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Abstract

The Djurkovo base-metal vein deposit in Laki ore field, is hosted by a het-
erogeneous gneiss/amphibolite/marble rock sequence of the high-grade meta-
morphic complex of the Central Rhodopes. Mineralogical and geochemical
investigation was conducted on slightly deformed, and hydrothermally altered
thin pegmatite dykes intruded in the marbles. The pegmatite bodies consist
mostly of K-feldspar, albite and quartz, with minor garnet present. Clear
textural zonation within the bodies is absent except for the preferential crys-
tallization of garnet in the innermost parts. The main pegmatite accessories
include ishikawaite, zircon, apatite, monazite-(Ce), allanite-(Ce), and titan-
ite. The post-magmatic hydrothermal overprint on the pegmatites resulted in
the formation of the assemblage including epidote, sericite, chlorite, carbonate,
quartz, hematite, and leucoxene. The accessory oxide, silicate, and phosphate
minerals bearing rare earth elements (REE), actinides (ACT), Nb, Ta, and Ti
have undergone partial replacement by secondary mineral phases (thortveitite,
fergusonite, fersmite, uraninite, thorianite, REE-epidote, xenotime) observed
as irregular grains or veinlets along fractures and dissolved zones, either inside
or near the primary minerals.
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Introduction. The growing interest in pegmatites as sources of industrial
materials like feldspar for ceramics, as well as critical elements including Li, Be,
Cs, Nb, Ta, and REE, underlines the need for extensive revision and additional
investigation in this deposit type [1]. The essential part of these elements, re-
puted as incompatible elements (IE), have specific geochemical properties and the
ability to complex with F, Cl, etc. Typically concentrated in the upper continen-
tal crust through magmatic-hydrothermal processes, these elements get strongly
fractionated either during the late stages of magma fractional crystallization, or,
in specific cases, during low-degree partial melting [2|. Pegmatites, particularly
those belonging to the NYF family [3], are characterized by the presence of IE
such as REE, actinides (ACT; e.g., Th, U), and HFSE (Zr, Nb, Ta, Ti).

In the Central Rhodopes (South Bulgaria), abundant pegmatite bodies with
various thickness, shape and position, intruded in the metamorphic complex host-
ing the economic vein and metasomatic base metal ore mineralization in this
region exists. The current mining activities in the main deposits like Petrovitsa,
Krushev Dol, Djurkovo, and Govedarnika, provide opportunities to investigate
the mineralogical and chemical properties of these pegmatites and to assess their
potential as sources of critical elements.

Recent studies have highlighted significantly elevated concentrations of IE
in the pegmatites from the region. Furthermore, processes of hydrothermal alter-
ation have affected the pegmatites, particularly resulting in transformation of their
primary mineral association and redistribution of IE evidenced by the formation
of new mineral phases [4-10].

This study contributes an insight into the mineralogical and geochemical data
about the primary and secondary IE minerals from pegmatites enclosed in marble
from the Djurkovo Pb-Zn deposit.

Geological setting. Numerous hydrothermal Pb-Zn(+Ag) ore deposits and
occurrences are accumulated in the extensional phase of the tectonic regime in
the Rhodope metamorphic complex [11]. The studied pegmatites are embedded
in gneiss/amphibolite/marble sequence hosting the Djurkovo base-metal deposit,
Laki ore district. The sulphide mineralization is linked to several predominantly
NNE-oriented ore-bearing faults extended towards the Borovitsa caldera to the
east. The polymetallic mineralization occurs as subvertical veins, formed by open-
space filling in the gneisses or as carbonate replacement bodies in the marbles.
Two major vein structures, spreading NNE-SSW and named Eastern Apophysis
and West 2, respectively, are the principal economic sources in the deposit [12]. A
substantial number of pegmatite bodies with differing dimensions and appearance
intersecting the metamorphic sequence are essential component of the country
rocks. Most pegmatites are deformed, folded, boudinaged and cut by subse-
quent faulting. Prograde skarn formation due to fluid/rock interaction in the
marbles is prior to the main sulphide deposition. Later Pb-Zn mineralization in
the deposit is manifested in three successive stages [12]: 1) quartz-pyrite; 2) poly-
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metallic (galena, sphalerite); 3) carbonate stage. The related hydrothermal alter-
ation led to formation of adularia, epidote, chlorite, and later carbonatization in
pegmatites [13]. The age of the base metal mineralization in Djurkovo deposit
is constrained between 32-30 Ma consistent with the hydrothermal K-feldspar
40Ar /39 Ar thermochronology conducted in Laki ore district [14].

Materials and methods. The samples used in this study were selected
from hydrothermally altered small-volume pegmatites (< 20 cm wide) intruded
in marbles from Djurkovo Pb-Zn deposit, level 550. To study the mineral re-
lationships in the rock samples and to select representative areas, the prepared
thin sections were examined using optical microscopy (Leica DM750P, Geologi-
cal Institute, BAS), CATHODYNE optical cathodoluminescence system (NewTec
Scientific, Geological Institute, BAS), and scanning electron microscopy (JEOL
JSM-6010PLUS /LA, University of Mining and Geology). The chemical compo-
sition of the minerals was analyzed using a Cameca SX100 electron microprobe
(EMP) at the Laboratory of Electron Microscopy and Microanalysis, Department
of Geological Sciences, Masaryk University, Brno. Wavelength-dispersive mode
with the accelerating voltage of 15kV, a beam current of 4-20nA and a beam size
2—6 pm were used. The following standards and X-ray K« and L« lines were used:
sanidine (Si, Al, K), albite (Na), olivine (Mg), almandine (Fe), fluorapatite (Ca,
P), tephroite (Mn), anatase (Ti), chromite (Cr), columbite (Nb), ScVO4 (V),
SrSOy4 (Sr), topaz (F), vanadinite (Cl), barite (Ba), LaPO4 (La), CePO4 (Ce),
PrPO, (Pr), NdPO4 (Nd), SmPOy4 (Sm), GAPO4 (Gd), ThOy (Th), U (U). The
minor and trace element signatures of the mineral association were analyzed using
the LA-ICP-MS system in the Geological Institute, BAS. This system consisted
of a New Wave Research (NWR) 193 nm Excimer laser UP-193FX attached to
a Perkin-Elmer ELAN DRC-e quadrupole inductively coupled plasma mass spec-
trometer operating at 6 Hz and with a spot size of 25-50 pm.

Results and discussion. The studied pegmatite dykes are emplaced pre-
dominantly concordant to the foliation of the host metamorphics. Their main
minerals include K-feldspar, albite, quartz and minor garnet. A clear zonal dis-
tribution of the minerals was not observed, except for garnet, which tends to
concentrate in the central parts of the pegmatite bodies. Along the pegmatite
contacts, late hydrothermal epidote and chlorite are developed, usually in thin
veinlets penetrating inwards the volume of the pegmatites (Fig. 1A, B). The late
hydrothermal association is complemented also by calcite and hematite. The
quantitatively predominant K-feldspar forms massive cm-sized aggregates. Late
albite partly dissolved earlier K-feldspar. Among the main pegmatite accessory
minerals garnet, fluorapatite, zircon, monazite-(Ce), ishikawaite, allanite-(Ce),
and titanite occur (Fig. 1C-K). The chemical composition of the investigated in
this study minerals is listed in Tables 1 and 2. The euhedral garnet (< 5mm)
usually contains inclusions of K-feldspar, quartz, and apatite. The crystals are
cracked indicating brittle deformation. Microfractures that developed in the gar-
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Fig. 1. A, B — macrophotograph of the pegmatite intruded in the marble; C — occurrence and
relationships of the primary and secondary hydrothermal mineralization; D — cathodolumines-
cence (CL) image showing late albitization of the K-feldspar and carbonatization, the clustering
of apatite among the mineral boundaries, and the metamictization signs in zircon as radial frac-
tures in the host K-feldspar and absence of luminescence; E-L. — BSE images of occurrence and
textural relationships between primary accessory minerals and the secondary ones: E-F — differ-
ent magnification of textural relationships between primary ishikawaite and secondary mineral
phases developed on it; G — accessory monazite rimmed by late allanite; H — relics of monazite
in allanite, enclosed in epidote with late veinlets of REE-epidote and xenotime; I — allanite,
titanite and zircon enclosed in late epidote; J — Late irregular-shaped thortveitite and fergu-
sonite established near garnet; K — anhedral grains of xenotime on cracks in the garnet and
late thortveitite with < 5pm inclusion of Nb-Ta-REE phase formed in close proximity to the
garnet; L — euhedral zonal thortveitite crystals in chlorite. The zonal pattern is determined by
the variation of Y and Sc composition. The brighter rims are rich in Y. Abb.: Kfs — K-feldspar;
Qz — quartz; Gar — garnet; Ab — albite; Ep — epidote; REE-Ep — REE-epidote; Chl — chlorite;
Cal — calcite; Hem — hematite; Mnz — monazite; Ikw — ishikawaite; Ap — apatite; Aln — allanite;
Ttn — titanite; Zrn — zircon; Fsm — fersmite; Eux — euxenite; Xtm — xenotime; Tvt — thortveitite;
Fgu — fergusonite; Ur — uraninite; Thr — thorite
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net are frequently filled with late xenotime-(Y), whereas thortveitite, fergusonite-
(Y), and < 5 pm inclusions of Nb-Ta-REE phases precipitated close to garnet crys-
tal rims, typically among albite and K-feldspar (Fig. 1J-L). The garnet contains
high almandine (42.4-49.1mol.%) and spessartine (39.5-45.3) amounts whereas
grossular (2.9-8.2), andradite (0.7-3.6) and pyrope (0.1-3.2) components are low.
The LA-ICP-MS shows that the mineral is characterized by incorporation of el-
evated Y203 and ScyO3 (< 1wt.%), low HREE (< thousands of ppm), P, Zn,
Ga, Ge and Li (< hundreds of ppm). Sub- to euhedral, < 200 um large crystal
clusters of fluorapatite are commonly observed among K-feldspar grains, often
near the garnet rims or inside garnet volume (Fig. 1D). Its chemical composi-
tion reveals high F- and low Cl-content, with incorporation of < 1wt.% REE3Og3
and > 1000ppm Y. Zircon appears as sub- to euhedral mm-sized crystals with
pm-sized inclusions of uraninite. The radial fractures in the host K-feldspar and
the lack of luminescence in the mineral under cathodoluminescence microscopy
indicate that the zircon has undergone metamictization due to high Th and U
content (see Fig. 1D). Zircon features elevated contents of HfOy (< 4.75 wt%),
UOz2 (< 4.03wt%), ScaO3 (< 0.60 wt%), HREE203 (< 0.35 wt%), and thousands
of ppm Y and less Th (Fig. 1C-F). Monazite-(Ce) forms < 600 pm sub- to euhedral
crystals often rimmed by late allanite-(Ce) and epidote (Fig. 1G). Occasionally,
monazite is observed as relic inclusions in lately formed allanite-(Ce) (Fig. 1H).
Except for the high amounts of REE2O3, monazite-(Ce) is characterized by in-
corporation of ThOy (< 9.41wt.%) and Y203 (< 2.69wt.%), and thousands of
ppm U. Ishikawaite occurs as sub- to euhedral mm-sized crystals commonly re-
placed in places by the assemblage of fersmite, uraninite and thorite (Fig. 1E-F).
An indeterminate phase with a composition similar to U-enriched euxenite with
U-content < 30.12wt% was detected in association with fersmite and uraninite
(Fig. 1F). Apart from the high U-content (< 24.64 wt.%), the chemical com-
position of the ishikawaite is characterized by high Y203 (< 5.34 wt.%), ScaOs3
(< 1.98wt.%), ThO2 (< 4.90wt.%) and REE2O3 (< 7.56 wt.%). Due to metam-
ictization, small amount of SiOs is generally measured (< 0.14 wt %). Titanite is
rarely observed as preserved anhedral < 600pm grains often in association with
allanite-(Ce) and epidote (Fig. 1I) but it is usually replaced by leucozene, quartz
and calcite. The chemical composition of the mineral is characterized by incor-
poration of Y903 (< 4.86 wt.%), AloO3 (< 3.61wt%), NbyO5 (< 1.44wt%), and
Nd203 (< 0.34wt%). Allanite-(Ce) forms anhedral, < 200 pm grains generally
enclosed in epidote and in association with titanite and monazite (Fig. 1H, I).
Chemically, the mineral contains < 23.37wt.% REEO3, Y203 (< 1.56 wt%),
ThO2 (< 1.00wt%), MnO (< 2.58 wt%), and MgO (< 0.74 wt%), < 1125 ppm U,
and hundreds of ppm Sc, Ga, Ge, Zn, Sr and Nb. The late epidote mineralization
is developed as nests and veinlets in the volume of the pegmatite bodies along
with chlorite, hematite and calcite. Epidote formation adjacent to early allanite-
(Ce) results in an elevated incorporation of REE and compositions with up to
2069 ppm REE and < 521 ppm Y.
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Discussion and conclusions. The studied pegmatite bodies are considered
part of the metamorphic host of one of the largest base metal deposits in the Cen-
tral Rhodopes and hence the whole rock volume is strongly influenced by late hy-
drothermal events (pre- and syn-ore-forming). The microfractures in the mm-sized
accessory minerals (e.g., garnet, monazite, zircon) and the clustering of accessories
in polymineralic aggregates are clear indicators of deformation in pegmatites. The
latter comprise various accessory minerals concentrating significant amounts of IE
(such as REE, Th, U, Nb, Ta, etc.) — part of them assigned as critical for the
contemporary industry. The primary accessories (e.g., garnet, ishikawaite, mon-
azite, titanite) affected by late deformation are cracked, altered and replaced by
secondary ones (xenotime, thortveitite, fergusonite, fersmite, uraninite, thorite).
This deformation, along with later pre- and syn-ore hydrothermal influences, facil-
itate the extraction of the incompatible chemical elements from primary minerals
(e.g., Sc and Y from garnet) and the formation and re-deposition of new pm-sized
minerals (e.g., xenotime, thortveitite, fergusonite), either within the volume of
the primary accessories along the microfractures, or in close proximity to them.
Despite the late hydrothermal activity and metasomatic processes in the Djurkovo
Pb-Zn deposit, the limited transport of IE is likely predisposed by environmental
constraints, such as the relative concentration and volume of the fluid, pH, ligand
activity, and the pressure and temperature as well, in order to influence intense
trace element activities. In hydrothermal solutions, chloride and sulphate are the
primary ligands responsible for transporting REEs, while fluoride, carbonate, and
phosphate are likely significant as depositional ligands, as suggested by MIGDISOV
et al. [15], which is the most expected mechanism for xenotime deposition in the
garnet microfractures. The absolute capacity of hydrous fluids to transport in-
compatible elements and economically significant metals is greatly enhanced by
higher pressure and, to a lesser extent, by increased temperature [16]. The volume
of the fluid also influences major and trace component activities [17]. The obser-
vation of small-scale hydrothermally altered pegmatites that contain incompatible
elements could be an effective method for tracking the redistribution mechanisms
of these elements.
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