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Abstract. The Bolshetagninskoye deposit is one of the largest known endogenous deposits,which is promising for
niobium ore development. It is confined to the Ziminsky complex of ultramafic alkaline ultramafic alkaline rocks and
carbonatites of Late Riphean age. The purpose of the study is to identify the distribution patterns of niobium in rocks and
ores of the Bolshetagninskoye alkaline-ultramafic carbonatite massif at different stages of endogenic and postmagmatic
processes using the methods of optical microscopy, scanning electron microscopy, X-ray diffraction electron microprobe
analysis (microprobe), and X-ray fluorescence analysis. It has been determined that the primary niobium ores belong
to holocrystalline apatite-mica and apatite-pyrochlore rocks. The main minerals concentrating niobium in these ores
are fluorocalciumpyrochlore and ferrocolumbite. It is noted that a close paragenesis of apatite and pyrochlore has been
observed. The remaining (secondary) ore types are associated with pyrochlore alteration products from primary ores
and formed as a result of the redeposition of niobium in new geochemical conditions. Secondary niobium ores are rep-
resented by calcite carbonatites, potassium feldspar, and other metasomatites. The main minerals in these rocks with
superimposed niobium mineralization — niobium concentrators — are presented by niobium-bearing rutile, ilmenorutile,
niobium-bearing hematite, newly formed fluorocalciopyrochlore and ferrocolumbite. Among the studied rocks pyrochlore
is represented by fluorocalciopyrochlore and uraniumpyrochlore, significantly enriched in tantalum. Unaltered fluoro-
calciopyrochlores from apatitite-pyrochlore, apatite-mica, and calcite-feldspar rocks are characterized by a consistent
composition of CaO, Na,0O, and SrO. Altered, hydrated varieties (based on the A-site vacancy) are more characteristic of
metasomatic rocks and calcite carbonatites with superimposed pyrochlore mineralization. This reflects varying degrees
of fluid processing of these pyrochlores. The conducted study revealed that the niobium ores of the massif underwent a
multiphase, multistage transformation, which is represented by a decrease in the ore component content and the pres-
ence of different oxide forms of niobium in secondary ores compared to primary ores.
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HuobueBoe opyaeHeHue BbonblueTarHUHCKOro MeCTOPOXAEHUA
(BocTtouHbIin CasiH)

M.O. CykHeBa®*, T.A. Pagomckas®, B.B. laBpuneHko©, A.Il. YyewopBa*

= fHcmumym 2eoxumuu um. A.lN. BuHoepadosa Cubupckozo omdeneHusi Pocculickoli akademuu Hayk,
Upkymck, Pocculickas ®edepayusi
allHcmumym 3emHoU Kopbl Cubupckoeo omdOeneHusi Pocculickol akademuu Hayk, ipkymck, Poccutickass ®edepayus

Pe3rome. BbonblueTarHMHCKOE MECTOPOXAEHME — OOHO M3 KPYMHEWLNX M3BECTHbIX 3HOOTEHHbIX MECTOPOXAEHUN,
nepcnekTMBHOE ANsi OCBOEHUS HMobuesbix pyd. OHO NpUypo4eHO K 3UMUHCKOMY KOMMIEKCY YNbTPAOCHOBHbIX Lie-
NoYHbIX Nopog 1 kapboHaTuToB No3gHepuderckoro Bo3pacrta. Lienbio paboTbl SBNsieTCs BbisiBNEHNEe 3aKOHOMEPHO-
cTen pacnpegeneHusa H1obusa B nopodax u pyaax bonblueTarHMHCKOro Weno4yHo-ynbTpaoCHOBHOMO KapboHaTMTOBOrO
MaccuBa Ha pasHblX dTanax 9HAOrMEeHHOro U NocTMarMaTU4yecKoro NMpoLeccoB C MOMOLLbK METOA0B OMTUKO-MUKPO-
CKOMMUYECKOro aHanmnsaa, CKaHUpyloLLen 3NeKTPOHHON MUKPOCKOMMUU, PEHTTEHOCNEKTPanbHOro 3N1eKTPOHHO-30HA0BOIO
MUKpoaHanuaa (MMKpPO30HA) U peHTreHoNyopeCcLIeHTHOro aHanm3a. YCTaHOBMEeHO, YTO NepBUYHbIe HMOBKeBbIe pyabl
OTHOCATCH K NOMIHOKPUCTANMYECKNUM anaTtuT-CAlAMCTbIM 1 anatuT-nMpoxnopoBbiM nopogamM. OCHOBHbBIMU MUHepa-
namu — KOHLUeHTpaTopaMu HMobus — B 3TUX pyaax siBNsieTca pTopKanbUMonupoxmnop 1 beppokonymounT, oTMeyaeTcs
TeCHbIN napareHe3nc anatuTa u nupoxnopa. OctanbHble (BTOPUYHbIE) TUMbI PYA CBA3aHb! C MPOAYKTaMU N3MEHEHWS
nMpoxnopa 13 NepBUYHbIX Py M ob6pasoBanuncb BCreAcTBME MEPEeOTIOKEHNS HUOBMSA B HOBbIX FEOXMMUYECKUX YC-
nosuax. BropuyHble HWOGUEBbIE pyAbl NPeACcTaBeHbl KanbUunToBbIMYU KapboHaTtuTtamu, KanunaToBbiM1 U APYruMu
meTtacomatutamu. OCHOBHbIE MUHEparbl B 9TUX NOPOAaXx C HanoXeHHbIM HNOOBUEBLIM OpyAEeHEHNEM — KOHLEHTpaTo-
pbl HKOBUSA — NpeacTaBneHbl HUOBUcoaepXKalnm pyTUIIOM, UNIbBMEHOPYTUIIOM, HUOBUcoaepKalwmnm reMaTuTom u
HoBOO6pa3oBaHHbIM PTOPKaNbLMONUMPOXIOPOM 1 deppokonyMouTom. MNMupoxnop cpeamn nsyyeHHblx Nopod npeacras-
neH MTOPKanbLMOMMPOXITOPOM 1 YPaHNMPOXIOPOM, 3Ha4YMTENbHO oboraleHHbIM TaHTanoMm. HenameHeHHble Top-
KanbLMONUPOXIOPbl U3 anaTUTUT-NMMPOXIOPOBLIX, anaTUT-CIIOANCTBIX NOPOA M KanbLMT-MONEeBOLWNaToOBON NOPOAbI
XapakTepuayloTcs BblgepxaHHbiM coctaBoM no CaO, Na,0 u SrO. MiameHeHHble, rMapaTtupoBaHHble pa3HocTu (Mo
BakaHcuu B no3numun A) bonee xapakTepHbl AN MeTacoMaThyYeCKMX MOPOA N KanbLUTOBbIX KapOOHATUTOB C HANOXEH-
HOW MMPOXIOPOBOV MUHEpanu3aLumen, YTo oTpaxaeT pasHytlo cTeneHb niongHon nepepaboTkm 3TUX MUPOXITOPOB.
B pesynbrate npoBefeHHOro MCCNefoBaHWSA BbISBNEHO, YTO HMOOMEBbIE pyabl MaccuBa npetepneny nonudasHoe
MHOroctagumnHoe npeobpasoBaHne, KOTOPOe BblPaXaeTCs B YMEHbLUEHWN COAEPXKaHUSA PYAHOro KOMMOHEHTa 1 pas-
NNYHBIX OKCUAHBIX (POPMax HaxoxXaeHUs HNOBWSi BO BTOPUYHBIX pyAax Mo CPaBHEHWIO C NEPBUYHBIMMU.

Knroyeenle crioga: nnpoxnop, HMo6uii, BornbLueTarHMHCKOe MECTOPOXAEHNE
QduHaHcupoeaHue. VlccneqoBaHUs BbIMOMHEHbI B pamMKax rocyaapcTBeHHOro 3agaHus no npoekty Ne 0284-2021-0007.

BnazodapHocmu. AsTopbl bnarogapsat A.lL Jopowkesud, W.P. Mpokonsbesa, M.H. Kpyka, UN.A. U3bpoguHa (MHCcTuTyT
reonorum n muHepanorum um. B.C. Cobonesa CO PAH, r. HoBocubupck, Poccuiickas ®egepaums) 3a npegoctaBneHne
obpasua anatuT-NMpPoXnopoBoW pyAdbl bonblueTarHMHCKOro maccvBa AN NPOBeAeHNs UccneaoBaHs HNOBMEBON MUHe-
panu3aumn. ABTOPbI NpU3HaTENbHbI BbilLenepeyncrneHHbimM Konneram n H.B. AnbiMOBOIM 3a NOMOLLb B OpraHv3aLmmn aKc-
NeauuMOHHbIX paboT B paioHe beno3avMMHCKON rpynbl LEeNOoYHbIX MacCUBOB.

Ans yumupoeaHus: CykHeBa M.O., Pagomckas T.A., laspuneHko B.B., Yyewosa A.I. Huobuesoe opyneHeHune
BonbletarHnHckoro mectopoxaenus (BoctouHbii CasH) // Haykn o 3emne u Heapononb3oBaHue. 2026. T. 49. Ne 1.
C. 55-71. https://doi.org/10.21285/2686-9993-2026-49-1-5.

Introduction

The minerals of the pyrochlore supergroup be-
long to complex oxides with the general formula
A,..Bo(X)s. Y.y Where A = Ca?*, Na*, Sr?*, Ba?*,
Mn2*, Sb3%, Bi**, REE?**, Th*", U*, H,0°, 0; B =
Nb®*, Ta®*, Ti**, Sb®, Sn*, Fe3, Wé*; X = O, OH,
F; Y=0H, F, 0%, H,0°, o, K, Cs, Rb [1]. In mod-
ern works, two classifications of minerals of the
pyrochlore supergroup are used: the classification

introduced by Atencio et al. [1] and the classifica-
tion presented by Hogarth et al. [2], which are also
used in this work.

Pyrochlore supergroup minerals are import-
ant strategic raw materials for niobium and tan-
talum. They may also contain uranium and light
rare earth elements. All of them are included in
the List of the main types of strategic mineral raw
materials (Executive Order of the Government of
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the Russian Federation dated August 30, 2022,
No. 2473-p"). Two of the most sought-after rare
metals are niobium and tantalum, alloying addi-
tives to alloys, whose metals are resistant to many
aggressive media, refractoriness, corrosion re-
sistance, high-temperature strength, supercon-
ductivity and other properties. Pyrochlore concen-
trates (pyrochlore and bariopyrochlore) and less
than 10% ferrocolumbite form the basis of the raw
material base [3]. In Russia, the demand for raw
materials of tantalum and niobium is mostly met
by imports [3, 4].

Niobium ores with pyrochlore are formed in
various rocks: alkaline ultramafic (pegmatites of
nepheline syenites) and acidic rocks (anorogenic
granites and pegmatites), carbonatites and relat-
ed alkaline rocks. Significant deposits of niobium,
tantalum, rare earth elements, zirconium, barium,
strontium, thorium, and iron, as well as apatite
and fluorite, are associated with alkaline-ultramafic
carbonatite (AUC) massifs [5].

The object of this study is the Bolshetagnin-
skoye deposit, located in the Irkutsk region and
belonging to the Ziminsky ore region, which is
promising for the development of niobium ores [4].
The Bolshetagninskoye deposit is confined to the
carbonatite complex of the UAC massif of the
same name, which is part of the Ziminsky complex
of the AUC with an age of 63212 million years [6].

The Bolshetagninskoye field has been stud-
ied repeatedly. In the early 50s, the anomalies
revealed by the search party of the All-Russian
Scientific Research Institute of Mineral Resources
named after N.M. Fedorovsky (Moscow, Russia),
using aerial gamma-ray surveying, resulted in the
discovery of the Belozyminsky massif of the AUC
with tantalum-niobium mineralisation. In 1975, the
Urik-lysky party discovered the Bolshetagninskoye
field during an additional site exploration GDP-50
of the massif of the same name. The prospecting
works were carried out by the Production Geological
Association “Irkutskgeologiya” with interruptions
from 1957 to 1975. In 1988—1992, evaluation works
were carried out. These works made it possible
to establish the high prospects of the deposit for

2026;49(1):55-71

niobium. In 2008-2012, the works resumed at the
FSBI “All-Russian Scientific Research Institute of
Mineral Raw Materials” field, and the amount of drill-
ing and mining operations necessary to complete
the evaluation stage was carried out. As a result,
the reserves of the Bolshetagninskoye field were
registered in the State Reserve Register in 2012.
In May 2023, ST Elements JSC acquired the rights
to develop the Bolshetagninskoye deposit at an
auction. As a result, it was planned to build a mining
and processing plant. As of 2016, Nb,O, balance
reserves in the C1 category were estimated at 362
thousand tonnes, in the C2 category at 4.5 thousand
tonnes, and off-balance reserves at 9.5 thousand
tonnes?. Ore processing technologies have been
developed at FSBI “All-Russian Scientific Research
Institute of Mineral Raw Materials” repeatedly [4]. In
the work of V.S. Pikalova? schemes for processing
and extracting pyrochlore from microclinite, car-
bonatite-mica and mica ores to produce pyrochlore
concentrate were proposed.

The Bolshetagninsky massif has a rounded
shape and a zonal ring structure. It is composed of
pyroxene-nepheline rocks of the melteigite—ijolite—
urtite series, nepheline and alkaline syenites,
potassic feldspar syenites and carbonatites, and
late dykes of picrite porphyrites-aillikites are also
noted [5]. The formation of the Bolshetagninsky
massif proceeded in several successive stages. At
the first stage, the introduction of intrusive rocks of
the melteigite—ijolite—urtite series took place, fol-
lowed by nepheline and subalkaline syenites. The
formation of the massif ended with the introduction
of carbonatites and late dykes of aillikites [5]. The
introduction of AUC caused the phenitization of the
enclosing strata, the introduction of nepheline and
sub-alkaline syenites, and their potassium feldspa-
thization. Secondary overprinted mineralization
has been in the rocks of the massif, expressed in
carbonatization, micaization, hematitization, sulfid-
itization and fluoritization of the enclosing strata.

According to the predecessors’ data, it was re-
vealed that the main rich niobium mineralization,
unlike other deposits associated with the AUC in-
trusions, is not confined to carbonatites but to sili-

"Executive Order of the Government of the Russian Federation dated August 30, 2022, No. 2473-p. On approval of the List
of the main types of strategic mineral raw materials. Moscow; 2022, 3 p.

2Pikalova V.S. Geological and economic assessment of a new potentially industrial type of niobium ores on the example of
the Bolshetagninskoye deposit. Cand. Sci. (Geol. and Mineral.) thesis. 25.00.11. Moscow; 2018, 136 p.
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cate rocks — microclinites (80—85% of ores, potassic
feldspar syenites based on alkaline ultramafic rocks)
and mica (metasomatites of carbonate-microcline-
biotite composition?) [4]. There is also an ore-bear-
ing apatite-pyrochlore lenticular deposit [4]. The
following varieties are noted among the ore-bearing
carbonatite rocks: carbonate-microcline (the content
of carbonates is 15-20%); carbonate-biotite (up to
25% of the criss-cross carbonate of the ankerite-
dolomite series); significantly carbonate (more than
30% of carbonates) rocks [7].

Earlier, pyrochlore mineralization was studied
by L.K. Pozharitskaya in the work [8], where the
primary pyrochlore of the Bolshetagninskoye de-
posit from microclinites and mica is represented by
fluorocalciopyrochlore, which constantly contains
an impurity of strontium (0.021-0.034 f. u.) [7].
In the work of L.A. Azaranova [7] K pyrochlore
formed as a result of hypergene alteration of ore
microclinite rocks was described and hydrated
pyrochlore was established.

The aim of the work is to identify patterns
of niobium distribution in rocks and ores of the
Bolshetagninsky alkaline-ultramafic carbonatite
massif at different stages of endogenic and post-
magmatic processes. ldentification of the distri-
bution of ore minerals in rocks and ores of the
Bolshetagninsky massif and determination of nio-
bium contents in them are necessary in the future
to clarify the prospecting criteria for more accurate
delineation of ore deposits and development of
technology for extracting useful components from
new complex types of ores, as well as to create a
model of the ore formation process.

Materials and methods

The work uses the results of analytical studies
of rocks and ores performed on the equipment
of the Shared Research Facility of “Isotope-
Geochemical Research” at the A.P. Vinogradov
Institute of Geochemistry, Siberian Branch of the
Russian Academy of Sciences. 137 lump samples,
more than 120 sections and more than 20 polished
sections were examined. The samples were char-
acterised, and the diagnostic properties of minerals
were determined using a Micromed MC-2-ZOOM

Haykun o 3emne u Heapononb3oBaHue / ISSN 2686-9993 (print), 2686-7931 (online)

Digital stereomicroscope. Textural and structural
features of rocks and ores, their mineral composi-
tion, morphological features of minerals and aggre-
gates, and paragenetic mineral associations were
studied in sections and polished sections using
the petrographic mineralogical method using an
Olympus BX-51 polarising light microscope with
a 20-500-fold magnification range in transmitted
and reflected light. The sections were stained
using a special technique that makes it possible
to assess the percentage of feldspar and felds-
pathoids, as well as calcium and iron carbonates,
most effectively. The contents of rare elements (ni-
obium, zirconium, and yttrium) in rocks and ores
(120 samples) were analysed by the X-ray flu-
orescence method using a VRA-30 spectrome-
ter (analysts are Candidates of Chemical Sciences
V.M. Chubarov, A.A. Amosova, T.S. Aisueva, and
E.V. Chuparina; Doctor of Technical Sciences
A.L. Finkelstein). The limits of the element detec-
tion according to the X-ray fluorescence analysis
method used were niobium — 0.0005%, zirconi-
um — 0.0010%, and yttrium — 0.0010%. The ele-
mental composition of the main rock-forming and
ore minerals was determined by scanning elec-
tron microscopy using a MIRA 3 LMH TESCAN
electron microscope (6 preparations, analyst —
A.G. Chueshova). The results of the quantitative
analysis of pyrochlore (6 preparations) were obtained
by electron probe X-ray spectral microanalysis using
wave spectrometers on a Superprobe JXA-8200 mi-
croanalyser (JEOL Ltd, Japan; analyst— Candidate
of Chemical Sciences O.Y. Belozerova).

Results and discussion

Based on the 122 samples studied, it was
found that 20 samples contain abundant niobium
mineralization (with a cut-off grade of Nb,O5; more
than 0.3 wt. %). According to the guidelines?, The
run-of-mine ores of this deposit contain Nb,O, from
0.3 to 1.2 wt. % and with an average Nb,O; con-
tent in the ore of 1 wt. %. In the analysed ores,
the average Nb,O; content is 1.5 wt. %. 13 sam-
ples meet the criteria of run-of-mine ores, and
7 samples are classified as rich and very rich ores:
the Nb,O; content in them falls within the range

3 Guidelines on the application of the Classification of deposit reserves and prognostic resources of solid minerals.
Nio-bium, tantalum ores and rare earth elements. Moscow; 2007, 42 p.
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of values from 1.2 to 6.1 wt. % (Fig. 1). We have
classified two types of ores: primary and second-
ary ores. The primary ores are represented by
apatite-mica and apatite-pyrochlore (apati-
tite) rocks belonging to the majority of the ores
studied (11 out of 20 samples). Primary apatite-
mica ores with pyrochlore are very rich (Nb,O,
~ 6.1 wt. %), rich (Nb,O5 >1,2 wt. %) and run-of-
mine (Nb,O; ~ 0,3 wt. %) ores. The content of P,Oq
in these rocks reaches 12 wt. %. The main niobium
ore minerals of primary apatite-mica ores are py-
rochlore and ferrocolumbite. The remaining (sec-
ondary) types of niobium ores were formed by the
redeposition of niobium in the rocks of the massif
due to metasomatic and hydrothermal processes.
Secondary ores are rich (Nb,O; ~ 2 wt. %) and
run-of-mine ores (Nb,O; ~ 0,3 wt. %). The main ore
minerals of these rocks are represented by vari-
ous oxides of iron, titanium, and niobium: niobium-
bearing rutile, ilmenorutyl, niobium-bearing hema-
tite, newly formed pyrochlore, and ferrocolumbite.
There is a decrease in the Nb,O, content among
secondary ores compared to primary ores. This is
probably due to the dispersion of niobium during
metasomatism and its dispersion in less concen-
trated mineral forms: niobium-bearing rutile and/or
hematite. Secondary niobium ores are represented
by calcite carbonatites, carbonate-apatite-aegirine-
sulfide rock, and potassium-feldspar metasomatites.

70

Low grade ores

61
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In the Bolshetagninsky massif, pyrochlore
group minerals are the main niobium concentra-
tors and are found in apatite-pyrochlore, apatite-
mica ores with sulfides, calcite carbonatites, and
metasomatites.

Apatite pyrochlore ore (apatitite) (Fig. 2, a) is
a massive holocrystalline rock of light beige co-
lour, composed mainly of apatite (~ 85 vol. %),
pyrochlore (~ 10), potassium feldspar (~ 5).
Against the background of hypidiomorphic and
xenomorphic rounded isometric and prismatic
aggregates of apatite grains, large (~ 0.2 mm)
idiomorphic pyrochlore phenocrysts of cubocta-
hedral crystal habit are distinguished (see Fig. 2,
e—h). Potassium feldspar is observed in the form
of “schlieren” segregations among the ground-
mass of the rock (see Fig. 2, b, d). In apatite-
pyrochlore rocks, the colour of pyrochlores under
oblique illumination varies from colourless, pale
yellow, amber yellow to brown (see Fig. 2, b, d).
Pyrochlore is often zonal, with a sectoral colour
distribution, which is also observed in reflected
light (Fig. 2, c, d). The central parts of the grains
of some pyrochlores have surface defects and
brown colour, and in reflected light they are ob-
served with a higher reflection coefficient, prob-
ably due to the fact that some central parts of
the grains have increased concentrations of iron
oxides.

60

50
Overboard ores

41

40

Number of samples

30

20

10

Run-of-the-mine ores

13 )
High grade ores

7

0-0.029 0.03-0.29

0.3-1.19 1.2-6.14

Nb,O,, wt. %
Fig. 1. Histogram of niobium ore occurrence in the studied rocks of the massif
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Apatite-mica ores are holocrystalline, medium-
and fine-grained rocks of black colour. Ore apatite-
mica rocks (Fig. 3, a) consist of (vol. %) mica —
tetraferriannite (20-60), sulfides (10—15), apatite
(1-12), potassium feldspar (0—10), pyrochlore and/
or ferrocolumbite (1-6), magnetite (less than 5),
and carbonate (less than 5). The texture of the ore
is spotted, impregnated, or veined-impregnated.
Mica is observed in the form of idiomorphic plates
and scales of a pseudohexagonal habit, brown-
ish orange in colour. Apatite occupies interstices
between mica flakes and forms prismatic grains.
Potassium feldspar is observed in the form of
“schlieren” segregations among the groundmass
of the rock. Pyrochlore in apatite-mica rocks is
observed in the form of large and small idiomor-
phic brown grains, which form impregnation,
separate rounded clusters of irregularly shaped
grains and veins (see Fig. 3, b—¢). There is a close
paragenesis of pyrochlore and apatite. In apatite-
tetraferriannite rocks, pyrochlore is homogeneous
in colour and reflective power. Its colour varies
from colourless to pale yellow in oblique illumina-
tion (see Fig. 3, f, g). Ferrocolumbite in the form
of idiomorphic grains with numerous pores is also
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common in apatite-mica rocks. It forms partial and
complete pseudomorphs of pyrochlore. The rate of
change in primary apatite-mica ores is insignificant.
Iron sulfides are developed to varying degrees in
apatite-mica rocks and ores, mainly in the form of
pyrrhotite and pyrite. Modified (carbonatized and
potassium feldspathizated) apatite-mica rocks are
characterised by a lower value than the cut-off
grade of niobium oxide (~ 0.2% or less).

Ore calcite carbonatites are medium-grained
and fine-grained rocks of grey, pink, ochre or dark
brown colours. Ore textures are banded, lenticular,
veined, and veined-impregnated.

The sample of apatite-calcite carbonatite
(BTr-50) (Fig. 4, a) is composed of medium-
grained pink calcite (~ 80 vol. %) and apatite
(~ 20); siderite and dolomite are also noted (see
Fig. 4, k), as is quartz in the form of idiomorphic
grains. The ore textures are spotted, banded,
and veined-impregnated. Niobium mineraliza-
tion is associated with the products of pyrochlore
alteration: niobium-bearing rutile, ilmeno-rutile,
newly formed ferrocolumbite, as well as oxides
of niobium, iron and titanium. Rutile, as the main
ore mineral, is noted in the form of allotriomor-

Fig. 2. Apatite-pyrochlore ore rock (apatitite) (sample 5TI-8-21):
a — photograph of the sample; b—d — micrographs of a polished section: ¢ — in reflected light,
b, d — with side illumination; e—h — micrographs of a thin section in transmitted light:
e, g — with a single polarizer, f, h — with crossed polarizers
Pcl — pyrochlore; Fsp — potassium feldspar; Ap — apatite
Puc. 2. PydHass anamum-nupoxJsiopoegasi nopoda (anamumum) (obpa3sey bTI-8-21):

a — cpomoepacpusi obpasua; b—d — Mukpogpomoepagpuu aHwnuga: ¢ — 8 ompaxxeHHoM ceeme,
b, d — npu 6okosom ocseuweHuu; e—h — mukpoghomoepacgpuu wirugha 8 nPoxodswem ceeme:
e, g — npu o8HoMm nonspu3damope, f, h — npu ckpeweHHbIX nonspu3damopax
Pcl — nupoxrnop; Fsp — kanueesbit noneeou wrnam,; Ap — anamum

Www.nznj.ru




@Sukneva M.O., Radomskaia T.A., Gavrilenko V.V, et al. Niobium mineralization... |
CykHeBa M.O., Papomckas T.A., MaBpuneHko B.B. n ap. Huo6ueBoe opyaeHeHune Sonbme'rarHuHcKoro...|

2026;49(1):55-71

Fig. 3. Apatite-mica ore rock (sample 6TI-15-2):
a — photograph of the sample; b—e — micrographs of a thin section in transmitted light:
b, d — with a single polarizer, ¢, e — with crossed polarizers; f, g — micrographs of a polished section:
f—in reflected light, g — with side illumination
Pcl — pyrochlore; Tfann — tetraferriannite; Ap — apatite
Puc. 3. PydHasi anamum-cnroducmasi nopoda (obpasey bTIr-15-2):
a — cpoomoepacpusi obpasya; b—e — Mukpoghomoepaghuu wiiugha 8 rnPoxodsawem ceeme:
b, d — npu odHoMm nonsipudamope, ¢, € — Npu CKpeweHHbIX nonspusamopax; f, g — Mukpogomozpachuu aHwnuga:
f— 8 ompaxxeHHoM ceeme, g — rpu 60KOBOM oceeweHUU
Pcl — nupoxnop, Tfann — mempageppuaHHum, Ap — anamum

phic grains and aggregates forming clusters and
veins (see Fig. 4, i~/). Pyrochlore is observed in
the form of single idiomorphic grains, grain frag-
ments, and relict grains, according to which ferro-
columbite is developed (see Fig. 4, g, /). Apatite-
rutile paragenesis in calcitic carbonatites forms
nests and veins. The rock was largely exposed
to secondary hydrothermal processes, such as
hematitisation and leaching of pyrochlore. There
is also an uneven distribution of the ore compo-
nent in the sample due to the migration of niobi-
um under the influence of overprinted secondary
processes (hematitization).

In the modified carbonate-apatite-aegirine-
sulphide rock (Fig. 5, a), pyrochlore occurs in
the form of idiomorphic large grains of cubocta-
hedral habit and allotriomorphic rounded grains
and clusters of grains among prismatic grains of
apatite and modified aegirine. The texture of the
ore is spotted, veined-impregnated, and veined.
In transmitted light, the colour of pyrochlore is
brown with a darker brown border (see Fig. 5, d).
In oblique illumination, pyrochlore has an unstable
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colour, varying from amber yellow, lemon yellow
to light yellow within a single grain (see Fig. 5,
h, i). Probably, the colour of pyrochlore is related
to the heterogeneous chemical composition and
the presence of uranyl ion in the composition of
uranium pyrochlore (explained below). Idiomorphic
pyrochlore is often zonal, with zones of develop-
ment of ferrocolumbite and uranium pyrochlore,
as well as with inclusions of hematite (see Fig. 5,
b, c). Ferrocolumbite in these ores is observed
as partial pseudomorphs, it forms rims along idi-
omorphic pyrochlore crystals (see Fig. 5, b). lIron
sulfides in the form of pyrrhotite and pyrite are
significantly developed in the rock, hematite and
sphalerite are also noted.

Pyrochlore in all the studied rocks corresponds
in composition to fluorocalciopyrochlore, the com-
position points in the diagram of niobium, titani-
um, and tantalum in position B fall into the field of
pyrochlore group minerals, and there is a trend
towards titanium-mineral enrichment (Fig. 6, a).
The empirical formula of fluorocalciopyrochlore is
presented as follows:
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Fig. 4. Ore apatite-calcite carbonatite (sample BTI-50):

a — photograph of the sample: b, ¢ — photographs of a thin section; h — photographs of a polished section;
d—g, i—-l — micrographs of thin sections and polished sections of an apatite-carbonatite rock with pyrochlore
mineralization: d—g — in transmitted polarized light, d, f— with a single polarizer,

e, g — with crossed polarizers, i-I — in reflected light
Pcl — pyrochlore; Cal — calcite; Ap — apatite; Dol — dolomite; Hem — hematite;

Qz — quartz; Clb-Fe — ferrocolumbite; Rt — rutile
Puc. 4. PyOHbi1l anamum-kanbyumossbil kap6oHamum (o6pa3zey BTI-50):

a — cpbomoepacpusi obpasua: b, ¢ — pomoepachuu wiugha; h — gpomoepacpuu aHwnugha;

d—g, i-l — Mmukpogpomoepaghuu wnughos u aHwnugos anamum-kapboHamumosgol nopodbi ¢ MUPOXIIOPOBLIM
opyOeHeHueM: d—g — 8 rPoxodsuwem nomnspu3osaHHoM ceeme, d, f— npu oOHOM ronspu3amope,
€, g — MpuU CKpeweHHbIX ronspuamopax, i—| — e ompaxeHHoM ceeme
Pcl — nupoxnop, Cal — kanbyum; Ap — anamum, Dol — dornomum,; Hem — eemamum;

Qz — keapu; Clb-Fe — ¢peppokonymbum; Rt — pymun

(Cay 35Nag g4)51.96 (ND4 74 Tig 35F €0 02)52.05(0)sF o.93-

The composition of fluorocalciopyrochlores
is similar to the compositions of fluorocalciopy-
rochlores from the neighboring Beloziminsky mas-
sif in the work of E.A. Khromova [9], but in the
studied pyrochlores there is more titanium and
iron in the B position due to impurities of FeO up
to 3.7% and TiO, up to 7 wt. % (see Fig. 6, b).

Pyrochlores are probably of primary fluid-
magmatic origin, corresponding in composition
to fluorocalciopyrochlores, and have a stable
composition for cations in position A (with no or
insignificant vacancy in position A) (see Fig. 6, c).

Pyrochlores of late hydrothermal origin (or too
modified) are characterised by a significant va-
cancy in position A and a nonstoichiometric ratio
of sodium and calcium in position A, corresponding
to non-ideal fluorocalciopyrochlore compositions.
The stoichiometry of the pyrochlore mineral com-
position, which does not correspond to the ideal
one, is due to a low sodium content and too high
calcium content in position A (see Fig. 6, ¢), or too
high niobium and iron content in position B (see
Fig. 6, b, d), or an analysis error.

An impurity of SrO up to 1.8 wt. % was found
in fluorocalciopyrochlores. At the same time, py-
rochlore compositions corresponding to those of
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Fig. 5. Carbonate-apatite-aegirine-sulfide ore rock (sample 6TI-18):
a — photograph of the sample: b, ¢ — micrographs in back scattered electrons;
d, g — micrographs of a thin section in transmitted light: d — with a single polarizer,
g — with crossed polarizers; e, f, h, i — microraphs of a polished section:
e, f— in reflected light, h, i — with side illumination
Pcl — pyrochlore; U-Pcl — uraniumpyrochlore; Aeg+Carb — aegirine and carbonate; Ap — apatite;
Dol — dolomite; Hem — hematite; Clb-Fe — ferrocolumbite; Py — pyrite
Puc. 5. PyOHasi kap6oHam-anamum-32upuH-cybgudHasi nopoda (obpasey bTI-18):
a — ¢pomoepachusi obpasua: b, ¢ — Mukpoghomozpaghuu 8 06pamHO-PacCesiHHbIX 7IEKMPOHaX;
d, g — Mukpoghomoepachuu wiugha 8 npoxodsiwem ceeme: d — rpu 0OHOM rosnspuU3amope,
g — Mpu CKpeweHHbIX rnonspuzamopax; e, f, h, i — mukpogpomoepachuu aHwinugha:
e, f— 8 ompaxeHHom ceeme, h, i — npu 60K08OM Oc8ew,eHUU
Pcl — nupoxnop,; U-Pcl — ypaHnupoxmnop; Aeg+Carb — s2upuH u kapboHam; Ap — anamum;
Dol — dornomum; Hem — eemamum; Clb-Fe — ¢heppokonymbum; Py — nupum

fluorocalciopyrochlores from probably primary
fluid-magmatic apatite-pyrochlore and apatite-mica
rocks are characterised by sustained SrO values
ranging from 0.5 to 1.7 wt. %. A significant varia-
tion in SrO values is observed in ores with newly
formed (or altered) pyrochlore (in calcitic carbon-
atites and metasomatites).

Among the pyrochlores, uranium-bearing
pyrochlore (UO, up to 1.6 wt. %) was found in a
carbonate-apatite-aegirine-sulfide rock sample with
zones of development of uranium pyrochlore (gat-
tchetolite) with UO, contents of 6.4 wt. % and Ta,O,
contents of 0.9 wt. % (see Fig. 5, c).
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Ferrocolumbite is a minor ore mineral of
the niobium of Bolshetagninskoye deposit.
Ferrocolumbite is observed as idiomorphic po-
rous grains in apatite-mica rocks, in the form of
complete and partial cellular pseudomorphs in
pyrochlore crystals (see Fig. 4, /), forms rims in
pyrochlore crystals (see Fig. 5, b), as well as in
the form of allotriomorphic and needle—plate ag-
gregates among calcitic carbonatites. The com-
position of ferrocolumbite is very variable and is
characterised by the following variations of compo-
sitions (wt. %): Nb,O; (58.88-68.55), FeO (12.13—
19.98), MnO (0.84-7.22), TiO, (3.27-14.26).
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Fig. 6. Pyrochlore composition:
a — classification diagram for pyrochlore group minerals Nb, Ti, Ta in B-site according to source [2];
b — Nb, Fe, Tiin B-site in formula units; ¢ — classification diagram for pyrochlores Na, Ca — in A-site,
A-site vacancy according to source [10] (the field of hydrothermal pyrochlores is marked in blue,
the field of magmatic pyrochlores is marked in purple); d — binary diagram Nb in B-site and Ca in A-site;
1— BTT-50 — calcite carbonatite; 2 — 6T-18 — carbonate-apatite-aegirine-sulfide rock;
3 — BTI-74 — calcite-feldspar rock; 4-6 — BTI-76, BTI-23, 6TI-15/2 — apatite-mica rock;
7 — BTr-8/21 — apatite-pyrochlore ore; 8 — fluorocalciopyrochlore compositions from work [9]
Puc. 6. Cocmae nupoxsiopos:

a — KnaccughukayuoHHasi Ouazpamma 055 MuHepanos epynnbi nupoxmaopa Nb, Ti, Ta e nosuyuu B no ucmoyHuky [2];
b — Nb, Fe, Ti 8 nosuyuu B 8 popmyrnbHbIx eQuHUUax; ¢ — KrnaccugukayuoHHas duaepamma 0ris nupoxnopos Na, Ca —
8 no3uyuu A, sakaHcusi 8 no3uyuu A rno ucmoyHuky [10] (2onnybbim ygemom 0603Ha4yeHo rose 2udpomepmarbHbiX
MUPOXIIOPO8, CUPEHEBLIM — MazMamu4ecKux rnupoxmopos); d — buHapHas duaepamma Nb e nozuyuu B u Ca e nozuyuu A
1 — BTI-50 — kanbyumossiti kapboHamum, 2 — BTI-18 — kapboHam-anamum-32upuH-cyrbgudHasi nopooa;

3 — BTI-74 — kanbyum-nonesownnamosas rnopoda; 4—6 — 6TI-76, bTI-23, 6Tl -15/2 — anamum-crroducmasi nopoda;
7 — BTr-8/21 — anamum-nupoxnoposas pyda,; 8 — cocmasbl pmopKanbyuonupoxsaopos u3 pabomei [9]

Among the secondary ore rocks, niobium
minerals are represented (Nb,O; content, wt. %)
by niobium-bearing rutile (up to 7), ilmenorutyl
(up to 25), niobium-bearing hematite (up to 7.4),
newly formed pyrochlore and ferrocolumbite. Also,
pyrochlore transformation products are oxides of
niobium, iron and titanium with a very variable

composition. The mineral dmitriyvarlamovite
with the composition [11] (wt. %): Nb,O,(40,08),
FeO (20.77), TiO,(37.72), MnO (0.11), V,0,(0.89).
However, the composition of the studied mineral
is slightly different, which is most likely due to the
phenomena of isomorphism (wt. %): Nb,O; (43.43),
FeO (18.44), TiO, (31.48), V,0,(2.29).
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It was noted in the predecessors’ works that
the main mineralization of the Bolshetagninsky
massif is associated with “microclinitic” pyrochlore
ores and “micaites”, which are metasomatic forma-
tions derived from primary ultramafic alkaline and
medium-moderate alkaline rocks? [7, 12]. During pe-
trographic research, V.S. Pikalova’s? work revealed
that “micaites” (apatite-biotite metasomatites) were
formed by the substitution of ijolites, and “microclin-
ites” (dolomite-ankerite-calcite-microcline rocks)
were presumably developed by syenites, while the
primary source of the ore component, niobium, was
not specified, and the metasomatic genesis of py-
rochlore is assumed. In this work?, it was noted that
the composition of pyrochlores in “microclinites”
and “micaites” is similar, which indicates a single
stage of ore formation. However, during petrograph-
ic work, we found that ore apatite-pyrochlore and
apatite-mica rocks, which are primary ores, most
likely have an early magmatic fluid nature.

Silicate phosphate rocks spatially and genet-
ically associated with carbonatites of ultramafic
alkaline complexes are phoscorites and glim-
merites. Glimmerites are rocks consisting mainly
of (=75 vol. %) mica (tetraferriflogopite or biotite),
apatite and carbonate minerals; amphibole may also
be present [13, 14]. The metasomatic (more gener-
ally accepted) [14, 15] or magmatic [13, 16] genesis
of glimmerites is assumed. An example of the for-
mation of phlogopitic metasomatites (phlogopitites,
biotitites, or glimmerites) [17, 18] from pyroxenites
due to the action of carbonatite melt is observed in
the Yakupiranga rock complex in Brazil [15]. At the
same time, there is a reaction zone between rocks
that differ sharply in composition and a change of
typical skarn (“anti-skarn”) associations (olivine,
phlogopite, calcite, titanite, amphibole) in the rock
contact zone. Glimmerites are also the main ore in
the Sokli and Siilinjarvi massifs in Finland, which
are associated with industrial reserves of phosphate
raw materials [13]. Phoscorites are rocks consisting
of apatite, magnetite, and silicate minerals (olivine
and/or pyroxene and/or phlogopite) [19]. According
to some models, the formation of such rocks is
associated with direct crystallization from a pho-
scorite melt or with fractional crystallization from
a phosphate melt or liquation from a carbonatite
melt [19, 20]. Apatite-mica rocks and apatites from
the Bolshetagninskoye deposit may be genetically
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related to phoscorites and glimmerites, differing
from them in a different way of evolution of an alka-
line phosphate melt solution significantly saturated
with fluids. This is confirmed by the observed mor-
phological and optical properties of minerals and
their textural and structural relationships of mineral
parageneses and associations in ores. Apatite-mica
rocks were not formed from modified ultramafic al-
kaline rocks. Pyrochlore in apatite-mica rocks is
observed in the form of large idiomorphic and small
idiomorphic grains forming impregnation and sepa-
rate clusters; close paragenesis of pyrochlore and
apatite is noted. At the same time, pyrochlore was
not detected in potassium feldspar. Potassium feld-
spar in apatite-mica rocks and in apatite-pyrochlore
ores forms “schlieres” — fine-crystalline aggregates
of rounded shape, while no metasomatic reaction
rim and potassium feldspathization of mica are
observed. The contact of apatite-mica rocks and
potassium-feldspar rocks is smooth, without reac-
tion rims.

The main ores of the deposit (“microclinite”
and “biotite-microclinite” and “biotites”, classified
as glimmerites) were probably formed from the ini-
tial potassium feldspar metasomatites due to the
action of a carbonate-phosphate melt solution with
a significant role of HF, PO,, CO, in the fluid con-
centrating niobium. This is confirmed by the fact that
ore “microclinites” are characterised by a heteroge-
neous distribution of the ore component, which more
often forms veined and veined-spotted ore textures,
while potassium feldspar is breccated, recrystallized
and corroded (dissolved). From the experimental
work [21], where melting was carried out in sys-
tems of this kind at 800°C, it was found that when
a dolomite carbonate melt is exposed to potassium
feldspar, phlogopite and calcite are formed, while
pyrochlore and niobium phases crystallize along the
metasomatic contact next to phlogopite between
potassium feldspar and carbonate (or between
glimmerite and carbonatite) [21]. In this work [21],
a model was proposed for the formation of ore glim-
merites associated with the action of a carbonate
melt on the enclosing potassium feldspar metaso-
matites. This model can explain the formation of ore
metasomatites of potassium feldspar, mica-feldspar
and mica rocks of the Bolshetagninskoye deposit.

Apatite-pyrochlore ores from the Chuktukon-
skoye carbonatite deposit (Chadobetskoye uplift,
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outskirts of the Siberian Platform) are similar to
similar ores from the Bolshetagninskoye depos-
it [22]. The data obtained may indicate the import-
ant ore producting importance of fractionation of
the carbonatite system with the separation of the
alkaline phosphate rare metal phase [22], which
contains significantly increased concentrations of
niobium compared with the enclosing metasoma-
tites and carbonatites.

The phenomenon of immiscibility in phosphate-
silicate and phosphate-aluminosilicate systems
has long been studied and confirmed experimen-
tally [23, 24]. These experiments have shown the
area of wide immiscibility in silicate and phos-
phate melt and suggest the liquation nature of the
genesis of a number of apatite deposits associ-
ated with ultramafic alkaline rocks, for example,
apatite-nepheline ores of the Khibinsky massif [24].
Experimental work [24] showed that in the “dry”
system of the Ab — Di — NaPO, — Nb,O; — Ta,O,
composition, niobium and tantalum are concen-
trated mainly in the phosphate phase rather than
in the silicate phase, so it can be assumed that the
formation of pyrochlore is possible in the phosphate
phase in such systems. Experimental studies of
niobium-bearing haplocarbonatites have shown
that pyrochlore can be the initial crystallizing phase
in a wide range of pressures and temperatures in
pyrochlore apatites [25—-27]. For example, Roger
Mitchell in his work [27] showed that in the CaCO,-
Na,CO,-(Ca, Na)Nb,O4-F system, pyrochlore is the
initial liquidus phase when the fluorine content in the
melt exceeds 1 wt. % at temperatures 2900 °C; a
decrease in fluorine concentrations and temperature
leads to the formation of a sodium niobate phase.

The work? indicates that igneous calcite carbon-
atites of the Bolshetagninsky massif are character-
ised by a very low Nb,O, content (hundredths, rarely
tenths of wt. %), and no ore bodies with industrial
mineralization have been identified in them. Among
the ores studied, in addition to apatite-mica and
apatite-pyrochlore rocks, we found calcite ore car-
bonatites with different niobium contents (from cut-
off grades to rich contents) and potassium-feldspar-
carbonate rocks (Nb,O; content ~ 0.5 wt. %).

Pyrochlore in ores is observed in the form of
idiomorphic inclusions in apatite-pyrochlore rocks
and idiomorphic grains and clusters of rounded
grains among apatite-mica rocks, as well as in the
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form of idiomorphic single grains among calcitic
carbonatites. Secondary niobium ores were most
likely formed by changes in the primary apatite-mica
rocks, which is confirmed by a decrease in the nio-
bium content in the altered apatite-mica rocks and in
various numerous oxide mineral forms of niobium,
which form overprinted mineralization in other rocks
of the massif. Secondary ores are associated with
newly formed pyrochlore and with the products of
changes in the original pyrochlore deposited in the
altered rocks of the massif due to hydrothermal and
metasomatic processes with a significant role of the
introduction of iron. Secondary overprinted miner-
alization is represented by ferrocolumbite, which
could pseudomorphically completely or partially
replace pyrochlore, ilmenorutyl, niobium-bearing
rutile, and niobium-bearing hematite.

Conclusion

As a result of the study, it was concluded that
niobium mineralization in the Bolshetagninskoye
deposit is associated not only with pyrochlore-
apatite, potassium feldspar metasomatites and
apatite-mica rocks (as revealed by the predeces-
sors) but is also found in calcite carbonatites and
other various metasomatites.

It has been established that primary niobium
ores are associated with apatite-mica and apatite-
pyrochlore rocks. The key primary mineral con-
centrator of niobium in these rocks is fluorocal-
ciopyrochlore, and ferrocolumbite is also noted.
Pyrochlore is significantly associated with apatite.
Primary niobium ores, unlike secondary ores, are
characterised by a low degree of metasomatic and
postmagmatic changes, which led to the discovery
of niobium in new mineral forms and, as a result,
a decrease in niobium concentrations.

Unmodified fluorocalciopyrochlores from
apatitite-pyrochlore, apatite-mica rocks and calcite-
feldspar rocks are characterised by a stable com-
position of CaO, Na,O n SrO. More modified, hy-
drated differences (according to the vacancy in
position A) and pyrochlore compositions that do
not correspond to the composition of fluorocal-
ciopyrochlore are more typical for metasomatic
rocks (BTI-18) and calcitic carbonatites (ETI-50)
with overprinted pyrochlore mineralization, which
reflects the varying degree of fluid processing of
these pyrochlores.
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Intensive postmagmatic processes significantly
affected the redistribution of niobium and its redeposi-
tion in new geochemical conditions, forming second-
ary ore deposits. In these metasomatic formations, ni-
obium is contained in the form of large, newly formed
fluorocalciopirochlore, enriched significantly with
uranium and tantalum. In calcite carbonatites, min-
eralization has an overprinted veined-impregnated,
veined character. It was also revealed that the ores
of the massif underwent a multiphase, multistage
transformation, secondary niobium mineralization is
associated with the products of pyrochlore change —
newly formed ferrocolumbite, niobium-bearing rutile,

2026;49(1):55-71

ilmenorutyl and niobium-bearing hematite. The hy-
drothermal transformation of ores in the final stages
completed the multi-stage history of the formation of
niobium mineralization. These secondary ores may
be of interest as complex raw materials for niobium,
titanium and iron. Primary types of ores (apatitite-
pyrochlorite and apatite-mica rocks) may also be of
industrial interest for phosphate raw materials. The
new data obtained can be taken into account when
constructing a scheme for mining ore deposits to
fully extract the ore component and to develop a
scheme for processing new complex types of ores
from the deposit.
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