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Abstract. Mineralogical and geochemical study was done on weakly deformed, relatively thin pegmatites that in-
truded the marbles of the Rhodope metamorphic complex in the Djurkovo Pb-Zn deposit, Central Rhodopes. The
pegmatites consist mainly of K-feldspar and quartz and contain minor garnet; the pegmatites lack clear zonation ex-
cept for the preferable crystallization of the garnet in the central parts. The main accessory minerals are ishikawaite,
zircon, monazite-(Ce), apatite, and titanite. The textural relationships indicate later hydrothermal alteration of pegma-
tites which led to the formation of albite, epidote, sericite, chlorite, carbonate, quartz and leucoxene. The (REE+Y,
ACT, Nb, Ta, Ti)-bearing pegmatite minerals (oxides, silicates and phosphates) are partly leached and/or replaced by
secondary ones. The newly-formed phases precipitated as anhedral grains along fractures and dissolved zones onto/
or close to the primary minerals due to the limited mobility of the incompatible elements in fluids conditioned by pH,
ligand activity and temperature.
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Introduction southern Bulgaria. Field investigation in the Djurk-

ovo Pb-Zn deposit revealed that the ore-hosting

The incompatible elements (IE) such as REE+Y,
actinides (ACT; e.g. Th, U), and HFSE (Zr, Nb, Ta,
Ti) are typical elements for NYF family pegmatites
(Cerny, Ecrit, 2005). Considerable part of these ele-
ments is referred as strategic and belong to the list
of the critical raw materials that are crucial for high
technology development. Recent studies show sig-
nificantly elevated contents of IE in pegmatites of
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metamorphic rock sequence in the region is intrud-
ed by pegmatite swarm with variable thickness and
position relative to the metamorphic fabrics. These
pegmatite dykes are often deformed, boudinaged,
folded or cut by later faults. Recent studies revealed
that hydrothermal alteration strongly affects the pri-
mary pegmatite minerals and led to transformation
processes especially in the REE accessory miner-
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alization (Georgieva et al., 2022; 2023). This study
reports new mineralogical data and preliminary
geochemical interpretation about the primary and
secondary IE minerals from small volume pegma-
tites intruded into marbles from the Djurkovo Pb-
Zn deposit.

Results and discussion

The focus of this study are relatively thin (<20 cm)
pegmatite bodies that intruded in marbles; the peg-
matites are predominantly concordant to the fabric
of the host rock. These dykes are mainly composed
of K-feldspars, quartz and minor garnet. Clear zonal
mineral distribution was not observed except for gar-
net which is concentrated in the central parts of the
bodies. Late hydrothermal epidote and chlorite are
developed along the pegmatite contacts, penetrating
inwards the volume of the pegmatites (Fig. 1A—C).
The occurrence, mineral association and chemical
composition of the observed minerals are listed in
Table 1. The quantitatively predominant K-feldspar
suffered albitization. The garnet (up to 5 mm) with
inclusions of K-feldspar, quartz, and apatite con-
tains high almandine (42.4—49.1 mol.%) and spes-
sartine (39.5-45.3), and low grossular (2.9-8.2),
andradite (0.7-3.6) and pyrope (0.1-3.2) compo-
nents. The chemical composition of the mineral is
additionally characterized with incorporation of Y
and Sc as well. The crystals are cracked indicating
brittle deformation. Some garnet microfractures are
filled with late xenotime-(Y), whereas thortveitite
with an increased keiviite-(Y) component and fer-
gusonite-(Y) are precipitated close to its crystal rims
(Fig. 1L-0O). Among the main pegmatite accessory
minerals are fluorapatite, zircon, monazite-(Ce),
ishikawaite, and titanite (Fig. 1D-0). Fluorpatite is
often observed as euhedral crystals arranged in clus-
ters (Fig. 1D). Its chemical composition reveals high
F-content with significant incorporation of Y and
LREE. Zircon appears as sub- to euhedral reaching
mm-sized crystals with high Hf, U, Sc and HREE
incorporation. Monazite-(Ce) forms <600 um sub-
to euhedral crystals often rimmed by late allanite-

(Ce) and epidote (Fig. 1E). BSE images reveal dis-
tinct chemical inhomogeneity due to the variation
of REE and Th (Fig. 1F). Occasionally, monazite
is observed as relic inclusions in secondary formed
allanite-(Ce) (Fig. 1J). Ishikawaite occurs as sub- to
euhedral mm-sized crystals often replaced on plac-
es by late IE mineralization as fersmite, uraninite
and thorite (Fig. 1G-I). The chemical composition
of the mineral is characterized with high content
of U, Y, Sc Th and REE. Due to metamictization
Si0, is generally intruded (<0.14 wt %). Titanite
is rarely observed as preserved anhedral <600 pm
grains often in association with allanite and epidote
(Fig. 1K) but most often it is replaced by leucoxene
and calcite.

The studied pegmatite bodies are considered as
part of the host metamorphic frame of one of the larg-
est base metal deposits in the Central Rhodopes and
hence the whole rock volume is strongly influenced
by late hydrothermal events (pre- and syn-ore-form-
ing). The pegmatites comprise large number of ac-
cessory minerals concentrating significant amounts
of [E (such as REE+Y, Th, U, Sc, Nb, Ta, efc.) — part
of them assigned as critical for the modern industry.
Despite the activity of the late hydrothermal altera-
tion and metasomatic processes in the Pb-Zn deposit,
the present study reveals that the IE remained mostly
in the rock volume, although redistributed as newly-
formed phases. The main reason for the latter is due to
IE restricted mobility, which is highly dependent on
the mineralizing conditions. The primary pegmatite
minerals (e.g., garnet, ishikawaite, monazite, titanite)
affected by transformations are cracked, altered and
replaced by secondary ones (xenotime, thortveitite—
keiviite-(Y), fergusonite, fersmite, uraninite, thorite).
The observation of small-scale hydrothermally al-
tered IE -bearing pegmatites might be a useful tool
for tracing the redistributing mechanism of these ele-
ments.
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Fig. 1. 4, macrophotograph of the pegmatite intruded in the marble; B, C, occurrence and relationships of the primary and second-
ary hydrothermal mineralization; D—O, BSE images of occurrence and textural relationships between primary accessory minerals
and the secondary ones: D, ishikawaite and aggregation of apatite among K-feldspar and quartz with late developed chlorite, albite
and uraninite; £, accessory monazite rimmed by allanite; F, close view of E£: REE compositional inhomogeneity in monazite;
G-I, different magnification of textural relationships between primary ishikawaite and secondary mineral phases developed on it;
J, relics of monazite and allanite, enclosed in epidote with late developed REE-epidote and xenotime; K, allanite, titanite and zircon
enclosed in later epidote; L, anhedral grains of xenotime developed on cracks in the garnet; M, N, late thortveitite and fergusonite
developed in close proximity to the garnet; O, 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 keiviite-(Y) component. Abb.: Kfs, K-feldspar; Qz, quartz; Gar,
garnet; Ab, albite; Ep, epidote; REE-Ep, REE-epidote; Chl, chlorite; Hem, hematite; Mnz, monazite; Ikw, ishikawaite; Ap, apa-
tite; Aln, allanite; Ttn, titanite; Zrn, zircon; Fsm, fersmite; Xtm, xenotime; Tvt, thortveitite; Kvi-Y, keiviite-(Y); Fgu, fergusonite;

Ur, uraninite; Thr, thorite.
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Table. 1. Occurrence, mineral association and chemical properties of the minerals

Minenls Occurrenceand mineral | Crystal chemical composition of epresentative analyses
assoclation max. values for significant trace element (ppm)
Major
massive cm-sized aggregates + quartz, .
Kfeldspar | 2amet. apatte zircon, shikawaite, | WosnoNao osConon) o BlgsFeuoooosSisonOs
monaglte, later albite, epidote, chlorite, Rb (622), Ba (215), Pb (122), Sr (114), Ga (35)
xenotime
euhedral, <5 mm + K-feldspar, quartz, (Fehl.annLssé9CaoTzizuMg(I)ion)u.ozsIEI;o,o10)3A(1A11.1378(1:; €003 0007
Garnet later albite, epidote, chlorite, xenotime, |- ---- -2 002 OOBTDINIIMIIT 2 0TI L.
thortveitite, fergusonite Yb (960). Er (458), Dy (412), Lu (149), P (140). Zn (130, Ho (108). Tm (98),
Gd (95), Ga (79), Ge (78), Li (57)
Accessories
. sub- to euhedral, <200 m + K-feldspar, | __ (€, 529My 02N 0l €0 0 g0sNy g P Slons Oy FoesChond)
Fluorapatite garnet, quartz, apatite, ishikawaite, later | y'(2055), Nd (1138), Ce (1103), Sm (720), Gd (683), Dy (387), La (231), Pr (213),
albite, epidote, chlorite, uraninite Er (189), Yb (111), Sr (110), Tb (93), Ho (73), Ge (33)
Sub- to euhedral, <1 mm + K-feldspar,
. uartz, ishikawaite, allanite, titanite, .
Zircon :patite, later albite, epidote, chlorite, (Zr,955H1, 042U 0,615,013 Y 0,001 ETo.001 Y Bo.001 T 0015 €0.001)1 0055 16,9930
uraninite
sub- to euhedral, <600 um + K-feldspar, (Cay 1, Y g.010L80,175C€4 305 r0.046Nd0.]60Sm(].039Gd0A026Tb0.003Dy0.009
Monazite-(Ce) | quartz, later albite, epidote, REE-epi- e _E_rg.QOgT}_lU_.O_se_[{qoys_)g.9_79(_]3_0;97_4_510_.055_) O
dote, allanite, xenotime, chlorite Tb (1114), Eu (389), Tm (158), Yb (650), Lu (57), Pb (284)
Sub' tO euhedral’ Slmm + K-feldspar, égYU.ZGE‘(e}dOvUﬁ]?lyO.USZSSCrT]O.U‘i(}Igd0.043PCI;eU 01]9 Prl).Ei)\?}]:‘;rO.UUVSI‘Yab0.Olii_‘;rb().ﬂ{)gUAgSg;)AG}F{hU.Og
Ishikawaite quartz, zircon, apatite, later albite, L S0 D OGNS 0 0000 20000 001 1974 TLATE T005 0040 (00T 001820378
epidote, fersmite, uraninite, thorite Sn (2367), Ho (1308), Ba (418), Sr (270), La (253), Tm (245), Ge (243), As (255),
HI (140), Zn (140), Sb (114), Bi (101), Lu (101), Ga (87), Be (37)
sub- to euhedral, <600 pm + K-feldspar,
- quartz, allanite, apatite, zircon, later . .
Titanite leucoxene, chlorite, calcite, sericite, Cag gas(Ti 905l 103)1.006811 04705
xenotime, hematite
Secondary
aggregates in veins and nests among (N2 035Cay 0,7K.007)0.060 (A0 00sF €0 000) 1 007515 09:0:
Albite K-feldspar and garnet + quartz, epidote, f----------------- O3 T 2T 00T 0B -.0-'0-09- LTINS L.
chlorite, fergusonite, thortveitite Sr (286), Rb (117), Ga (71), Be (35), Zn (26), Li (20)
anhedral, <200 um + monazite, zircon,
Allal’lite-(ce) tltal’llte, late RE]%-epldOte, epldOte, (CaU.982ceO.422La20;]8lNd031+53Pr0.U47SmO.U?_?GdO.U13Y01025Th0.020Mn0.l68)2.040
CthI‘ite, Xel’lOtime All.}ﬁSFe OAR75Fe 0.543Mg0.087T10.048)2A916(813.04404)3(01_1)
. cm‘Size'd aggregates in Vei_ns and nests (Cay 15 002)2.022( ALy g70F € .916MD604);.991 (S 9550,)3(OH)
Epidote N ‘i‘“.i‘mte’ monazite, chlorite, hematite, 35765 "Sr'(388), Ga (191), Rb (154), U (134), Ce (74), Dy (67), Sn (57), Sc (53),
calcite, sericite Er (50), Yb (43), Nd (39), Gd (32), La (31)
Xenotime-(Y) anhedrgl grains in garnets and epidote (Y0.748DYU.072Yb0,038Er0,034Gdovoz1Hoo.o1szo,omSmo,ooaU0.905TmovuosLuu.oosNdo,ooz
+ Chlorlte SCO.OIZFCO.OZlMnO.OlXca0.004Pb0.003)l.015(P0.863S10.122)0.98504
Thortveitite anheqral grains 520 pm ?eXt to garnet + (Sc1.423Y0.271Zro.145Ybo.055Ero.01SDYO.Og4Luo.009Gdo.007Tmo.005H00.003Feo.022
chlorite, fergusonite, albite Cag 000 T 007)1.990(S1; 067210 044)2.01007
Fergusonite- anh@dral g¥ains <50 pm + garnet, thort- (CaomsYo.cstYuos1Ybo,051Ero,038GdovozgLuu.oosH00,007Tm0.oooTbolomsmovumNdo.ooz
(Y) veitite, albite Ce4,0015€0.001F€0,028MN6,610U0.020PD0.001)0.967ND6,000 Wi 004 T4, 611 T 00728 001)1.01304
Fersmite um'.SiZACd .aggre_gates in n_es_t and Ve_in' (Cao.%1Y0.04XTh0.009U0.009SCO.OOGDy0.006GdD.OOSYb0.003Er0.002Tm0.002 Luy g0, Lag 01
lets in ishikawaite + uraninite, thorite Nd;, 4, Ty 091 HOg, 001 F€0,013M1 43); 671 (ND, 19 T 050 Ta4,635Z,007 Wi 005)1.923(0,OH)
.. anhedral grains <20 pm in ishikawaite
Uranlnlte and ZiI‘COﬁ + fersmit; thorite (Uﬂ.SZSThO.l07Y0A029CaO.06GPbO.005DyO.OUSGdﬂ.OOSYbOAOOZCeO.ﬂU1SmO.OOlErO.ﬂm)L[MSOZ

Note: EPMA analyses were carried out at the Laboratory of Electron Microscopy and Microanalysis, Department of Geological Sciences, Masaryk
University, Brno. Trace element composition was determined by LA-ICP-MS at the Geological Institute, Bulgarian Academy of Sciences.
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