3 

Cl- 17 28 22 

F- 4.7 11.1 3.1 

 

The most active migration of uranium within 

volume of sludge due to infiltration of groundwater and 

atmospheric condensation was observed during near-

surface storage exploitation period, when new portions 

of uranium wastes entered the sludge field every day. 

However, currently uranium is being redistributed be-

tween different layers of radioactive wastes and near-

surface soil. Of particular concern is the migratory ac-

tivity of uranium in the territory of site 1 of the near-
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surface storage. There is a pond in the center of site 1 

fed by groundwater. This led to watering of wastes 

within the boundaries of this site and, as a result, to an 

increase in uranium migration. The concentration of 

uranium in soil water is 3-4 mg L-1, in a pond water - 

17.97 mg L-1. The uranium content reaches 0.045 wt. % 

in the upper part of the reclamation soil layer of site 1. 

Chemical composition of soil water and pond water is 

characterized by a high content of calcium, sulfate-

ions, and hydrocarbonates (Table 4). The pH value of 

soil water and pond water is 6.75 and 7.73, respec-

tively. Thus, uranium is found in investigated waters 

mainly in the form of the above-mentioned carbonate 

complexes, it is adsorbed to a limited extent by the 

components of the soil and radioactive wastes and, as 

a result, accumulates in the pond. 

An important criterion for evaluation the pos-

sibility to use of uranium contained in the RW of near-

surface storage N 1 in the nuclear fuel cycle is its iso-

topic composition. According to the research results, 

the activity of uranium in RW is mainly caused by U-

238 (0.045-0.064 Bq) and U-234 (0.043-0.066 Bq). In 

this case, the specific activities of these isotopes in the 

wastes samples are equal, within the error. Therefore, 

the isotopic composition of uranium contained in the 

solid RW of the near-surface storage N 1 corresponds 

to natural uranium [39]. 

 
Table 4 

Chemical compounds of pond water and groundwater 

of site 1 of near-surface facility N 1, mg L-1 

Таблица 4. Химический состав вод прудка и почвен-

ных вод шламового поля карты 1 хранилища, 

мг/дм3 

Component Pond water Groundwater 

Ca 629.8 646.7 

Mg 34.9 92.0 

Na 115.1 29.6 

Al 0.66 2.1 

Fe 7.87 13.4 

Mn 1.03 31.8 

Mo 0.94 1.7 

U 17.97 3.36 

HCO3
- 122 381 

SO4
2- 224 388 

NO3
- 7.7 98.4 

Cl- 1287 29 

F- 2.6 3.1 

 

CONCLUTIONS 

Zones of location in the near-surface storage 

N 1 of ChMP SC of wastes from uranium, calcium and 

zirconium production were established in this work. 

The gypsum is predominant phase of the uranium man-

ufacturing wastes. Calcite is identified as base phase of 

calcium production wastes. For zirconium production 

wastes main phases are calcite and calcium fluoride. 

Solid radioactive wastes of storage contain 

0.005-0.65 wt. % of uranium and it is distributed in the 

entire volume of wastes. At the same time, uranium is 

unevenly concentrated along the depth of the sludge. 

During the treatment of wastes effluents with lime 

milk, uranium passed into the solid phase mainly be-

cause of adsorption on the calcite and gypsum surface. 

In a few layers of solid radioactive wastes, uranium is 

present not only in connection with the components of 

the sludge, but also in the form of separate phases: cal-

cium-containing weeksite, uranophane-alpha, and 

urancalcarite. These compounds were occured during 

the formation of the solid phase of the wastes during 

the treatment by lime milk. 

The high migration activity of uranium deter-

mines its presence in the pond located in the center of 

site 1, as well as in the near-surface part of the recla-

mation soil layer, that increases the risk of radioactive 

substances leaving the storage facility. This is possible 

due to wind entrainment of solid particles from the sur-

face of the sludge storage and water droplets from the 

surface of the pond, in case of extreme natural phenom-

ena, as well as due to the migration of radionuclides 

into groundwater. Thus, the conditioning of radioactive 

waste placed in the near-surface storage facility N 1 of 

ChMP SC is an important environmental task today. 

The isotopic composition of uranium contained in the 

solid radioactive wastes of the storage corresponds, 

within the error, to the normal isotopic composition of 

natural uranium. Therefore, the wastes processing 

technology should include the associated extraction of 

uranium for its further use in the nuclear fuel cycle. 

ACKNOWLEDGEMENTS 

The work was supported by the RSF (project 

No. 22-29-00846). 

The authors declare the absence a conflict of 

interest warranting disclosure in this article. 

Работа выполнена при поддержке РНФ 

(проект № 22-29-00846). 

Авторы заявляют об отсутствии кон-

фликта интересов, требующего раскрытия в дан-

ной статье. 

 
R E F E R E N C E S  
Л И Т Е Р А Т У Р А  

1. Boekhout F., Gerard M., Kanzari A., Michel A., Déjeant 

A., Galoisy L., Calas G., Descostes M. Uranium migration 

and retention during weathering of a granitic waste rock pile. 



 

S.Yu. Skripchenko et al. 

 

ChemChemTech. 2024. V. 67. N 5  85  

 

 

Appl. Geochem. 2015. V. 58. P. 123-135. DOI: 10.1016/ 

j.apgeochem.2015.02.012.  

2. Yin M., Sun J., He H., Liu J., Zhong Q., Zeng Q., Huang 

X., Wang J., Wu Y., Chen D. Uranium re-adsorption on ura-

nium mill tailings and environmental implications. J. Hazard. 

Mater. 2021. V. 416. N 126153. DOI: 10.1016/j.jhazmat. 

2021.126153. 

3. Strok M., Smodis B. Partitioning of natural radionuclides in 

sediments around a former uranium mine and mill. J. Radio-

anal. Nucl. Chem. 2013. V. 297. P. 201-207. DOI: 10.1007/ 

s10967-012-2364-z. 

4. Srivastava R.R., Pathak P., Perween M. Environmental 

and Health Impact Due to Uranium Mining. In: Uranium in 

Plants and the Environment. Cham: Springer Internat. 

Publ. 2020. P. 69-89. DOI: 10.1007/978-3-030-14961-1_3. 

5. Strok M., Smodis B. Fractionation of natural radionuclides in 

soils from the vicinity of a former uranium mine Zirovski vrh, 

Slovenia. J. Environ. Radioact. 2010. V. 101. P. 22-28. DOI: 

10.1016/j.jenvrad.2009.08.006. 

6. Sharma R.K., Putirka K.D., Stone J.J. Stream sediment ge-

ochemistry of the upper Cheyenne River watershed within the 

abandoned uranium mining region of the southern Black Hills, 

South Dakota, USA. Environ. Earth. Sci. 2016. V. 75. N 823. 

DOI: 10.1007/s12665-016-5522-8. 

7. Martin A., Landesman C., Lepinay A., Roux C., Cham-

pion J., Chardon P., Montavon G. Flow period influence on 

uranium and trace elements release in water from the waste 

rock pile of the former La Commanderie uranium mine 

(France). J. Environ. Radioact. 2019. V. 208-209. N 106010. 

DOI: 10.1016/j.jenvrad.2019.106010. 

8. Perdrial N., Vázquez-Ortega A., Wang G., Kanematsu M., 

Mueller K.T., Um W., Steefel C.I., O'Day P.A., Chorover 

J. Uranium speciation in acid waste-weathered sediments: 

The role of aging and phosphate amendments. Appl. Geo-

chem. 2018. V. 89. P. 109-120. DOI: 10.1016/j.apgeochem. 

2017.12.001. 

9. Cuvier A., Pourcelot L., Probst A., Prunier J., Le Roux G. 

Trace elements and Pb isotopes in soils and sediments im-

pacted by uranium mining. Sci. Total Environ. 2016. V. 566-567. 

P. 238-249. DOI: 10.1016/j.scitotenv.2016.04.213. 

10. Yin M., Sun J., Chen Y., Wang J., Shang J., Belshaw N., 

Shen C., Liu J., Li H., Linghu W., Xiao T., Dong X., Song 

G., Xiao E., Chen D. Mechanism of uranium release from 

uranium mill tailings under long-term exposure to simulated 

acid rain: Geochemical evidence and environmental implica-

tion. Environ. Pollut. 2019. V. 244. P. 174-181. DOI: 10.1016/ 

j.envpol.2018.10.018. 

11. Liu B., Peng T., Sun H., Yue H. Release behavior of uranium 

in uranium mill tailings under environmental conditions. J. 

Environ. Radioact. 2017. V. 171. P. 160-168. DOI: 10.1016/ 

j.jenvrad.2017.02.016.  

12. Fuhrmann M., Benson C.H., Likos W.J., Stefani N., 

Michaud A., Waugh W.J., Williams M.M. Radon fluxes at 

four uranium mill tailings disposal sites after about 20 years 

of service. J. Environ. Radioact. 2021. 237. 106719. DOI: 

10.1016/j.jenvrad.2021.106719. 

13. Hancock G.R. A method for assessing the long-term integrity 

of tailings dams. Sci. Total Environ. 2021. V. 779. N 146083. 

DOI: 10.1016/j.scitotenv.2021.146083. 

14. Rana N.M., Ghahramani N., Evans S.G., McDougall S., 

Small A., Take W.A. Catastrophic mass flows resulting from 

tailings impoundment failures. Eng. Geology. 2021. V. 292. 

N 106262. DOI: 10.1016/j.enggeo.2021.106262. 

15. Othmane G., Allard T., Morin G., Selo M., Brest J., 

Llorens I., Chen N., Bargar J.R., Fayek M., Calas G. Ura-

nium association with iron-bearing phases in mill tailings 

from Gunnar, Canada. Environ. Sci. Technol. 2013. V. 47. 

P. 12695-12702. DOI: 10.1021/es401437. 

16. Meshalkin V.P., Tananaev I.G. Actual directions of using 

modern functionalized materials in radioecology of World 

ocean. ChemChemTech [Izv. Vyssh. Uchebn. Zaved. Khim. 

Khim. Tekhnol.]. 2021. V. 64. N 8. P. 24-34 (in Russian). DOI: 

10.6060/ivkkt.20216408.6430. 

Мешалкин В.П., Тананаев И.Г. Актуальные направления 

использования современных функционализированных ма-

териалов в радиоэкологии Мирового океана. Изв. вузов. Хи-

мия и хим. технология. 2021. Т. 64. Вып. 8. С. 24-34.  

17. Titova S., Skripchenko S., Smirnov A., Rychkov V. Pro-

cessing of chloride-containing productive solutions after ura-

nium in-situ leaching by ion exchange method. Indones. J. 

Chem. 2019. V. 19. N 1. DOI: 10.22146/ijc.34460. 

18. Yorkshire A.S., Stennett M.C., Walkley B. Provis J.L., 

Townsend L.T., Haigh L.T., Hyatt N.C., Mottram L.M., 

Corkhill C.L. Spectroscopic identification of Ca-bearing ura-

nyl silicates formed in C–S–H systems. Sci. Rep. 2023. V. 13. 

N 3374. DOI: 10.1038/s41598-023-30024-0. 

19. Chen F., Ewing R.C., Clark S.B. The Gibbs free energies 

and enthalpies of formation of U6+ phases; an empirical 

method of prediction. Am. Mineralogist. 1999. V. 84. N 4. 

P. 650-664. DOI: 10.2138/am-1999-0418. 

20. Bishop J.L., Lane M.D., Dyar M.D., King S.J., Brown A.J., 

Swayze G.A. Spectral properties of Ca-sulfates: Gypsum, 

bassanite, and anhydrite. Am. Mineralogist. 2014. V. 99. N 10. 

P. 2105-2155. DOI: 10.2138/am-2014-4756. 

21. Kozhukhova N.I., Lebedev M.S., Vasilenko M.I., Goncha-

rova E.N. Toxic effect of fly ash on biological environment. 

IOP Conf. Ser.: Earth Environ. Sci. 2019. V. 272. N 022065. 

DOI: 10.1088/1755-1315/272/2/022065. 

22. Gunasekaran S., Anbalagan G., Pandi S. Raman and infra-

red spectra of carbonates of calcite structure. J. Raman Spec-

trosc. 2006. V. 37. P. 892-899. DOI: 10.1002/jrs.1518. 

23. Obuzdina M.V., Rush E.A. Creation of new sorption mate-

rials based on zeolites of Eastern Transbaikalia and their tech-

nical and economic assessment. ChemChemTech [Izv. 

Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol.]. 2022. V. 65. 

N 3. P. 107-114. DOI: 10.6060/ivkkt.20226503.6470. 

Обуздина М.В., Руш Е.А. Создание новых сорбционных 

материалов на основе цеолитов Восточного Забайкалья и 

их технико-экономическая оценка. Изв. вузов. Химия и 

хим. технология. 2022. Т. 65. Вып. 3. С. 107-114.  

24. Smirnova D.N., Grishin I.S., Smirnov N.N. Comparison of 

sorption properties of silicon-carbon adsorbents synthesized 

by various methods. ChemChemTech [Izv. Vyssh. Uchebn. 

Zaved. Khim. Khim. Tekhnol.]. 2022. V. 65. N 12. P. 44-52 (in 

Russian). DOI: 10.6060/ivkkt.20226512.6694. 

Смирнова Д.Н., Гришин И.С., Смирнов Н.Н. Сравне-

ние сорбционных свойств кремнийоксиуглеродных ад-

сорбентов, синтезированных различными способами. 

Изв. вузов. Химия и хим. технология. 2022. Т. 65. Вып. 12. 

С. 44-52. DOI: 10.6060/ivkkt.20226512.6694. 

25. Saikia B.J. Spectroscopic estimation of geometrical structure 

elucidation in natural SiO2 crystal. J. Mat. Phys. Chem. 2014. 

V. 2. N 2. P. 28-33. DOI: 10.12691/JMPC-2-2-3. 

26. Cejka J. 12. Infrared spectroscopy and thermal analysis of the 

uranyl minerals. In: Uranium: Mineralogy, Geochemistry, and 

the Environment (Reviews in Mineralogy & Geochemistry). 

Berlin, Boston: De Gruyter. 1999. V. 38. P. 521-622. DOI: 

10.1515/9781501509193-017. 



 

С.Ю. Скрипченко и др. 

 

86   Изв. вузов. Химия и хим. технология. 2024. Т. 67. Вып. 5 

 

 

27. Chernorukov N.G., Knyazev A.V., Nipruk O.V. Synthesis 

and study of uranosilicates of the uranophane-kasolite group. 

Radiochem. 2007. V. 49. P. 340-345. DOI: 10.1134/ 

S1066362207040030. 

28. Lin J., Sun W., Desmarais J., Chen N., Feng R., Zhang P., 

Li D., Lieu A., Tse J.S., Pan Y. Uptake and speciation of 

uranium in synthetic gypsum (CaSO4·2H2O): Applications to 

radioactive mine tailings. J. Environ. Radioact. 2018. V. 181. 

P. 8-17. DOI: 10.1016/j.jenvrad.2017.10.010. 

29. Walker S.M., Becker U. Uranyl (VI) and neptunyl (V) incor-

poration in carbonate and sulfate minerals: Insight from first-

principles. Geochim. Cosmochim. Acta. 2015. V. 161. P. 19-35. 

DOI: 10.1016/j.gca.2015.03.002. 

30. Boguslavsky A., Gaskova O., Naymushina O. Assessment 

of geochemical barriers at preservation of low-level radioac-

tive waste storages. E3S Web Conf. 2019. V. 80. N 03011. 

DOI: 10.1051/e3sconf/20198003011. 

31. Doudou S., Vaughan D.J., Livens F.R., Burton N.A. Atom-

istic Simulations of Calcium Uranyl (VI) Carbonate Adsorp-

tion on Calcite and Stepped-Calcite Surfaces. Environ. Sci. 

Technol. 2012. V. 46. N 14. P. 7587-7594. DOI: 10.1021/ 

es300034k. 

32. Qafoku N.P., Lawter A.R., Gillispie E.C., McElroy E., 

Smith F.N., Sahajpal R., Cantrell K., Freedman V. Chap. 

3 - Calcium carbonate minerals as scavengers of metals and 

radionuclides: Their role in natural attenuation and remedia-

tion. In: Advances in Agronomy. Academic Press. 2022. V. 176. 

P. 115-152. DOI: 10.1016/bs.agron.2022.07.003. 

33. Gaskova O.L., Boguslavsky A.E., Shemelina O.V. Uranium 

release from contaminated sludge materials and uptake by 

subsurface sediments: Experimental study and thermody-

namic modeling. Appl. Geochem. 2015. V. 55. P. 152-159. 

DOI: 10.1016/j.apgeochem.2014.12.018. 

34. Ram R., Kalnins C., Pownceby M.I., Ehrig K., Etschmann 

B., Spooner N., Brugger J. Selective radionuclide co-sorp-

tion onto natural minerals in environmental and anthropogenic 

conditions. J. Hazard. Mater. 2021. V. 409. N 124989. DOI: 

10.1016/j.jhazmat.2020.124989. 

35. Wang P., Tan K., Li Y., Xiao W., Liu Z., Tan W., Xu Y. 

The adsorption of U(VI) by albite during acid in-situ leaching 

mining of uranium. J. Radioanal. Nucl. Chem. 2022. V. 331. 

N 5. P. 2185-2193. DOI: 10.1007/s10967-022-08254-9. 

36. Jiménez-Reyes M., Almazán-Sánchez P. T., Solache-Ríos 

M. Radioactive waste treatments by using zeolites. A short re-

view. J. Environ. Radioact. 2021. V. 233. N 106610. DOI: 

10.1016/j.jenvrad.2021.106610. 

37. Dong W., Wan J. Additive Surface Complexation Modeling of 

Uranium (VI) Adsorption onto Quartz-Sand Dominated Sedi-

ments. Environ. Sci. Technol. 2014. V. 48. N 12. P. 6569-6577. 

DOI: 10.1021/es501782g 

38. Saleh A.S., Lee J.Y., Jo Y., Yun J.I. Uranium (VI) sorption 

complexes on silica in the presence of calcium and carbonate. 

J. Environ. Radioact. 2018. V. 182. P. 63-69. DOI: 10.1016/ 

j.jenvrad.2017.11.006. 

39. Morrs L.R., Edelstein N.M., Fuger J. The Chemistry of the 

Actinide and Transactinide Elements. Netherlands: Springer 

Dordrecht. 2010. 856 p. DOI: 10.1007/978-94-007-0211-08. 

 

 

 

Поступила в редакцию 20.06.2023 

Принята к опубликованию 11.01.2024 

 

Received 20.06.2023 

Accepted 11.01.2024 


