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Abstract

A comprehensive investigation was conducted on high-hafnium zircons from the LCT (Li-
Cs-Ta) pegmatites of the Vasin-Mylk rare-metal deposit within the Fennoscandian Shield. In
situ analysis of trace element composition and oxygen isotope ratios were performed using
secondary ion mass spectrometry (SIMS), complemented by internal structural examination
via scanning electron microscopy (SEM). The research focuses on deciphering compositional
zoning within zircon crystals and characterizing their geochemical signatures to constrain
crystallization conditions. The study revealed anomalously high concentrations of Hf
(up to 381,000 ppm) and Li (up to 152 ppm), paired with extremely low abundances of
U (~10 ppm) and total rare earth elements (~35 ppm). Marked geochemical contrasts
were identified between the central and rim domains of the zircons. Central zones display
well-fractionated rare earth element (REE) patterns featuring positive Ce and negative Eu
anomalies, while the high-Hf rims exhibit weakly differentiated spectra with variable Ce
anomalies. The identified W-type tetrad effect suggests crystallization from a melt strongly
influenced by coexisting fluids. The obtained 5'O values are consistent with a mantle
source and suggest crystallization within a system closed to external fluids. The zircons
from the Vasin-Mylk deposit crystallized during the transitional period between the late
magmatic and early hydrothermal stages of a highly differentiated pegmatite system. These
results contribute to a better understanding of ore genesis in LCT pegmatite systems.
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Highly differentiated rare-metal granites and pegmatites, particularly those of the
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models most often attribute their formation to either extreme melt [1-3] or crustal anatectic
via the partial melting of metamorphic protoliths [4]. Consequently, determining their
precise formation conditions holds dual significance: it advances fundamental knowledge
of granitoid magma evolution while providing a practical basis for developing effective
exploration criteria for new rare-metal deposits.

The Vasin-Mylk rare-metal deposit is located within the Archean Kolmozero-Voron’ya
greenstone belt of the Fennoscandian Shield, representing a classic example of LCT peg-
matites. While key lithium-bearing pegmatites in the northeastern Fennoscandian Shield,
such as the Kolmozero and Polmostundra deposits, are well established in the litera-
ture [5,6], the Vasin-Mylk deposit has received comparatively less research attention [7,8].
The deposit is composed of spodumene-quartz-albite and lepidolite—pollucite-spodumene-
albite pegmatites. The pegmatite bodies display a distinct zonal structure and host a char-
acteristic rare-metal mineral assemblage that includes spodumene, lepidolite, pollucite,
and minerals of the columbite group.

Zircon plays a pivotal role in the mineral associations of highly differentiated systems.
As a key accessory mineral and geochronometer, the U-Pb dating of zircon enables solu-
tions to diverse geological problems [9]. In addition to its geochronological role, zircon
can incorporate various trace elements. While many elements occur in minor amounts
(typically <1000 ppm), others—notably Hf, U, Th, Y, and REE—may be enriched to signifi-
cantly higher concentrations. In zircons from highly evolved rocks, HfO, content can attain
30—40 wt.% or more, reaching thresholds where high-Hf zircon approaches the composi-
tion of hafnon (HfSiO4) [10-12]. Such a hafnon was discovered in the zircon rim of the
Vasin-Mylk pegmatites [13]. The crystallization of high-Hf zircons indicates an advanced
stage of melt evolution, often associated with the influence of volatile-enriched fluids. To
understand the formation stages of ore-bearing pegmatites, it is essential to investigate their
internal structure, chemical composition, and isotopic-geochemical characteristics. This
approach provides insights into both the evolution of magmatic systems and the effects of
post-magmatic processes.

This study presents a detailed isotopic-geochemical investigation of high-Hf zircons
from the pegmatites of the Vasin-Mylk deposit. The research aims to characterize the
distribution of rare and rare earth elements across different zones within zircon crystals,
determine their geochemical signatures and oxygen isotope composition, and estimate
zircon crystallization temperatures. The resulting data allow for the reconstruction of zircon
formation conditions, thereby advancing the understanding of ore-forming processes in
LCT pegmatites.

2. Geological Setting

The Vasin-Mylk rare-metal deposit represents a recognized occurrence of LCT-type
pegmatites. It is situated within the Archean Kolmozero-Voron’ya greenstone belt in the
northeastern Fennoscandian Shield (Figure 1). This belt forms a major linear Archean
tectonic suture that was later reworked during the Paleoproterozoic, delineating the bound-
aries between the Murmansk, Kola-Norwegian, and Keivy crustal blocks. The belt is
predominantly composed of Mesoarchean (2.9-2.8 Ga [8]) metavolcano-sedimentary rocks,
including komatiite-tholeiite and the basalt-andesite—dacite series. These rocks are in-
truded by differentiated gabbro—granodiorite—granite plutons (2.7-2.6 Ga) and by younger
(2.7-2.5 Ga) tourmaline-muscovite and microcline granites [8]. The prolonged forma-
tion history of the Kolmozero-Voron'ya belt culminated with the emplacement of granite
massifs and associated granite pegmatites. Two major rare-metal (Li, Cs, Ta, Nb, and
Be) pegmatite fields are distinguished within the belt. The northwestern sector hosts de-
posits including Vasin-Mylk, Okhmylk, Oleninskoe, Polmostundra, and Shongui, which
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intrude the volcanogenic-sedimentary sequences of the belt. In the southeastern sector,
the Kolmozero deposit comprises a series of albite—spodumene veins that cut through the
gabbro-anorthosites of the Patchamvarek massif.
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Figure 1. Geological map and cross-section of the Vasin-Mylk rare-metal pegmatite deposit (modified
after [14]). The inset map illustrates the deposit location within the Kola Peninsula region.
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The age of the Vasin-Mylk pegmatites is 2454 &= 8 Ma, determined by U-Pb isotope
dilution thermal ionization mass spectrometry of the microlite [7], which places their
formation during the Early Paleoproterozoic rifting event. The pegmatites are hosted
by banded amphibolites. These host rocks exhibit a compositional banding, with light-
colored bands consisting primarily of feldspar and dark bands dominated by amphibole.
The principal mineral assemblage includes hornblende (55-95%), plagioclase (Anzg_49)
(20-45%), and quartz (10-15%). Secondary minerals comprise biotite (0-7%), epidote
(0-5%), garnet, and ore minerals. Accessory minerals are titanite, allanite, apatite, calcite,
and zircon.

The Vasin-Mylk deposit is composed of spodumene—quartz-albite and lepidolite—
pollucite-spodumene-albite pegmatites. These occur as subparallel, gently southeast-
dipping (dip angle 10-30°), sheet-like veins, approximately 5 m thick and up to 220 m
long [7]. The pegmatite veins have been traced by drilling to depths of up to 350 m, and
they exhibit a distinct internal zonation. The vein margins feature a thin zone (a few cm to
0.5 m) of fine- to medium-grained plagioclase-quartz pegmatite containing schorl, Mn-rich
apatite, and muscovite. Inward, this zone is succeeded by a variably thick interval of blocky
microcline, which grades into a more extensive central zone dominated by albite-quartz—
spodumene. Locally, the central zone consists of albite-quartz pegmatite with pollucite
and lepidolite, reaching thicknesses of 5-6 m thick, where pollucite acts as the main rock-
forming mineral. Thus, the ore minerals in the Vasin-Mylk pegmatites include Li-bearing
phases (spodumene, pollucite, and lepidolite), Nb-Ta minerals (columbite—-tantalite), and
beryl—the latter also being of potential economic interest. Accessory minerals comprise
muscovite, apatite, zircon, simpsonite, holtite, and titanite.

3. Materials and Methods

Samples of zircon were selected from material taken from a pit located near borehole
C-4 (Figure 1). The sampled material consisted of the least altered boulders of coarse-
and medium-grained albitized pegmatites (KV-19), found within areas of fine-grained
albite-lepidolite—quartz greisen. Zircon is predominantly associated with platy and less
commonly sugary albite, as well as with light blue clevelandite.

The pegmatites of the Vasin-Mylk deposit host a diverse mineral assemblage (Figure 2).
Albite is the most abundant mineral, accompanied by dark gray quartz forming irregular
sections 3-5 cm across. Microcline occurs in both pinkish and white varieties. Tourmaline
is present in black (schorl) and pink (rubellite) colors. Two generations of muscovite are
observed: (1) coarse-grained, light green crystals and (2) fine-grained, dark green crystals.
Pollucite forms fine-grained, dense, white segregations; these accumulations are irregu-
larly shaped and can reach several tens of centimeters in diameter. Pale violet lepidolite
occurs as scaly aggregates up to 2-3 cm in size. Spodumene forms small, elongated crys-
tals ranging from white to greenish and less commonly exhibits a pinkish tint (kunzite).
Minerals of the tantalite—columbite group appear as small, slightly brownish black, platy
crystals. White to gray montebrasite forms clusters of irregular segregations among tabular
albite and quartz, as well as along the contact between lepidolite and pollucite. Beryl
is relatively rare, occurring as irregular segregations up to 2 cm in size; it very rarely
forms short prismatic crystals within quartz and albite. Manganapatite occurs as small
(<0.5 cm) bluish irregular segregations. Among the rare accessory minerals are holtite
and simpsonite.
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Figure 2. Mineral assemblage of rare-metal pegmatites at the Vasin-Mylk deposit: albite (Ab), quartz
(Qz), lepidolite (Lpd), tourmaline (Tur; rubellite variety), and holtite (Hlt).

Two zircon generations occur in the Vasin-Mylk pegmatites, distinguished by com-
position, primarily in U content: early high-U zircons and later low-U, high-Hf zircons.
The studied crystals represent the second generation of low-U, high-Hf zircons. They
appear as semi-transparent, dark brown idiomorphic to subidiomorphic crystals measuring
400-600 um, with a dipyramidal-prismatic habit.

Zircons were separated from the rock samples (total weight ~20 kg) using conventional
methods involving magnetic separation and heavy liquid techniques. The extracted grains
were then mounted in epoxy resin.

Analyses were conducted using a JEOL JSM-6510LA scanning electron microscope
(JEOL, Tokyo, Japan) equipped with an integrated JED-2200 energy-dispersive X-ray spec-
trometer (JEOL Ltd., Akishima, Japan) at the IPGG RAS laboratory. This system was used
to examine zircon samples for their morphology, internal structure (BSE imaging), bulk
major element composition, and the chemistry of mineral micro-inclusions. Standard
operating conditions were applied: an accelerating voltage of 20 kV, a beam current of
1.5 nA, a working distance of 10 mm, and a probe diameter of approximately 3 um. Elemen-
tal quantification was performed using ZAF matrix corrections within the JEOL analysis
software. Standard samples included synthetic zircon (ZrL«, SiKx) and hafnon (HfM«), as
well as pure metals and chemical compounds. Cathodoluminescence (CL) imaging was
carried out using a CamScan MX2500S scanning electron microscope (CamScan Electron
Optics, Ltd., Oxfordshire, UK) with a CLI/QUA 2 CL detector at the Centre of Isotopic
Research of the A.P. Karpinsky Institute of Geology (Russian Geological Research Institute,
St. Petersburg, Russia).

The concentrations of rare earth elements and other trace elements in zircon were
determined using secondary ion mass spectrometry (SIMS) with a Cameca IMS-4f ion
microprobe (Cameca, Gennevilliers, France) at the Yaroslavl Branch of the Valiev Institute
of Physics and Technology of the Russian Academy of Sciences (IPT RAS, Yaroslavl Branch).
The analytical methodology followed established procedures [15,16]. A total of 29 analytical
points were acquired on the investigated zircons. The measurements consisted of three cy-
cles performed under the following conditions: a primary 10, ion beam with a diameter
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of 20 um, a beam current of 5-7 nA, and an accelerating voltage of 15 keV. Detection limits
ranged from 5 to 10 ppb, with an analytical precision of 10-15% for concentrations >1 ppm
and 10-20% for concentrations between 0.1 and 1 ppm. The resultant REE patterns were
normalized to CI chondrite values [17]. Crystallization temperatures for zircon were esti-
mated from Ti concentrations using the Ti-in-zircon geothermometer [18]. The application
of this thermometer requires titanium saturation in the melt [18]. The presence of accessory
titanite in the paragenesis confirms this condition. Although zircon-titanite assemblages
are not common in pegmatites, such occurrences have been documented [19,20] and are, in
fact, characteristic of pegmatites in the Keivy province [21].

Oxygen isotope ratios (§'80) in zircon were measured using a Cameca IMS-1280
ion microprobe (SIMS) (Nobel Drive, Madison, WI, USA) at the Institute of Geology and
Geophysics of the Chinese Academy of Sciences, Beijing, following published method-
ologies [22-24]. Prior to analysis, the sample mount was repolished to remove pits from
previous trace element analyses, ensuring that new $'80 measurement spots could be
precisely correlated with the existing compositional data. Each analytical session was
calibrated using the zircon reference materials TEMORA-2 and 91500, with 9 and 4 mea-
surements, respectively, to correct for instrumental mass bias. The analytical conditions
involved a 10 keV Cs* primary beam at an intensity of approximately 2 nA, producing an
analytical crater 20 um in diameter. All §'80 values were calibrated relative to the VSMOW
international standard (180 /1O = 0.0020052).

4. Results
4.1. Zircons Characterization

Zircons from the Vasin-Mylk pegmatite deposit are characterized by yellow-orange or
light brown, semi-transparent or translucent crystals with a predominantly dipyramidal
morphology and well-developed fracturing. The crystals exhibit internal heterogeneity,
featuring a complex structure (as revealed by SEM using CL and BSE detectors) that
includes oscillatory zoning, dark central zones, and thin (5 to 20 pm thick) light marginal
zones visible in CL images (Figure 3). The zircons also contain micro-inclusions, with
microlite being widely present. These variations in internal structure are reflected in
corresponding differences in the zircon’s geochemical characteristics.

Det: CL; EHT: 12.00 kV; Beam: 5; WD: 30.16 mm

Figure 3. Cathodoluminescence image of zircons from the Vasin-Mylk pegmatites. Analytical spots
are marked (crater diameter is about 20 um); numbers correspond to data points in Table 1.
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Table 1. Trace element concentrations (ppm) of zircons (KV-19) from the Vasin-Mylk pegmatites.

1 2 3 4 5 6 7 8 9
E}es;f:‘ t CLDark  CLBright GDark CLBright  CL-Bright  CLBright (oD% CLBright CL-Bright Rim
im Rims Rim Rim Rim Rim
Zone Zone
La 1.34 1.47 0.06 0.05 0.03 0.04 0.04 0.04 0.04
Ce 1.78 0.67 0.20 0.18 0.21 0.15 0.27 0.26 0.28
Pr 0.32 0.16 0.02 0.01 0.01 0.01 0.03 bdl 0.02
Nd 1.98 0.52 0.02 0.04 0.02 bdl 0.08 0.03 0.02
Sm 1.81 1.58 151 0.73 0.84 0.65 1.18 1.35 0.88
Eu 0.15 0.11 0.10 0.03 0.04 0.02 0.05 0.07 0.04
Gd 1.49 0.64 0.14 0.06 0.01 0.04 0.10 0.02 0.13
Dy 6.92 3.40 7.57 2.81 0.82 1.44 0.72 0.31 3.40
Er 9.53 4.67 28.5 10.1 3.00 4.68 0.71 0.57 8.00
Yb 10.6 20.1 91.1 33.9 8.42 6.43 11.6 7.29 194
Lu 2.67 1.69 8.28 3.22 1.28 1.30 0.74 0.77 2.15
Li 152 128 60.0 21.2 351 5.27 35.1 8.61 12.4
P 562 449 276 149 101 130 112 105 128
Ca 1453 163 17.7 114 9.88 10.5 16.0 13.1 4.81
Ti 1.29 0.47 0.16 0.08 0.07 0.04 0.10 0.12 0.09
Sr 15.0 134 3.65 4.04 457 5.39 4.00 3.98 5.90
Y 129 63.1 246 99.3 30.8 454 14.3 9.38 61.9
Nb 1070 909 475 223 126 67.6 302 30.0 25.5
Ba 9.22 8.38 191 1.76 1.79 0.98 240 2.21 291
Hf 211,465 226,727 205,049 226,704 257,850 279,767 279,130 320,793 295,467
Th 1679 1036 544 126 38.0 33.1 316 119 22.9
U 10.8 115 9.56 8.91 10.0 10.5 125 13.8 17.8
Th/U 155 90.2 56.9 14.1 3.79 3.14 25.2 0.86 1.29
! Eu/Eu* 0.28 0.32 0.66 0.42 1.97 0.34 0.45 1.29 0.40
2Ce/Ce* 0.66 0.34 1.46 1.63 3.26 1.76 191 n.d. 2.64
XREE 38.5 35.0 137 51.1 14.7 14.8 155 10.7 34.4
XLREE 541 281 0.29 0.28 0.26 0.20 0.42 0.33 0.35
YHREE 312 30.5 136 50.0 13.5 13.9 13.9 8.96 33.1
Lun/Lan 19.2 11.1 1354 642 429 311 162 188 528
Lun/Gdn 14.5 21.4 494 429 1856 284 60.3 338 136
Smy /Layn 217 1.73 411 24.4 46.8 259 42.8 54.5 36.1
T(Ti), °C 589 529 474 442 435 416 455 461 447
5180, %o 5.73 5.45 6.36 6.18 5.64 5.39 5.17 5.31 5.73
+, %o 0.19 0.24 0.18 0.16 0.20 0.25 0.24 0.38 0.26
3TE, 0.37 0.50 n.d. 0.65 n.d. n.d. n.d. nd. n.d.
10 11 12 13 14 15 16 17
Element CL-Dark . . CL-Dark .
/Spot CLI;].Z)ark Central CL-B'rlght CL-B.rlght Central CL-B.nght CL-Bright Rim CL-Dark Central Zone
im Rim Rim Rim
zone zone
La 0.13 0.00 0.03 0.05 0.01 0.03 0.02 0.04
Ce 0.32 0.43 0.21 0.30 0.28 0.23 0.23 0.24
Pr 0.03 0.00 0.01 0.01 0.01 0.01 0.02 0.01
Nd 0.12 0.04 0.02 0.01 0.06 0.02 0.08 0.02
Sm 0.64 1.23 0.67 0.68 0.60 0.65 0.65 0.69
Eu 0.03 0.06 0.02 0.05 0.03 0.02 0.03 0.03
Gd 0.50 0.18 0.04 0.01 0.16 0.09 0.05 0.07
Dy 11.8 1.11 0.57 0.55 3.16 1.71 0.47 0.90
Er 17.0 1.47 0.61 1.98 10.1 4.67 0.78 0.87
Yb 16.9 15.0 bdl bdl 31.6 20.2 8.65 1.72
Lu 1.87 0.76 0.31 0.67 4.47 1.99 0.46 0.35
Li 43.3 40.3 244 5.94 41.4 13.08 14.3 18.8
P 106 134 66.5 85.8 228 99.7 74.7 79.8
Ca 55.4 17.0 12.0 4.72 17.5 11.6 13.6 8.89
Ti 0.11 0.08 0.03 0.02 0.09 0.04 0.06 0.04
Sr 3.82 bdl 0.52 2.64 2.87 2.35 3.90 5.84
Y 185 bdl bdl 2.55 56.8 32.6 8.86 20.0
Nb 42.2 607 109 9.39 947 124 107 157
Ba 222 1.88 2.00 2.13 297 1.95 0.50 2.29
Hf 380,908 227,500 308,877 332,644 198,616 230,513 252,939 289,125
Th 219 408 88 432 349 114 107 144
U 329 13.6 12.7 15.7 7.48 11.8 13.0 12.3
Th/U 6.67 29.9 6.93 0.28 46.6 9.66 8.20 11.7
! Eu/Eu* 0.16 0.36 0.35 1.65 0.25 0.28 0.61 0.39
2Ce/Ce* 1.34 27.9 2.86 3.01 6.37 3.71 3.04 2.73
XREE 49.3 20.2 2.49 4.30 50.4 29.7 114 4.93
XLREE 0.60 0.47 0.27 0.37 0.37 0.28 0.34 0.30
YXHREE 48.0 18.5 1.53 3.21 49.4 28.7 10.4 391
Lun/Lan 136 2149 106 144 3361 679 208 91.6
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Table 1. Cont.

Lun/Gdn 30.4 348 65.7 501 223 176 81.7 40.8
Smy /Layn 7.70 582 379 241 74.5 37.0 48.8 30.3
T(Ti), °C 455 444 396 392 450 416 428 409
5180, %o 4.75 5.45 5.37 5.59 5.88 6.13 5.69 5.38
=+, %o 0.15 0.23 0.29 0.30 0.24 0.26 0.20 0.27
3TE,; 0.20 n.d. n.d. n.d. nd. n.d. n.d. nd.
18 19 20 21 22 23 24 25 26
Element . CL-Dark . . CL-Dark CL-Dark . .
/Spot CL-Dark Central Zone CL-B.rlght Central CL-}%rlght CL-B'rlght Central Central CL-B'rlght CL-]%rlght
Rim Rim Rim Rim Rim
Zone Zone Zone
La 0.02 0.02 0.03 0.03 0.13 0.05 0.03 0.05 0.05
Ce 0.20 0.27 0.28 0.10 0.27 0.26 0.19 0.13 0.16
Pr 0.01 0.01 0.02 0.00 0.04 0.01 0.01 0.01 0.02
Nd 0.02 0.02 bdl bdl 0.06 0.02 0.02 0.02 0.03
Sm 0.93 0.28 1.04 0.09 0.83 1.14 0.98 0.57 0.40
Eu 0.06 0.02 0.06 bdl 0.04 0.04 0.07 0.02 bdl
Gd 0.14 0.06 0.27 0.03 0.10 0.25 0.17 0.01 0.03
Dy 1.39 0.81 541 1.00 1.11 3.79 3.02 0.39 0.30
Er 1.29 0.91 17.9 3.70 3.89 12.0 9.19 2.97 0.68
Yb 114 17.3 97.2 51.5 11.8 56.6 42.3 18.8 9.18
Lu 0.37 0.34 7.70 2.39 2.02 5.28 4.30 1.98 0.50
Li 341 21.8 110 15.0 17.7 45.6 45.3 1.24 5.39
P 97.6 744 276 60.1 54.6 429 331 39.0 8.16
Ca 10.3 6.46 36.7 3.25 18.6 31.5 24.6 11.6 19.7
Ti 0.04 0.03 0.21 0.06 0.15 0.11 0.11 0.06 0.28
Sr 6.03 6.61 2.58 4.47 3.83 3.23 3.89 4.75 4.90
Y 18.6 20.0 89.8 13.0 15.8 68.4 58.3 134 122
Nb 250 141 1048 108 131 1529 1309 57.3 7.54
Ba 0.58 1.17 1.05 0.85 1.02 0.99 1.74 2.26 1.57
Hf 286,437 306,399 178,580 269,169 283,961 196,009 200,160 297,894 368,484
Th 313 173 584 86.5 114 540 496 0.88 17.2
U 10.7 8.24 6.52 5.05 9.32 6.42 6.26 9.62 10.9
Th/U 29.3 21.0 89.5 17.1 12.3 84.1 79.3 0.09 1.57
1 Eu/Eu* 0.52 0.52 0.38 n.d. 0.40 0.23 0.50 0.66 n.d.
2 Ce/Ce* 4.56 5.01 3.07 2.68 0.97 2.68 2.98 1.50 1.12
>~REE 15.8 20.0 130 58.8 20.3 79.5 60.3 249 11.3
>LREE 0.23 0.31 0.32 0.13 0.49 0.35 0.25 0.20 0.26
>HREE 14.6 194 128 58.6 18.9 78.0 59.0 24.2 10.7
Luy/Layn 204 210 2904 882 155 1088 1215 362 97.2
Lun/Gdn 22.3 46.0 234 595 167 168 205 1215 118
Smy /Layn 84.5 28.5 65.0 5.28 10.7 38.9 45.8 17.2 13.0
T(Ti), °C 412 398 489 429 471 456 458 433 503
5180, %o 5.66 5.10 5.55 5.20 5.49 5.92 5.41 5.82 5.38
=+, %o 0.24 0.26 0.22 0.15 0.20 0.18 0.21 0.30 0.27
3TE,; n.d. nd. n.d. nd. 0.71 nd. n.d. 0.54 1.56
Element il 28 2
/Spot CL-Dark Central Zone CL-Bright Rim CL-Bright Rim
La 0.02 0.06 0.02
Ce 0.18 0.23 0.19
Pr 0.01 0.02 0.01
Nd 0.02 0.03 0.02
Sm 0.91 0.29 0.48
Eu 0.05 0.00 0.01
Gd 0.19 0.07 0.04
Dy 1.94 0.84 0.49
Er 3.26 0.89 0.58
Yb 154 18.0 9.45
Lu 1.20 1.68 1.14
Li 62.3 26.8 10.3
P 182.2 96.5 96.4
Ca 22.8 11.6 5.85
Ti 0.08 0.07 0.06
Sr 4.07 3.82 4.99
Y 30.4 17.0 13.1
Nb 597 239 88.1
Ba 1.68 0.98 2.08
Hf 243,935 271,372 292,438
Th 474 194 79.2
U 7.97 8.27 9.03
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Table 1. Cont.

Th/U 59.4 235 8.77

1 Eu/Eu* 0.38 0.09 0.28
2 Ce/Ce* 2.97 1.61 2.99
YREE 23.2 22.1 12.4
YLREE 0.22 0.35 0.24
YHREE 22.0 215 11.7
Lun/Lan 624 251 605
Lun/Gdy 50 186 231
Smy/Lan 782 7.28 422
T(Ti), °C 444 435 431
5180, %o 5.61 5.61 5.67
+, %o 0.20 0.18 0.38
3TE,; n.d. n.d. n.d.

n.d.—not determined; bdl—below the detection limit; ! Eu/Eu* = Euy/ V/(Smy x Gdy), where N in-
dicates normalization relative to CI chondrite composition [17]; 2 Ce/Ce* = Cen/+/(Lay X Pry); and
3 TE; = \/(1/2 x (Cen/Cet — 1)? + (Prn/Prt — 1)2), where Ce! = Lay?? x Ndy!/3 and Prt = Lan!/3 x Ndn?/4 [25].

4.2. Trace Element Composition of Zircons

A defining geochemical feature of the studied zircons is their anomalous enrichment
in Hf, with concentrations reaching 381,000 ppm (average ~266,000 ppm), coupled with
elevated Li (up to 152 ppm, average 35 ppm). In contrast, they display unusually low
abundances of other trace elements typically found in zircon (Table 1), including pegmatite
varieties [26]. For example, the average U content (11 ppm) and the total REE (35 ppm)
contents are extremely low. The REE is almost entirely dominated by heavy REEs (HREE:
average 33 ppm), with light REEs (LREE) constituting only a minor fraction (average
0.58 ppm). Ti concentrations are also very low (average 0.14 ppm). Application of the Ti-in-
zircon geothermometer yields crystallization temperatures of approximately 390-590 °C
(Table 1).

The central zones of zircon, which appear dark in CL images, are geochemically dis-
tinct and enriched in Hf, Nb, Th, Li, and Y. Hf contents range from 178,600 to 295,500 ppm
(average~236,000 ppm). Notable average concentrations of other elements are: Nb
(25-1500 ppm, average 690 ppm), Th (23-580 ppm, average 380 ppm), Li (12-110 ppm,
average 46 ppm), and Y (14-250 ppm, average 66 ppm). In comparison, U (10 ppm),
Sr—(4 ppm), Ba (1.8 ppm), and Ti (0.10 ppm) occur in significantly lower amounts. Aver-
age P and Ca contents are ~200 ppm, and ~20 ppm, respectively (Table 1). The cores of the
zircons are notably depleted in rare earth elements, with the total REE ranging from 5 to
137 ppm (average of 52 ppm). This total is almost exclusively comprising HREEs, as LREE
concentrations are consistently below 0.5 ppm. The Th/U ratio is highly variable (1.29-89.5).
Chondrite-normalized REE patterns (Figure 4) show strong fractionation from LREE to
HREE (Luy/Layn = 92-3360), with a distinct positive Ce anomaly (Ce/Ce* = 1.46-27.9) and
negative Eu anomaly (Eu/Eu* = 0.23-0.66), signatures typical of magmatic zircons [27,28].
However, the REE patterns are complicated by inflections in Nd, Gd, and sometimes Er
and Lu regions. Such features are atypical for zircon and may indicate a specific type of
REE fractionation known as the tetrad effect. For its quantitative assessment, parameters
for the third (TE3: Gd-Ho), fourth (TE4: Er-Lu), or first tetrad (TE;: La-Nd) are commonly
used, provided no significant Ce anomaly is present within the corresponding element
range [25,29]. However, a reliable calculation of the tetrad effect value was not feasible for
the analytical points in this study. The average crystallization temperature for the central
zircon zones, estimated using the Ti-in-zircon thermometer, is 450 °C.
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Figure 4. Chondrite-normalized [17] REE patterns of zircons from the Vasin-Mylk pegmatites.

To quantify the tetrad effect observed in zircon rims, the first tetrad parame-
ter (TE;) was calculated for analytical points exhibiting no or minor Ce anomalies
(Ce/Ce* = 0.34-1.63). The resulting TE; values, derived via the refined formula of [25] that
incorporates the standard deviation of normalized central element concentrations within a
tetrad, show considerable variation, ranging from 0.20 to 1.56 (average 0.70). According
to established classification [25], values below 0.8 (accounting for analytical uncertainty)
correspond to a W-type tetrad effect, which is consistent with the patterns identified in
this study.

Among all analyzed grains, the zircon containing points 1-2 is distinctive (Figure 3).
It exhibits negative Ce anomalies (Ce/Ce* = 0.66 and 0.34, respectively), which are unchar-
acteristic of magmatic zircon [27,28]. The central zone of this grain appears heterogeneous
in CL images, with a lighter core, a progressively darker zone towards the margin, and a
distinct light gray rim. Analytical point 1, situated near the zircon margin, shows unique
geochemical characteristics: it contains the highest concentrations of several impurity ele-
ments among all points analyzed, including Li (152 ppm), Th (1680 ppm), Nb (1070 ppm),
Ca (1450 ppm), and P (560 ppm), and displays a distinct REE distribution pattern. The
chondrite-normalized REE pattern for this point is flat, indicating undifferentiated LREE
and HREE distributions. While a negative Eu anomaly remains, it is less pronounced
(Eu/Eu* = 0.28). The Ce anomaly changes to a negative character with a Ce/Ce* value of
0.66, which is atypical for magmatic zircon. The calculated tetrad effect value for this point
is TEq = 0.37, calculated using the formula proposed by [25], corresponding to a W-type
tetrad effect (TE < 0.8).

4.3. Oxygen Isotopic Composition of Zircons

Following the acquisition of trace and REE compositional data, the same zircon
domains were subsequently analyzed for their oxygen isotope signature (5'80), ensuring
geochemical comparison (Figure 3, Table 1). The obtained 5'80 values exhibit a range
from 4.75%o to 6.36%0, with an average value of 5.57%. (Figure 5). The 5'0 values in
the central zones and rims of zircon are comparable, although central zones exhibit a
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slightly higher mean value. The overall average (5.57 %o) corresponds to the value of mantle
zircon—>5.3 £ 0.3 %0 [30].

Central zones: mean = 5.56 (SD = 0.36, n = 11)
Rims: mean = 5.36 (SD = 0.35, n = 18)

5.3 £ 0.3%o

[ |central zones
sl B rims

Spots
w

1t I:
0 1 i 1 1

4.0 4.4 4.8 52 5.6 6.0 6.4 6.8
d'80 (VSMOW), %o

Figure 5. '80 values of zircons from the Vasin-Mylk pegmatite deposit. The marked area indicates
the typical mantle zircon range (5'80 = 5.3 + 0.3%o) [30].

5. Discussion

A defining characteristic of the studied zircons from the Vasin-Mylk pegmatites
is their exceptionally high Hf content, particularly within CL-bright rim zones (Hf
121,000-381,000 ppm). Previous work [13] identified zircon rims in these pegmatites that
transition to hafnon, with HfO; contents of 47-48 wt.% and Hf site occupancy coefficients
of 0.52-0.54. Similarly, high Hf concentrations (HfO, up to 39.21 wt.%) were observed in
zircons from albite-spodumene pegmatites of the nearby Polmostundra deposit [5]. The
studied zircons also resemble those from the Kolmozero deposit, which display slightly
lower but still elevated Hf levels 1 (HfO, up to 21.75 wt.%) [5]. All three occurrences share
a common trend of increasing the Hf content from core to rim.

In the studied zircons from the Vasin-Mylk deposit, Hf content shows no significant
positive correlation with other trace elements in the rims. However, a positive correlation
with U (r = 0.78) exists in the central zones of zircons. These zircons are characterized by
extremely low U contents (5-33 ppm), a distinctive feature of the late-generation zircons
from the Vasin-Mylk pegmatite veins [7]. Notably, U-Th correlations are absent in the rims
and negative in central zones (r = —0.82). On the Th-U diagram (Figure 6a), central zones
and rims form two distinct clusters, suggesting different crystallization conditions.

A stable and significant negative correlation is observed between Hf and Nb con-
centrations in both the central zones and rims of the zircons (r = —0.86 and r = —0.62,
respectively; Figure 6b), as well as between Hf and P. This pattern likely reflects the prefer-
ential incorporation of these elements into other accessory phases coexisting with zircon,
such as apatite and minerals of the columbite group. In the central zones of zircon, Hf
displays a significant negative correlation with Li (r = —0.72), whereas this correlation is
absent in the high Hf rims (Figure 6¢). The analyzed zircons are notably enriched in Li,
with concentrations in the central zones being approximately twice those in the rims. This
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distribution trend is inversely related to that documented for zircons from the Polmostun-
dra and Kolmozero deposits. Li content shows positive correlations with Th, Ca, HREE, P,
Ti, St, and Ba in the rims and with Ca, Ti, Th, and LREE in the central zones. Notably, a
strong positive correlation between Li and Nb characterizes the rims (r = 0.97, Figure 6d),
mirroring the behavior reported for zircons from the Polmostundra deposit. Conversely,
the correlation in the central zones is not significant, a feature also characteristic of zircons
from the Kolmozero deposit [5].

@ Thvs. U (b) Hf vs. Nb
100 . ; . 10,000 [ .
central zones
m rims +
L] 1000 . .
£ = n g I ™ n
g 1o =y "a 1 2 100} = a1 p
[ L | - E ]
- - a 3 "
D Z [ u
1 u
10 E- ] n =
1 1 1 1 P U RS S S U | I
1 10 100 1000 10,000 200,000 300,000 400,000
Th, ppm Hf, ppm
(c) Hf vs. Li (d) Nb vs. Li
1000 T T 1000 T T T
u
100} - - 100} 2 =
g n] § .
o o o =
j u - a :I' »u
m = E
104 L - - 10k = n 4
m o (] [ n
| ] ]
1 " 1 i i PRt .q PR T T S T S T Y 1 i i sl i i -..--..I " A gl PR S W T
200,000 300,000 400,000 1 10 100 1000 10,000
Hf, ppm Nb, ppm

Figure 6. Binary plots of trace element concentrations in the studied zircons: (a) Th vs. U, (b) Hf vs.
Nb, (c) Hf vs. Li, and (d) Nb vs. Li.

Zircons from the Vasin-Mylk deposit pegmatites are generally characterized by low
concentrations of most trace elements (Table 1). Furthermore, with the notable exception of
Hf, trace element abundances in the central zones are either higher than or comparable to
those in the rims. This trend contrasts with that observed in zircons from the Polmostundra
and Kolmozero deposits, which show significant rim enrichment in Hf, Li, F, Cl, H,O, and
Ca, alongside depletion in elements such as Th, Nb, U, Y, REE, and Ta [5].

A marked difference is observed between the REE patterns of the CL-dark central
zones and the CL-light rims. The CL-dark central zones display well-differentiated spec-
tra with pronounced negative Eu anomalies and predominantly positive Ce anomalies,
consistent with a magmatic origin [27]. In contrast, the CL-light, high-Hf rims exhibit less
differentiated, sometimes flattened REE patterns. These rims retain marked negative Eu
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anomalies but show Ce anomalies that vary in amplitude from weakly positive to absent or
even negative. This shift in the sign of the Ce anomaly, or its complete disappearance within
a single crystal, is typical of zircon that has experienced an alteration in its crystallization
environment. This phenomenon could result from changing redox conditions (e.g., due
to variations in the oxygen fugacity of the melt [27]) or from interaction with a late-stage
fluid or fluid-saturated melt. Such interaction may have triggered recrystallization and the
subsequent partitioning of Ce into co-crystallizing phases with a higher affinity for this
element [31].

The La-Smy;/Lay discrimination diagram (Figure 7) illustrates the degree of LREE
differentiation and facilitates the genetic classification of zircons into three groups: mag-
matic, hydrothermal [32], and altered “porous” zircon that crystallized with significant
fluid involvement and is often characterized by a porous internal structure [33]. The rim
and central zone compositions of zircons from the Vasin-Mylk deposit form two distinct,
compact clusters with a compositional continuum between them. The cluster of the central
zone plots entirely within the magmatic zircon field. In contrast, the cluster of the high-Hf
rim plots primarily within the magmatic field but partially extends beyond its boundary,
approaching the area of altered “porous” zircon. Zircons from both the Vasin-Mylk and
the Polmostundra deposits exhibit the uniform trend of compositional zoning within indi-
vidual grains, a similarity that reflects the genetic affinity of these two pegmatite systems.
Conversely, zircon compositions from the Kolmozero deposit plot entirely within the field
defined by altered porous zircon.

101000 3 L LR | LR | rorrrTTT rorTrTT T III””E
central zones
m rims
1000 unaltered A Polmostundra | 73
magmatic & Kolmozero
zircons
A

b 5 porous
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Figure 7. Discrimination diagrams for determining zircon genesis. Filled gray circles represent the
central zones, and filled black squares represent the rims of the zircon from the Vasin-Mylk deposit.
Open triangles correspond to zircon from the Polmostundra deposit and open rhombs correspond to
zircon from the Kolmozero deposit [5]. Composition fields are shown according to [32,33].

The REE distribution patterns in both the rims and central zones of zircons from
the Vasin-Mylk deposit display additional zigzag features, indicative of the tetrad effect
type of REE fractionation [34]. Calculated tetrad effect values range from 0.20 to 1.56
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(Table 1), with most data points corresponding to the W-type (TE < 0.8 when analytical un-
certainty is considered). Only a single analytical point yields a value of 1.56, characteristic
of the M-type. The M-type tetrad effect, distinguished by convex REE patterns, is com-
monly associated with highly evolved granitoid systems at advanced stages of magmatic
differentiation [35,36]. In contrast, the W-type is exceptionally rare, not only in zircon but in
rock-forming minerals in general [25,37,38]. A probable reason for its scarce detection is the
preferential incorporation of certain REEs (La, Nd, Gd, Ho, Er, and Lu) into coexisting acces-
sory phases [36], which smooths the chondrite-normalized patterns and obscures the tetrad
signature. The genesis of the tetrad effect is broadly attributed to two principal mechanisms:
the separation of a melt into immiscible silicate and fluoride phases or the interaction of
the crystallizing system with a fluid enriched in F, Cl, CO,, and H,O [39-41]. In both cases,
the key process is the REE redistribution which occurs under physicochemical conditions
conducive to their non-charge and radius-controlled fractionation [42]. REE mobility is
significantly enhanced during hydrothermal alteration, increasing with the fluid-to-melt
ratio [39,41]. Zircon crystallizing near the magmatic-hydrothermal transition in late-stage
granitic facies often yields low analytical totals [43,44], typically linked to the incorporation
of volatiles. Zircons from granitic pegmatites, particularly those of the LCT-type, are known
to host elevated concentrations of volatile and fluxing components (F, Li, B, Cl, CO,, and
H,O) [5]. Consequently, the controlling factor for the manifestation of the W-type tetrad
effect in the Vasin-Mylk zircons is likely the presence of a volatile-rich fluid phase in the
pegmatite-forming melt. However, the obtained §'80 values (4.75-6.36%0) and their limited
ranges (~1.6%o) are consistent with a closed magmatic system unaffected by external fluids
of contrasting isotopic composition [45], supporting a magmatic origin for the zircons. The
REE pattern of the central zones further confirms this magmatic genesis. In contrast, the
CL-light rims reflect transitional conditions from magmatic to hydrothermal regimes. A
similar magmatic-hydrothermal transition has been documented in the Dahongliutan LCT
pegmatite based on titanite chemistry [46].

The Hf content in zircons directly reflects that of Hf in the parent melt, as zircon is a
principal mineral capable of accumulating Hf through isomorphic substitution for Zr. The
Hf content in zircons typically increases with progressive magmatic differentiation [27].
Consequently, high-Hf content serves as a reliable proxy for highly evolved granitoid
rocks. Zircons from pegmatites often contain even higher Hf concentrations than those
from granites [47]. In addition, the Zr/Hf ratio decreases during the fractionation of
an Al-saturated melt (with high ASI > 1.0 [48]). The increased Hf content in zircons
positively correlates with the presence of high-Al minerals. Zircons from the Vasin-Mylk
deposit are closely associated with albite, spodumene, lepidolite, and holtite, i.e., they
crystallized from an alumina-saturated melt. Furthermore, zones containing high-Hf zircon
are characterized by abundant Li-, F-, and B-bearing minerals (e.g., lepidolite, elbaite, and
holtite) [13]. The saturation of a melt with fluxing components like Li, F, and B depresses
the crystallization temperature, viscosity, and density [49]. This, in turn, enhances the
compatibility of Zr and Hf in the melt [12], as the solubility is governed primarily by the
extent of fractional crystallization. A decreasing melt temperature generally increases the
partition coefficient for Hf between the zircon and melt, which is often manifested as a
negative Hf-Ti correlation [50-52]. Notably, such a correlation is absent in the studied
zircons. Thermometric estimates based on Ti content in zircon [18] indicate formation
temperatures between 390 and 590 °C. These values are lower than typical for pegmatites,
a feature likely attributable to the presence of fluid components (B, F, P, and H,O) in the
pegmatite-forming melt [53].
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6. Conclusions

1.  Compositional data for a rare earth element in high-Hf zircons from the Vasin-Mylk
rare-metal deposit indicate a high degree of differentiation within the parental mag-
matic melt. Consequently, these zircons serve as indicators of late evolutionary stages
of highly differentiated LCT-type pegmatites.

2. The distinct rare earth element distribution patterns in zircon, displaying a W-type
tetrad effect, indicate crystallization from a pervasively fluid-rich melt during the
terminal stage of LCT pegmatite formation.

3. Oxygen isotope data indicate the absence of a significant influence from external
fluids, suggesting that rare-metal mineralization formed from internal fluids within
the pegmatite-forming melt.

4.  Differences have been established between the “magmatic” central zones of zircons
and the “transitional” (from magmatic to hydrothermal) high-Hf rims, reflecting
the complex, multi-stage crystallization history of pegmatite bodies. Therefore, the
high-Hf zircons from the Vasin-Mylk deposit record the transition from the magmatic
to subsequent hydrothermal stage during highly differentiated pegmatite evolution.

This research elucidates the specific formation conditions of the unique high-Hf zir-
cons at the Vasin-Mylk deposit and provides critical insights into the broader evolution
of rare-metal pegmatites. The findings establish a framework for future fundamental
and applied research in this domain. Moreover, studying high-Hf zircons is significant
both for genetic tracing and as a potential source for Hf—a strategic metal essential for
advanced technologies.
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