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Abstract: In this paper we present textural and compositional data for columbite group minerals
(CGM) and associated Nb-Ta-Sn oxides from lithium-beryllium-tantalum pegmatite deposits of the
Kolmozero-Voronja belt, NW Russia, with the aim of deciphering the above mentioned features for
minerals from deposits with different mineral signatures and lithium ore grade. Minerals from four
deposits, including two of world-class (Kolmozero and Polmostundra), are examined. It is shown
that the main controlling factors are the diversity and rate of magmatic fractionation, hydrothermal
overprint and mineral paragenesis followed from the specific geochemical signature of the different
pegmatite deposits. CGM from Kolmozero include several mineral species (columbite-(Fe),
columbite-(Mn), tantalite-(Fe), tantalite-(Mn)) showing large compositional variations, mainly
controlled by Nb-Ta fractionation (Ta/(TatNb) = 0.16-0.70; Mn/(Mn + Fe) = 0.45-0.63). Textural
patterns are extremely various (oscillatory, homogeneous, patchy, spongy, somewhere with
overgrowing Ta-rich rims) and indicate the involvement of numerous magmatic and hydrothermal
processes. The Polmostundra CGM are represented by columbite-(Fe) with Ta/(Ta+Nb) ranging
from 0.05 to 0.39 with homogeneous, mottled, oscillatory, patchy and irregular reverse textures. The
Okhmylk CGM are irregular normal, patchy and homogeneous columbite-(Fe) and columbite-(Mn)
with Ta/(Ta+Nb) = 0.09-0.24 and Mn/(Mn + Fe) = 0.29-0.92, indicating the suppressed magmatic
fractionation and iron drop due to precipitation of Fe minerals. Columbite-(Fe) and columbite-(Mn)
from the Be-Ta Shongui deposit are less evolved with Ta/(Ta+Nb) = 0.07-0.23 and Mn/(Mn + Fe) =
0.31-0.55. The minerals are characterized by progressive normal, oscillatory, homogeneous and
irregular reverse patterns. Associated pyrochlore minerals occur both as early magmatic
(Kolmozero) and late hydrothermal (Polmostundra, Okhmylk). Cassiterite is found only in the
Okhmylk dykes and is apparently of hydrothermal origin. CGM from Li pegmatites have impurities
of Ti (0.01-0.05 apfu) and W (up to 0.02 apfu), whereas CGM from Be pegmatites contains elevated
Ti (up to 0.09 apfu). The mineral systems analysis presented here is relevant for exploration.

Keywords: columbite group minerals; pyrochlore; cassiterite; pegmatite; lithium; beryllium; NW
Russia

1. Introduction

Columbite-group minerals (CGM) with ideal formula AB20s (A = Mn, Fe; B = Nb, Ta) are
important accessory minerals in granitic pegmatites, and constitute the principal Nb-Ta ore minerals
in rare-element pegmatite dykes of the LCT (lithium-cesium-tantalum) petrogenetic family (e.g. [1-
9]). The CGM record ore-forming processes due to their common occurrence in most pegmatite zones
coupled with complex internal structures and compositional variations in Nb/Ta and Fe/Mn (e.g.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202311.0404.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 November 2023 doi:10.20944/preprints202311.0404.v1

[6,10-17]). In general, columbite - tantalite compositions exhibit enrichment in Mn and Ta with
progressive fractionation of granitic-pegmatite-forming melt — fluid systems [1,2,18,19]. In certain Li-
rich pegmatites, the composition of columbite - tantalite evolved extensively from columbite-(Fe) to
tantalite-(Mn), suggesting the involvement of hydrothermal processes and that the activity of F
increased substantially during crystallization [19,20].

The occurrence of CGM together with other Nb-Ta oxides (e.g. pyrochlore and wodginite group
minerals) has attracted significant attention because they are minerals of economic interest for Ta,
hosted in several high-grade deposits worldwide [14,15,18,21]. In general, the Nb-Ta oxide mineral
assemblage changes from columbite - tantalite + ixiolite to columbite - tantalite + microlite + ixiolite +
cassiterite + wodginite to microlite + columbite-(Mn) with increasing fractionation.

In this paper, we focus on the internal zoning pattern and major-element composition of CGM
and associated Nb-Ta-5n oxides in pegmatites from four Li-Be-Ta deposits of the Kolmozero-Voronja
zone (Kola region, NW Russia), including two of world-class, with the aim of revealing the
evolutionary history of the Li-rich pegmatite and deciphering the relationship between pegmatites
of different mineralization signatures and ore grade.

2. Geology of the Kola rare-metal pegmatite belt

The Kola rare-metal pegmatite belt is located in the northeastern part of the Fennoscandian
shield in the Kola region and extends from the Lake Kalmozero to the northwest, almost to the border
with Norway. It has a length of more than 300 km and a width of 20 to 45 km. The belt contains up
to 95% of granitic pegmatite dikes with rare-metal mineralization (Be, Ta, Nb, Cs, Li) found on the
Kola Peninsula [22]. There are six deposits of rare-metal pegmatites within the pegmatite belt. The
Polmostundra, Oleniy Ridge, Vasin-Mylk and Okhmylk deposits are confined to the Kolmozero-
Voronya greenstone belt. The Kolmozero field is located in the Murmansk province, and the Shongui
field is located in the Kola province (Figure 1).
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Figure 1. (A) - main geological units of the NE Fennoscandian Shield. (B) - simplified geological map
of the Kola rare-metal pegmatite belt with location of deposits (in addition the Keivy REE-Zr-Nb-Ta
pegmatite deposits are shown (see description in [33]. The studied deposits are underlined.

The Murmansk province is dominated by Late Mesoarchean and Neoarchean granites,
enderbites, charnockites, and tonalite-trondhjemite gneisses with relics of supracrustal formations.
These rocks were metamorphosed under conditions of high-temperature amphibolite facies and
locally contain relics of granulite facies mineral parageneses [23].

The main tectonic units of the Kola Province are the Kola-Norwegian, Keivsky, and Kolmozero-
Voronya terranes [24]. The Kola-Norwegian and Keivy terranes are mainly composed of tonalite-
trondhjemite-granodiorite gneisses, charnockites and enderbites, metasediments and subordinate
amphibolites.

The Kolmozero-Voronya greenstone belt, which was formed 2.92-2.79 Ga ago, is composed of
the Polmos-Poros rocks series, represented by four formations (from bottom to top): Lyavozero
(lower terrigenous sequence), Polmostundra (komatiite-tholeiite series), Voronietundra (basalt-
andesite-dacite series) and Chervutskaya (upper terrigenous sequence). Greenstone rocks were
metamorphosed under amphibolite facies conditions [25-27]. The continental crust of the Murmansk
and Kola provinces was formed and underwent significant metamorphic and deformational
reworking 2.6-2.9 Ga ago [28].

The main tectonic boundaries of northern Fennoscandia were finally formed in the
Paleoproterozoic during the Lapland—Kola collisional orogeny [24,28]. The history of the Lapland-
Kola collisional orogen includes intracontinental rifting of the Archean crust (2.5-2.1 Ga), rift opening
(~2.1-2.0 Ga), subduction and crustal growth (~2.0-1.9 Ga) intercontinental collision (1.94-1.86 Ga),
and orogenic collapse and exhumation (1.90-1.86 Ga). The Kola Province was the northeastern part
of the Lapland—Kola Orogen and underwent Paleoproterozoic deformational reworking mainly
along the boundaries of the main tectonic structures, while the Murmansk Province was practically
not affected by Paleoproterozoic deformation [24].

The Kola rare-metal pegmatite belt spatially coincides with the junction zone of the Archean
Murmansk and Kola provinces. This junction zone was considered for a long time as an Archean
linear mobile-permeable zone (deep fault), which was partially activated in the Paleoproterozoic and
is now interpreted as the Kolmozero-Voronya Archean collisional suture [23]. This suture is bordered
and penetrated by zones of highly deformed rocks, which are considered to be transcrustal shear
zones. Due to their high permeability, these zones were channels through which ore-bearing fluids
could circulate. Ore components were deposited both inside the zones, but also in the surrounding
rocks [29]. The Kolmozero and Polmostundra deposits include albite-spodumene type pegmatites,
containing about 20 volume percent spodumene [30-32]. The Vasin-Mylk and Okhmylk deposits are
complex and contain the lithium ore minerals spodumene and lepidolite, and the cesium mineral
pollucite. The pegmatites of the Shongui deposit are of the beryl type, containing beryl as an accessory
ore mineral. For all of the above-mentioned deposits, columbite group minerals occur as accessory
minerals, and are of commercial interest due to the large volumes of the pegmatite ores.

The Kolmozero deposit includes 12 large albite-spodumene pegmatite dykes more than 1400 m
long, from 5 to 65 m thick, and are documented to a depth of more than 500 m. The pegmatite dikes
are tabular-shaped and do not show any pronounced concentric zonation. Quartz-plagioclase aplite
up to 5 cm thick and coarse-grained quartz-albite aggregates up to 30 cm thick are observed at the
contact with the host rocks. The main part of the dikes (85-90%) is almost composed of coarse-grained
quartz-spodumene-feldspar pegmatite. Some domains are composed of a quartz-spodumene
aggregate of a coarse-grained structure. The main minerals of the pegmatite are: quartz (30-35 vol.%),
albite (30 — 35 vol.%), microcline (10-25% vol.%), spodumene, that is the main lithium mineral (~20%
vol.%), and muscovite (5-7 vol.%). Accessory minerals include spessartine, apatite, beryl, columbite
group minerals, and accessoric lithiophyllite, triphylite and tourmaline. In total, 64 mineral species
have been identified in the pegmatites of the Kolmozero lithium deposit [34]. Columbite-(Mn) from
the albite-spodumene pegmatite has yielded a U-Pb age of 2315 + 10 Ma, which is interpreted as the
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age of the rare-metal mineralization [35]. This age indicates that the albite-spodumene pegmatites
were formed during the Early Paleoproterozoic rifting of the Fennoscandian Shield [36].

The Polmostundra deposit is composed of five tabular-shaped albite-spodumene pegmatite dikes
occurring in amphibolites of the Polmostundrovskaya suite of the Kolmozero-Voronya greenstone
belt. The pegmatite dikes are 1000-1300 m long, up to 40 m thick, and explored to depths of up to
200-300 m. In general, the margins of the pegmatite are composed of granite pegmatite, while aplite
occurs along the footwall, however, along strike and toward depth both mineralogy and textures
show variations. The major minerals of the Polmostundra pegmatites are quartz (30-50 vol.%), albite
(10-70 vol.%), spodumene (5-50 vol.%), and microcline (up to 20 vol.%). Minor and accessory
minerals include muscovite, tourmaline, garnet, apatite, columbite group minerals and beryl. More
rare minerals include zeolites, vivianite, sulfides, carbonates, lithiophyllite and eucryptite.
Holmgquistite, biotite, magnetite and epidote group minerals can be observed along the contact with
the host amphibolites [22].

The Okhmylk deposit is composed of pegmatite dykes of various thicknesses and lengths,
occurring in amphibolites of the Polmostundra Formation of the Kolmozero-Voronya greenstone
belt. The length of the dikes varies from 25 to 700 m, and the thickness varies from a few meters to 45
m. The pegmatite dikes show an internal mineralogical and textural zonation. The 0.4 to 4 m thick
marginal part of the dikes (zone 1) at the contact with amphibolite is composed of an aggregate of
quartz and feldspar. Minor and accessory minerals include muscovite, black tourmaline, garnet,
magnetite and apatite. Towards the center of the dikes, zone 2 is represented by an aggregate of
quartz and feldspar together with columbite group minerals, beryl, garnet, aggregates of apatite and
isolated spodumene crystals. Zone 3 is composed of a quartz-albite-spodumene aggregate. The main
minerals are quartz (60 — 65 vol.%), spodumene (~20 vol.%) and albite (10 — 15 vol.%). Minor and
accessory minerals include tourmaline, beryl, columbite group minerals and microcline. Zone 4 is
characterized by blocky quartz and microcline. The major minerals include microcline (60 —70 vol.%),
quartz (15 — 25 vol.%) and albite (5 — 15 vol.%). Minor and accessory minerals are spodumene (up to
5%), polychrome tourmaline, lepidolite, pollucite, muscovite, columbite group minerals,
lithiophyllite and montebrasite. Recent U-Pb (SHRIMP-RG) geochronological data of zircon from the
Okhmylk pegmatite dyke yielded an age of 2607+9 Ma [37]. We consider this age as the most reliable
for the formation of the Li-Cs-Ta pegmatite deposits of the Kolmozero-Voronja belt.

The Shongui deposit consists of three 400 to 1000 m long and 60 to 80 m thick pegmatite dikes. The
host rocks are amphibolites of the Kola province. The main rock-forming minerals of the dikes are
quartz (30-35 vol.%), plagioclase (30-35 vol.%) and microcline (20-25 vol.%). Accessory minerals
include beryl, spodumene, columbite group minerals, tourmaline, muscovite, garnet, zircon, apatite,
molybdenite, pyrite, arsenopyrite and ilmenite. About 5 m thick quartz-albite and quartz-microcline-
albite aggregates occur along the margins of the pegmatite dikes, in contact with the host
amphibolites. The major volume of the dikes (75-80%) is composed of quartz-microcline and quartz-
microcline-albite aggregates, including domains of quartz-clevelandite and albite-muscovite-quartz
aggregates [38]. The only a geochronological determination known from the Shongui pegmatites, was
performed by the K-Ar method on micas, which gave an age of 2.35-2.10 Ma [39].

Sampled pegmatites from the Kolmozero-Voronja area (i.e., those with economic potential,
including the Kolmozero lithium deposit, the Polmostundra lithium-caesium deposit, the Okhmylk
lithium deposit and the Shongui beryllium deposit) belong to the LCT petrogenetic family, rare
element class, spodumene and beryl-columbite subtypes (according to the classification of [40]). As
no relationships between the studied pegmatites and the pronounced S-type granitic bodies in region
have been established, the anatectic model rather than the differentiation model can be applied to to
explain the formation of these fields. According to the anatectic model, pegmatites are considered to
have formed from melts produced by partial melting of suitable lithologies, usually pelitic
metasediments and/or metavolcanics (e.g., [41,42,43]).

3. Methods and sampling

doi:10.20944/preprints202311.0404.v1
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The studied pegmatite samples (10-12 kg) were collected from typical rare-element pegmatite
dykes (coarse-grained parts) from the Kolmozero-Voronja deposits, which mainly consist of quartz,
albite, K-feldspar and spodumene, with minor and accessory muscovite, tourmaline and garnet
(Table 1). Based on the Li2O content, sample KL-GX-11 from Kolmozero classifies as high-grade (> 1.5
wt. % Li20), sample POL-GX-3/5 from Polmostundra as medium- to low-grade (0.4-1.5 wt. %), while
sample OKH-2/2 from Okhmylk classifies as low-grade to barren (<0.4 wt. %). Sample SH-7 from
Shongui, which consists mainly of quartz and albite, with minor and accessory beryl, tourmaline,
apatite and garnet, shows only traces of Li2O. The whole rock chemistry is in accordance with the
mineral contents of the samples (Table 1).

Table 1. Mineralogical and geochemical characterization of the studied samples.

Deposit/Occurrence

Kolmozero

Polmostundra

Okhmylk

Shongui

Sample N

KL-GX-11

POL-GX-3/5

OKH-2/2

SH-7

Major and minor
minerals

quartz, 50-60 %;
feldspar (microcline +

albite), 20-25 %;

spodumene, 20%

quartz, 50-60 %;
feldspar (microcline +
albite), 25-30%;
lepidolite, 10%;
spodumene, 3%

quartz, 50-60 %;

feldspar (microcline

+ albite), 40-45 %;
tourmaline (mainly
schorl), 3%;
spodumene, 1%

quartz, 60-65%;
feldspar (mainly
albite), 35-40%

Accessory minerals

garnet, apatite,

apatite, tourmaline,
garnet, magnetite,

apatite, magnetite,

beryl, tourmaline,
apatite, garnet,

magnetite, ilmenite . . garnet .
rutile, ilmenite magnetite,
Nb-Ta-Sn oxides CGM CGM, L CGM, p}.zro?hlore, CGM, pyrochlore
pyrochlore/microlite cassiterite
Wet chemistry (wt.%)
SiO2 75.52 75.08 76.10 85.33
TiO2 <0.01 <0.01 0.03 0.02
AlLOs 14.81 12.75 12.10 7.33
Fex0s 0 0.11 0.00 0.09
FeO 2.69 1.89 1.57 1.67
MnO 0.11 0.065 0.04 0.18
MgO 0.17 0.08 0.12 0.24
CaO 0.1 0.11 0.23 0.20
Na0 2.48 3.59 6.11 4.15
K20 1.25 3.5 2.40 0.17
Li2O 2.27 0.55 0.138 0.005
CO2 0.25 0.02 <0.1 <0.1
F 0.014 0.32 0.017 0.007
Cl 0.005 0.005 0.007 0.011
P20s 0.08 0.34 0.13 0.10
ICP-MS (ppm)
Li 11000 2200 800 29
Be 100 13 7 27
Rb 500 4300 600 11
Nb 49 50 80 23
Sn 30 31 4 1,8
Cs 30 2200 70 17
Ta 17 160 18 8.5
W 1.2 24 1.4 0.3

Note. Wet chemistry analyses (for major elements by atomic absorption spectrophotometry; TiO2 by colorimetry;
K20, Na20 and Li20 by flame photometry; FeO and CO: by titration; and F and Cl by potentiometry using an
ion-selective electrode) were performed in Geological Institute, Kola Science Centre RAS, Apatity. ICP-MS data
were obtained from Analytical Centre “Geoanalyst” (Zavaritsky Institute of Geology and Geochemistry of the

Ural Branch RAS).
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Although CGM and other Nb-Ta-Sn oxide grains were not directly observed within polished
thin sections and hand specimens, the minerals were successfully separated from about 500 g crushed
samples using heavy liquid and magnetic separator and by hand-picking under a binocular
microscope. Fifteen to 25 grains of CGM from each sample were mounted in epoxy resin and polished
by standard methods. As shown in Figures 2-5, the examined CGM grains are anhedral to subhedral
fragments of isometric (rarely elongated) shape. The size of the grains varies from 300 to 600 pum.

Figure 2. Representative back-scattered electron (BSE) images of CGM grains from the Kolmozero
pegmatites, illustrating the internal textures. CGM with normal oscillatory (a), patchy (b), reverse
irregular (c) zoning/pattern and homogeneous grain (d). Inclusion of rectangular Nb-Ta-Ca-Na-oxide
in (a) and porous parts (d). The numbered red stars indicate points analyzed by microprobe - the
numbers (in Figures 2-10) refer to analyses given in Tables 2—4 and Supplementary materials.
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Figure 3. Representative back-scattered electron (BSE) images of CGM grains from the Polmostundra
pegmatites, illustrating the internal textures. CGM with mottled (a, b), patchy (c), zoning and
homogeneous grain with BSE-lower and porous rim (d). Internal remnants of CGM with oscillatory

(a) and homogeneous (b) textures.

Figure 4. Representative back-scattered electron (BSE) images of CGM grains from the Okhmylk
pegmatites, showing variations in the internal textures. CGM with normal irregular zoning (a, b) and

patchy pattern (c, d).
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Figure 5. Representative back-scattered electron (BSE) images of CGM grains from the Shongui
pegmatites, illustrating the internal textures. CGM with normal irregular (a) homogeneous with
bright thin rims (b), transition of oscillatory to homogeneous zoning (c) and homogeneous grain with
darker core (d). Inclusions of Ta-Nb-Ca-Si-Ti-(+Sn) oxide (d).

Initially, the sample preparates were studied under a Leo-1450 electron microscope with an
OXFORD ULTIM MAX 100 energy dispersive microanalyzer and AZtec software (including elements
from C to U). Precise determination of the composition (including elements from Na to U) of all the
phases detected under the initial study was carried out using a Cameca MS-46 wave-dispersive
electron probe microanalyzer with a probe current of 20-30 nA, an accelerating voltage of 20 kV, and
a probe diameter of 5-10 um. The following natural minerals were used as standards: lorenzenite
(Na, Ti), pyrope (Mg, Al), diopside (Si, Ca), fluorapatite (P), barite (S and Ba), atacamite (Cl), wadeite
(K), tortveitite (Sc), hematite (Fe), chromite (Cr), celestine (Sr), thorite (Th), lepidolite (Rb), pollucite
(Cs), cassiterite (5n) and uraninite (U). In addition, the following synthetic standards were used:
Y2Als012 (Y), MnCOs (Mn), ZnO (Zn), NiAs (As), ZrSiOs (Zr), PbTe (Te), LaCeS:z (La, Ce), LiPr(WO4):
(Pr), LINd(MoOs )2 (Nd), LiSm(MoO4)2 (Sm), LiEu(MoOa)2 (Eu), LiGd(MoO4)2 (Gd), LiDy(WOs)2 (Dy),
PbSe (Pb), and metallic vanadium, cobalt, nickel, copper, hafnium, niobium, tantalum, molybdenum,
palladium, platinum, gold, silver, bismuth, antimony and tungsten.

A total of 102 compositions of Nb-Ta-5n oxides were obtained by electron probe microanalyzer.
Representative chemical analyzes of CGM, pyrochlore super-group minerals (PSGM) and cassiterite
are given in Tables 2—-4; whole data set (including relevant BSE images) is given in Supplementary
materials.

Table 2. Representative compositions of CGM from the Kolmozero, Polmostundra, Okhmylk and
Shongui pegmatites.

Kolmozero
Sample # 6 7 8 9 10 11 12 13 14 19 20
MgO 0.07 0.06 0.05 0,00 0,06 0.00 0.00 0.00 0.07 0.00 0.00

ALQOs 0.00 0.00 0.00 0.00 0.00 0.07 0.00 0.00 0.00 0.00 0.00
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SiO2 0.79 0.61 036 052 1.40 0.92 025 047 0.39 0.17 0.22
CaO 0.06 005 005 005 014 0.05 019  0.09 0.04 0.00 0.00
TiO:z 0.75 060 046 048 0.90 0.78 049 046 0.47 0.29 0.44
V205 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.07 0.08
MnO 7.44 779 866 845 278 8.18 854 1120 798 11.11 11.08
FeO 8.94 945 1037 957 1230 787 1028 946 10.00 843 8.54
ZnO 0.17 012 007 013 013 0.20 0.00 0.11 0.13 0.00 0.00
ZrO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00
Nb20s 16.68 2622 4285 34.02 11.85 13.89 5678 4056 41.87 5420  52.83
SnO: 0.00 0.00 0.00 0.00 0.50 0.33 0.00  0.00 0.00 0.00 0.00
Ta20s 6408 5397 3540 4612 69.99 67.62 2192 3737 3828 24.03  24.57
WOs 0.40 025 024 024 044 0.36 0.00 027 043 0.00 0.61
UO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00
Sc203
Total 99.38  99.12  98.50 99.58 100.49 100.26 98.45 99.99 99.66  98.30  98.35
Zoning p p p p r h(porous) o o o h h
Formulae on basis of 6 oxygens
Si 0.059 0.044 0.024 0.036 0106 0070 0.015 0.031 0.026 0.011 0.014
Al 0.000 0.000 0.000 0.000 0.000 0.006 0.000 0.000 0.000 0.000 0.000
Ti 0.043 0.032 0.023 0.025 0051 0.044 0.023 0.023 0.023 0014 0.021
Fe? 0564 0569 0576 0552 0783 0499 0536 0.524 0554 0.445  0.453
Mn 0476 0475 0488 0493 0179 0526 0451 0.628 0.448 0.595  0.595
Mg 0.008 0.006 0.005 0.000 0.007 0.000 0.000 0.000 0.007 0.000 0.000
Zn 0.010 0.006 0.004 0.007 0.007 0.011 0.000 0.005 0.006 0.000  0.000
Ca 0.005 0.004 0.003 0.003 0.011  0.004 0.012 0.007 0.003 0.000  0.000
Nb 0569 0.853 1288 1.060 0408 0477 1599 1214 1254 1548 1514
Ta 1315 1.056 0.640 0.864 1.449 1396 0371 0.673 0.690 0413  0.424

U 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000 0.000 0.000 0.000
Sn 0.000  0.000 0.000 0.000 0.015 0.010  0.000 0.000 0.000 0.000 0.000
4 0.008 0.005 0.004 0.004 0.009 0.007  0.000 0.005 0.007 0.000 0.010
\Y% 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.002

1.062 1.060 1.075 1.055 1.002 1.051 0999 1.163 1.018 1.040 1.048
1986 1986 1974 1985 2.014 1986 2.008 1940 1994 1987 1.974

@ |

Ta/(TatNb) 0.698 0553 0.332 0449 0.780 0.745 0.188 0.357 0.355 0.211 0.219
Mn/(Mn+Fe) 0.457 0455 0.458 0472 0.186 0513 0457 0545 0447 0.572 0.568

Sample # Polmostundra
3a 3b 7a 7b 7c 9a 9b 10a 10b 10c
MgO 0.11 0.00 0.08 0.00 0.10 0.15 0.11 0.09 0.13 0.00
ALLOs 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Si02 0.18 0.10 0.69 0.51 0.17 0.10 0.17 0.65 0.39 0.08
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TiO2 0.41 1.01 0.77 0.41 0.76 0.78 0.57 1.07 0.63 0.88
V205 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00
MnO 4.49 6.87 4.80 5.39 3.61 4.54 5.95 6.18 4.23 4.55
FeO 15.70 13.89 12.33 12.02 16.53 16.06 14.43 13.08 14.34 15.80
ZnO 0.00 0.00 0.16 0.11 0.11 0.00 0.00 0.13 0.10 0.00
ZrO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Nb20s 61.84 67.68 38.57 42.83 60.60 68.52 62.35 36.04 47.08 68.73
SnO: 0.00 0.00 0.45 0.31 0.00 0.00 0.00 0.84 0.35 0.00
Ta20s 14.90 8.90 39.75 36.11 16.76 8.22 14.55 39.17 30.12 8.13
WO:s 0.30 0.45 0.41 0.53 0.38 0.41 0.53 0.54 0.54 0.34
UO: 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

5203
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Total 97.92 98.89 98.01 98.23 99.03 98.77 98.66 97.86 97.90 98.52

Zoning h  h(reverse) p p p m o r h m
Formulae on basis of 6 oxygens
Si 0.011 0.006 0.047  0.034 0.011 0.006 0.010 0.044 0.025 0.005
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ti 0.019 0.044 0.039 0.021 0.035 0.034 0.026 0.055 0.031 0.039
Fe? 0.801 0.683 0.700 0.670 0.840 0.788 0.730 0.747 0.783 0.777
Mn 0.232 0.342 0.276 0.305 0.186 0.226 0.305 0.357 0.234 0.227
Mg 0.010 0.000 0.008 0.000 0.009 0.013 0.010 0.009 0.012 0.000
Zn 0.000 0.000 0.008 0.005 0.005 0.000 0.000 0.007 0.005 0.000
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Nb 1.706 1.799 1.183 1.291 1.664 1.818 1.704 1.113 1.389 1.827
Ta 0.247  0.142 0.733 0.655 0.277 0.131 0.239 0.727 0.535 0.130
8] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Sn 0.000 0.000 0.012 0.008 0.000 0.000 0.000 0.023 0.009 0.000
w 0.005 0.007 0.007  0.009 0.006 0.006 0.008 0.010 0.009 0.005
\% 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000
Sc 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
A 1.043 1.025 0.992 0.980 1.040 1.027 1.044 1.120 1.034 1.004
B 1.983 1.992 2.014  2.009 1.986 1.990 1.980 1.963 1.989 2.001

Ta/(Ta+Nb) 0.127 0.073 0.383 0.337 0.143 0.067 0.123 0.395 0.278 0.066
Mn/(Mn+Fe) 0.225 0.334 0.283 0.312 0.181 0.223 0.294 0.324 0.230 0.226

Okhmylk
Sample # 3 4 5 6 7 13 14 15 18 19
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
AlOs 0.04 0.00 0.00 0.00 0.07 0.00 0.00 0.00 0.00 0.00
S5i02 0.26 0.16 0.10 0.13 0.14 0.23 0.00 0.17 0.17 0.33
CaO 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TiO2 0.09 0.35 0.56 0.52 0.58 0.10 0.22 0.09 0.12 0.15
V205 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MnO 15.47 16.14 12.98 7.85 10.77 16.06 17.65 17.52 15.59 14.56
FeO 3.92 3.47 8.00 12.83 8.30 3.17 1.85 1.53 3.96 4.26
ZnO 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ZrO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Nb20s 54.44 62.17 6694  61.59 67.03 53.70 56.61 64.37 54.26 51.93
SnO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ta205 23.31 16.13 10.77  14.41 12.53 25.05 20.87 16.77 22.70 26.91
WOs 0.47 0.84 0.73 1.15 0.86 0.36 0.50 0.38 0.42 0.43
UO:2 0.15 0.00 0.00 0.00 0.00
5203 0.00 0.15 0.16 0.18 0.23 0.11 0.14 0.08 0.10 0.14
Total 98.14 99.49  100.24 98.66  100.51 98.77 97.84  100.92  97.32 98.71
Zoning p(rim) p(interm) p(core) r ce p p p p(core) p(rim)
Formulae on basis of 6 oxygens
Si 0.016 0.010 0.006  0.008 0.008 0.014 0.000 0.010 0.011 0.021
Al 0.003 0.000 0.000  0.000 0.005 0.000 0.000 0.000 0.000 0.000
Ti 0.004 0.016 0.025 0.024 0.026 0.005 0.010 0.004 0.005 0.007
Fe? 0.205 0.175 0389  0.644 0.411 0.167 0.097 0.077 0.209 0.226
Mn 0.821 0.824 0.639  0.399 0.540 0.855 0.933 0.888 0.833 0.783
Mg 0.000 0.000 0.000  0.000 0.000 0.000 0.000 0.000 0.000 0.000
Zn 0.000 0.000 0.000  0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ca 0.000 0.004 0.000  0.000 0.000 0.000 0.000 0.000 0.000 0.000
Nb 1.543 1.694 1.760  1.672 1.795 1.526 1.597 1.742 1.547 1.491
Ta 0.397 0.264 0.170  0.235 0.202 0.428 0.354 0.273 0.389 0.465
U 0.002 0.000 0.000  0.000 0.000 0.000 0.000 0.000 0.000 0.000

Sn 0.000 0.000 0.000  0.000 0.000 0.000 0.000 0.000 0.000 0.000
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\W 0.008 0.013 0.011  0.018 0.013 0.006 0.008 0.006 0.007 0.007
\% 0.000 0.000 0.000  0.000 0.000 0.000 0.000 0.000 0.000 0.000
Sc 0.000 0.004 0.004 0.005 0.006 0.003 0.004 0.002 0.003 0.004
A 1.027 1.003 1.028  1.043 0.952 1.022 1.030 0.965 1.041 1.009
B 1.961 1.984 1.961  1.939 2.031 1.973 1.962 2.029 1.952 1.984

Ta/(TatNb)  0.205 0.135 0.088 0.123 0.101 0.219 0.182 0.135 0.201 0.238
Mn/(Mn+Fe)  0.800 0.825 0.622  0.383 0.568 0.837 0.906 0.921 0.800 0.776

Shongui

Sample # 3-1 3-2 6-1 6-2 7-1 7-2 10-1 10-2
MgO 0.07 0.00 0.00 0.00 0.00 0.00 0.10 0.00
ALOs 0.00 0.00 0.00 0.00 1.72 0.00 0.00 0.00
SiO2 0.00 0.00 0.10 0.09 0.30 0.13 0.22 0.12
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TiO2 2.12 1.05 0.50 0.60 0.61 0.60 1.50 1.69
V205 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MnO 6.13 6.67 8.06 7.91 10.20 7.29 6.39 8.82
FeO 13.83 12.98 12.34 12.84 9.29 12.87 13.27 11.21
ZnO 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ZrOz 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Nb20s 67.42 62.36 62.45 60.75 51.71 60.63 54.88 58.08
5nO: 0.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Tax0s 8.04 15.53 15.04 16.21 24.96 16.84 22.49 17.64
WOs 0.30 0.00 0.00 0.00 0.00 0.00 0.00 0.00
UO: 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
52053 0.40 0.20 0.00 0.00 0.00 0.00 0.25 0.36
Total 98.55 98.79 98.48 98.39 98.80 98.35 99.08 97.93

Zoning c r h h r h o o

Formulae on basis of 6 oxygens

Si 0.000 0.000 0.006 0.005 0.018 0.008 0.013 0.007
Al 0.000 0.000 0.000 0.000 0.123 0.000 0.000 0.000
Ti 0.093 0.048 0.023 0.027 0.028 0.027 0.069 0.077
Fe? 0.676 0.655 0.620 0.646 0.472 0.652 0.680 0.571
Mn 0.303 0.341 0.410 0.403 0.525 0.374 0.332 0.455
Mg 0.006 0.000 0.000 0.000 0.000 0.000 0.009 0.000
Zn 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Nb 1.782 1.701 1.696 1.653 1.421 1.661 1.522 1.598
Ta 0.128 0.255 0.246 0.265 0.413 0.278 0.375 0.292
U 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Sn 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000
w 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000
\Y 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Sc 0.010 0.005 0.000 0.000 0.000 0.000 0.007 0.010
A 0.988 0.996 1.030 1.049 0.997 1.026 1.021 1.025
B 2.008 2.004 1.970 1.951 1.879 1.974 1.979 1.975
Ta/(Ta+Nb) 0.067 0.130 0.127 0.138 0.225 0.143 0.198 0.154
Mn/(Mn+Fe) 0.310 0.342 0.398 0.384 0.526 0.364 0.328 0.443

Note. p — patchy; r — overgrowing rim; o — oscillatory; h — homogeneous; m — mottled; c — core.

Table 3. Representative compositions of PSGM from the Polmostundra, Okhmylk and Shongui

pegmatites.
Polmostundra
Sample#  Pcll Pcl2 Pcl3 Pcl 4 Pcl 5 Pcl 6 Pcl 7 Pcl 8 3-4 3-5
Na20 477 518 526 5.43 4.71 5.22 4.57 5.20 3.04 2.57

MgO 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.00
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Al20s 0.00 0.00 0.04 0.03 0.00 0.00 0.00 0.00 0.00 0.00
SiO2
K0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.25
CaO 773 617 7.78 7.52 6.98 8.28 8.63 7.09 4.47 1.95
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

MnO 0.00 0.00 0.11 0.00 0.22 0.00 0.14 0.17 0.18
FeO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

As20s
SrO 278 176  1.09 1.36 0.88 1.15 1.29 2.01

Y203 3.04

Nb20s 197 218 1.26 2.52 2.27 2.00 2.63 2.36 2.11 2.22
SnO2 0.00 028 0.30 0.81 1.13 0.34 0.66 0.55

Ta20s 78.53 75.79 76.72 72.12 70.30 78.07 72.37 73.19 71.80 76.68
WO:s 070 120 0.68 1.03 0.96 0.96 1.11 1.02 8.80 6.51
PbO 0.00 1.07 154 1.60 2.81 0.58 1.45 2.04 2.83 3.95
ThO:2 0.60 0.00 0.00 0.00 0.00 0.00 0.31 0.00 0.01 0.00
U0z 0.00 255 225 5.80 7.24 1.02 3.51 4.58 4.84 3.37

F 236 159 194 1.73 1.22 2.28 1.93 2.09 0.00

Total 99.44 97.76 98.95 99.93 98.76 99.90 98.59 100.29 100.94 97.68

O=F 099 067 0.82 0.73 0.51 0.96 0.81 0.88
H20Ocalc 056 090 0.71 0.78 0.98 0.61 0.69 0.62 1.71 1.77

Total 99.00 97.99 98.85 99.99 99.23 99.54 98.47 100.03 102.65 99.45
Formulae on basis of B=2 cations

Na 0.825 0913 0.937 0.986 0.876 0.899 0.828 0.940 0.518 0.423
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.014
Ca 0.738 0.600 0.766 0.754 0.718 0.788 0.863 0.708 0.421 0.177
Mn 0.000 0.000 0.008 0.000 0.018 0.000 0.011 0.013 0.013
Fe
Sr 0.144 0.093 0.058 0.074 0.049 0.059 0.070 0.108
As
Y 0.31
Pb 0.000 0.026 0.038 0.040 0.073 0.014 0.036 0.051 0.067 0.090
Th 0.012 0.000 0.000 0.000 0.000 0.000 0.007 0.000
U 0.000 0.051 0.046 0.121 0.155 0.020 0.073 0.095 0.095 0.064
YA 1.719 1.683 1.854 1.975 1.896 1.781 1.888 1.916 1.101 0.781
Mg 0.000 0.000 0.000 0.000 0.008 0.000 0.000 0.000
Al 0.000 0.000 0.004 0.003 0.000 0.000 0.000 0.000
Si
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Nb 0.079 0.089 0.052 0.107 0.098 0.080 0.111 0.099 0.084 0.085
Sn 0.000 0.010 0.011 0.030 0.043 0.012 0.025 0.021
Ta 1.904 1.872 1.917 1.835 1.835 1.886 1.838 1.855 1.716 1.771
\% 0.016 0.028 0.016 0.025 0.024 0.022 0.027 0.025 0.2 0.143
>B 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 1.999
F 0.666 0.457 0.564 0.512 0.370 0.641 0.570 0.616 0.000 0.000
OH 0.334 0.543 0.436 0.488 0.630 0.359 0.430 0.384 1.000 1.000
Vacancy  0.281 0.317 0.146 0.025 0.104 0.219 0.112 0.084 0.899 1.219
Okhmylk Shongui
Sample # 10 12 10a 13 14 12a 15 16 1 2
Na20 0.62 1.55
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.10
AlOs 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.17 0.03
SiO2 0.09 0.00 0.13 0.16 0.00 0.00 0.00 0.00 5.81 6.41
K20
CaO 15.76 15.43 14.88 15.99 15.74 15.38 15.63 15.12 16.18 15.76

TiO2 0.20 0.20 0.24 0.22 0.20 0.26 0.15 0.23 4.25 2.64
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MnO 0.35 6.28 0.67 0.37 0.31 0.78 0.58 0.65 0.60 0.44
FeO 0.00 0.00 0.15 0.00 0.00 0.22 0.28 0.25 1.33 0.68
As203 3.75 1.98
SrO
Y203 0.40 0.44 0.44 0.28 0.37 0.32
Nb20s 66.90 61.54 64.58 67.09 65.74 62.21 64.52 63.18 16.27 12.02
SnO:2 0.00 0.00 0.93 1.73
Ta20s 13.42 13.75 14.36 13.89 14.69 14.62 13.86 14.12 40.54 50.67
WOs 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PbO
ThO:2
UO: 0.00 0.00 0.00 0.00 0.00 0.00 0.43 0.59
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 96.72 97.20 95.41 98.16 97.13 93.75 95.39 93.88 90.96 94.60
O=F
H2Ocalc 2.56 2.34 2.50 2.58 2.54 242 2.48 2.44 2.62 2.31
Total 99.28 99.53 97.91 100.74 99.67 96.17 97.87 96.32 93.58 96.91
Formulae on basis of B=2 cations
Na 0.08 0.20
K
Ca 0.989 1.043 0.955 0.995 0.995 1.021 1.014 0.995 1.149 1.096
Mn 0.018 0.335 0.034 0.018 0.015 0.041 0.030 0.034 0.034 0.024
Fe 0.000 0.000 0.007 0.000 0.000 0.011 0.014 0.013 0.074 0.037
Sr
As 0.151 0.078
Y 0.013 0.014 0.014 0.009 0.012 0.010
Pb 0.000 0.000
Th
U 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.006 0.009
>A 1.007 1.378 1.009 1.027 1.024 1.082 1.070 1.052 1.494 1.439
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.008 0.010
Al 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.013 0.002
Si 0.005 0.000 0.008 0.009 0.000 0.000 0.000 0.000 0.525 0.567
Ti 0.009 0.009 0.011 0.010 0.009 0.012 0.007 0.011 0.212 0.129
Nb 1.772 1.755 1.748 1.762 1.754 1.742 1.765 1.754 0.487 0.353
Sn 0.000 0.000 0.025 0.045
Ta 0.214 0.236 0.234 0.219 0.236 0.246 0.228 0.236 0.730 0.894
\% 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
>B 2.000 2.000 2.001 2.000 2.001 2.000 2.000 2.001 2.000 2.000
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
OH 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Vacancy 0.993 0.622 0.991 0.973 0.976 0.918 0.930 0.948 0.506 0.561
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Table 4. Representative compositions of cassiterite from the Okhmylk pegmatite.

Sample # 2 3 4 5 6 7 8 9 10
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ALlLOs 0.09 0.07 0.13 0.09 0.00 0.00 0.00 0.00 0.09
SiOz 0.27 0.26 0.28 0.27 0.18 0.29 0.26 0.31 0.29
TiOz 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

FeO 0.20 0.59 0.26 0.15 0.00 0.00 0.00 0.22 0.00
ZrO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Nb20s 0.00 0.65 0.00 0.40 0.37 0.00 0.12 0.26 0.00
SnOz 98.68 94.21 97.78 98.52 98.89 99.61 99.62 98.03 98.46
Tax0s 0.52 3.93 1.53 0.68 0.73 0.00 0.55 0.83 0.50
WOs 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 99.76 99.71 99.97 100.11 100.17 99.89 100.54 99.65 99.33

4. Results and Discussion
4.1. Zoning in CGM and included minerals

4.1.1. Kolmozero deposit

The predominant parts of the CGM grains are homogeneous or shows oscillatory zoning
(sometime concentric), but some grains show irregular patchy compositional patterns (Figure 2). The
oscillatory zoning observed for some CGM indicates that the grains crystallized under non-equilibrium
conditions during fractional crystallization of the pegmatite melt. This compositional pattern is
characteristic for magmatic CGMs from granites and pegmatites worldwide, such as the Shangbao
granite [44], the Penouta leucogranite and greisen [16,45], the Separation Lake pegmatite [46], the Tanco
pegmatite [11,47], the East-Qinling pegmatite district [9] and the Jezuitské Lesy pegmatite [48]. Niobium
and Ta show slow diffusion relative to the rate of crystal growth in the crystallization front of the
pegmatite [11,49-51], which is explained as a process of constitutional zone refining [52]. In contrast,
the compositionally homogeneous CGM indicate equilibrium conditions during crystallization, with
coexisting silicate melt and a separate fluid phase [53]. Under such conditions, CGM might crystallize
directly from the melt.

The patchy pattern with irregularly distributed and alternating brighter and darker elongated
domains (in BSE-images) throughout the CGM grains, is typical for late-stage low-temperature CGM-
bearing parageneses in the Kolmozero pegmatite [8]. It has been suggested that the pattern formed
during significant changes in the activities of Nb and Ta in the grain boundary fluid. The patchy pattern
is somewhat similar to “myrmecitic’ and “embayment” textures observed in CGM from the
Chakabeishan deposit [17]. It has been suggested that these CGMs were formed by metasomatism and
replacement of early-formed CGM by fluids released from the most evolved melt [46,49]. This is
supported by bright overgrowths on early-formed homogeneous CGM grains, as observed in BSE-
images.

Inclusions observed in the studied Kolmozero CGM include a rectangular grain of Nb-Ta-Ca-Na-
oxide (30x40 um, possibly a pyrochlore group mineral), an elongated grain of apatite (80x20 um) and
tiny (<1 um) grains of Pb-rich uraninite, bismute, bismite, galena and sphalerite.

4.1.2. Polmostundra deposit

Although most of the CGM from the Polmostundra deposit are homogeneous, some of the grains
show similar internal textures and apparently have the same origin as the Kolmozero CGM (Figure 3).
Some of the grains that are homogenous and bright in BSE-images are overgrown by darker porous
rims. Less abundant are patchy and mottled CGM. The patchy grains are similar to the ones from
Kolmozero. Mottled (convoluted) texture is characterized by irregularly-shaped domains with
embayment into each other and gradual variations in shades of gray in BSE-images. It can be observed
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that the mottled texture overprints an earlier internal oscillatory zoning in grains of CGM (Figure 3 a-
b). We infer that the mottled texture formed during a late stage in response to changes in the activities
of Nb and Ta, in the same way as the patchy pattern. In general, CGM from the Polmostundra deposit
often show reverse zoning with formation of late domains that are dark in BSE-images. This is not
common for CGM from pegmatites, but it has been described from granite and pegmatite (i.e. [45,54].
Uraninite and galena are common mineral inclusions in CGM from the Polmostundra deposit.

4.1.3. Okhmylk deposit

Almost all studied CGM from Okhmylk show a patchy pattern in BSE-images, but some
homogeneous grains are observed (Figure 4). The patchy pattern is represented by two subtypes: 1)
alternation of dark and bright bands (Figure 4c), and 2) irregular bright domains confined to the rims
of the CGM (Figure 4d). The conspicuous feature of the Okhmylk sample is the presence of abundant
intergrowths of CGM and Nb-Ta-Ca-(+Ti, Mn)-oxide (possibly, a pyrochlore group mineral) (see section
4.3).

Subhedral Pb-rich uraninite (<6 pm) and zircon (<5 pm) occur as inclusions in CGM from the
Okhmylk deposit, that are homogeneous in BSE-images.

4.1.4. Shongui deposit

CGM from the Shongui deposit usually exhibit a zoned texture characterized by dark-gray cores
and gray rims in BSE-images (Figure 5). Occasionally this zonation is normal, and the thickness of rims
is similar to the core diameter. In some cases, bright rims form thin discontinuous bands with a sharp
boundary to the main crystal. These bands are inferred as late overgrowths. Some grains show
oscillatory zoning, characterized by multiple bright and dark bands in BSE-images. Several grains show
a complex combination of different types of zoning, such as an inner core with oscillatory zoning
enclosed in a homogenous outer zone. These grains have reverse zoning, as the homogeneous outer
zones are dark in BSE-images. Based on the internal textures of CGM from the Shongui deposit, the
following crystallization scheme can be suggested (see previous discussion in section 4.1.1): 1)
formation of oscillatory zoning during the magmatic stage under disequilibrium conditions; 2)
crystallization of homogeneous CGM (dark in BSE-images) during the magmatic stage; 3)
crystallization of homogeneous CGM (bright in BSE-images) from evolved melt at a late magmatic
stage; 4) overgrowth of thin rims of CGM (brightest in BSE-images) at a post-magmatic (hydrothermal)
stage.

Clusters of small (<10 pm) rounded inclusions of Ta-Nb-Ca-Si-Ti-(+Sn)-O composition (possibly, a
pyrochlore supergroup mineral) are characteristic features of CGM from the Shongui deposit. These
inclusions are confined to the central parts of host mineral.

4.2. Mineral chemistry of CGM

All of the analyzed CGM from the Kolmozero-Voronja pegmatites show negative correlations in
the diagrams of Nb vs. Ta and Mn vs. Fe (Figure 6a,b), suggesting the substitution of Ta with Nb and
Fe with Mn. The Kolmozero CGM show highest Ta-content, while the CGM from the Okhmylk
pegmatites show highest Mn-content. The Polmostundra CGM show mainly Nb- and Fe-rich
compositions. Compositions and element ratios of the analyzed CGM are shown in the columbite
quadrilateral diagrams (Figure 6c,d). Most of the compositions plot within the columbite-(Fe) and
columbite-(Mn) fields, with single points of tantalite-(Fe), tantalite-(Mn) and species close to tapiolite-
(Fe). The brightness in the domain being observed in a BSE-image of a mineral correlates with the
average atomic mass of the elements constituting the domain. The atomic mass of Ta (= 181 amu) is
nearly the double of that of Nb (= 93), while Mn and Fe have nearly similar atomic mass (= 55 amu and
= 56 amu, respectively). Thus, brightest domains in the BSE images of the studied CGM grains have
high Ta concentrations, while the dark domains are rich in Nb. Variations in the concentrations of Mn
and Fe have much smaller effect on the brightness in BSE-images of CGM. Again, the minerals from the
four studied deposits may have variable overall contents in both major (Nb, Na, Fe, Mn) and essential
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minor (Ti, W, Sn, Zr, Si) components. CGM from Li pegmatites (Kolmozero, Polmostundra, Okhmylk)
have impurities of Ti (0.01-0.05 apfu) and W (0.002 - 0.018 apfu), whereas mineral from Be pegmatites
(Shongui) contains elevated Ti (0.02 - 0.09 apfu) and W below detection limit (Figure 7).
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Figure 6. Major-element compositions in CGM from the Kola rare-metal pegmatite belt expressed in
terms of (a) Nb (apfu) vs. Ta (apfu), (b) Mn (apfu) vs. Fe (apfu) and (c, d) Mn/(Mn + Fe) vs. Ta/(Ta +
Nb).
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Figure 7. Minor-element compositions in CGM from the Kola rare-metal pegmatite belt expressed in
terms of (a) Ta/(Ta + Nb) vs. Ti (apfu) and (b) Ta/(Ta + Nb) vs. W (apfu). Same symbols as Figure 6.

4.2.1. Kolmozero deposit

Ta/(Ta + Nb) and Mn/(Mn + Fe) ratios in Kolmozero CGM vary within 0.16-0.70 and 0.45-0.63,
respectively. Most of the homogeneous CGM and CGM with oscillatory zoning are classified as
columbite-(Fe) or more rare as columbite-(Mn). Most of the patchy domains in CGM classify as
tantalite-(Fe) and columbite-(Mn) and rarely as columbite-(Fe). Rims and domains interpreted as late
overgrowths classify as tantalite-(Fe). Some homogeneous grains of tantalite-(Mn) show a ‘sponge-
like” texture, i.e. they contain numerous tiny pores (Figure 2d). Similar textures have been related to
overprinting processes resulting from influx of hydrothermal fluids (e.g. [45,55-57]. For the
Kolmozero pegmatites, columbite-tantalite shows variations along two compositional trends: from
columbite-(Fe) to tantalite-(Fe) and from columbite-(Fe) to columbite-(Mn) (+ tantalite-(Mn)). This
suggests a significant increase in fluorine activity during crystallization due to intensive fractionation
of the pegmatite-forming melt-fluid system [19,20]. CGM from the Kolmozero deposit show low
concentrations of TiOz (0.29 - 0.89 wt.%, average 0.54 wt.%), WOs (0 - 0.61 wt.%, average 0.32 wt.%)
and SiO:2 (0.17 — 1.40 wt.%, average 0.39 wt.%), whereas Sn and Zr are below detection limit. High
TiO2 concentrations are observed in CGM with elevated Ta/(Ta+Nb). Patchy and porous CGM
contains ZnO ranging from 0.07 to 0.20 wt.%.

4.2.2. Polmostundra deposit

The CGM from Polmostundra show compositions in the columbite-(Fe) field in Figure 5c. The
Mn/(Mn + Fe) ratio varies between 0.12 and 0.33 and the Ta/(Ta + Nb) ratio between 0.05 and 0.39.
The mineral shows a tendency of increasing Ta/(Ta + Nb) and in some extent of Mn/(Mn + Fe) from
the homogeneous and oscillatory grains toward the patchy ones and rim overgrowths. CGM in dark
zones in BSE-images with reverse zoning and embayments cutting oscillatory and homogeneous
cores show lowest Ta/(Ta + Nb) in the range 0.05-0.07. The compositional variations of Nb and Ta
suggest a complicated scheme for crystallization of CGM in the Polmostundra pegmatite, i.e. (1) Ta
enrichment during magmatic fractionation (evidences from oscillatory and homogeneous CGM), (2)
consumption of Ta in the system due to formation of other Ta-bearing minerals toward the end of the
magmatic stage (outer zones in reverse CGM and embayments on mottled CGM), (3) crystallization
of high-Ta CGM during a hydrothermal stage (bright domains in patchy CGM, overgrowing rims
and domains). Minor components show highly variable concentrations: TiO: (0.27 - 1.07 wt.%,
average 0.69 wt.%), WOs (0 - 0.54 wt.%, average 0.35 wt.%), SiOz (0 — 0.69 wt.%, average 0.22 wt.%),
SnO: (0 - 0.84 wt.%, average 0.10 wt.%), and ZnO (0 - 0.16 wt.%, average 0.06 wt.%). The highest W,
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Zn and Sn contents are observed from the latest CGM showing high Ta/(Ta+Nb) ratios (bright
domains in patchy CGM, overgrowing rims and domains).

4.2.3. Okhmylk deposit

CGM from the Okhmylk deposit show compositions corresponding to columbite-(Fe) and
columbite-(Mn) in Figure 6d, with Mn/(Mn + Fe) ratios ranging between 0.29 and 0.92, and Ta/(Ta +
Nb) between 0.09 and 0.24. Some analyses with high Ta/(Ta + Nb) also show high Mn/(Mn + Fe). The
highest Mn/(Mn + Fe) are detected in patchy domains (both in BSE-dark and bright domains).
Homogeneous CGM and minerals with normal compositional zoning show lowest Mn/(Mn + Fe)
ratios. This indicates that the enhanced Mn/(Mn + Fe) ratios result from reactions with a late
hydrothermal fluid rather than during fractional crystallization (e.g., [8,11,58]). Another factor
controlling the Fe-Mn fractionation in CGM is competitive crystallization of paragenetic Fe-bearing
minerals (i.e. tourmaline, mica and Fe-oxides) and of Mn-bearing minerals (i.e., apatite, spessartine
and triphylite-lithiophilite phosphates; see [9,59]). Abundant tourmaline (mainly schorl) together
with accessory magnetite in the Okhmylk sample (see Table 1) are considered to be responsible for
an increase in the Mn content of the late pegmatitic melt during continuous crystallization of CGM.

The CGM from the Okhmylk deposit differs from CGM from the other pegmatites studied here
by low TiO:z (0.09 — 0.58 wt.%, average 0.33 wt.%), high WOs (0.20 — 1.15 wt.%, average 0.61 wt.%),
detectable Sc20s (0.08 — 0.23 wt.%, average 0.15 wt.%), and SnO2 and ZnO below their detection limits.
The minor element contents result both from melt evolution and the mineral assemblage for the
Okhmylk CGM. Tungsten and Ti, as incompatible elements, prefer to enter the residual melt during
magmatic evolution. Scandium is a compatible element and prefers to enter mafic minerals, such as
pyroxene and amphibole. In general, pegmatites show low concentrations of Sc, but in F-enriched
melts, Sc can be significantly enriched in the residual melt during magmatic evolution due to the high
chemical affinity of Sc to F [60]. Absence of tin in CGM is apparently controlled by abundant
cassiterite in the Okhmylk pegmatite (see Section 4.3 below).

4.2.4. Shongui deposit

The predominant CGM from the Shongui sample is columbite-(Fe) with two exceptions of
columbite-(Mn). The CGM show Ta/(Ta + Nb) ratios ranging from 0.07 to 0.23 (average 0.14) and
Mn/(Mn + Fe) ratios from 0.31 to 0.55 (average 0.4). Columbite-(Mn) occurs in cores that are dark in
BSE-images [Ta/(Ta + Nb) = 0.08], and in overgrowths that are bright in BSE-images [Ta/(Ta + Nb) =
0.23]. The normal zoning (dark core and bright rim in BSE images) mainly reflects an increase in Ta
content toward the rims. Grains with oscillatory zoning are characterized by Ta/(Ta + Nb) ratios in
the range 0.15-0.2 and Mn/(Mn + Fe) ratios in the range 0.33-0.44. It may be concluded that the Nb-Ta
fractionation in CGM from Shongui is mainly controlled by magmatic differentiation (both
equilibrium and non-equilibrium), while hydrothermal processes (represented by rare Ta-rich
overgrowing rims) are suppressed.

CGM from the Shongui deposit are characterized by minor element contents different from the
other pegmatites reported here. TiO2 ranges from 0.34 to 2.12 wt.% (average 0.84 wt.%), whereas Zr,
W, Sc, Sn and Zn are negligible or below their detection limits. The highest TiOz content was detected
in CGM with oscillatory zoning (1.5-1.7 wt.%) and in cores of grains with normal zoning (0.6-2.12
wt.%), i.e. in minerals formed during an early magmatic stage.

4.3. Associated pyrochlore supergroup minerals and cassiterite

Pyrochlore supergroup minerals (PSGM) are identified in samples from the Polmostundra,
Okhmylk and Shongui pegmatites. PSGM are abundant in Polmostundra, where they form
individual grains. For the Okhmylk pegmatite, PSGM occur as overgrowths on CGM, while for the
Shongui pegmatite, PSGM grains occur as tiny inclusions in CGM.

PSGM from Polmostundra form subhedral and anhedral 200-300 um grains (Figure 8) with an
inhomogeneous internal texture characterized by irregularly distributed thin zones that are bright in

doi:10.20944/preprints202311.0404.v1


https://doi.org/10.20944/preprints202311.0404.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 November 2023 doi:10.20944/preprints202311.0404.v1

19

BSE images (due to high Ta, U and Pb, see Table 3). Mineral compositions are given in Table 3. The B
site is mainly occupied by Ta (1.835-1.917 apfu) and, to a lesser extent, by Nb (0.052-0.111 apfu), W
(0.016-0.028 apfu) and Sn (0-0.043 apfu), with Fe, Ti, Al and Mg below their detection limits. The A
site is almost completely occupied by Na (0.825 to 0.986 apfu) and Ca (0.6 to 0.863 apfu), with varying
contents of U (0-0.155 apfu) and Sr (0.049-0.144 apfu). The contents of Mn, Pb and Th are insignificant
or below the detection limits. PSGM show variable contents of F and OH and classify as
fluoronatromicrolite / hydroxynatromicrolite with an average formula (Na 0.90 Ca 074 Sr 008 U 007 Pb 0.03
Mn o.01)1.84 (Tar.s7 Nb 009 St 0.2 W 0.02)2 (F 055 OH 045). Microlite is the only Nb-Ta oxide from the studied
pegmatite showing a significant content of uranium (1.02 to 7.24 wt. %, average 3.85 wt. %, of UO),
suggesting that it formed during replacement of early-formed Nb-Ta minerals (i.e., [12,61]).
Accordingly, the microlite shows highest Ta/(Ta + Nb) ratio (0.94-0.97) of all of the Nb and Ta oxides
of the studied pegmatites, supporting its evolved character. Most analyses show fluorine >0.5 apfu,
however, U-enriched microlite contains up to 0.5 apfu OH. Fluorine is below the detection limit in
the thin zones with elevated Pb and U. High Pb content in microlite is partly related to secondary
alteration [14]. Thus, it can be suggested that microlite crystallized during a late metasomatic /
hydrothermal stage during pegmatite formation.

Figure 8. Representative back-scattered electron (BSE) images of PSGM grains from the Polmostudra
pegmatites, illustrating the morphology and internal textures. Thin zones with elevated Ta, U and Pb
(a); euhedral grains with octahedral habit (b, ). Red stars indicate microprobe analyses, green circles
SEM analyses.

Okhmylk PSGM formed during replacement of columbite-(Mn). Columbite-(Mn), which formed
during a magmatic stage, was initially homogeneous. The alteration of columbite-(Mn) started along
the rim and internal fractures (Figure 9a) and progressed until the mineral was partly or completely
altered to PSGM (Figure 9b). The PSGM from Okhmylk classifies as hydroxycalciopyrochlore, with
the average formula (Ca 1.00 Mn 007 Fe 0.01Y 0.01) 1.08 (Nb 1.76 Ta 023 Ti 001)2 (OH 1.00). For all analyses, the
contents of Na and F are below their detection limits. The mineral shows elevated Y203 content (0.28-
0.44 wt. %) and high vacancies in A site (0.62-0.99 apfu). Pyrochlore and primary columbite show
similar Ta/(Ta+Nb) ratios. The Mn/(Mn+Fe) ratio is exceptionally high in pyrochlore compared to
columbite (0.68-1.0 and 0.57-0.67, correspondingly). The replacement process was probably driven
by Ca-rich hydrothermal solutions. During the alteration, both Nb and Ta appear to have been
immobile. The Mn-Fe substitution series shows the fractionation with removal of iron.
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Figure 9. EMPA mapping (Fe, Mn, Ca) of CGM and PSGM showing the formation of PSGM along the
rim and internal fractures in CGM (a), and more extensive replacement of CGM by PSGM (b). Stars
indicate microprobe analyses.

An estimate of the average composition of PSGM from Schongui (see Figure 5d) suggests that the
mineral is hydroxycalciomicrolite with the formula (Ca 1.13 Na 012 As 007 Fe 0.0s Mn 003 U 0.02)1.42 (Ta 091
Si 0.65s Nb 037 Sn 0.0+ Mg 0.01 Al 0.01)2 (OH 1.00). The average Ta/(Ta+Nb) and Mn/(Mn+Fe) are 0.72 and 0.38,
respectively. The host mineral is columbite-(Fe) or, less common, columbite-(Mn), with Ta/(Ta+Nb)
and Mn/(Mn+Fe) ratios in the range 0.08-0.17 and 0.41-0.54, respectively.

Cassiterite was recovered only from the Okhmylk pegmatite. The mineral occurs as anhedral and
subhedral angular grains (200-300 um) (Figure 10). The internal texture is inhomogeneous due to the
presence of porous domains. Cassiterite grains often contain inclusions (20-40 um) of albite and rarely
quartz, resembling a poikilitic texture. These textural patterns are different from those observed in
cassiterites forming at magmatic stages of pegmatite formation (i.e. homogeneous, without pores and
inclusions of late minerals, see [46,58,62]). Cassiterite contains inclusions of rounded and partially
resorbed CGM (40-60 um). The CGM are of both magmatic (normal compositional zoning) and
metasomatic/hydrothermal (with patchy domains) types. Cassiterite, enclosing magmatic CGM, has
been reported from a number of pegmatite occurrences, i.e. Separation Rapids in Canada [46] and
Kangxiwa-Dahongliutan in China [58]. The chemical composition of cassiterite from Okhmylk is near
ideal SnO2 (the majority of the grains have > 99 wt. % SnOz) with variable contents of trace elements
(Fe: 0-0.012, average 0.003 apfu; Nb: 0 - 0.007, average 0.002 apfu; Ta: 0 — 0.027, average 0.007 apfu;
Mn, Mg, Zr, Ti are below their detection limits). The compositions are typical for cassiterite from
hydrothermal environment [62].
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Figure 10. Representative back-scattered electron (BSE) images of cassiterite grains from the Okhmylk
pegmatites, showing morphology and internal textures. Inclusions of CGM (a, b, c); porous texture
and rounded inclusions of quartz and albite (a, b, ¢, d).

4.4. Implication for ore genesis and grade

Nb-Ta-Sn oxides (among which the columbite group minerals, the pyrochlore supergroup
minerals and cassiterite are the most common) can provide information about the formation of LCT-
pegmatites of different ore grades and mineralization signatures. Variations in the composition and
internal textures of Nb-Ta-Sn oxides are mainly controlled by the rate of magmatic fractionation,
mineral associations of the host pegmatite, the composition of the magmatic fluid, and later
hydrothermal/metasomatic processes. As a result of fractional crystallization, the composition of
CGM generally shows a continuum from early Nb-rich to later Ta-rich compositions [63,64]. Normal
and oscillatory zoning, homogeneous compositions are of magmatic origin and controlled by Nb-Ta
fractionation. Previous studies have proved that the patchy and mottled textures of CGM, as well as
overgrowing Ta-rich rims, are generally related to metasomatic replacement during reactions with
hydrothermal fluids (e.g., [8,11,58]). Fractionation of Fe and Mn, which is difficult to relate to any of
the processes mentioned above, was probably controlled by the mineral associations during
crystallization. Reverse zoning is rarely observed in CGM from rare-metal pegmatites and may be
attributed to local changes of the bulk geochemistry and/or fluid regime of the pegmatite.

The main compositional and textural features of Nb-Ta-Sn oxides from the studied pegmatite
samples from the Kolmozero-Voronja belt are summarized in Table 5.

Table 5. Summary of mineralogical studies of Nb-Ta-Sn oxides from pegmatite samples in
Kolmozero-Voronja rare-metal belt.

Deposit/Occurrence ~ Kolmozero Polmostundra Okhmylk Shongui
Sample N KL-GX-11 POL-GX-3/5 OKH-2/2 SH-7
- lizati
Mineralization &\, Tq) Li-Cs (+Nb, Ta) Li (+Nb, Ta) Be (+Nb, Ta)
signature

Ore grade (based on

. High Medium to low Low to barren Low to barren
Li content)
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CGM columbite-(Fe) columbite-(Fe) columbite-(Fe) columbite-(Fe)
columbite-(Mn) . columbite-(Mn)
tantalite-(Fe) columbite-(Mn)
tantalite-(Mn)
Texture/zoning/ oscillatory homogeneous irregular normal progressive normal
pattern (by homogeneous mottled patchy oscillatory
descending) patchy oscillatory homogeneous homogeneous
sponge domains patchy irregular reverse
overgrowing Ta- irregular reverse overgrowing Ta-rich
rich rims rims
Overall
composition
features:
Ta/(Ta + Nb) 0.16-0.70 8(1)2832 g:gg:g;; 0.07-0.23
Mn/(Mn + Fe) 0.45-0.63 0.01-0.05 0-0.025 0.31-0.55
Ti (apfu) 0.01-0.05 0.0-0.009 0.003-0.018 0.02-0.09
W (apfu) 0.002-0.012 0.0
PSGM calciopyrochlore ggﬁ;ﬁiﬁ:iﬂ;ﬁgﬂ; hydroxycalciopyrochlore hydroxycalciomicrolite
(included into rains of (replaced columbite- (included into
columbite-(Fe)) hy droiiermal origin) (Mn)) columbite-(Fe))
Cassiterite abundant porous grains
No (0-0.5 wt.% of No (0-0.84 wt.% of  of hydrothermal origin No (0-0.2 wt.% of SnO:
SnO2 in CGM) SnO:z in CGM) (0.0 wt.% of SnOz2 in in CGM)
CGM)

Main evolution
trends for Nb-Ta-Sn (Mn); columbite- fluornatromicrolite —

Calciopyrochlore  Columbite-(Fe) —
— columbite-(Fe) columbite-(Fe) with

higher Ta/(TatNb) —  _orumbite-(Fe/

columbite-(Mn) —
hydroxycalciopyrochlore columbite-(Fe) with

Hydroxycalciomicrolite

1 ite-
— columbite — columbite-(Fe) —

oxides: (Fe) — tantalite- hydroxynatromicrolite Lo .
(Fe)/tantalite-  with high Ta, U and — cassiterite. higher Ta/(Ta+Nb).
(Mn). Pb content.

Based on the information given in Table 5 we infer that both magmatic and hydrothermal
processes controlled the Nb-Ta and Fe-Mn fractionation of CGM from the high grade Kolmozero Li
deposit. For the medium- to low-grade Polmostundra Li (+ Cs) deposit, magmatic processes were less
pronounced for Nb-Ta fractionation of the CGM, while hydrothermal processes were important
during crystallization of microlite. For the low-grade Okhmylk Li deposit we infer that Nb-Ta
fractionation was insignificant for CGM during the magmatic stage. However, the fractionation of Fe
and Mn controlled by the mineral association, i.e. the crystallization of Fe minerals (schorl) was
significant in Okhmylk CGM. Hydroxycalciopyrochlore and cassiterite are of hydrothermal origin.
For the CGM from the low-grade Shongui Be (+Ta) deposit, any Nb-Ta fractionation during magmatic
stage is considered to be insignificant. The hydroxycalcio- species of PSGM crystallized during an
early magmatic stage, while the fluoronatro- species formed in hydrothermal environment, probably
during reactions with sodium and fluorine in excess in late hydrothermal solutions.

Late tantalum-rich Nb-Ta oxides (CGM and PSGM from Kolmozero and Polmostundra) have
elevated Sn content that is in accordance with presumable partitioning of tin into late hydrothermal
phases [65]. The consumption of Sn by abundant CGM from these deposits did not allow cassiterite
precipitation. The opposite can be inferred for the niobium-rich CGM and PSGM from Okhmylk,
which do not contain Sn. Here, Sn was allowed to accumulate in the late fluid phase, resulting in the
crystallization of hydrothermal cassiterite.

The petrogenetic processes that were active during the formation of the high-grade Kolmozero
deposit, resulted in the crystallization of abundant CGM, showing large compositional variations.
Volatile components may have played an important role for the rare-metal enrichment. Indeed, the


https://doi.org/10.20944/preprints202311.0404.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 November 2023 doi:10.20944/preprints202311.0404.v1

23

Kolmozero sample has an elevated concentration of COz (0.25 wt.% vs <0.01-0.02 wt.% in low-grade
samples (see Table 1). Due to the strong depolymerization effect of COz, a high CO2 content causes
rapid separation of volatile-rich melts from the initial magma through immiscibility [66]. At this
stage, the activity of rare metals increased. Furthermore, CO: is exhausted earlier than other volatiles,
promoting extensive hydrothermal processes and rare metal precipitation, in response to pressure
and temperature drop and/or pH change [67].

5. Conclusions

1. CGM from high-grade Li pegmatite deposits from the Kolmozero-Voronja belt are characterized
by several mineral species showing large variations in chemical compositions, mainly controlled
by Nb-Ta fractionation. Textural patterns are extremely various and indicate the involvement of
numerous magmatic and hydrothermal processes.

2. Nb-Ta magmatic fractionation in CGM from low-grade and barren pegmatite deposits is
insignificant.

3. Fe-Mn fractionation is mainly controlled by precipitation of certain Fe minerals during
pegmatite formation and does not play an important role in the grade of the deposits.

4. PSGM from high- to medium-grade lithium deposits are magmatic (Nb varieties) and early
hydrothermal (Ta varieties), while in low-grade to barren pegmatites the mineral crystallized at
late hydrothermal stages (both Nb and Ta varieties). PSGM from beryllium deposits are early
magmatic Ta varieties and crystallized before CGM.

5. Snis concentrated in CGM from high- to medium-grade Li pegmatites, while it formed abundant
hydrothermal cassiterite in low-grade and barren pegmatites.

6. Be-Ta pegmatites from the Kolmozero-Voronja belt are characterized by CGM with lowest
variations of fractionation ratios Ta/(Ta + Nb) and Mn/(Mn + Fe) and highest Ti contents.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org.
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