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Abstract. The study is focused on the Smilovene pegmatites, targeting estimation of their rare element potential. 
These bodies bring rare-metal mineralization with LCT geochemical signature and mineral association of albite, oli-
goclase, microcline, quartz, muscovite, beryl, garnet, fluorapatite, zircon, columbite, samarskite-(Y), monazite-(Ce), 
magnetite, and gahnite. Late chlorite, prehnite, titanite, and bertrandite were established. Beryl is characteristic with 
high amounts of FeO, Na2O, MgO, ZnO, F, and traces of Cs, and Li. Spessartine-almandiness is enriched in Y2O3, TiO2, 
ZnO, P2O5, REE, Li, Ge, Ga with typical inclusions of apatite, monazite-(Ce), zircon, magnetite, gahnite, ilmenite, 
uraninite, and Nb-bearing phases. Significant contents of HfO2, UO2, REE2O3, ThO2, and traces of Y, Sc, Ta, Zn, Nb, 
Be, Li and inclusions of uraninite and cheralite are common in zircon. Minor amounts of Cl, MnO, Y2O3, and REE2O3 
attribute to fluorapatite. Except the dominant Ce2O3 in monazite-(Ce), La2O3, ThO2, and Gd2O3 are established. The 
presence of rare-metal mineralization in the Smilovene pegmatites confirms their potential as a critical/strategic ele-
ments concentrator, feasible for further exploration and possible exploitation.
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Introduction and geological context

In recent years, the development of the global econ-
omy has challenged an increasing need to discover 
new resources of metals classified as “critical” and 
“strategic” raw materials, including multiple rare 
metals and rare earth elements (REE). These ele-
ments occur infrequently in the Earth’s crust and are 
associated with specific geological settings and pro-
cesses; these include magmatic (magma fractional 
crystallization, low-degree partial melting), hydro-

thermal, as well as weathering (Wall, 2014; Ball-
ouard et al., 2020 and references therein). Pegma-
tites, particularly those belonging to the LCT family 
according to the classification of Černý and Ercit 
(2005), are among the most important deposits for 
the noticeable accumulation of critical and rare ele-
ments such as Li, Be, Cs, Rb, Nb, Ta, Sn, B, P and 
F ± REE (Linnen et al., 2012, Černý, Ercit, 2005 
and references therein). Detailed revision and sup-
plementary research on this deposit type could lead 
to new insights in the accumulation processes and 
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reassessment of the contents of critical elements in 
pegmatites in various geological settings. 

Abundant granite pegmatites with variable size, 
morphology, structure, mineral composition and 
geochemical properties have been identified pre-
viously in various geological settings in Bulgaria. 
These bodies are largely concentrated in southern 
parts of the country, especially within two major 
tectonic units: The Srednogorie Zone and The Rho-
dope Massif (Ivanov, 1991). The studied irregular-
shaped Smilovene pegmatites (Central Sredna Gora 
Mountain) are described as rare metal microcline-
albite type (Ivanov, 1991), and these bodies have 
the LCT geochemical affinity (after Černý, Ercit, 
2005). The majority of the pegmatites are enclosed 
in Variscan granites and/or in the host metamorphic 
rocks in their exocontact.

Materials and methods
More than 15 representative samples, displaying 
direct relationships between the studied minerals, 
mainly from two zones (quartz–albite–muscovite 
and quartz–garnet–albite–muscovite zone) were 
selected from an irregular-shaped pegmatite in the 
Smilovene area between Koprivshtitsa and Strelcha 
towns, Central Sredna Gora Mountain. The textural-
paragenetic features of minerals were examined us-
ing optical microscopy (Leica DM750P, Geological 
Institute, BAS) and scanning electron microscopy 
(JEOL JSM-6010PLUS/LA, University of Mining 
and Geology). The composition of minerals was de-
termined using a Cameca SX100 electron micropro-
be (EMP) at the Laboratory of Electron Microscopy 
and Microanalysis, Department of Geological Sci-
ences, Masaryk University, Brno. The accelerating 
voltage of 15 kV, a beam current of 4–20 nA, and 
a beam size of 2–6 μm were used in wavelength-
dispersive mode. The natural and synthetic stand-
ards and X-ray Kα, Lα and Mα lines were used. The 
minor and trace element composition of the miner-
als was studied using the LA-ICP-MS system, con-
sisted of a New Wave Research (NWR) 193 nm Ex-
cimer laser UP-193FX attached to a Perkin-Elmer 
ELAN DRC-e quadrupole inductively coupled plas-
ma mass spectrometer (Geological Institute, BAS). 
The analyzes were conducted under operating con-
ditions at 6 Hz and with a spot size of 25–50 μm.

Results
The studied Smilovene pegmatites are character-
ized by complex asymmetric zonation. The main 
observed zones are quartz–oligoclase–microcline, 
graphic quartz–microcline, quartz–albite–musco-
vite, banded quartz–garnet–albite–muscovite zone, 
coarse-grained quartz–albite–muscovite, blocky 

quartz–microcline. They are composed mainly 
of albite (An0.5–3.5), frequently present in tabular 
crystals, microcline (Or94.2–95.3), oligoclase, quartz, 
muscovite, garnet, biotite, rarely beryl, fluorapa-
tite, zircon, columbite, and minor samarskite-(Y), 
monazite-(Ce), magnetite, and gahnite (Fig. 1A-H). 
Late chlorite, prehnite, and micrometer-sized titan-
ite developed mainly in biotite, whereas bertrandite 
was found in altered beryl.

According to the obtained geochemical data 
(EPMA, LA-ICP-MS), albite is poor in trace el-
ements containing only Ga (≤27  ppm) and Rb 
(≤25 ppm). Except for the common Rb (≤970 ppm) 
and Sr (≤30 ppm) microcline contains minor Ga 
(≤20 ppm). Beryllium content in the beryl reaches 
up to 14.15 wt%, low amounts of FeO (≤0.69 wt%), 
Na2O (≤0.51 wt%), MgO (≤0.30  wt%), ZnO 
(≤0.15  wt%), F (≤0.04 wt%), as well as Cs 
(≤581  ppm), Li (≤522  ppm), Zn (≤351 ppm), Ga 
(≤38 ppm), Ge (≤32 ppm), Rb (≤23 ppm) and V 
(≤23 ppm) were found in the mineral. Garnet has 
high amounts of spessartine (49.3–54.9 mol%) and 
almandine (37.5–44.8), and low pyrope (0.9–5.7), 
andradite (0.2–0.8) and grossular (0.2–0.8) compo-
nents. The mineral contains micrometer-sized in-
clusions of sub- to euhedral apatite, monazite-(Ce), 
zircon, magnetite, gahnite, sub- to anhedral Mn-
bearing ilmenite, and oval enclosures of uraninite, 
and Nb-bearing phases. The mineral inclusions such 
as Mn-bearing ilmenite and Nb-bearing oxides are 
generally observed on the edges between an early 
formed garnet cores overgrown by later garnet rims 
(see Fig. 1C, D). The earlier garnet cores are char-
acterized by higher Fe content compared to the lat-
er rims enriched in Mn and Ca. The garnet shows 
characteristic enrichment in P2O5 (≤0.2 wt%), TiO2 
(≤0.09 wt%), Y2O3 (≤0.08 wt%), ZnO (≤0.08 wt%), 
Sc2O3 (≤0.01 wt%), and trace amounts of REE 
(≤217  ppm), Li (≤122 ppm), Ge (≤64 ppm), and 
Ga (≤39 ppm). Millimeter-sized zircon is often 
observed in association with beryl in the coarse-
grained quartz-albite-muscovite zone. The core of 
the mineral contains oval micrometer-sized cluster 
inclusions of uraninite and isolated an- to subhedral 
grains of cheralite. Patchy zonation is also observed. 
The zircon rims are characterized by strong micr-
oporosity often filled with cheralite and uraninite 
microinclusions (see Fig. 1G, H). The contents of 
HfO2 in the mineral reaches up to 9.2 wt%, where-
as the Zr/Hf ratio is between 5.8–6.4. Minor UO2 
(≤1.67 wt%), REE2O3 (≤0.5 wt%), ThO2 (≤0.1 wt%), 
Y (≤3092  ppm), Sc (≤278 ppm), Ta (≤207 ppm), 
Zn (≤165 ppm), Nb (≤147 ppm), Be (≤87 ppm), Li 
(≤60 ppm), V (≤55 ppm), and Pb (≤53 ppm) were 
also found. The presence of minor elements such as 
Fe, Al and Ca (~0.1 wt% each), as well as the low 
analytical totals reduced to ~95 wt%, are signs of 
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Fig. 1. A and B: acrophotographs of the Smilovene pegmatite with the mineral occurrence and relationships; C–H, BSE images of 
occurrence and textural properties of the pegmatite mineralization
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enhanced alteration of the mineral. Fluorapatite is 
observed as sub- to euhedral crystals among albite 
or as inclusions in the garnet. Its composition shows 
minor MnO (≤1.59  wt%), REE2O3 (≤0.14 wt%), 
Y2O3 (≤0.08 wt%), and Cl (≤0.04 wt%). Мonazite-
(Ce) is present as sub- to anhedral grains among 
albite or as sub- to euhedral crystals in the garnet. 
Its chemical composition shows dominant Ce2O3 
(≤38.8 wt%), with additional La2O3 (≤16.4 wt%), 
ThO2 (≤11.37), and Gd2O3 (≤3.31 wt%).

Discussion and conclusions
According to the classification of Černý and Ercit, 
(2005), the Smilovene pegmatites seem to have the 
LCT (Li-Cs-Ta) geochemical signature, with com-
plex asymmetric zonation. These pegmatites con-
tain rare-metal mineralization bearing abundant set 
of elements such as Be, Rb, Cs, Ti, P, Li, REE, Nb, 
Ta, F, Sc, Zn, Ge, Ga, Th, U, etc.

The pegmatites underwent a weak hydrothermal 
alteration indicated by the presence of the second-
ary mineral association with chlorite, prehnite, ti-
tanite, bertrandite, uraninite, and cheralite. The 
strong porosity in the zircon rims and precipitation 
of the uraninite and cheralite could be explained via 
processes of coupled dissolution-precipitation as 
suggested by Tramm et al. (2021).

The Zr/Hf ratio in granitic rocks is suggested to 
be the most promising indicator of the fractionation 
and ore potential of rare-metal granites (Zaraisky et 
al., 2009). Considering that the general evolution of 
the cogenetic zircon grains tends to be consistent 
with the evolution of the whole-rock Zr/Hf values 
(Breiter, Škoda, 2017), the Zr/Hf ratio from the 
Smilovene zircons (5.8–6.4) could be an indicator 
of strong fractionation and might indicate rare-met-
al potential of the Smilovene pegmatites.

After detailed mineralogical and geochemical 
study, the presence of rare-metal mineralization in 

the Smilovene pegmatites suggests their potential as 
a strategic element concentrator, feasible for further 
exploration and possible exploitation to meet the 
growing demand for critical raw materials.
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