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Abstract. Pegmatites occur widely in the high-grade metamorphic sequence of the Central Rhodopes, southern 
Bulgaria. However, pegmatites remain poorly studied in the underground mines in the area. The current research 
focuses on the mineralogical and geochemical peculiarities of pegmatite body from level 820 of the Petrovitsa Pb-
Zn deposit. It occurs into a marble-gneiss sequence, following the host rock foliation. Samples were collected along 
a profile from the contact with the marbles inwards. Primary minerals include K-feldspar, plagioclase and quartz, 
with titanite, zircon, allanite, and apatite as accessories. Distinct zonation is defined between the marble contact and 
the inner parts. Hydrothermal alteration involves albitization, sericite-kaolinite, and epidote-chlorite assemblages, 
most intense near the marble, where Ca-rich minerals and REE-bearing phases are concentrated. The lithological 
contact acts as a fluid channel promoting bimetasomatism and element redistribution. The pegmatite hosts critical 
raw materials such as feldspar, Sr, P, REE, and Ti, highlighting its economic potential.
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Introduction

The Petrovitsa mine is located in the Madan ore 
district, Rhodope Mountains, southern Bulgaria 
(Fig. 1). The host Gondwana-derived metamorphic 
sequence belongs to the Rhodope Metamorphic 
Complex, which underwent compressional and ex-
tensional stages during its evolution. The Madan 
ore district is hosted in the Madan unit, which is 
composed of biotite gneisses, amphibolites, mar-
bles, and pegmatites (Kounov, Gerdjikov, 2024, 
and references therein).

The extensional tectonic event was an important 
stage in forming the Rhodope Metamorphic Com-
plex. Related to it, a local magmatic episode began 
in the area with the intrusion of several bodies  – 
Pripek granites 52.8±0.89 Ma, Drangovo pluton 
49.9±0.42 Ma (Marchev et al., 2013, and references 

therein), Smilyan granite 41.92±0.22 Ma and oth-
ers, shifting towards rhyolite dikes and ignimbrite 
deposit emplacement (Smolyan Basin) at ~31  Ma 
(Ovtcharova et al., 2003; Kaiser-Rohrmeier et al., 
2013 and references therein). Recent geochemical 
and geochronological studies showed at least two 
different stages of pegmatite formation in the area, 
first at ~50 Ma (Milenkov et al., 2020) and second 
at around 40 Ma (Milenkov et al., 2022). Their em-
placement does not have a genetic relation with the 
base-metal ore mineralization in the region, which 
is constrained between 31.41±0.39 Ma (U-Pb dat-
ing on zircon in rhyolite) and 29.95±0.23 Ma (Ar-
Ar dating on hydrothermal sericite; Hantsche et 
al., 2017 and references therein). The Madan dis-
trict represents one of the world’s most significant 
vein and metasomatic-type Pb-Zn mineralization 
manifestations. Its territory covers over 300  km2 
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and hosts 39 deposits. A series of NW-trending, 
transtensional faults control the ore mineralization. 
Ore bodies in the Madan deposits consist of veins, 
complex stockwork zones, and replacement (meta-
somatic) skarn-hosted mineralization. Petrovitsa 
mine is located on one of the main fault structures 
(Mogilata – Ossikovo – Karaaliev Dol – Petrovi
tsa – Erma Reka fault system) (Fig. 1B). Exploited 
since the 1950s, the mine still remains in produc-
tion, and the present-day ore has an average grade 
of 2.54% Pb and 2.10% Zn. The main ore bodies 
are quartz-sulfide veins hosted in gneisses, display-
ing highly variable thickness (0.1–15 m) at depth. 
The metamorphic host rocks are affected by sericit-
ic and epidote-chlorite alterations. Skarn forma-
tion occurs at the intersection between the marble 
lenses and the feeder zones. The skarns are formed 
in successive prograde and retrograde stages, form-
ing different silicate minerals, such as johannsenite, 
hedenbergite, rhodonite, amphibole, pyroxenoids, 
and rare garnet. These features are typical for distal 
skarn systems. The ore mineralization in both veins 
and replacement ore bodies is presented mainly by 
galena, sphalerite, and chalcopyrite. Despite vari-
ous analytical efforts, the source of the mineralizing 
fluids remains debatable.

Previous geological studies on the magmatic 
and pegmatitic rocks in the area have described the 
coarse-grained lithology as a rare-earth pegmatite 
(Ivanov, 1991; Milenkov et al., 2022; Georgieva et 
al., 2022), which corresponds to the NYF-type, ac-
cording to the Černý and Ercit (2005) classification. 
However, these studies have been carried out only 
on surface outcrops, with limited underground in-
vestigations.

Pegmatite bodies with variable thickness have 
commonly been observed in the studied area. They 
are often concordant to the main metamorphic folia-
tion of the gneisses, amphibolites, and marbles. On 
rare occasions, thin pegmatite bodies crosscut the 
other rock varieties. The pegmatite bodies in most 
outcrops are highly deformed, displaced, folded, and 
even in some areas, they appear mylonitized. Prima-
ry pegmatite minerals are K-feldspar, plagioclase, 
quartz, and micas, while titanite, zircon, allanite, 
apatite, and monazite are accessories (Milenkov et 
al., 2022). The secondary mineral association is rep-
resented by clinopyroxene, chlorite, epidote-group 
minerals (Georgieva et al., 2022), sericite, kaolinite, 
and others. The contact zones between pegmatites 
and marbles are predominantly “dry”, with no vis-
ible macroscopic alteration in either lithology but 
a thin chlorite layer at the contact. When the mar-
bles are skarnified (near fault zone or conductive 
structures), alteration is very well preserved on the 
pegmatite side, where mineralogical and geochemi-
cal zonation is observed in some places. This study 
aims to identify and compare the geological features 
and variations across a profile of a pegmatite body 
in the Petrovitsa deposit.

Analytical Methods

The studied outcrop is located on mine level 820 m 
in the Petrovitsa deposit. Two pegmatite hand 
samples were collected (Fig.  2A): Sample MN-
20-12, representing a profile from the contact with 
the marbles inwards into the pegmatite, and sam-
ple MN-20-13, taken further from the lithological 

Fig. 1. A) Tectonic map of Bulgaria (modified after Ivanov, 2017); B) Geological map of the Central Rhodopes and location of 
Petrovitsa deposit (modified after Dimov et al., 2000; Vassileva et al., 2009).
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boundary. Four oriented thin sections were pre-
pared from these samples: three from MN-20-12 
(Fig. 2B) and one from MN-20-13. Two pellets for 
whole-rock geochemistry were analyzed via XRF, 
using an EDXRF Epsilon 3XLE machine at Sofia 
University, Bulgaria, in order to determine the ma-
jor oxides in the samples. Optical (Leica DM750P, 
at the Geological Institute, Bulgaria) and scanning 
electron microscopy (BSE imaging, University of 
Mining and Geology, Sofia) have been used to es-
tablish the mineralogical and textural peculiarities 
of the double-polished thin-sections. Mineral major 
element composition was measured via an Electron 
Probe Micro-Analyzer (EPMA) at the University of 
Geneva. The machine is a model JEOL8200 Super-
probe, equipped with five-wavelength dispersive X-
ray spectrometers (WDS). The working conditions 
were an accelerating voltage of 15 kV, a beam cur-
rent of 40 nA, and a beam diameter of 2 μm. Laser 
ablation inductively coupled plasma mass spectrom-
etry (LA-ICP-MS) at the Geological Institute of the 
Bulgarian Academy of Sciences was used to deter-
mine the mineral trace-element composition in thin 
sections and XRF pellets. The system consists of a 
193 nm ArF excimer laser (ATLEX-SI, Germany) 
linked with an ELAN DRC-e ICP-MS instrument 
(Perkin Elmer, Canada). The applied conditions 
varied based on the type of sample: energy density 
on sample 8–9  J/cm2, a repetition rate of 3–5 Hz, 
and laser beam diameter of 20–50  µm. Standard 
reference materials NIST 610 and 612 were used 
as external standards for trace elements, while the 
SiO2 content from EPMA and XRF analyses were 
considered an internal standard for minerals and 
glasses. Automated mineral analysis and textural 
imaging of the studied thin sections were performed 
using a FEI QEMSCAN® Quanta 650F facility at 
the Department of Earth Sciences, University of 
Geneva, Switzerland. The system is equipped with 
two Bruker QUANTAX light-element energy dis-
persive X-ray spectrometer (EDS) detectors. Anal-
yses were conducted at high vacuum, accelerating 
voltage of 25 kV, and a beam current of 10 nA on 
carbon-coated polished thin sections.

Results

The whole-rock geochemical data display high 
SiO2 values in both samples (74.5% in MN-20-12 
and 72.8% in MN-20-13). Other oxides with higher 
concentrations in the sample close to the marble are 
K2O (6.2% in sample MN-20-12 and 4.5% in MN-
20-13), CaO (1.0% in sample MN-20-12 and 0.9% 
in MN-20-13), and MgO (0.9% in sample MN-20-

12 and 0.2% in MN-20-13). In contrast, respective 
Al2O3 (13.4%, and 15.5%), Na2O (2.1%, and 4.2%), 
and P2O5 (0.1%, and 0.3%) show reverse trends. 
Trace element analysis reveals high values for Ba 
(MN-20-12: 2289 ppm; MN-20-13: 1566  ppm), 
followed by Sr (MN-20-12: 299 ppm; MN-20-13: 
383 ppm), Rb (MN-20-12: 183  ppm; MN-20-13: 
148 ppm), and Cr (MN-20-12: 185 ppm; MN-20-
13: 102 ppm). The sum of the rare-earth elements 
(SREE) in sample MN-20-13 (32 ppm) is slightly 
higher than that of sample MN-20-12 (30 ppm). 
The normalized REE to chondrite shows similar 
patterns in both samples. The light rare-earth ele-
ments (LREE) slightly predominate over the heavy 
rare-earth elements (HREE), while the Eu anomaly 
shows negative values for both samples.

QEMSCAN mineralogical and elemental maps 
are shown in Fig. 2C–N. In MN-20-12A, quartz, 
K-feldspar, and plagioclase comprise over 80% of 
the sample (Fig. 2C). The rest of the sample con-
sists of alteration minerals, such as albite (replac-
ing plagioclase), epidote, chlorite, muscovite, kao-
linite, and others. The inner part of the pegmatite 
(section MN-20-12B) contains 40% quartz, 28.4% 
K-feldspar, and 24% albite, while the plagioclase 
(oligoclase-andesine in composition) content is 
0.1% (Fig. 2G). The innermost pegmatite sample 
MN-20-13, comprises ~34% albite, ~33% K-feld-
spar, and ~27% quartz, while the plagioclase pre-
sents only 0.04% of the section (Fig. 2K). The Ca- 
and Na-elemental maps highlight the mixed com-
position of plagioclase in MN-20-12A (Fig. 2D and 
2E), while the rest consists of K-feldspar (Fig. 2F). 
In sections MN-20-12B and MN-20-13, the Ca-el-
emental map (Fig. 2H, L) indicates other minerals, 
such as calcite, epidote, apatite, etc., while the Na 
and K ones reveal the presence of albite and K-
feldspar (Fig. 2I, J, M, N).

The major and trace element composition of 
feldspars along the profile is presented in Fig.  3. 
The ternary diagram demonstrates differences be-
tween the studied minerals in section MN-20-12A, 
where most feldspars are oligoclase and rare albite. 
In the sections MN-20-12B, MN-20-12C, and MN-
20-13, the feldspars plot only in the albite field 
(Fig. 3A). The rest of the analyzed feldspar miner-
als do not show major differences between the stud-
ied samples and represent K-feldspar compositions. 
Selected trace element contents in feldspars from 
MN-20-12A and MN-20-13 are shown in Fig. 3B. 
Elements such as B and Ga do not vary significantly 
in the different minerals of both samples. A similar 
distribution for Sr but with elevated contents (above 
300 ppm) is obtained. Higher Rb (average 366 ppm 
in MN-20-12A and 333 ppm in MN-20-13), Ba (av-
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Fig. 2. A) Studied outcrop at Petrovitsa, mine level 820 m; B) Close view of sample MN-20-12 and indicated thin section positions; 
QEMSCAN mineralogical and elemental maps: Sample MN-20-12A: (C) mineralogical map, (D) Ca map, (E) Na map, (F) K map; 
Sample MN-20-12B: (G) mineralogical map, (H) Ca map, (I) Na map, (J) K map; Sample MN-20-13: (K) mineralogical map, 
(L) Ca map, (M) Na map, (N) K map.

erage 5666 ppm in MN-20-12A and 3920 ppm in 
MN-20-13), and Pb (average 70 ppm in MN-20-12A 
and 76 ppm in MN-20-13) contents are detected in 
K-feldspars compared to those of the oligoclase and 
albite. The albite of sample MN-20-13 displays a 

large variation in Rb, Ba, and Pb contents. A similar 
distribution is observed for the Rb contents in the 
oligoclase of sample MN-20-12A.

The accessory minerals within the pegmatites 
are the primary concentrators of critical and stra-
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tegic raw materials. LA-ICP-MS tracing in zir-
cons reveals high concentrations of P (MN-20-12: 
729  ppm; MN-20-13: 674 ppm), Sc (MN-20-12: 
443 ppm; MN-20-13: 501 ppm), Y (MN-20-12: 
3242 ppm; MN-20-13: 2385 ppm), Hf (MN-20-12: 
15054 ppm; MN-20-13: 9978 ppm), Th (MN-20-
12: 367 ppm; MN-20-13: 197  ppm) and U (MN-
20-12: 4852 ppm; MN-20-13: 1788 ppm). The av-
erage sum of the REEs in MN-20-12 is 2133 ppm, 
while in MN-20-13, it is 1731 ppm. The chondrite-
normalized REE distribution in both samples show 
a positive Ce anomaly, a negative Eu anomaly, 
and HREE enrichment over LREE. Apatites from 
samples MN-20-12B have elevated concentrations 
of ∑REE (1533 ppm), Y (1117 ppm), and Sr (190 
ppm). The chondrite-normalized REE pattern ex-
hibits a negative Eu anomaly and a relatively flat 
distribution of LREE and HREE.

Discussion

The current study across the pegmatite profile 
demonstrates differences between the samples jux-
taposed to the marble layer and inwards the peg-
matite body.

As shown in the QEMSCAN images (Fig. 2C–
N) and EPMA analyses, oligoclase (referring to 
plagioclases in the QEMSCAN mineral maps) is 
dominant only in section MN-20-12A, which is the 
proximal sample to the marble. Albite is more abun-
dant within the pegmatite body away from the mar-
ble, while the K-feldspar and quartz are constant. 
Accessory minerals (primary and secondary), such 
as apatite, monazite, zircon, and rutile/anatase (al-
teration product on titanite), are more prevalent near 

the lithological boundary (MN-20-12A and MN-20-
12B). A similar trend is observed for the alteration 
minerals, such as muscovite (sericite), chlorite, kao-
linite, and calcite. The elevated percentage of mica 
in the inner sample (MN-20-13) is due to the peg-
matitic muscovite, not fine-grained alteration mica.

The whole-rock composition of the outer parts 
of the pegmatite body has higher oxide contents 
such as SiO2, CaO, MgO, K2O, Fe2O3, TiO2, and al-
most all the studied trace elements compared to the 
inner parts.

Trace element concentrations in feldspars do 
not significantly vary with the position of the 
studied samples. However, the different types 
of this mineral group have their geochemical 
characteristics. Rubidium and Ba are elevated 
in K-feldspar, consistent with ionic substitution 
processes due to the chemical and size similarity 
between Rb, Ba, and K.

Elements such as Y, Hf, Th, U, P, and REEs are 
primarily concentrated in accessory minerals. Zir-
cons from sample MN-20-12 exhibit higher con-
centrations of all analyzed trace elements, except 
for Sc, than those in MN-20-13. This trend sug-
gests greater fluid interaction and advanced melt 
evolution, consistent with the sample’s proximity 
to marble. The REE patterns, characterized by a 
positive Ce anomaly, negative Eu anomaly, and 
HREE enrichment, likely reflect oxidizing condi-
tions during mineral formation and feldspar frac-
tionation. The elevated REE, Y, and Sr concentra-
tions in apatite from MN-20-12B further support 
the interpretation of advanced melt evolution and 
fluid interaction in this sample. The negative Eu 
anomaly, similar to that observed in zircon, rein-
forces the role of feldspar fractionation in deplet-

Fig. 3. A) An-Ab-Or ternary diagram (modified after Smith, Brown, 1988) showing feldspar group composition of the studied 
samples; B) Box and Whisker plot of trace elements in feldspar group minerals.
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ing Eu from the melt. Additionally, while zircon 
shows strong HREE enrichment, the relatively flat 
REE pattern in apatite (with similar LREE and 
HREE levels) reflects differences in mineral par-
titioning behavior.

These features indicate that the host rock envi-
ronment is important for the pegmatite composition. 
The pegmatite/marble contact also serves as an ide-
al fluid pathway for remobilizing and transferring 
elements between contrasting lithologies (bimeta-
somatism).

Conclusion

The growing importance of pegmatite-related ma-
terials for green-transition technologies requires a 
detailed understanding of their mineralogical and 
geochemical characteristics.

This case study demonstrates important miner-
alogical and geochemical variations in a pegma-
tite from the Petrovitsa mine. The observed body 
is mainly composed of Ca-bearing feldspars close 
to the contact with the marbles, while their quan-
tity is insignificant in the pegmatite’s inner parts. 
A similar trend is observed for the accessory and 
hydrothermal Ca-bearing minerals. Zircon and apa-
tite compositions further highlight these variations, 
with higher REE, Y, and U concentrations in sam-
ples near the marble contact, suggesting advanced 
melt evolution and fluid interaction.

The established mineralogical, geochemical, 
and hydrothermal variations within the pegmatite 
body give a better understanding of the processes 
related to its formation and evolution. Critical raw 
materials (CRM) have been identified in the sam-
ples studied, including feldspar, which constitutes 
more than 50% of the rock and contains significant 
amounts of Sr (approximately 300 ppm or higher). 
Phosphorus is primarily concentrated in accessory 
minerals such as apatite and monazite. Similarly, 
other CRM’s such as the Hf, Sc, LREE, HREE, 
and Ti are hosted in these accessory minerals plus 
zircon, allanite, and titanite. Their feasible use 
may be important in achieving several Sustainable 
Development Goals (SDGs). From enabling clean 
energy transitions (SDG 7), fostering innovation 
and resilient infrastructure (SDG 9), and promot-
ing responsible production practices (SDG 12) to 
supporting climate action (SDG 13), these materi-
als are the key to technological advancements and 
sustainable development. Ensuring their respon-
sible extraction, efficient use, and eventual recy-
cling is crucial for meeting global goals and green 
transition.
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