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Abstract. Russia has an impressive titanium mineral resource while the contribution into the global production of titanium concentrates is quite insig-

nificant. The current annual demand of Russian enterprises for titanium raw materials is 40 times higher than its production. To improve and launch 
the processing of domestic titanium raw materials characterized by low quality and complex polymineral composition, new process solutions are 
required. These solutions should aim at the full extraction of TiO2 and related valuable components from the ore deposits whose development is 
planned or already started (for example, Afrikanda – perovskite-titanomagnetite deposit located on the Kola Peninsula). This report presents the results 
of studying the chemical and mineral compositions of perovskite and ilmenite concentrates with the purpose to assess the possibility of their joint 
processing using carbothermic reduction melting. Emission spectrometry, X-ray diffraction, electron microscopy, and X-ray spectral microanalysis 
were applied in these studies. It was found that the basis of the ilmenite gravity concentrate sample is modified ilmenite represented by leucoxenization 
products – pseudorutile and rutile, with their total content in the concentrate to be about 80 wt. %. Composition of other minerals (alumochromite, 
chromite, magnetite) includes titanium in the form of impurities – 2 – 3 wt. %. In the perovskite flotation concentrate sample titanium is contained 
in perovskite and titanite making up the bulk of the ore minerals of the concentrate. As for rare and rare-earth elements contained in the ilmenite 
sample – monazite having up to 33 wt. % Ce, and zircon were found. Perovskite sample contains rare-earth elements (REE concentration in wt. %) in 
loparite-(Ce) (22.8), aluminocerite-(Ce) (46.2), anсylite-(Ce) (51.3), torite (22.3), as well as in the main mineral – perovskite (2.8). With the exception 
of perovskite and loparite-(Ce), other REE-containing minerals are rare, and their share in total does not exceed 1 wt. %. 
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 Introduction

Russia possesses a significant titanium mineral 
resource [1; 2]. According to 2019 data from the Ministry 
of Natural Resources and Environment, Russia accounts 
for 12.5 % of the world’s reserves. However, its contribu-
tion to the global production of titanium concentrates is 
relatively minor – only 0.04 % (about 9000 tons). Tugan-
sky MPP “Ilmenite,” the sole producer of titanium con-
centrate in Russia, manages this production. Concurrently, 
data from FSBI VIMS indicates that the current annual 
demand for titanium raw materials by Russian enterprises 
is approximately 365,000 tons. Nearly all of this demand 
is met by imported ilmenite (about 340,000 tons) and 
rutile (about 12,000 tons) concentrates. Only 13,000 tons 
of domestic raw material, the loparite concentrate, are 
supplied to Russian companies. 

The primary reason for this situation is that the main 
reserves of titanium in the Russian Federation, estimated 

at 587.6 million tons of TiO2 as of January 2022, are 
found in polymetallic ores. The efficiency of process-
ing these ores is determined by the potential for asso-
ciated extraction of other valuable components. One 
of the unique Russian deposits of complex polymetal-
lic ores is located on the Kola Peninsula, in the Afri-
kanda settlement. These ores are perovskite-titanomag-
netite, containing not only titanium and iron but also 
rare elements (tantalum, niobium), rare-earth elements 
(lanthanum, cerium, etc.), and radioactive metals (tho-
rium), with total reserves exceeding 626 million tons. 
The content of perovskite is 21.5 %, and titanomagnetite 
is 2.5 % [4 – 6]. The Afrikanda deposit was discovered a 
century ago, in 1917. In the 1930s, there was an attempt 
to obtain concentrates for titanium and thorium produc-
tion, and in the 1950s, for the needs of ferrous metal-
lurgy. Both projects failed, and in 1972, the titanium 
ore reserves of Afrikanda were removed from the State 
Regis ter of Reserves. 

  saf13d@mail.ru
Аннотация. Россия обладает внушительной минерально-сырьевой базой титана, при этом ее вклад в мировое производство титановых 

концент ратов ничтожно мал. Текущая годовая потребность российских предприятий в титановом сырье в 40 раз выше его производства. 
Для вовлечения в переработку отечественного титанового сырья, для которого характерно низкое качество и сложный полиминеральный 
состав, необходимы новые технологические решения, позволяющие полноценно извлекать TiO2 и сопутствующие ценные компоненты 
из руд месторождений, освоение которых планируется или уже началось (например, перовскит-титаномагнетитовое месторождение 
Африканда на Кольском полуострове). В настоящем сообщении представлены результаты изучения химического и минерального 
составов перовскитового и ильменитового концентратов для оценки возможности их совместной переработки путем карботермиче-
ской восстановительной плавки. В исследованиях использованы методы эмиссионной спектрометрии, рентгеновской дифракции, элек-
тронной микроскопии и рентгеноспектрального микроанализа. Установлено, что в пробе ильменитового гравитационного концентрата 
основу составляет измененный ильменит, представленный продуктами лейкоксенизации – псевдорутилом и рутилом, суммарная доля 
которых в концентрате около 80 мас. %. В незначительных количествах титан встречается в составе других минералов (алюмохромит, 
хромит, магнетит) в качестве примесей (2 – 3 мас. %). В пробе перовскитового флотоконцентрата титан содержится в перовските и тита-
ните, составляющих основную часть рудных минералов концентрата. Из минералов редких и редкоземельных элементов (РЗЭ) в ильме-
нитовой пробе обнаружены монацит, содержащий до 33 мас. % Ce, и циркон. В перовскитовой пробе РЗЭ находятся (концентрация 
РЗЭ в мас. %) в лопарите-(Ce) (22,8), алюминоцерите-(Ce) (46,2), анкилите-(Ce) (51,3), торите (22,3), а также в основном минерале – 
перовски те (2,8). За исключением перовскита и лопарита-(Ce), другие РЗЭ-содержащие минералы встречаются редко, и их доля в сумме 
не превышает 1 мас. %. 

Ключевые слова: титановое сырье, ильменит, псевдорутил, перовскит, концентрат, химический состав, минеральный состав, микроструктура
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The current economic and social level of the Kola 
Region allows for the reconsideration of the cost-effec-
tive development of the Afrikanda deposit. The Kola 
Scientific Center of the Russian Academy of Sciences 
has developed an effective magnetic-flotation scheme 
for enriching perovskite-titanomagnetite ores. This 
scheme includes magnetic separation of the initial ore 
to extract titanomagnetite concentrate and flotation 
of the non-magnetic fraction to extract perovskite con-
centrate [5; 6]. The titanomagnetite concentrate, contain-
ing up to 8 % TiO2 , is primarily of interest as raw material 
for ferrous metallurgy, suitable for processing in a classic 
manner, including blast furnace smelting, as well as using 
the electro-thermal method with the potential for associ-
ated extraction of vanadium [8 – 10].

Perovskite concentrates represent unconventional tita-
nium raw materials that necessitate complex processing 
to produce titanium dioxide and compounds of associated 
components. For Afrikanda concentrates, several hydro-
metallurgical technologies have been developed. These 
technologies involve decomposing the concentrates with 
mineral acids, converting all components into salt solu-
tions or hydrate products, and then extracting titanium 
dioxide, rare metals, and rare-earth elements [11; 12]. 
The proposed schemes, which have been tested on a pilot 
scale, are realistic and hold promise. However, like all 
hydrometallurgical technologies, they entail lengthy multi-
stage processes, including leaching, precipitation, thicken-
ing, filtration, etc., and lead to the accumulation of haz-
ardous effluents needing disposal. Researchers [13] have 
explored pyrometallurgical solutions to the processing 
of perovskite concentrates, attempting to address the chal-
lenges associated with hydrometallurgical methods. One 
proposal involves obtaining titanium carbide and metallic 
calcium through a two-stage reduction smelting process. It 
is important to note that perovskite raw materials are not 
utilized for titanium production outside of Russia. 

Ilmenite ores, which are significantly found in the Gre-
myakha-Vyrmes Massif on the Kola Peninsula, differ from 
perovskite ores in that they satisfy approximately 90 % 
of the global demand for titanium-containing raw materi-
als used in the production of metallic titanium, titanium 
dioxide, and carbide. To process the relatively resistant 
ilmenite mineral, various methods are employed, inclu ding 
pyrometallurgical processes, acid decomposition at high 
temperatures, and combined approaches [14 – 16]. Most 
pyrometallurgical technologies rely on reduction smel-
ting using carbon-containing [17 – 19] or combined [20] 
reducing agents, which is enhanced by the pre-oxidation 
of the ilmenite concentrate [21; 22]. It is observed [23] 
that electric smelting of ilmenite concentrates with coal 
results in the formation of slags with a titanium content 
similar to that of perovskite but are more readily dis-
solved by acids. To lower the reduction smelting tempera-
ture of ilmenite in the ore-thermal furnace, calcium oxide 
is added to the mixture. This addition helps to adjust 

the ratio of TiO2 and CaTiO3 , ensuring a slag melting 
temperature of 1400 – 1450 °C [24]. It is proposed that 
achieving the desired TiO2/CaTiO3 in the titanium slag 
could be more efficiently accomplished by incorporating 
perovskite concentrate, based on calcium titanate CaTiO3 , 
rather than calcium oxide, into the ilmenite concentrate 
smelting charge. This approach will not significantly alter 
the titanium content in the slag but will facilitate the pro-
cessing of titanium raw materials with diverse mineral 
compositions of the concentrate ore components within 
a unified workflow system.

In our study, we explored the feasibility of jointly process-
ing perovskite and ilmenite concentrates through carbother-
mic reduction smelting. This method aims to extract rare 
metals into cast iron and generate a titanium-rich slag that is 
amenable to the hydrometallurgical extraction of titanium 
and rare earth elements. Given that the phase composition 
and distribution of components within the mineral com-
ponents of titanium-containing concentrates play a crucial 
role in dictating the interaction mechanisms during pro-
cessing, the initial phase of our research concentrated on 
determining the chemical and material compositions. We 
also examined the microstructure of perovskite and ilme-
nite concentrate samples selected for analysis.

 Materials and methods

To conduct chemical analysis of the averaged concen-
trate samples, a Spectroflame Modula S inductively cou-
pled plasma atomic emission spectrometer (ICP-AES) 
was utilized.

The phase composition of the samples was deter-
mined using X-ray powder diffraction (XRD) with a Shi-
madzu XRD 7000C diffractometer. The diffractometer 
operated under the following conditions: CuKα radiation 
(λ = 0.154051 nm), with a voltage of 34 kV and a current 
of 40 mA. Data were collected across a 2θ range from 20 
to 80 – 90°, in 0.02° increments, with a point exposure time 
of 2.0 s. Phase identification was performed using the Inter-
national Centre for Diffraction Data (ICDD) PDF–4 data-
base [25]. The quantitative assessment of the phase com-
position was carried out through Rietveld full-profile 
analysis [26], employing the TOPAS software [27].

For the investigation of the microstructure and 
the elemental analysis of minerals composing the con-
centrates, a Carl Zeiss EVO 40 scanning electron micro-
scope (SEM) equipped with an HKL Channel 5 EBSD 
(Premium) energy dispersive attachment was used. 
The images of the samples’ microstructure were captured 
using the backscattered electrons (BSE) detector.

 Results and discussion

The ilmenite sample closely mirrors the major ele-
ments found in the gravity concentrate from the Gre-
myakha-Vyrmes deposit [28], while the perovskite mate-
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rial corresponds to a rough flotation concentrate from 
the Afrikanda deposit [29]. The chemical analysis results 
of the concentrate samples are presented in Table 1.

According to the X-ray phase study (Fig. 1, Table 2), 
the ilmenite concentrate primarily consists of Fe2Ti3O9 
pseudorutile (48 wt. %) and rutile (29 wt. %). This 
composition is typical for concentrates of the so-called 
altered ilmenite, which forms as a result of its leucoxeni-
zation. The actual content of ilmenite in the concentrate 
is only 7 wt. %. Aluminum and silicon are concentrated 
in staurolite and sillimanite. The main mineral constitu-
ents of the perovskite concentrate (Fig. 2, Table 3) are 
perovskite (56 %), calcite (13 %), and titanite (11 %). 

Iron is present in the forms of magnetite, ulvospinel, 
and fayalite, while silicon is found in fayalite and quartz. 

Overall, the mineral composition of the investigated 
materials aligns with their chemical composition.

The ilmenite concentrate sample is a loose, fine-
grained material obtained during the gravity concentra-
tion of the original ore. The majority of the grains exhibit 
a well-pelletized shape, with their sizes ranging from 10 
to 300 μm. For most grains, this parameter lies between 
150 and 200 μm (Fig. 3). The concentrate is primarily 
composed of pseudorutile, rutile, staurolite, and quartz. 
The study also revealed the presence of minerals from 
the spinel group (including picotite, alumochromite, chro-
mite, hercynite, aluminomagnetite, gahnite, and magne-
tite), monazite, Mg and Fe aluminosilicates, sillimanite, 
and zircon. This complex assortment of ore components 
is characteristic of ilmenite placers [30]. 

Table 1. Chemical composition of the ilmenite and perovskite concentrates

Таблица 1. Химический состав ильменитового и перовскитового концентратов

Concentrate
Content of main components, wt. %

TiO2 Fetot Al2O3 CaO MgO Cr2O3 CeO2 SiO2 Nb2O5

Ilmenite 69.11 18.90 2.89 0.18 0.36 0.88 – 1.92 –
Perovskite 34.66 7.23 1.34 23.49 2.77 – 0.60 11.23 1.16

Table 2. Phase composition of the ilmenite concentrate (phase numbering according to Fig. 1)  

Таблица 2. Фазовый состав ильменитового концентрата (нумерация фаз по рис. 1)

Phase Mineral Formula Content, wt. %
1, 3 Pseudorutile Fe2Ti3O9 48
2 Rutile TiO2 29
4 Ilmenite FeTiO3 7
5 Sillimanite Al [AlSiO5] 7
6 Staurolite (Fe, Mg)2Al2[(Si, Al)O4]4O4[OH]2 5
7 Anatase TiO2 4

Fig.1. XRD pattern of the ilmenite concentrate: 
1, 3 – Fe2Ti3O9 ; 2 – TiO2 (rutile); 4 – FeTiO3 ; 5 – Al[AlSiO5]; 6 – (Fe, Mg)2Al2[(Si, Al)O4]4O4[OH]2 ; 7 – TiO2 (anatase) 

Рис. 1. Дифрактограмма ильменитового концентрата: 
1, 3 – Fe2Ti3O9 ; 2 – TiO2 (рутил); 4 – FeTiO3 ; 5 – Al[AlSiO5]; 6 – (Fe, Mg)2Al2[(Si, Al)O4]4O4[OH]2 ; 7 – TiO2 (анатаз)
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Pseudorutile is characterized by well-rounded grains 
(Fig. 3, a), which are often ellipsoidal and spherical in 
shape, according to the A.V. Khabakov scale [31]. Quartz 
inclusions, as well as less frequently zircon and magnetite 
inclusions, occupy the recesses on the surfaces of pseu-
dorutile grains and fill voids of irregular or prismatic 
shapes. Some grains exhibit a large number of unfilled 
pores, indicating a porous texture. The chemical compo-
sition of the mineral varies, with magnesium admixtures 
reaching up to 1.2 wt. %, and manganese up to 2.6 wt. %. 

Rutile, another major titanium mineral in the con-
centrate, appears in elongated, prismatic, and isometric 
shapes, ranging from well- to medium-rounded grains 
(Fig. 3, a). These grains are comparable in size to pseu-
dorutile grains, measuring 100 – 200 µm. Rutile contains 
iron impurities, with a maximum content of 9.6 wt. % and 
an average of 2.2 wt. %. Some medium-rounded grains, 
which have a cross-sectional shape close to rhombic, are 
likely to be anatase, another polymorphic modification 
of TiO2 . It is noteworthy that polymineral grains with 
clear signs of secondary alteration of ilmenite, known as 

Fig. 2. XRD pattern of the perovskite concentrate: 
1, 7 – CaTiO3 ; 2 – CaCO3; 3 – CaTi[SiO4]O; 4 – Fe3O4 ; 5 – Fe2TiO4 ; 6 – Fe2[SiO4]; 8 – SiO2

Рис. 2. Дифрактограмма перовскитового концентрата: 
1, 7 – CaTiO3 ; 2 – CaCO3 ; 3 – CaTi[SiO4]O; 4 – Fe3O4 ; 5 – Fe2TiO4 ; 6 – Fe2[SiO4]; 8 – SiO2

Table 3. Phase composition of the perovskite concentrate 
(phase numbering according to Fig. 2)  

Таблица 3. Фазовый состав перовскитового концентрата 
(нумерация фаз по рис. 2)

Phase Mineral Formula Content, wt. %

1, 7 Perovskite CaTiO3 56

2 Calcite CaCO3 13

3 Titanite CaTi[SiO4]O 11

4 Magnetite Fe3O4 5

5 Ulvospinel Fe2TiO4 7

6 Fayalite Fe2SiO4 2

8 Quartz SiO2 6

leucoxenization, are present. These grains are composed 
of pseudorutile and rutile and often include quartz inclu-
sions (Fig. 3, b). To identify the products of ilmenite leu-
coxenization, we utilized the criterion proposed in [32], 
specifically the ratio of Ti/(Ti + Fe), which averaged 0.68 
for pseudorutile grains and 0.96 for rutile in the studied 
sample of ilmenite concentrate.

In the studied sample of ilmenite concentrate, seven 
minerals from the spinel group were identified: picotite 
((Fe, Mg)(Al, Cr)2O4 ), aluminochromite (Fе(Сr, А1)2O4 ), 
chromite (FeCr2O4 ), ganite (ZnAl2O4 ), hercynite 
(FeAl2O4), aluminomagnetite (Fe2+(Fe3+, Al)2O4 ) and 
magnetite (Fe2+ O4). The grains of these minerals 
ranging in size from 50 to 200 µm, are poorly rounded 
and have an isometric shape. Octahedral crystals and 
their fragments also occur (Fig. 3, a). The chemical 
composition of minerals varies within the plane of sec-
tion. Picotite, most commonly found in association with 
rutile and pseudorutile (Fig. 3, c), shows variability in 
its composition. Alumochromite and chromite, with 
titanium admixtures of 0.2 – 3.0 wt. % and 2.6 wt. % 
respectively, are encountered less frequently. Ganite and 
magnetite, both with a titanium admixture of 2.6 wt. %, 
along with spinel exhibiting a zonal structure, are 
observed as singular grains. The core of the spinel is 
composed of hercinite, while the periphery consists 
of aluminomagnetite.

Among the accessory and other ore minerals, mona-
zite (CePO4) and zircon (Zr[SiO4]) were identified. 
Mona zite is represented by elongated wedge-shaped 
grains, 150 – 200 μm in length, associated with pseudo-
rutile (Fig. 4, d). It contains cerium (27.5 – 47.3 wt. %) 
and impurities such as lanthanum (up to 13.7 wt. %), neo-
dymium (up to 12.5 wt. %), thorium (up to 7.1 wt. %), and 
praseodymium (up to 4.3 wt. %). Zircon, found as inclu-
sions in pseudorutile, exhibits a shape close to a tetrago-
nal prism, with grain sizes ranging from 1 to 10 μm in 
length and up to 5 μm in cross section. 
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Fig. 3. BSE-images of the ilmenite concentrate: 
a – general view (1 – pseudorutile, R – rutile, Al–Cr – aluminochromite, St – staurolite, Ky – sillimanite, Sp-1 – picotite, 

2 – Mg and Fe aluminosilicate); б – grain of modified ilmenite, consisting of pseudorutile and rutile; 
в – octahedral crystal of picotite (Sp-1) covered with cracks; г – monazite grain (Mz), close to tabular shape, Q – quarz

Рис. 3. BSE-изображения ильменитового концентрата: 
a – общий вид (1 – псевдорутил, R – рутил, Al–Cr – алюмохромит, St – ставролит, Ky – силлиманит, Sp-1 – пикотит, 

2 – алюмосиликат Mg и Fe); б – зерно измененного ильменита, состоящее из псевдорутила и рутила; 
в – октаэдрический кристалл пикотита (Sp-1), покрытый трещинами; г – зерно монацита (Mz), близкое к таблитчатой форме, Q – кварц

Fig. 4. BSE-images of the perovskite concentrate: 
a – general view (Prv – perovskite, Mt – magnetite with an impurity of titanium, Dp – diopside, Ttn – titanite, 1 – loparite-(Ce)); 

б – loparite-(Ce) intergrown with perovskite and titanite; в – aluminocerite-(Ce) grains (2) as inclusions in titanite associated with perovskite; 
г – prismatic thorite crystals (4) in association with loparite-(Ce), titanite, and perovskite; 
д – anсylite-(Ce) grain (3) in association with calcite (Ca), perovskite, and augite (Aug) 

Рис. 4. BSE-изображения перовскитового концентрата: 
а – общий вид (Prv – перовскит, Mt – магнетит с примесью титана, Dp – диопсид, Ttn – титанит, 1 – лопарит-(Ce)); 

б – лопарит-(Ce) в сростке с перовскитом и титанитом; в – зерна алюминоцерита-(Ce) (2) в виде включений в титаните, 
ассоциированном с перовскитом; г – призматические кристаллы торита (4) в ассоциации с лопаритом-(Се), титанитом и перовскитом; 

д – зерно анкилита-(Ce) (3) в ассоциации с кальцитом (Ca), перовскитом и авгитом (Aug)
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The concentrate also contains rock-forming minerals 
such as Mg and Fe aluminosilicate, sillimanite, staurolite, 
and quartz. Aluminosilicate is present in both isometric 
and elongated grains, nearing prismatic in shape, with 
grain sizes ranging from 150 to 300 µm. Sillimanite and 
staurolite form grains that are poorly to medium rounded 
and prismatic in shape, with their sizes not exceeding 
100 – 200 µm and 200 – 300 µm, respectively. Quartz (Q) 
occurs exclusively as inclusions in pseudorutile, with 
sizes ranging from less than 1 to 60 µm (Fig. 3, d). 

The perovskite concentrate, a rough flotation concent-
rate from the Afrikanda deposit, is a loose, crushed material 
with the grain size ranging from 20 to 300 µm (Fig. 4, a). 
The grains, predominantly isometric, irregular, and pris-
matic, are prevalent. The concentrate contains two major 
titanium minerals, perovskite and titanite, along with 
loparite-(Ce), aluminocerite-(Ce), ancylite-(Ce), thorite, 
magnetite, diopside, calcite, ulvospinel, fayalite, phlogo-
pite, enstatite, aegirine, and augite. Perovskite is the most 
abundant mineral in the concentrate, forming isometric 
grains that range in size from 20 to 1000 µm (Fig. 4, b), 
and its shape is sometimes close to cubic. The cracks in 
perovskite are mostly filled with titanite and rare earth 
elements, and these cracks can exceed 100 µm.

Titanite is the second most abundant titanium mine-
ral in the sample. It often fills cracks and cavities in 
perovskite (Fig. 4), but individual wedge-shaped crys-
tals are also found, with sizes ranging from a few micro-
meters to 200 μm. The mineral contains impurities 
of iron (0.7 – 5.0 wt. %) and aluminum (0.3 – 2.5 wt. %). 
Another titanium-bearing mineral, loparite-(Ce), with 
the general formula (Ce, Na, Ca)(Ti, Nb)O3 , forms crys-
tals that are close in shape to octahedrons and cubes, 
with sizes ranging from 50 to 120 μm (Fig. 4, b). These 
crystals occur in very small quantities as impregnations 
and intergrowths with perovskite and titanite, and less 
frequently as intergrowths with magnetite. The impreg-
nations can be up to 100 μm in size. Loparite-(Ce) con-
tains cerium (15.4 – 20.5 wt. %), neodymium impurities 
(3.5 – 6.8 wt. %), thorium (1.2 – 1.6 wt. %), and occa-
sional grains of niobium (3.1 – 8.2 wt. %).

In addition to loparite-(Ce), the perovskite concen-
trate sample contains three other rare earth element 
(REE)-bearing minerals in the form of single grains: alu-
minocerite-(Ce), ancylite-(Ce), and thorite, as indicated 
by elemental analysis. Aluminocerite-(Ce), with the for-
mula (Ce, Ca)9Al[SiO4]3[SiO3(OH)]4(OH)3 , forms iso-
metrically shaped grains ranging in size from 5 to 100 μm 
(Fig. 4, c). At high magnification, some of these grains 
exhibit a layered texture, composed of oriented tabular 
crystals, zoning, and a structure reminiscent of solid solu-
tion decomposition. Ancylite-(Ce) is sometimes found in 
the central part of the grain. The major impurities in alumi-
nocerite-(Ce) include lanthanum (6.8 – 14.1 wt. %), neo-
dymium (5.8 – 9.8 wt. %), and thorium (1.3 – 3.7 wt. %), 
with cerium content ranging from 24.3 to 42.1 wt. %. 

Ancylite-(Ce), with the formula CeSr(CO3)2(OH)·H2O, 
is characterized by isometric grains and irregularly shaped 
particles of varying sizes, from less than 2 to 150 μm 
(Fig. 4, e). It forms inclusions in titanite and perovskite, 
as well as individual large grains and crystalline aggre-
gates. The cerium content in this mineral ranges from 25.3 
to 30.1 wt. %, with impurities including lanthanum 
(14.4 – 18.3 wt. %) and neodymium (5.7 – 10.4 wt. %). 
Thorite is represented by prismatic, zonal crystals and 
their aggregates, with lengths up to 5 μm and thick-
nesses up to 2 μm (Fig. 4, d). This mineral fills voids 
and cracks in titanite and perovskite, containing impu-
rities such as yttrium (5.2 – 7.8 wt. %), gadolinium 
(2.8 – 3.5 wt. %), phosphorus (0.8 – 1.2 wt. %), and alu-
minum (0.4 – 0.6 wt. %). However, some of the rare earth 
elements in its chemical composition may be attributable 
to the surrounding perovskite and loparite.

The last of the ore minerals in the perovskite concen-
trate is magnetite, which occurs as isomeric grains and 
fragments of octahedral crystals. The surface of the mag-
netite displays signs of dissolution, and the mineral con-
tains small admixtures of titanium (0.5 – 0.7 wt. %). 
In some grains, the lamellar structure resulting from 
the decomposition of the titanium-magnetite solid solu-
tion was observed, with the formation of ulvospinel 
veinlets. 

The rock-forming minerals in the perovskite con-
centrate sample include calcite, fayalite with a small 
admixture of magnesium (Fe, Mg)2[SiO4], phlogopite 
KMg3AlSi3O10(OH)2 , enstatite Mg2[Si2O6 ], aegirine 
NaFe[Si2O6 ] and augite (Ca, Mg, Fe)2[(Si, Al)2O6 ]. Cal-
cite is frequently found in the sample, forming large 
rhombohedral crystals and their aggregates (more than 
1 mm). The other minerals are present in very small quan-
tities, appearing as prismatic or tabular grains in the form 
of inclusions or aggregates with titanite or perovskite. 
Calcite also sometimes forms a crust around magnetite 
grains and fills cracks in the mineral.

In general, the investigation of the material composi-
tion of the perovskite concentrate sample yielded results 
consistent with data from literary sources [33; 34], except 
for the minerals containing REE (aluminocerite-(Ce), 
ancylite-(Ce), and thorite).

 Conclusions

The investigations into the chemical and mineralogi-
cal composition of ilmenite and perovskite concentrates, 
along with the assessment of the distribution of their 
valuab le components by structural elements, have enabled 
us to draw the following conclusions.

Almost all of the titanium in the ilmenite sample 
is concentrated in pseudorutile and rutile – products 
of the leucoxenization of ilmenite, i.e., its alteration 
(weathering), which accounts for a significant portion 
of the concentrate. Titanium is also found as an impurity 
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in aluminochromite, chromite, and magnetite, with its 
content not exceeding 2 – 3 wt. %. 

The non-metallic part of the ilmenite sample com-
prises seven minerals from the spinel group, nearly half 
of which are chromospinelids. Additionally, we found 
monazite, containing up to 33 wt. % Ce, and zircon; 
the former occurs as single grains and is found more fre-
quently than zircon.

In the perovskite sample, titanium is primarily rep-
resented by the main ore minerals of the concentrate –
perovskite and titanite. The rare-earth element cerium is 
present in the form of specific minerals (loparite-(Ce), 
aluminocerite-(Ce), ancylite-(Ce), thorite) or as an admix-
ture in perovskite (2.8 wt. % Ce). Except for perovskite 
and loparite-(Ce), REE-bearing minerals are rare, and 
their total share in the concentrate does not exceed 
1 wt. %. Loparite-(Ce) comprises cerium (18.0 wt. %), 
neodymium impurities (5.2 wt. %), thorium (1.4 wt. %), 
and isolated grains of niobium (up to 8.2 wt. %).
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