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(ThMa), crocoite (PbMB), LiNbO, (NbLa), cubic zirconia
(ZrLua), apatite (PKa), YPO, (YLa), fluorite (FKa), albite
(NaKa), celestite (SrLa), orthoclase (SiKa), albite (AlKa),
diopside (MgKa), HoPO, (HoLB), YbPO, (YbLa), GdPO,
(GdLB), DyPO, (DyLa), TbPO, (TbLa), EuPO, (EuLa),
NdPO, (NdLa), CePO, (CeLa), LaPO, (LaLa), willemite
(ZnKa), hematite (FeKa), rhodonite (MnKa),vanadinite
(VKa), rutile (TiKo) and ScVO, (ScKa).

Fig. 3. Grain formed by brannerite (Bn), rutile (Rf), U-Ti oxides (U-/ks) and leuco-

xene (Lks). BSE image (photo T. Mikus).

The detection limit for individual
elements ranged from 0.01 to 0.03 wt. %.
Elements whose content values are below
the detection limit are not included in the
tables below. X-ray element distribution
maps were obtained (the same device)
with an accelerating voltage of 15 kV and
probe current of 15 nA.

Raman spectral analysis (Institute
of Earth Sciences SAS, Banska
Bystrica; analysed by RNDr. Stanislava
Milovska, PhD.) was performed on
a LabRAM-HR 800 (Horiba Jobin
Yvon). The instrument consists of an
Olympus BX 41 microscope, a Czerny-
Turner type spectrometer. Calibration
of the instrument was performed using
a laser line (0 cm™) and Si standard
(520,6 cm™). Raman spectra were taken
in two acquisitions, for a period of 20 to
60 seconds per spectral window, in the
range of 60 to 4 000 cm™, using lasers
with A 532 and 633 nm and a source

57

power of 60 respectively 17 mW, with a diffraction grating
of 600 streaks/mm and a confocal slit of 100 pm. Laser
beam diameter on sample is 2 um. Spectra were corrected
for background subtraction using the math function by
LabSpec 5 software. The results were compared with the
LabSpec databases and RRUFF (Lafuente et al., 2015).
Infrared spectroscopic analyses (IR) in the spectral
range from 4 000 to 400 cm' were performed on
a Nicolet iS50 instrument (Matej Bel
University, Banska Bystrica), using
a conventional attenuated total refraction
(ATR) technique with synthetic diamond
as a measuring crystal. For each
measurement, 32 scans were performed
in steps of 4 cm™'. The detected infrared
spectra were compared with several in-
ternet databases (RRUFF; lisa.chem.
ut.ee) and published works.

Chemical composition of chlorite
group mineral phases was calculated
applying software WinCac (Yavuz et al.,
2015).

Results
Petrography of the host rocks

The host Permian arcosic sandstones
are mainly formed by clasts of mono- and
polycrystalline, subangular, undulose
quenching quartz (up to 1 cm in size),
muscovite aggregates (up to 0.2 mm) and

Fig. 4. Raman spectrum of rutile from the Lopejské Celno (red colour) compared with
previously published spectrum (Maftei et al., 2020; blue colour).
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position in dominantly occupied by Ti (81.29—
86.10 wt. %; up to 0.86 apfu Ti), increased
contents of Si (6.92-8.20 wt. %; up to 0.11
apfu Si) and Al (3.01-3.94 wt. %; max. 0.06
apfu Al) were also detected. Rutile (like poly-
morph TiO,) was confirmed also by Raman
spectroscopy (Fig. 4).

Brannerite is the only identified primary
(U*) uranium mineral at the occurrence,
observed only very rarely. It forms clusters of
needle-like crystals (length up to 100 pm). It
occurs in close spatial association with U-Ti
oxides (uranoferous leucoxene), rutile and
clay minerals. Uranium is dominant in the
cationic position (47.43-43.79 wt. % UO,;
up to 0.68 apfu U), Ti (37.76-31.60 wt. %
TiO,; max. 1.76 apfu Ti). Trace elements are
represented by Si (max. 5.82 wt. % SiO,; 0.37
apfu Si), Ca (max. 2.68 wt. % CaO; 0.18 apfu
Ca), Fe (up to 2.64 wt. % FeO; 0.14 apfu Fe),
also by weakly increased content of Y, Al, K,
Mg, Mn, Pb, Zr, As and REE.

U-Ti oxides, also known as uranoferous
leucoxene, were identified in association
with  brannerite and rutile.  Unlike

brannerite, their chemical composition is
characteristic mainly by decreased U content
(16.80-41.95 wt. % UO,; max. 0.55 apfu U)
and, vice versa — increased contents of P (up
t0 5.92 wt. % P.O_; 0.26 apfu P) and Si (max.

275

7.80 wt. % SiO,; 0.40 apfu Si).
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The differences in the chemical composi-
tion of brannerite and U-Ti oxides (ab. 1), can

Fig. 5. Differences in the chemical compositon of brannerite and U-Ti oxides
from the Lopejské Celno (a) compared with composition in other occurrences
in the Western Carpathians (b). Border line between brannerite and U-Ti oxides

constructed according to Lumpkin et al. (2012).

chlorite. Rarely were found biotite and K-feldspars, which,
however, are often chloritized and sericitized. Rock matrix
is microcrystalline, quartz-sericitic to sericitic. Mineralized
(U-Cu) rock is, in addition, in a great extent limonitized. It
shows obscure tectonic directing and foliation, indicating
weak Alpine metamorphic reworking. Small cavities and
fissures in the rock have goethite and unspecified black
Mn oxides fill. Uranium is distributed irregularly in the
rock and is bound to the U-Ti oxides, brannerite and uranyl
phosphate metatorbernite.

Mineralogical characteristic

Primary mineralization

Primary mineralization was detected only rarely in
mineralized grains with a size of up to 120 um (Fig. 3).

Rutile was identified in close association with bran-
nerite, leucoxene, U-Ti oxides a clay minerals. Cationic
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be expressed by their content ratio (in apfu, or
in atomic %) U/(U + Ti): 0.22-0.29 in branne-
rite and 0.09-0.14 for U-Ti oxides (Fig. 5a).
Both studied mineral phases were compared
with their occurrences in other sites in the
Western Carpathians (Fig. 5b).

Supergene minerals

Metatorbernite (spontaneously dehydrated torbernite
to a more stable phase) forms light green, tabular crystals
up to 2 mm in size (Fig. 6a). Their aggregates fill fissures
in the rock, or small cavities after leached rock-forming
minerals (Fig. 6b, c). Occasionaly replaces fluorapatite
crystals (Fig. 12). As for metatorbernite chemical
composition (Tab. 3), cationic position is dominantly
occupied by Cu (3.37-7.77 wt. % CuO; up to 0.93 apfu Cu;
Fig. 7) and U (57.22-66.66 wt. % UO,; max. 2.10 apfu U).
K (max. 0.36 wt. % K, O; 0.72 apfu K), Ca (up to 0.64 wt. %
Ca0; 0.10 apfu Ca) and Mg (up to 0.11 wt. % MgO; 0.03
apfu Mg) are less abundant. For anionic position there is
characteristic dominant P (13.27-16.72 wt. % P,O_; up to

2.08 apfu P), only weakly increased contents of As and Si
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Fig. 6. Aggregates of light green, tabular metatorbernite crystals
(a, b; photo R. Kopacik) often form filling of cavities and cracks
in the rock (¢; BSE image; photo T. Mikus).

were found. Average empirical formula (6 WDS analyses)
of metatorbernite from Lopejské Celno occurrence is
(Cu0.75Ba0.06 Cao.os Ko.o4Alo.ozNIgo.mFe (Uoz) (P 04)
(H,0),.

Several bands were detected in the IR spectrum of
the studied metatorbernite (Fig. 8). The band at 902 cm™!
can be assigned to the antisymmetric valence vibration

v, UO,”" and the bands at 843, 810 and 789 cm™' to
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Fig. 7. Chemical composition of metatorbernite from Lopejské
Celno in the ternary diagram of the system Cu-Ca-Mg (according
to Plasil et al., 2009).

the symmetric valence vibration v, UO,*. Bands 673,
607 cm ! apparently correspond to the liberation modes of
molecular water. Triple degenerate antisymmetric valence
vibration v, PO,* is represented by bands at 461 and
539 cm!. Band at 987 cm™! represents triple degenerated
v, PO, valence vibration. Band at 1 636 cm™ is manifest
of deformation vibration of H,O. Valence vibration v OH
of water molecules corresponds with bands at 2 924,
3 341 and 3 403 cm™'. The obtained spectrum corresponds
very well with previously published data for torbernite /
metatorbernite (Cejka et al., 1984; Cejka & Urbanec,
1990; Frost, 2004; Frost et al., 2005; Plasil et al., 2009).

Malachite is relatively rare. It forms thin crusts
covering up to 3 c¢cm on the rock debris or fillings of
fissures and cavities in the rock. It was identified by PXRD
analysis, while the measured diffractometric data agree
well with the previously published data for this mineral
phase (Siisse, 1967; Downs et al., 1993).

Discussion and conclusion

In the Western Carpathians, a similar type of
mineralization occurs in the Malé Karpaty Mts. at LoSonec
and Smolenice (Rojkovi¢, 1997), in the Nizke Tatry Mts.
at Benkovsky potok, Ipoltica and Nizny Chmelienec
occurrences (Hronic Unit; Drznik, 1969; Rojkovi¢, 1998;
Rojkovi¢ & Vozar, 1972; Vaclav & Vozarova, 1978;
Hoppanova et al., 2021). In the Northern Gemeric Unit U
+ Cu mineralization in so-called copper sandstones, occurs
near Novoveska Huta and Stratena villages (Ondrejkovic
et al., 1964; Grecula et al., 1995; Stevko, 2014; Ferenc et
al., 2022).

Increased contents of uranium and accompanying
elements is present in the Permian acid volcanics and these
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Fig. 8. Infrared spectrum of metatorbernite from Lopejské Celno occurrence.

Fig. 9. Grain of altered biotite with U**
minerals brannerite (Bn) and U-Ti
oxides (U-Lks) and magmatic mona-
zite-(Ce) (Mnz), in close space asso-
ciation with decay products of biotite
hydrothermal alteration: rutile (R?), leu-
coxene (Lks), clay minerals and chlorite
(Chl). Surrounding of grain form quartz
(Qtz) with pyrite (Py) and metatorberni-
te (7Tor). BSE image (photo T. Mikus).
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Fig. 11. Back-scat-
tered electron (BSE)
images and X-ray
element distribu-
tion maps in urani-
um-bearing grain
from Lopejské Cel-
no (photo and maps
T. Mikus).

Fig. 12. Hypidiomorphic grain of fluorapatite (grey) replaced by metator-
bernite (white). BSE image (photo T. Mikus).
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increase in the relative content
of the elements

are therefore a potential source of uranium (Rojkovic¢
etal., 1989). Uranium was released from devitrified
acid volcanic glass. Subsequently, together with
other ore elements, it precipitated in a reducing
environment under the influence of the adsorption of
some minerals (Ti oxides, Fe oxides, clay minerals).
This process resulted in the formation of stratiform U
ore accumulations in the continental Permian (poor
grade ores) of the Western Carpathians (Rojkovic¢
& Mihal’, 1991). Remobilization and concentration
of stratiform Hercynian ore mineralization during
Alpine orogenesis caused formation of richer U
mineralization (Rojkovi¢ & Novotny, 1981).

Primary mineralization and its genesis

The revision study of mineralization in
Lopejské Celno brought new knowledge. Primary
U* mineralization represented by brannerite and
U-Ti oxides was identified here; accompanying
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minerals are rutile, Ti oxides (leucoxene) and clay
minerals (probably illite). Because primary mineralization
occurs only rarely, even only in grains with a size of up
to 120 um (Fig. 9), its mineral phases are in close spatial
association and often overgrow; it is complicated to clarify
its genesis with certainty. The most probably explanation
for its formation is the alteration (chloritization) of biotite
connected with hydrothermal processes and the subsequent
adsorption of uranium onto the formed Ti oxides, while
the source of Ti was biotite. This sequence of geochemical
processes could have been caused by the Alpine
metamorphic processes with following p-T conditions:
300-700 MPa at 300-500 °C in the Permian sediments
of the Cubietovd Zone (Kamenicky, 1978; Slavkay et al.,
2004); 500—1 100 MPa at of 430-620 °C in the crystalline
basement of the Veporic Unit (PlaSienka et al., 1999; Janak
et al., 2001; Jefabek et al.; 2008). Vozarova (1979) also
describes completely altered biotite at the site.

Biotite easily decomposes during hydrothermal pro-
cesses. The most common secondary products of its
alteration are chlorite, muscovite, sericite, clay minerals,
leucoxene, epidote-zoisite, rutile, recrystallized biotite
accompanied with a number of minerals with small or no
relation to the chemical composition of biotite (Schwartz,
1958). The release of titanium and the formation of Ti
oxides represent one of the most characteristic features
of biotite alteration (Lovering, 1949; Schwartz, 1958;
Bisdom, 1967; Deer, 1992).

Adsorption of uranium onto newly formed Ti oxides
closely relates to the so-called “Pronto-reaction”. This
process described Ramdohr (1957), who reported the
formation of brannerite and U-Ti oxides in situ either by
adsorption of uranium to Ti/Fe-Ti mineral phases, or by
binding of titanium to uraninite to form uranotitanates,
according to the chemical equation:

U0, +2-3Ti0, — UTi,,0

2-36-8°

The “Pronto-reaction” takes place in hydrothermal
systems that reach temperatures of around 225 °C
(Schidlowski, 1996), which in the case of Lopejské Celno,
correlates with the temperature generated during the
Alpine orogeny, or by its fading.

Most of natural brannerites are metamict (Smith, 1984).
Metamictization is caused by damage of the brannerite
crystal structure due bombardment with a-particles from
the uranium decay (Lian et al., 2002). For this reason,
the crystal structure parameters of naturally occurring
brannerite are not certainly known. In addition, the uranium
in brannerite is usually partially oxidized (presence U*',
U also U® valences), either, brannerite itself is often
hydrated (Finch & Murakami, 1999). In hydrothermal
brannerites, Ca, Th, Y, and REE replace uranium, while
Si, Al and Fe replace titanium due to oxidation and partial
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hydration (Smith, 1984). Brannerite from Lopejské Celno
has an increased content of Si (max. 0.37 apfu), Ca (up to
0.18 apfu), Fe (max. 0.14 apfu) and Al (max. 0.14 apfu).
U-Ti oxides also have higher values of Si (up to 0.30 apfu),
Ca (up to 0.11 apfu), Fe (up to 0.16 apfu) and Al (up to
0.21 apfu), which confirms the hydrothermal nature of
the mineralization. Compared to the data of Finch (1996),
brannerites in the Veporic Unit could have formed already
during the main phase of Alpine metamorphism at medium
to high temperatures (temperatures close to 400-600 °C),
by direct precipitation from solutions containing the uranyl
ion UO,*, while the source of uranium was devitrified
volcanic glass. An important role play releasing of titanium
from biotite during its alteration and the formation of
Ti/Fe-Ti oxides. The subsequent fading of the Alpine
orogeny (reduction of p-T conditions, mainly temperature)
created conditions for the adsorption of the remaining
uranium on U-Ti oxides, which can be evidenced by the
lower concentration of uranium in U-Ti oxides. A similar
mechanism of formation of U mineralization was observed
at the deposits Zadni Chodov and Rozné (Czech Republic),
where the Ti released during the biotite chloritization
played an important role in the brannerite formation (René
& Dolnicek, 2017).

In samples from Lopejské Celno, clay minerals fill the
space between brannerite, rutile, leucoxene and U-Ti oxides
(U-leucoxene). According to Bisdom (1967), titanium
minerals in close spatial association with clay minerals in
the places of fully or partially altered biotite often form
a pattern that roughly coincides with the interlamellar
positions in the altered biotite. Equivalent orientation of
rutile was also found in mineralized grains from Lopejské
Celno, while rutile admixtures in mafic minerals here
were observed by Vozarova (1979; Fig. 9). On the edge
of the mineralized grains and in the host rock, chlorite and
muscovite are abundantly represented (Tab. 3).

The distribution of individual elements is shown in Fig.
10 and correlates well with the described mineral phases.
According to Schwartz (1958), the presence of several
mineral phases with different chemical composition
within one grain (phenocryst) indicates, that hydrothermal
solutions are the decisive factors in biotite transformation.
Another important factor is the variability of rock
permeability, when in one part of the rock; biotites can
be completely altered, while in another part they remain
intact.

Oxidation zone

In the Lopejské Celno occurrence, malachite, goethite
and torbernite/metatorbernite represent the supergene
alteration of mineralized rocks.

Precipitation of uranyl phosphates takes place in a low
pH environment (Langmuir, 1978). The formation of
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metatorbernite (and uranyl phosphates in general) in the
oxidation zone is conditioned by the oxidation of U* to
U¢*, forming the uranyl cation UO,*" (Civetta & Gasparini,
1972). If there is an active exchange of oxygen-rich
waters, the destruction of primary uranium minerals and
the formation of uranyl ions occurs:

UO, + H,0 +1/20, = UO,> + 20H-

The occurrence of sulphides (mainly pyrite) with the
formation of sulphuric acid has a great influence on the
destruction of uranium ore:

2FeS, + 70, + 2H,0 = 2FeSO, + 2H,SO0,

The resulting acidic solutions intensify the decay of
primary uranium minerals. Uranium is usually found in
natural solutions in the form of complexes. The formation
of stable soluble uranyl complexes enables the migration
of U and the formation of secondary uranium minerals
(Tripathi, 1983; Liu & Neretnieks, 1990). For the formation
of metatorbernite, as well as other uranyl phosphates, the
addition of phosphorus in the form of PO, anions is
important. The dominant uranyl-phosphate complexes
are [UO,H,PO,]*, [UO,HPO,]"and [UO,PO,] (Langmuir,
1978). These are provided to the system as a product of
the interaction of meteoric waters with the surrounding
rocks, while there is an interaction with accessory apatite
(and other rock-forming minerals containing P), which is
unstable in acidic conditions and decomposes according to
a chemical reaction (Vinogradov, 1963):

Ca,(PO,),F +5H,50, — 3H,PO, + 5CaSO0, + HF.

The subsequent fall in pH, together with changes
of other chemical and physical factors (Eh, chemical
composition of solutions, p-T conditions) in solutions
causes destruction of uranyl-phosphate complexes and
precipitation of metatorbernite (Chernikov, 1981; Baes
& Mesmer, 1976; Langmuir, 1997). The source of Cu
for metatorbernite at the Lopejské Celno occurrence was
mostly chalcopyrite. Rarely, hypidiomorphic fluorapatite
crystals directly replaced by metatorbernite can be
observed in sandstones from here (Fig. 12).

An unusual phenomenon in metatorbernite from
Lopejské Celno is a weak yellow-green luminescence.
Luminescent torbernites were also identified at other
localities in the Western Carpathians: Novoveska Huta,
Peklisko, Zimna voda (Ferenc et al., 2003), Brezno-Skalka
(our unpublished data) or in Bohemia (Medvédin; Plasil
et al., 2009). Based on a comparison of the chemical
composition with metatorbernite without luminescence
“normal” metatorbernite), it can be concluded, that
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luminescence is not caused by a change in chemical
composition, i.e. the presence of a luminophores. There-
fore, luminescence can be caused either by defects in the
crystal lattice of luminescent metatorbernites, or by an
admixture of nanoparticles of another mineral (Plasil et
al., 2009).
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Chemical composition of brannerite and U-Ti oxides from Lopejské Celno
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Tab. 1

Bn Bn Bn Bn Bn U-Ti U-Ti U-Ti U-Ti U-Ti
uo, 48.64 4743 46.14 45.41 43.79 41.95 20.48 15.89 16.80 2245
ThO, 0.12 0.19 0.22 0.17 0.22 0.17 0.47 0.30 0.48 0.31
Na,O 0.03 0.04 0.02 0.01 0.05 0.03 0.00 0.02 0.12 0.01
K,0 0.08 0.45 0.35 0.34 0.62 0.13 0.42 0.59 0.49 0.34
MgO 0.00 0.02 0.07 0.12 0.20 0.00 0.16 0.25 0.18 0.04
Ca0 2.68 2.37 2.23 2.44 1.84 1.71 1.19 0.53 0.74 0.52
SrO 0.14 0.00 0.05 0.03 0.08 0.09 0.00 0.03 0.00 0.00
MnO 0.20 0.06 0.08 0.06 0.16 0.10 0.04 0.12 0.03 0.00
FeO 2.64 2.41 2.25 2.55 1.56 1.56 3.87 242 2.09 1.68
PbO 0.37 0.35 0.26 0.65 0.25 0.88 4.61 4.24 4.55 413
ALO, 0.22 0.61 0.79 1.35 1.80 0.30 3.52 3.41 3.11 2.34
V,0, 0.17 0.00 0.00 0.19 0.00 0.26 0.26 0.00 0.00 0.00
Y,0, 0.67 0.41 0.41 0.41 0.34 0.51 0.09 0.15 0.12 0.06
Ce,0, 0.13 0.09 0.06 0.07 0.00 0.15 0.18 0.24 0.21 0.15
Nd,O, 0.22 0.14 0.15 0.10 0.20 0.14 0.14 0.11 0.10 0.15
Sm,0, 0.39 0.00 0.00 0.15 0.00 0.20 0.01 0.00 0.00 0.00
Eu,0, 0.14 0.00 0.00 0.05 0.00 0.13 0.04 0.00 0.00 0.00
Gd,0, 0.29 0.31 0.13 0.24 0.33 0.25 0.17 0.08 0.10 0.08
Tb,0, 0.15 0.00 0.00 0.19 0.00 0.25 0.12 0.00 0.00 0.00
Dy,0, 0.23 0.00 0.00 0.08 0.00 0.16 0.09 0.02 0.03 0.00
Ho,O, 0.00 0.00 0.00 0.05 0.00 0.13 0.14 0.00 0.00 0.00
Yb,0, 0.25 0.00 0.00 0.14 0.00 0.06 0.02 0.00 0.00 0.00
SiO, 1.67 2.69 3.62 2.85 5.82 3.23 6.17 7.80 5.12 3.29
TiO, 37.37 34.95 32.80 37.76 31.60 43.14 46.19 4418 48.92 42.42
Zr0, 0.34 0.32 0.34 043 0.43 0.42 0.93 0.60 0.62 0.48
P,0, 0.04 0.15 0.05 0.26 0.01 0.06 4.61 4.85 5.92 5.24
As,O, 0.00 0.78 0.70 0.00 0.57 0.00 0.00 0.00 0.00 0.19
Nb,O, 0.12 0.00 0.00 0.13 0.00 0.34 0.16 0.00 0.00 0.00
Total 97.28 93.77 90.70 96.21 89.87 96.34 94.04 85.83 89.69 83.86
Brannerite and U-Ti oxides [apfu] — based on 3 cations
U 0.68 0.68 0.68 0.61 0.62 0.55 0.22 0.18 0.19 0.29
Th 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00
Na 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00
K 0.01 0.04 0.03 0.03 0.05 0.01 0.03 0.04 0.03 0.03
Mg 0.00 0.00 0.01 0.01 0.02 0.00 0.01 0.02 0.01 0.00
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Tab. 1 — continuation

Bn Bn Bn Bn Bn U-Ti U-Ti U-Ti U-Ti U-Ti

Ca 0.18 0.16 0.16 0.16 0.13 0.11 0.06 0.03 0.04 0.03
Sr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00
Fe 0.14 0.13 0.12 0.13 0.08 0.08 0.16 0.10 0.09 0.08
Pb 0.01 0.01 0.00 0.01 0.00 0.01 0.06 0.06 0.06 0.06
Al 0.02 0.05 0.06 0.10 0.14 0.02 0.20 0.21 0.18 0.16
0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.00

Y 0.02 0.01 0.01 0.01 0.01 0.02 0.00 0.00 0.00 0.00
Ce 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Nd 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sm 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Eu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Gd 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Tb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Dy 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ho 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Yb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Si 0.10 0.17 0.24 0.17 0.37 0.19 0.30 0.40 0.26 0.19
Ti 1.76 1.69 1.63 1.71 1.51 1.93 1.70 1.71 1.84 1.86
Zr 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.01
P 0.00 0.01 0.00 0.01 0.00 0.00 0.19 0.21 0.25 0.26
As 0.00 0.03 0.02 0.00 0.02 0.00 0.00 0.00 0.00 0.01
Nb 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
0.89 0.89 0.88 0.81 0.84 0.69 0.33 0.28 0.29 0.36

0.06 0.03 0.02 0.03 0.02 0.05 0.02 0.01 0.01 0.01

0.01 0.01 0.00 0.01 0.00 0.01 0.06 0.06 0.06 0.06

2 Asite 0.95 0.92 0.91 0.85 0.86 0.75 0.41 0.35 0.36 0.43
1.88 1.90 1.90 1.91 1.92 2.14 2.22 2.34 2.37 2.33

0.16 0.18 0.19 0.23 0.22 0.11 0.37 0.31 0.27 0.24

2 B site 2.05 2.08 2.09 215 2.14 225 2.59 2.65 2.64 2.57
Z CAT 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
0] 5.60 5.61 5.62 5.59 5.60 5.74 5.65 5.72 5.76 5.83
OH 0.40 0.39 0.38 0.41 0.40 0.26 0.35 0.28 0.24 0.17
ZAN 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00
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Tab. 2

2

O* — H,O content calculated assuming

8 HZO molecules in ideal metatorbernite formula.

1 2 3 4 5 6

K,0 0.19 0.21 0.13 0.18 0.27 0.21
MgO 0.05 0.00 0.05 0.00 0.03 0.11
Ca0 0.02 0.02 0.07 0.35 0.31 0.17
BaO 0.00 0.00 0.08 242 2.23 1.72
FeO 0.00 0.00 0.10 0.00 0.07 0.05
Cu0 712 5.82 7.77 5.96 5.89 6.21
ALO, 0.02 0.05 0.04 0.06 0.08 0.50
Sio, 0.01 0.04 0.03 0.08 0.04 0.69
P,0, 13.27 16.72 15.58 15.67 15.93 15.69
As,0, 0.00 0.02 0.09 0.12 0.10 0.00
uo, 57.22 66.01 62.84 62.59 61.70 62.06
H,0 17.92 18.39 18.22 18.07 18.21 18.41
Total 7791 88.87 86.76 87.42 86.65 87.42
Total* 95.83 107.26 104.98 105.49 104.86 105.83
Basedon 12 0

K 0.04 0.04 0.02 0.04 0.05 0.04
Mg 0.01 0.00 0.01 0.00 0.01 0.03
Ca 0.00 0.00 0.01 0.06 0.05 0.03
Ba 0.00 0.00 0.00 0.14 0.13 0.10
Fe 0.00 0.00 0.01 0.00 0.01 0.01
Cu 0.92 0.65 0.89 0.68 0.68 0.70
Al 0.00 0.01 0.01 0.01 0.01 0.09
YA ssite 0.99 0.70 0.96 0.93 0.94 0.99
Si 0.00 0.01 0.00 0.01 0.01 0.10
P 1.93 2.08 2.00 2.02 2.05 1.98
As 0.00 0.00 0.01 0.01 0.01 0.00
2T site 1.93 2.09 2.01 2.04 2.07 2.08
U 2.06 2.03 2.00 2.00 1.97 1.94
H,0 8.00 8.00 8.00 8.00 8.00 8.00
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Tab. 3
Representative WDS microanalyses of chlorite and muscovite

(Veporic Unit, Western Carpathians)

Chlorites Muscovites

Sio, 27.08 |24.71 | 2395 | 23.77 |24.31 |23.67 | 50.07 | 46.06 |46.92 | 46.86 | 45.12 | 49.29 | 46.85
TiO, 005 | 012 | 0.1 003 | 007 | 010 | 010 | 023 | 029 | 037 | 026 | 0.06 | 0.30
ALO, 2393 2299 | 2253 | 2212 | 2254 |22.02 | 2611 | 3494 |3250 |31.56 | 3298 | 26.13 | 29.95
Cr,0, 0.01 0.03 | 0.05 | 0.00 | 0.01 002 | 004 | 000 | 000 | 000 | 0.00 | 0.00 | 0.03
FeO 2563 | 2815 | 29.03 | 28.09 |27.31 |27.85 | 3.14 | 117 | 241 197 | 153 | 326 | 262
MnO 044 | 067 | 054 | 049 | 043 | 046 | 005 | 006 | 000 | 0.00 | 005 | 0.03 | 0.02
MgO 842 | 9.04 | 9.61 943 | 9 959 | 348 | 070 | 134 | 189 | 120 | 347 | 1.82
Ca0 002 | 003 | 003 | 003 | 004 | 004 | 0.00 | 000 | 000 | 0.02 | 0.01 0.02 | 0.05
BaO 017 | 013 | 013 | 018 | 005 | 012 | 025 | 029 | 0.21 023 | 036 | 0.09 | 0.19
Na,0 003 | 002 | 002 | 003 | 003 | 005 | 0.06 | 0.81 043 | 035 | 054 | 014 | 0.34
K,0 112 | 026 | 0.11 0.06 | 015 | 0.08 | 11.43 | 10.35 | 1046 | 10.86 | 10.88 | 11.11 | 10.34
F 0.00 | 000 | 037 | 0.00 | 0.37 | 0.00
Cl 0.01 0.00 | 0.01 0.01 0.01 0.00
O=F 0.00 | 000 | 016 | 0.00 | 0.16 | 0.00
0=Cl 0.00 | 0.00 | 0.00 | 000 | 0.00 | 0.00
Total 86.90 | 86.14 | 86.33 | 8423 | 84.87 | 84.00 | 94.74 | 9461 | 94.56 | 94.12 | 92.93 | 93.59 | 92.51
H,0 11.28 | 10.97 | 10.72 | 10.69 | 10.65 | 10.67
Total* 98.18 | 9711 | 97.04 | 94.92 | 9552 | 94.67
Based on 10 O and 8 OH Basedon 11 0
Si 288 | 270 | 264 | 267 | 269 | 266 | 340 | 3.09 | 317 | 318 | 3.1 339 | 3.24
Ti 0.00 | 0.01 0.01 0.00 | 0.01 0.01 0.01 0.01 0.01 0.02 | 0.01 0.00 | 0.02
Al 060 | 091 083 | 082 | 0.89 | 0.61 0.76
Als* 300 | 296 | 292 | 292 | 294 | 292 | 150 | 18 | 175 | 1.71 179 | 150 | 1.68
Cr 0.00 | 000 | 0.00 | 0.00 | 000 | 000 | 0.00 | 0.00 | 000 | 0.00 | 0.00 | 0.00 | 0.00
Fe* 228 | 257 | 267 | 263 | 253 | 262 | 018 | 0.07 | 014 | 0.1 009 | 019 | 0.15
Mn 004 | 006 | 005 | 0.05 | 004 | 004 | 000 | 0.00 | 000 | 0.00 | 0.00 | 0.00 | 0.00
Mg 133 | 147 | 158 | 158 | 1.60 | 1.61 035 | 007 | 013 | 019 | 012 | 036 | 0.19
Ca 0.00 | 000 | 0.00 | 000 | 000 | 000 | 0.00 | 000 | 000 | 0.00 | 0.00 | 0.00 | 0.00
Ba 0.01 0.01 0.01 0.01 0.00 | 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Na 0.01 0.00 | 0.01 0.01 0.01 0.01 0.01 0.10 | 006 | 0.05 | 0.07 | 0.02 | 0.5
K 0.15 | 0.04 | 0.02 | 0.01 0.02 | 0.01 099 | 089 | 090 | 094 | 096 | 097 | 0.91

0.00 | 000 | 013 | 0.00 | 0.13 | 0.00
Cl 0.00 | 000 | 0.00 | 0.00 | 0.00 | 0.00

69




Mineralia Slovaca, 55, 1 (2023)

Stratiformna U-Cu mineralizacia
v Lopejskom Celne pri Podbrezovej (veporikum, Zapadné Karpaty)

Lokalita sa nachadza priblizne 1,5 km juzne od centra
byvalej obce Lopej (dnes kataster obce Podbrezova)
v doline Lopejské Celno. Je vyvinuta v Tubietovskom
pasme tektonickej superjednotky veporika (obr. 1, 2),
pri¢om je viazana na limonitizované alterované arkézové
pieskovce s polohami acidnych vulkanitov permského
veku. Mineralogické pomery na lokalite v minulosti
Studovali Rojkovic a Novotny (1993). Mineralizaciu
opisuju ako U-Cu stratiformnu, kde v zrudnenych
SoSovkach bol opisany pyrit, rutil, leukoxén, chalkopyrit,
goethit torbernit (Rojkovic a Novotny, 1993).
Reviznym §tadiom mineralizacie v Lopejskom Celne bola
identifikovana primarna mineralizacia.

Primarna U mineralizacia sa v doline Lopejské Celno
vyskytuje len velmi ojedinele v zrnach s velkostou do
120 pm (obr. 3). Z U* mineralov bol identifikovany
brannerit a U-Ti oxidy (obr. 5, 10; tab. 1) v uzkej
priestorovej a genetickej asociacii s rutilom (obr. 4), Ti
oxidmi (leukoxénom) a ilovymi mineralmi (obr. 9, 11).
Mineralizacia s najva¢sou pravdepodobnostou vznikala
pocas procesu alteracie biotitu spatého s hydrotermalnymi
procesmi a adsorpciou uranu na Ti oxidy, pri¢om za zdroj Ti
sa povazuje prave biotit. Adsorpcia uranu na Ti oxidy, tzv.
Pronto-reakcia, prebieha v hydrotermalnych systémoch
pri teplote, ktora koreluje s teplotou generovanou pocas
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alpinskej orogenézy, resp. s jej doznievanim. Vsetky
spominané mineralne fazy obsiahnuté v mineralizovanych
zrnach st typickymi produktmi alterdcie biotitu (Lovering
et al., 1949; Schwartz, 1958; Bisdom, 1967; Deer et al.,
1992; Finch, 1996; René a Dolnicek, 2017). Na okraji
mineralizovanych zfn a v samotnej hornine st hojne
zastupené chlority a muskovit (tab. 3).

Oxida¢ni zonu zastupuje malachit, goethit a U
mineral metatorbernit (obr. 6, 7, 8). Vznik metatorbernitu
(tab. 2) je spity s destrukciou primarnych U*" mineralov
v kyslych podmienkach a oxidaciou U*" na U za
vzniku uranylového i6nu UO,*. Ostatné konStrukéné
prvky (Cu, P) boli do metatorbernitov dodavané
z mineralov obsiahnutych v hornine a z horninotvornych
mineralov (chalkopyrit, apatit; obr. 12). Nezvycajnym
javom pri metatorbernite z Lopejského Celna je jeho
luminiscencia, ktora je pravdepodobne zapri¢inena
defektmi v krystalovej Struktire mineralu alebo vplyvom
primesi nanocastic iného mineralu (Civetta a Gasparini,
1972; Langmuir, 1978; Plasil et al., 2009).
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