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Abstract: The economic significance of pegmatites as a source of strategic rare metals for high-tech products and green 
energy motivated the present study on Ta–Nb oxides from Vishteritsa rare-element beryl–columbite LCT pegmatites of 
the Rila–West Rhodopes Batholith in the Western Rhodopes, Bulgaria. Here, we present the first U/Pb age data from 
columbite with application of the LA–ICP–MS U–Pb technique and a new X36 columbite standard reference material. 
The obtained Concordia age of 47.57 ± 0.32 Ma with a small spread of the individual 206Pb/238U ages between 45 and  
51.3 Ma argues for Early Eocene magmatism and pegmatite formation. The host granite of the rare-element pegmatites 
is dated 51.94 ± 0.61 Ma with LA–ICP–MS U–Pb technique on zircon and suggests a fertile Early Eocene magmatic  
period in the Western Rhodopes. EPMA data for the composition of the columbite is used to refine the formula of  
the mineral (Mn0.554Fe0.427U0.006)0.987(Nb1.826Ta0.085Ti0.116)2.03O6 and define it as columbite-(Mn). Application of the in-situ 
LA–ICP–MS data technique establishes a series of typical trace elements (Ti, U, Zr, Hf, Y, W, and Zn) that are usually 
found in content above 500 ppm. The studied columbite is enriched in heavy rare earth elements (HREE sum: 306–697 ppm) 
and depleted in light REE and Eu. These geochemical characteristics are collectively interpreted as evidence for  
crystallization from highly fractionated fluid-rich magma. High UO2 content reaching 0.89 wt. % is characteristic for  
the Vishteritsa columbite. The decrease of U proximal to cracks and in outer crystal zones documents U-mobility during 
overprinting hydrothermal processes.
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Introduction

Pegmatites have kept the interest of mineralogists, petrologists 
and economic geologists for hundreds of years due to their 
mineral diversity and generation complexity (e.g., Černý 1982; 
Galliski & Černý 2006; London 2008). A variety of geological 
processes on Bulgarian territory produced abundant granitic 
pegmatites of diverse morphology, structure, and mineralo-
gical–geochemical features (Ivanov 1991). They were studied 
intensively in the 1960’s and exploited for industrial minerals, 
mainly feldspars and micas, rarely quartz. The current revival 
of interest is related to the economic significance of pegma-
tites that are sources of strategic rare metals for high-tech 
products with application in electronics, aerospace, and green- 
energy production. This is stimulating the study of pegmatites 
and their constituent minerals worldwide. Here, we focus  
on the Vishteritsa granitic pegmatites in Western Rhodopes, 
Bulgaria (Figs. 1, 2), and one of their strategic minerals: 
columbite.

Columbite-group minerals are complex oxides with the gene-
ral formula AB2O6, which have two structurally non-equiva-
lent octahedral positions that can be occupied by the following 
cations: A-site: Fe2+, Fe3+, Mn2+, Mg2+, small to trace quantities 
of Zn2+, Ca2+, Pb2+, Sc3+, Y3+, Sb3+, Zr4+, Hf4+, U4+, and Th4+; 
B-site: Nb5+, Ta5+, with less amounts of Fe3+, Ti4+, Sn4+, and 
W6+ (e.g., Černý & Ercit 1989; Ercit 1994; Romer et al. 1996; 
Černý et al. 2007; Melcher et al. 2015; Lupulescu et al.  
2018; Chládek et al. 2020). However, natural members of  
the columbite group show a degree of structural disorder 
where the above-mentioned cations are mixed between both  
A and B sites (e.g., Černý & Ercit 1989). The group includes 
Nb-dominant members: columbite-(Fe), columbite-(Mn) and 
columbite-(Mg), whereas Ta-dominant are tantalite-(Fe), tan-
talite-(Mn) and tantalite-(Mg).

Uranium concentration is sufficiently high in columbite- 
group minerals and they commonly contain almost no common 
lead, which make them suitable for U/Pb dating. Columbite 
U–Pb geochronology has been successfully applied to age 
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determination of granitic pegmatites (e.g., Romer & Wright 
1992; Romer & Lehmann 1995; Romer et al. 1996; Romer & 
Smeds 1997; Baumgartner et al. 2006; Smith et al. 2004; 
Melleton et al. 2012; Deng et al. 2013; Che et al. 2015; Melcher 
et al. 2015; Lupulescu et al. 2018; Yan et al. 2018; Zhou et al. 
2018). However, columbite-bearing ores are still difficult to 
date by conventional LA–ICP–MS U–Pb technique, as there  
is no matrix-matched standard reference materials (SRM) 
known. Several publications presented LA–ICP–MS ages of 
columbite, using zircon as the primary SRM (Che et al. 2015, 
2019) but von Quadt et al. (2019) and Galliski et al. (2021) 
provided evidence for non-matrix-matched behaviour between 
zircon and columbite.

In this study, we present new data on columbite from 
Vishteritsa rare-element pegmatites in Bulgaria. They are 
hosted by the Rila–West Rhodopes batholith, a composite plu-
ton of mainly granitic composition and Late Cretaceous to 
Palaeogene age. The LA–ICP–MS U–Pb technique and a new 

X36 columbite SRM (von Quadt et al. 2019) are used for age 
dating with the aim of establishing the time period of fertile 
granitic magmatism in the Western Rhodopes. Electron probe 
microanalyses and LA–ICP–MS techniques are applied to 
define the mineral composition and trace element variations of 
the biggest columbite crystal found in Vishteritsa and to 
understand the processes of rare-element pegmatite formation. 
The columbite age results are compiled with U–Pb LA–ICP–MS 
zircon data for the host granite to better constrain the fertile 
magmatism in the Western Rhodopes.

Geological setting of Vishteritsa pegmatites

Regional geology

The Rhodopes are the main tectonic unit on the Balkan 
Peninsula and referred to as the Rhodope Zone, or Rhodope 
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Fig. 1. Tectonic overview of the Rhodope Metamorphic Complex and its surroundings (modified after Burg et al. 1996; Ricou et al. 1998; 
Bonev et al. 2006; Sarov et al. 2008; Gorinova et al. 2019). Inset (upper left): tectonic sketch map of the Balkan Peninsula. Rectangle: outline 
of Fig. 2. Numbers 1–4: Early-Middle Eocene granitoids; 1 — Kapatnik granite; 2 — Spanchevo granite; 3 — Dolno Dryanovo granite;  
4 — Barutin–Buynovo–Elatia granitoids; RWRB — Rila–West Rhodopes Batholith.
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Metamorphic Complex (RMC; Fig. 1). Tectonic interpreta-
tions agree on its complex Alpine (Late Jurassic to Late 
Oligocene) tectono–metamorphic history comprising earlier 
compressional and later extensional periods (e.g., Dinter & 
Royden 1993; Burg 2012; Froitzheim et al. 2014; Ivanov 
2017; Schmid et al. 2020). The compressional tectonics 
resulted in the formation of a nappe stack. The RMC was pri-
marily subdivided in three major units termed Lower, 
Intermediate, and Upper Terrane, according to their structural 
position (Burg et al. 1990, 1996). The Lower and the Upper 
Terranes represent continental fragments separated by several 
imbricated units (Intermediate Terrane), with ophiolitic and 
magmatic arc protoliths, thus interpreted as a suture zone 
(Burg 2012). The protolithic age of the Lower and Upper crus-
tal terranes is Paleozoic to rarely Neoproterozoic with evi-
dence for the Variscan metagranites that are exposed now in 

the cores of the Central Rhodopean (Arda) and Byala-Reka-
Kechros Metamorphic Core Complexes (Peytcheva & Von 
Quadt 1995; Liati & Gebauer 1999; Ovtcharova et al.  
2004; Kaiser-Rohrmeier et al. 2013; Naydenov et al. 2013; 
Liati et al. 2016). These units rarely preserve relics of  
Variscan UHP metamorphism (Janák et al. 2011), or Late 
Cretaceous HP metamorphism (Miladinova et al. 2018). 
Substantial data were also added for the Mesozoic Jurassic–
Early Cretaceous and rarely Triassic protolithic age of the 
metamorphic rocks of the Intermediate terrane. (Sarov et al. 
2008; Jahn-Awe et al. 2010; Turpaud & Reischman 2010).  
The latter bear evidence of HP and UHP metamorphism 
related to repeated subduction in the Late Jurassic–Early 
Cretaceous (Liati 2005; Turpaud & Reischman 2010; Liati et 
al. 2016), in the Late Cretaceous (Collings et al. 2016), and in 
the Late Palaeocene–Early Eocene time (Liati et al. 2016).

Fig. 2. Simplified geological map of the Rila–West Rhodope Batholith (modified after Valkov et al. 1989, Kamenov et al. 1999 and Stavrev et 
al. 2020) with the location of the rare-element pegmatite fields of the Vishteritsa, Studene and Malak Beslet, and Os7b granite sample.
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In the present study, we follow the regional-scale tectonic 
schemes proposed by Georgiev et al. (2010), Jahn-Awe et al. 
(2012) and Froitzheim et al. (2014). In their interpretation,  
the RMC is composed of four large, orogen-scale allochtho-
nous thrust sheets, namely: Lower, Middle, Upper, and Upper-
most Allochthons (Fig. 1). The first three tectonic units (thrust 
sheets) coincide generally with the Lower, Intermediate and 
Upper Terrane of Burg (2012), and the Uppermost Allochthon 
represents remnants of oceanic lithosphere referred as the  
Cir cum- Rhodope Triassic–Jurassic Tectonic Zone (Bonev & 
Stampfli 2008). An important difference between the two 
schemes is time and duration of the collision. In the former 
model it was accepted as Jurassic–Cretaceous while the south 
verging thrusting finished in Late Cretaceous–Earliest Paleo-
cene time (Burg 2012); after a period of thermal relaxation,  
in the Middle Eocene and later, extensional tectonics affected 
the RMC triggered by mantle delamination (Burg 2012).  
In the latter, the Alpine orogeny was polycyclic and involved 
distinct episodes of subduction and crustal accretion (Gautier 
et al. 2017); the Late Alpine thrusting finished only in Mid-to-
Late Eocene time and was still active in the lower parts of  
the nappe system, when the higher parts of the nappe pile were 
tectonically denudated (Georgiev et al. 2010; Jahn-Awe et al. 
2010, 2012; Gorinova et al. 2019).

The extensional Early–Middle Eocene to Oligocene period 
in the RMC is characterized by extensive intrusive and extru-
sive magmatism (Harkovska et al. 1989; Marchev et al. 2013). 
The Early–Middle Eocene (56–40 Ma) granitoids (fig. 1 in 
Marchev et al. 2013) reveal adakite-like signatures resulting 
from high-pressure amphibole fractionation accompanied by 
trace-element rich accessory minerals and water suppressed 
plagioclase fractionation. Mantle underplating and interaction 
with the mid- to lower part of collision- and underplating- 
induced thickened crust in the Rhodopes are suggested to 
explain the favourable conditions for their formation (Marchev 
et al. 2013). This period is also defined as the time of  
the emplacement (thrusting) of the Middle Allochthon onto 
the Lower Allochthon of the RMC (Bosse et al. 2009; Jahn-
Awe et al. 2012; Froitzheim et al. 2014). During the Late 
Alpine extensional stages (Late Eocene–Oligocene and Mid-
Miocene), the thickened crust formed by the four allochthons, 
has been reshaped by low-angle detachment faults, formation 
of core-complexes, exhumation of migmatitic cores and grani-
tes together with parts of its high-grade periphery (Jahn-Awe 
et al. 2012; Kaiser-Rohrmeier et al. 2013; Froitzheim et al. 
2014; Ivanov 2017). The Late Eocene to Oligocene exten-
sional plutonic and volcanic rocks made the transition to nor-
mal calc-alkaline magmatism in the RMC (e.g., Harkovska et 
al. 1989; Marchev et al. 2005). Crustal extension also resulted 
in the formation of grabens filled mainly with Eocene-to-
Quaternary marine-to-continental deposits (Fig. 1; e.g., Ivanov 
2017).

One of the biggest plutons exposed in the western parts of 
the RMC is the Rila–West Rhodopes Batholith (RWRB;  
Figs. 1, 2). It is a composite pluton comprising granitoids of 
different ages (Valkov et al. 1989; Kamenov et al. 1999; 

Stavrev et al. 2020). Earlier Rb–Sr mineral and whole rock 
studies (Peytcheva et al., 1998) and subsequent U–Pb zircon 
and monazite dating (Kamenov et al. 1999; Peytcheva et al. 
2007; Stavrev et al. 2020) argues for two major magmatic 
stages of the RWRB: Late Cretaceous (71–68 Ma) represented 
by hornblende–biotite and biotite granodiorites, and Paleogene 
(40 Ma) with biotite- and two-mica, leucocratic and aplitic 
granites. In the western embayment of the RWRB, a slightly 
foliated Kapatnik body of medium- to coarse-grained granites 
with up to 2–3 cm K-feldspar megacrysts is distinguished with 
its most probable age around 56–58 Ma (mean 206Pb/238U age 
of 60.7 ±1.7 Ма; Milovanov et al. 2010; Gerdjikov 2012),  
and small fine-grained aplitoid granites and pegmatites in  
the north- western part of Rila Mt. were dated at 48–52 Ma 
(Gorinova et al. 2019). The Late Cretaceous granitoids are 
suggested to be formed in a subduction setting (Kamenov et 
al. 1999; Gallhofer et al. 2015). The Paleogene granites are 
described as syn- to post-collisional, fractionated, crustal 
dominated, and H2O-rich (Kamenov et al. 1999).

Extensive pegmatite dykes and fields are spatially related to 
the granitoids of the RWRB. They are hosted in the pluton or 
intrude the metamorphic basement. In the eastern, western and 
southern parts of the batholith the latter corresponds to the 
Middle Allochthone of the RMC (Georgiev et al. 2010; 
Froitzheim et al. 2014) and include a variety of metamorphic 
lithotectonic units: the Sarnitsa, Mesta, Slashten and Malyo-
vitsa  (Sarov et al. 2008; Georgiev et al. 2010). The metagrani-
tes, marbles, schists and amphibolites of the Jurassic Sarnitsa 
lithotectonic unit outcrop in the south-western part of the 
batholith and the region of the Vishteritsa pegmatites (Sarov et 
al. 2008). 

Vishteritsa pegmatites

Vishteritsa is a pegmatite field located about 40 km south-
west of Velingrad town (Fig. 2) in the upper reaches of the 
Vishteritsa River. The pegmatite dykes (Fig. 3b) are hosted by 
coarse-grained and porphyritic biotite and two-mica granites 
(Fig. 3a) of Paleogene age. Close to Malak Beslet summit,  
the pegmatites were exploited for K-feldspar and muscovite 
until 1961. The biggest outcropped pegmatite body of the 
Vishteritsa deposit was a 13–15 m thick dyke striking NE 63° 
and dipping 36° with clear zonation (Arnaudov & Petrusenko 
1967; Ivanov 1967, 1991). The geological cross-section through 
the pegmatite body, as it was described by Ivanov (1967),  
is shown on Fig. 3c. The latter distinguished 11 zones (Fig. 3c; 
see also Ivanov 1991, fig. 20) in the asymmetrically zonal peg-
matite, formed subsequently from the contacts toward the cen-
tral part of the vein. The first two outer “contact” zones were 
formed with a sharp contact to the hosting granite and are of 
quartz–oligoclase–microcline composition in the hanging part 
(Fig. 3c), or quartz–microcline composition in the laying part 
of the pegmatite. They are followed by a graphic quartz micro-
cline zone on both sides. The next blocky quartz–microcline 
and quartz–microcline–clevelandite zones are better develo-
ped in the hanging part (Fig. 3c), in relation to both the size of 
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the zones (>2 m each) and of the crystals (1.0–1.5 m single 
microcline crystal), and are followed by a zone of blocky 
quartz with some nests of microcline or coarse crystalline 
muscovite. In the laying part, from the graphic towards the 
blocky quartz zone a series of albite dominated zones were 
formed – apographic quartz–albite zone, aplitoid banded 
quartz–albite and quartz–garnet–albite zone, medium-grained 
albite zone (2 m thick), and finally a quartz–muscovite–cleve-
landite zone (only 15–20 cm thick). Mainly in the hanging part 
of the pegmatite, veinlets and nests of quartz–muscovite–
albite are formed and considered as alteration and replacement 
in the graphic and blocky quartz–microcline zones (Fig. 3c; 
Ivanov 1967, 1991).

The main constituent minerals of the Vishteritsa pegmatite 
are K-feldspar (microcline), quartz, albite and muscovite, 
rarely oligoclase and biotite. Accessory minerals include mag-
netite, ilmenite, amphibole, apatite, zircon, monazite, xeno-
time, columbite, garnet, beryl, and gahnite (Arnaudov & 
Petrusenko 1967; Ivanov 1967). A well-expressed trend of 
increase of the Mn, Hf, U, REE and Ta content towards  

the internal zones of the pegmatite is described (Arnaudov & 
Petrusenko 1967). The size and amount of rare-element mine-
rals increase in the same direction (Arnaudov & Petrusenko 
1967). The columbite is found in all pegmatite zones except 
the contact and graphic zones, and the blocky quartz zone of 
the hanging part. The maximum amount of columbite was 
described in the banded quartz–albite zone (2183 ppm; Ivanov 
1991). In the rest of the albite-dominated zones of the pegma-
tite, including the “replacement” quartz–albite–muscovite 
zones, the columbite content was significantly lower (18–30 
and 2 ppm, respectively; Ivanov 1991).

The pegmatite is classified as albite–microcline type by 
Ivanov (1991). According to its mineral association and the 
considered generic relation to the crustal-dominated Paleogene 
granites it can be assigned as LCT (lithium–caesium–tanta-
lum) family rare-element class beryl–columbite subtype 
 pegmatite (Černý & Ercit 2005; Černý et al. 2012).

The biggest Vishteritsa pegmatite was dated by Arnaudov et 
al. (1969) using U–Pb isotope method and the Isotope Dilution– 
Thermal Ionization Mass-Spectrometry (ID–TIMS) techniques 

0 1 2m 1 2 3 4 5 6 7

a b

cc

Fig. 3. Macrophotographs and a scheme of Vishterista pagmatites and the RWRB granite in the study area. a — Macrophotograph of the coarse 
grained biotite granite Os7b hosting the Vishteritsa pegmatites; b — Quartz–muscovite–albite zone with garnet from a smaller pegmatite of  
the Vishteritsa pegmatite field; c — Cross-section of part of the big Vishteritsa pegmatite (after Ivanov 1967, 1991). Legend: 1 — granite;  
2 — quartz-oligiclase-microcline contact zone; 3 — graphic quartz-microcline zone; . 4 — blocky quartz–microcline zone with nests (5) filled 
by smoky quartz, albite, muscovite, gahnite, monazite, xenotime and columbite; 6 — quartz–muscovite–clevelandite zone; 7 — quartz– 
muscovite–albite alteration complex replacing parts of the graphic and blocky quartz–microcline zones.
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on zircon (cyrtolite variety, a hydrous Hf, U, Th, and REE-rich 
zircon). The obtained 206Pb/238U and 207Pb/235U ages 50 ± 5 and 
50 ± 10 Ma overlap in their uncertainties. Boyadzhiev & Lilov 
(1976) reported K–Ar age around 50 Ma for a muscovite from 
the pegmatite.

Previous investigations on columbite from  
the Vishteritsa pegmatite

The Vishteritsa pegmatite deposit is the second locality  
in Bulgaria where columbite was found and described 
(Breskovska 1962). In the quartz–muscovite–cleavelandite 
(platy albite) zone of the big Vishteritsa pegmatite, Breskovska 
(1962) described columbite crystals with size of up to 10 cm 
(exceptionally 20 cm). Ten crystal forms have been identified 
by Breskovska (1962): four bipyramids, four prisms, and two 
pinacoids. The habitus of the columbite crystals in all zones is 
similar but in the outer zones they are not well shaped, whereas 
in the core zone, more forms are observed and the two pina-
coids {100} and {010} dominate (Arnaudov & Petrusenko 
1967).

In order to obtain data on the chemical composition of 
columbite from this locality, Yordanov et al. (1962) subjected 
to analysis a well-shaped crystalline piece weighting ~250 g. 
The authors have applied classical chemistry techniques for 
the analysis with some modifications. Based on the data 
obtained, Breskovska (1962) reported the following crystal 
chemical formula for the mineral: (Fe0.52Mn0.39U0.02)0.93 

(Nb1.77Ta0.12Ti0.15)2.04O6. Using averaged results from X-ray 
spectral studies, Arnaudov & Petrusenko (1967) and Ivanov 
(1991) reported new data on the chemical composition of 
columbite that allow the following crystal chemical formula to 
be deduced: (Fe0.71Mn0.40U0.03)1.14(Nb1.69Ta0.17Ti0.09)1.95O6.

Even at that time, researchers noticed contamination of  
the mineral with rutile, uraninite and other secondary uranium 
minerals, which very finely penetrate cracks and replace 
columbite (Breskovska 1962; Yordanov et al. 1962). This 
makes the results of the former old analytical techniques for 
the definition of chemical composition very dependent on  
the presence of impurities. Yordanov et al. (1962) concluded 
that the secondary uranium minerals closely associate with  
the columbite and influence its geological age.

Recently, Kostov-Kytin et al. (2020) provided new Scan-
ning Electron Microscopy (SEM), Energy-Dispersive X-ray 
Spectroscopy/Analysis (EDS/EDXA), and single crystal X-ray 
Diffraction Analysis (SXDA) studies on columbite from 
Vishteritsa. Based on the single crystal studies in that work 
and the chemical analyses performed by previous researchers 
on Vishteritsa columbite samples, the mineral was defined as 
columbite-(Fe). Its crystal chemical formula derived by SXDA 
is as follows: (Nb0.54Mn0.30Pb0.016)(Nb0.69Fe0.16Ti0.055Ta0.035)2O6. 
The content of U is quite low to allow unambiguous detection 
of its positions in the structure. Backscattered electron (BSE) 
studies show the presence of zoning induced by variations in 
the chemical composition of the sample used for single crystal 

studies. Uranium is completely missing in one of the zones 
(“high-grey-level” zone) and its content reaches 0.04 apfu in 
the other “low-grey-level” one. However, this zonation does 
not disturb the diffraction pattern observed with SXDA which 
characterizes the studied sample as a single-phase one. With 
some caution, Kostov-Kytin et al. (2020) concluded that  
the columbite from Vishteritsa can be used for U–Pb dating.  
A prerequisite for this is the finding of a compositionally 
homogeneous site in the mineral to exclude the possibility  
of contamination with primary or secondary uranium 
mineralization.

Materials and analytical techniques

Fragments of a crystalline columbite sample from the Vish-
teritsa pegmatite described previously by Breskovska (1962) 
and currently preserved in the National Museum of Natural 
History at the Bulgarian Academy of Sciences, Sofia, were 
used for the present studies (Figs. 4, 5).

Electron probe microanalyses (EPMA) 

Electron probe microanalyses were done on a polished, 
 carbon-coated section of a columbite crystal using INCA 
Wave700 detector (WDS, Oxford Instruments) with six dif-
fracting crystals, installed on a TESCAN VEGA 3 XMU scan-
ning electron microscope (@20 kV accelerating voltage) at the 
Research and Development Department of Aurubis Bulgaria 
AD, Pirdop. The spectra were collected on OKα, TiKα, MnKα, 
and FeKα, lines with standards of natural magnetite and pure 
TiO2 and MnO2 by Geller Microanalytical Laboratory Inc. 
EDS spectra were collected using X-MaxN 50 EDS detector by 
Oxford Instruments with factory standards. AztecWave soft-
ware was used for data collection, integration and corrections. 
Selected results from EPMA are listed in Table 1. SEM back-
scattered images are shown on Fig. 5.

Fig. 4. Columbite crystal from the Vishteritsa pegmatite, Western 
Rhodopes, Bulgaria. Macrophotography of studied sample from  
the National Museum of Natural History at the Bulgarian Academy  
of Sciences, Sofia. Sample size: 21×17×8 cm.
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Cathode-luminescent (CL) zircon imaging

The internal zircon patterns were documented by cathode- 
luminescent (CL) images using a JEOL JSM-6610 LV SEM-
EDS at the University of Belgrade, Serbia.

Laser ablation inductively coupled plasma mass spectrome-
try (LA–ICP–MS)

The LA–ICP–MS method was applied for in situ U–Pb dating 
of columbite. Analytical work was performed employing  

the equipment at the Geological Institute (BAS) – a NWR 
UP193 FX laser ablation system combined with PerkinElmer 
ELAN DRC-e ICP-mass spectrometer. The operating condi-
tions, data acquisition parameters, measured isotopes, and 
standardization are summarized in Table 2. The results of U–Pb 
geochronology were calculated using Iolite data reduction 
program (Paton et al. 2011) combined with VisualAge to 
obtain ages and ratios corrected for instrumental drift and 
down-hole fractionation. The plots were processed using 
ISOPLOT 3.0 or ISOPLOT 4.15 (Ludwig 2003). Columbite 
U–Pb dating represents Concordia age shown on normal 

Fig. 5. Backscattered electron images of a fragment of the crystal shown on Fig. 4, used for U–Pb and geochemical studies. The circles on 5a 
show the position of laser-ablation craters for the major and trace element analyses, accompanied by contemporary U–Pb dating (italic numbers 
1–16 of Table 3). Position of the craters for dating only were randomly chosen but followed generally a profile from the outer to the central 
zones. The images on 5b, c and d show parts of the same crystal with uranium oxides (U-Ox) in cracks and pits (b, c and d) and small rutile 
(Ru) crystals in holes (c).



202 PEYTCHEVA, VON QUADT, KOSTOV-KYTIN, KADIYSKI and STAVREV

GEOLOGICA CARPATHICA, 2021, 72, 3, 195–212

Concordia diagram. The X36 columbite (354.8 ± 1.7 Ma; 
Galliski et al. 2021) was used as the primary external standard 
for dating, and NIST610 as primary external standard for trace 
elements. For the U–Pb isotope zircon analyses of the hosting 
granite a laser-crater of 35 µm diameter, repetition rate 8 and 
fluency of 7 were applied, using the GJ1 as primary and 
Plešovice zircon as  secondary standard reference material 
(SRM). During the daily session, the Plešovice SRM was 
dated at 337.9 ± 4 Ma. The chemical composition of the colum
bite was calculated assuming 100 % sum of the main oxides, 
then the niobium content was used as the internal standard to 
calculate the trace elements, applying SILLS data reduction 
program (Guillong et al. 2008).

Results

LA–ICP–MS in situ U–Pb dating

Sixteen in-situ LA–ICP–MS U–Pb analyses of columbite 
were performed on two different days with the same analytical 
conditions (data in normal font in Table 3). Additional four-
teen U–Pb dating analyses were performed at the same time as 
trace-element measurements of columbite (Fig. 5; analyses 
17–25 in Table 3, italic font). The obtained U/Pb results are 
presented in Table 3 and plotted on Fig 6. The individual 
 ana lyses are mostly concordant and the 206Pb/238U ages spread 
from 51.6 ± 2.5 Ma to 44.9 ± 3.3 Ma. Excluding the two  
analyses with an apparent age older than 50 Ma and the youn-
gest point with higher analytical uncertainty, a Concordia  
age of 47.57 ± 0.32 Ma (95 % confidence, decayconstant 
errors inclu ded, MSWD of concordance = 5.9) can be cal cu
lated.

The zircons of the host granite reveal oscillatory magmatic 
zonation, often with brighter cores and darker outer parts that 
are related to high uranium content (Table 4). Twenty-six ana-
lyses of the zircons mainly in the outer parts of the grains are 
dated and most of the U/Pb data are in the range of 49–53 Ma 
(Table 4, Fig. 7a–d). One tinny grain shows some lead loss 
(apparent age 46–47 Ma, Fig. 7a) and two reveal negligible 
inheritance (54–56 Ma). Two zircon grains with magmatic 
oscillatory zonation are older and show concordant ages at 
143 and 71 Ma, respectively (Fig. 7c) and are interpreted as 
contamination from the host rocks (Late Cretaceous RWRB 
granites and Jurassic metagranites of the Surnitsa lithotectonic 
unit). Excluding the outliers, twenty zircon analyses define  
a Concordia age of 51.94 ± 0.61 Ma (Fig. 7d).

Columbite composition and trace element geochemistry

Thirteen EPMA analyses were performed on a small appa-
rently unaltered fragment of the columbite crystal apart from 
cracks and visible inclusions and the results are shown in 
Table 1. The data are used to calculate an average formula 
(Mn0.554Fe0.427U0.006)0.987(Nb1.826Ta0.085Ti0.116W0.003)2.03O6. The major 
elements (Nb, Ta, Fe, Mn) content does not vary significantly Ta
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in the chosen crystal part and the mineral is defined as colum-
bite-(Mn) (Fig. 8a).

The crystal fragment is studied with sixteen LA–ICP–MS 
analyses to better follow the compositional variations of major 
and trace elements of the columbite. The results show some 
small differences for the major elements (Nb, Ta, Mn, Fe, Ti) 
compared with EPMA analyses, however these are not signi-
ficant (Table 5 and Fig. 8a) and the data can be used to outline 
spatial compositional trends. The Nb2O5 content is the highest 
and varies between 65.4 wt. % and 68.8 wt. %. The compo-
sitional variations of the major elements compiled with Zr  
and W (Table 5) are shown on Fig. 8b–f. They infer possible  
cationic substitutions with better correlations (R2 = 0.87–0.95) 
of the elements in the unaltered crystal parts away from cracks 
and other defects (the grey squares of Fig. 8b–f corresponding 
to points 11–16 on Fig. 5a) compared to the analyses next  
to fractures and pits that are filled with secondary minerals 
(shown with crosses; points 1–9 on Fig. 5a).

The U content (1220–7823 ppm; 0.23–0.89 wt. % UO2) 
doesn’t show a regular distribution within the crystal but it 
rather depends on the proximity to cracks, porous and outer 
zones. There, U reveals the lower concentrations (Table 5 and 
Fig. 9a), opposite to cracks and pits themselves, which are 

filled with a uraniumoxide phase (Fig. 5b, c, d). Other trace 
elements of the columbite in higher concentration are Zr 
(2434–6755 ppm), Y (278–486 ppm), W (900–1860 ppm),  
Hf (130–580 ppm), and Zn (417–1097 ppm) (Table 5, Fig. 9a). 
Thorium content (9–96 ppm) is significantly lower than U, 
whereas Th/U ration varies from 0.004 to 0.021. Scandium 
and tin are other typical trace elements but their content stays 
below 100 ppm.

The rare-earth elements (REE) in the columbite of Vish-
teritsa are in the range 356–733 ppm (sum of REE, Table 5). 
The mineral is enriched in heavy REE (HREE: 306–697 ppm) 
and depleted in light REE (LREE), the latter often being below 
the limit of detection (LOD). Europium (Eu) has a very low 
concentration below LOD. For the chondrite-normalized plot 
of REE on Fig. 9b we used the LOD values of LREE (except 
for Sm). REE pattern reveal a clear trend of increase of the 
normalized values from LREE to HREE with a deep Eu ano-
maly and possible negative Ce anomaly (one exception for 
analysis 9). A negligible enrichment of HREE in the analyses 
close to cracks and outer zones of the columbite is revealed 
(grey lines on Fig. 9b; for the position of the points see Fig. 5a) 
compared with the unaltered zones (black lines on Fig. 9b) but 
there are also exceptions from the common trend.

Equipment Geological Institute, BAS
ICP–MS PerkinElmer SCIEX ELAN DRC-e
Forward power (W) 1500 
Gas flow rate (l∙min-1):
Nebulizer (Ar) 0.80 
Auxiliary (Ar) 0.92 
Plasma (Ar) 15.0 
Carrier (He) 0.92 
Lens voltage 7
Oxide production rate ThO+/Th+ <0.5 %
Laser Ablation System New Wave UP193FX 
Wavelenght (nm) 193
Energy density on sample (J cm-2) 4.6–4.7
Repetition rate (Hz) 2
Spot size (µm) 20
Pulse duration (ns) 4
Data acquisition Dating Tracing
Data acquisition protocol Time resolved analysis Time resolved analysis
Scanning mode Peak hopping, 1 point per peak Peak hopping, 1 point per peak
Sweeps 1 1
Reading/Replicate 860 250
Replicate 1 1
Background and signal acquisition ~40 s gas blank and ~50–60 s ablation ~40 s gas blank and ~50–60 s ablation

Dwell time per isotope: 20 ms (208Pb and 232Th); 30 ms (206Pb, 
207Pb, and 238U) 20 ms (208Pb and 232Th); 30 ms (206Pb, 207Pb, and 238U); all others – 10 ms

Isotopes analyzed
206Pb, 207Pb, 208Pb, 232Th, 238U

27Al, 29Si, 31P, 42Ca, 45Sc, 49Ti, 51V, 55Mn, 57Fe, 59Co, 60Ni, 63Cu, 66Zn, 89Y, 
91Zr, 93Nb, 97Mo, 107Ag, 118Sn, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 151Eu, 157Gd, 
159Tb, 163Dy, 165Ho, 167Er, 169Tm, 173Yb, 175Lu, 178Hf, 181Ta, 184W, 206Pb, 207Pb, 
208Pb, 232Th, 238U

Standardization
External: X36 columbite(a) NIST610
Data reduction software:    Iolite Iolite, Sills

a Data for external standard X36 is according to Galliski et al. (2021); 
b Paton et al. 2011.
 

Table 2: LA–ICP–MS operating conditions for U–Pb geochronology and trace element composition (tracing) of columbite from Vishteritsa, 
Western Rhodopes, Bulgaria. 
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Discussion

Refined composition of Vishteritsa columbite

The new EPMA and LA-ICP-MS data for the major, minor 
and trace elements in the Vishteritsa columbite are in agree-
ment with former data (Breskovska 1962; Yordanov et al. 1962; 
Arnaudov & Petrusenko, 1967) for its general composition 
and affiliation to the columbite-group minerals. The refined 
formula for the small crystal fragment based on thirteen EPMA 
analyses (Mn0.554Fe0.427U0.006)0.987(Nb1.826Ta0.085Ti0.116W0.003)2.03O6 
defines the mineral as columbite-(Mn). This composition is 
characteristic for the small crystal fragment and may vary 
slightly in the studied crystal, as can be concluded from  
the LA–ICP–MS data.

The main chemical variations of the studied Vishteritsa 
columbite crystals are shown in Fig. 8 and might be described 
by the compositional variations involving either single-site 
substitutions such as Nb↔Ta (Fig. 8b) or Mn↔Fe (Fig. 8c),  
or coupled substitution represented by the following reaction: 
Nb5++Mn2+ ↔ Ta5++Fe2+ (Fig. 8d) and 2(Nb, Ta)5+ ↔ (Ti, Zr, U)4+ 
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Concordia Age = 47.57 ±0.32 Ma

(95% confidence, decay-const. errs incl.)

MSWD (of concordance) = 5.9

Columbite

Vishteritsa

N Source file 207Pb/235U 2SE 206Pb/238U 2SE Rho* 207Pb/206Pb 2SE
207Pb/235U 
age, Ma 2SE

206Pb/238U 
age, Ma 2SE

1 20fe23g04 0.045 0.007 0.0072 0.0002 0.006 0.044 0.007 42 7 46.2 1.4
2 20fe23g05 0.046 0.009 0.0073 0.0003 0.020 0.042 0.009 44 9 46.8 1.6
3 20fe23g06 0.050 0.005 0.0075 0.0002 0.018 0.046 0.005 49 5 47.9 1.0
4 20fe23g07 0.047 0.006 0.0074 0.0002 0.040 0.042 0.005 46 5 47.6 1.1
5 20fe23g08 0.050 0.004 0.0075 0.0001 0.032 0.046 0.004 49 4 48.2 0.9
6 20fe23g09 0.048 0.004 0.0073 0.0002 0.116 0.050 0.005 47 4 47.0 1.4
7 20fe23g10 0.045 0.007 0.0071 0.0002 0.060 0.045 0.008 45 7 45.8 1.6
8 20fe23g11 0.052 0.015 0.0075 0.0004 0.035 0.076 0.025 44 14 47.8 2.5
9 20fe23g12 0.055 0.012 0.0080 0.0004 0.018 0.065 0.015 51 12 51.6 2.5
10 20fe23g13 0.046 0.010 0.0074 0.0003 0.058 0.045 0.010 43 9 47.5 1.8
11 20ja23f04 0.047 0.004 0.0074 0.0001 0.031 0.045 0.004 46 3 47.6 0.8
12 20ja23f05 0.051 0.004 0.0073 0.0001 0.089 0.049 0.004 50 4 46.8 0.8
13 20ja23f06 0.048 0.003 0.0073 0.0001 0.013 0.046 0.003 47 3 47.1 0.7
14 20ja23f07 0.053 0.007 0.0072 0.0002 0.006 0.052 0.007 51 6 46.3 1.2
15 20ja23f08 0.054 0.004 0.0075 0.0001 0.075 0.051 0.004 53 4 48.4 0.9
16 20ja23f09 0.050 0.004 0.0076 0.0001 0.005 0.047 0.003 49 3 49.0 0.8
1 21fe10b07 0.042 0.021 0.0070 0.0005 0.117 0.042 0.022 38 20 44.9 3.3
2 21fe10b08 0.056 0.009 0.0077 0.0003 0.051 0.053 0.009 54 9 49.5 1.8
3 21fe10b09 0.044 0.009 0.0075 0.0004 0.095 0.045 0.010 45 9 48.2 2.3
4 21fe10b10 0.057 0.011 0.0077 0.0004 0.011 0.053 0.010 57 11 49.3 2.5
5 21fe10b11 0.061 0.013 0.0079 0.0004 0.100 0.054 0.011 59 12 50.8 2.3
6 21fe10b12 0.043 0.009 0.0071 0.0004 0.014 0.046 0.010 43 9 45.4 2.3
7 21fe10b13 0.050 0.012 0.0070 0.0004 0.110 0.051 0.012 49 12 45.0 2.2
10 21fe10b18 0.049 0.010 0.0075 0.0004 0.090 0.048 0.010 48 10 47.9 2.3
11 21fe11c06 0.054 0.013 0.0074 0.0006 0.055 0.058 0.015 52 13 47.3 3.8
12 21fe11c07 0.049 0.014 0.0073 0.0005 0.294 0.047 0.013 47 13 46.5 3.4
13 21fe11c08 0.052 0.012 0.0073 0.0004 0.298 0.052 0.012 51 11 46.6 2.8
14 21fe11c09 0.051 0.013 0.0072 0.0004 0.064 0.050 0.013 49 12 46.4 2.7
15 21fe11c10 0.056 0.012 0.0074 0.0004 0.095 0.057 0.012 55 11 47.2 2.7
16 21fe11c11 0.051 0.012 0.0073 0.0004 0.018 0.055 0.013 49 11 46.6 2.4

* Rho = error correlation of 206Pb/238U – 207Pb/235U; 
Remark: normal font (1–16) is used for dating LA–ICP–MS analyses, italic – for contemporary dating and tracing LA–ICP–MS analyses 
(analytical conditions in Table 2);
Italic numbers 1–16 correspond to the analyses shown on Fig. 5.

Table 3: LA–ICP–MS U–Pb in-situ isotope data for columbite from  Vishteritsa, Western Rhodopes, Bulgaria.

Fig. 6. Concordia diagram with all LA–ICP–MS U–Pb isotope data 
for columbite of the Vishteritsa pegmatite. The Concordia age is cal-
culated excluding the two analyses older than 50 Ma and the single 
youngest analysis with high 2 sigma uncertainty (shown with dashed 
line).
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+ (W)6+ (Fig. 8f) (Ercit 1994; Melcher et al. 2015). The plot of 
tetravalent versus pentavalent cations (Fig. 8e) suggest a euxe-
nite-type substitution, resulting in ordering of Ti at the B site 
(approx. 1:1 distribution; Ercit 1994). These substitutions are 
inferred for the crystal parts away from cracks and inclusions 
(analyses for points 11–16 on Fig. 5a). In altered parts of  
the columbite the trends become obscure (Fig. 8b–f, analyses 
1–9 marked with crosses) and suggest mobility of some ele-
ments during overprinting hydrothermal processes.

The variation of the major (Ta, Mn, Ti) and some minor 
 elements like Zr, W, U and Zn between the analytical points 
(Fig. 9a) reveal the similar behaviour of Ti, Zr, U and W that 
was concluded from the possible substitution mechanisms in 
the Vishteritsa columbite. Our study confirms the high ura-
nium content of the Vishteritsa columbite that attains up to  
0.8 wt. % UO2. However, in outer and porous parts and proxi-
mal to cracks there is a substantial decrease of its content 
below 0.2 wt. %, which infers the mobility of this element 
during overprinting fluid-induced processes. The latter can 
explain the observations of uraninite Breskovska (1962) and 
Yordanov et al. (1962) and possibly other secondary uranium 
minerals (Fig. 5b–d) that finely penetrate cracks and replace 
the columbite. 

The LREE content in the Vishteritsa columbite is very low 
(often below the limits of detection with the applied tech-
niques) and the mineral is enriched in HREE (306–697 ppm). 
The sums of REE (LREE + HREE) in the range 356–733 ppm 

define the studied columbite as moderately REE-enriched, 
compared with columbites from other regions of the world 
(e.g., summaries of Graupner et al. 2010 and Siachoque et al. 
2020). Chondrite-normalized REE patterns of the Vishteritsa 
columbite are characterized by steep increase of the norma-
lized values from the LREE to the middle (M) and HREE and 
moderate increase from MREE to HREE with a deep Eu 
anomaly. This signature should be explained by fractionation 
of light to middle REE-bearing minerals (allanite, titanite, 
apatite, monazite) during the granite and pegmatite fractiona-
tion and before the start of columbite crystallization. The deep 
Eu-anomaly (Eu below the detection limit) on the chondrite- 
normalized patterns (Fig. 9b) also argues for crystallization 
from highly fractionated magma and fluid-rich melt, after  
the fractionation of plagioclase and other Ca-rich minerals 
(e.g., London 2008; Černý et al. 2012).

Age of the Vishteritsa pegmatites and their relationship to 
the RWRB granitoids

The LA–ICP–MS U–Pb results show that this technique is  
a perfect tool to apply for columbite and pegmatite dating 
using a matrix-matched SRM. In this case, we used a quadru-
pole ICP–MS and columbite X36 SRM dated previously with 
the conventional ID–TIMS method (von Quadt et al. 2019; 
Galliski et al. 2021). Both, the SRM and the studied Vishteritsa 
columbite behave similarly during laser ablation; consequently, 

Table 4: LA–ICP–MS U–Pb in-situ isotope data for zircons of granite sample Os7b from the Vishteritsa area, Western Rhodopes, Bulgaria.

207Pb/ 
235U 2SE

206Pb/ 
238U 2SE Rho*

207Pb/ 
206Pb 2SE

208Pb/
232Th 2SE

207Pb/235U 
age, Ma 2SE

206Pb/238U 
age, Ma 2SE Approx

U_ppm
Approx 
Th_ppm

GrVi_1 0.052 0.009 0.0078 0.0003 0.017 0.049 0.009 0.0025 0.0006 51 9 50.3 1.8 1124 116
GrVi_2 0.074 0.036 0.0081 0.0008 0.105 0.116 0.068 0.0030 0.0009 65 34 51.8 5.2 295 97
GrVi_3 0.056 0.005 0.0085 0.0002 0.168 0.046 0.004 0.0027 0.0003 55 5 54.8 1.2 3280 402
GrVi_4 0.058 0.010 0.0080 0.0003 0.067 0.054 0.009 0.0024 0.0003 57 9 51.5 1.9 2170 433
GrVi_5 0.059 0.027 0.0084 0.0007 0.011 0.066 0.035 0.0023 0.0006 53 26 53.7 4.2 358 81
GrVi_6 0.058 0.011 0.0081 0.0003 0.007 0.052 0.010 0.0032 0.0006 56 10 52.1 1.8 1030 168
GrVi_7 0.058 0.011 0.0083 0.0004 0.042 0.053 0.011 0.0025 0.0009 56 10 53.4 2.3 1153 81
GrVi_8 0.071 0.016 0.0088 0.0006 0.005 0.059 0.014 0.0028 0.0006 69 15 56.5 3.8 1070 228
GrVi_9 0.063 0.031 0.0081 0.0007 0.043 0.055 0.045 0.0020 0.0010 53 29 52.0 4.7 172 58
GrVi_10 0.058 0.007 0.0089 0.0002 0.054 0.048 0.006 0.0030 0.0007 57 7 56.8 1.4 2335 128
GrVi_11 0.066 0.015 0.0084 0.0004 0.112 0.057 0.013 0.0030 0.0005 63 14 53.6 2.7 1010 216
Os7bD_1 0.052 0.003 0.0078 0.0001 0.056 0.048 0.003 0.0024 0.0001 51 3 50.1 0.6 3170 598
Os7bD_2 0.057 0.003 0.0083 0.0001 0.157 0.049 0.003 0.0023 0.0002 56 3 53.1 0.8 3894 445
Os7bD_3 0.056 0.014 0.0072 0.0003 0.037 0.059 0.016 0.0019 0.0003 52 13 46.0 2.1 504 220
Os7bD_4 0.056 0.015 0.0073 0.0003 0.053 0.056 0.016 0.0020 0.0003 55 14 46.7 2.2 582 257
Os7bD_5 0.051 0.014 0.0080 0.0004 0.003 0.044 0.013 0.0025 0.0006 47 13 51.3 2.5 568 98
Os7bD_6 0.054 0.004 0.0082 0.0001 0.042 0.048 0.004 0.0021 0.0001 53 4 52.8 0.8 3900 1015
Os7bD_7 0.052 0.007 0.0079 0.0002 0.003 0.049 0.007 0.0026 0.0004 49 7 50.5 1.2 788 122
Os7bD_8 0.153 0.005 0.0225 0.0002 0.081 0.050 0.002 0.0065 0.0002 144 4 143 1.2 2586 923
Os7bD_9 0.056 0.006 0.0084 0.0002 0.047 0.047 0.005 0.0023 0.0003 55 6 53.8 1.1 2811 349
Os7bD_10 0.078 0.017 0.0111 0.0005 0.029 0.050 0.011 0.0041 0.0006 72 15 71.1 3.3 386 93
Os7bD_11 0.061 0.020 0.0076 0.0004 0.032 0.066 0.025 0.0030 0.0004 51 18 48.9 2.6 214 120
Os7bD_12 0.054 0.020 0.0080 0.0004 0.007 0.051 0.021 0.0028 0.0006 48 19 51.5 2.9 237 73
Os7bD_13 0.038 0.027 0.0079 0.0005 0.046 0.036 0.049 0.0030 0.0007 16 25 50.4 3.4 103 43
Os7bD_14 0.047 0.013 0.0077 0.0003 0.035 0.045 0.012 0.0021 0.0004 48 13 49.4 2.2 571 212
Os7bD_15 0.055 0.017 0.0079 0.0004 0.143 0.046 0.018 0.0024 0.0005 47 16 50.4 2.4 268 77

* Rho = error correlation of 206Pb/238U – 207Pb/235U
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the applied down-hole fractionation correction (algorithm of 
Paton et al. 2011) resulted in reliable age data. The individual 
columbite U–Pb ages are concordant and with usual uncer-
tainty less than 5 % (usually less than 3 %) for the best mea-
sured 206Pb/238U ratios. They encourage the potential 
application of this technique and SRMs for dating of similar 
type of deposits all over the world.

The obtained columbite Concordia age of 47.57 ± 0.32 Ma 
(with spread of individual 206Pb/238U ages between 45 and  
51.3 Ma) is in agreement with earlier isotope dating of the 
Vishteritsa pegmatites by U–Pb method on zircon (50 ± 5 Ma; 
Arnaudov et al. 1969) or by K–Ar on muscovite (around  
50 Ma; Boyadzhiev & Lilov 1976). Pegmatites are younger 
than the 68–71 Ma Late Cretaceous granites of RWRB 
(Peytcheva et al. 2007; Stavrev et al. 2020) but also are older 
than the ~40 Ma old Late Paleogene granites of the batholith 
(Peytcheva et al. 1998, 2007). This discrepancy is solved with 
our new in situ U–Pb zircon dating of the granite that hosts  
the columbitebearing pegmatite at 51.94 ± 0.61 Ma. The Vish
teritsa rare-element granitic pegmatites should be related to 
these Early Eocene granites that cover a wide area south of  

the Babyak–Grashevo shear zone (Fig. 2). The slightly 
younger age of the columbite from Vishteritsa pegmatite is 
possibly related to Pb-loss during overprinting hydrothermal 
processes, if we have in mind the spatial variations in the 
U-content, the observations of Breskovska et al. (1962) and 
Yordanov et al. (1962) and our own data for the secondary 
uranium minerals in cracks of the columbite. Evidence for  
the hydrothermal alteration and replacement of earlier pegma-
tite associations by later quartz–albite–muscovite association 
were also described by former researchers of the pegmatite 
(Ivanov 1991). These fluids are probably late-magmatic and 
exsolved from the residual melt and/or locally mixed with 
external fluids derived from the host rocks during the Late 
Eocene–Oligocene (ca. 40 Ma) magmatism; the presence of 
volatiles (mainly H2O, F) facilitates high mobility of the ele-
ments and the replacement processes (e.g., Chládek et al. 
2020). However, we should not absolutely exclude an (addi-
tional) possibility for episodic protracted growth history of 
pegmatites and columbite, as was suggested for high-pressure 
(miaskite-type) pegmatites in the Ivrea zone of the Alps 
(Schaltegger et al. 2015).
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the corresponding 206Pb/238U ages in Ma, and the Concordia diagram for all zircons (d); outlier analyses are shown with dashed line and 
excluded from the calculations.
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The newly measured granite age infers a more complex 
character of the RWRB and a possibility of incremental epi-
sodic growth over a long period (~70 to ~40 Ma), as was 
observed in collisional to post-collisional plutons in the 
Alpine–Himalayan Belt (e.g., Rezeau et al. 2016). Current 
reliable U–Pb zircon age dating of the RWRB argues for mag-
matic episodes at ~70 Ma and 42–39 Ma (Kamenov et al. 
1999; Peytcheva et al. 2007; Stavrev et al. 2020) and they  
are complemented with the new 51.94 ± 0.61 Ma old granite 
ages in the Vishteritsa area. Although it is not easy to distin-
guish granites of different age in the field, the compositional 
characteristics of the Eocene granites allow us to assume their 
wide distribution south of the Babyak–Grashevo shear zone 
(Fig. 2).

Cenozoic granitoid magmatism accompanied by pegmatites 
in the Rhodopes covers a wider age range from ~58 to 42 Ma 
(Marchev et al. 2013). In the Middle Allochthone of the Rho-
do pes, which is the metamorphic frame of RWRB, the closest 
pegmatites and granitoids are dated to 48–52 Ma (Gorinova et 
al. 2019) NNE of the batholith (in the Rila Mountain), and to 
~56 Ma (Kapatnik pluton, Rila Mountain, Milovanov et al. 
2010; Dolno Dryanovo, Western Rhodopes and Spanchevtsi, 
Pirin Mountain; Jahn-Awe et al. 2010) (Fig. 1; see also 
Marchev et al. 2013). Additional dating in the western and 
southern parts of the RWRB is needed for better constraints of 

the link between columbite-bearing rare-element pegmatites 
and the Eocene granitoid magmatism.

Many of the Early to Middle Eocene granitoid intrusives 
reveal adakite-like signatures resulting from high-pressure 
amphibole fractionation accompanied by trace-element rich 
accessory minerals and water suppressed plagioclase fractiona-
tion. Our preliminary unpublished geochemical data for the Early 
Eocene granite in the Vishteritsa pegmatite region allow us to 
refer them to the same group of adakite-like granitoids. Mantle 
underplating and interaction with the mid- to lower part of col-
lision- and underplating-induced thickened crust in the Rhodo-
pes are suggested to explain the favourable conditions for their 
formation (Marchev et al. 2013). The evidence for an ongoing 
collision in the lower part of the nappe system of the RMC 
(Georgiev et al. 2010; Jahn-Awe et al. 2010, 2012; Gautier et 
al. 2017; Gorinova et al. 2019) are an additional option that 
will result in the stacking of magmas in the lower part of the 
thickened crust. This process may lead to water saturation and 
high-pressure fractionation of amphibole and trace-element 
rich accessory minerals and may result in adakitic magma that 
is potentially fertile for some ore deposits (Chiaradia 2009; 
Richards 2011). The affiliation of the southern part of the 
RWRB to the group of adakite-like plutons may be used as  
a possible tool to estimate its economic potential as a source  
of conventional and strategic rare metals.
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Conclusions

• The first U–Pb LA–ICP–MS dating of columbite from  
the Vishteritsa pegmatite defines Early Eocene age 47.57 ±  
0.32 Ma (with spread of individual 206Pb/238U ages between 
45 and 51.3 Ma).

• Based on the EPMA data for the composition the refined 
formula of the mineral (Mn0.554Fe0.427U0.006)0.987(Nb1.826Ta0.085 

Ti0.116W0.003)2.03O6 classifies it as columbite-(Mn).
• The typical trace elements of the columbite from the Vish-

teritsa rare-element pegmatites are Ti, U, Zr, W, Y, Hf and 
Zn and their fluctuation trends are linked to possible substi-
tution mechanisms or interpreted by mobility during fluid- 
induced processes.

• The Vishteritsa columbite is relatively rich in REE and 
reveals a chondrite-normalized pattern with clear HREE 
enrichment and deep Eu-anomaly. They argue for crystalli-
zation from highly fractionated fluid-rich magma.

• High UO2 content reaching 0.8 wt. % is characteristic for  
the Vishteritsa columbite. Lower uranium content proximal 
to cracks and in outer crystal zones documents U-mobility 
during overprinting hydrothermal processes.

• The rare metal pegmatites are related to Early Eocene gra-
nite magmatism, dated at 51.94 ± 0.61 Ma in the area of rare 
element pegmatites (with spread of individual 206Pb/238U 
ages mainly between 49 Ma and 53 Ma). This age infers 
episodic growth of the RWRB over more than 30 Ma  
(71–39 Ma) and it defines the Early Eocene granite mag-
matism as fertile.
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