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Quartz–apatite–REE phosphates–uraninite vein mineralization near 
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The quartz veins with primary fluorapatite, xenotime-(Y), monazite-(Ce) to monazite-(Nd), uraninite, and second-
ary florencite-(Ce) and goyazite occur in Lower Devonian metavolcano-sedimentary sequence of the Gelnica Group, 
Gemeric Superunit, the Central Western Carpathians (eastern Slovakia). They represent an example of hydrothermal 
REE–U mineralization. Fluorapatite forms parallel bands of columnar crystals (≤ 3 cm) in massive quartz. Monazite-
(Ce) to (Nd) shows a near end-member composition with very small amounts of cheralite and huttonite components. 
Widespread xenotime-(Y) forms colloform aggregates or irregular aggregates in association with fluorapatite and mona-
zite. Uraninite electron-microprobe U–Pb dating gave the average age of 207 ± 2 Ma (n = 16, 2σ), which is consistent 
with formation of the U mineralization in the Gemeric Superunit (e.g., Kurišková uranium deposit) during early Alpine 
hydrothermal activity.
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1. Introduction

Rare-earth phosphate minerals occur commonly in mag-
matic and metamorphic rocks, both as scattered accessory 
minerals or REE-rich accumulations. However, later mo-
bilization of REE under hydrothermal conditions leads to 
formation of various types of mineralization, enriched in 
monazite, rhabdophane, xenotime and other REE phos-
phate and carbonate phases, frequently together with U-, 
Th-, and Zr-rich minerals (e.g., Möller 1989; Yongliang 
and Yusheng 1991; Gieré 1996; Samson and Wood 2005). 
Such types of mineralization commonly have significant 
REE and Y economic potential. However, even the 
knowledge of small and uneconomic quartz–phosphate 
hydrothermal vein occurrences may improve our under-
standing of large REE ore deposits, as well as behavior 
of REE-phosphate phases in hydrothermal processes.

Quartz–apatite veins in the vicinity of Čučma village 
(Gemeric Superunit, eastern Slovakia) represents an 
example of a small, sub-economic accumulation of REE 
and U. However, it belongs to the most significant local 
accumulations of REE minerals on the territory of the 
Western Carpathians (Rojkovič et al. 1999). This contri-
bution is focused on detailed mineralogical characteriza-
tion of this hydrothermal REE–U mineralization, in par-
ticular of primary and secondary REE-bearing phosphate 
phases, as well as associated fluorapatite and uraninite. 
In addition, U–Th–Pb chemical dating of uraninite helps 

to decipher the temporal context and petrogenesis of the 
mineralization.

2. Geological setting

Hydrothermal veins with the REE–U mineralization at 
Čučma are hosted in the medium-, to coarse-grained 
rhyolite metatuffs (main vein) and laminated quartz–ser-
icite or graphite–sericite phyllites (Majerská Valley) of 
the Bystrý Potok Fm. which belongs to the Gelnica Group 
(Bajaník ed. 1983, 1984) (Fig. 1). Other authors charac-
terized the host rocks as greenish and grey-green por-
phyroblastic to gneissic biotite–muscovite metapelites, 
quartzites and quartzite gneisses of the Zbojnícky kameň 
Beds (Lower Devonian) of the Smolník Fm., the Gelnica 
Group, and the Volovec Supergroup (Grecula et al. 2009, 
2011).

The Gelnica Group as a part of the Gemeric Super-
unit consists mainly of siliciclastic deep-water turbidite 
sequence with rhyolite/dacite volcanites and volcanicla-
stics and lydites, which were metamorphosed at lower 
greenschist-facies conditions (Snopko 1967; Ivanička et 
al. 1989; Faryad 1991; Vozárová 1993). It is divided to 
three formations, defined from the bottom upwards: the 
Vlachovo Fm., the Bystrý Potok Fm., and the Drnava Fm. 
(Bajaník ed. 1983; Ivanička et al. 1989). The assumed 
Early Paleozoic (Late Cambrian to Early Devonian) 
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age of the Gelnica Group, based on sporomorphs and 
acritarch assemblages (Snopková and Snopko 1979) and 
agglutinated foraminifers (Vozárová et al. 1998; Soták et 
al. 1999), was recently constrained by U–Th–Pb SHRIMP 
dating on zircons from acid volcanic rocks (Putiš et 
al. 2008; Vozárová et al. 2010). Concordant magmatic 
zircons from the metavolcanic rocks of the Bystrý Po-
tok Fm. gave an average U–Pb age of 465.8 ± 1.5 Ma 
(Vozárová et al. 2010). 

The outcrop of the main quartz–apatite vein associ-
ated with the REE–U mineralization is located 2.5 km 
north of the Čučma village in the Spišsko-Gemerské 
Rudohorie Mts., eastern Slovakia (Fig. 1). The vein is c. 
1.7 km long, up to 3 m thick and dips 65° to SSE. Small 
occurrences with similar mineralization are also known 
from the adjacent Majerská Valley and also in the vicin-
ity of Betliar, Helcmanovce, and Kociha villages (Šváb 
et al. 1966; Rojkovič et al. 1999). The occurrence was 
discovered and prospected by the former Uranium Survey 
company in 1960’s (Šváb et al. 1966). First mineralogi-
cal characterization of the REE–U mineralization near 
Čučma was given in unpublished report of Pelymsky 
(Tréger 1973) who described quartz, apatite, xenotime, 
uraninite, and pyrite as main minerals. Later, other phos-
phate minerals were identified: monazite (Varček 1977) 
and goyazite with plumbogummite (Rojkovič 1993). 
Vein filling consists primary of quartz and fluorapatite 
with local accumulations of REE and U minerals (Tréger 
1973; Varček 1977; Rojkovič et al. 1999). Among the 
ore minerals pyrite, arsenopyrite, chalcopyrite, galena, 
and molybdenite occur in small quantities (Tréger 1973; 
Varček 1977). Supergene minerals are represented by 
autunite, goethite, goyazite, opal, plumbogummite, and 

torbernite (Rojkovič 1993, 1997; Rojkovič et al. 1999; 
Uher and Števko 2009).

According to Rojkovič (1997) and Rojkovič et al. 
(1999), hydrothermal quartz–apatite veins with the REE–
U mineralization in the Gemeric Superunit are genetically 
related to the Permian granites, whereas Lower Paleozoic 
black phyllites and lydites of the Gelnica Group are re-
garded as a probable source of REE. The post-orogenic 
granites (the Spiš-Gemer type) belong to the Permian 
specialized S-type granites enriched in P, Li, Sn, W, Nb, 
Ta, Th, U, F, and B (e.g., Petrík and Kohút 1997; Broska 
and Uher 2001; Poller et al 2002; Kohút and Stein 2005). 
Presence of the Spiš-Gemer granites was confirmed by 
exploratory drilling c. 220 m below the main quartz–apa-
tite vein near Čučma (Šváb et al. 1966). Moreover, the 
granites occur in the nearby Gabriela adit, at a distance 
of up to ~500 m NE from the studied vein with REE–U 
mineralization. Fluid phases and thermal energy, both 
generated from the intrusion of these granites, were taken 
responsible for mobilization of P, REE, and U into the 
hydrothermal veins (Rojkovič et al. 1999). 

3. Analytical methods

The electron-microprobe analyses (EMPA) of minerals 
were carried out by Cameca SX100 electron microprobe 
(Dionýz Štúr State Geological Institute, Bratislava) at the 
wave-dispersion mode (WDS) with an accelerating volt-
age of 15 kV, beam current of 20–100 nA and beam diam-
eter of 1–5 μm. The following standards and lines were 
used for analyzing the studied minerals: barite (S Kα), 
apatite (P Kα), GaAs (As Lα), wollastonite (Si Kα, Ca Kα), 
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Fig. 1 Geological map of the Čučma area, Gemeric Superunit (modified after Bajaník et al. 1983).
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TiO2 (Ti Kα), ZrSiO4 (Zr Lα), HfO2 (Hf Lα), ThO2 (Th Mα), 
UO2 (U Mß), Al2O3 (Al Kα), ScPO4 (Sc Kα), YPO4 (Y Lα), 
LaPO4 (La Lα), CePO4 (Ce Lα), PrPO4 (Pr Lß), NdPO4 
(Nd Lα), SmPO4 (Sm Lα), EuPO4 (Eu Lß), GdPO4 (Gd Lα), 
TbPO4 (Tb Lα), DyPO4 (Dy Lß), HoPO4 (Ho Lß), ErPO4 
(Er Lß), TmPO4 (Tm Lα), YbPO4 (Yb Lα), LuPO4 (Lu Lß), 
fayalite (Fe Kα), rhodonite (Mn Kα), forsterite (Mg Kα), 
SrTiO3 (Sr Lα), barite (Ba Lα), PbCO3 (Pb Mα), albite (Na 
Kα), orthoclase (K Kα), LiF (F Kα), and NaCl (Cl Kα). 
Special care was taken to ensure that line overlaps were 
properly corrected and that background positions were 
clear of interferences among 
the REE. We used empirically 
determined correction factors 
applied to the following line 
overlaps: Th → U, Dy → Eu, 
Gd → Ho, La → Gd, Ce → 
Gd, Eu → Er, Gd → Er, Sm → 
Tm, Dy → Lu, Ho → Lu, Yb 
→ Lu, and Dy → As (Konečný 
et al. 2004). Analyses used for 
uraninite dating were carried 
out at different conditions to 
maximize the accuracy of Pb 
measurement and hence of the 
age calculation. An accelerating 
voltage of 15 kV and focused 
beam of 3 μm diameter were 
used. The Pb was measured 
at Pb Mα line. Counting time 
increased to 300 s (peak and 
background) for Pb, 80 s for 
U and 35 s for Th and high 
sample current of 180 nA were 
considered reasonable com-
promise conditions between 
the degree of surface damage 
and analytical accuracy. Other 
elements and lines involved in 
the age calculation were Th Mα 
and U Mß. Interferences U Mß 
with (Th Mα, Th M3-N4, Th 
M5-P3) and Pb Mα with (Th 
Mζ1, Th Mζ2) and Pb Mα (Y Lγ2,3) 
were accounted for by empiri-
cally derived coefficients (Amli 
and Griffin 1975). The matrix 
effects were corrected by the 
PAP procedure.

Florencite and goyazite for-
mulae were calculated on the 
basis of six cations in the for-
mula unit [(M2+,REE) + (Al,Fe) 
+ P = 6], following the proce-

dure applied to florencite by Janeczek and Ewing (1996). 
The total number of ions of OH– replacing O2– was 
estimated by charge balance from OH = 22 – (Σ cation 
charges), and the amount of O2– replaced by OH– in PO4 

tetrahedra from O = 4 – OH. The weight concentration 
of H2O was then calculated from the amount of OH 
obtained.

Monazite and xenotime formulae were obtained on the 
basis of 4 oxygen atoms. Apatite was recast to give 13 
total anions assuming OH = 1 – (F + Cl) and uraninite for-
mulae were calculated based on sum of cations = 1 atom.

Tab. 1 Chemical composition of fluorapatite from Čučma (wt. % and apfu)

1 2 3 4 5 6 7 8
P2O5 41.43 41.39 41.32 39.83 41.00 40.70 40.85 39.95
SiO2 0.12 0.15 0.05 0.18 0.34 0.23 0.10 0.39
ThO2 0.03 0.00 0.13 0.50 0.20 0.03 0.00 0.00
Y2O3 0.19 0.31 0.00 0.55 0.08 0.44 0.23 0.10
La2O3 0.04 0.09 0.04 0.31 0.06 0.07 0.03 0.06
Ce2O3 0.19 0.20 0.14 0.71 0.23 0.27 0.11 0.18
Pr2O3 0.09 0.00 0.00 0.23 0.08 0.08 0.06 0.04
Nd2O3 0.07 0.23 0.06 0.43 0.28 0.05 0.27 0.15
Sm2O3 0.00 0.09 0.00 0.21 0.04 0.08 0.09 0.07
Eu2O3 0.21 0.11 0.06 0.22 0.07 0.13 0.00 0.13
FeO 0.09 0.24 0.04 0.02 0.29 0.13 0.39 1.09
MnO 0.04 0.53 0.06 0.01 0.03 1.14 0.87 0.02
MgO 0.01 0.03 0.04 0.00 0.02 0.00 0.02 0.00
CaO 56.04 55.29 56.54 54.79 55.97 53.76 54.36 54.72
SrO 0.02 0.00 0.03 0.04 0.00 0.00 0.00 0.00
H2O calc. 0.01 0.09 0.20 0.44 0.22 0.06 0.09 0.08
F 3.76 3.58 3.36 2.78 3.30 3.55 3.52 3.55
Total 102.33 102.25 101.89 100.80 101.98 100.67 100.90 100.48
O=F –1.88 –1.79 –1.68 –1.39 –1.65 –1.78 –1.76 –1.78
Total 100.45 100.45 100.21 99.40 100.32 98.86 99.11 98.70
P5+ 2.932 2.934 2.918 2.875 2.903 2.937 2.932 2.877
Si4+ 0.010 0.012 0.004 0.015 0.028 0.020 0.009 0.033
Sum T 2.942 2.947 2.922 2.890 2.931 2.957 2.941 2.910
Th4+ 0.001 0.000 0.003 0.010 0.004 0.001 0.000 0.000
Y3+ 0.009 0.014 0.000 0.025 0.004 0.020 0.010 0.005
La3+ 0.001 0.003 0.001 0.010 0.002 0.002 0.001 0.002
Ce3+ 0.006 0.006 0.004 0.022 0.007 0.009 0.003 0.006
Pr3+ 0.003 0,000 0.000 0.007 0.002 0.003 0.002 0.001
Nd3+ 0.002 0.007 0.002 0.013 0.008 0.001 0.008 0.005
Sm3+ 0.000 0.003 0.001 0.006 0.001 0.002 0.003 0.002
Eu3+ 0.006 0.003 0.002 0.006 0.002 0.004 0.000 0.004
Fe2+ 0.006 0.017 0.003 0.001 0.020 0.009 0.028 0.077
Mn2+ 0.003 0.037 0.004 0.001 0.002 0.082 0.062 0.002
Mg2+ 0.001 0.003 0.005 0.000 0.002 0.000 0.003 0.000
Ca2+ 5.020 4.960 5.053 5.006 5.015 4.910 4.939 4.978
Sr2+ 0.001 0.000 0.001 0.002 0,000 0.000 0.000 0.000
Sum M 5.058 5.053 5.078 5.110 5.069 5.043 5.059 5.090
OH– 0.006 0.050 0.113 0.249 0.124 0.035 0.048 0.043
F– 0.994 0.950 0.886 0.751 0.876 0.965 0.952 0.957
Sum X 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Formulae based on 12 oxygen atoms and OH + F = 1 apfu
Contents of As, Ti, U, Al, Sc, Pb, Cl are below the detection limit
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4. Results

4.1. Quartz

Massive grey quartz is the dominant mineral of the 
REE–U mineralization. It forms anhedral monomineral 
aggregates, hosting fluorapatite, REE phosphates, and 
other minerals. Locally, quartz contains minute veinlets 
and aggregates of muscovite, Fe-oxide phase (hematite 
or magnetite), and uraninite. Using cold cathodolumines-
cence (CL) imaging, quartz shows thin irregular aureole 
with brighter CL around the microscopic uraninite vein-
lets, apparently due to local radiation damage.

4.2. Fluorapatite

Fluorapatite is very common and the most characteris-
tic mineral at the studied locality. It forms prismatic to 

columnar crystals up to 3 cm long, which are usually 
concentrated to parallel bands in quartz (Fig. 2a). Rare 
partially corroded crystals of fluorapatite up to 5 mm 
across were observed in cavities of quartz. Locally, it 
shows irregular to sector zoning (Fig. 2b). Fractures and 
interstitial space between fluorapatite crystals are filled 
by younger crystals and aggregates of monazite-(Ce) and 
monazite-(Nd), xenotime-(Y), uraninite, coffinite, and 
supergene minerals, like florencite-(Ce), goyazite, and 
autunite. Tiny inclusions of above-mentioned minerals in 
fluorapatite are also common. Fluorapatite shows high F 
(0.72 to 1.00 apfu) and locally elevated Fe and Mn con-
tents (up to 1.1 wt. % FeO and MnO; 0.08 apfu Fe and 
Mn). These contents are generally lower than Fe and Mn 
concentrations in accessory magmatic fluorapatite I (≤ 
1.4 wt. % FeO and 1.6–3.3 wt. % MnO) but higher than 
secondary low-T fluorapatite II, both from adjacent gran-
ites (< 0.1 wt. % FeO and <0.5 wt. % MnO; Broska et al. 
2004). Consequently, the concentrations of Fe and Mn in 
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Fig. 2a – Prismatic to columnar crystals of fluorapatite (Ap) associated with xenotime-(Y) (Xtm) and uraninite (white) in quartz (Qtz), BEI.  
b – Fluorapatite crystals (Ap) with sector zoning in association with xenotime-(Y) (Xtm) and quartz (Qtz), BEI. c – Subhedral to anhedral crystals 
of monazite-(Ce) to monazite-(Nd) (Mnz) associated with two different types of xenotime-(Y) (Xtm), uraninite (white), fluorapatite (Ap) and minor 
quartz (black), BEI. d – Veinlet of monazite-(Ce) (Mnz) in fluorapatite (Ap) with xenotime-(Y) (Xtm), uraninite (white) and quartz (Qtz), BEI.
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fluorapatite generally decreased 
from evolved magmatic stage to 
post-magmatic (hydrothermal) 
high- to low-T conditions in the 
studied area. On the other hand, 
concentrations of Y, REE, Si, 
Th, U, and Sr are generally low: 
up to 1 wt. % Y2O3 (0.05 apfu), 
≤0.7 wt. % Ce2O3 (0.02 apfu), 
≤0.3 wt. % La2O3 (0.01 apfu), 
≤0.2 wt. % of other REE, ≤0.5 
wt. % ThO2, ≤0.3 wt. % UO2, 
and ≤0.1 wt. % SrO (Tab. 1).

4.3. Monazite-(Ce) to 
monazite-(Nd)

Monazite-(Ce) to monazite-
(Nd) form aggregates of isolated 
subhedral to anhedral crystals 
up to 80 µm (Fig. 2c) or up 
to 600 µm long veinlets (Fig. 
2d) in botryoidal aggregates 
of xenotime-(Y) or fluorapatite 
and quartz. Both monazite-(Ce) 
and monazite-(Nd) are often 
associated with crystals of xe-
notime-(Y), coffinite, uraninite, 
and secondary minerals, e.g., 
florencite-(Ce), goyazite, and 
autunite. Slight irregular zoning 
of monazite is caused mainly by 
variable Ce and Nd contents. 

Monazite has a relatively 
homogenous composition domi-
nated by the LREE phosphate 
end-member and contains only 
subordinate amounts of the 
cheralite (Chr, Ca0.5Th0.5PO4) 
and huttonite (Hut, ThSiO4) 
components (XChr ≤ 10 mol. %, 
XHut = 0 mol. %; Tab. 2). The 
Ce3+ is the dominant REE cation 
(0.30–0.50 apfu Ce). However 
monazite-(Nd) with atomic Nd/
Ce of 1.02–1.23 and 0.35–0.38 
apfu Nd was detected in plac-
es (Fig. 3; Tab. 2). Locally, 
monazite-(Nd) shows slightly 
elevated content of S (up to 
0.9 wt. % SO3; 0.02 apfu S). 
The content of Th in monazite 
is usually below the detection 
limit of the electron microprobe 

Tab. 2 Representative electron-microprobe analyses of monazite-(Ce), monazite-(Nd), and xenotime-(Y) 
(wt. % and apfu)

Mineral Mnz-Ce Mnz-Ce Mnz-Nd Mnz-Nd Xtm Xtm Xtm Xtm
SO3 0.03 0.07 0.92 0.05 0.02 0.015 0.03 0.01
P2O5 29.43 30.51 28.83 30.13 34.64 34.09 34.61 34.35
As2O5 0.22 0.21 0.23 0.27 0.02 0.01 0.00 0.01
SiO2 0.15 0.15 0.22 0.19 0.29 0.22 0.12 0.11
ThO2 0.00 0.03 0.00 0.00 0.03 0.02 0.05 0.01
UO2 0.04 0.60 0.23 0.15 0.60 0.64 0.39 0.37
TiO2 0.00 0.03 0.00 0.01 n.a. n.a. n.a. n.a.
Sc2O3 0.00 0.00 0.00 0.01 n.a. n.a. n.a. n.a.
Al2O3 0.00 0.00 0.01 0.02 0.00 0.00 0.00 0.00
Y2O3 0.27 0.69 0.73 1.16 39.07 39.29 40.02 40.29
La2O3 9.12 8.55 7.28 6.76 0.00 0.00 0.00 0.00
Ce2O3 26.19 26.69 22.44 20.75 0.05 0.03 0.09 0.07
Pr2O3 4.08 4.01 4.27 4.20 0.17 0.10 0.12 0.12
Nd2O3 20.96 19.46 24.25 25.14 0.40 0.31 0.18 0.17
Sm2O3 5.96 4.80 5.82 6.50 1.17 1.19 1.15 1.10
Eu2O3 0.32 0.60 0.27 0.40 0.22 0.35 0.40 0.44
Gd2O3 1.10 2.16 2.33 2.74 3.91 4.29 4.41 4.19
Tb2O3 0.05 0.19 0.09 0.09 0.83 0.94 0.93 0.87
Dy2O3 0.23 0.43 0.50 0.64 6.33 6.58 6.58 6.49
Ho2O3 0.00 0.000 0.06 0.09 1.04 1.07 1.03 1.07
Er2O3 0.32 0.272 0.29 0.37 3.79 3.76 3.82 3.80
Tm2O3 0.08 0.20 0.10 0.26 0.63 0.58 0.63 0.62
Yb2O3 0.08 0.13 0.16 0.15 2.94 2.96 3.04 3.16
Lu2O3 0.01 0.25 0.09 0.08 0.40 0.40 0.40 0.40
CaO 0.46 0.42 0.24 0.27 0.06 0.08 0.04 0.02
SrO 0.03 0.00 0.03 0.03 0.01 0.02 0.00 0.03
BaO 0.00 0.07 0.00 0.06 n.a. n.a. n.a. n.a.
MnO 0.09 0.07 0.08 0.07 0.00 0.00 0.00 0.00
FeO 0.00 0.01 0.00 0.00 0.01 0.04 0.00 0.02
PbO 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00
Na2O n.a. n.a. n.a. n.a. 0.00 0.00 0.00 0.00
K2O n.a. n.a. n.a. n.a. 0.00 0.00 0.00 0.00
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cl 0.05 0.05 0.08 0.06 0.02 0.02 0.01 0.01
Total 100.17 100.66 99.55 100.62 96.64 96.99 98.07 97.72
O=F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
O=Cl –0.01 –0.01 –0.02 –0.01 –0.01 –0.01 –0.00 –0.00
Total 100.16 100.65 99.53 100.61 96.64 96.99 98.06 97.72
S6+ 0.001 0.002 0.028 0.002 0.000 0.000 0.001 0.000
P5+ 1.005 1.021 0.982 1.015 1.030 1.020 1.024 1.021
As5+ 0.005 0.004 0.005 0.006 0.000 0.000 0.000 0.000
Si4+ 0.006 0.006 0.009 0.008 0.010 0.008 0.004 0.004
Th4+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
U4+ 0.000 0.005 0.002 0.001 0.005 0.005 0.003 0.003
Ti4+ 0.000 0.001 0,000 0.000 n.a. n.a. n.a. n.a.
Sc3+ 0.000 0.000 0.000 0.000 n.a. n.a. n.a. n.a.
Al3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Y3+ 0.006 0.014 0.016 0.025 0.730 0.739 0.744 0.753
La3+ 0.136 0.125 0.108 0.099 0.000 0.000 0.000 0.000
Ce3+ 0.387 0.386 0.330 0.302 0.001 0.000 0.001 0.001
Pr3+ 0.060 0.058 0.063 0.061 0.002 0.001 0.001 0.002
Nd3+ 0.302 0.275 0.348 0.357 0.005 0.004 0.002 0.002
Sm3+ 0.083 0.065 0.081 0.089 0.014 0.015 0.014 0.013
Eu3+ 0.004 0.008 0.004 0.005 0.003 0.004 0.005 0.005
Gd3+ 0.027 0.028 0.031 0.036 0.046 0.050 0.051 0.049
Tb3+ 0.001 0.002 0.001 0.001 0.010 0.011 0.011 0.010
Dy3+ 0.003 0.005 0.007 0.008 0.072 0.075 0.074 0.073
Ho3+ 0.000 0.000 0.001 0.001 0.012 0.012 0.011 0.012
Er3+ 0.004 0.003 0.004 0.005 0.042 0.042 0.042 0.042
Tm3+ 0.001 0.002 0.001 0.003 0.007 0.006 0.007 0.007
Yb3+ 0.001 0.002 0.002 0.002 0.031 0.032 0.032 0.034
Lu3+ 0.000 0.003 0.001 0.001 0.004 0.004 0.004 0.004
Ca2+ 0.020 0.018 0.011 0.012 0.002 0.003 0.001 0.001
Sr2+ 0.001 0.000 0.001 0.001 0.000 0.000 0.000 0.001
Ba2+ 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000
Mn2+ 0.003 0.002 0.003 0.002 0.000 0.000 0.000 0.000
Fe2+ 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000
Pb2+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Na+ n.a. n.a. n.a. n.a. 0.000 0.000 0.000 0.000
K+ n.a. n.a. n.a. n.a. 0.000 0.000 0.000 0.000
Total 2.055 2.040 2.037 2.043 2.026 2.035 2.034 2.036
position A 1.038 1.006 1.013 1.014 0.985 1.006 1.005 1.011
position B 1.017 1.033 1.023 1.029 1.041 1.029 1.028 1.025
X(Monazite) 0.961 0.964 0.979 0.977
X(Cheralite) 0.039 0.036 0.021 0.023
X(Huttonite) 0.000 0.000 0.000 0.000
Formulae based on 4 oxygen atoms; n.a. = not analyzed
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(up to 0.02 wt. % ThO2); also concentration of U (up to 
0.7 wt. % UO2; 0.007 apfu U) and other measured ele-
ments (As, Si, Fe, Ca, Sr, Al and Ti) are negligible to low 

(Tab. 2). Consequently, our attempt to apply chemical, in 
situ electron-microprobe dating of monazite was unsuc-
cessful due to very low Th and U contents.

4.4. Xenotime-(Y)

Xenotime-(Y) represents the most abundant primary REE 
phosphate at the studied locality. Two types of xenotime-
(Y) were observed, which differ in form as well as in 
chemical composition. The first and the most common 
type is represented by colloform to botryoidal aggregates 
(Fig. 4a) up to 2 mm in size, which fill the interstitial 
space between the older fluorapatite crystals. Typical of 
these aggregates are numerous tiny inclusions of urani-
nite and monazite-(Ce), which are mostly parallel to the 
banding of xenotime-(Y) aggregates (Fig. 4a). The second 
type of xenotime-(Y) are subhedral crystals up to 90 µm 
across, which are grouped to irregular aggregates in quartz 
or in fluorapatite (Fig. 4b). This type of xenotime-(Y) is 
commonly associated with monazite-(Ce), monazite-(Nd), 
and uraninite. The first population of xenotime-(Y) shows 
a relatively uniform chemical composition with 39 to 
43 wt. % Y2O3 (0.73 to 0.77 apfu Y), atomic ratio Y/(∑ 

90 80 70 60 50 40 30 20 10

La

Nd Ce

monazite-(La)

monazite-(Nd) monazite-(Ce)

Fig. 3 Composition of monazite from Čučma in the Nd–La–Ce ternary 
diagram (atomic proportions).
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Fig. 4a – Botryoidal aggregate of xenotime-(Y) (Xtm) with numerous 
uraninite inclusions (white) in association with fluorapatite (dark grey) 
and quartz (Qtz), BEI. b – Subhedral crystals of xenotime-(Y) (Xtm) 
associated with monazite-(Ce) and monazite-(Nd) (Mnz) in fracture 
of fluorapatite (Ap), BEI. c – Parallel bands of uraninite inclusions 
(white) in botryoidal aggregates of xenotime-(Y) (Xtm) associated with 
fluorapatite (Ap) and quartz (Qtz), BEI.
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Y+REE) = 0.76–0.79, and small 
to negligible contents of Th, U, 
Zr, Hf, Ca, and radiogenic Pb 
(Tab. 2). The second type of 
xenotime-(Y) differs in lower 
concentration of Y (up to 29 wt. 
% Y2O3; 0.63 apfu Y) compen-
sated by an enrichment of LREE 
and MREE, mainly Nd, Sm, and 
Gd (up to 5 wt. % Nd2O3; 0.07 
apfu Nd, up to 6.9 wt. % Sm2O3; 
0.1 apfu Sm and up to 7.2 wt. 
% Gd2O3; 0.1 apfu Gd, respec-
tively). All the analyses gave 
low totals (~90 to 93 wt. %, 
Tab. 2). Thus, these composi-
tions probably represent a partly 
hydrated xenotime and/or possi-
bly hydrated yttrium phosphate 
(churchite, YPO4·2H2O, or rhab-
dophane-(Y), YPO4·H2O) in 
which elevated MREE contents 
are a typical feature (Plášil et 
al. 2009).

4.5. Uraninite

Uraninite is an abundant min-
eral and it forms anhedral crys-
tals and aggregates, typically up 
to 50 µm in size, exceptionally 
up to 2 mm which are associ-
ated mostly with xenotime-(Y), 
and monazite-(Ce) to monazite-
(Nd). Characteristic are parallel 
bands of uraninite inclusions 
(Fig. 4c) in botryoidal aggre-
gates of xenotime-(Y). Urani-
nite is often altered to supergene 
minerals, especially autunite 
to meta-autunite. It shows a 
relatively uniform chemical 
composition that is close to the 
theoretical end member. Urani-
um contents attain 0.87 to 0.91 
apfu, whereas Th concentrations 
are very low, under detection limit of the electron micro-
probe (Tab. 3). Lead concentrations vary between 2.0 and 
2.6 wt. % PbO (0.02 to 0.03 apfu Pb). Small amounts of 
REE and Y were detected in uraninite: ∑ REE+Y oxide 
values attain 2.3 to 3.4 wt. % (0.04 – 0.05 apfu REE+Y). 
The HREE (Gd to Lu) +Y slightly prevail over LREE 
(La to Eu) contents; they achieve 51 to 67 at. % (57 at. % 
on average) of ∑ REE+Y concentration. Among them, Y 

and Er are the most abundant (10–20 and 14–19 at. % of 
∑ REE + Y). A negative REE+Y vs. U correlation (Fig. 
5) indicates some isomorphic substitution mechanisms, 
such as (REE,Y)3+ + (OH)– = U4+ + O2–

, or 4(REE,Y)3+ = 
3U4+ + □. However, a possible presence of uranium also 
in U6+ form together with negligible contents of Ca, P, 
As, and Si detected in uraninite (Tab. 3) could be, in part, 
contributing to other substitutions.

Tab. 3 Chemical composition of uraninite (in wt. % and apfu)

1 2 3 3 5 6 7
P2O5 0.09 0.08 0.06 0.04 0.08 0.04 0.06
As2O5 0.12 0.13 0.13 0.12 0.12 0.12 0.10
SiO2 0.06 0.12 0.06 0.04 0.05 0.03 0.06
UO2 92.11 91.40 92.44 92.04 92.49 91.97 92.90
Y2O3 0.34 0.34 0.22 0.29 0.36 0.25 0.17
Ce2O3 0.13 0.15 0.15 0.16 0.15 0.14 0.10
Pr2O3 0.33 0.32 0.28 0.34 0.30 0.29 0.34
Nd2O3 0.17 0.18 0.11 0.17 0.14 0.17 0.04
Sm2O3 0.31 0.40 0.27 0.35 0.40 0.37 0.30
Eu2O3 0.27 0.24 0.24 0.30 0.24 0.24 0.28
Gd2O3 0.23 0.28 0.17 0.20 0.23 0.16 0.15
Tb2O3 0.09 0.10 0.08 0.13 0.10 0.11 0.00
Dy2O3 0.27 0.28 0.16 0.15 0.31 0.13 0.15
Ho2O3 0.00 0.00 0.00 0.05 0.07 0.00 0.06
Er2O3 0.55 0.59 0.54 0.54 0.61 0.56 0.51
Tm2O3 0.10 0.04 0.11 0.12 0.13 0.11 0.16
Yb2O3 0.24 0.27 0.22 0.22 0.31 0.19 0.21
Lu2O3 0.11 0.12 0.11 0.10 0.08 0.12 0.09
CaO 0.27 0.30 0.28 0.32 0.24 0.53 0.32
PbO 2.28 2.54 2.44 2.45 2.18 2.61 2.56
Total 98.07 97.88 98.07 98.13 98.59 98.14 98.56
P 0.003 0.003 0.002 0.001 0.003 0.001 0.002
As 0.003 0.003 0.003 0.003 0.003 0.003 0.002
Si 0.003 0.005 0.003 0.002 0.002 0.001 0.003
U 0.903 0.893 0.909 0.902 0.902 0.895 0.909
Y 0.008 0.008 0.005 0.007 0.008 0.006 0.004
Ce 0.002 0.002 0.002 0.003 0.002 0.002 0.002
Pr 0.005 0.005 0.005 0.005 0.005 0.005 0.005
Nd 0.003 0.003 0.002 0.003 0.002 0.003 0.001
Sm 0.005 0.006 0.004 0.005 0.006 0.006 0.005
Eu 0.004 0.004 0.004 0.005 0.004 0.004 0.004
Gd 0.003 0.004 0.002 0.003 0.003 0.002 0.002
Tb 0.001 0.001 0.001 0.002 0.001 0.002 0,000
Dy 0.004 0.004 0.002 0.002 0.004 0.002 0.002
Ho 0,000 0,000 0,000 0.001 0.001 0,000 0.001
Er 0.008 0.008 0.007 0.007 0.008 0.008 0.007
Tm 0.001 0.001 0.002 0.002 0.002 0.001 0.002
Yb 0.003 0.004 0.003 0.003 0.004 0.003 0.003
Lu 0.001 0.002 0.001 0.001 0.001 0.002 0.001
Ca 0.013 0.014 0.013 0.015 0.011 0.025 0.015
Pb 0.027 0.030 0.029 0.029 0.026 0.031 0.030
Sum cat. 1.000 1.000 0.999 1.001 0.998 1.002 1.000
O 1.939 1.933 1.940 1.934 1.939 1.925 1.938
Formulae based on sum of cations = 1 apfu
Th contents are below the detection limit
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4.6. Florencite-(Ce) and goyazite

Florencite-(Ce), ideally CeAl3(PO4)2(OH)6, was identi-
fied as irregular aggregates, veinlets and fillings of frac-
tures in fluorapatite crystals (Fig. 6a). Goyazite, ideally 
SrAl3(PO4)2(OH)6, occurs as chaotic veinlets and fracture 
fillings of fluorapatite crystals. It commonly shows an 
irregular chemical zoning (Fig. 6b), which is caused by 
variable content of REE. Both minerals represent super-
gene products of monazite-(Ce) or monazite-(Nd) altera-
tion and are often associated with other supergene phases, 
like autunite to meta-autunite, goethite, opal, torbernite 
and unaltered relicts of primary monazite-(Ce), urani-
nite, and xenotime-(Y). Representative EMP analyses of 
florencite-(Ce) and goyazite from Čučma are compiled 
in Tab. 4. Florencite-(Ce) to goyazite contains low to 
moderate concentrations of Sr (5.2–11.7 wt. % SrO; 
0.25–0.55 apfu Sr) and very low concentrations of As (up 

to 0.15 wt. % As2O5; 0.001 apfu As), which reflects only 
a minor miscibility in the system (Ce,Sr)Al3(PO4)2(OH)6–x 
(H2O)x – (Ce,Sr)Al3(AsO4)2(OH)6–x(H2O)x (Fig. 7a). The 
presence of low concentrations of S (0.1–0.5 wt. % SO3; 
0.008–0.03 apfu S) may be attributed to the substitution 
Sr2+ + S6+ = Ce3+ + P5+ , reflecting a subordinate presence 
of the svanbergite, SrAl3[(OH)6(SO4)(PO4)], component 
(Fig. 7b). The concentrations of actinide elements (Th, 
U) are generally low, not exceeding 0.5 wt. % of each 
oxide. Lead occurs in vari able amounts, up to 3.6 wt. % 
PbO (0.09 apfu Pb). It may be preferentially coordi-
nated with Fe3+ (assuming that all Fe is trivalent), as 
kintoreite, PbFe3[(OH)6(PO3OH)(PO4)]. In some cases, 
Pb (apfu) slightly exceeds Fe (apfu), possibly implying 
only a limited solid solution toward plumbogummite, 
PbAl3[(OH)6(PO3OH)(PO4)]. Contents of Ca, ranging 
from 0.5 to 2.0 wt. % CaO (0.04–0.18 apfu Ca) suggest 
also an influence of crandallite-type substitution mecha-
nism (Fig. 8). Florencite-(Ce) and goyazite contains up to 
0.43 wt. % F, substituting for OH (0.09 apfu F).

4.7. Chemical U–Pb dating of uraninite

The chemical, in situ electron-microprobe U–Pb dating of 
uraninite (20 point analyses) gave an age interval between 
171 and 215 ± 2 Ma according to Montel et al. (1996) 
calculation (Tab. 5). Histogram shows 191 to 220 Ma as a 
main age interval with three scattered younger age deter-
minations (Fig. 9). Consequently, the main uraninite age 
population shows the average value of 207 ± 2 Ma (n = 
17, 2σ). The calculated ages (after Montel et al. 1996) are 
almost identical in comparison to those obtained by the 
procedure of Bowles (1990). The empirical expressions 
by Ranchin (1968) and by Cameron-Schiman (1978) gave 
1–1.5 and 7–7.5 % higher ages, respectively, compared to 
Montel et al. (1996) calculation (Tab. 5, Fig. 10).
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Fig. 6a – Irregular aggregates and fillings of florencite-(Ce) (Flr) associated with autunite (Aut) and altered monazite-(Ce) (Mnz) in fracture between 
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Tab. 4 Representative analyses of florencite-(Ce) and goyazite (in wt. % and apfu)

florencite-
-(Ce)

florencite-
-(Ce)

florencite-
-(Ce)

florencite-
-(Ce)

florencite-
-(Ce)

florencite-
-(Ce)

goyazite goyazite goyazite goyazite

SO3 0.27 0.14 0.39 0.14 0.54 0.16 0.16 0.13 0.27 0.08
P2O5 26.40 26.69 26.89 25.76 24.59 26.73 26.85 27.83 27.96 28.84
As2O5 0.14 0.15 0.07 0.13 0.14 0.08 0.13 0.00 0.08 0.13
SiO2 0.09 0.09 0.25 0.33 1.22 0.06 0.14 0.09 0.03 0.06
ThO2 0.00 0.01 0.00 0.01 0.01 0.00 0.01 0.02 0.02 0.00
UO2 0.18 0.06 0.00 0.43 0.19 0.00 0.12 0.04 0.00 0.07
ZrO2 0.10 0.08 0.01 0.08 0.05 0.09 0.12 0.06 0.06 0.08
HfO2 0.07 0.00 0.06 0.00 0.01 0.00 0.00 0.00 0.05 0.10
Al2O3 30.54 31.00 30.87 29.73 30.07 29.52 29.98 31.41 31.18 30.97
Fe2O3 total 0.88 1.42 0.11 0.91 0.73 0.42 1.83 0.57 0.15 0.21
Y2O3 0.00 0.01 0.00 0.01 0.04 0.00 0.00 0.01 0.02 0.00
La2O3 3.09 2.84 3.56 2.31 3.57 2.58 1.97 2.93 3.39 1.69
Ce2O3 8.85 8.58 9.69 6.70 8.48 8.35 5.57 7.24 7.26 5.37
Pr2O3 1.47 1.39 1.58 1.26 1.23 1.56 0.91 0.99 0.92 0.96
Nd2O3 6.68 6.46 7.67 7.26  4.87 7.49 3.90 3.47 3.17 4.87
Sm2O3 1.82 1.71 1.43 2.74 1.14 2.25 0.80 0.56 0.36 1.43
Eu2O3 0.20 0.10 0.04 0.23 0.10 0.16 0.14 0.07 0.09 0.11
Gd2O3 0.67 0.36 0.16 0.46 0.21 0.40 0.13 0.15 0.03 0.49
Tb2O3 0.03 0.02 0.03 0.00 0.03 0.00 0.10 0.04 0.00 0.01
Dy2O3 0.00 0.06 0.00 0.06 0.02 0.06 0.02 0.00 0.07 0.03
Ho2O3 0.00 0.00 0.00 0.05 0.00 0.01 0.00 0.05 0.00 0.02
Er2O3 0.21 0.07 0.27 0.28 0.27 0.13 0.22 0.13 0.26 0.13
Tm2O3 0.01 0.06 0.00 0.01 0.03 0.04 0.03 0.08 0.05 0.00
Yb2O3 0.07 0.11 0.11 0.06 0.05 0.10 0.08 0.06 0.06 0.09
Lu2O3 0.12 0.00 0.00 0.15 0.03 0.06 0.09 0.05 0.00 0.03
CaO 0.47 1.15 0.61 1.18 1.10 2.02 1.36 0.66 0.65 1.03
SrO 6.04 6.59 5.24 6.28 6.71 5.45 11.18 10.98 11.74 11.69
PbO 0.10 0.23 0.024 2.59 1.08 0.09 0.23 0.01 0.02 0.12
F 0.00 0.00 0.00 0.01 0.00 0.00 0.33 0.23 0.43 0.22
Cl 0.02 0.03 0.03 0.02 0.03 0.02 0.02 0.01 0.01 0.02
H2O calc. 11.42 11.88 11.40 11.63 11.56 11.51 11.94 11.98 11.94 12.04
Total 88.46 89.38 89.12 89.16 86.49 87.81 86.40 87.83 88.30 88.83
O=F 0.00 0.00 0.00 –0.00 0.00 0.00 –0.14 –0.10 –0.18 –0.09
O=Cl –0.00 –0.01 –0.01 –0.01 –0.01 –0.01 –0.00 –0.00 –0.00 –0.01
Total 99.88 101.25 100.51 100.78 98.04 99.31 98.20 99.72 100.05 100.77
S6+ 0.017 0.009 0.024 0.009 0.034 0.010 0.010 0.008 0.016 0.005
P5+ 1.868 1.846 1.887 1.831 1.755 1.896 1.873 1.910 1.919 1.961
As5+ 0.006 0.007 0.003 0.006 0.006 0.004 0.005 0.000 0.003 0.006
Si4+ 0.008 0.007 0.020 0.027 0.102 0.005 0.012 0.007 0.002 0.005
Th4+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
U4+ 0.003 0.001 0.000 0.008 0.004 0.000 0.002 0.001 0.000 0.001
Fe3+ 0.055 0.087 0.007 0.058 0.046 0.026 0.113 0.035 0.009 0.012
Zr4+ 0.003 0.002 0.003 0.002 0.001 0.003 0.004 0.002 0.002 0.002
Hf4+ 0.001 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.001 0.002
Al3+ 3.009 2.984 3.015 2.942 2.988 2.914 2.911 3.001 2.979 2.933
Y3+ 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.001 0.000
La3+ 0.095 0.086 0.109 0.071 0.111 0.080 0.060 0.087 0.101 0.050
Ce3+ 0.271 0.257 0.294 0.206 0.262 0.256 0.168 0.215 0.215 0.158
Pr3+ 0.045 0.041 0.048 0.039 0.038 0.048 0.027 0.029 0.027 0.028
Nd3+ 0.199 0.188 0.227 0.218 0.147 0.224 0.115 0.100 0.092 0.140
Sm3+ 0.053 0.048 0.041 0.079 0.033 0.065 0.023 0.016 0.001 0.040
Gd3+ 0.019 0.010 0.004 0.013 0.006 0.011 0.004 0.004 0.001 0.013
Tb3+ 0.001 0.001 0.001 0.000 0.001 0.000 0.003 0.001 0.000 0.000
Dy3+ 0.000 0.002 0.000 0.002 0.001 0.002 0.001 0.000 0.002 0.001
Ho3+ 0.000 0.000 0,000 0.001 0.000 0.000 0.000 0.001 0.000 0.000
Er3+ 0.005 0.002 0.007 0.007 0.007 0.003 0.006 0.003 0.007 0.003
Tm3+ 0.000 0.002 0.000 0.000 0.001 0.001 0.001 0.002 0.001 0.000
Yb3+ 0.002 0.003 0.003 0.002 0.001 0.003 0.002 0.002 0.001 0.002
Lu3+ 0.003 0.000 0.000 0.004 0.001 0.001 0.002 0.001 0.000 0.001
Ca2+ 0.042 0.101 0.054 0.106 0.100 0.181 0.120 0.057 0.056 0.089
Sr2+ 0.293 0.312 0.252 0.306 0.328 0.265 0.534 0.516 0.552 0.545
Pb2+ 0.002 0.005 0.001 0.061 0.026 0.002 0.005 0.000 0.001 0.003
F– 0.000 0.000 0.000 0.001 0.000 0.000 0.085 0.058 0.110 0.055
Cl– 0.003 0.004 0.005 0.003 0.005 0.003 0.003 0.001 0.001 0.003
Charge Balance 21.478 21.323 21.571 21.266 21.278 21.389 21.144 21.281 21.291 21.322
OH– 0.519 0.672 0.424 0.730 0.717 0.608 0.767 0.660 0.598 0.619
OH total – F –Cl 6.519 6.672 6.424 6.730 6.717 6.608 6.767 6.660 6.598 6.619
OH total + F + Cl 6.522 6.677 6.429 6.734 6.722 6.611 6.856 6.719 6.709 6.678
O=4–OH 3.478 3.323 3.571 3.266 3.278 3.389 3.144 3.281 3.291 3.322
O 7.478 7.323 7.571 7.266 7.278 7.389 7.144 7.281 7.291 7.322
O total 14.000 14.000 14.000 14.000 14.000 14.000 14.000 14.000 14.000 14.000
position M2++REE3+ 1.029 1.057 1.040 1.116 1.063 1.142 1.069 1.036 1.067 1.073
position Al3+,Fe3+ 3.064 3.071 3.022 3.000 3.034 2.940 3.025 3.036 2.989 2.945
position X 1.899 1.868 1.935 1.874 1.897 1.915 1.900 1.925 1.941 1.977
Formulae based on 6 cations and 14 oxygen atoms
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5. Discussion and conclusions

5.1. Age of Ree–U mineralization

Four different calculation procedures were applied to 
determine an age of uraninite from the Čučma REE–U 
vein mineralization. The most matching results gave 
approaches of Bowles (1990) and Montel et al. (1996). 
These two methods use more precise equations including 
decay constants in contrast to older approximate empiri-
cal formulae (Ranchin 1968; Cameron-Schiman 1978) 
and thus are preferred here.

The chemical (electron-microprobe) dating of uraninite 
indicates a Late Triassic, Rhaetian age of the Čučma REE–
U mineralization with an average value of 207 ± 2 Ma (n 
= 17, 2σ). Scattered younger age results (171 to 193 ± 2 
Ma) come from smaller uraninite grains (< 10 μm across) 
and most probably they reflect an episodic Pb loss by some 

younger thermal overprinting and/or recrystallization event. 
Such an overprint would be connected with partial altera-
tion of uraninite, fluorapatite, monazite, and xenotime and 
formation of florencite-(Ce), goyazite and other supergene 
phases. Consequently, we can assume the Late Triassic 
(~205 Ma) as the most probable age of precipitation of ura-
ninite and the primary REE–U mineralization near Čučma. 

The age of uraninite from the Čučma REE–U min-
eralization is distinctly younger than solidification of 
adjacent Permian granites of the Spiš-Gemer type and 
associated Sn–W–Mo mineralization in the Gemeric 
Superunit (c. 270 to 250 Ma: U–Pb zircon dating, Poller 
et al. 2002 and Re–Os molybdenite age, Kohút and Stein 
2005, and references therein). Similar ages (~275 to 265 
Ma) yielded zircon SHRIMP U–Pb dating of volcanic 
rocks (basaltic andesites and rhyodacites) from the North 
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Gemeric Unit and the Bôrka Nappe, both also in the Ge-
meric Superunit (Vozárová et al. 2012). Consequently, 
the direct genetic link between the Permian granites or 
volcanic rocks and the Čučma vein mineralization is 
not likely. On the other hand, there are several younger, 
Late Triassic to Early Jurassic age determinations (~195 
to 210 Ma) in the Gemeric Superunit, analogous to the 
Čučma REE–U mineralization. They include musco-
vite (fuchsite) K–Ar dating from siderite hydrothermal 
vein at Rudňany (205 Ma; Bagdasaryan et al. 1977; 
Cambel et al. 1990), and muscovite K–Ar dating of the 
Hnilec granite (195 to 210 Ma; Cambel et al. 1990). An 
early Alpine heating event between 225 to 205 Ma is 
indicated by some monazite ages of metatectic granite 
from Rožňava, Guľapalag (U–Th–Pb chemical dating; 
Radvanec et al. 2009). Recent Re–Os molybdenite dat-
ing of the Kurišková uranium deposit near Košice gave 
Late Permian ages (257.2 ± 3.0 Ma to 255.6 ± 3.7 Ma) 
for massive vein mineralization originated from igneous 
source (Kohút et al. 2013), whereas the superimposed 
U remobilization within shear zones occurred in Trias-
sic–Jurassic (~200–160 Ma) as documented by chemical 
dating of uraninite (Demko et al. 2011, 2012).

On the basis of structural data, the Late Triassic was 
characterized by an early Alpine extension, following 
unroofing of the Paleozoic basement rocks of the Gemeric 
Superunit (VD2 stage, Grecula et al. 2011). This is con-
sistent with opening and growth of the Meliata oceanic 
basin during Triassic period (e.g., Putiš et al. 2012). An 
extensional tectonic regime enabled activation of faults 
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and fractures in Paleozoic metamorphic rocks, as well as 
circulation of hydrothermal fluids and solutions. 

However, accessory xenotime, monazite, and apatite 
occur also in the quartz–tourmaline stage of stibnite 
and siderite ore veins of the Gemeric Superunit (Varček 
1985). The chemical monazite U–Th–Pb ages from stib-
nite veins cluster around 130 and 80 Ma; the monazite 
dating from nearby Čučma, Klement vein yielded 120 ± 9 
Ma and 76 ± 12 Ma (Hurai et al. 2008). Consequently, the 
hydrothermal system of the Gemeric Superunit was de-
veloped from Early Cretaceous crustal thickening to Late 
Cretaceous transpressive shearing and extension (Hurai 
et al. 2008). This is apparently younger than the early 
Alpine, Late Triassic REE–U mineralization studied here.

5.2. Remarks on possible source and origin 
of Ree–U mineralization

The main, quartz–apatite–REE phosphates–uraninite vein 
mineralization near Čučma represents the best known 
example of hydrothermal REE–U accumulation in the 
Gemeric Superunit, as well as in the whole Western 
Carpathians. Similar smaller vein- and impregnation-
type REE–U associations with monazite, xenotime, and 
uraninite occur in an analogous geological setting of 
the Lower Paleozoic basement of the Gelnica Group in 
broader vicinity of Čučma, especially in SW part of the 
Gemeric Superunit (Rojkovič et al. 1999). 

Spatially, the REE–U mineralization is commonly 
related with the Spiš-Gemer granitic rocks. The granites 
represent specialized evolved S-type, tin-bearing suite, 
generally also enriched in U and fluxes (B, F and P) (e.g. 
Broska and Uher 2001). Consequently, these granites 
could have been an important source of U, REE, Y, as 
well as P and F for the studied mineralization. Boron- and 
F-bearing fluids most likely escaped from nearly granite 
intrusion to adjacent metamorphic rocks. The REE–U 
mineralization at Čučma does not contain B minerals but 
tourmaline–quartz dikes occur in the vicinity of the REE–
U vein and in adjacent B-rich granites. On the contrary, 
F-bearing fluids released from granitic rocks possibly 
contributed during precipitation of fluorapatite and asso-
ciated minerals in the Čučma REE–U vein. However, the 
granites display Permian crystallization age (e.g., Poller 
et al. 2002) and consequently the REE–Y vein mineral-
ization could not represent a direct magmatic hydrother-
mal derivate. On the other hand, the early Alpine, Late 
Triassic thermal and tectonic rejuvenation of the Gemeric 
Superunit indicated by tectonic and geochronologic data 
(Radvanec et al. 2009; Grecula et al. 2011), probably en-
abled some partial alteration and leaching of the Permian 
granites and adjacent Paleozoic metamorphic rocks and 
migration of hydrothermal F-rich fluids, enriched in P, 
REE, and U into suitable host-rock environment.

 Uranium was deposited with REE phases as docu-
mented by the parallel bands of uraninite inclusions 
in botryoidal aggregates of xenotime-(Y). We propose 
uraninite precipitation as a result of cyclic local U 
oversaturation in fluids on growing xenotime surface as 
indicated by textural evidence (Fig. 9). The second pos-
sible explanation of this assemblage and texture could 
be a partial fluid-driven dissolution–reprecipitation of 
U-bearing xenotime and formation of uraninite-rich 
bands by metasomatic alkali-rich fluids containing U re-
leased from the altered xenotime. Such mechanism was 
proposed for similar thorite and uraninite inclusions in 
xenotime and monazite in Norwegian granitic pegmatites 
(Hetherington and Harlov 2008).

The attempts to estimate temperature conditions of 
primary minerals of the REE–U mineralization (quartz, 
fluorapatite, REE phosphate phases and uraninite) were 
unsuccessful. Fluid inclusions in quartz or apatite are 
very scarce and too small, and measured concentrations 
of Ti in quartz were under detection limit of electron 
microprobe (c. 10 ppm Ti in the special program file), 
which indicated temperature lower than ~530 °C accord-
ing to Ti-in-quartz geothermometer (Wark and Watson 
2006). On the basis of experimental data supported by 
natural low-pressure metapelite values, the miscibility of 
Y in monazite increases with temperature and pressure, 
from 3 to about 25 at. % Y at 300 to 1000 °C and 2 to 
15 kbar, but Ce concentrations in coexisting xenotime do 
not exceed 3 at. % at analogous P–T conditions (Gratz 
and Heinrich 1997; Andrehs and Heinrich 1998; Spear 
and Pyle 2002; Mogilevsky 2007). Our monazite and xe-
notime miscibility gap boundaries are roughly similar to 
the experimental data. The application of the monazite–
xenotime geothermometry, based on Y + HREE molar 
fraction in monazite (Gratz and Heinrich 1997; Spear 
and Pyle 2002; Mogilevsky 2007), reveals an equilibrium 
temperature, generally below 400 °C, due to very low Y 
and HREE content in monazite from Čučma (up to 0.025 
apfu). The extremely low Th content in the monazite also 
suggests growth under hydrothermal conditions (Schandl 
and Gorton 2004). Consequently, all these data indicate 
hydrothermal conditions for origin of primary minerals 
(quartz, fluorapatite, xenotime, monazite and uraninite), 
and precipitation of florencite-(Ce) and goyazite repre-
sented a younger, low-T replacement association.
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